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EDITORIAL

And Hiickel Was Correct After All—A Withdrawal 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 Hiickel 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-
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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. Miiller (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 Golitz

1433-7851/02/4113-2211 $ 20.00+.50/0 2211



COVER PICTURE

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 ................. 22362257

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 up more 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* ................. 22652269

Small Interfering RNAs and Their
Chemical Synthesis

Keywords: gene silencing - nucleic acids -
oligonucleotides - protecting groups -
RNA
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The structures of AuH and Aul are already known, now the long-sought-after
molecules AuH; (=(H,)AuH) and AuH; (=H3;Au(H,)) have been detected by
matrix isolation spectroscopy. Based on new calculations, the global minimum for
Aulj;, a missing member of the gold halides, has been elucidated to be that of an

L-shaped moiety (C, symmetry; charge transfer from the I, unit to the Aul).

Angew. Chem. 2002, 114, 2373 -2375

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

M.-J. Crawford,*
T. M. Klapotke* ............ 2269-2271

Hydrides and Iodides of Gold

Keywords: ab initio calculations -
halogens - hydrides

gold -
- matrix isolation
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P-T. Chou,* C.-C. Cheng, C.-S. Chiou,
G-RWu.............oooiiiiii. 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* ...l 2274

Reply

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

VIPs

Nanoparticles

Membranes Based on Ionic Liquids
Acids

Platinabenzene

Understanding Zeolite Catalysis: Inverse Shape Selectivity Revised

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

Highly Selective Transport of Organic Compounds by Using Supported Liquid

Atom-Transfer Tandem Radical Cyclization Reactions Promoted by Lewis

Metallabenzenes and Valence Isomers: Synthesis and Characterization of a

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

S. Schauermann, J. Hoffmann, €
V. Johanek, J. Hartmann,
J. Libuda,* H.-J. Freund

M. Schenk, S. Calero, T L. M. ¢
Maesen, L. L. van Benthem,
M. G. Verbeek, B. Smit*

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

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

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

D. R. Moore, M. Cheng,
E. B. Lobkovsky, G. W. Coates*

Angew. Chem. Int. Ed. 2002, 41, No. 13
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Not CsMes™ (I): C;Mes" 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).

.\ ) H\: \EH B(CsFs)a
Pth B(CBF5)4
H
@ B(CeFs)a

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 C;Me;* (II): The search for the elusive singlet |
cyclopentadienyl cation must continue. Quantum- c

mechanical calculations of both structure and \C//?\C/
NMR chemical shifts suggest that the recently \ /
reported X-ray structure is that of a cyclopentenyl H“\C_C/”"
cation (see picture). i ﬁ

Angew. Chem. 2002, 114, 2380-2382

T. Miiller® ................. 2276-2278

Comment on the X-Ray Structure of
Pentamethylcyclopentadienyl Cation

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

Not C;Me;s" (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
I, 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(I,) crystals are of the same
order as those of elemental I,. 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 I,
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 Sr,N
leads to intercalation and forma-
tion of single-phase Sr,N[N,]y2s
(=S1,N;; see scheme) under mild
conditions (7=650°C, py,=9 bar).
N, is reduced to the diazenide stage
[N,2-], while half of the strontium is
oxidized to Sr?*. The intercalation is
reversible.

Angew. Chem. 2002, 114, 2392 -2394

Y. Prots, G. Auffermann, M. Tovar,
R.Kniep* ......oooiiin... 2288 -2290
Sr,N;: A Hitherto Missing Member in the
Nitrogen Pressure Reaction Series

Sr,N —Sr,N; —SrN —SrN,

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

Regioselective synthetic approaches to tetrasub- R
stituted imidazoles (see picture) are reported. NZ R2
These highly substituted heterocycles are potent ~ | i)

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 an m-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 [D,]1. A®%-Sphingolipid desaturase from Helianthus annuus is
heterologously expressed in yeast and catalyzes the transformation to E olefin
2 (88%) and Z olefin 3 (12%).

OH QH DD D
Cothg 2
OH OH DD D
- s A®- desaturase M " +
CoHig OH OH D D
HN  OH D X __ _CqHig
Ac 1
HN_  OH
Ac

Angew. Chem. 2002, 114, 2394 -2397

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

Characterization of a A®-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 [CIRh(u-PMe;)-
(u-CPh,),Rh(u-Cl ),Rh(u-PMe;)(u-CPh,),RhCl] has also been isolated and
characterized by X-ray crystallography.

Me
Pr Ph Ph
P | _iPr Me\AJ Me Nel
Hy / \ CH, §
o o) 1) AsMe. / \ a .
C /Rh/m,,l:}:v\ b wRET ™y ——— a-Rmn P eRhTT SR oS Ry — C1
0 ¢ ~o 2) Me,SiCl \ ¢ N
H,C c CHj C 'As
-~ ~N
P’ OPh ph” “ph Me” | Me
1 2

T. Pechmann, C. D. Brandt, C. Roger,
H. Werner* ................ 2301 -2303

A New Type of Chainlike Tetranuclear

Rhodium Complexes with PR; and AsMe;
as Bridging Ligands

Keywords: As ligands - bridging ligands -

Angew. Chem. 2002, 114, 2398 -2401 carbene complexes - P ligands « rhodium

Fast electron transfer between the Mn centers in 104+ J. C. Roder, F. Meyer,*

the mixed-valent complex 1, a dinuclear analogue N=N E.Kaifer ................... 2304 -2306

of complexes with Cp'-N-ligands (Cp = C;sHs), n/ \Mn

supports the occurrence of cooperative effects in S\ EAN Bifunctional Cp NN Complexes—

such highly preorganized bimetallic systems. An § % & % Unusual Structural Features and

unsual #n':x':n> coordination of the pyrazolate Electronic Coupling in Highly

group is observed for K*1~ in the solid state. 1o Preorganized Bimetallic Systems
Keywords: bridging ligands - electronic
structure - manganese - metal—metal

Angew. Chem. 2002, 114, 2414-2417 interactions - mixed-valent compounds

Racemization-free  coupling of ~ o | ~ o B. Thern, J. Rudolph,

Fmoc-N-methyl amino acids on a N )HK G Jung* ........... ... 2307-2309

solid support is quantitative with a S 'T‘ N o

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 HN LN
high content of N-methyl amino _ j/
acids had not yet been accessible. o N % N

Angew. Chem. 2002, 114, 2401 -2403

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 =
Me;SiCH,), 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)s(thf)] with alkylbismuth five- and three-membered
rings of cyclobismuthanes 1, which exist in equilibrium.

L. Balazs, H. J. Breunig,*
E.Lortk .........ooiit. 2309-2312

Synthesis of the Dibismuthene Complex
[{u-n*~(cis-Me;SiCH,Bi),}{W(CO)s},]
from a Cyclobismuthane and
[W(CO)s(thf)]

i
E‘ E R R’Bi\
i-BRi | Bi Bi
1/5 R L, == 1/3 Bi™/ W(CO) s (thEV I 1 /5 (CO) sWE— TR (CO) 5
Bi & Bi ~./,
B Bi
R BiRr |
R
1 2

Angew. Chem. 2002, 114, 2411 -2414

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 ¥Fe 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)s(NO)J*~ 1 [Fe(CN)g*~ 2

Angew. Chem. 2002, 114, 2417 -2420

M. Biihl,* F. T. Mauschick, F. Terstegen,
B. Wrackmeyer ............. 2312-2315

Remarkably Large Geometry
Dependence of ’Fe 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
[(*Cp)Ba(cot)Ba(*Cp)] (*Cp = CsHiPr,; 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 “Cp
ligand indicate a Ba--- CHj; interaction.

<2/
Ba

==
Ba
A=

Angew. Chem. 2002, 114, 2421 -2422

H. Sitzmann,* M. D. Walter,
G. Wolmershéduser .......... 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-MeOCH,) 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(v) 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(ir)
Complex

chiral
N ligands

Keywords: chiral auxiliaries -
resolution - ion pairs - iron -
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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
3um 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-L-lysine, yield linear and circu-
lar nanowires, respectively, on mica
surfaces (see atomic force micros-
copy images).

Angew. Chem. 2002, 114, 24292433

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

Au-Nanoparticle Nanowires Based on
DNA and Polylysine Templates

Keywords: DNA - gold - intercalation -

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

‘ SLF -Linker—Mix ‘

?

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; Acl = A-repressor; oNTD = N-terminal
domain of the a-subunit of RNA Pol; RNA Pol = RNA polymerase).

Angew. Chem. 2002, 114, 2433 -2436

nanoparticles - nanostructures -
nanowires

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 O, 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.

, v /O . CHsCN
2 cis-[(tpy) (Cl),0s "=N-S + 2 H ——
2 CeH3Me,
H +
. . /
2 cis-[(tpy) (Cl}),0s :N—S\ + 0,
CgHsMe,

Angew. Chem. 2002, 114, 24362439

1+

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

Proton-Induced, Reversible Evolution of
O, from the Os!Y-Sulfoximido Complex
[Os"™(tpy)(C1),{NS(O)-3,5-Me,CsH}]

Keywords: N ligands - osmium - oxygen
evolution - redox chemistry - S ligands
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Binding oxygen: A four-coordinate
chromium(i) complex binds O, to
yield the first structurally character-
ized chromium(i) 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

K. Qin, C. D. Incarvito, A. L. Rheingold,
K. H. Theopold* ........... 2333-2335

A Structurally Characterized
Chromium(t11) 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 a,a-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.

0 gt OLi
i ,Me ) Et
N LiDBB NTX nPrl
OO Caw
Me
83%

H H

SLi

Z,E :90:10 >98:2 ds

Angew. Chem. 2002, 114, 2444 -2447

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

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

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

The rate-determining step of the ethylene oxy-
chlorination reaction on CuCl,/y-Al,O; catalyst
could be identified by an insitu, 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 KCI/CuCly/
y-Al,Oj; 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 (Cg) 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.

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

acceptor:
Transfer
O, o]
spacer }—< :F t ;:':j
[accep or ] _CHZ—N 8 N—CGHlB
(@) O
Ar = 3,5-tBuyCgH3 Cso NIm Keywords: donor—acceptor systems -
electron transfer - fullerenes -
Angew. Chem. 2002, 114, 24502453 photosynthesis - porphyrinoids
Monodentate phosphorus ligands, too, can be R A.-G. Hu, Y. Fu, J.-H. Xie, H. Zhou,

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

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.

D D
D D D
B-D+D 1)

D D

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 -
spectrometry

mass

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 CdAWO, 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/manobelts 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. Colfen,
M. Giersig ................. 2356-2359

Synthesis of Very Thin 1D and 2D CdWO,
Nanoparticles with Improved
Fluorescence Behavior by Polymer-
Controlled Crystallization

Keywords: block copolymers -
growth - fluorescence -
morphosynthesis + nanoparticles -
assembly

crystal

self-

A highly regioselective benzyl and allyl protection of p-hexopyranosides allows
their application in the synthesis of biologically potent a1 —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

al —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 m-electron
density of an aryl group favors an intramolecular migratory insertion reaction (see
scheme; Pf= CyF;). This reaction gives alkyl compounds (2 or 3) which can be
identified prior to their eventual hydrolysis to 4.
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Angew. Chem. 2002, 114, 24692472

A. C. Albéniz,* P. Espinet,* R. Manrique,
A.Pérez-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 H,O, (see scheme). The corresponding lactones
are obtained with up to 74 % ee.
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S.-1. Murahashi,* S. Ono,
Y.Imada* .................. 2366 —2368

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

Keywords: asymmetric catalysis -
biomimetic synthesis -

enantioselectivity - lactones - oxidation
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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, Ip; = photoluminescence intensity).

300 350 400 450
Alnm—

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(7*-O,N,)(dppf)] (dppf=1,1"-bis(diphenylphosphanyl)ferrocene) which is
structurally characterized and the thermal decomposition of which follows
unimolecular kinetics.
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Angew. Chem. 2002, 114, 24772479

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.
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Angew. Chem. 2002, 114, 2479 -2482

J. H. Choi, Y. H. Kim, S. H. Nam,
S. T. Shin, M.-J. Kim,*
JPark* ... ... ... ... 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- R
metrically functionalized: Ligand- :@)}O
assisted direct hydrogen-—lithium Rr

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.

1) RLi, ligand R E
- (o)
2) electrophile R

up to 86% ee

Angew. Chem. 2002, 114, 2482 -2484

D. M. Hodgson,* E. Gras ... 2376-2378

Chiral Epoxides by Desymmetrizing
Deprotonation of meso-Epoxides

Keywords: asymmetric synthesis -
carbanions - epoxides - lithiation
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A combination of Pd- and Cu-catalyzed couplings make the half-wheels (see left
and middle picture; Cp = CsHs) 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
(3tmpH:1nBuNa:1Bu,Mg 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 Se-symmetric molecules
with (MgsOq- (NaN),) cores (see
picture).

Angew. Chem. 2002, 114, 24882490

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) . (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),},] from the reaction of
[Et,N]5[Bi{Fe(CO),},] 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),].

Keywords: bismuth - carbonyl ligands -
iron - metal —metal interactions -
polymers

New wheels: The 1:2 reaction of ferric nitrate with
benzilic acid (Ph,C(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),[Ph,C(OH)COO]};,]
(see picture) consists of a centrosymmetric ring of
12 Fe atoms held together by 24 u,-methoxide
ligands and 12 1,3-bridging carboxylate ligands.
The 12 metal ions are nearly coplanar and the ring
size is ~11.4 A. The Mossbauer 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),(O,CC(OH)Ph,)}]:
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
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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 (M, =2900-
10500 gmol~') were estimated from
SIP NMR spectroscopic end-group
analysis. The possible w-conjugation
was investigated by UV/Vis spectros-
copy, which revealed a red shift in
Amax fOT 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 n-Conjugated Macromolecule
Containing P=C Bonds in the Main Chain

Keywords: conjugation -
phosphaalkenes - phosphorus -
polymers - silicon

Intermediate isolated? The reaction of [Fe(CO)s] with Me,N—C=C—NMe,
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)s] 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.

H

o

ottelione A ottelione B

Angew. Chem. 2002, 114, 2502 -2504

G. Mehta,* K. Islam ........ 23962398

Total Synthesis of (+)-Otteliones A and B

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

Six Mo dimers arranged around a central PO,
tetrahedron form the core of the novel e-Keggin
polyoxocation  [¢-PMo,,0;(OH),{La(H,0),},]>*
(see structure) capped with four {La(H,O),}**
units. A 3'P NMR spectroscopy study shows that
the e-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. Sécheresse™ .............. 2398 —-2401

[e-PMo,,05(OH),{La(H,0),},]>": The
First e-PMo,,0,, Keggin Ion and Its
Association with the Two-Electron-
Reduced a-PMo,,0,, Isomer

Keywords: Keggin ions - lanthanum -
molybdenum - polyoxometalates - solid-
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.

l: >—Ru -OPr
Ts N C| C| Ts
N N
PN Mes 2 (1 mol%)
1 Q
CH,Cly, 0 °C 3(99%)

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

(4
Good candidates for miniaturized, ultrasensitive

in

gas sensors in many applications are individual
single-crystalline SnO, nanoribbons. Here it is
shown that they can be used to detect ppm-level
concentrations of NO, 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 NO, with SnO,
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.

s aaa LIy

Angew. Chem. 2002, 114, 2514 -2518
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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, E.-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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CORRI G E N DA 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 D,L 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 (L) to the configuration of the majority units (D). Overall, this process, after
repetitive cycles, would lead to a preferential helical sense in which the predominant chirality (D) of the units that form the
polypeptides is prevalent.*?l 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. 15691572, 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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REVIEW

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

Geoffrey W. Coates,* Phillip D. Hustad, and Stefan Reinartz

Dedicated to Professor Maurice Brookhart and Professor Robert H. Grubbs on the occasion of their 60th birthdays

Coordination—insertion polymeriza-
tion systems have long been superior
to their anionic, cationic, and radical
polymerization counterparts with re-
gard to stereochemical control. How-
ever, until five years ago, these metal-
based insertion methods were inferior
to ionic and radical mechanisms in the
category of living polymerization,
which is simply a polymerization that
occurs with rapid initiation and negli-
gible chain termination or transfer. In
the last half decade, the living insertion

polymerization of unactivated olefins
has emerged as a powerful tool for the
synthesis of new polymer architectures.
Materials available today by this route
range from simple homopolymers such
as linear and branched polyethylene, to
atactic or tactic poly(a-olefins), to end-
functionalized polymers and block co-
polymers. This review article summa-
rizes recent developments in this rap-
idly growing research area at the inter-
face of synthetic and mechanistic
organometallic chemistry, polymer

~

chemistry, and materials science. While
special emphasis is placed on polymer
properties and novel polymeric archi-
tectures, most of which were inacces-
sible just a decade ago, important
achievements with respect to ligand
and catalyst design are also highlight-
ed.

Keywords: alkenes block copoly-
mers - homogeneous catalysis - living
polymerization - Ziegler—Natta catal-
ysis

\

/

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,[' allow both precise molecular weight control as well
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as the synthesis of a wide array of polymer architectures.”?l 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.?! 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 and Natta, 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.[! 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,!
cationic,®! and radical-based” 'l 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 (M,) of the polymer
increases linearly as a function of conversion;!'?!

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
(MM, ~1);

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

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

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 chainl* proceeds until 8-hydrogen and/or S-
alkyl elimination occurs.'’) When alkylaluminum cocatalysts
are employed, an additional termination route is chain
transfer to the aluminum center.'”! 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 S-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.[') 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.['”

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.* ! 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.

Angew. Chem. Int. Ed. 2002, 41, 2236-2257

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.l'"81 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.l'”) Anisole was also found to have a
dramatic effect on both catalytic activity and the average
lifetime of active chains.?! In later studies, polypropylenes
from this catalytic system were found to be unimodal with
narrow molecular weight distributions (M,/M, =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);] (1a; Figure 1; acac =
acetylacetonate) activated with Et,AlICl, produced partially

?ouo@/ Co,,o%éf
%ﬁo% §O'O‘QO$

Figure 1. Vanadium catalyst precursors for living olefin polymerization.

syndiotactic polypropylenes (81 % r dyads; [r]=0.81)I"] at
—78°C with extremely narrow molecular weight distributions
(M /M, =1.05-1.20; Scheme 2).?>2] 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 (M,/M,=
1.37-1.45). Also, catalytic activity (ca. 4 kgppmol,th™!)
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

Partially Syndiotactic PP
[1~0.80
M, ~ 100000 g mol™
My/M,=1.05-1.2

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 EtAICl, led to an increase in chain transfer to
monomer, giving polymers with distributions approaching the
theoretical value for polymerizations involving chain transfer
(M/M,=2.0).>24 The activating effect of anisole was also
demonstrated for the 1a/Et,AlCl catalyst system.?] 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.?2% Through these studies, complex 1b was found
to be highly active (relative to 1a) for the living polymer-
ization of propylene (ca. 100 kgppmoly,~'h~!; 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 (M, up to 100000 gmol-},
MM, =12-14).

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/Et,AlCl at —78°C gave high molecular
weight polyethylenes (PEs; >300000 gmol-!) with molecular
weight distributions consistent with the probable distribution
for a single-site catalyst (M,/M, =2.0).2") However, ethylene/
propylene copolymerizations were living; reaction of ethylene
and propylene with 1b/Et,AICI at —60°C rapidly produced
a very high molecular weight copolymer (M,=
1020000 gmol~!) with a narrow polydispersity (M, /M,=
1.22).5% These catalysts were also found to be inactive for
polymerization of higher a-olefins. For example, reaction of
1-pentene with 1a/Et,AlCl 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.?!! 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 (M, = 6600 gmol~!) with a narrow
molecular weight distribution (M,/M, = 1.4).5% 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-

FON !

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

la/Et,AICI
W

-78 °C

2240

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.>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 (M,/M,=1.15)."1 NMR spectroscopy re-
vealed that the structure of this end group resulted from
reaction of I, 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.’s] 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 etal. have prepared aldehyde-terminated
polypropylenes (Scheme 4).581 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 LiAIH, in Et,0O, followed by acidic hydrolysis.[*!]
Hydroxy-terminated polypropylenes were also prepared with
moderate success by reaction of an active vanadium species
with propylene oxide.*®! 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.?” Propylene
polymerization was conducted for 1 h at —60°C with the
complex 1b/Et,AlCl, giving a low molecular weight polypro-
pylene (M,=3100 gmol~!, M,/M,=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
(M, =4000 gmol-!, M, /M,=1.10). Both IR and NMR spec-
troscopy revealed the presence of the methacryl unit in the
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Scheme 4. Synthesis of end-functional polypropylenes with a vanadium catalyst.

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.’) By adding butadiene to living polypropylene
prepared with 1a/Et,AICI, a polymer containing alkene end
groups was formed after quenching. NMR spectroscopy
showed that the butadiene inserted with both 2,1 and 14
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/Et,AlCl/anisole with propylene
at —78°C generates a living polypropylene chain end.?! 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.[*) 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

1)

2) >+ F
3) A\

L”VW P

\‘/COZMe

-78 = 25°C

PP-block-EPR-block-PP

Ph

PP-block-PS

Ph
Na* P IWP
50 °C o

PP-block-PMMA

PP-block-PTHF

AgCIO,

Scheme 5. Synthesis of block copolymers with a vanadium catalyst; EPR = ethylene/propylene rubber.
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polymerization (Scheme 5). Doi et al. discovered that the
polymerization of methyl methacrylate (MMA) with 1a/
Et,AICI 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 (M, =2400 gmol~!, M,/M,=1.2).54 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/Et,AlCl at —78°C, a living polypropylene
chain end was formed (M,=16000gmol™!, M,/M,=12).
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, M, =18000 gmol~', M,/M,=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 (M,=16500 gmol~!, M,/M,=
1.15) by addition of I, to a living polypropylene chain
end.® This polymer was then dissolved in THF at 0°C
and treated with AgClO,, causing immediate precipita-
tion of Agl and concomitant formation of a cationic macro-
initiator capable of THF polymerization. After 96h, a
monodisperse polymer (M,/M,=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.”’! Addition
of an iodine-terminated polypropylene (M, =22000 gmol~},
M,/M,=114) to a living polystyrene anion (M,=
13000 gmol~!, M,/M,=1.27) resulted in formation of a higher
molecular weight polymer (M,=35000gmol"!, M, /M,=
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.*! 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~! for 2a
at room temperature. Molecular weight distributions of
polymers from the lutetium catalyst 2¢ were reproducibly
less than two (M,=96000-361000 gmol~'; M, /M,=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 =
tetrahydrofuran.

polymerization at —78°C with 2b showed that temperature
effects on possible chain termination reactions such as (-
hydride elimination were not important (7=25°C, t=35s,
M,=590000 gmol~'; M, /M,=181; T=-78°C, t=600s,
M, =648000 gmol~'; M,/M, =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 (M, up to
560000 gmol~!) with extremely narrow molecular weight
distributions (M,/M, < 1.05) via a coordination anionic poly-
merization mechanism.*l 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.[*!
Since this material has been extensively reviewed elsewhere,
we will only highlight the general concept.**]

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, d-valerolactone,
and e-caprolactone (CL).*3l In a typical two-step procedure,
ethylene was first polymerized to a reactive polyethylene
(PE) (M,=6600-27000 gmol~!, M,/M,=139-2.01) 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 (M, up to 50000 gmol~;
M, /M,=1.63-1.68) and efficiently formed diblock copoly-
mers such as PE-block-PMMA (M, up to 70000 gmol~!; M,/
M,=1.67-1.69) and polyethylene-block-poly(CL) (M,=
70000 gmol~'; M /M,=1.65).8 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.®! 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.’ In particular, racemic complex
7 provided encouraging results not only in the formation of
polyethylene but also in the polymerization of higher a-
olefins to give highly isotactic poly(a-olefins) (e.g. poly(1-
pentene): M, =10600 gmol~!, M, /M, =1.48, poly(1-hexene),
M,,=8300 gmol~!, M,/M,=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 % (M,, =
28500 gmol~'; M, /M, =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).511 Corresponding trivalent lanthanide com-
pounds with bridging bis(Cp) ligands were not found to be
superior in polymerization activity.?

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

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-(CF;),C¢Hj;), prepared by pro-
tonation of the alkene-bound pre-
cursor (Scheme 7), produced poly-
ethylenes with narrow polydisper-
sities for low molecular weight
samples (M,=13600 gmol~'; M,/
M, =1.17), while the polydispersity increased for samples of
higher molecular weight presumably due to mass transport
problems (M, =48500 gmol~'; M,/M,=1.71). In addition,
precipitation of polymer was regarded as a possible catalyst
deactivation route.

@ —| + BAr,~
[H(OEt)7][BArY] %

|
Co
(MeO)3P \(/ Ar' = 3,5-(CF3),CgH3 (Meo)sp/a:ol
R H—>g
R =H, Me 8R =Me

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.? 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—Cy
bond, formed end-functional polyethylenes (M, up to
20000 gmol~') with narrow polydispersities (M,/M,=1.11-
1.16) (Scheme 8). 3C 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,

pB-agostic complex (Scheme 8), and not its a-aryl-substituted,
pB-agostic isomer, in which case the corresponding polymer

]+ BAY

@ @ 1+ A

/
(MeO);p G0 (MeO);P~ GO
H H
n
X X
9
X = Cl, OAc, CF5 endgruppenfunktionalisiertes Polyethylen
Ar' = 3,5-(CF3)2CgHs M, = 14400 — 21200 g mol™’

My/My=111-1.16

Scheme 8. Synthesis of end-functional polyethylenes with cobalt catalysts.
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would have displayed two methyl resonance signals (i.e.
CH,CH,(CH,CH,),CH(CH,)CsH,X). 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 (M, >
40000 gmol1).

Silyl-functionalized polyethylene could be generated
in an analogous fashion with the [-agostic com-
plex [Cp*{P(OMe);}CoCH,CH(u-H)(CH,),SiR;][BAr’,] (10)
(BAr', =B(3,5-(CF;),C¢H;),). Molecular weights and molec-
ular weight distributions for SiEts;-functional polyethylenes
compared well with those of the aryl-substituted polymers.
However, Me,SiCl-functional polyethylenes showed lower
molecular weight (M, =10200 gmol~!) and broader molec-
ular weight distribution (M,/M,=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).5°%"1 Since these Group 5
systems are isoelectronic with Group 4 bis(Cp) complexes,

Nb Nb Tay,
A AT L Me
wRZ w R?2
Rl

~Cl
Rl

13aR!=R2=H
13b R'=Me, R?=H
13c R'=R?=Me

11laR!'=R?=H 12
11b R = Me, R?=H

11c R'=R?=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,™ living ethylene
polymerizations with the niobium diene systems 11a—¢/MAO
(MAO = methylaluminoxane) and 12/MAO were reported in
1994.15¢] Polymerization below 0 °C occurred in a living fashion
to produce high molecular weight polyethylenes (M, up to
40000 gmol~') with extremely narrow polydispersities (M,,/
M, as low as 1.05). The catalyst precursors were synthesized in
low to moderate yields from [Cp*NbCl,] 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 (11¢) displayed approximately equal polymeriza-
tion activities (38.7 versus 35.2 kgppmoly,~'h™!) at 20°C),
while catalyst 11b containing the 2-methyl-1,3-butadiene
ligand was somewhat less active (19.2 kgpgmoly,'h~'). The
bis(diene) complex 12 was inactive for ethylene polymer-
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ization upon addition of B(C¢Fs),. 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 (M,/M,=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.l”)
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(C(Fs); to a solution of 13b at room temperature resulted in
formation of the ion-pair [Cp*Ta(n*isoprene)Mel-
[MeB(C¢Fs);], as suggested by NMR experiments. The in situ
generated 7*-butadiene congener 13a/B(C,Fs); was found
to be active for the polymerization of ethylene
(1.38 kgpr mol,'h™"), and the activity could be enhanced by
adding AIEt;. 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 a-olefins gained additional momentum by the development
of diimine nickel and palladium catalysts in the mid-1990s.5*!
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.”” 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,
Teyssié 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 (M,/
M,=12-2.0) at or above room temperature.l®] 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,/®!l took advantage of its living behavior in
the polymerization of butadiene to form poly(butadiene)/
poly(isocyanide) diblock copolymers (Scheme 9).°l 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.[®! Allylnickel catalysts have also found
applications in the living polymerization of functionalized and
nonfunctionalized allenes.[*¥

Risse and Mehler reported the living polymerization of
norbornene using [Pd(MeCN),][BF,], (15). Poly(norbor-
nene)s with number-average molecular weights up to
30000 gmol~! exhibited narrow molecular weight distribu-
tions at low monomer conversions; at higher conversions, the
distributions broadened.! 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.[®] 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(if) complexes containing
o,t-alkyl ligands (16) (Scheme 10).7 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-

L.Pd P
(@] 16 m
Lbcoza 2
714 Cco,Et
Et0,C  CO,Et
MeO
«Cl., P }
Pd P
< >cI”
OMe
16
EtO,C  CO,Et
TR =
n L,Pd
2) 115 °C NP

8!

Scheme 10. Synthesis of norbornene/acetylene block copolymers with a
palladium catalyst.

Poly(norbornene)-block-poly(acetylene)
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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 a-diiminepalladium and -nickel complexes,[®] a
subsequent paper appeared demonstrating the use of these
nickel systems for the living polymerization of a-olefins.[®]
Catalyst precursor 17 (Figure 4), when activated with MAO in

| N —|+ BAr,~
& — < =
Zan N N
— 7 N\ — Pd
4N NN o
Ni \
B! Br MeO

r

17 18
Ar >_( Ar
N \N@ Ar = é@tsu
N4
Ar IN’I' Ar
B Br
19

Figure 4. Nickel and palladium a-diimine catalysts and catalyst precursors
for living olefin polymerization.

toluene at room temperature, was shown to be very active for
the polymerization of a-olefins (turnover frequencies be-
tween 300 and 3000 h™'), yielding high molecular weight
materials (M, up to 190000 gmol~! for polypropylene) with
relatively narrow polydispersities (1.4 <M, /M, <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
(M,=161000 gmol~!, M,/M,=1.13; Scheme 11).

P 17 Branched poly(a-olefin}s
MAO
-10°C
R = Me, Bu, CygHa3 Polypropylene Poly(1-hexene)
M,=161000g mol™" M, = 44000 g mol™
My/My=1.13 My/M,=1.09

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

Since chain walking (consecutive B-hydride elimination
followed by olefin reinsertion with opposite regiochemistry) is
a distinguishing mechanistic feature of palladium and nickel
diimine catalysts,[% 7% 1l polymerization of ethylene results in
a highly branched polymer, while polymerization of higher a-
olefins leads to chain straightening, as indicated by a branch-
ing content that is lower than expected. The unique combi-
nation of living a-olefin polymerization behavior with the
formation of chain straightened poly(a-olefin)s provided the
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basis for a new strategy for the preparation of elastomeric
materials. While polymerization of propylene by 17 formed
an amorphous material (7,=—16°C), polymerization of
octadecene led to a polymer with unbranched, crystalline
domains (7,,=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.[®! Killian and Brook-
hart also exploited a similar strategy towards synthesis of
ethylene/1-hexene multiblock polymers (Scheme 12).21 Al-
though some chain transfer in ethylene homopolymerizations

1) 2 7
PN 17 2) A B poethylenelpoly(1-hexene)
MAO 3) repeat 1,2 Multiblock Copolymers
—15°C M, up to 238000 g mol’

My/M, = 1.41 - 2.05

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).%1 Quenching the reaction
mixture with triethylsilane, whereby the Pd—Cy,, 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~'. The resulting polymers were highly branched
(100 branches/1000 C), and the branching number was

1)18,5°C
2) ESiH

= Branched Polyethylene

M, up to 250000 g mol™
My/My~ 1.1

Scheme 13. Living polymerization of ethylene with a palladium diimine
catalyst.
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independent of the polymerization conditions. However,
performing the polymerization at lower ethylene pressures
(1 atm) resulted in a somewhat broadened molecular weight
distribution (M,/M,=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 a-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 a-olefin polymerization with C,-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 a-diimine nickel catalysts has
been reported.’*771 Rieger and co-workers recently reported
the synthesis of extremely bulky C,-symmetric nickel and
palladium a-diimine complexes and their application in the
formation of ultra high molecular weight polyethylenes at
ambient temperature. Linear polyethylene of narrow poly-
dispersity (M,, = 4500000 gmol~!; M,/M, =1.3) was obtained
with catalyst 19/MAO, providing an encouraging lead for
future investigations.”® 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).°1 Ureidopyrimidone (UP) functional-
ized poly(1-hexene)s with low comonomer content (ca. 2%)
were synthesized in a living fashion (M,=33000-
104000 gmol~!, M, /M,=12-1.4). 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.

1) ELAICI

2)17

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,® 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.[® 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
20 LoHf f\ﬁm
0°C

Atactic Polypropylene

y
|

—|+

=
N\ .NMe,Ph J ~
Hf\
Qg} Me B(CeFs)a™
6F5)a P
20
PE-block-PP

My/Mp ~ 1.7 — 1.9

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

obtained polymer molecular weight distributions were not
satisfying.[®!! Propylene was first added to a solution of
[Cp,HfMe(PhNMe,) |[B(C¢Fs),] (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*TiMe;] (21;
Figure 5) activated with B(C4F;s); was highly active for the
polymerization of propylene to form high molecular weight
atactic polypropylene (M, up to 4000000 gmol~') that
displayed elastomeric properties.® The presence of polymer
fractions with very narrow molecular weight distributions
(M,/M,=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 (M, /M,=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(C¢Fs); 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 AlMe; or
AliBu;, 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 (M, ca.
10000 gmol~!, M /M, ~2.4).8

Based on the notion that S-hydride elimination is negligible
in comparison with propagation in standard metallocene—
MAO systems at temperatures below —40°C,® 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.[® The titanium catalyst 22, when activated with
B(C4Fs); at —50°C, produced syndio-enriched polypropylene
([rrrr] = 0.24) with narrow molecular weight distributions (M,
up to 20000 gmol~!, M /M, =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 AlMe; impurities),
Shiono and co-workers then showed that chain transfer to
aluminum caused by residual AlMe; could be efficiently
suppressed in this system. Accordingly, moderately syndio-
tactic polypropylene ([rrrr]=0.42) could be produced in a
living fashion with 22/MAQO even at 0°C (M, =10100 gmol1;
M, /M, =1.35).15

Fukui and co-workers demonstrated that the simple bis(Cp)
catalyst 23 a activated with B(C4Fs); was capable of the living
polymerization of propylene at —78°C in the presence of
Al(nOct); as scavenger.[”l 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 (M, <10000 gmol~'), the molecular weight dis-
tributions were extremely narrow (M,/M,=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.[®! Similarly, the hafnium system 23b/B(C4F5);,
also displayed living behavior at —50°C. Living polymer-
ization of 1-hexene was also observed with the C,-symmetric
ansa-metallocene system 24/B(C¢Fs); at —78°C, producing
highly isotactic monodisperse poly(1-hexene) (M, /M,=1.2-
1.3). However, the catalytic activity for this system was low,
resulting in only very low molecular weight polymers (M, <
5400 gmol~'). Catalyst 24/B(C4Fs); 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
MAOQO.®

Very recently, Fukui and Murata employed the mixed
metallocene catalyst system [Cp,ZrMe,]/B(C4Fs),/[Cp*TiCl;]
for the living polymerization of propylene at —50°C."
Again, reaction of carbon monoxide with a living polypropy-
lene gave aldehyde-functionalized polypropylenes. Fukui and
Murata also employed the mixed metallocene catalyst system
[Ph,C(Cp)(fluorenyl)ZrCl,)/Al(nOct)/B(C4Fs):/[Cp*TiCl;]
for the living syndiospecific polymerization of propylene at
—50°C.PU 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 (M/M,=1.1-1.4).12

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 a-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)
(M,=47000 gmol~!, M, /M,=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(C4Fs);, chain transfer reactions were eliminated and
the polymerization of 1-hexene and higher a-olefins proceed-
ed in living fashion (Scheme 16).! 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 CH,Cl, led to a
dramatic increase in catalytic activity, yielding high molecular
weight atactic polymers (M, > 120000 gmol~!) with narrow
molecular weight distributions (M,/M,=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.

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 Me;SiArN(CH,);NArSiMe;
and TiCl,. 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(C4Fs); to a solution of the dimethyl complex 25a in pentane
led to the precipitation of a catalytically active borane adduct
26 (Scheme 17).%1 Suspensions of this adduct slowly evolved

Me B(CeFs)s
Me 6':5
25a 26 27

L.Ti QgHsz(Cer)z

- . wMe-B(CgFs)3
LaTix LnTix
nlIN e

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.!*]

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.’””! 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 287101 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/
310195161 3] three donors are connected to a central carbon
atom. Even though living a-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.’”! Group 4 catalyst precursors 28a—e¢, incorpo-
rating the ligand [([Dg]tBu)N-0-C¢H,),0]*~ (NON ligand)
were prepared by Grignard addition to the corresponding
dichloride complexes. The latter were best synthesized from
the ligand dianion and M(NMe,),Cl, and subsequent treat-
ment of the bis(dimethylamido) intermediates with Me;SiCl.
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.% Methide
abstraction from the dimethyl complex 28b by B(C(Fs);
yielded a reasonably stable ion pair, [(NON)ZrMe]-
[MeB(C¢Fs);] (32), which was characterized in the solid state
and by NMR spectroscopy. Both complex 32 as well as the
dimethylaniline adduct [(NON)ZrMe(PhNMe,)]|[B(C4Fs),]
(33) were active for the polymerization of ethylene at room
temperature (100 kgpr mol,,~'h=! for 32, 800 kgpr mol,,~'h!
for 33). Catalyst 33 also polymerized 1-hexene to atactic
poly(1-hexene) (200 kgpymol,,~th~1, M, =45000 gmol-!, M,/
M, =1.2). By lowering the temperature to 0°C, chain transfer
reactions were suppressed, and the polymerization occurred
in a living fashion (M,/M, < 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 S-hydride
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elimination as the primary mechanism of chain termination at
40°C."8l The rate of S-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.” Interestingly, zirconium complexes
bearing the structurally-related sulfur donor ligand
[([Dg]tBu)N-0-C¢H,),S]>~ (NSN) were not active for poly-
merization of 1-hexene.['"7)

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.["
Activation of 29a with [Ph;C][B(C¢Fs),] 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).11% A similar

Y

Me [Ph3C][B(CeFs)4l

29a 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.['®! 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.l'””] The polymer generated with catalyst 29b/
[Ph;C][B(C¢Fs)4] at 0°C was of higher molecular weight than
that produced with the NON catalysts 28 (M, up to
79000 gmol~'), while the molecular weight distribution of
the polymer remained extremely narrow (M, /M,, 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.'! Methide abstraction from the dimethyl
species 30a with [Ph;C][B(C4Fs),] was found to be a rather
complex process, leading to the formation of the putative
active species [ (MesNpy)ZrMe][B(C4Fs),] (34) in equilibrium
with 30a and a monocationic dimer [(MesNpy),Zr,Me;]-
[B(C¢Fs),] (35)  (Scheme 19).  Solutions of 30a/
[Ph;C][B(C¢Fs),] were active for the polymerization of

Lz Me
n2l 1-Hexene n
(1.2
Atactic Poly(1-hexene)
1-Hexene My/Mp, =1.02 - 1.08
1.2)
B(CeFs)3 30a
LiZrMe, =————= [LnZrMe][B(CsFs)4] - [Ln2ZraMes][B(CsFs)al
30a 34 35 )
Putative Active Species Dimeric Monocation
1-Hexene
(2.1)
LnZr
n E/\Me f
2-Heptenes
B(CeFs)3 ) 1-Hexene n
LoZriBu, =———= [LaZrBU][B(CeF5)s] ——=»
(1.2)
30b 36

Putative Active Species

Atactic Poly(1-hexene)

My/Mp = 1.02 — 1.08

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 f-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 (M, /M, < 1.08).

When the initiating group was changed from methyl to
isobutyl (30b), activation with [Ph;C][B(C.F;s),] cleanly
generated a monomeric species [(MesNpy)ZriBu][B(CyFs),]
(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
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species 36 decomposed in the absence of monomer by fj-
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 — Copuyy bond in a primary (1,2)
fashion, yielding a 2-heptyl species that was relatively stable
towards fS-hydride elimination. Polymers produced with 30b/
[Ph;C][B(C¢Fs),] displayed molecular weights approximately
three times the theoretical value (based on Zr) and molecular
weight distributions were again extremely narrow (M, /M, =
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)HIR][B(C4Fs),] (31; R =Et, nBu, iBu, nPr, iPr).l% 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,,;, 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.['”! Activated versions of these bidentate,
aniline precursors 37a, b were active for the polymerization
of ethylene, propylene, and higher a-olefins (Scheme 20).

N 37b (
BCFs): ™0 [k
o°C K
Atactic Poly(1-hexene)
iPraSi l 1-octene
N
Rel31=R
— r<
ey T T
SiiPr3
37aR=Cl
37b R=Me

Poly(1-octene)-block-poly(1-hexene)
M, = 130100 g mol~*
Mw/M, = 1.21

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

For example, 37a/MAO showed an activity of
5300 kgpg mol,,~'h~' 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 (M, <9000 gmol~!, M,/M,=2.09-2.35). Cooling
the polymerization to 0°C reduced S-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(CFs);
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(CgFs); 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 (M,=118300 gmol~!, M,/
M, =1.23). The living nature of the polymerization was also
demonstrated by the sequential addition of two different a-
olefins to form a 1-hexene/1-octene block copolymer (M, =
108700 gmol~'; M /M,=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.'"°l Using an amidinate zirconium catalyst,
the living isospecific polymerization of 1-hexene was achieved
with high stereoselectivity. By addition of carbodiimides to
the Zr—Cpemy bond in [Cp*ZrMe;], catalyst precursors 38a—
d (Figure 7) were easily prepared. When R' +R?, the resulting

e ==
YuMe L

“ ~Me
R~ N4 "Me Rl\N’Z\r‘Me

*L’N‘RZ %’N‘RZ

38a R! = R? = cyclohexyl 39a R! = R? = cyclohexyl

38b R! =tBu, R? = Et 39b R'=R2=iPr

38c R! = tBu, R? = cyclohexyl 39c R! = tBu, R? = cyclohexyl

38d R! = tBu, R? = 2,6-iPr,CgHs

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

compounds are chiral but variable-temperature 'H NMR
revealed low barriers to racemization. Upon activation with
[PhNMe,H][B(C4Fs),] in chlorobenzene at 0°C, symmetric
complex 38a was active for the polymerization of 1-hexene,
giving a monodisperse polymer (M,=11000gmol™!, M,/
M,=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 *C NMR revealed the lack of
stereochemical control in the polymerization.

With this encouraging lead, the catalytic properties of C;-
symmetric compounds 38b—d were evaluated.'') Precursors
38¢, 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 (M,/M, =1.50). However, lowering the polymer-
ization temperature to — 10 °C led to higher molecular weight
polymers with extremely narrow polydispersities (M,/M,=
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 (M,)

Angew. Chem. Int. Ed. 2002, 41, 2236-2257

38b
[RsNH][B(CgFs)4] n
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Mw/M, =1.03 - 1.10

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 (M,=
20700 gmol~!, M, /M, =1.03) resulted in formation of a higher
molecular weight polymer (M,=35400gmol™!, M, /M, =
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.l''” 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(C.F;),] were performed.''!! 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—Ceny bond

Scheme 22. Potential deactivation pathway in amidinate catalyst systems.

length demonstrated the stabilizing effect of these a-agostic
interactions. It was suggested that these bridging a-agostic
interactions in dimeric cations might serve to lower the barrier
to migratory insertion, as has been proposed for mononuclear
complexes.l' On the other hand, crystallization of activated
complex 38b/[B(C4Fs),] at 25°C revealed the formation of a
u-CH,, u-CH; 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."*?! To this
end, 1,5-hexadiene was polymerized by the catalyst system
38a—c/[PhNMe,H][B(CFs),] in chlorobenzene at —10°C to
give poly(methylene-1,3-cyclopentane)s (PMCP) with narrow
molecular  weight  distributions (M,/M,=1.03-1.09;
Scheme 23). The lack of olefinic resonances in the polymers

Poly(methylene-1,3-cyclopentane)
64 — 82% trans-rings
M, = 14 000 — 25 000 g mol!
My/Mp = 1.03 — 1.09

s 38a-c
[PhNMe,H][B(CgFs)a]
-10°C, PhCI
A

~

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

and the linear kinetic relationship (In([M,]/[M,]) 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 —38¢ was mirrored by an
increase in trans ring content and thus the degree of
crystallinity (7, =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).[1"21 Addition of
1-hexene to the activated complex 38b/[PhNMe,H][B(C¢Fs),]
in chlorobenzene at —10°C gave a living isotactic poly(1-
hexene) (M, =12200 gmol~!, M,/M,=1.03). Addition of 1,5-
hexadiene to this living chain end resulted in formation of a
higher molecular weight polymer (M,=22800 gmol~!, M,/
M, =1.05). The C 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 (M,=
30900 gmol~!, M,/M,=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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Scheme 24. Synthesis of poly(1-hexene)/PMCP diblock and triblock
copolymers with a zirconium amidinate catalyst.

PMCP-block-iso-PH

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).['"31 Employing the less bulky Cp ligand, the activated
complexes displayed enhanced activities relative to their Cp*
counterparts. For example, complex 39b/[PhNMe,H]-
[B(C¢Fs),] 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 (M, =20800 gmol!,
M,/M,=1.03). A kinetic study of 1-hexene polymerization
with 39 ¢ revealed a linear relationship consistent with a living
polymerization, and GPC traces of all reported polymers
showed narrow distributions (M, /M, =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 38 b, which produced highly
isotactic poly(1-hexene)s, polymers from both the achiral
compounds 39a, b and the C;-symmetric, chiral complex 39¢
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.l'l 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, Ci-symmetric
nature of catalyst precursors, the poly(vinylcyclohexane)

microstructures in each case were highly isotactic
S 39a,b
[PhMezNH][B(C6F5)4] n

—10°C or 0°C, PhClI

Isotactic Poly(vinylcyclohexane)

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 (M,/M, =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.!''¥l Initial inves-
tigations of the C-symmetric zirconium compounds 40a and
41a (Figure 8) demonstrated the dramatic effect of the extra

tBu tBu

tBu tBu
? ?
\\\\\ CH,Ph ANy CH,Ph
_M\ «M\
< CH,Ph Cn"~chen
0 I o
tBu tBu
tBu {BU
40a M = Zr 41a M =Zr
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tBu R
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Nyt CH,Ph N\, 3 .CHyPh
/g Tl ' Zr.
07| “NCH,Ph EN’I “NCH,Ph
I o \o
tBu R
tBu R
42 43a R =tBu
43b R =Me

Figure 8. Amine bis(phenolate) catalyst precursors for living olefin
polymerization.

donor arm on catalytic activity.'™ When activated with
B(C.Fs); at room temperature, complex 40a bearing the
tridentate [ONO] ligand displayed low activity toward
1-hexene (23 kgpymol,,~'h~'), producing only 1-hexene
oligomers (<20 units/chain). On the other hand, complex
41a/B(CFs); based on the tetradentate [ONNO] ligand
was  extremely active for the  polymerization
(15500 kgpy mol,,th71), giving high molecular weight
poly(1-hexene) with polydispersities consistent with a single-
site catalyst (M, =170000 gmol~', M, /M, =2.2). The catalytic
performance of the titanium complexes 40b and 41b was also
investigated.l'') 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 (M,=
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1500 gmol~!, M,/M,~2). However, the polymerization of
1-hexene with 41b/B(C¢Fs); bearing the amine donor pro-
ceeded in a living fashion (M, = 14000 gmol~!, M,/M,=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.

Atactic Poly(1-hexene)
Mp = 14 000 g mol™*

42 My/M, = 1.18

B(CeFs)3 A
RT

Atactic Poly(1-hexene)
M, = 9000 g mol~t
My/M, = 1.2

Poly(1-octene)-block-poly(1-hexene)
M, = 11600 g mol~*
My/Mp = 1.2

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.''"] Incorporating an extra
oxygen donor, this [ONOO]-type ligand gave the analogous
C,-symmetric titanium species 42 (Figure 8). When activated
at room temperature by B(CgFs);, complex 42 proved
to be active for polymerization of 1-hexene (20—
35 kgpymoly'h™!) (Scheme 26). The living behavior of this
system was evident by the narrow polydispersities (M,/M, =
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 (31h), giving a high
molecular weight poly(1-hexene) (M, =445000 gmol~!, M,/
M, =1.12). The polymerizations also had living character at
elevated temperatures, with reactions as high as 65°C giving
relatively monodisperse polymers (M,=22000 gmol~!, M,/
M, =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(C4Fs); in chlorobenzene at room temperature gave
poly(1-hexene) after 3.5h (M,=9000 gmol-!, M,/M,=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 (M, =11600 gmol~!, M,/M,=1.2) with a *C NMR
spectrum consistent with atactic poly(1-hexene-block-1-oc-
tene).
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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 C, sym-
metry capable of stereocontrol in a-olefin polymerization.['®!
The diamine bis(phenolate) ligands proved excellent for this
task, providing C,-symmetric complexes (43a,b) analogous to
the ansa-metallocenes. Complex 43a, when activated at room
temperature by B(C4Fs);, proved to be an active catalyst for
the polymerization of 1-hexene (18 kgpymol,'h™1)
(Scheme 27). The linear increase in molecular weight (M,
up to 12000 gmol~") with conversion and the narrow molec-
ular weight distribution of the polymers (M,/M,=1.11-1.15)

43a (/
B(CeFs)3 n

RT

Isotactic Poly(1-hexene)
[mmmm] > 0.95
M, = 12000 g mol~*
Mw/Mp = 1.15
Scheme 27. Living isospecific polymerization of 1-hexene with a diamine
bis(phenolate) catalyst.

demonstrated the living nature of the polymerization. Fur-
thermore, 3C 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(C4Fs); yielded atactic poly(1-hexene) with a
broader molecular weight distribution (M, =23000 gmol~},
M, /M, =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.!''”) 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 C,-symmetric complexes might be
suitable precursors for the isospecific polymerization of a-
olefins through a site-control mechanism. Surprisingly, com-
pound 44a/MAO (Figure 9) produced polypropylenes that
were substantially syndiotactic ([rrrr] =0.78).12 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
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45a Ar = CgHsg
45b Ar = 2,6-F2C6H3
45¢ Ar = 2.4,6-F4CgH

443 Ar = CgHs, R = tBu
44b Ar = FsCg, R = tBuU
44c Ar=FsCq, R=H

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

mechanism.['” 12121l However, GPC analyses revealed the
lack of molecular weight control in this system (M,/M, ~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.l'??l 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

44b/c WY\/\@/
MAO

Syndiotactic Polypropylene
[rrrr] up to 0.96
Mp up to 100 000 g mol~*
Mw/M, ~ 1.1

)

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 (M, /M, ~
1.1) and were free of olefinic end groups. Not only were -
hydride and p-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 (M,,/
M, =1.11) to molecular weights approaching 100000 gmol!.
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
M, >300000 gmol~! were synthesized with fairly narrow
molecular weight distributions (M,/M, =1.34), and the reac-
tions were also living at room temperature (M,/M,=1.13).
Fujita and co-workers concurrently reported that the fluorine-
containing catalyst system (44¢/MAO) is also living for
propylene polymerization (M, up to 108000 gmol~!, M,/
M,=1.07-1.14).1%1 Polymers from this bis(phenoxyimine)
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catalyst, which incorporates a single fert-butyl substituent on
the phenoxy moiety, exhibited somewhat lower syndiotactic-
ity ([rrrr] =0.76) and peak melting temperature (7, = 137°C)
than polymers from 44b/MAOQO, although low molecular
weight oligomers (M,=2000 g mol~') 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).[21 Addition of 44b to a solution of propylene

N 44b LnTi ~p
MAO E
0°C :
syn-PP
M, = 38400 g mol!
My/M,, = 1.11
\ /\ + /

LnTi {(\/W/\}P

syn-PP-block-EPR
M, = 145000 g mol™!
My/M,, = 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 (M, =38400 gmol~!, M /M,=1.11).
Addition to a slight overpressure of ethylene to this living
chain end resulted in rapid formation of a higher molecular
weight polymer (M,=145100 gmol~!, M, /M,=1.12). The
polymer, a syn-PP-block-EPR diblock copolymer, displayed
a T, of 131°C, while the T, of the EPR domain was —45°C.
Fujita and co-workers have also reported the remarkable,
above room temperature living polymerization of ethylenel!>*!
(M, up to 400000 gmol~!, M,/M,=1.05-1.13) and co-
polymerization of ethylene and propylene using the modi-
fied phenoxyimine system 44¢.'>! Monodisperse ethylene/
propylene copolymers with varying propylene content
(15-48mol%) were prepared with 44¢/MAO at 25°C
(M,>80000 gmol !, M,/M,=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.['?* 2] 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 (M,=27000 gmol-!, M, /M, =
1.13). The resulting copolymer (M,=161000 gmol!) dis-
played a broader molecular weight distribution (M,/M,=
1.51).0%

Fujita and co-workers have also developed a new class of
compounds bearing indolide-imine ligands for the living
polymerization of ethylene.'?l When activated by MAO at
25°C, complexes 45a—c produced polyethylenes with narrow
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molecular weight distributions (M, =11000-41800 gmol-},
M /M, =1.11-1.14). Increasing electrophilicity of the metal
center through fluorination of the ligand led to an increase in
activity, with 45¢ providing the most active precursor. The
living nature of the polymerization was demonstrated for 45¢/
MAO by the linear increase in molecular weight with polymer
yield. Notably, polymerization with 45¢/MAO at 50°C also
produced polyethylene with a fairly narrow polydispersity
(M, /M, =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(a-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;!'?] 2) the transfer of chains
between catalysts of differing stereospecificities;'?! 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.['*’]

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*

4 2

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.

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.l!l 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, Fe' and Fe'™. 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 N, to
NH;, as well as in leghaemoglobin that binds molecular
oxygen in the root nodules.
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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 H,O within the cell. These
anions reduce Fe' to Fe!! (Scheme 1), which in turn catalyze

Reduction of Fe"' by superoxide anions

0, +Fe" __p 0, +Fe!

Fenton reaction

Fe! + H,0, —p Fell + OH +-OH

Sum: Haber - Weiss reaction
‘0, +H,0, —» OH+OH +0,

Scheme 1. Toxicity of iron ions within the cell. The Haber — Weiss reaction
is the sum of the reduction of Fe''ions by superoxide anions and the
Fenton reaction, the Fe-catalyzed degradation of H,0, to highly reactive
hydroxyl radicals.

the decomposition of H,0, 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.>? 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 H,O, before they come into contact with
iron. Ironically, iron and heme groups are essential cofactors
of the peroxidase and catalase enzymes which decompose
H,0,. On the other hand, excess iron is stored in a multimeric
protein, ferritin, that can accomodate up to 4500 iron ions.?!

1.3. Iron Uptake

Control of iron uptake represents another approach the
plant can adopt to balance its iron content. Although iron
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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 (a-FeOOH) and hematite (a-Fe,O;), which are
generated by weathering. Free iron ions occur at neutral
pH values only at a concentration of about 10-7m; ferrous
ions that are more soluble are readily oxidized to ferric ions,
which again precipitate.! 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 Fe!! 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, Fe'' ions are
readily reduced to more soluble Fe'ions. The excess accu-
mulation of Fel'ions in the rice plants results in the
well-known bronzing phenomenon, caused by oxidative
stress.> 3]

Plants have evolved three chemical strategies to acquire
iron: release of protons from the root surface to enhance
dissociation of Fe!l oxides, reduction, and chelation.?> > 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.P!

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);] complexes:
lowering the pH value by one unit increases the solubility of
Fe ions by a factor of a thousand.[’]

Furthermore, the capacity to reduce ferric ions in an
NADH-dependent manner increases at the root surface.
Ferrous ions are about 10' times more soluble than ferric ions
at neutral pH. Ferrous ions are the substrate for a specific
uptake system.[! 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.

2260 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

plant rhizodermis rhizosphere (soil)

r
cytoplasm

cell mem-
brane root hairs
ATP
Ao\
H
ase
ADP + P
NADH /- Fe'" chelate complex
NAD* \o Fe' + chelator
Fe' r Fe

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 Fe'!
chelate by an NADH-dependent reductase (R) at the root surface, and Fe!!
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 Fe"— Chelate Reductase through a
Genetic Approach in the Model Plant Arabidopsis
thaliana

A genetic approach in the model plant Arabidopsis 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.ll

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.®! 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 Fe-reducing
capacity at the root surface. A genetic screen for mutants that
do not enhance this Fe'“reducing capacity in times of iron
deficiency has been initiated to identify the reducing activity
molecularly.”’! 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, frdI-1, frd1-2
and frdl-3 (frd = ferric reductase deficient). These mutants do
not show an increased Fe reductase activity upon iron
depletion, in contrast to wild-type plants.’! 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
Fe' —chelate reductase by homology to the known yeast
Fe!'—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.!"]

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 O, to O,
by transferring one electron across the cell membrane onto
O,. 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.!""!

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 Fe'—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.

Angew. Chem. Int. Ed. 2002, 41, No. 13

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Fe! reductase into the frdl mutants results in their ability to
reduce Fe'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 Fe centers
at the root surface.'%

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

How do Fe''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 Fell-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 Fe!" uptake.!'!]

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 Fe!! uptake.

In this way the Arabidopsis protein IRT1 (IRT=iron-
regulated transporter) encoding a putative iron-transport
protein was isolated.'"'] 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 Fe' ions are the preferred
substrate. This observation is consistent with a physiological
role for IRT1 in the uptake of Fel'ions, the product of
NADH-dependent reduction.'!l 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.!"]
A 10-fold excess of Cd"ions inhibits Fe™™ uptake, whereas
Mn!" and Zn"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.!'?]
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
acid 100 eliminates the transport of iron and manganese ions.
Mutation of aspartic acid 136 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.’! 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.["3]

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 Fe! ions from complexes in
the soil and thus keep it in solution.> 3 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”.['¥
The complexes of iron with the phytosiderophores are
reimported into the root through specialized transport
systems (Figure 5).[%]

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).05 1]

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). L-methionine
serves as a precursor molecule that is activated at the expense

2262 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

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 L-methionine via the non-protein
amino acid nicotianamine (NA). The phytosiderophores are released into
the rhizosphere and bind Fe'ions. The entire Fe!'-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. [S]). 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.

CO0O”

COOH COoO” COOH
S A sam A3 NH
[— —_— +
H3C/ NHZ NH 2
L-methionine nicotianamine
€00 COO” COOH
NAAT
— ANH *NH, © —
3" keto form
§00 COO"  COOH ¢oo’ COO/‘\ACOOH
ING *NH, ~ OH — +NMH2 OH
OH

2' - deoxymugineic acid

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

mugineic acid

of ATP to (S)-adenosylmethionine.l'” 8] Polymerization of
three molecules of (§)-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.'’l Nicotianamine is
converted into the keto form through a transamination
catalyzed by nicotianamine aminotransferase and subse-
quently reduced to 2'-deoxymugineic acid.?” The six func-
tional groups serve to bind the Feions 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.?!) The
additional hydroxy groups can increase the stability of the
Fel'— chelate complexes.?!

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.” 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.?!l

3.2. Identification of the Uptake System in Fe™ -
Phytosiderophore Chelate Complexes

Whereas Fe'ions are reduced to the more soluble Fe!!
form and taken up by transport proteins such as IRT1 in
strategy I plants, strategy Il plants take up Feions com-
plexed with phytosiderophores.’! Recently, the special uptake
system for phytosiderophores was identified by taking ad-
vantage of the maize yellow stripe mutant that cannot take up
Fe!l phytosiderophores.?! 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 YSI gene in the yeast mutant, the mutant is able
to form colonies on medium containing Fe-deoxymugineic
acid, which suggests that YS7 indeed encodes a transporter for
Fe!ll siderophores.!

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 Fe'l ions. The
Fe!'' - phytosiderophore complexes are subsequently taken up
by the plants with the help of highly specific root-transport
systems.['”] All other plants release protons into the soil to
solubilize Fe''ions, which are the substrate of an inducible

Fe' - chelate reductase. The product Fe!' ion is taken up into
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root cells through a specific metal transport protein such as
Arabidopsis IRT1."1 Strategy I is severely impaired on
calcareous soils because of the high pH values and the low
solubility of Fe''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.!
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 Cd" 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.”®! 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 dsSRNA
was induced.!! This phenomenon, termed RNA interference
(RNAI), paved the way for a straightforward determination
of gene function, once the sequence of the gene was
known.?

Mechanism of RNA Interference

FElucidation of the mechanism of RNAIi 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.P!

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.!

[*] Dr. R. Micura
Leopold Franzens University
Institute of Organic Chemistry
Innrain 52a, 6020 Innsbruck (Austria)
Fax: (+43)512-5072892
E-mail: ronald. micura@uibk.ac.at
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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.l¥!l The proteins involved, among them a
nuclease of the RNase III family, assemble on the dsSRNA 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 22nt siRNA duplexes with double
nucleotide 3'-overhangs were more efficient in degrading
target RNA than similar blunt-ended duplexes.©! This obser-
vation is consistent with the cleavage pattern of an RNase III-
like nuclease activity during dsRNA processing.’! 1t 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.!

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 dsSRNA
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.[ 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.”! 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.”l 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'-0O-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.[® % 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

2266 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

(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.'”) 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 MeNH, in
EtOH/H,0, followed by Bu,NF 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.l'l 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.l?l A further strength of the TOM method 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.['*]
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 90s 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 (S,Na,) in DMF
(Scheme 2). Then basic conditions (40% aqueous MeNH,)
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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Scheme 1. a) Nucleoside building blocks used in the 2’-O-TOM method (other nucleobases: N*-acetylcytosine, N*-acetylguanine, uracil); b) nucleoside
building block used in the 2’-O-ACE method (other nucleobases: N*-acetylcytosine, N*-isobutyrylguanine, uracil); c) General scheme for the automated

synthesis of oligoribonucleotides. PG = protecting group.

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

Angew. Chem. Int. Ed. 2002, 41, No. 13
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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.['3
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Table 1. Conditions for a complete coupling cycle in the 2'-O-TOM method and in the 2-O-ACE method, and for the subsequent deprotection of the

synthesized oligoribonucleotide.

2'-O-TOM method (1.5 umole scale)

2'-0-ACE method (0.2 umole scale)

Removal of the 5-O-PG 4% dichloroacetic acid in 1,2-dichloroethane, 90 s

Activation/Coupling 0.25M benzylthiotetrazole (65 equiv)/0.1m cyanoethyl-
phosphoramidite (6 equiv) in CH;CN, 90 s

1.1M HF/2.9M triethylamine in dimethylformamide, 35 s

0.5M ethylthiotetrazole (75 equiv)/0.1M methylphosphor-
amidite (15 equiv) in CH;CN, 90 s

Capping Ac,0/2,6-lutidine/THF (1/1/8; v/v) and N-methylimidazole/ ~Ac,0O/CH;CN (1/9; v/v) and N-methylimidazole/CH;CN

THF (16/84; v/v), 60 s
Oxidation L,/H,O/pyridine/THF (3/2/20/75; wiw), 45 s

Oligonucleotide deprotection 1) 10M MeNH, in EtOH/H,0; 1-24 h, 25-33°C
2) 1M Bu,NF-3H,0 in THF; 1-50 h, 25°C
3) 1m Tris- HCL, H,0O, pH 7.4

(1/9; viv), 30 s

1M tert-butylhydroperoxide in toluene, 45 s

1) 1M disodium-2-carbamoyl-2-cyanoethylene-1,1-dithiolate
trihydrate (S,Na,) in DMF; 15 min

2) 40% MeNH, in H,0; 1 h, 55°C

3) 100 mMm tetramethylethylendiamine/acetic acid, pH 3.8;
30 min, 60°C
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(0] (0]
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water-soluble o
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Scheme 2. Deprotection of an oligoribonucleotide synthesized by the 2'-O-ACE

method proceeds via a water-soluble precursor RNA which cannot form strong
secondary structures and is therefore easy to analyze by HPLC.

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 (1]
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 [12]

chemical and enzymatic synthesis of tRNAs for high-through-
put crystallization was published.!'*]

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-DMT method, which
is now strengthened by the TOM protecting group.
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Hydrides and Iodides of Gold

Margaret-Jane Crawford* and Thomas M. Klapotke*

The synthesis of gold hydrides in the solid state has long
been desirable. Despite early investigations by Wiberg
et al. I to prepare AuHj utilizing a variety of reducing agents
such as LiAlH,, AlH;, and LiBH,, no direct evidence for the
elusive AuH; could be obtained and only decomposition
products, that is, Au and H, 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.>*! 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.>"!

The similar electronegativities (yarl=2.2; yarH=2.2;
yar Au=2.4)% of T 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 Aul
was determined by microwave spectroscopy.®l However,
whereas AuH was until very recently unknown in the solid
state, Aul is a well-known and
even commercially available (!)
polymer, which is constructed of
a zigzag chain with linear I-Au-I
units (Figure 1).) The unusual
chainlike structure found for Aul
can be explained by relativistic
effects (as opposed to correlation
effects) which show an increased
covalency in the Au-I interac-

Figure 1. Solid state struc-
ture of gold(r) iodide.
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tions.'”y The structures of Aul; and AuH;, 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."'¥] For AuH;, 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 H,.

Bayse recently reported detailed quantum-chemical DFT
studies of the AuH;/Au,Hg system, and suggested that in
AuHj; the AuH and H, units would be only loosely bound
together [Eq. (1)].B!

HAu(p-H,) A Mmol Ay 4 H, 1)

Moreover, with respect to the dimerization of AuH; to form
Au,Hg, the “classical” square-planar, D,, structure of Au,Hg
was reported to be the only isomer located. The dimerization
of both the Y- and T-shaped isomers of AuH;, which formed
D,, Au,H¢, was found in both cases to be an exothermic
process by —84 and — 305 kJmol!, respectively (Figure 2).
The bonding in the lowest-energy Y-shaped isomer of AuH,

E/
kJ mol ™!
305 — 2 AuH; (C,,, T shaped, TS)
231 — AuH + (Hy)AuH,
197 — 2AuH + 2H,
84 — 2 (Hy)AuH (C,,, Y shaped)
0 — Au,Hg (planar, D)

Figure 2. Relative energies of various gold hydride species (TS = transi-
tion state).
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can be rationalized as consisting of two major donor—accep-

tor interactions:?

a) donation of electron density from the bonding H, o 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 6* H—H orbital.

The 0 —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 H, molecule. However, if the back
donation M —o* is particularly strong, the H, 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 AuHj;, oxidative addition does not occur, that is,
the H-H bond in the H, ligand remains intact.

Recent ground-breaking solid-matrix investigations by
Andrews and Wang,[>] have provided the first experimental
evidence for not only (H,)AuH, but also for AuHs 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 AuHj; as opposed to the T-shaped C,,
structure which represents a first-order transition state, or the
also postulated, but not observed, planar D Y-shaped
structure (also not a true minimum), or linear C,,, form of
AuHj;, with the triplet-electronic-state analogues being higher
in energy in all cases than the singlet state. The effective
stabilization of (H,)AuH by addition of H, forming
(H,)AuHj;, 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/AuX; (X=H, F-I) series Aul; can be achieved.
Recently, detailed computational investigations building on
initial investigations by Schwerdtfeger et al.l'?l have probed
the question as to the structure and stability of gold iodides in
the + 111 oxidation state.'*] The calculated isomers and their
relative energies are shown in Figure 3. Whilst Au,lg was
calculated to adopt a D,, gas-phase structure, the potential-
energy surface for the monomer Aulj is particularly flat. Thus,
the Y-shaped form of Aulj; is a true minimum at B3LYP level

E/
kJ mol-’

24 — |

21—

0

Figure 3. Relative energies of gold(in) iodide species.
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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 AuF;, AuCl;, AuBr; 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~') in Aul; can best be
described as (I,)Aul in an analogous manner to AuHj, that is,
an I, unit is loosely bound to an Au-I moiety. Again, the I-1
bond length is only slightly longer than that found in free I,
however, the dissociation energy of non-relativistic (I,)Aul
(forming I, and Aul) is only +28kJmol™!, and as for
(H,)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~'. However, when a consideration of relativistic
effects is taken into account, the Au—I bond length is
considerably shortened (by ~0.5 A) and is rationalized as
an increase in the oxidation state of the central Au atom from
+1to +11 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 Aul; the
difference in energy between the Y- and T-shaped species is
considerably smaller than in AuF;, thus making Aul; a
dynamic Jahn - Teller system. Such distortions are, of course,
further increased by relativistic effects. Recently, the global
minimum for Aul; has been elucidated to be that of a further
isomer, the L-shaped form (C; symmetry), which is a true
minimum for all AuX; (X=F-1I) species, but only for Aulj is
this the lowest energy form.['l In the L-shaped isomer the
charge transfer from the X, unit to the AuX moiety has been
calculated to be most pronounced for Aulj;.

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.['®! Finally, very
exciting advances have also recently been made in gold
chemistry by M. Jansen etal. in the chemistry of auride
compounds with the synthesis, isolation, and characterization
of cesiumauride ammonia, CsAu - NHj, a crystalline analogue
of alkali metals dissolved in ammonial'”l and K. Seppelt and
co-workers with the successful preparation of several binary
and ternary gold-xenon complexes.['s 1]

[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.
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Taylor, Inorg. Chem. 1990, 29, 3593 -3607.
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[8] L. M. Reynard, C.J. Evans, M. C. L. Gerry, J. Mol. Spectrosc. 2001,
205, 344 -346.

Angew. Chem. Int. Ed. 2002, 41, No. 13



HIGHLIGHTS

[9] H. Jagodzinski, Z. Kristallogr. 1959, 112, 80-87.

[10] T. Séhnel, H. Hermann, P. Schwerdtfeger, Angew. Chem. 2001, 113,
4511-4515; Angew. Chem. Int. Ed. 2001, 40, 4382 —4385.

[11] N. B. Balabanov, J. E. Boggs, J. Phys. Chem. A 2001, 105, 5906 —5910.

[12] T. Séhnel, R. Brown, L. Kloo, P. Schwerdtfeger, Chem. Eur. J. 2001, 7,
3167-3173.

[13] B. Réffy, M. Kolonits, A. Schulz, T. M. Klapétke, M. Hargittai, J. Am.
Chem. Soc. 2000, 122, 3127 -3134.

[14] a) A. Schulz, M. Hargittai, Chem. Eur. J. 2001, 7, 3657 -3670; b) X.

[15] X. Wang, L. Andrews, J. Am. Chem. Soc. 2001, 123, 12899 -12900.

[16] S. Komiya, T. A. Albright, R. Hoffmann, J. K. Kochi, J. Am. Chem.
Soc. 1976, 98, 7255-7265.

[17] A.-V. Mudring, M. Jansen, J. Daniels, S. Krimer, M. Mehring, J. P. P.
Ramalho, H. Romero, M. Parrinello, Angew. Chem. 2002, 114, 128 -
132; Angew. Chem. Int. Ed. 2002, 41, 120-124.

[18] T. Drews, S. Seidel, K. Seppelt, Angew. Chem. 2002, 114, 470-473;
Angew. Chem. Int. Ed. 2002, 41, 454 —456.

[19] S. Seidel, K. Seppelt, Science 2000, 290, 117-118.

Wang, L. Andrews, J. Phys. Chem. A 2002, 106, 3744 -3748.

Register now for the free

WILEY-VCH Newsletter!

http://www.wiley-vch.de/home/pas

Principles and Practice of

Heterogeneous Catalysis

J. M. THOMAS, The Master's Lodge,
Peterhouse, Cambridge, UK;
W. J. THOMAS, University of Bath, UK

3-527-29239-X 1996 XIX, 669 pp
375 figures 25 tables. SC.
€ 55.00* /DM 107.57/£32.50

Catalysis occupies a pivotal position
in the physical and biological
sciences. As well as being the
mainstay of the chemical industry,
it is the means of effecting many
laboratory syntheses and the root
cause of all enzymatic processes.

This book is an eminently readable
introduction to the fundamental

principles of heterogeneous
catalysis. Written by world-
renowned experts, it explains the
vocabulary, grammar and literature
of catalysis from the laboratory-
oriented model study through to the
operating plant.

Didactically skillful and using many
lucidly designed figures, the authors
present an insightful exposition

of all important concepts, new
developments and techniques in
this rapidly advancing field.

* The €-prices refer to Germany only!

73901111 vi

Angew. Chem. Int. Ed. 2002, 41, No. 13

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

1433-7851/02/4113-2271 $ 20.00+.50/0

2271




CORRESPONDENCE

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.ll 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(a-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].

[*] Prof. Dr. P-T. Chou
Department of Chemistry, National Taiwan University
No.1, Sec., 4 Roosevelt Road, Taipei, Taiwan (ROC)
Fax: (+886)2-2369-5208
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)
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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.

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 1¢ 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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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)BE[! 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 etal. 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 1cdm™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. The EL efficiency and Commission Internationale
de I’Eclairage (CIE) coordinates, which were described in
ref. [1], were obtained at higher luminance (>100cdm™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

[*] 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

a)

400 500 600 700
AMam —>
b)

400 500 600 700
Alnm  —>

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 cdm?".

(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.
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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,!
carbocations,?! carbenes,?® diradicals,*! and antiaromatic
heterocycles;??4 thus, cyclopentadienyl cations are of special
interest for us. The parent compound (CsHs") is supposed to
have antiaromatic character,? and the triplet ground state
predicted from simple Hiickel theory has been confirmed by
ESR spectrall and by the latest ab initio calculations.’! Like
the C;Hs" ion the pentamethylcyclopentadienyl cation
(CsMe;") is predicted to have a triplet ground state, with the
singlet state being 4.2 kcal mol~" higher in energy.?! Jutzi and
Mix[®! reported that the reaction of bromopentamethylcyclo-
pentadiene with silver tetrafluoroborate or hexafluoroantim-
onate below —30°C, led to a deep violet solution. In the
3C 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 usl”! 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 A)
was 11% longer than the calculated one (1.36 A), and in
contrast to the calculated geometry, which predicted no
pyramidalization of C4 and CS5, their attached methyl groups
protruded appreciably from the plane (CH;-C4-C5-CH,
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 m bonding. These would have been
noncovalent nonbonded interactions. The resulting deforma-
tions would have been a trade off between coulombic
attractions and nonbonded repulsions.

[*] Prof. G. Bertrand, M. Otto, Dr. D. Scheschkewitz, Dr. T. Kato,
Prof. M. M. Midland
UCR-CNRS Joint Research Chemistry Laboratory, UMR 2282
Department of Chemistry
University of California
Riverside, CA 92521-0403 (USA)
Fax: (+1)909-787-4713
E-mail: gbertran@mail.ucr.edu
Prof. J. B. Lambert
Department of Chemistry
Northwestern University
Evanston, IL 60208-3113 (USA)
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Figure 1. Comparison of *C 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—Cs5 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!®!
pentamethylcyclopentenyl cation 2. This assumption was
reinforced by the *C NMR chemical shift for the C4 and C5
carbons of 1 (6 =60), which are in the expected range for the
corresponding sp? carbon atoms of 2 (Figure 1).1%

To confirm our hypothesis, we first treated a CD,Cl,
solution of pentamethylcyclopentadiene with trifluorome-
thylsulfonic acid at room temperature (Scheme 1). According
to '"H and ®C NMR spectroscopy, the protonation reaction
was extremely clean. The 'H NMR spectrum fits perfectly
with that reported for compound 2, while the *C{'H} NMR
spectrum (6 =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 3C NMR proton-coupled spectrum indi-
cates that the signal at 60.6 ppm arises from a CH carbon atom
[J(CH)=129.6 Hz]. Abinitio calculations (B3LYP/6-
31G**)19 were also carried out on compound 2 and the
optimized geometry reproduces reasonably well the exper-
imentally observed parameters for 1 (Figure 1).

CF3SO3H
—_—

CD,Cl,, 20°C

CF3S0; ~

PhaC+ X~
— 2

CD,Cl,, 20°C

BF4_ or B(CGFS)Z
Scheme 1.
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We have checked that Cp*H (Cp* =CsMe;) 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 17! 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 Miiller*

In a recent communication Lambert and co-workers
reported the unusual X-ray structure of singlet pentamethyl-
cyclopentadienyl cation 1[0 TIts 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—CS5 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 ©@(H;C-C4-C5-CH;)=
107°). It is noteworthy that the sum of the bond angles
around the pyramidalized carbon atoms, C4 and CS5, are 327.8°
and 327.7°, very close to that expected for tetravalent carbon
atoms.”l  Although the authors noted that this unusual
geometry of the claimed cation 1 is not supported by theory," 3!
they attribute this distortion to crystal packing forces “permit-
ted by the weak mt bonding” between C4 and C5.11

Solid-state 3*C NMR spectroscopy of the crystalline mate-
rial gives *C NMR chemical shifts for C1-C3 characteristic
for allyl cations (0 =250, 243 (C1 and C3), 153 ppm (C2)).[t 4
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A resonance at 0 '*C =60 ppm was attributed to C4 and C5
(Table 1, entry 9),[ a very unusual upfield shifted C NMR
signal for a formally sp*-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

139.3 02 140.5 145.2 02 1467 141.9 02 1371

148.2 /1500 136, 3\\ 7/1355 149.4 154.0
C5=C4, C5=C4
1151.0 / 157.5 \ / 351 \
e=107° 8=0°
1a 1b ic

140.1 lQ 140.1
AR
\c1 /Dcs/
149.5 / 149.6

\\\\CS C4//,,
H L sa, 5‘ '
Cy

©=110.8°

2

Figure 1. Experimental molecular structure of the cation 1al'l and
calculated structures of singlet 1b (B3LYP/6-31G(d)) and singlet 1¢
(CASSCEF(4/5)/6 -31G(d)) and 2 (B3LYP/6-31G(d)); bond lengths [pm],
dihedral angle © (Me-C4-C5-Me) [°].

1433-7851/02/4113-2276 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 13



CORRESPONDENCE

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

Entry Compound E, [kcalmol 1] o BC(C1)kl o BC(C2)l o BC(C3)k O BC(C4)l o BC(C5)l
1 3a 0.0 133.0 133.0

2 3b 54.3 181.1 181.1

3 3¢ 12.6 163.4 163.4

4 3d 58.9 207.7 207.7

5 1b 1443 282.0 1442 191.0 204.4

6 1l 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)ll 2533 156.1 251.1 63.6 62.7

9 1a (exp)l¥ 243/250 153 243/250 60 60

[a] Calculated relative to tetramethylsilane (TMS):0(**C) = 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].

quantum-mechanical calculations.”] The results suggest that the
X-ray structure reported by Lambert and co-workers!! 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~! 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(ad)). Tt is, however, still markedly shorter (by 11.1 pm)
than the C4—CS5 bond in the crystal structure 1a. In addition,
NMR calculations at the GIAO/B3LYP/6-311G(d,p) level of
theoryl’! reveal that this distortion of the C=C bond is
connected with a significant downfield shift of the *C NMR
chemical shift of the unsaturated carbon atoms (Ad=
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.l! Even in the
case of a weak it bond, modeled by 3 with a fixed C=C bond of
151 pm (3¢), the pyramidalization is a quite unfavorable
process, (energy difference 3¢/3d: 46.4 kcalmol™') and it
results in a downffield shift of the *C NMR resonance of the
tricoordinate carbon atoms (Ad =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,?l the DFT
optimization of singlet 1 results in a Jahn-Teller-distorted
bisallylic structure, 1b,**! while multi configuration self-con-
sistent-field (MCSCF) calculations® predict the allyl-ene
isomer, 1¢, to be more stable.ll Tt is important to notice that

HsC CHj
c=—c¢C G=¢C
\ / ‘.‘ I.‘ 3
HsC CHa HsC % / CHs

3a: ©1=0,=0°
3c: B =06,=0%
(C=C) =151 pm

3b: ©1=0°%0,=107°
3d: ©4=0°0,=107°
(C=C) =151 pm

Figure 2. Pyramidalization of 3.
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both theoretical singlet structures differ significantly from the
experimental geometry la. In particular, the distortions
apparent in 1a destabilize it considerably compared to both
isomers 1b and 1le. That is, 1a is higher in energy by
61.3 kcalmol™! and 47.8 kcalmol~' 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/1¢)).! This situation
suggests that m bonding in both isomers is no less important
than in the regular alkene 3. Also the calculated C NMR
chemical shifts for singlet 1b and 1¢ 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 *C NMR chemical
shifts compare favorably with the *C 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,'] 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 la 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 *C 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.
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; ¢) B. Reindl, P. v. R. Schleyer, J. Comput. Chem.
1998, 79, 1402; d) Y. Shiota, M. Kondo, K. Yoshizawa, J. Chem. Phys.
2001, /15, 9243; e) The triplet state, 1(T), is however lower in energy
than 1b by 6.1 kcalmol~! (B3LYP/6-31G(d)).
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Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C.Y. Peng, A. 17 hydrogen positions of 2 optimized at B3LYP/6-31G(d).
Statement

Joseph B. Lambert*

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

A

H
A B

Me,HSi

key resonance of the CH protons in the NMR
spectrum of A is broad and featureless, inexplicably
lacking the expected quartet splitting. In the "H/"*C
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

[¥] Prof. Dr. J. B. Lambert
Department of Chemistry
Northwestern University
Evanston, Illinois, 60208 (USA)
Fax: (+1)847-491-7713
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Me3Si H

Scheme 1.

PhyHS
r CPhs
* CPhy

‘/Siphz
6 H
.
CPhy H . wMePh
- SiMe, CPhs

+CPh3T ~ SiMeH MePhHSI
MeH,Si

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

w
— SiMe,

[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.
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Supramolecular-Wire Confinement of I,
Molecules in Channels of the Organic Zeolite
Tris(o-phenylenedioxy)cyclotriphosphazene**

Tino Hertzsch, Felix Budde, Edwin Weber, and
Jirg 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.'! Molecular wires typically include
conjugated chain-type molecules in solution?! and carbon
nanotubes.?! By use of scanning-probe microscopy tech-
niques, it is possible to prepare atomic arrays in chains or
other structures on a substrate.!! Recently, potassium-doped
fullerene chains were found in channels of an inorganic
material.’! In crystals of inorganic zeolites, dyes can transport
photonic energy.l! 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)
and I,, as well as on the conductivity properties of single TPP -
y(I,) crystals, measured parallel (||) and perpendicular (L) to
the channel axis of this organic zeolite.

TPP belongs to a growing family of cyclophosphazenes,
some of which form channel-type inclusion compounds.¥l A
quasicylindrical channel topology was reported for an inclu-
sion complex with benzene as the guest molecule. Unit cell
parameters of a = 1.804, ¢ =10.054 A (P6; for benzene guest)
suggest a channel diameter of ~5 Al and an interchannel
distance of about 12 A. After the release of benzene, the
channel structure was found to be metastable up to a
temperature of about 150°C.I'” Because of a reversible
uptake of guest molecules, hexagonal TPP was recognized
as one of the first organic zeolites.

Todine is a 2D semiconductor!'l and one of the best
characterized n-type molecular donors for the formation of
n—o* charge-transfer complexes.'”l The electrical conduc-
tivity in the (b,c) plane, where I, 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.['¥] Sorption and mass-transport properties
of a 1D inclusion complex of I, in the zeolite MFI were

[*] Prof. Dr. J. Hulliger, T. Hertzsch, F. Budde
Department of Chemistry and Biochemistry
University of Berne
Freiestrasse 3, 3012 Berne (Switzerland)

Fax 00 41 31 631 3993

E-mail: juerg.hulliger@iac.unibe.ch

Prof. Dr. E. Weber

Institute of Organic Chemistry

TU Bergakademie Freiberg

Leipziger Strasse 29, 09599 Freiberg (Germany)

[**] This work was supported by the Swiss National Funds Priority
Program on “Functional Supramolecular Materials” (no.4047-
057476/1). E.W. thanks the Fonds der Chemischen Industrie for
financial support.
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Figure 1. Molecular structure of TPP and the channel topology viewed
along the c axis (channels with a diameter of about 5 A). From data in
ref. [8].

investigated.l'], and inclusion of a number of solvents in TPP
is known.®! Diffusive guest exchange and cocrystallization
with nonlinear-optical molecules has recently produced new
materials, whose polarity can be explained by a Markov
model.l] Previous and present results support promising
inclusion and zeolite-type properties of TPP, even for atoms
(Xel'%) and other small species (H,O, Br, CH,l).

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(I,)~ 0.3 Torr). A few seconds after I,
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¢). I, 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 I, molecules along the channels in the TPP.
Assuming a van der Waals contact between the I, molecules
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Figure 2. Crystals of TPP-x'(THF)-y(I,) (typical size: 2 mm) featuring
three states of the process of diffusion in and diffusion out of iodine and
THEF, 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 THF and
iodine.

Figure 3. Different routes to the inclusion of I, molecules into channels of
the TPP zeolite. sol =solvated.

aligned along the channels, the maximum I, content would
yield TPP - y(I,) crystals, with a value of y ~0.75.

Table 1 summarizes the chemical composition of all the
TPP-x'(THF)-y(I,) and TPP-y(L,) 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 I,
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 I, at the same
temperature.

Angew. Chem. Int. Ed. 2002, 41, No. 13
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Table 1. Synthetic routes to and chemical compositions of TPP - x'(THF) -
y(1,) and TPP - y(L,) crystals.

Synthetic Reaction conditions Composition of Decomposition

route TPP-x(THF)-y(I,) temperature [°C]

Ia TPP-0.6(THF), x'=04,y=0.16 230-248
1,,25°C, 24 h

1b TPP-0.35(THF), x'=0.25,y=045 238-249
1,,25°C, 24 h

11 TPP, 1,, 180°C x'=0,y=0.40 244 -249
evacuated

11 TPP, I, mesitylene, x'=0,y=0.65-0.75 247-250

100°C, slow cooling

Given that 1 mm-long single crystals of TPP-x(THF) did
not disintegrate or crack after diffusion of I, into the crystals,
we wondered by what type of mechanism the staining and the
release of THF might occur simultaneously. Counterdiffusion
of THF and I, is likely, because it was observed that staining
started and progressed from the capping faces only. A
mechanism of counterdiffusion was recently proposed™! to
explain the staining of the volume of TPP - x(THF) crystals by
much larger guest molecules than I, (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.!'"!

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 I, content than those from route Ib. Explora-
tion of reactionsI, II, and III showed that cocrystalliza-
tion from mesitylene (route III) gave rise to the maximum
loading. The TPP - y(I,) crystals formed at a starting 7 of 80—
100°C had an I, content in the range of x ~0.65-0.75. Here,
it is important to note that mesitylene was not co-included
with I,.

All TPP-y(I,) crystals obtained showed a remarkable
thermal stability; according to thermogravimetric (TG) and
differential-scanning calorimetry (DSC) measurements, an
efficient I,(g) loss started above 150°C and decomposition
(melting) was observed near Ta250°C. No significant weight
loss caused by I, desorption was observed at 25°C, under
vacuum, over 12 h of treatment.

Structurally, I, molecules are aligned in a parallel fashion
(confirmed by the dichroism), and are surrounded by two sets
of three phenyl rings, which form a s-electron wall around the
I, molecule (Figure 1). As reported for complexes with
aromatic molecules,['”) a stabilizing interaction of AH; =8—
15 kI mol~" is expected to support inclusion-crystal formation.
A van der Waals length of 6.8 A (I,) and stacking along a
period of TPP molecules of ¢~ 10 A 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 I, along individual chan-
nels. X-ray single-crystal and powder data confirmed the
structure of the TPP host lattice.!'*!

Electrical measurements on single crystals were performed
by contacting them with liquid Ga. A special cell for mounting
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small crystals between copper electrodes was constructed,
which allowed the crystals to be monitored during measure-
ments. An atmosphere of 1-2bar SF4(g) was used, and
conductivity measurements (Keithley electrometer 6517A)
were performed on six single crystals of TPP - y(I,) (y = 0.65—
0.75, T=25°C), which were obtained from two different
crystallization attempts (route III, Figure 3). o, values in the
order of 107~ 108 Q~'m~! were found for a potential of 50 V.
However, three of these crystals were exposed to a voltage of
50V, 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 (o, 0,) of about 30 was measured. This
factor provides evidence for a preferred conductivity along I,
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 I, molecules
being brought into a chainlike configuration, surrounded by a
n-donor-type environment, which separates chains laterally.
Observed values of the conductivity of TPP - y(I,) are of the
same order as those in the (b,c) plane'!! of iodine (1.7 x
10 Q-'m~!, 25°C). Efficient sorption of I, by the TPP-
x(THF) zeolite crystals may find application in the sensing
and removal of radioactive '°L,."%]

Experimental Section

'"HNMR 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 =102 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'). The ratio of TPP/THF was determined by 'H 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(I,) (route I): TPP-
x(THF) crystals were sealed in ampoules (V=3 cm?®) 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(1,), route II: Cocrystallization
was performed in the gas phase in ampoules (V ~3 cm?), 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™'). 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 I, 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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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.l'”] Exciting results based on a host—guest system
have been obtained in our group®'% with the host material
zeolite L, a hexagonal crystal with one-dimensional channels
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along the crystal axis.''31 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 Forster radius for energy
transfer,'¥ 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,” and inverse antennae in which the
donors are located at both ends of the crystals and
the acceptors in the middle.[*”

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] 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.l” 17l 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.l's! 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.

Angew. Chem. Int. Ed. 2002, 41, No. 13
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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.

B493/503

Py+

H N ) NH,
b
N

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-
cencel" and it is therefore necessary to work with well-
controlled amounts of dye so that only monomers are present.
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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- 0.0
crystals with a size of about 30 nm
were used.

The optical properties of Py*-load-  C}
ed and of BTRX modified nanocrys-
tals are shown in Figure 3A. The
spectral overlap integral between 0.8
the fluorescence spectrum of Pyt ?
and the excitation spectrum of BTRX
is large—a prerequisite for effective
energy transfer. Py*—zeolite L crys-
tals with different occupational prob- 0.2
abilities, pp,, were modified with

B493/503

0.6
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22600 20000 18000 16000 14000
~— ¥/cm’

18000 14000
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16000

1.0

ox' 0.8

0.6

0.4

. 0.2

two BTRX stopcocks per channel. 00
Pyt was selectively excited at
22000 cm~!. 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™. 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  [fmx=1

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.
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Figure 3. A) Fluorescence (-—-) and fluorescence excitation (—) spectra of Py* in, and BTRX on the
external surface of zeolite L nanocrystals; epy: (Anax) ~ 83200 cm™'M™!, eprpx (Amax) <= 68000 cm~'m~!;
Jpyeprrx =3 X 107 ecm*™m !, pp, =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. —
1 ppy=0.02, ———=: pp,=0.06, ----: pp,=0.10. C) Fluorescence (-—-) and fluorescence excitation (—)
spectra of Ox* in, and of B493/503 on the external surface of zeolite L nanocrystals; €y (Apmax) =
84100 cm~!'M~, 403503 (Amax) 84000 cm ="M 1 Jpuo3503.0x+ 1.5 X 1070 cm’m Y, p,, =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

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.[®

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 3 C).
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~!. 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™! 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™! is due to energy injection from
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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 separations R, . Because the Forster energy transfer
rate falls off with Rp% 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 um 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 Pyt 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 um 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 S, < S, transition dipole
moment of the BODIPY fluorophore is polarized along the
chromophore axis.?”! Molecular orbital calculations!'% 2!
reveal that the S, S, 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-
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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.['"]

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 H,O 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 H,O. 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 1h. 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 x 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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Sr,N;: A Hitherto Missing Member in the
Nitrogen Pressure Reaction Series
Ser —>Sl'4N3 —>er —>STN2**

Yurii Prots, Gudrun Auffermann, Michael Tovar, and
Riidiger Kniep*

In the course of our investigations on the formation and
existence of diazenides of strontium,[! we developed an
analytical method for quantitative nitrogen speciation.l’l 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 (=(Sr?t),
[N3>-LIN,2]) and Sr[N,] (=(Sr**)[N,>7]). The system was
calibrated by using, for example, Sr,NE! (the starting material
of the high-pressure synthesis of diazenides).!'! In the course
of our studies, it turned out that Sr,N, synthesized at ambient
pressure, often contains significant portions of diazenide
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which were not clearly visible by X-ray or spectroscopic
investigations.[*! In principle, these experimental results would
be consistent with a homogeneity range of Sr,N towards SrN
according to (partial) formation of mixed crystals Sr, N
(complete miscibility in the limits 0 <x <1), although pre-
vious studies!] had provided “no indication for homogeneity
ranges” of the nitride diazenides. In fact, we now find that at
lower N, reaction pressure (already above 1 bar), Sr,N reacts
to the hitherto “overlooked” nitride —diazenide SryNj;.

Sr,N;, a dark gray powder with metallic luster, was
synthesized in autoclaves®! by the reaction of Sr,N with
molecular nitrogen (9 bar) at 650°C for 6 h.) No impurities
were detected by X-ray and neutron diffraction investiga-
tions’) at ambient pressure nor by chemical analysis.’ 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 Sr,N; was observed
up to a reaction pressure of 100 bar amongst the characteristic
reflections of SrN. The lattice parameters of SryN; and SrN,
determined at ambient pressure, remained unchanged within
the standard deviations.

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

Figure 1. Neutron diffraction diagram of Sr,N; = Srg[N],[N,] (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.l”)

relation to the starting material Sr,N (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 Sr,N; via an intercalation step.l'”) Thus, these
structural chemical facts can easily be described when starting
with the subnitride Sr,NE! as the host structure (CdCl, type).
In the first step of the N,-pressure induced intercalation which
occurs already at about 1 bar (py,), one half of the octahedral
holes (o) between two adjacent layers 2(Sry3N) along [001]
in the host structure, are occupied by N,. Thus, packages of
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Figure 2. Crystal structures of Sr,N = (Sr+19),[N3~] (left), Sr,N; = (Sr1%),(Sr?>*),[N*~],[N,2~] (center) and SrN = (Sr?+),[N3~],[N,2~] (right). The top and
bottom boundaries of the figures are represented by layers of Srs ;N octahedra centered by [N*~] (polyhedral representation). Ball-and-stick representation
between the polyhedral layers: Sr*!52+: red; [N*~]: light green; [N,2~]: dark green. Transparent octahedra allow a better orientation. On the assumption of
ordered N, occupation, the two limiting primitive structures of Sry,N; 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 A) correspond to the d values of neighboring Sr layers. Although the thicknesses of the
layers of the unoccupied octahedral layers in Sr,N; (4.36 A) are significantly larger than those in Sr,N (4.17 A), the interatomic distances Sr—Sr between the
Sr layers are in a comparable order of magnitude (Sr,N: 4.73; Sr,N;: 4.73, 4.78, and 4.83 A).

layers {(SresN)o{2[N,])(SresN)} are formed leading to the
composition Sr;N;. These packages contain the diazenide ion
N,2~ (N=N bond length: 1.22 A), and the closely coordinating
strontium ions are oxidized from oxidation state + 1.5 (host:
(Sr*1%), [N3-]) to +2. This results in layered packages with the
ionic formula 1:

O (ST NS DN Jo SN S|l o 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*!® layers the (metallic) subregions with
unoccupied octahedral holes.

In the first intercalation step (formation of Sr,N;), 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 A) 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
N, species.[”! The octahedral holes between neighboring Sr+'?
layers remain empty.

X-ray investigations showed that, already at a N, reaction
pressure of 10 bar (7'=650°C) the second intercalation stage
(SN[ Figure 2, right) can be identified besides Sr,N;. For
the formation of this state, additionally, one half of the empty
octahedral holes between the Sr*'° double layers are
occupied in an ordered manner: {Sr;'Sri"[N3-],[N>]}+
N, —{Sr3"[N3-],[N,>"]}[N,>]. The stepwise oxidation of
strontium is now finished. At higher N, reaction pressure
(above 500 bar), besides SrN, the tetragonal diazenide
Sr[N,J1 is formed (close structural relationship to the
monoclinic Ba[N,]),"!l which is obtained as a single-phase
product above 5000 bar (py,).
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It has already been reported! that StN and Sr[N,]
thermally decompose (300—400°C) at ambient pressure
under argon to give Sr,N (release of molecular nitrogen).
Sr,Nj; reacts in the same way. Interestingly, in this connection,
the analytically ascertained contents of diazenides in Sr,N[
are obviously caused by “impurities” of Sr,N;. Analytically
pure St,N, prepared from the elements at ambient pressure,
will certainly be obtained only after additional treatment
(650°C) in vacuum (1076 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.!%

Sr,N; belongs to the class of subcompounds with metallic
character, a property which, for example, for the binary
subnitride Ba;N['? is described with the following formula:
[Ba?*]5[N3-]-3e~. Applying this to the strontium —subni-
tride —diazenide results in the formula (Sr?*)g[N*-],[N*"]-
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!),(Sr>*),[N*>~],[N,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
Sr** 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.
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controlled by a pressure gauge.

Neutron diffraction experiments were carried out on the powder

diffractometer E9 at the reactor BER II of the HMI Berlin. Sr,N; was

placed under argon into a cylindrical vanadium container (diameter

8 mm, length 47 mm, wall thickness 0.15 mm) and was closed with a

cap containing an indium seal. Crystal structure data derived from

neutron diffraction experiments with the wavelength A =1.7965 A in
the range 2° <260 <158° at 298 K and 2 K: monoclinic, space group

C2im, Z=2; 298 K: a=6.7070(4), b=3.8280(2), c=13.7625(8) A,

B=96.519(5)°, V=351.05(3) A%; Srl in (4i): x=0413(1), z=
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reflections: 272. 2 K: a=6.6886(3), b=3.8173(2), c=13.7382(6) A,

B=96.447(3)°, V=34855(3) A3 Srl in (4i): x=0.4133(7), z=

0.1412(3); Sr2 in (4i): x=0.1290(7), z=0.3413(3); N1 in (4i): x=

0.7748(6), z=0.2483(3); N2 in (4i): x=0.0850(8), z=0.0234(4),

occupancy factor =0.5; Ry =0.066, Ry, =0.047, number of ob-

served reflections: 261. The refinements were carried out using the
program Fullprof.®] Further details on the crystal structure inves-
tigations may be obtained from the Fachinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting the depos-
itory numbers CSD-412394 and CSD-412395.
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PROEF2 K Version 1.9¢ May, 2001.
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Ones, Thiones, and N-Oxides:
An Exercise in Imidazole Chemistry**
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The inhibition of the proinflammatory cytokines interleu-
kin 18 (IL-18) and tumor-necrosis factor a (TNF-a) has been
recognized as a rewarding target for the development of
tailor-made anti-inflammatory drugs.!' 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.?? 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

substituents )
tolerated substituent
defining not essentiell
substituent for N7
the reactivity ] H

defining substituent 3

for the selectivity
towards other
kinases

= N /9
Do e
/ N CH

NG \
substituents

not tolerated

SB 203580: X = bond
ML 3163: X=S-CH,

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

binds to the ATP-binding site of the p38 kinase,? and has
demonstrated efficacy in various models.” 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).24 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,?>¢1 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).2¢1 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.’*l Preliminary experiments revealed that direct N-
methylation of 5-(pyridin-4-yl)imidazoles by various methods
predominantly yields the “wrong” regioisomer.’d 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.*l 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-

NF | Method A
A (H,CNR);
—_—
1

Method B ( H,NR

I

o} <—z\ z—2

NaSV/

R S
POCI x N
>=0 — | )—ci
N
F
F 7

pounds 2 were obtained in good yields only when 1 was
treated with the appropriate triazinanes under neutral con-
ditions.*"! Unfortunately, this approach was not successful in
the case of N-phenyl- or N-pyridinyltriazinanes (Scheme 2,
R =Ph, 3-Pyr). Imidazole N-oxides2 were converted into
imidazole-2-thiones 3 by treatment with 2,2,4,4-tetramethyl-
cylobutane-1,3-dithione.*] Here, a much wider array of
different substituents in the 1-position was tolerated than
previously reported;“! 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, 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 a-hydroximinoketones.’! 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.l®l 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.’l 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 6 with
phosphorylchloride (Scheme 2).7 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.™ Much to our
surprise, this approach was also successful in the
case of the electron-rich 2-chloro-5-(pyridin-4-

4and5 yl)imidazoles 7. When compounds 7 were react-

R Re ed with sodium (4-chlorophenyl)methanethio-

™ YT e lat.e (4.5 equiv), th.e corresponding 1m1dazgle—2—
ab CH, CH, thiones 3 formed in good to moderate yields.
4c CH, CH, This reaction proceeds in two consecutive steps
;: o c(’;f Hy 4-M§:(3c>)sz (Scheme 3): First, nucleophilic aromatic substi-

Scheme 2. Preparation of imidazole-2-thiones from imidazole-N-oxides (Method A) or
imidazole-2-ones (Method B). The imidazole derivative 4¢ has a 2-acetylaminopyridinyl

group in the 5-position, in place of the shown pyridinyl group.
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tution affords the 2-(4-chlorobenzylsulfanyl)imi-
dazole. Second, nucleophilic aliphatic substitu-
tion effects the cleavage of these thioethers. Bis-
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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.
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(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 these N-oxides are extremely useful intermediates

2292 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002
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Scheme 4. The scope of synthetlc 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.[% Deoxy-
genation of 2 with PCl; yielded the imidazole 10 with only a
hydrogen atom in the 2-position.[®! This method provides an
alternative pathway for the synthesis of known p38 MAP
kinase inhibitors such as SB 210313 (10, R =3-morpholino-
propyl).?1 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.[! 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 Br,, or reaction of 6 with SOBr,,
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.*) 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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Table 1. Inhibition of p38 MAP kinase, cytokine release, and cytochrome P450 [4]
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isoforms by selected compounds.

ICsy % SEM [um]®!

Inhibition [%] of

P450 isoforms!®!
Compound p38 TNF-a IL-18 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+£04 (4) 0.38£0.13 (4) 71.8 87.1
4b 22 (1) 22409 0.45+0.03 7.8 283
4c 0.50 (1) 0.514+0.24 (4) 0.11+0.03 (4) 13.4 16.5
4d 22 (1) 1.1+03 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 um in

phosphate buffer (pH 7.4) with DMSO (0.1%).

favorable cell-penetration properties. In the whole-blood
assay, ICs,values (um) for the most active derivatives 4b
(TNF-a: 5.6 +£0.95, IL-15: 1.5+ 0.7), 4¢ (TNF-a: 0.51 £0.24,
IL-15:0.11+0.03), and 4d (TNF-a: 5.1 £ 0.4, IL-15: 1.1 £0.7)
were lower than those of lead compound ML 3163 (TNF-a:
20.3+4.8, IL-15: 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.”l 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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Photoaffinity labeling has been demonstrated to be a
remarkably efficient method for studying the interactions of
biologically significant compounds (ligands) with their target
macromolecules.!l 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,

¢) an indicator that allows the identification of the labeled
peptides after enzymatic digestion of the labeled protein.
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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.l) 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®4), the biotin tag, and the ligand attachment site
independently.’) 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[®
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. As suggested by Nakanishi and co-workers,] 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 1 A).BI 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.!
(Zr(OrBu),-mediated oxidation with fert-butyl hydroperox-
ide) gave far more reliable results. The yields of 4a were
uniformly in the range of 80 % . Oxidative degradation of 4al!%!
provided aldehyde 4b, and reduction of the latter with NaBH,
furnished primary alcohol 4¢ in 84 % yield. Isocyanate 6 was
obtained from (R)-malic acid (5) as described previously.['!
The coupling of 6 with primary alcohol 4¢ 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 'H and *C NMR spectra of 7 were
fully assigned by H,H COSY and *C,'H COSY experiments.
The YF NMR signal was found at 6 =12.65 ppm (CDCl,
solution, trifluoroacetic acid (TFA) 6 =0 ppm). The ESI mass
spectrum!?  showed the expected quasi molecular ion
peaks.['¥l 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-

2294 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

viously™) to give 12 (Scheme 1B), which was fully charac-
terized by 'H and 3C NMR spectroscopy as well as mass
spectrometry.['”]

The photochemistry of the system was studied with model
compounds 4 ¢ and 7. Thus, experiments on an analytical scale
(0.76 mmol L' 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

00 T T T T T T T T — )
275 300 325 350 375 400

Alnm

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

derivative 13 (Scheme 2). On a preparative scale, irradiation
of 4¢ (0.7 mM in methanol, 10°C, argon atmosphere, 350 nm,
Rayonet reactor) furnished the methoxy compound 13 in
70% vyield (according to the F 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 the m-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 H,'°O and H,*O. We
performed the cleavage reaction of 13 in 0.01 molL~! NaOH
in a 4:1 mixture of H,'°O and H,'®0. As Figure 2 shows the 4:1
ratio of H,'°0 and H,'®0O 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 mM in methanol) under the conditions
described above. The UV spectra are more complicated
because of overlapping bands. The difference spectra (A —
A(_p) 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(OrBu), (0.1 equiv), tert-butyl
hydroperoxide (3 equiv), molecular sieves (3 /&), CH,Cl,, 20°C, 19 h,
flash chromatography (ethyl acetate/cyclohexane 2:8, R;=10.7), 80 %;
b) OsO, (4% in H,0O, 0.04 equiv), N-methylmorpholine-N-oxide
(1.2 equiv), acetone/water 8:1, 20°C, 3 h, flash chromatography
(chloroform(methanol 30:1, R;=0.2), NalO, on silica gel (obtained
from a 0.65molL~! aqueous solution, 14 equiv), RT, 24 h, flash
chromatography (chloroform/methanol 8:2, R;=0.8), 74 %; c) NaBH,
(1 equiv), THF/MeOH 4:1, 10°C, 30 min, flash chromatography
(ethyl acetate/toluene/cyclohexane 3:4:3, R;=04), 84%; d)6
(1.5 equiv) in several portions, until TLC analysis showed complete
consumption of 4¢, chloroform, RT, 5 d, flash chromatography (ethyl
acetate/cyclohexane 1:1, R;=0.5), 88 %; ¢) 8 and 9 (1.5 equiv), DME/
water 1:1, 0°C, 2.5 h —RT, 12 h, flash chromatography (chloroform/
methanol 8:2, R;=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, R;=0.9), flash chromatography (methanol/chloroform
2:8, R;=0.1, water/1-propanol 3:7, R;=0.7, RP18 (acetonitrile/water
3:7),10%.
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Scheme 2. Photochemical transformations.

Figure 2. Molecular ions of the photo-substitution product(s) of 13. Light
gray: reaction in H,'°O, black: reaction in 4:1 H,'°*O/H,'*O.

amine 17 in 60% yield (Scheme 3). Reaction of 17 with
diethyl squaratel'*'®] provided squaric acid ester amide 18.['"]
As usual for squaric acid amides,' two *C 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
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Figure 3. UV/VIS spectroscopic control of the conversion of 7 into
15, difference spectra A — A ).

compound 19, which was characterized by NMR spec-
troscopy and mass spectrometry.l?%)

Both 12 and 19 have been found to be antibiotically
active against a number of Staphylococcus aureus strains
(minimum inhibitory concentration (MIC): 4.8 x 1077
and 3.2 x 1077 molL"}, respectively)?! although to a
lower degree than moenomycin A itself.??!

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 '%0/'®O 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,? 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.! 2 Unlike animal cells,
in which (4FE)-sphingenine is the characteristic sphingolipid,
plant tissue produces the E,Z isomers of 4-hydroxy-8-sphinge-
nines (phytosphingenine) and (4E)-4,8-sphingadienine.P!

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.™ ! 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.l’! As a
result of studies with labeled precursors, 8l and from the first
crystallographic analysis of a soluble A°-18:0-ACP desaturase
from castor seed’—together with mechanistic and spectros-
copic studies!!'® 'l —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.!'> 3 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, ky,
p~5-8). The second hydrogen atom is lost without a
significant KIE.['*16] Tn 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.['”]

Desaturation proceeds suprafacially® 321 and removes
two syn-oriented vicinal hydrogen atoms from an enzyme-
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Scheme 1. Schematic representation of a desaturase-catalyzed formation of a double bond in
an alkyl chain of a saturated precursor.

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.'> 1 The recently cloned AS-sphingolipid
desaturase from higher plants falls into this category.?? %
The corresponding gene cloned from sunflowers (Helianthus
annuus) was heterologously expressed in yeast (Saccharomy-
ces cerevisiae), which does not produce unsaturated long-
chain sphingobases./””l 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#l
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 A8-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.! [5,5,6,7-D,]-(6R,7R)-palmitic acid
(> 98% ee per center) and racemic [5,5,6- and 5,5,7-D;]-
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.?! The alkylation proceeded without loss

1. MeCu(CN)(MgCl),

(¢]
280 5, g
2 J\)WL
CgH Y I - Y
ohe 3. hydrolysis Cothg : OH
D D

Alkyl iodide Organocinkate

\
C9H19/'vl " </\/MO< )2
«
CgHwﬁ/ DD O
5 Zn<wo'<>2

[Dg]Palmitic acid

D DD (@]

C9H19)"\)MOH

DD 0]

CQH19WOH
D

Scheme 2. Synthesis of labeled palmitic acids from deuterium-labeled
alkyl iodides and functionalized organozincates.
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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
A8-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.*l 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

’ uptake and

D DD OH OH metabolism
NS
Coftre 6H F\IH D
R A®-desaturase B p
| DD OH OH — CoHig™
‘\99H19 — S syn elimination b
OH_NH R = Acyl
- R
______ yeast cell
Analysis:
1. hydrolysis and derivatisation
2.HPLC (RP 18) and LC-MS

t
A R: §—©—N02
(DNP)
O,N

To determine the position of the remaining deuterium
atoms in (8 E)-4-hydroxy-8-sphingenine, the double bond was
oxidized with OsO,?"! and the resulting diol cleaved with
NalO, under phase-transfer conditions.?®! The aliphatic
cleavage product, decanal, was then analyzed by GC/MS
(chemical ionization, i-butane). Decanal from the oxidative
degradation of (8F)-4-hydroxy-8-sphingenine was found to
possess one deuterium atom at the carbonyl group,®! which
demonstrates the simultaneous removal of the C8-Dy and the
C9-Hy atoms. Decanal from the oxidative degradation of
(82)-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 §Z
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 £/Z mixtures of the unsatu-
rated products.?> 2l Moreover, the resulting E/Z
ratio proved to be sensitive to isotopic substitu-

OHOH % tion at C8 and/or C9 on the saturated precursor
H and hence is intrinsically linked to the mecha-
OH NH . .

H nism of desaturation.

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-D;]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

t/mn —

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).

from the transformation of [5,5,6,7-D,]-(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-Dy and C9-Dy) of
the saturated precursor.
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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 87
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.* 12l Since both isomers are generated by
the same enzyme, a uniform mechanism that involves a

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

A®-Phytosphingenine Atom kup

E isomer C8 1.91+£0.14
9 1.16 £0.04

Z isomer C8 2.07+0.16
9 3.79+£0.59

KIEs were calculated from the ratio of the intensities of the pseudomo-
lecular ions of [Ds]- and [D,]phytosphingenine after correction for the
abundance of their 1*C satellite peaks.
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transient C-centered radical should hold for both isomers (as
shown in Scheme 1). Thus, the C8-Hy 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 j3-
cleavage with simultaneous transfer of the C9-Hg atom to the
reactive center without a significant KIE (Table 1, kyp=
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 A3-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 A8-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," 2!
including the recently described A*-trans-dihydroceramide
desaturase from rat liver,” attack a hydrogen atom of the
proximal C atom. Despite these differences, the A8-sphingo-
lipid desaturase removes, en route to the £ 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.'® I Tt remains to be seen whether or not E/Z mixtures of
other desaturases, for example, those from pheromone glands
of insects,[> %] 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 A8-sphingolipid desatur-
ase is required and will be reported soon.

Experimental Section

The open reading frame of a A®-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.??l Transgenic yeast cells were cultured for 4 d at 30°C at
ODgy~1.0 in a medium containing Cerulenin (25 um; Sigma) and
[D]palmitic acid (0.25 mm) 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), (w/v) in H,O/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, CHCL/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 um, 125 x 2 mm,
ST, Grom, Herrenberg) with a gradient of 0.2 mLmin~! from 60 % MeOH/
CH;CN/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
ESIMS 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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A New Type of Chainlike Tetranuclear
Rhodium Complexes with PR; and AsMe; as
Bridging Ligands**

Thomas Pechmann, Carsten D. Brandt, Cornelia Roger,
and Helmut Werner*

Dedicated to Professor Wolfgang Beck
on the occasion of his 70th birthday

In the context of our studies on the reactivity of
square-planar  carbenerhodium(l)  compounds  trans-
[RhCI(=CRR')(L),] with L=PR;, AsR;, SbR;,['l we previ-
ously observed that the bis(stibane) derivatives trans-
[RhCI(=CRR')(SbiPr;),] generate upon heating dinuclear
rhodium(l) complexes with [Rh(u-SbiPr;)Rh] as a building
block.?! After initial attempts to substitute the triisopropyl-
stibane in 1 by a tertiary phosphane or arsane failed,”! we
circumvented the difficulties by the sequence of reactions
shown in Scheme 1. The crucial observation was that replacing

different. The 3'P NMR spectrum of 4 displays a sharp triplet
(due to 3P -1Rh coupling) which does not broaden or split
into a doublet of doublets upon cooling the solution in
[Dg]toluene at —80°C. However, the two Rh—P bond lengths
(2.2707(7) and 2.5700(8) A) are not exactly the same, which
we explained, taking the NMR data into consideration, by
packing effects in the lattice.P!

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 Me;SiCl
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 [Rh,CL(CPh,),(PMe;)], in 92% yield.
The reaction of 65! with Me;SiCl in the molar ratio of about
1:200 proceeded analogously and gave the PEt;-bridged
species 7 in 85% yield. While we anticipated, owing to the
'H and *C 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-

iPre_ l})r _iPr Pre lrr _iPr ture analysis of 5 revealed that in the lattice two

sb Sb cH, dinuclear moieties are connected through two

C1—Rh 7,2 PE WRh—Cl Mhacacl Cl— Rh o /T\\\\\\Rh/og bridging chloro ligands to give a Rh, species with
N -Ticl A4 \O—QH a chainlike |{CIRh,CLRh,Cl} core (Figure 1).5
Ph/C Np Ph/C\Ph ’ Moreover, the midpoint of the planar Rh(u-Cl),Rh
fragment is a center of symmetry. Besides the

1 2 Rh1-Rh2 distance of 2.5054(2) A, which differs

only slightly to that of the stibane-bridged com-

FMes | - SbiPrs pound 1 (2.5349(5) A), the most important struc-

tural features of 5 are the Rh—P bond lengths of

Me Me 2.3625(6) A and 2.4826(6) A. The difference be-

Me 1', ~Me Ve }I, ~Me tween these two distances is much less than for the
N o ey T NG o™ bis(acac) complex 4 indicating that—at least in the
RO, m\“Rh\OD o Cl—Rh "””’"'-\c/“““”“\Rh\OD crystal lattice—the type of the anionic ligands
\c CH, \C/ cH, bonded to the rhodium center influences the
P’ OPh rn” ph position of the bridging phosphane unit. Owing to

4 3 the similarity of the Rh—Rh and Rh—P distances, the

Scheme 1. Indirect substitution of the SbiPr; ligands in 1 by PMe; and subsequent

reaction to give 4.

one of the chloro ligands in 1 by acetylacetonate (acac)
changes the reactivity of the starting material significantly and
provides the opportunity to substitute SbiPr; for PMe;
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.P!

While both the NMR spectra and the X-ray structure
analysis of 3 clearly indicate that the phosphane ligand is in a
“semibridging” position,>* the data for 4 are somewhat

[*] Prof. Dr. H. Werner, Dipl.-Chem. T. Pechmann,
Dipl.-Chem. C. D. Brandt, C. Roger
Institut fiir Anorganische Chemie
Universitdt Wiirzburg
Am Hubland, 97074 Wiirzburg (Germany)
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(SFB 347) and the Fonds der Chemischen Industrie.
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bond angles of the Rh,P triangle are nearly the same
and deviate only marginally from the 60° value.

R R
R | _R R 1|> _R
\ CH,
_0
2 CI=Rh s i RD. Y 2 Cl=Rh g~ oW Rh—CI
\. C/ ~ Nl
CH
c 3 c
ph” ph pn” “ph
3,6 5T
\MQSiCl /
R
Ph  Ph
P
Ph Ph\ e Cl\ «Co
Cl—Rh Iu/,,,,,“\c(..m\\\\\Rh\ P \nn-l')h, \P'};//:////Rh—Cl R
cl \P
/C\ P ‘ ~ 3.5 Me
Ph Ph 57 R & R 6,7 Et

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 [A]
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-CI2 2.4961(5); Cl11-Rh1-Rh2 167.894(19), Cl1-Rh1-
P1 135.51(2), C11-Rh1-C1 122.43(6), CI1-Rh1-C2 119.98(6), Rh1-C1-Rh2
76.83(7), Rh1-C2-Rh2 77.08(7), Rh1l-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-CI2 137.252(14), C1-
Rh2-CI2 170.77(6), C2-Rh2-CI2 96.33(6), P1-Rh2-CI2 99.41(2).

Although cryoscopic measurements with a saturated solu-
tion of § in benzene confirm that under these conditions the
tetranuclear compound is present (calcd: M, =1370.4; found:
M,=1310), the 3'P NMR spectrum of 5 at room temperature
(in C¢Dy) is concentration-dependent. The spectrum of a
nearly saturated solution (4 mmolL~") exhibits a somewhat
broadened triplet at 6 = —24.6 ppm which after lowering the
concentration to 0.1 mmol L~! transforms into a sharp triplet
with a chemical shift of 6 =—20.4 ppm. Since the data in
CD,Cl, are quite similar (a broadened triplet being observed
at 0 = —23.1 ppm for a concentrated and a sharp triplet at 6 =
—15.7 ppm for a diluted solution), we conclude that both in
benzene and dichloromethane a rapid equilibrium between
the Rh, and the Rh, species exists (see

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 Me;SiCl (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 PMe; 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
Me;SiCl, 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,") the sym-
metrical AsMe;-bridged compound 11 is isomorphous to §
and also possesses the midpoint of the Rh(u-Cl),Rh 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 CI-Rh bond length is longer than
the CI-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) A) reflecting the inequiva-
lence of the “outer” and “inner” metal centers of the
{CIRh,Cl,Rh,Cl} chain. Since the 'H as well as the 3C NMR
spectra of 11 (in CD,Cl,) remain unchanged in the temper-
ature range between 193 K and 333 K, we assume that under
these conditions no dissociation of the dimeric Rh, to the
monomeric Rh, 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”)”) and its SbMe; and SbEt;
analogues?! was followed by the isolation and structural
characterization of 3 and 4 and has now culminated in the

Scheme 2), and that at low concentrations Pr Me
the Rh, species 5" dominates. At —80°C in Pr g | P Me\ ~Me
[Dg]toluene, the 3P NMR spectrum of 5 o / \ AsMe, /Ph s
displays a doublet of doublets at 6 = —30.4 Co Rh”“\' \c//‘““ \OD - C /Rh””’ """ ¢l ““\Rh j
(with 3P-1%Rh coupling constants of  HC >c? CH, CH,
128.4 and 95.4 Hz) indicating that under Ph
these conditions the conversion of 5 to 5’ is 8 9
inhibited.

After attempts to generate a dinuclear MeSiCl
rhodium(i) complex with a trialkylarsane as
a bridging ligand by treatment of the Me —_— Me
stibane derivative 1 with AsMe; or AsiPr; MS\AL Me N/ Me\A'S _Me
fail‘ed‘, we .succeeded in preparing the /h NN / N Me,sicl i Ph\ o CH,
“missing link” between the [Rh(u- — C7Rhpm. 2R /Rh\Ph’ th—Cl R Cl*Rh”Hm,,.v\cf..um\\‘Rh\Oj}
SbR;)Rh] and [Rh(u-PR;)Rh] compounds c \c/ CH,
in a stepwise manner. Whereas the reac- pn” ph " Me/hl/le\ Me P’ ph
tion of 8 even with a large excess of 10

AsMe; in benzene leads to a equilibrium

2302 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002
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Scheme 3. Substitution of the SbiPr; ligands in 8 by AsMe; and subsequent reaction to give 11.
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Figure 2. Molecular structure of 11 in the crystal. Selected bond lengths
[A] and angles [°]: Rh1-Rh2 2.8407(3), Rh1-Asl 2.5475(4), Rh2-Asl
2.6731(4), Rh1-C1 2.129(3), Rh1-C14 1.934(3), Rh2-C1 1.862(3), Rh2-C14
2.157(3), Rh1-CI1 2.5589(8), Rh2-CI2 2.3667(7); CI1-Rh1-Rh2 171.03(2),
CI1-Rh1-Asl 129.62(2), CI1-Rh1-C1 136.21(7), CI1-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-As190.24(8), C1-Rh2-As1 82.53(9), C14-Rh2-As1 82.40(7), Rh1-Rh2-
CI2 141.653(18), C1-Rh2-CI2 168.26(9), C14-Rh2-CI2 196.61(7), As1-Rh2-
CI2 108.32(2).

synthesis of the first arsane-bridged species 9-11. As
Braunstein and Boag pointed out last year,®! a bonding mode
such as {(M(u-ER;)M} (E =P, As, Sb) should not be regarded
as thermodynamically unfavorable and, taking both the
isolobal analogy of SiR;~ and PR; and the existence of silyl-
bridged transition-metal complexes into consideration,®! the
preparation of 1,4, 5,9, and 11 might only be the first step into
a new field. The recent discovery by Reau and Halet et al.’)]
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
Me;SiCl (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 x 5 mL) and dried: yield 436 mg (92 % ); m.p.
126°C (decomp); 'H NMR (400 MHz, CiDg, 4 mmol L}, 293 K):['] ¢ =
0.88 ppm (d, 2/(PH)=10.6 Hz; PCH;); “C NMR (100.6 MHz, C,Dq,
4 mmolL"!, 293 K): 6=187.8 (m; CPh,), 23.5 ppm (d, 'J(P,C) =40.0 Hz;
PCHs;); *'P NMR (81.0 MHz, C¢D¢, 4 mmol L', 293 K): 6 = —24.6 ppm (br
t, J(Rh,P) =109.4 Hz); *'P NMR (81.0 MHz, C4Dg, 0.1 mmol L', 293 K):
0 =—20.4 ppm (t, 'J(Rh,P) =109.3 Hz); *'P NMR (81.0 MHz, [Dg]toluene,
2mmolL-!, 293K): 6=—-213ppm (t, J(RhP)=111.9 Hz); P NMR
(81.0 MHz, [Dgltoluene, 2mmolL"!, 193K): 0=-304ppm (dd,
J(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 Me;SiCl (5 mL, 39.4 mmol) as starting materials. Red
solid: yield 103 mg (85%); m.p. 85°C (decomp); 'H NMR (400 MHz,
CsDg):' 6 =0.77 ppm (m; PCH,CHs); *C NMR (100.6 MHz, C;D¢): 6 =
186.7 (m; CPh,), 22.0 (d, 'J(P,C) =34.3 Hz; PCH,), 9.3 ppm (d, 2J(P,C) =
4.8 Hz; PCH,CHj;); *P NMR (162.0 MHz, C;Dg, 293 K): 6 =4.8 ppm (t,
1J(Rh,P) =102.5 Hz).

Compound 9 was prepared from 8 (553 mg, 0.56 mmol) and AsMe;
(108 uL, 1.0 mmol). Light brown solid: yield 408 mg (85%); m.p. 105°C
(decomp); '"H NMR (200 MHz, C,Dg, 293 K):l' § =5.50 (s; CH of acac),
1.95 (s; CH; of acac), 0.88 ppm (s; AsCH;); *C NMR (100.6 MHz, CD,Cl,,
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233 K): 6 =188.0 (s; CO of acac), 172.7 (t, 'J(Rh,C) =22.4 Hz; CPh,), 99.5
(s; CH of acac), 27.8 (s; CH; of acac), 18.0 ppm (s; AsCH;). Compound 10
was prepared analogously as described for 5, by using 9 (76 mg, 0.09 mmol)
and Me;SiCl (12 uL, 0.10 mmol) as starting materials; reaction time 1 h.
Brown solid: yield 62mg (88%); m.p. 105°C (decomp); 'H NMR
(400 MHz, C¢Dy, 293 K):I' § =5.41 (s; CH of acac), 1.89 (s; CHj; of acac),
0.62 ppm (s; AsCH;); *C NMR (100.6 MHz, C;Dg): 6 =189.1 (s; CO of
acac), 178.2 (dd, 'J(Rh,C) =272 and 20.0 Hz; CPh,), 101.0 (s; CH of acac),
28.0 (s; CH; of acac), 18.6 ppm (s; AsCH,).

Compound 11 was prepared from 10 (75 mg, 0.09 mmol) and excess
Me;SiCl (2 mL, 15.7 mmol) in benzene (2 mL). Red-brown solid: yield
63mg (91%); m.p. 120°C (decomp); 'H NMR (400 MHz, CD,Cl,,
293 K): =119 ppm (s; AsCH;); *C NMR (100.6 MHz, CD,Cl,,
293 K): 6 =20.5 ppm (s; AsCH;).
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Bifunctional Cp "N Complexes—Unusual
Structural Features and Electronic Coupling in
Highly Preorganized Bimetallic Systems™**

Jens C. Roder, Franc Meyer,* and Elisabeth Kaifer

Dedicated to Professor Lutz F. Tietze
on the occasion of his 60th birthday

Complexes of cyclopentadienyl (Cp) ligands with func-
tional amino or amido side chains are currently receiving
enormous attention in organometallic chemistry.l" 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 .l 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. 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 1P and
thus we employed a “protected” form of Cp: attachment of
[CpMn(CO);] to the pyrazole nucleus was achieved in a
[PA(PPh;),]/ZnCl,-catalyzed cross-coupling reaction® yield-
ing 2 (Scheme 1).

A single-crystal structure analysis”! showed that 2 contains
a protonated (noncoordinating) 1H-pyrazole heterocycle
suitably arranged to potentially interact with the pendant
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ZnCly / Pd(PPha),

HCI/ EtOH

1
J 2 (LiC5H4)Mn(CO),

Scheme 1. Synthesis of the complex K*3~.

metal carbonyl fragments. Photolytic decarbonylation of 2
and deprotonation using KO7Bu 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™! for 2 versus
1919(1896)/1848(1816) cm~! for 37).*!

Single crystals of K*37-0.9THF obtained from THF/light
petroleum were analyzed by X-ray crystallography.’! The
asymmetric unit contains four (very similar) dimanganese(t)
units of the anticipated constitution—one of which is depicted
in Figure 1. The N-Mn-C.—, angles in 3~ are rather large
(mean value 101.9°) compared to those in other
[CpMn(CO),L] 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 [A] 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)], Mnl1-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 7’ 7
interactions with the pyrazolate heterocycle (Figure 2;
d(K—N) 2.83-3.07, d(K—C) 3.14-3.52 A).% Such #° coordi-
nation to a pyrazolate group is very rare and has only recently
been reported in a few cases"!! while to the best of our
knowledge the 5':n':n° pyrazolate binding mode observed in 3
is unprecedented.!"”!

Figure 2. Part of the solid-state structure of (K*37)-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 7 contact with one CO ligand that is
already end-on-bound to a second K' ion (see Figure 2:
d(K1--- C20/020) 3.07/3.14, d(K2 --- C310/0310) 3.02/2.95 A).
According to a CSD search these are among the shortest side-
on K*--- CO contacts detected thus far.['*]

The Mn'™n! compound 3~ is easily oxidized, for example,
by air. The cyclic voltamogram of 3~ in THF reveals two well-
separated reversible redox waves at E;,=—0.37 and E,,=
+0.14 V (Figure 3),["¥ corresponding to the formation of the

0205V
~0.305V
1/ uA
0.078 V
~0.430V
~0.70 £V 035
Fo— 3 . 3

+e +e

Eip=-037V Eip=+0.14V

Figure 3. Cyclic voltammogram of 3~ (Pt electrode, solvent THF, electro-
lyte 0.1m N"Bu,*PF,~; scan speed 200 mVs~").[4l
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Mn'Mn" (d°/d®) and the oxidized Mn"Mn" (d%/d’) species. The
rather large separation of these single-electron processes
(AE,,=509 mV) suggests strong electronic coupling and
significant stabilization of the mixed-valent compound 3
(Kcomp =38 x 10%). A related Mn'Zn" complex with only one
redox-active Mn ion gave a single wave at E;,=—0.20 V in
CH,Cl, o]

Complex 3 can be prepared on a preparative scale by
stoichiometric oxidation of 3~ with AgBF, and was isolated as
a red powder. It should be noted that 3 is a rare example of a
neutral d%d® 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 193K
spectrum of 3 in 2-methyltet-
rahydrofuran at 293 K shows
an 11-line pattern (g, =
2.028; a(®Mn);,, =28.3 x
10~* cm~!; Figure 4), confirm-
ing the equivalence of the two
metal centers on the EPR
time scale. A spectrum in
frozen solution (123 K), how- 123K
ever, indicates localized va-
lency with electron coupling
to only one *Mn 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 £ and the thermal electron
transfer rate kg, can be derived from Gagné’s approximation
[Eq. ()]0 Ef =13.6kImol™! and k;,=25x10s"" at
298 K.

293K

*

173K

£

28 30 32 34 36 38
HIkG —

Figure 4. EPR spectra of the
mixed-valent complex 3 in
2-methyltetrahyrofuran/3-meth-
ylcyclopentane (1:4) at selected
temperatures.

k= (kT/h)exp(— E&/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 Mn'Mn"
compound 3 (2027, 1952, 1899, and 1827 cm™!), confirming
that 3 is a valence-trapped species on the short vibrational
time scale (ca. 1072 s).

While the kinetically inert CpMn(CO), fragment has
frequently been used for the stabilization of unusual mole-
cules! and for the construction of d%d® mixed-valent
systems,'’l the notorious lability of [CpMn(CO),(L)] com-
plexes has generally hampered the isolation and detailed
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characterization of systems with “inorganic” ligands L, in
particular in the oxidized Mn" 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 Mn'(CO), fragment, which is a favorable
situation for stabilizing electronic m interactions. A more
detailed study of the electronic properties of 379+ will be
reported in due course.

Experimental Section

2: [CpMn(CO);] was dissolved in THF and deprotonated with nBuLi at
—78°C. The solution was sequentially treated with ZnCl,, [Pd(PPh;),]
(prepared by the reduction of [PdCl,(PPh;),] with diisobutylaluminum
hydride (DIBAH)) and 1, and stirred for 1h 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,
R;=0.33, yield 44%). The THP protecting group was cleaved with
ethanolic HCI, and the product 2 obtained as yellowish crystals from
CH,Cl,/light petroleum (yield 66 % for the second step). Details of the
synthetic procedures and full characterization of the compounds will be
reported elsewhere.l’]

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, KOrBu (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*3-09THF (yield: 0.18 g, 0.37 mmol, 64%). IR (KBr): #=1911vs,
1885m, 1844vs, 1804m cm~!; IR (THF): #=1919vs, 1896m, 1848vs,
1816m cm™'; UV/Vis (THF): Ap.(¢)= 400nm (460m~'cm~'); MS
(FAB): m/z (%): 482 (10) [M*], 443 (20) [M* —K], 387 (45) [MT—-K —
2CO]; elemental analysis: caled (%) for C,0H;;KMn,N,O, (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 Giinther Jung*

In memory of Ernst Bayer

The natural product omphalotin A (1) belongs to a family
of cyclic dodecapeptides from the basidiomycete Omphalotus
olearius."l and shows a selective activity against phytopatho-
genic nematodes such as Meloidogyne incognita.l Under

1 2 3 4 5 6 7 8 9 10 1 12
cyclo(Trp - MeVal - lle - MeVal - MeVal - Sar - MeVal - Melle - Sar - Val - Melle - Sar)

1

in vitro conditions, omphalotin A outreaches known nemati-
cides such as ivermectin in potency and selectivity.”! 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.?

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

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).[® 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 wusing four different reagents
(dicyclohexylcarbodiimide = DCC, triphosgene = BTC, diiso-
propylcarbodiimide/hydroxyazabenzotriazole = DIC/HOAL,
tetramethylfluoroformamidinium hexafluorophosphate =
TFFH). As far as coupling efficiency is concerned, the
BTC method of Falb et al.”l turned out to be far superior
(Table 1).

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/® TFFHP DIC/HOAtll DCCl BTCL

Fmoc-Trp-OH —H-MeVal-R - + + +4
Fmoc-Ile-OH —H-MeVal-R - - + ++
Fmoc-Sar-OH —H-MeVal-R - ++ ++ ++
Fmoc-MeVal-OH —H-MeVal-R - - - ++
Fmoc-MeVal-OH —H-Melle-R - - - ++
Fmoc-Val-OH —H-Melle-R - - + ++
Fmoc-MeVal-OH —H-MeGly-R ++ ++ ++ ++
Fmoc-Melle-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].

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.l]
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.
On Wang 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.['"]

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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at room temperature in THF by addition of BTC and
collidine."!l 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.'”l 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 Sar®
[OmA(7-6)] was obtained in 84 % yield and 90% purity
(HPLC, 2 =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 purel® 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 Sar® or Sar'?
also yielded 1 in a diastereomerically pure form. A total of
102 mg of pure 1 was synthesized.

The high-resolution 'H and '*C NMR spectra correspond to
the data given in the literature.' 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 1. Synthesis outline for the linear dodecapeptide with Sar® [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, A =214 nm).
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Figure 2. ES-FTICR-mass  spectrum of synthetic omphalotin A

([M+2HJ**). 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.’! 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,!'4l
tentoxins, dolastatins, jaspamides, and didemnines.”! It has a
high potential for automation in the multiple, parallel peptide
synthesis!"*l 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.l']
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 (Tiibingen, 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
H,0, 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 Sar® was
performed on 238 mg of TCP resin preloaded
with Fmoc-sarcosine (0.58 mmol g~!; 138 pumol;
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 umol;
3.5 equiv) was added to a 68 mMm solution of
BTC in dry THF (2.4 mL; 1.15 equiv BTC).
Sym-collidine (180 uL; 10 equiv) was added to
the clear solution, upon which a precipitate of
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collidinium chloride was formed. DIEA (190 pL, 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 umol; 3 equiv) and HOAt
(57 mg; 3 equiv) were dissolved in a small volume of CH,ClL/DMF (1:1).
DIC (65 pL; 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 pmol; 4 equiv) and HATU
(210 mg; 4 equiv) were dissolved in a small volume of CH,ClL/DMF
(1:1). DIEA (190 pL; 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/CH,Cl, 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: 155mg linear dodecapeptide OmA(7-6)
(116 pmol; 84 %), HPLC purity (A =214 nm): 90 %.

This peptide (155mg; 116 umol; 1equiv) was dissolved in CH,Cl,
(400 mL). HOAt (32 mg; 2 equiv), 3-(3-dimethylaminopropyl)-1-ethylcar-
bodiimide (EDCI; 45 mg; 2 equiv) and DIEA (160 pL; 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 NaHCO;, 8% citric acid, and brine, dried over Na,SO,, 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 pmol;
31%).

Analytical data for 1: '"H and *C NMR data of the synthetic omphalotin A
correspond to the literature data for the natural compound.I"" HR-MS (ES-
FTICR-MS): calcd: m/z 659.94668, found: m/z 659.94805 ([M+2H]*")
(Figure 2). For further analytical data and experimental details, see
Supporting Information.
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Synthesis of the Dibismuthene Complex
[{#-n*-(cis-Me;SiCH,Bi),{W(CO)s},] from a
Cyclobismuthane and [W(CO)s(thf) ]

Lucia Balazs, Hans Joachim Breunig,* and Enno Lork

Owing to relativistic effects it is expected that two valence
electron pairs of bismuth should be inert.[2 Consequently,
Bi! 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 Bi' compounds are rare.” The
first organometallic examples are trans-dibismuthenes,
RBi=BiRP! and two cyclobismuthanes, (RBi), (n=34),*l
which are protected by very bulky aryl groups or by the
(Me;Si),CH group, respectively. Recently, the ring com-
pounds (RBi), (R =(Me;Si);Si) and R¢Big (R =(Me;Si);Sn)
were described.*]

Searching for less hindered Bi' 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.P!

R R R
| o L]
Bi 1—B1
/ \B B/ F'< \B. /Bi_——B\i
Bi——Bi i i
| | | ~Bi”| (co) W w(co)
R R R R
la 1b 2
R = Me3SiCHz
[*] Prof. Dr. H. J. Breunig, L. Balazs, Dr. E. Lork
Universitdt Bremen
Institut fiir Anorganische und Physikalische Chemie
28334 Bremen (Germany)
Fax: (+49)421-218-4042
E-mail: breunig@chemie.uni-bremen.de
1433-7851/02/4113-2309 $ 20.00+.50/0 2309



COMMUNICATIONS

The reaction of 1 with [W(CO)s(thf)] gives [{u-n*(cis-
Me;SiCH,Bi),{W(CO)s},] (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), (E =
N, P, As, Sb).ll The bismuth compounds closest related to 2
are complexes with bridging RBi ligands® or dibismuth
complexes.[® 7l Attempts to synthesize a dibismuthene com-
plex using synthetic procedures which are well established in
the chemistry of other pnicogens,®! that is by reaction of
(Me;Si),CHBICl, with Na,[W,(CO),y], led to other pro-
ducts.[""]

For the synthesis of the cyclobismuthanes 1 (Scheme 1) first
diphenylbismuth chloride is transformed to Me;SiCH,BiPh,
by a Grignard reaction. Substitution with HCl gives Me;.
SiCH,BiCl,.’] Hydrogenation with LiAlH, in diethyl ether

HC1 (gas .

phoBicl —9CL o by iR (9as) . c1,8ir
+LiAlH4l -70°C

-50<T<-30°C )

(RBi), <«————— H,BiR
_H2
1
R = Me3SiCH,; la: n = 3, 1b: n =5

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

at —70°C leads to the colorless hydride Me;SiCH,BiH,,
which decomposes with a red coloration of the solution above
—50°C with formation of hydrogen and 1. Removal of the

decompose completely at room temperature within 24 h with
formation of R;Bi, R,Bi,, and Bi. The ring system in solution
was analyzed by "H NMR spectroscopy at different temper-
atures and concentrations; the spectrum of 1 at +5°Cin C;Dy
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 '"H 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
CH, groups at the stereogenic bismuth atoms and one singlet
for the CH, 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.!
These signals are most probably for the four-membered ring,
cyclo-(Me;SiCH,Bi), 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

solvent gives 1 in 90% yield as a dark red, air-sensitive, 5(RBi)y ==—= 3(RBi)s (1
pyrophoric solid, which is very soluble in organic solvents.
Solutions of 1 are stable for a long time below —28°C, but la 1b
X
*
*
* X
k sk
. L
45 43 41 39 37 35 33 31 29 27 25 23 21 19 17 15 025 020 015 010 0.5

<— d/ppm

Figure 1. 'H NMR spectrum of a solution of 1 in C;D, at 5°C. Labels: x 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.!'’]

The equilibrium between la 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.’l Bulky substituents are
usually required for the stabilization of pnicogen three-
membered rings; they form in ring-ring equilibria only at
much higher temperatures.>

The unique character of the Bi ring system 1 is exemplified
also in the reaction with [W(CO);(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.") It is
a complex of a cis-dibismuthene coordinated “side-on”
bridging to two W(CO)s units in a bicyclic butterfly structure
(Figure 2). The Bi—Bi bond in 2 (3.003(1) A) is longer than in

Figure 2. Structure of 2 in the crystal (the ellipsoids represent 30%
probability). Selected distances [A] 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 =[(Me;Si),CH];C¢H,  2.8206(8),%4) R=
(Me;C¢H,),CH; 2.832(1) AB), or in the dibismuth com-
plexes [Bi,{ W(CO);s)5] (2.818(3) A)" and [Biy{Sm(CsMes),},]
(2.851(1) A)."4 It lies in the range of the Bi—Bi single bonds
of  (Ph,Bi), (2990(2)  A)  [Et,Bi,][AlBu]
(2.9831(1) A),121  or  [{(Me;Si),CHBi)]  (2.972(5)-
3.042(3) A1), Also in diphosphene complexes with “side-
on” coordination the P—P bond lengths are considerably
longer than in free diphosphenes.® The Bi—W distances in 2
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(3.118(1), 3.124(1) A) are similar to those in [Bi,{W(CO)s};]
(3.083(3)-3.134(3) A).'")  They are longer than the
Bi-W bond lengths in [PhsBiW(CO)s] (2.829 A),[3l
[(Ph;P),N][Ph,Bi{W(CO)s},]  (2.882-2.885 A),13  and
[ (Biy)W,(CO)s{MeBiW(CO)s}](2.851-3.001 A).'” The Bi-
Bi-C bond angles and the Bi,W 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=4, 5; R=
Me,SiCH,) with [W(CO)s(thf) ] under very similar conditions
allows a very direct comparison of the reactivity of analogous
antimony() and bismuth(l) 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);},(RSb)s] is formed.!

With 1 and [(Me;Si),CH,Bi], (n=23,4) there are now two
cyclic alkylbismuth(i) 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(l) 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: A Grignard solution prepared from Me;SiCH,CI (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 Ph,BiCl (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, Me;SiCH,BiPh,
remained as a yellowish oil (30.8 g; 84.7%), which crystallized at room
temperature to give colorless needles. HCI gas was introduced for 2 h at
0°C into a solution of Me;SiCH,BiPh, (28.0 g, 62.2 mmol) in CHCl;
(130 mL), the mixture was stirred for 30 min, and subsequently the solvent
was removed to give Me;SiCH,BiCl, as a yellowish solid (17.5 g; 76.7%).
MS (70 eV): miz (%): 351 (78) [M* — Me], 336 (38) [M* —2Me], 279 (25)
[M*+—R], 244 (17) [BiCI*], 209 (100) [Bi*]. LiAlH, (2.8 g, 73.0 mmol) was
added portionwise to a precooled (—70°C) solution of Me;SiCH,BiCl,
(12.8 g,34.9 mmol) in Et,O (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 C,HssBisSis: C 16.22, H 3.74; found: 15.87, H 3.89; 'H NMR of 1a
(200 MHz, CDg, 5°C, TMS):0 =0.059 (s, 9H; CHs;), 0.17 (s, 18H; CHs),
AB spin systems with A: 1.602, B: 1.991 (3J(H,H)=12.1 Hz, 4H; CH,),
1.765 ppm (s, 2H; CH,); '"H NMR of 1b (200 MHz, CsDg, 5°C, TMS): 6 =
0.138 (s, 18H; CHj;), 0.144 (s, 9H; CHj;), 0.173 (s, 18H; CH;), AB spin
systems with A: 2.5515, B: 3.684 (*(H,H)=12.2 Hz, 4H; CH,), and A:
2.786, B:2.933 (*J(H,H) =12.3 Hz, 4H; CH,), 2.818 ppm (s, 2H; CH,); MS
(CI, NH;): m/z (%): 975 (3) [R,Bi;*], 888 (2) [R;Bi;*], 854 (82) [R;Bi;* —
2Me], 766 (6) [R,Bi,"], 400 (100) [R,Bi*+NH;], 383 (35) [R,Bi*].

2: A solution of [W(CO)s(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 3h 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 (%)
caled for C;gH,,0,Si,W,Bi,: C 1743, H 1.79; found: C 18.01, H 1.86;
"H NMR (200 MHz, C¢Dy, 25°C): 6 =0.17 (s, 9H; CH3;), 1.94 ppm (s, 2H;
CH,); BC NMR (50 MHz, C¢Dy, 25°C, TMS): 6 =1.26 (s; CH;), 191.10,
192.02, 200.04 ppm (s, CO); IR (petroleum ether): ¥=2054, 1956 cm™,
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(C=0); MS (CI, NH,): miz (%): 1239 (8) [M*], 1152 (25) [M* —R], 943
(18) [RBiW,(CO),4*], 707 (100) [R,BiW(CO);*], 324 (29) [W(CO)s*].
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Remarkably Large Geometry Dependence of
"Fe NMR Chemical Shifts**

Michael Biihl,* 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.l'l' One recent example is aqueous [Fe(CN);(NO)]*~
(1), the Fe chemical shift 6(*’Fe) of which was determined
as d = 2004 ppm.['" What is particularly noteworthy about this
result is that this Fe nucleus is significantly shielded with
respect to that of [Fe(CN)¢]*~ (2; 6 =2455 ppm). Both anions
are prominent textbook examples in coordination chemistry.?
Since an interpretation of this difference in ¥Fe nuclear
magnetic shielding is not straightforward, we resorted to
quantum-chemical calculations of these O(*’Fe) chemical
shifts, which have been shown to be accessible with reasonable
accuracy at suitable levels of density functional theory
(DFT).P! 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, 6 =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 Ad = 1600 ppm. Evidently,
interactions between the complex and the solvent must be
taken into account.
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We have recently suggested a computational protocol to
model solvent and thermal effects on transition-metal chem-
ical shifts.! 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
O0(>'V) of vanadate species, relatively small differences
between the equilibrium and the averaged values, 0, and
030K 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
O0(*’Fe) 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,”) 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. Similar
molecular dynamics simulations, usually with purely force-
field based methods, are frequently used to study solvent
effects.’! Initial simulations were performed for 2 and for
[Fe(CO)s] (3), the standard used in ’Fe NMR spectroscopy, in
the gas phase (that is without solvent and at pure DFT level).
Figure 1 illustrates the evolution of the averaged magnetic
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Figure 1. Absolute ¥Fe magnetic shielding constants o(*’Fe) for [Fe(CO);]
(3, bottom) and [Fe(CN)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 o**K,

dotted lines: equilibrium values o,.

shieldings!® over 1 ps. On going from the equilibrium value to
the average at 300 K, a substantial deshielding is obtained for
the Fe nucleus in 3, 0K — g, = —246, and an even larger
one, 0°YK — g, = — 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.l”’ When 2 is placed in an aqueous
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environment, in contrast, a similar averaging affords a
substantial shielding of the metal nucleus, 0**¥—¢g, =
+1281. The resulting d values are collected in Table 1.

Table 1. Fe chemical shifts 0 (GIAO-B3LYP) and mean Fe—C distances r
[A] based on molecular dynamics (MD) simulations in vacuo and in
aqueous solution.

Level of approximation [Fe(CN)]*~ [Fe(CN)s(NO) >~
2 1

8, (//QM-opt)l 4120 2254

5K (//MD)l! 4575 2466

O0K (//MD/H,Ol) 2593 2076
OExperiment/H,0l 2455 2004

r, (QM-opt)i! 1.973 1.9550)

POK (VD) 1.987 1.969)

POK (MD/H,Ol) 1.924 1.943(¢

[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 ['®l. [e] Only minute differences are found in
the mean distances to the cyano groups trans and cis to the NO ligand.

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 S'Fe magnetic shielding appeared to be very sensitive to
this geometrical parameter. In fact, an explicit computation of
the Fe—C bond-length/shielding derivativel'®) in isolated 2
afforded a value of A0(Fe)/drgc=—35100 ppm AL In
absolute terms, this value is much larger than an experimental
estimate for a related complex, [Co(CN)¢]*~, for which
90(C0)/drcoc=—8000 ppm A~! has been deduced? from
isotope effects on the metal chemical shift. Most of the gas-
to-liquid shift simulated for 2, A6 = — 1982 ppm, can thus be
attributed to the concomitant shortening of the Fe—C bonds
(compare MD and MD/H,O entries in Table 1) by Ar=
—0.063 A, which, together with the bond-length/shielding
derivative, would correspond to a value of Ad=—2211 (see
below for a discussion of the direct solvent effect). The final,
simulated d(*'Fe) value of 2593 ppm in aqueous solution is in
reasonable, qualitative accord with that obtained from the
experiment (0 = 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 0(*’Fe) 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 Ad = —390 ppm, about a fifth of that in 2. The
final, simulated 6(*’Fe) value in aqueous solution (0=
2076 ppm) is in good accord with that obtained from the
experiment (6 =2004 ppm). Likewise, the observed shielding
on going from 2 to 1, Ad=—451 ppm,['" is qualitatively
reproduced, at Ad = — 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
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O(water)—H --- X(ligand) hydrogen bond,'*! 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 LU4 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 0(*’Fe) 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), §3%K
values of 2448 and 2140 are obtained for 2 and 1, respectively.
These values are much closer to the corresponding MD/H,O
data than to the MD results of the isolated complexes
(Table 1). The main effect of hydration on the value of 0(*’Fe)
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 6(''B) in aqueous BH;NH,.[!> 10

What is, finally, the origin of the stronger shielding of the
Fe nucleus in 1 relative to that in 2? In both cases, the
magnetic shielding is governed by huge paramagnetic con-
tributions, o?. Analysis of the MOs of 2 (in an idealized O,
symmetric structure employing the averaged parameters from
the simulation in water) reveals that strong contributions to o?
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.'7 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 t,, HOMO
in 2 splits into b; 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 *’Fe
nucleus in 1. The lower geometry-sensitivity of the value of
O0(*’Fe) in 2 relative to that in 1is probably also rooted in these
reduced paramagnetic contributions.

In summary, we have modeled the Fe 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
O0(*’Fe) are computed, on the order of 1000 ppm and more,
which can be attributed to a remarkable sensitivity of the ’Fe
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
O0(*'Fe) values of these complexes. Recently,'l the isotope-
induced chemical shift 'A?3C(*’Fe) has been determined for
the first time for ferrocene, and work in this direction is in
progress for [Fe(CN)¢]*~ (2). Insights are obtained into the
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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, My, 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 t,, 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 d(*’Fe) 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 Wolmershauser

While triple-decker sandwich complexes are common in
transition-metal chemistry,'"*! 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° ([CpsTL,]~ (Cp = CsHs)M), 116° ([Cp;sCs,] '), 155/152°
([(CsMes);Sn, ) 1), or  124/130° ([ (1°-CHyg)a (7>
CsMe;)In,|*111), We showed several years ago that bending
in sandwich complexes of the heavy alkaline-earth metals can
be eliminated with extremely bulky alkylcyclopentadienyl
ligands.[']

Herein we report on the first triple-decker complex of
barium. At ambient temperature the half-sandwich complex
[{*CpBal(thf),},] (1; *Cp=CsH(CHMe,),)"l reacts slowly
with Na,cot (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. 'H and

Ba
Na,cot
[{*CpBal(thi)2}o] m’ C!O:\ (1)
-2 Nal éa
1
2

13C NMR spectra show one set of signals for two magnetically
equivalent *Cp rings (see Experimental Section) and one
signal for one cot ligand at d=6.02ppm ('H) and 6=
953 ppm (**C). 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
[“*CpBa(cot)Ba*Cp]* ion with the correct isotope pattern as
well as signals for the fragments [*CpBa(cot)Ba]* and

[*] Prof. Dr. H. Sitzmann, Dipl.-Chem. M. D. Walter,
Dr. G. Wolmershéuser
FB Chemie der Universitidt Kaiserslautern
Erwin-Schrodinger-Strasse, 67663 Kaiserslautern (Germany)
Fax: (+49)631-205-4676
E-mail: sitzmann@chemie.uni-kl.de
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[“CpBa]*. In a sealed capillary under argon the dibarium
complex [*CpBa(COT)Ba*Cp] (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)ML,]
(M = Ca, Sr, Ba, L = thf, pyridinel'¥) are known, but could not
be crystallographically characterized. The analogous ytterbi-
um complex [(cot)Yb(py);], however, could be structurally
characterized by single-crystal X-ray diffraction.[”]

The crystal structure of 2['°l shows a centrosymmetric triple-
decker sandwich complex with essentially planar Cs and Cg
rings and an interplanar angle
of 169.9° between *Cp and cot
(Figure 1). The distance Ba—
CPeentroia (2.71 A)is comparable
with those found in the half-
sandwich complex 1 (2.72/
2.73 A)3 and slightly longer
than the value found for octa-
isopropylbarocene  (2.68 A).[7)
For the Ba—cot,...,q distance
of 2.40 A 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 A indicate that two methyl

Figure 1. Crystal structure of
2. Selected distances [A] and
angles [°]: Bal-Cl 2.945(4),

Bal-C2 2.982(4), Bal-C3 4 .

roups of each ligand un-
2993(4), Bal-C4 2977(4), & OUP Cp, gand.
Bal-C5 2.927(4), Bal-Cé dergo a CH;---Ba interaction.
2.998(4), Bal-C7 2.994(5), The respective isopropyl groups
Bal-C8 3.014(4), Bal-C9  show significantly smaller out-

3.000(5), BalA-C6 3.003(5),
BalA-C7 3.015(6), BalA-C8
3.016(6), BalA-C9 3.007(5),
Bal-Cpeenpoia 2.71, Bal-cot,.,.
roid 2.40, Cpcenlroxd'Ba1'COtcenu‘oid
169.5; angles between *Cp

plane/C1-C11 0.7, *Cp plane/ p
sandwich complex 1.
C2-C21 3.1, *Cp plane/C3- p

C31 2.1, “Cp plane/C4-C41 While there are no compara-
0.2. ble alkaline-earth metal com-

plexes known, triple-decker
complexes of the general formula [(CsMe;)Ln-
(cot)Ln(CsMes)] with a cot middle deck have been structur-
ally characterized for the divalent lanthanides Sm,!'*! Yb, and
Eul® They are bent with CpX, . oa-Sm-CpZ ioiq = 149.3/
148.9°,  CpX,uoia-Eu-CpX iroia = 147.2/149.5°,  CpXoia- Y-
CpX yiroia = 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”=14-
(SiMe;), CgHy) could not yet be structurally characterized.?%

ward bending than the two
other isopropyl groups and are
rotated toward the central
atom. These features have not
been observed for the half-

Experimental Section

Solid Na,cot (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 (5mL) 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
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(190 mg, 0.22 mmol; 45%), which could be obtained as colorless single
crystals suitable for X-ray diffraction from [D4]benzene. C,H-analysis gave
unsatisfactory results due to the extreme air sensitivity of 2. "H NMR
(400 MHz, 298 K, C;Dy): 6 =6.02 (s, 8H;; cot), 5.11 (s, 2H; ring-H (*Cp)),
2.94 (m, 4H; CHMe,), 2.84 (m, 4H; CHMe,), 1.24 (d, *J(H,H) =72 Hz,
12H; CH;), 121 (d, 3(HH)=72Hz, 12H; CH,), 1.16 (d, */(H,H) =
6.8 Hz, 12H; CH;), 1.02 ppm (d, 3/(H,H)=6.8 Hz, 12H; CH;); “C{'H}
NMR (100 MHz, C¢Dy): 6 =1275 (s; ring-C), 123.4 (s; ring-C), 101.7 (dt;
ring-CH (*Cp), J(C,H) =155, *J(CH) =5 Hz), 95.3 (d, 'J(C,H) =158 Hz;
cot), 26.9 (CHMe,), 26.6 (CHMe,), 25.7 (CH3;), 25.3 (CH3;), 24.1 (CHs),
23.7 ppm (CHs); EI-MS (70 eV): m/z (%): 846.2 (6) [M*], 613.0 (74) [M+ —
CsH(CHMe,),], 371.1 (100) [Ba{CsH(CHMe,),}*].
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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,
Valérie Heitz, Jean-Claude Chambron,
Jean-Pierre Sauvage, and Jérome Lacour*

In memory of Andrée 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.l'! The 4 and A enantiomers—right-
and left-handed propellers, respectively—can be isolated in
good enantiomeric purity by efficient resolution proced-
ures.l'd- 2l However, once dissolved, these derivatives racemize
rapidly when no other source of chiral information is present
on the ligands® or in the reaction medium.®!

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);][PF],
([1][PF¢),, 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)][PF¢], ([2][PFs],) in high yield and
purity [Eq. (1); for bl and b2, see Figure 1].P] 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][PF],. It was
then debatable whether an improved chemical stability would
also mean an increased configurational stability, so that the 4
and 4 enantiomers might be inert and separable from each
other. Previously, the synthesis and resolution of the D;-
symmetric tris(tetrachlorobenzenediolato)phosphate(v) an-
ion (3), known as TRISPHAT, was reported.’! In association
with mononuclear ruthenium(i) or iron(i)tris(diimine) com-
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Fe

[rac-1]

plexes, it is an efficient NMR chiral-shift, resolving, and
asymmetry-inducing agent.ll 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, [Et,N][4-3]®1 was added

as a solid to a solution
of [rac2][PFg¢], in 10%
[D¢]DMSO/CDCl, (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 (Ad,.,~0.15 ppm) was observed. A 1:1 ratio
of 4 and A enantiomers could be measured by direct
integration of the respective signals. This 1:1 ratio of the
diastereomers [4-2][4-3], and [41-2][4-3], indicated a possible
configurational stability of cation 2. Indeed, it was recently
shown that anions 3 act as effective asymmetry inducers on
[Fe(dmbp);]** (1); when associated with the labile cationic
guest, they control its configuration with high diastereoselec-
tivity (d.r.>49:1 in CDC]; in favor of [4-1][4-3],).7" 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 [4-2][4-3],
and [A-2][4-3], would prove the second hypothesis to be
correct.l”) Under previously reported conditions,”® ¢l solutions
of [cinchonidinium][4-3] (2.5 equiv) in acetone and of [rac-
2][PF,], in CH,Cl, were prepared, mixed, and adsorbed on
silica gel plates. Development by elution with CH,Cl, showed
a much reduced affinity of salts [2][4-3], for silica gel, as they
were retained to a much lesser extent than the PF4~ precursor
(R;=0).' Two well-separated bands were obtained (R;~
0.94 and 0.84 in analytical TLC), abraded from the glass
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Figure 1. Ion-pair chromatographic resolution of [rac-2][PF4], with [cinchonidinium][4-3]. "H NMR spectra (6 =8.50-5.75) in 10 % [Ds]DMSO/CDCI; of
a) [rac-2][PF4],; b) [rac-2][PF¢], + 2.5 equiv of [Et,N][4-3], d.r.=1:1; ¢) [4-2][4-3],, d.r. >49:1; d) [1-2][4-3],, d.r.>49:1.

surface, and stirred in CH,Cl,. The resulting suspensions were
filtered and concentrated in vacuo. The 'H NMR spectra
revealed two completely different sets of signals correspond-
ing to the resolved A and A enantiomers of the cation 2
(Figure 1, spectra (c) and (d)). Pure separated diastereomeric
ion pairs [4-2][4-3],/[A-2][4-3], were thus obtained in good
chemical yields (48 and 45%, respectively). A circular
dichroism (CD) spectrum of the more strongly eluted fraction
(CH,Cl,, ca. 5-107%m) revealed strong exciton coupling in the
- region (Agyy=+73, Aeyy=—10IM"'cm™') and the
visible metal-to-ligand charge transfer (MLCT) transitions
also showed opposite Cotton effects (Agg o= —16, Agss3=
+18mtemt). 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 4 and A
configurations of the cationic complex and demonstrate that
compounds [4-2][4-3], and [A1-2][4-3], are the more and less
strongly eluted ion pairs, respectively.l'] We believe that the
unusual configurational stability of 2, evidenced by the
'H NMR spectra shown in Figure 1, is attributable to the
bis-bidentate nature of L. Racemization of the iron(ir)
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 2.0 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] 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.'¥! Having
demonstrated the configurational stability of complex 2, we
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reasoned that its asymmetric synthesis could be also possible
by using TRISPHAT anions (3) as chiral auxiliaries.’] We
imagined that the configurational ordering induced by anions
3 on the labile [Fe(dmbp);]** precursor 1 could be partially or
fully transferred to complex 2 during synthesis. Treatment of a
solution of [1][4-3], in refluxing CD,Cl, [d.r. 7.25:1 in favor of
the homochiral ion pair (‘"H NMR)!'] with L (0.94 equiv)
afforded the desired complex [2][4-3], in quantitative yield.
Excellent diastereoselectivity (d.r.>20:1) was obtained, as a
single set of signals corresponding to those of diastereomer
[4-2][4-3], could be observed in the 'H NMR spectrum of the
crude reaction mixture (Figure 2, spectrum (c)).l'7 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.

H(b1) H(b1) H(b2) H(b2)
A-2 A-2 A2 A2

VMU W

M M
oM M

6.28 6.20 6.12 6.04 5.96 5.88 5.80 5.72
- 5
Figure 2. '"H NMR spectra (6 =6.30—5.68) in 10% [D¢]DMSO/CDCI; of
the crude reaction mixture [1][4-3],+ 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.
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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 (dr.=725:1). Several studies were therefore per-
formed to determine the nature of the control. First, pure
heterochiral complex [1-2][4-3],, isolated by chromatograph-
ic resolution, was heated to reflux in CD,Cl,, and complete
transformation into the homochiral diastereomer [4-2][4-3],
was observed after 18 h.'¥! Under similar conditions, no
change was monitored for solutions of complex [4-2][4-3],.
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][4-3], salt was obtained with essentially
no selectivity (Scheme 1; d.r.~1:1, Figure 2, spectrum (a)).

d.r. 7.25:1

[A-Fe(dmbp)g]l4-3], =<—=—  [A-Fe(dmbp)s][4-3]

L at 20 °C, 44 h d.r. =1:1
CH,C at 20 °C, 44 hthen 40 °C,14h  d.r. >10:1
at 40 °C, 60 h d.r. >20:1
[4-2]A-3,  +  [A-2][4-3])

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 [4-2][4-3], (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(i) 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, André 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.! 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.) 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® offers the possibility of manipulating proteins and other
biomolecules by printing them from a micropatterned stamp
to a surfacel¥ or by depositing them from a liquid using
microfluidic networks (WFNs).P! Affinity microcontact print-
ing (aCP)[ 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 aCP to pattern
surfaces with ensembles of biomolecules where the pattern on
the affinity stamp (a-stamp) is not determined by its top-
ography but by the position of various proteins covalently
linked to a planar o-stamp (Figure 1). This modified surface
enables the simultaneous capture of different target proteins
on the a-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
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Figure 1. Microarrays of proteins on surfaces can be fabricated using an a-
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 a-stamp can be reused for several
inking and printing cycles.

microcontact-printed onto a substrate in one step (Fig-
ure 1 D). The a-stamp is recovered at the end of this process,
and can be reused.’! 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
NH, 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 O, plasma.l’l 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 (BS®) to produce the activated surface.’! 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.® ]
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.> 1% Our aim was
to prepare a-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!') (u-wells; Figure 2). The microwells are aniso-
tropically etched through a 525-um-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 a-stamp (Figure 2b, c). The hydro-
phobization of the top and bottom faces of the array of
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Figure 2. Preparation of a microarray of proteins using an o-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. ¢) After separating it from the microwells, rinsing and drying,
the a-stamp is ready for use. d) The a-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 a-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 o-
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.'”l 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 a-stamp by
using 100 x 100 pm? wells (Figure 2d). This a-stamp is inked
with a solution of anti-species antibodies (fluorescein iso-
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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 a-stamp during this inking step, and protein A
captures both types of antibodies whereas BSA adsorbs
elsewhere and prevents nonspecific adsorption on the a-
stamp. The target molecules are transferred from the a-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 a-stamp is probably the most critical
part of the aCP technique, and dispensing the solution of
proteins into the microwells limits the practical resolution of
aCP. This limitation can be circumvented by using micro-
fluidic networks (uFNs) to prepare the a-stamp. We take
advantage of the sealing between the channels of a pFN and a
PDMS surface to deposit capture proteins on an intermediate
stamp from the microchannels of the uFN (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 3¢ reveal that the
a-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 pFNs['3l is conserved in the fabricated
array of antibodies, and the investment in preparing the o-
stamp is compensated by reusing it for several cycles of
capture and release.[”!

uCP is an efficient and low-cost method for patterning
proteins with submicrometer resolution.l' Since pCP 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.
aCP can be extended by using uCP 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).[""] 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 nCP.'®! 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 a-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 o-stamp
prepared using a pFN. The uFN 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 a-stamp is
used to capture fluorescently tagged antibodies, and print them as lines
onto a glass surface (c). The captured molecules on the a-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 a-stamp had been
used several times.

need to reactivate the a-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 Sa involved
two printing steps (done manually) to prepare the a-stamp,
and one inking and printing cycle using the a-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 x
3 um? areas. This microarray has a density of approximately
10* spots of proteins per mm? 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.

2322 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Figure 4. Preparation of an a-stamp by using the deposition of capture
proteins from solution and subtractive uCP. 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 a-stamp (d).

Figure 5. Arrays of anti-chicken antibodies and anti-goat antibodies
printed using an aCP having 10* equivalent capture sites per mm? 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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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 pCP and oCP 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 a-
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 a-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 aCP 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 a-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 a-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.
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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.'! 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.’l 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 metalP or semiconductor nano-
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particles* with a complementary DNA. Metal nanowires on a
template 1-DNA were 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.’! A related approach was applied to
grow Pd clusters on a A-DNA template.[) Similarly, CdS-
nanoparticles with a positively charged modifying layer were
electrostatically attracted to DNA to form a quasi-1D nano-
particle structure.’? 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, 4 > 360 nm.
Under these conditions, psoralen undergoes a photoinduced
2m+2m cycloaddition with the thymine residues, a process that
leads to the covalent attachment of the intercalator to the
DNA. B The obtained DNA complex was then deposited on a
freshly cleaved mica surface. Figure 1 A 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
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psoralen-modified
nanoparticle

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 A-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 A-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 A-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 A-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 1-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-L-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 3 A 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 3 C 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 4+ 10 nm which implies that each of
the Au-nanoparticle circles is generated by several inter-

n n
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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).

o] linked polymer chains. The formation of

molecular and macromolecular ring struc-
tures on surfaces has been addressed ex-
(2)  perimentally % and theoretically.l'" 1] 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.l¥] 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.l''dl 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 combingl"¥! 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
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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 A-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 pg, 40
nmol) was mixed with mono-N-hydroxysuccinimide-modified Au particle
in a Hepes buffer solution (100 pL; 10 mm, pH8) for 2h 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 mm 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 4 =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-L-Lysine — Au-nanoparticle conjugate: Polylysine (52000 gmole!,
0.2 nmol) was mixed with N-hydroxysuccinimide-activated Au nanoparti-
cles (6 nmol; Nanoprobes, 1.4 nm) in Hepes buffer solution (100 pL;
30 mM, 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 mm, pH 8.5) at 4°C for 4 h, while renewing the dialysis solution every
hour, using a microdialyzing device (15 kDa cutoft).

Nanoparticle wires on surfaces: A-DNA (Sigma) or poly A/poly T (Phar-
macia) approximate 0.3 x 107>M concentrations were mixed with 1-
modified Au nanoparticles (1 um) and incubated at room temperature
for 20 min. Afterwards, the mixture was irradiated with a long UV lamp
(12 Watt), A > 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 pL) was placed on a freshly cleaved
mica surface, and allowed to evaporate. The surface was then washed with
water (20 pL) and dried with a gentle flow of argon.

The polylysine — Au-nanoparticle circles were prepared by placing a drop
(4 puL) of a 1000-fold-diluted polymer-conjugate solution (ca. 2.5 x 10~7Mm)
on a freshly cleaved mica surface. The drop was allowed to evaporate, and
the surface was washed with triply distilled water (3 x 100 pL), 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.l'J A drop (4 pL) 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-um scanner, and
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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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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.l: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.P 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!”) and to date only initial
efforts toward the design of a bacterial three-hybrid system
have been reported.®°1 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 etal. in 19971 A variety of methods for detecting
protein—protein interactions in bacteria are now availa-
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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 Acl-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 Acl is placed upstream
of the promoter for a lacZ reporter gene. Acl is fused to FKBP12 and the
N-terminal domain of the a-subunit of RNA Pol (aNTD) is fused to
DHFR. Thus, upon addition of the small molecule heterodimer Mtx—SLF,
the AcI-FKBP12 and oNTD —-DHFR fusion proteins are dimerized, thus
activating transcription of the lacZ reporter gene.

ble. 4l 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

FK506 (SLF). We call this heterodimer Mtx—SLF. We
planned to use Mtx—SLF to dimerize a A\cI-FKBP12 (Acl-
FK506-binding protein 12) protein chimera and an aNTD -
DHFR (aNTD -dihydrofolate reductase) protein chimera as
shown in Figure 1. Mtx inhibits DHFR with a low picomolar
K;, and the interaction between the two has been extensively
studied.l' ] Furthermore, our laboratory recently showed
that Mtx could be used successfully in a yeast three-hybrid
system.!®l 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.?! 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.?: 22 Further-
more, SLF homodimers have been used previously in several
mammalian three-hybrid systems.?]

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 y-methyl ester of L-
glutamic acid and is based on previous syntheses of Mtx.[® 24l
y-Methyl L-glutamic acid is inexpensive, and the a-carbox-
ylate can be selectively protected as the tert-butyl ester by
transiently protonating the a-amino group.”! The diprotected
amino acid is then coupled to 4-(methylamino)benzoic acid by
using standard peptide coupling reagents. Finally, the y-
methyl ester is saponified to yield the free acid for further
reactions. SLF acid was synthesized as described previously
from L-pipecolinic acid in 59 % yield over six steps.[> 2! The
Mtx and SLF portions were then coupled to 1,10-diaminode-
cane in a three-component peptide coupling reaction. 2,4-

activation by A-repressor (Acl),!'l Dove et al. o) O e
developed an in vivo assay for protein—pro- NH, dNH H H O OMe
tein 1nteract10ns' based on 'dlmerlzatlon of )\c.I NN N )\/YN\/%\}\/N\H/\O

and the N-terminal domain of the a-subunit )\\ o ]A\ HO,C o 8 o O

of RNA polymerase (aNTD). They showed HeNT “N™ N O\H\\“ N

that this assay could detect the interaction Mix-SLF SN 0
between the proteins Gal4 and Galll? as an

increase in transcription of a lacZ reporter NHz ﬂ

gene.[') We used this direct protein - protein N7 /N]A Br

interaction as a small-molecule independent PPN O H2N g NHz OMe
positive control in work reported herein. 8 O OMe

Dove and Hochschild optimized the lacZ
reporter gene such that dimerization of Acl
and aNTD 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.['”!

The key to converting this two-hybrid
assay into a three-hybrid system was the
design of a dimeric ligand that could bridge
Acl and oNTD 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

z:o<:|
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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 y-methyl ester of L-glutamic acid or 6 %
overall yield in nine steps from the L-pipecolinic acid
precursor of SLF.

The next step was the construction of the E. coli strain that
expresses the Acl-FKBP12 and oNTD -DHFR fusion pro-
teins and contains the lacZ reporter construct. Plasmids that
encode the AcI-FKBP12 and oNTD —-DHFR chimeras were
prepared from vectors pAChcI32 and pBRaLN by using
standard molecular biology techniques.”! 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 Acl binding site
(Figure 1).1' Based on previous results from Kopytek and Hu
showing that to/C-, 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.?®! Thus, we
modified the original Hochschild strain KS1 to be t0olC~ 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 t0/C~ mutation
into KS1 by using a standard molecular biology technique for
gene transfer, Plvir transduction, from strain SK037.2°) We
call this test strain V674E. Transformation of the plasmids
bearing the various Acl and oNTD fusion proteins into V674E
yielded the final experimental strains.

We used standard fS-galactosidase assays in liquid culture
and on plates?” 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 3-galactosidase activity by
using o-nitrophenyl-3-p-galactopyranoside (ONPG), a chro-
mogenic substrate for S-galactosidase. Cells that express Acl—
FKBP12 and oNTD -DHFR showed sixfold greater activa-
tion of lacZ transcription at 1 um Mtx—SLF and tenfold
greater activation at 10 um Mtx—SLF than cells that express
only Acl and aNTD. 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 um Mtx—SLF, and the
levels of activation are still increasing at 10 pm Mtx—SLF.
Concentrations higher than 10 um Mtx—SLF cannot be used
as the small molecule begins to become toxic to the E. coli.
Several independent controls establish that transcriptional
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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 Acl and aNTD fusion proteins: 1, AcI-Gal4, aNTD —
Gall1?; 2, Acl, aNTD; 3, AcI-FKBP12, aNTD; 4, AcI -FKBP12, aNTD —
DHFR; 5, Acl, aNTD-DHFR. Strain 1 is the Gal4-Galll® 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 mm), ampicillin (100 pgmL-!), chloramphenicol (6 pgmL!),
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 VO674E expressing the following Acl and aNTD fusion proteins: (o),
Ahcl-Gal4, aNTD-Galll? (a direct protein-protein interaction); (A),
AcI-FKBP12, aNTD (a negative control); and (m), AcI-FKBP12, aNTD -
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 mm), ampicillin (100 pgmL"), chlor-
amphenicol (6 pygmL~!), 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 um Mtx-SLF, a tenfold excess of
either Mtx or the fert-butyl ester of SLF decreased the levels
of transcription to about half that with 1 um Mtx—SLF alone.
Deletion of either DHFR or FKBP12 from the Acl - FKBP12
and oNTD —DHFR fusion proteins drops the levels of small-
molecule-induced transcriptional activation to the back-
ground levels observed in cells that express only Acl and
oNTD.
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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 ECs, for lacZ transcription is
greater than the Ky 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 Ky, 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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Proton-Induced, Reversible Evolution of O,
from the Os'Y - Sulfoximido Complex
[Os" (tpy)(CD,{NS(0)-3,5-Me,CoHa}]**

My Hang V. Huynh,* David E. Morris, Peter S. White,
and Thomas J. Meyer*

O, activation in biological systems is a key step in
respiration with O, activation achieved by a complex series
of steps involving binding to an Fe —heme, electron transfer,
and, ultimately, atom transfer to a reducing substrate.l]
Kinetic difficulties in the electroreduction of O, to H,O in
fuel cells create a significant over-voltage which limits
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performance.”) Similarly, water oxidation in
photosynthesis is a complex process involving
multiple electron transfer based on a four-
manganese-center cluster.!

The mechanistic difficulties in the reduction
of O, or the oxidation of water arise from the
thermodynamic instability of one-electron in-
termediates such as OH* or the O, ion and the
requirement for multiple-electron pathways to
avoid them. Mechanisms for the activation or
evolution of O, must accommodate two oxygen
atoms and a net four-electron change.! We
report here the remarkable reactions of the cis
and trans isomers of the Os!V—sulfoximido
complexes, [Os™(tpy)(Cl),{NS(O)CsH;Me,}]
(2; tpy=2,2":6",2"-terpyridine and C¢H;Me, =
3,5-Me,C¢Hj;), and their Os!Y —sulfilimido ana-
logues, [Os"™(tpy)(C){NS(H)CsH;Me,}]* (1),
towards proton-gain or loss-induced evolution
and addition of O,, respectively.

When cis-[OsY!(tpy)(Cl),(N)]* is treated with
Me,C,H;SH in CH;CN [Eq. (1)], a rapid reac-
tion occurs to give cis-1*. Further reaction of 1*
with O — NMe; in CH;CN occurs to give cis-2 [Eq. (2)]. An
analogous reactivity was reported earlier for the trans
isomer.P!

CH;CN/HPF,

cis-[(tpy) (C1l),0s"'=N]" + 3,5-Me,C(H;SH ————»

H
%
cis-[(tpy) (C1),0s"=N-5

AN
CgHsMe,

1+

H +
/
cis-[ (tpy) (C1),0s™=N-8
CgHsMe,

+ O=NMe,

1+
0
: v 4
cis-[(tpy) (C1),0s =N—S\
CgHiMe,
2

Both cis products, 1'% and 2! have been isolated, the
former as its PF,~ salt, in 95 and 85 % yields, respectively. In
10:1 (v/v) CH5CN:H,O, 1" undergoes solvolysis in a few
minutes to give cis-[Os"(tpy)(Cl)(NCCH;)(NSC,H;Me,) |+
which undergoes further solvolysis to give cis-
[Os™(tpy)(NCCH3;),(NSC4H;Me,) |** over a few hours. This
chemistry will be reported elsewhere.

Compound 1*-PF¢ was also characterized by X-ray crystal-
lography of crystals grown by slow diffusion of Et,O into a
CH,CN solution. 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) A with the shortest Os—N(tpy) bond
trans to the longer chloride bond. The Os—N(sulfilimido) and

Angew. Chem. Int. Ed. 2002, 41, No. 13

CH,CN
———-

+ HNMe," (2)
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Figure 1. ORTEP diagram (thermal ellipsoids set at the 30 % level) and labeling scheme for
1+-PF;.

N1-S1 bond lengths of 1.947(11) A and of 1.645(12) A,
respectively, are consistent with multiple bonding.®l The
angle N1-S1-C11 102.8(7)° is consistent with pseudo sp® 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 'H NMR spec-
{1) troscopy) are all consistent with a d* spin-
paired Os!Y complex. There are structural
similarities with the related Os!V com-
plexes, cis-[Os"(tpm)Cl),({(N(H)N(CH,),-
Oo}]* (tpm = tris-(pyrazol-1-yl)metha-
ne),k  cis-[Os™(tpy)(Cl)(NCCH;){NN-
(CH),O}*",P1  and  cis-[OsV(tpy)-
(NCCH,),{NN(CH,),O}>*.I""

When one equivalent of HPF, as
HPF, - H,O is added to CH;CN solutions
of either cis- or trans-2, immediate color
changes occur from dark green
(Amax(cis) =444, 592, and 696 nm and
Amax(trans) =404, 586, and 714 nm) to bright red (A (cis) =
460 nm and A, (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 HPF, for the trans isomer are shown in Figure 2.
Based on molar extinction coefficients,>”) the conversion
from 2 into 17 is quantitative. The evolved gas was shown
to be O, by oxygen-electrode measurements. The amount of
gas evolved was consistent with the 2:1 ratio in Equa-
tion (3).010

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) CH;C(O)CH;:CH;CN or CH,;C(O)CHs,.
Based on the spectral changes in Figure 2, H is required as
a stoichiometric reagent, and the energetics of protonation to
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3.6

235 435 635 835
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Figure 2. Spectral changes upon sequential addition of aliquots of HPF
(60 wt % solution in H,O) in CH;CN to 1.13 x 10~*M trans-2 in CH;CN and

inset, the reverse reaction between trans-1T and bpy in air-saturated
CH,CN.

/O CH,CN
2 cis-[{tpy) (Cl)ZOsIV:N—S + 2 ——
CcH;Me
2 sHaMe,
/H
2 cis-[(tpy) (C1),0s™=N-§
1" CgH;Me,

form 1* are presumably required to drive the reaction to
completion. By inference, H* is also required for the
activation of the O, evolution process, but the mechanistic
details remain obscure.

Remarkably, the O, evolution chemistry is reversible. When
2,2'-bipyridine (bpy) is added in stoichiometric amount to air-
saturated CH;CN solutions of 1%, the UV/Vis spectrum
changes quantitatively to that of 2 (Figure 2 inset). Addition
of bpy deprotonates 17 to give [Os™(tpy)(Cl),(NSCsH;Me,) |
which undergoes O, oxidation to give 2 [Eq. (4)]. An uptake
of O, was observed at the oxygen electrode but was difficult to
quantify because of the large O, 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)
CH;C(O)CHj;:CH;CN or CH;C(O)CH; at —50°C were also
unsuccessful because the reactions were too rapid.

It is possible to generate O, catalytically from O «— NMe;
based on the reactions in Equations (2) and (4). Addition of
HPF; in large excess to 2 in CH;CN in the presence of
100 equivalents of O« NMe; results in rapid O, evolution.
The O, evolution was quantitative based on O «+— NMe; as

H +
: v /
cis-[(tpy) (Cl),0s" "=N-5 + bpy + % 0O,
1+ CgH Me,
2:1 (v/v)
CH;C (0) CH3/CH;CN ' - /o
cis-[(tpy) (C1l),0s "=N-§

or CH,C(O)CH;4 ) CeHyMe,
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+ Hbpy” (4)
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measured by the oxygen electrode. The net reaction is shown
in Equation (5).

2
+ O=<NMe, —— % O, + HNMe," (5)
CH,CN/HPF

+

H

Catalytic activation of O, towards oxidation of PPh; to
OPPh; in CH;CN has been reported for trans-[Os™-
(tpy)(CI1),(NS-3,5-Me,C¢H;) |JPF; but is rate limited by
O-atom transfer from trans-[Os™ (tpy)(Cl),{NS(O)CsH;Me,}]
(2) to PPh;.F!

Initial observations show that the reactivity reported here is
general for the series cis- or trans-[Os" (tpy)(Cl),{NS(O)Ar}]/
[Os™(tpy)(CL),{NS(H)Ar}]* with Ar=3,5-Me,CsHs,
4-MeC¢H,, and C4Hs. It is a novel example of O, 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.
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The coordination chemistry of dioxygen (O,) is of
interest in the context of bioinorganic chemistry and
oxidation catalysis. Catalytic transformations utilizing
O, as the oxidant are considered environmentally
benign; however, they typically require “activation” of
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the dioxygen by a metal center. Whereas the chemistry of
chromium—a common ingredient in oxidation reagents—is
replete with high-valent oxo (O*") or peroxo (O,*") com-
pounds, there exist few superoxo complexes of chromium
resulting from the binding of gaseous O,, and none that have
been structurally characterized.l'l In a recent report on the
insertion of O, into the chromium - carbon bond of [TpBuMe-
Cr-Ph] (Tp™®»Me=hydrotris(3-tert-butyl-5-methylpyrazolyl)-
borate) we provided spectroscopic evidence for a reactive
Cr'! superoxide intermediate (A, Scheme 1), and we pro-
posed a “side-on” bonding mode for the superoxo ligand.?
Herein we describe the synthesis and structural character-
ization of a stable Cr'™ superoxide complex that supports our
earlier assignment.

Key to our investigation was the synthesis of a coordina-
tively unsaturated Cr'' precursor that would not suffer
insertion of a coordinated O,, for example, into a chromi-
um-carbon bond. Thus we prepared [Tp®*MeCr(pz’H)]-
BARF (1, pz’H =3-tert-butyl-5-methylpyrazole, BARF =
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) by reaction
of [TpBMeCr(pz’H)Cl] with NaBARF (see Scheme 1). Com-
plex 1 featured the characteristic cis-divacant octahedral
structure of four-coordinate [Tp®*MeCrX] derivatives;?
hence it should be able to coordinate O,. Indeed, exposure
of a diethyl ether solution of 1 at — 78 °C to excess O, caused a
rapid color change from blue to red. Warming to room
temperature followed by standard work-up of the reaction
mixture yielded [Tp®*MeCr(pz’H)(O,)]|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~". In the
product of the reaction of 1 with '®O, this band was shifted to
1007 cm~L. These values are consistent with an assignment as a
superoxo complex of chromium(ir).*! The effective magnetic
moment of 2 (u.(295 K) =2.8(1) up) must result from strong

BARF —
NaBARF
Et,0, RT
* BARF ~
"
Scheme 1. Synthesis of precursor 1 and chromium superoxo complex 2.
1433-7851/02/4113-2333 $ 20.00+.50/0 2333
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antiferromagnetic coupling between the Cr'™ jon (d°, 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 CH,Cl, solution
to —30°C gave dark red crystals of 2+ CH,CI, suitable for a
structure determination (Figure 1).’} The most conspicuous
feature is the “side-on” (or #>-) coordination of the O, ligand.

Figure 1. The molecular structure of 2; the BARF anion has been omitted
for clarity. Selected interatomic distances [A] 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)-
0O(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) A, respectively, the Cr—O distances
are essentially identical. The O(1)—O(2) bond length of
1.327(5) A puts the ligand squarely into the superoxo
category.[%) The trivalent nature of chromium is also supported
by the metal —lig?nd bond distances. Thus the average Cr—Nr,
distance of 2.08 A is significantly shorter than the correspond-
ing value in [Tp®uMeCrli(pz’H)(Cl)] (2.18 A); the same holds
for the Cr-N,,;4 bond (2.063(5) A versus 2.144(7) A). The
orientation of the pyrazole ligand (perpendicular to the CrO,
plane) puts its NH proton in a position to hydrogen bond to
the oxygen atoms.”! The relevant distances, namely 2.90 A
(N(8)-0O(1)) and 2.80 A (N(8)-O(2), are certainly short
enough for N—H---O interactions.®l However, the N-H-O
angles (the hydrogen atom was located and its position
refined) of 98.4° (N(8)-H-O(1)) and 109.8° (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™!
in the IR spectrum, which is actually higher than vy of 1. The
evidence for substantial hydrogen bonding in 2 is thus
ambiguous, and we hesitate to ascribe significant strengthen-
ing of the O, coordination to it.

Encouraged by the stability of 2, and in the hopes of
gauging electronic effects on the bonding of O, to Cr!! centers,
we then investigated the reactivity of several analogous
chromium complexes with dioxygen. Gratifyingly, [TpBuMe-
Cr(py) |BARF (py =pyridine), [Tp®*MeCrCl], and [Tp®Be-Me-
CrOPh] all yielded isolable dioxygen complexes, which have
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been characterized by various methods, including IR spectros-
copy of the '°0O, and '*O, isotopomers. The results are listed in
Table 1. The extent of electron transfer to the O, unit, as
measured by v o stretching frequency data, parallels the
donor strength of the changing ligand (Ph~>PhO~ > pz’H >
py > Cl7). 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

Table 1. O—O stretching frequencies of chromium(i) superoxo com-
plexes.

Compound v(°0 -1°0) (80 -"%0)
[Tp®MeCr(Ph)(O,) | 1027 cm™! 969 cm™!
[Tp®BuMeCr(OPh)(0,)] 1068 cm™! 1009 cm™!
[Tp®uMeCr(pz’H)(O,) |BARF (2) 1072 cm™! 1007 cm™!
[Tp®BuMeCr(py)(O,) |BARF 1083 cm™! 1025 cm™!
[Tp®BuMeCr(Cl)(0,)] 1104 cm™! 1044 cm™!

[a] Data from ref. [2].

chromium superoxo complex; it is also a representative of the
small, but growing, number of mononuclear “side-on” super-
oxide complexes.l’) We wish to suggest that this bonding mode
may be more common than is generally assumed. The
reactivity of this new class of O, complexes, especially with
regard to dioxygen activation and oxidation reactions, is
currently under investigation.

Experimental Section

1: [Tp®uMeCr(pz’H)CI]? (0.530 ¢ 0.82 mmol) was dissolved in Et,0
(30 mL). An Et,0O 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 Et,0 to yield a deep blue solution.
Cooling the solution to —30°C overnight produced blue crystals (1.00 g,
80% yield) of 1. 'H NMR (250 MHz, CD,Cl,): 6 =81.0 (br, 3H), 48.9 (br,
9H),32.4 (br,3H), 10.9 (br,27H), 7.8,7.6 (12H),2.8 (YH), — 13.9 (1H), and
—24.9 ppm (1H); IR (KBr): 7= 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™! (s); UV/Vis (Et,0):
Amax(€) =282 (4000), 669 nm (329); m.p.: 186°C; uey; (295 K) =5.0(1) .
elemental analysis calcd (%) for CgHgsB,CrF,,Ng: 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 Et,O (10 mL) was charged
into an ampoule. This solution was degassed and cooled to —78°C. Then
1 atm of dry O, 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 O, atmosphere at —78°C overnight. Then the solvent
was removed under vacuum, and the remaining solid was extracted with
cold CH,Cl,. After cooling the concentrated solution to — 30 °C overnight,
0.325 g (70% yield) of dark red crystals of 2 were obtained. '"H NMR
(250 MHz, CD,Cl,): 6 =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)'; UV/Vis (Et,0): An.(€) =279 (6150), 445
(714), 566 (407), 624 (264), 926 nm (274); m.p.: 125°C; u.; (295K) =
2.8(1) ug; elemental analysis calcd (%) for CgHgB,CrF,,N;O,: C 50.94,
H 4.41, N 7.42; found: C 50.29, H 4.19, N 6.90.
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(bis-tren) derived from two tren (tris(2-aminoethyl)amine)
units might be capable of encapsulating a bifluoride ion.[!]
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

bis-tren(F)
A

£ NH; HoNL
V4 C H\N\X

MEAcryp(F)(H20)

<,NH

N Pl .
< ! H 'x 7
K \O/H \
HoN

TNH2 +

PEAcryp(F)(H0)
C FuEAcryp(Cu),(Br)
D

we observed ditopic anion binding behavior, namely, two
discrete encapsulated nitrate ions, for a related azacryptand,
MEAcryp.>31 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).* ]

By very slightly enlarging the cavity size with a p-xylyl
spacer to give PEAcryp (L),! 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---F?-). 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
cascade complexes. These findings serve to expand the
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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.[! 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.”! 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).1¥!

In this first example of an anion-based cascade complex,
[H¢L(F),(H,O)][SiF¢],- 12H,0 (1), L is hexaprotonated, and
is surrounded by two external SiFs>~ counterions and twelve
molecules of water.”'?l Thus, the only fluoride ions in the
structure are in the cavity of L. Figure 1 shows views looking

c) %rm NQJ%

F1 F2 /.
@09 ‘a8
N28 el LemT N

\

N4 01s ;
N3

Figure 1. Views of [H(L(F),(H,O)]**: 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: F1is 0.124 A and F2 is
0.229 A 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

2336 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Table 1. Interatomic distances and angles for hydrogen-bonding interac-
tions of the encapsulated fluoride ions for 1.

Atoms Distance [A] Atoms Distance [A]
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---01S 2.7090(13) F(2)---O(1S) 2.7168(13)
Atoms Angle [°] Atoms Angle [°]
N4---F1---N28 1115 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

3.002 A) which are slightly less than the sum of the
van der Waals radii of nitrogen and fluorine atoms
(3.02 A).%) The hydrogen bonds from the fluoride ions to
the amines range from 2.6 to just above 2.7 A, with slightly
longer hydrogen bonds to the water cascade. The fluoride ---
fluoride distance is 4.736 A. The distance between the bridge-
head nitrogen atoms (N1 and N16) of L is 10.717 A, 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, [H¢L(F),(H,O)][Cl],[SiF4] -
9H,0 (2). Again the fluoride ions are bridged by a water
molecule, but two chloride ions and a single SiF>~ ion serve as
counterions, with nine additional water molecules of crystal-
lization.') 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 Et,NCIO, as the electrolyte,'”! 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 pK, 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)).[
Earlier studies on the influence of various electrolytes in these
systems indicated that higher pK, values in the lower pH re-
gion are observed in the presence of anions with binding
capabilities, as would be the case for perchlorate.[']

Binding constants were determined by both potentiometric
and NMR methods. The potentiometric results indicated two
viable models, one with an [H;LF]** species and the other
with an [HLF,]** 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
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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 Ky,rym,m=3-16(2),
log K ey = 3-96(2),  and

log K, [H,LF)/[H,L][F] = 3.24(4),

100-|

80~

60 -

PEACIYp 1ot/ %
40-

20-

Figure 2. NMR titration curves for the three aliphatic signals of L, AH1
(a), AH2 (@), and AH3 (m) with NaF in D,0 at 25°C and pD =5.0+0.1.

log Ky rymuyrp = 6-54(5). The NMR results compare favor-
ably with the potentiometric results and yielded logK,=
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 AJ value at 0.6=[LJ/{[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.

0.30
0.25
0.20
0.15
Adlppm ¢ 49 |

0.05

0.00 ¢

-0.05 T T T T T : T T T r ]
00 1.0 20 3.0 40 50 6.0 7.0 8.0 9.010.0 11.012.0

n(NaF)equiv —————>

Figure 3. Distribution diagram of the tosylate salt of L-NaF (1:1) in 0.1m
NaTsO at 298.1 K.

YF 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 6 =—78 ppm, and one at d = — 113 ppm. The
former is assigned to an internal fluoride ion, while the latter
is characteristic of a solvated or external fluoride ion. The
signal at 6 = — 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
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Figure 4. F NMR spectra of NaF:PEAcryp-6Ts (10 mm) in 0.1m KTs at

—25°C in DMSO:H,0 (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.’ The fluoride complex was obtained
by titrating a solution of L in methanol with a 48% solution of HF to
pH2.0. A white crystalline powder formed immediately, which was
recrystallized from a mixture of isopropanol and water to yield X-ray
quality colorless plates. 'H NMR (500 MHz, CDCl;, TMS): 6 =2.87 (t,
12H, NCH,), 3.31 (t, 12H, NCH,CH,), 4.25 (s, 12H, ArCH,), 7.43 ppm (d,
12H, ArH); C NMR (125 MHz, CDCl;, TMS): 6 =45.0 (NCH,), 48.8
(NCH,CH,), 51.0 (ArCH,), 129.8 (C,,), 131.9 ppm (CH,,); FAB-MS: m/z
599 [HL]*, 619 [H,L*>*+F~], 639 [H;L**+2 F~]. Elemental analysis calcd for
(C36H7sNgF,,0481,): C 39.70, H 721, N 10.28; found: C 39.77, H 7.04, N
10.23.

Potentiometric measurements: The potentiometric titrations were carried
out in 0.1m 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 HCI with CO,-free NaOH solutions and determining the
equivalent point by the Gran’s method, which gives the standard potential
E’ and the ionic product of water (pK,, = 13.73(1)). The computer program
SUPERQUAD! 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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fluoride ions were 1 to 2 mM. The protonation constant of fluoride in water
is: log Kypr=3.15.

NMR Measurements: 'H 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 D,O at pD=5.0+
0.1. Initial concentrations were [L]°=2 mM and titrations were performed
using aliquots from a 20 mm stock solution of NaF. A solution of the sodium
salt of [2,2,3,3-D,]-3-(trimethylsilyl)propionic acid (TPS) in D,O in a
capillary tube was used as an external reference. The pD value was adjusted
with a concentrated solution of TsOH and NaOD in D,0O. All spectra were
recorded at room temperature. The association constants K were
calculated by fitting f to O, (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 = ([AP+[LP+ UK —{([A-]+[L]°+ VK> =4 [LI'TA-]}2)2 - (1)

f = (Ora—O)c/[L]"+ 0L (2)

The Job’s plot was performed by examining different concentration ratios
of L and NaF in D,0 at pD=5.0+0.1, while maintaining the total
concentration of the ligand plus NaF at 10 mm. The pD value was adjusted
with a concentrated solution of TsOH and NaOD in D,O. NMR measure-
ments were recorded at room temperature.
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Carbon Centers: Alkylation of «,a-
Disubstituted Amide Enolates**
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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.'! One of the most
straightforward methods for the formation of carbon —carbon
bonds is the alkylation of an enolate with an alkyl halide and,
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indeed, several methods for the stereoselective o P oLi o
formation of quaternary carbon centers have f Me .
been based on this approach.>'71 One of the most qu LoBe (¢ N)\/\Ph Z NTX P
significant problems in any approach based on ) \/iﬁ\Me 96% ) - N +3b
enolate alkylation is to control enolate stereo- 1a SLi +2b NF
chemistry (E vs. Z). This control is necessary, as it 2a 3a
works in tandem with m-facial selectivity to a 92:8 90:10 ds
stereoselective reaction. Many methods solve this
problem by employing cyclic enolates or metal QA We OLi 0
chelates.>'!I Although this works well, the final N»\i\ " iDBB N M AN N Ph
alkylation products usually contain specific func- Ci\/ on 80% Me A\
tional group residues that were necessary to form H H H +3b
the cyclic enolate. This often limits the scope of 1b op St *2a S
these methods. 88:12 3a

62:38 ds

Recently, we reported a method for the prep-
aration of a,a-disubstituted amide enolates by
reduction of bicyclic thioglycolate lactams.['*! 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

1
R2 o o R! el R
\j C/ - I
of ; ) @
1 2
4R
O Rl o2 OLi
B . . 1
N»\( LiDBB (2 equiv) xR
s — Lo
H H
1 2 sl

Scheme 1. Operational model for the stereocontrolled synthesis of a,a-
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 a-alkyl groups in the
starting lactam. Good to excellent levels of stereocontrol are
observed and both E and Z amide enolates 2 may 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 R! and R? 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.'”) Here, we report that high stereoselectivities
may be achieved for the formation of quaternary carbon
centers by the alkylation of our a,a-disubstituted enolates,
which in many cases even exceed the stereoisomer ratio of the
intermediate enolates.

As previously reported, reduction of diastereomeric lac-
tams 1la and 1b with lithium di-tert-butyldiphenylide
(LiDBB)P in THF at —78°C affords the corresponding Z
and E enolates with 92:8 and 88:12 selectivity, respectively
(Scheme 2).'81 Addition of allyl bromide to the enolates
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Scheme 2. Alkylation to form quaternary carbon stereocenters.

resulted in the formation of C,S-dialkylated products in high
yields.”!l 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).221 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 2a with ethyl iodide
instead of allyl bromide afforded the corresponding product
3¢ with 96.5:3.5 diastereoselectivity (93 % de). Similar selec-

O R! ) o
)\\?(Me 1. LiDBB, -
N THF, —78 °C N R
3 Mé R? (1)
H 2. R%-X H
1 3 SR,

Table 1. Alkylations using unactivated electrophiles [Eq. (1)].

Lactam R! Z/E Ratio de[%] R*X  Product Yield de
of 20 of 2 [%] [% ]t
1a Bn 92:8 84 Etl 3¢ 89 93
la Bn 92:8 84 nBul 3d 76 >95
1c nPr  87:13 74 Etl 3e 85 89
1c nPr  87:13 74 nBul  3f 71 95
1c nPr  87:13 74 iBul 3g 591b] 87
1d Et 90:10 80 nPrl  3h 83 >95
le allyl 87:13 74 Etl 3i 84 88
le allyl 87:13 74 Bul 3j 80 91
1f nBu -l - nPrI 3k 88 >95

[a] Determined by '*C 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.”! Branched alkyl
halides such as isobutyl iodide were slower to react, but gave
acceptable yields at —78°C in the presence of HMPA.
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 6M H,SO, and dioxane for 24 h
resulted in formation of the acid 4 [Eq. (2)] in 18 % yield

o
(6]
NJI\.:(Et 6 M HySO,4 et
S Pr H HO $§
dogre "\, @
SPr 4
3h [a]2° = —18 (c=0.6, EtOH)

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.?’! 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.'*! 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 amidotrihydroboratel?! 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.
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o]
R LiH,NBH3 RL
N 3 ——F > HO 3 3
Mé RZ  THF, A ME R? @
H 5
3 SR,

Table 2. Reductive cleavage of the chiral auxiliary with lithium amido-
trihydroborate [Eq. (3)].

Amide R! R? Product Yield [%] ee[%]
3¢ Bn Et Sa 96 94al
3d Bn nBu 5b 97 96121
3f nPr nBu Sc 99 96!
3k nBu nPr 5d 87 95M]
3j allyl nBu Se 74 93t

[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%.

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 a,a-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 pumol, 1 equiv) in THF (8.8 mL) in a Schlenk flask at —78°C until the
green color of LiIDBB briefly persisted. n-Butyl iodide (402 uL, 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 x 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 C NMR analysis. 'H NMR
(C¢D;sCD;, 105°C): 6 =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); ¥C NMR (C¢DsCD;, 105°C): 6 =173.8,
138.8, 130.3, 1277, 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
C,,H3NOS: 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 M, 2.39 mL, 5.42 mmol, 3.90 equiv) was slowly
added to a stirred solution of diisopropylamine (799 pL, 5.70 mmol,
4.10 equiv) in THF (2.5mL) 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 3¢ (464 mg, 1.39 mmol, 1 equiv) in THF
(5 mL) was added with a cannula. The mixture was heated at reflux for
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24 h, then cooled to 0°C, and quenched with aqueous hydrochloric acid
(3m, 5mL). The resulting mixture was warmed to 23°C and stirred for
30 min, at which point aqueous sodium hydroxide (3M, 10 mL) was added.
The mixture was stirred at 23 °C for 30 min and extracted with diethyl ether
(3x20mL). The combined organic layers were dried over anhydrous
sodium sulfate, filtered, and concentrated in vacuo. Column chromato-
graphy onsilica 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. '"H NMR (CDCly): 6 =7.19-7.31 (m, 5H), 3.33 (s,
2H), 2.61 (AB,2H, J=24.6 Hz), 1.58 (bs, 1 H), 1.27-1.40 (m, 2H), 0.93 (t,
3H, J=75Hz), 0.82 ppm (s, 3H); *C NMR (CDCL): 6 =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:
mlz (M+H): 179.14359 (C,,H,,0" requires 179.14359). [a]5 =—5.9 (c=
14.2, CH,Cl,). The product was determined to have 94 % ee by HPLC
(Chiralcel OD column, eluting with 1% 2-propanol in hexanes at
0.7 mLmin~!; R;=20.5min (major enantiomer), 22.8 min (minor enan-
tiomer)).
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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 490-530K and 5-6atm
(1 atm ~1.01 x 10° Pa) using both air and oxygen in fluid- or
fixed-bed reactors.[!

CH, +2HCl+ %0, — CH,CL+H,0 )
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Commercial catalysts are produced by impregnation of y-
alumina with CuCl, (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.['*! In spite of an abundant literature on the
subject,l'¥1 a significantly improved knowledge of the sys-
tem—limited to the basic catalyst (containing only CuCl,
without additives)—has been achieved only recently.l* ®8l In
particular, it has been shown by feeding separately the three
reagents that the oxychlorination reaction (1) is catalyzed by a
highly dispersed CuCl, phasel*® and follows a three-step
redox mechanism: a) chlorination of ethylene by reduction of
CuCl, to CuCl [Eq. (2)], b) oxidation of CuCl to an oxy-
chloride [Eq. (3)], and c) re-chlorination of this oxychloride
with HCI [closure of the catalytic cycle,” 8 Eq. (4)].

2CuClL + GH, — GH,CL +2CuCl @)
2CuCl+ %0, — Cu,0Cl, 3)
Cu,0CL 4+ 2HCl — 2CuCl, + H,0 )

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 Cug edge in XANES spectra.’) XANES spectroscopy has
been shown to be very sensitive to Cu! 2 Cu'! changes,* 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 KCI (hereafter K3.6Cu5.0).

The Cu" —Cu! 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 CuCl,, while
the high-temperature ones are close to that of CuCL[M
Quantitative information on the Cu' and Cu" concentration
was obtained from the cross analysis of edge position and
maximum of the first derivative spectrum.!'?]

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 Cu'! is present and the catalyst is inactive. O,
conversion and Cu!! reduction start in the same temperature
range (470-490 K) and progressively increase with temper-
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Figure 1. a) Three-dimensional XANES spectra (collected each 30s) of
Cu5.0 during heating from 373 to 623 K with 12 Kmin~!. b) Front view of
the spectra shown in (a). ¢) Derivative spectra, Fourier filtered to remove
the high-frequency noise. E =photon energy, ux = normalized absorption,
assuming px = 1 at E=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: CuCl, and CuCl in mutual transformation. The oxychloride
formed according to Equation (3) is not detected because the re-
chlorination step is too fast.['”]
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T/K
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Figure 2. a) O, conversion (representative for the catalyst’s activity; z, full
dots, right axis) and Cu' fraction (y, full line, left axis) for Cu5.0 during
temperature ramp-up. b) As diagram (a), but for the temperature ramp-
down. ¢) 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(Cu") =1 — y(Cu'),
where y(Cu') 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. Cu'! 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, Cu' 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 O,, the other with a diluted
O,-HCl mixture. The first treatment caused the complete Cu!
oxidation already at 373 K, while the second left Cu'
unchanged up to 550 K, and, even at 623 K, Cu! was still
present. This points out that HCI acts as a poison for the Cu!
oxidation and is responsible for the prevailing reduced state of
copper during the reaction.

Figure 2¢, d shows the results of the same experiment
performed on K3.6Cu5.0 as catalyst. The Cu" —Cu' reduction
began at a slightly higher temperature (around 520 K) and
was not complete: 30% of Cu" 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)].[] 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.l’l 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) on samples previously reduced in H,, is
the same (Cu5.0: 47 %, K3.6Cu5.0: 49%). The effect should
be rather ascribed to the formation of a mixed chloride
(K CuCl,,,),l" 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,l%! 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 Cu'---CO
adducts.” ' The difference in #(CO) (2139 cm™! for Cu5.0
and 2117 cm™! for K3.6Cu5.0) implies that the Cu'ions on the
two catalysts belong to different compounds: a totally reduced
CuCl salt for sample Cu5.0%'>'8] 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 Cu' species.
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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 C,H, 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 CuCl,/
y-Al,O; 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.!l 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(C,H,:HCl:O,:N, =
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 beamlinel'”] 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~! resolution on a BRUKER FTIR 66 spectrometer equipped with a
mercury —cadmium — telluride cryodetector.
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Comparison of Reorganization Energies for
Intra- and Intermolecular Electron Transfer*
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The reorganization energy (1), which is a sum of two terms,
inner-sphere reorganization energy, 4;, and outer-sphere
reorganization energy, A,, imposes probably the most far-
reaching impact on biological electron-transfer (ET) sys-
tems.l'] In particular, the primary ET processes in photosyn-
thesis are all characterized by small reorganization energies.?!
This situation allows, for instance, forward ET processes to
proceed under nearly optimal conditions, that is, near the top
region of the Marcus parabola, whereas the highly exergonic
and energy-wasting back-ET process is shifted deeply into the
inverted region. To achieve small reorganization energies, it is
highly desirable for the construction of artificial photosyn-
thetic systems to employ donor—acceptor couples, which offer
room for the delocalization of the charges—electrons or
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holes—within their structure. In this context, the
exceptionally small A values of porphyrin—fullerene
donor —acceptor ensembles, a fact that relates to their
delocalized m-electron systems, have great poten-
tial.Bl A quantitative comparison of A values for
intramolecular ET processes of a large 3D m 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. -l

Herein we report the first comprehensive assay of
A values for intramolecular ET involving a 3D accept-
or (spherical C4) and a 2D acceptor (planar naph-
thalenediimide (NIm); Supporting Information: S1).
For this purpose we designed a series of porphyrin-
linked C¢, and NIm ensembles, endowed with similar
rigid spacers (-NHCO-, -C=C-, -CONH-)B 7™ as
shown in Scheme 1. In addition, we report a quanti-
tative analysis of A 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 Cgperef (—1.02, —1.04, —0.92V versus Fc/Fc*
(Fc =ferrocene) in THF, PhCN, and DMF, respecti-
vely)P are virtually the same as those of NIm-ref
(—1.15, —1.05, — 0.91 V versus Fc/Fct 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-Cg,
with a 532 nm laser pulse (18 ps) in THF, a characteristic
broad band at 680 nm assigned to the zincporphyrin radical
cation (ZnP-*)!'% appeared. Concomitantly, the porphyrin
singlet excited state (!ZnP*) absorption at 460 nm decayed,
which suggests the transformation of 'ZnP*-NHCO-Cy, into
ZnP"-NHCO-Cg, . The presence of Cg '~ (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 'ZnP* to Cg (kgr(cs)) and
the charge recombination (CR) rates within the Cgy"/ZnP*
pairs (kgr(cr)) were determined. In THF, the exact values were
22x10"%s7! and 2.0 x 10°s™!, respectively. Hereby, the
kgr(csy value agrees well with the corresponding value (2.0 x
10'%s71) obtained from the fluorescence lifetime measure-
ments. A similar behavior was also observed for ZnP-C=C-Cq,
(keresy=3.7x10"s™",  kgpery=1.5x10s"") and ZnP-
CONH-Cy (kgrcsy=1.3 x 10 57!, kgpicry=3.7 x 10° s71).5¢]

Importantly, in all ZnP-Cy, dyads, the value of charge
separation, Kgr(cs), is much larger than the value of charge
recombination, kgr(cry. This result infers that the CS processes
for ZnP-Cg, dyads are in the Marcus top region whereas the
CR processes are in the Marcus inverted region.” Converse-
ly, the Kgpcg) value in the corresponding NIm-based dyad,
ZnP-NIm, is much larger than the kg cs) value as determined

Angew. Chem. Int. Ed. 2002, 41, No. 13

ZnP-ref

Scheme 1.

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

ZnP-NHCO-Cqgo

ZnP-C=C—Cgg —C=C—
Ar = 3,5-(tBu),CgH3
ZnP-CONH-Cgp  —C—N—
o H

0.08 -

0.06

AOD

0.04 -

0.02

0 ol . [ N I
400 500 600 700 800 900 1000 1100

Alnm

Figure 1. Nanosecond time-resolved transient absorption spectrum of
ZnP-NHCO-C excited at 532nm in THF (absorption ratio of
ZnP:Cy=3:1).

by the picosecond transient absorption spectrum!!'!l and the
decay of the !'ZnP* 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 kgr(cs) and kgr(cry
values of ZnP-NIm in THF were determined as 3.9 x 103 s~!
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and 2.0 x 10" s71, respectively. In more polar PhCN and DMF,
a behavior resembling ET was noted for all of the dyads
investigated (Table 1).

Table 1. Rate constants (kgy) for charge separation (CS) and charge

recombination (CR) and the free energy changes (— AG%1)P in porphyr-
in—fullerene and porphyrin —naphthalenediimide dyads.

THF (&,=7.58) Benzonitrile (e,=25.2) DMF (&,=36.7)
—AGYr ker —AGYr ker —AGYr ker
[eV] [s7'] evl  [s7] [eV] [s7]
ZnP-NHCO-C,
CS 0.70 2.2 x 1091 0.70 2.8 x 100 0.89 1.3 x 10100
CR 1.37 2.0 x 10° 1.34 2.4 x 10° 1.17 3.4 x10°
ZnP-C=C-C,
CS 0.67 3.7 x 100k (.69 3.0 x 100 d 3.0 x 100kl
CR 1.40 1.5 x 10° 1.35 2.1 x 10° d 2.5 x10°
ZnP-CONH-Cq,

CS 0.65 1.3 x 10" 0.66 9.5 x 10°F! 0.85 1.3 x 1010
CR 142 3.7x 10 1.38 1.3 x 1001 1.21 1.8 x 1001
ZnP-NIm
CS 0.57 3.9 %108 0.69 ] 0.90 3.5 x 1080

CR 1.50 20x10° 135 d] 1.16 d]

[a] — AGlg = E(DID™) — [~ Eo( A/A7)]. —AGY=AEy— (- AGly)
where E,, (D/D*") and E,.q (A/A*") are the first oxidation potential of
donor and the first reduction potential of acceptor, respectively, and AE,,
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].

In the next step we quantified the driving-force dependence
on the ET rate constants (kgr), by Equation (1), where V
represents the electronic coupling matrix element.ll This
equation is rewritten to give Equation (2) which is also
applied to evaluate the electron-transfer rate constant (kgr).

at R (AG%e + 2) |
ET= > Ve exp ()]
R AkgT 40ky T
AG%gr
kBTIn kET + =
2
s\ . N (AG%)? o
— Vv - L -
kTN 4 43

The driving forces (—AGY;) 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 kg T'ln kgr + (AGY/2) versus (AGRr)?
for ZnP-NHCO-C,, ZnP-C=C-C,, and ZnP-CONH-C,
gives a linear correlation (Supporting Information: S4).112!
The A and V values are obtained from the intercept and the
slope as A =0.5940.15eVand V=79 + 1.7 cm~!, respectively.
A linear correlation was also obtained for ZnP-NIm (Sup-
porting Information: S4) which afforded a much larger
Avalue (A=1.4140.33¢eV) together with a similar V value
(7.8 £3.2 cm™1)."%1 Such an extraordinary large difference in 4
between the Cg, and NIm dyads is the reason why the ratio of
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kercs) 10 Kkercr) is reversed in the two donor—acceptor
systems (Table 1). This result is the first quantitative mani-
festation that the A value of a 3D electron acceptor (Cy) 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 A value for an
intermolecular electron self-exchange reaction of tBuCg,/
BuCqy." 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.Il To shed light on this apparent discrepancy, the
Avalue 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).577) The line width
(AB,,) increased with increasing NIm-ref concentration
(Supporting Information: S6). From the slope of the linear
correlation the electron self-exchange rate constant (k.,) was
determined.l'> ¥ The Arrehenius plot of k. at various
temperatures (Supporting Information: S7) afforded the
activation parameters (AH*=42kJmol™! and AS*=
—14JK 'mol™"). The Avalues of ZnP-ref*/ZnP-ref and
NIm-ref-~/NIm-ref were determined from the rate constant
in MeCN at 298 K as 0.30 eV and 0.34 eV, respectively. Both of
these A values are substantially smaller than the value of
BuCy,/tBuCyy” (0.64 eV). With the 1 values of the electron
self-exchange reaction of each component in hand, the
A values of intermolecular ET were estimated as the average
of the two Avalues of electron self-exchange reactions.
Importantly, the Avalue of the intermolecular ET from
ZnP-ref to NIm-ref (0.32 eV) is appreciably smaller than that
seen for the ZnP-ref/Cg-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 m system (C) is likely to occur at
larger distances. An important asset is the effective radius of
the acceptor moiety: Even if C, is held at the same critical
distance (i.e., van der Waals contact) as NIm, because of the
strong m—m 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.l'’l Picosecond transient absorption spectra of ZnP-NIm
were measured by means of a picosecond dye laser (FWHM 12 ps) pumped
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by the second harmonic of a repetitive mode-locked Nd**:YAG laser
(Quantel, Picochrome YG-503 C/PTL-10).1"! The 590-nm output of the dye
laser (Rhodamine 6G) was used for excitation. Picosecond laser flash
photolysis experiments for ZnP-Cg 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).’ The white
continuum picosecond probe pulse was generated by passing the funda-
mental output through a D,O/H,O 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.’ 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 (Me,Q) radical anion was prepared by
proportionation reactions of Me,Q with the dianion obtained by deproto-
nation of the corresponding hydroquinone with tetrabutylammonium
hydroxide.'¥ The self-exchange rate constants between the reference
compounds and the corresponding radical anions in CH;CN at various
temperatures are directly determined by analyzing line-width variations of
the ESR spectra.l'¥l Typically, an aliquot of a stock solution of the Me,Q
radical anion (5.0 x 107*m) was added to an ESR tube containing a
deaerated CH;CN solution of various concentrations of NIm-ref (5.0 x
10~*M to 2.0 x 10°m) under an atmospheric pressure of Ar. The ESR
spectra of the NIm-ref radical anion were measured at various temperature
(—40to 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 (AB,,) of the ESR signals was unchanged with the larger
modulation. The gvalues and the hyperfine coupling constants were
calibrated with a Mn?* jon marker. The ZnP-ref radical cation was
produced by the chemical oxidation of ZnP-ref with [Ru(bpy);]** ions
(bpy = 2,2"-bipyridine).?"!
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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 a-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.l'l Asym-
metric catalytic hydrogenation of enamides, initiated by
Kagan et al.,”! 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.* 4
A breakthrough was achieved by Burk et al.l*] 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.[*>] 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.”! Here we de-
scribe highly efficient monodentate chiral ligands 1 containing
a 1,1’-spirobiindane backbone for the Rh-catalyzed asymmet-
ric hydrogenation of a-arylethenylamine derivatives [Eq. (1)]
with excellent enantioselectivities (up to 99.7 % ee).

J\ [Rh] /L* J{
Ar” “NHAe T B Ar” NHAe (D
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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.”! We demonstrated
recently that the Rh complex of (S)-1a (R = CH,) 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 a-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
H, 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.

Table 1. Asymmetric hydrogenation of 4a (Ar=Ph) with [Rh(cod),]BF,/
(S)-1a.l

Entry Solvent Cat. [mol %] eel [%] Config.l
1 toluene 1 96 S
21l toluene 1 96.2 S
3lel toluene 1 98.7 S
4 EtOAc 1 89.8 N
5 acetone 1 83.3 S
6 CH,Cl, 1 82.5 s
7 THF 1 80.5 S
8 CH,OH 1 50 S
9lel toluene 0.5 98.8 S

101 toluene 0.1 84 S

[a] The reaction was performed at 25 °C with 0.5 mmol of substrate in 5 mL
of solvent, Py,=10atm, [Rh(cod),|BF,/(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-L-
Val column (25 m). [c] Determined by comparing the optical rotation with
the reported value.") [d] Py, =100 atm. [¢] T=5°C, Py, =50 atm.

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)},] 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.’% > 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 2. Asymmetric hydrogenation of 4a: influence of the structure of the
catalyst.l?]

Entry  Catalyst T[°C] ¢[h]®  ee[%]  Config.
1 [Rh(cod),]BF,/(S)-1a 25 12 96 S
21l [Rh(cod),|BF,/(S)-1a 5 12 98.7 S
3 [Rh(cod),|BF/(R)-1a 25 12 96.2 R
4 [Rh(cod),]PF/(S)-1a 25 20 96.4 S
5 [Rh(cod),|SbFy/(S)-1a 25 48 953 S
6 [{Rh(cod)Cl},]/(S)-1a 25 no reaction
7 [Rh(cod),]BF/(S)-1b 25 20 57 S
8 [Rh(cod),]BF/(S)-1¢ 25 24 38 S
9lel [Rh(cod),|BF,/(S)-2 5 12 93 R

10 [Rh(cod),]BF,/(S)-3 5 12 96 R

[a] Reaction conditions: substrate/catalyst (S/C) =100; Py, =10 atm unless
otherwise mentioned. [b] Time for 100 % conversion. [c] Py, =50 atm.

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,[® 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 (§)-
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 Hg-
BINOL.P! The dihedral angle of the two aromatic
planes in (S)-3 should be larger than that in (S)-2,
but smaller than that in (§)-1a. When the Rh
complex of (5)-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 a-arylenamides can be hydrogenated with Rh/
(S)-1a catalyst to produce the corresponding a-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 or meta 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

Table 3. Asymmetric hydrogenation of 4 with catalysis by Rh/(S)-1a.l%!

Entry Ar ee [% | Config.!!
1 C¢H; (4a) 98.7 s
2 p-CH,C(H, (4b) 99.7 s
3 m-CH,CH, (4¢) 91.6 s
4 p-CE,C H, (4d) 98.9 s
5 p-FCH, (d¢) 99.1 s
6 o-FC,H, (41) 91.1 s
7 p-CICH, (4g) 99.3 s
8 p-BrCH, (4h) 99.5 s
9 2-furanyl (4i) 98.7 S

10 2-thienyl (4) 95.8 s

[a] Reaction condition: S/C=100, T=5°C, Py,=50 atm. [b] Determined
by chiral capillary GC on a Varian Chirasil-L.-Val column (25 m).
[c] Determined by comparing the optical rotation with the reported
value.l“l
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asymmetric hydrogenation of dehydroamino acid and itaconic
acid derivatives, the structures of the catalysts are still
unknown.’) We were able to grow a single crystal of the Rh
complex of (§)-1a suitable for X-ray crystallography. The
structure of [Rh(cod){(S)-1a},]* is shown in Figure 1.l '] 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 A) in the crystal of [Rh(cod){(S)-1a},]* are
close to those reported in the Rh complexes of bidentate
phosphane ligands.l'l However, the P-Rh-P angle (95.6°) is
distinctly larger than those in Rh complexes of bis-phos-
phanes.['"” This may cause the chiral spiro frameworks of the

cHon) i

Figure 1. Structure of [Rh(cod){(S)-1a},]*.

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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Benzoborirene Molecule**
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The cyclic delocalization of & electrons, responsible for the
important concepts of aromaticity and antiaromaticity,!'! has
been fascinating ever since the discovery of benzene by
Michael Faraday almost 200 years ago.”! The & system of
benzene can be ported to the five- and seven-membered rings
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by removing or introducing a CH" unit to result in the
cyclopentadienyl anion (CsHs™) and tropylium cation (C,H,*
(1a),B! Scheme 1), respectively. Volpin et al. suggested that it

X X
2 O a2 O
e AN
benzene 1a: X = CH* 2a: X = CH* 3a: X=CH*
1b: X =BH 2b: X =BH 3b: X=BH

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.il Borirene 2bP! and 1H-borepin 1b,[°]
first synthesized in a low-temperature argon matrix and in
solution, thus resemble the 2m-electron cyclopropenylium
2al’l and the 6m-electron tropylium cation 1a, respectively
(Scheme 1). Extension of the 6m-electron system onto a
second ring results in benzocyclopropenylium 3a and benzo-
borirene 3b as the simplest systems (Scheme 1). Although
studied theoretically,® 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.” 1! This protocol was used very recently to
produce 2b from atomic boron and ethene in the gas phase
through reaction (1).] 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).

"B + C,H,; — '""BC,H3 + H N
(2b)
B + C¢Dg — ''BC4Ds + D )
(ID5]-3h)

This reaction was studied in the gas phase at the molecular
level by employing a crossed molecular beam setup.!''l 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~'. 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).['!]
Integrating these TOF spectra leads to the laboratory angular
distribution.

TOF spectra were recorded at m/z 93 ("BC,Ds*) and 91
("BC4D,*). 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 "BCDs
product from the reaction of atomic boron with [D¢]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; 7:
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 "BC,D;s is formed.[' 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 "BC¢Ds 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 7(6) of the products, which are
both displayed in Figure 2.013]

201
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T 1.0

05}

0 45 90 135 180

6/°—

1.0 ~*— Puax(B)

T 08|
P(E) 0.6 [
0.4 J
Ema)(
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004 50 100 150
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Figure 2. Best fit center-of-mass angular (7, left) and translational energy
(P, right) flux distributions of the reaction of atomic boron with
[Dg]benzene to form benzoborirene plus atomic deuterium. 6: center-of-
mass angle; E,,,: translational energy.
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The maximum translational energy (E,.=80-

90 kJ mol~") can be used to identify the nature of the products.
Here, E,,, is simply the sum of the reaction exoergicity plus
the collision energy. Therefore, if we subtract the latter from
5) kJmol~". The assignment of the "BC,D; product is possible
by comparing the experimentally determined reaction exoer-
gicity with theoretical data obtained from electronic structure
computations for the conceivable reac- B

tion products [Ds]-3b, [Ds]-4, and [Ds]- _B
Gaussian 98042 utilizing Becke’s!#><] @ @
three-parameter hybrid functional in

conjunction with the correlation func- 4 5
tional of Lee et al.ldl and the 6-311 +

G(d,p) basis set [B3LYP/6-311 + G(d,p)]. Second derivatives
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!'*! in conjunction with Dunning’s!'"*1 corre-
the MOLPRO program.[4¢-]

We found [Ds]-3b to be the most stable isomer at the
CCSD(T)/cc-pVTZ//B3LYP/6-311 + G(d,p) level of theory,
while [Ds]-4 and [Ds]-5 are less stable by 131 and 176 kI mol~},
respectively. Good agreement between the experimental
energies is reached only for the formation of [D;]-3b, while
the reactions yielding [Ds]-4 and [Ds]-5 are strongly endoergic
by 61.5 and 106.3 kJ mol~!, respectively. Therefore, taking into
account the collision energy of 23.1 kImol~!, formation of
[Ds]-4 and [Ds]-5 is not feasible under our experimental
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 m electrons can be delocalized
over seven atoms. The geometry of [Ds]-3b (Figure 3) is very
similar to those obtained in previous lower-level calcula-
were computed 1 A above the ring centers,[**-4 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

E . the exoergicity of reaction (1) is calculated to be (62 +
5. Geometries were fully optimized with

were obtained analytically and used to compute unscaled
lation-consistent triple- basis set [CCSD(T)/cc-pVTZ] using
[(62+5) kJmol~'] and theoretical (69.7 kJmol™') reaction
conditions. Thus, we conclude that benzoborirene [Ds]-3b is
tions.’* The nucleus-independent chemical shifts (NICS)!5]
[NICS(1.0) = —10.2] and borirene [NICS(1.0) = — 14.4].

Figure 3. Selected bond lengths [A] 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 7(0) 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 6 and at the angle 180° — 6.
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.'! This
intermediate is a "BC¢Dg isomer. It is known from reac-
tion (1) that an initial boron addition to the m system is
followed by a deuterium migration before the accumulated
reaction energy is used for hydrogen ejection.’] A feasible
reaction path also exists on the C¢,DsB 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 C;Ds—B (—34.6 kJmol~!, 2A) and
subsequent [1,2]-D shift to CqDs—BD (—253.6 kJmol~!, 2A’)
with a barrier (—0.6 kImol-! with respect to the reactants)
well below the available collision energy of +23 kI mol~'. The
actual shape of the function 7(0) reflects the direction in
which the hydrogen atom leaves the fragmenting intermediate
to form the "BC¢Ds product: the peak at 90° is indicative of
emission of a deuterium atom perpendicular to the molecular
plane of the "BC¢Ds moiety.['""! 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 P, (E) of 10—20 kI mol~! can give
the order of magnitude of the barrier height in the exit
channel.'l This data suggests a significant geometry and
electron density change from the decomposing "BC,Dy
intermediate to the products. In other words, the reversed
reaction—the addition of a deuterium atom to the "BC¢Ds
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 [Ds]-3b via the transition state TS has a barrier of
274 kJmol~'. The attacking D atom is oriented roughly
perpendicularly to the molecular plane of [Ds]-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 m 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-alkynes, and 1-haloalkanes.’J 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 x 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
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homologous series of 1-alkenes from 1-pentene to 1-octadec-
ene (a more extensive study than was previously reported(!),
b) a series of alcohols (providing the first direct evidence for
the bonding of alcohols to scribed Si), and ¢) 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.P! 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,[t2 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!™?l that scribed and unpassivated® 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.%%3] 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.’"® A fraction of the chemisorbed alcohols undergo
further fragmentation on Si(111)-(7x7) to form Si—C
bonds.[> ¢ 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,” grinding silicon in the presence
of reactive chemicals to produce coated silicon particles,['"]
nanoshaving monolayers of thiols on gold while they are
immersed in a solution containing a thiol different from the
one in the monolayer,["'! micromachining monolayers on gold
with a scalpel blade or a carbon fiber followed by immersion
in a thiol solution,"l and mechanically scratching surfaces to
partition fluid-supported membranes.["*]

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 Cls/Si2p XPS signals,
which are in good agreement with previously published results
from single patches on single surfaces,!l 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 (Cls/Si2p: solid symbols; O1s/Si2p: open symbols) and
water contact angle measurements (6) from arrays of patches prepared
from 1-alkenes of different chain lengths (n: 1-alkene chain length,
1-pentene to 1l-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-uL 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 Angstroms are the same. Analogous
wetting behavior was observed for thiols on gold."! We
attribute the high values of and variation in our water contact
angles to surface roughness (CHj-terminated monolayers
from long-chain adsorbates on planar substrates have advanc-
ing water contact angles of 111-115°.1451) 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 Ols photoelectrons compared to more energetic
Si2p photoelectrons!' from surfaces with constant oxygen
levels at their Si—hydrocarbon interfaces.!"-?

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,[l alkynes,!
and alkyl halides,? (see Supporting Information and Figure 2)
and 2) high-resolution Cls 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
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Figure 3. High-resolution XPS Cls 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 C;H,",
C;H,0Si", C;H;O-, and C;H,O~ ions than the surfaces
derived from 1-butanol and 1-octanol. Similarly, the 1-buta-
nol-derived surface yielded higher levels of C,H,*, C,H,OSi",
C,H,0O-, and C;H,O~ ions and the 1-octanol-derived surface
higher levels of CgH;sO~ and CgH;,O~ 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 Cls/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,'”l the Cls/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 (Cls/Si2p: solid symbols; O1s/Si2p: open symbols) and
water contact angle measurements (0) 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-uL 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 Cls/Si2p ratios
than 1-alkenes with the same number of carbon atoms.!?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 new materials the
arrays were immersed in boiling 0.1m H,SO, 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
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Figure 5. XPS and water contact angle data (6) 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 0.1m H,SO,). 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.
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Synthesis of Very Thin 1D and 2D CdWO,
Nanoparticles with Improved Fluorescence
Behavior by Polymer-Controlled
Crystallization**

Shu-Hong Yu,* Markus Antonietti, Helmut Colfen,
and Michael Giersig

Nanosized building blocks with lower dimensionality, such
as nanotubes, nanowires, nanorods, and ultrathin nanoplate-
lets have recently experienced a heightened interest.'”) 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.”! They
can also be used as one component for a nanocomposite
material to significantly improve the material properties.[®
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 BaCrQ,,”! CdSe,¥ metal nanorods:
Cu,2l Fe PPl Ag bedl Ay,lfl FeOOH,” and vanadium oxide
nanotubes (VO,-NTs).’] 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.?®! The formation of a 2D
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BaCrO, nanorod monolayer assembly using the Langmuir—
Blodgett technique was also reported,'”) and 2D wurtzite ZnS
nanosheets were fabricated by a solution-based template
method.!]

Recently, tungstate materials have attracted much interest
because of their luminescence behavior, structural properties,
and potential applications.'?l Cadmium tungstate (CdWO,)
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;[¥] they can be used, for instance, as an X-ray
scintillator.l'* 11 Other tungstates with Scheelite structure
MWO, (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
CdWO, nanorods is a hydrothermal process at 130°C.['} The
nanorods of different compositions reported so far generally
have rather small aspect ratios (length-to-diameter) of 2-
10,70 which results in weak symmetry-breaking surface
effects. In addition a reverse micelle templating method has
recently been used to synthesize uniform BaWO, nanorods
with diameters of 5 nm and aspect ratios of about 150 by using
barium bis(2-ethylhexyl)sulfosuccinate [Ba(AOT),] micelles,
which are treated with NaAOT microemulsion droplets
containing sodium tungstate (Na,WO,).l'’l 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 CdWO, 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.

DHBC:s have been introduced as very efficient inhibitors
and crystal-growth modifiers!'®l and have already shown their
potential for the morphosynthesis of calcium carbonate,
barium sulfate, calcium phosphates, and zinc oxide crystals."]
To differentiate between the influence of process parameters
and the chemical influence of the DHBCs, CdWO, 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 CdAWO, particles can be easily
synthesized at room temperature, which can be indexed as
monoclinic wolframite structure with unit cell parameters a =
5029, b=5.859, c=5.074 A (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 CdWO, nanorods/nanobelts with lengths in the
range of 1-2 um 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 CdAWO, samples obtained under
different conditions: a) initial solution: 20 mL, pH 5.3, double jet, end
solution: [Cd*]/[WO2]=83x1073m, at room temperature; b)and
¢) pH 5.3, double jet, end solution [Cd**]/[WO,>]=83x107M, then
hydrothermal crystallization: b) 80°C, 6 h; ¢) 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, [Cd**][/[WO,> |=8.3 x 10-*m
(end solution), at room temperature, b) pH 5.3, double jet, [Cd**]/
[WO,>7]=8.3x10"*M (end solution), then hydrothermal crystallization:
80°C, 6 h, c) pH 5.3, in the presence of PEG-b-PMAA(1 gL!), 20 mL,
double jet, [Cd**]/[WO,>~] =8.3 x 10~3m (end solution), then hydrothermal
crystallization: 80°C, 6 h, d) direct hydrothermal treatment of 20 mL
solution containing equal molar [Cd**]/[WO2]=8.3 x 1072m, pH 5.3, at
130°C, 6 h, in the presence of 1 gL~! PEG-b-PMAA-PO;H, (21%).

magnification TEM images also show that all the longer
nanorods/nanobelts tend to aggregate towards nested, star-
like clusters (see Supporting Information Figure la and
Figure 1b). Successive hydrothermal ripening after the dou-
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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.?”! (see Supporting
Information Figure 3).

An optional hydrothermal ripening of the CdWO, 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 BaWO, and
BaCrO, nanorods,!'” but differs significantly from the assem-
bly of the short BaCrO, 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,l'" 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, 2 and
second, because of the higher sum of van der Waals forces
along the length of a nanorod as compared to its tip.[°

The aspect ratio in absence of the polymer is already
about 30, which is higher than the previously reported values
for BaCrO, and CdSe.’** Additionally, these particles are
comparably thin, which is important for the mechanical
performance in nanocomposites.®!

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 2 ¢ 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-PO;H, (21%; 1gL™!) is added at an elevated
temperature of 130°C even without using the double-jets but
at higher concentrations (8.3 x 102m) 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
[Ca*]/[WO,2>]=8.3 x 107%™, 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 A and
5.02 A, 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 2¢). 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 ¢ 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!'"®! so that nanoparticles
are the precursors for further particle growth rather than ionic
species, an important difference to previous reports.'®l 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 CdWO, 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 Cd** ions in a favorable orientation for
polymer adsorption on the (010) face.

Figure 4 shows the luminescence spectra of the different
CdWO, nanostructures obtained under different conditions

2358 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002
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Figure 4. Room temperature photoluminescence spectra of the samples
obtained under different conditions: a) pH 5.26, double jet, final solution
[Cd*])/[WO,2]=8.3x10"*m; b) and c) pH 5.26, double jet, final solution
[Cd**]/[WO,>"]=8.3 x 10~3m, then hydrothermal crystallization: b) 80°C,
6h; c) 120°C, 6 h; d) pH 5.3, in the presence of PEG-b-PMAA (1 gL™!),
20 mL, double jet, final solution [Cd*'][/[WO,>"] =8.3 x 10~*m, then hydro-
thermal crystallization: 80°C, 6 h. e) direct hydrothermal treatment of
20 mL solution containing equal molar [Cd*]/[WO2 =83 x107*M,
pH 5.3, at 130°C, 6 h, in the presence of 1 gL~! PEG-b-PMAA-PO;H,
21%).

and with different polymers, but similar concentrations. The
spectral characteristics were very similar to those of the other
scheelite tungstate crystals (AWO,, A =Pb, Ca, Ba, Sr).??
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,®! and perfecting crystal surfaces by surface-active
polymers was described very recently.?l

The CdWO, 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,™ but is blue-shifted compared to the
reported “intrinsic luminescence” at 480-490 nm.! 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.”! The emission-band shape might be explained consid-
ering Jahn-Teller active vibrational modes of ¢, symmetry
which influence the WO,?~ complex anion of slightly distorted
tetrahedral symmetry to lead to a structured absorption band
for the A, —T),, transitions.*> > 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.?] The subsequent hydrothermal treatment leads to the
red-shift of the three components (Supporting Information:
Figures Sa,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.’”) 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 CdWO, 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~!, PMAA =700 gmol~') 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-PO;H,, according to ref. [18b].

The precipitation of CdWO, was carried out in a double-jet reactor
thermostated at 25°C as described previously.'*? A solution of distilled
water (20 mL) was adjusted to the desired pH 5.3, by using 1M NaOH or
HCI, before it was used for the precipitation of CdWO,. Under vigorous
stirring, 0.1M CdCl, and 0.1m Na,WO, were injected through capillaries
into a Teflon reaction vessel with a reactant supply of 1 mLh~' for 2 h,
which gave a CdWO, formation rate of 1.39 x 10~*Mmin~". The reactant
supply was stopped after injection for 2 h, and the precipitate was left under
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continuous stirring in its mother solution for at least 6 h to ensure complete
equilibration. For direct hydrothermal treatment, equal molar CdCl, and
Na,WO, (1.67 x 103 mol) were mixed in block copolymer solution (20 mL,
1 gL-!) under stirring and then the pH value was adjusted to 5.3 by using
1m 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 6h, 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 Cug, 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 Cerius? software (Accelrys).
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Synthesis of Biologically Potent a1 —2-Linked
Disaccharide Derivatives via Regioselective
One-Pot Protection — Glycosylation**

Cheng-Chung Wang, Jing-Chyi Lee, Shun-Yuan Luo,
Hsin-Fang Fan, Chin-Ling Pai, Wei-Chieh Yang,
Lung-Dai Lu, and Shang-Cheng Hung*

Dedicated to Professor Chun-Chen Liao
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al —2-Linked disaccharides are key subunits of numerous
biologically potent oligosaccharides, antigens, antibiotics,
glycoproteins, and glycolipids. For example, the tumor antigen
Globo H,l'' ABH blood groups,”! and human milk oligosac-
charidesP®! contain a-L-Fuc(l —2)p-Gal (1) as a common
component. a-D-Glc(1 —2)p-Gal (2) is a structural element of
glycoproteins isolated from the body wall of leeches.[* a-p-
Gal(1 —2)p-Gal (3) is found as the disaccharide repeating
unit of Streptococcus pneumoniae type 15 antigen.F! Vanco-
mycin, a significant glycopeptide antibiotic against gram-
positive bacteria, has a disaccharide moiety 4, which consists
of al —2-linked vancosamine with D-glucopyranose.l a-p-
Man(1 —2)p-Glc (5) is a typical constituent in the cell
membrane of halophilic bacteria.! The glycolipids extracted
from Lactobacillus casei A. T.C.C. 7469 are composed of a-D-
Gal(1 —2)a-p-Gle(1 —1)-glycerol lipid 6 as the major com-
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ponent.B®! Given the importance of these disaccharide motifs
with al —2 linkages, there is a need to develop a highly
selective protection” 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.'”] Finally, we show their
applications in the regioselective one-pot protection—glyco-
sylation to prepare these biologically potent al —2-linked
disaccharide derivatives.

The one-pot synthesis of the trimethylsilyl ether 8 from
methyl a-D-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
(TMSOTTY) 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 D-
glucopyranosides at O3 (Table 1).''! 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 'H and
'H,'H 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 (Table2). The highlights
include 3-O-benzylation of different protected p-glucopyra-
nosides and a,a'-trehalose, and 6-O-benzylation of S-cyclo-
dextrin as well as of the D-galactopyranosyl derivatives. The
4,6-O-isopropylidene ketal 16, a-allyl ether 18, and fS-p-
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,

1433-7851/02/4113-2360 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 13



COMMUNICATIONS

Table 1. Trimethylsilyl trifluoromethanesulfonate activated triethylsilane-
reductive O3-etherification of 8 with a variety of aryl and «,3-unsaturated
aldehydes.[?

P oomERe v TERe
HO - TMSO - R\/O
HO oo TMSO e HO Ome
7 8 9-15
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),Ph —78 3 11 87
4 4-CIPh —78 4 12 71
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),, CSA, TMSCI, Et;N, 74 %;
b) cat. TMSOTf, RCHO, Et;SiH, CH,Cl,. 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 [%]
L,
0]
1 Bﬁ)o&ﬁ 75
HO ome
17
Ph/%o o
2 BnO 87
HO ol
19
Ph—X-0~"
o) (0]
3 Bno/ﬁS/STOI 86
OH
21
Ph/VOO o)
BnO Ho
4 HO? 87
BnO
oL~
Ph—£-0
23
OBn
(o]
5 HO 62
HO
077
24 25
A(O OTMS o o._-Ph
0] A( fe)
6 o fe] 96
TMSO gpme HOQoMe
26 27
A(o OTMS o 0.._-4-OMePh
0] A( (o)
7 ogﬁ ogﬁ 95
TMSO gpme HOOMe
26 28
o OTMS o O.._-2-naphthyl
A( 0] A( (o)
8 92
T™MSO e HO e
26 29
)(o oTMS A(O 0Bn
o} (o]
9 og&sa og&sa 91
OTMS OH
30 31
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and 21, respectively, were obtained in good yields (Table 2,
entries 1-3). A similar phenomenon was observed in the a,a’-
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.'”! Interest-
ingly, we found that the O-trimethylsilylated S-cyclodextrin
24131 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-pD-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.!"]

To the best of our knowledge, the regioselective one-pot
protection — glycosylation strategy of carbohydrate molecules
has not been studied to date. Since TMSOTTf 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 a-
linked disaccharide units in one-pot syntheses. The perbenz-
ylated Dp-galacto (32), p-manno (33), L-fuco (36), and D-
glucopyranosyl (37) trichloroacetimidates™ were selected as
glycosyl donors. TMSOT{-catalyzed triethylsilane-reductive
benzylation of the Dp-glucopyranosyl sugar 8 followed by
coupling with 32 and 33['% gave the expected a-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 a configurations were determined from the
coupling constants of the anomeric protons. Compounds 34,

cat. TMSOT(f,
PhCHO, Et3SiH

BnO _OBn
o) OBn
BnO o -0
BnO
32 O. _CClg
33 NH
Ph/voo o Ph/voo o
BnO BnO
Bno $OMe O0oMe
BnO BnO
(e} BnO TO
BnO “OBn Bno— ©OBn
34,61 % 35,74 %

Scheme 1. Regioselective one-pot benzylation —glycosylation of 8 with the
glycosyl donors 32 and 33 to form the a-linked disaccharides 34 and 35,
respectively.
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26
cat. TMSOTT,
BnO PhCHO, Et3SiH
OBn
or % oo o
Me 0] 3 o]
il oS o\[rcm3
NH
36 32 BnO NH
37
A{O OBn OBn OBn
O
OMe BnO OoMe BnO O0oMe
¢ 7207 ogn B%%w
BnO OBn BnO ™OBn
38, 56 % 39,55 % 40, 51 %

Scheme 2. Regioselective one-pot benzylation—glycosylation of 26 with
the glycosyl donors 36, 32, and 37 to form the a-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 a1l —2-linked disaccharide derivatives in
a regioselective one-pot protection — glycosylation.
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ether), benzaldehyde (1.2 equiv), triethylsilane (1.2 equiv), and di-
chloromethane (8.5 mL per 1 mmol trimethylsilyl ether) was stirred at
room temperature for 30 min under nitrogen. The mixture was cooled
to —78°C, trimethylsilyl trifluoromethanesulfonate (0.1 equiv) was
slowly added, and the reaction was monitored by TLC. After the
starting material was totally consumed, a solution of the glycosyl
trichloroacetimidate™ (1.2 equiv) in dichloromethane (5mL per
1 mmol glycosyl donor) and trimethylsilyl trifluoromethanesulfonate
(0.3 equiv) were added successively, the system was gradually warmed
up to —40°C, and the mixture was stirred at the same temperature
overnight. The reaction was quenched with saturated aqueous sodium
bicarbonate, and the aqueous phase was extracted with ethyl acetate
(3 x). The combined organic layers were washed with brine, dried
over magnesium sulfate, filtered, and evaporated in vacuo. The
residue was purified by flash column chromatography to give the
expected disaccharide. The yields are summarized in Schemes 1 and 2.
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Observation of the Direct Products of
Migratory Insertion in Aryl Palladium Carbene
Complexes and Their Subsequent Hydrolysis**

Ana C. Albéniz,* Pablo Espinet,* Radl Manrique, and
Alberto Pérez-Mateo

The use of carbene ligands in palladium-catalyzed proc-
esses, presumably involving “[PdR(carbene),]” intermediates,
is becoming increasingly important.!! In this context, the
understanding of the reactivity of these species, including the
interactions between precursors of palladium carbenes,?
becomes relevant. The formation of coupling products (R—
carbene)* (R=alkyl) from alkyl palladium carbene com-
plexes bearing heterocyclic carbenes C(NRj), has been
studied before, and theoretical calculations have discounted
an alkyl-migration mechanism in favor of a concerted
reductive elimination process.?l 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(NRj),), those with
carbene ligands stabilized by only one amino group
(CR”(NR}Y)) are still rare.’! Other heteroatom (for example,
CR”(OR’)) or nonheteroatom ((CR3)) palladium carbenes
are very elusive species, although often proposed as inter-
mediates in many Pd-catalyzed reactions.[) 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”(NRj) 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)s(CPhX)] (X=NEt,, la; X=OMe, 1b) to
[PdBrPf(NCMe),] (Pf=C¢Fs, 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” and, along with the extension described
here for monoaminocarbenes, seems a convenient synthetic
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Ph
2 (0C)sW={ + 2 [PdPfBI(NCMe),]

X =NEt,, 1a X 2
X =OMe, 1b Pf = CqFs
transmetalation
X
R-C_ ,Br 2 PR3 Ph  Ff
pdl S - 2 )-Pd-PRs
Pf P2 Et;N gy
= insertion
X =NEt, 3 \ R=Me, 4a
X Br- R =Ph, 4b
R-C-Rd-5
Pf O
X = NEtz/ A X: OMe
R MeO

5 6
N /)
Vo
SC?
R”Pf
7

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.!

Transmetalation with the carbene ligand CPh(NEL,) affords
3 as an isolable yellowish solid.¥l 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 [A] 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, [PAXRLL']) are extremely rare, as they
show a tendency to rearrange to mixtures of the symmetric
complexes.

Complexes 3 and 4 decompose in CDCI; (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=0O (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 "F NMR spectrum,
where signals corresponding to the F,;,, atom of a C-bound Pf
group (ca. d = —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% ° 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.'” 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,

0 NELH,*  H
i [NEtoH;] EtlelJr
CH H Pf
EN o~ NHEt
I 2N
R_C_\Eld_' - HBr + PAO) +L
P Br—| 2 H20
B L = OH,
. +H
Et;N Br- . EBN Bro

R .
1| L H

Pf%}»Pd—Br — R-C-Pd-| ,——= R-C-Pd-|,
| [ [

EtzN/ Pf L Pf L
5

N L =0H,, PPhy

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 = H,0, 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
PPh; to an NMR solution rich in 5 also accelerates noticeably
its hydrolysis compared with a reference sample (PPh; should
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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),. The intermediate alkyl complex A
(Scheme 1, X=0Me) 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 'H NMR spectrum shows
the very characteristic high-field shift for the aromatic proton
involved in an %? Pd-bound benzylic moiety (6 = 5.55 ppm).I'l
We propose an anti-Pf stereochemistry for the C-1 allylic
carbon atom on the basis of the ’F NMR spectrum of 6.['”
The observation of the ketal Pf(Ph)C(OMe), 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)-
(NHCH,Ph)}(PPh;)] (9), which is analogous to 4b, was
synthesized (Scheme 3).1¥1 No change was observed in the
NMR spectrum of a solution of 9 in CDCI; 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.

Pf. Cl_, 2 NHpBz Gl NHMe
112 pdl_ K —————= BzHN-Pd-C(
MeNC t2 pf NHBz
PPh
/ i
- BzNH;
Gl NHMe
PhsP—Pd—C(
Pf NHBz
9

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 m-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(NRj),) < (CR”(NRj)) < CR"(OR’).
The m-electron density on the C;,,, 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.
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Experimental Section

All manipulations were carried out by using Schlenk techniques. Com-
plexes 1a,'] 1b,151 2119 and 8" 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 CHCl;. The resulting yellow solution was
filtered through activated carbon, concentrated (ca.2 mL), and Et,O 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. 'H NMR (300 MHz, CDCL;): 6 =7.38-6.77 (5H; Ph, 3/3'), 5.23
(dq, J=14.4, 72 Hz, 1H; CHH, 3'), 5.13 (m, 1H; CHH, ¥), 5.11 (q, 2H;
CH,, 3), 3.55 (dq, /=144, 72 Hz, 1H; CHH', 3/3), 3.42 (dq, /=144,
72 Hz,1H; CHH', 3/3'), 1.56 (t,J =72 Hz, 3H; CHj;, 3), 1.52 (t, /=72 Hz,
3H; CH;, 3), 1.02 (t, /=72 Hz, 3H; CH3, 3), 1.01 ppm (t, /=72 Hz, 3H;
CHj}, 3); ”F NMR (282 MHz, CDCl;, 253 K): 0 = — 164.0 (m, 1F; m-Pf, 3'),
—163.8 (m, 1F; m-Pf, 3), —162.6 (m, 1 F; 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'),
—1175 (m, 2F; o-Pf, 3), —1171 ppm (m, 1F; o-Pf, 3'); C{'H} NMR
(75.4 MHz, CDCl;, 253 K): 0 =229.24 (s; Pd—C, ¥'), 228.89 ppm (s; Pd—C,
3).

cis-3: '"H NMR (300 MHz, CDCl,): d =7.74-7.14 (m, 5H; Ph), 5.32-4.93*
(2H; CH,), 3.60* (2H; CH}), 1.64 (t, /=72 Hz, 3H; CHj;), 1.09 ppm (m,
3H; CHj); “YF NMR (282 MHz, CDCl;): d=—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 CH,Cl,. 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 %. '"H NMR (300 MHz, CDCl;): 6 =7.30-6.80 (5H; Ph), 4.75
(q, /=73 Hz, 2H; CH,), 3.36 (dq, J=13.6, 6.8 Hz, 1 H; CHH'), 3.51 (dq,
J=13.6, 6.8 Hz, 1H; CHH'), 1.54 (t, J=6.8 Hz, 3H; CHj;), 1.19 (t, /=
9.6Hz, 9H; PCH;), 1.08 ppm (t, J=6.8Hz, 3H; CHj); “F NMR
(282 MHz, CDCL,): 6 = —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); *'P{'"H} NMR
(121.4 MHz, CDCL): 6 =—17.34 ppm (d, */zp=787 Hz); *C{'H} NMR
(75.4 MHz, CDCl,, 263 K): 6 =244.27 ppm (d, 2/cp = 151.3 Hz; Pd—C).

4b: Yield 69 %. "H NMR (300 MHz, CDCly): § =7.58—6.95 (20H; Ph), 4.93
(q. 7=70Hz, 2H; CH,), 3.62 (dq, J=13.8, 6.9 Hz, 1 H; CHH'), 3.42 (dq,
J=13.8,6.9 Hz, | H; CHH'), 1.62 (t,J=6.9 Hz, 3H; CH,), 1.11 ppm (t, ] =
6.9, 3H; CH}); "F NMR (282 MHz, CDCly): 6 = —164.63 (m, 1F; m-Pf),
—163.19 (m, 1F; m-Pf), —162.41 (t, 1F; p-Pf), — 11720 (m, 1F; 0-Pf),
—11642 ppm (m, 1F; o-Pf); *P{'H} NMR (121.4 MHz, CDCl,): 6=
21.73 ppm (d, 4Jpp =715 Hz); BC{'H} NMR (75.4 MHz, CDCl,, 263 K):
5=241.62 ppm (d, 2/, = 142.4 Hz; Pd-C).

5:'"H NMR (300 MHz, CDCly): 6 =7.76-7.63 (S5H; Ph), 4.75 (q, J =72 Hz,
2H; CH,), 4.62 (q, /=72 Hz, 2H; CH}), 1.67 (t, 3H; CHj;), 1.38 ppm (t,
3H; CHj); “YF NMR (282 MHz, CDCly): 6 =—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 Et,0 at —20°C. Yield 32%. '"H NMR (300 MHz, CDCl;, 263 K): 6 =
8.15-7.30 (m, 4H; Ph), 5.55 (m, 1 H; benz-5>-Ph), 3.51 ppm (s, 3H; OCHs);
F NMR (282 MHz, CDCl;, 263 K): 6 = —160.64 (m, 2F; m-Pf), —150.55
(t, 1F; p-Pf), —135.93 (br, 1F; 0-Pf), —127.54 ppm (br, 1F; o-Pf).

7:'H NMR (300 MHz, CDCl;): 6 =7.87 (m, 2H; 0-Ph), 7.70 (m, 1H; p-Ph),
7.54 ppm (m, 2H; m-Ph); YF NMR (282 MHz, CDCl,): 6 =—160.28 (m,
2F; m-Pf), —150.88 (t, 1F; p-Pf), —140.30 ppm (m, 2F; o-Pf).
Pf(Ph)C(OMe),: '"H NMR (300 MHz, CDCl,): 6 =7.61 (m, 2H; m-Ph), 7.46
(m, 1H; p-Ph), 7.34 (m, 2H; o-Ph), 3.23 ppm (6H; OCH;); “F NMR
(282 MHz, CDCly): 6 =—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: '"H NMR (300 MHz, CDCl;): 6 =7.61-7.26 (20H; Ph),

Angew. Chem. Int. Ed. 2002, 41, No. 13

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

6.70 (m, 1H; HNCH,Ph), 5.72 (m, 1H; HNMe), 4.30 (d, J=5.0 Hz, 2H;
HNCH,Ph), 3.56 ppm (d, J=4.4 Hz, 3H; HNCH,); '°F NMR (282 MHz,
CDCly): 0 =—163.48 (m, 2F; m-Pf), —162.36 (t, 1F; p-Pf), —117.40 ppm
(m, 2F; o0-Pf); *P{'H} NMR (121.4 MHz, CDCl,): 6 =21.30 ppm. Isomer 2:
'H NMR (300 MHz, CDCL,): 6=761-726 (20H; Ph), 649 (m, 1H;
HNMe), 5.72 (m, 1H; HNCH,Ph), 5.36 (d, J=5.2 Hz, 2H; HNCH,Ph),
2.77 ppm (d, J=4.9 Hz, 3H; HNCHj;); “F NMR (282 MHz, CDCL;): 6 =
—163.37 (m, 2F; m-Pf), —162.29 (t, 1F; p-Pf), — 117.77 ppm (m, 2F; o-Pf);
SP{'H} NMR (1214 MHz, CDCl): 6=21.69ppm; BC{'H} NMR
(754 MHz, CDCL): 6=19852ppm (d, %/pc=146.4 Hz; Pd—C, both iso-
mers).

X-ray structural analysis of 4a: a yellow prism (0.2 x 0.12 x 0.05 mm)
obtained by slow evaporation of a solution in CH,Cl, was mounted on the
tip of a glass fiber. X-ray measurements were made using a Bruker SMART
CCD area-detector diffractometer with Moy, radiation (A=0.71073 A).
Crystal data: C,H,,BrFsNPPd, M,=590.68, monoclinic P2(1)/c, a=
9.168(6), b=19.028(12), ¢=13.969(9) A, a=y=90, B=102.235(13)°,
V=23823) A3, Z=5, paa=2.059 gcm=3, F(000)=1460; u(Mog,)=
3.211 mm~L. 9864 reflections were collected (1.84° > 6 > 21.69°). Intensities
were integrated and the structure was solved by direct methods. Full-matrix
least-squares refinement (on F?) 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 F2>20(F?); wR2=0.0749. GOF (F?)=0.937. The
max/min residual electron density was 0.669/ — 0.336 ¢ A3, 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: (+444)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
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Metal-free organocatalytic reactions, especially enantiose-
lective ones, have attracted increasing attention as a comple-
ment to metal-catalyzed and enzyme-catalyzed reactions.[!]
Organocatalytic reactions have several advantages, for exam-
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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 S-alkylated flavins can be
used as organocatalysts for oxidations based on the precise
kinetic study on the recycling step of flavoenzymes.? 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)].

(S.S.pRpR)-1 (cat) O
O:<}R +H O, —— R (€]
AcONa (cat.) o_/*
) CF3CH,0OH/MeOH/H,0 3

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.”! 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,™ platinum with H,0,,P! titanium with ferz-butyl hydro-
peroxide [l cobalt with urea-H,0,,”! and magnesium®® and
aluminum!! 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!' as well as purified enzymes!'!! with stoichio-
metric amounts of NADPH as a cofactor.

Catalytic Baeyer— Villiger reactions have been shown to
occur in the presence of flavin catalyst,/'?l which is similar to
our catalyst.’! 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.'>¥] 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 C,-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,5)-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('”]
gave C,-symmetric bisflavin 7 in 90% yield [m.p. 223.5-
224.6°C; [a]k = +401 (¢=0.20 in CHCl;)] in diastereomeri-
cally pure form. The stereochemistry was determined by
difference NOE experiments of 7;['! irradiation of the H
proton (0=28.38 ppm) caused a 20% enhancement of the
signal for H* (6=730ppm) and caused no detectable
enhancement of other signals on the cyclohexane ring, from
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(S,S,pR,pR)-7

Scheme 1. Synthesis of 1. a) K,CO;, EtOH, reflux, 36 h, 77 %; b) H,, Pd/C,
AcOH, room temperature, 3 h; ¢) 3-methylalloxan, B(OH);, AcOH, 10 h,
90% over two steps; d) CH;CHO, NaBH;CN, Na,S,0,, DMF, 60°C, 3 h;
e) HCIO,, NaNO,, NaClO,, H,0, 1 h, 80% over two steps. DMF = N,N-
dimethylformamide.

(S,S,pR,pR)-1

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).['1 The energy of (S,S,pR,pR)-7 is the
lowest and is 4.6 and 6.5 kcalmol~! lower than that of
(8,8,pS,pS)-7 and (S.,S,pR,pS)-7, respectively. The violet cata-
lyst 1 was obtained upon treatment of 7 with ethanal and
NaBH;CN and subsequent treatment with HCIO,, NaNO,,
and NaClO, [m.p. 220°C (dec.)].' The antipode
(R,R,pS,pS)-T 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-y-butyrolactone (3a). The S configuration of
3a was confirmed by comparison of the optical rotation with
that reported in the literature.l'”) 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.’’) When a mixture of solvents
(CF;CH,OH/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.! Thus, the oxidation of 2a
with hydrogen peroxide in the presence of bisflavin 1
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Table 1. Effect of solvent on the bisflavin-catalyzed asymmetric Baeyer—
Villiger reaction of 2a with H,0,.1%

Entry Solvent Yield [%] ee [%]P
1 CH,CL, 13 8 (5)
2 MeCN 61 2(S)
3 MeOH 15 35 (S)
4 MeOH/H,0 (2:1) 17 45 (S)
5 CF;CH,0H 89 8 ()
6 CF,CH,OH! 81 31(S)
7 CF;CH,OH/MeOH/H,0 (6:3:1) 52 55 (S)
8 CF;CH,OH/MeOH/H,0 (6:3:1) 67 63 (S)
9 CF;CH,OH/MeOH/H,0 (6:3:1)l=d 64 62 (R)

[a] A mixture of 2a (0.2 mmol), (S,S,pR,pR)-1 (0.02 mmol), and H,0,
(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.

(10 mol %) and AcONa (25 mol %) gave (S)-3ain 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 m—
7t stacking between the aromatic ring of the catalyst 1 and that
of a substrate seems to play an important role in asymmetric
induction.?> 3 Such a solvent effect is not observed for the
metal-catalyzed asymmetric Baeyer - Villiger reaction.”]
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)-y-
butyrolactone (3 f) was obtained with 74 % ee at —50°C.

Table 2. Asymmetric Baeyer— Villiger reaction of 3-arylcyclobutanones
catalyzed by (S,S,pR,pR)-1.12]

Entry 2 R Yield [% ]! ee [%]
1 b 4-MeOCH, 67 61 (+)
2 c 4-MeCH, 53 62 (+)
3 a Ph 67 63 (S)
4 d 4-BrC,H, 28 68 (+)
5 e 4-CIC,H, 34 66 (S)
6 f 4-FC,H, 55 65 (+)
7 f 4-FC,H, 174 74 (+)

[a] A mixture of substrate 2 (0.6 mmol), 1 (0.06 mmol), AcONa
(0.15 mmol), and H,0, (0.9 mmol) in CF;CH,OH/MeOH/H,O (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.l'”) [d] The
reaction was carried out at —50°C.

The reaction can be rationalized by assuming the mecha-
nism shown in Scheme 2.1 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
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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 it —x 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®!
to give the (S)-y-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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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.[? The
lack of adequate synthetic methods for nanocrystals of the
desired quality is currently a bottleneck in this field.P! The
relatively successful approaches, including the organometallic
approach™® and its alternatives,*'3 are exclusively per-
formed in coordinating solvents. Evidently, only a few
compounds can act as the coordinating solvents,['! 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.’! 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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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,! 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.l”l 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).'Y1 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.'¥ A reaction
mixture for the synthesis of CdS in ODE after a given reaction
time was separated to two fractions by extraction with CHCl,/
CH;O0H (1:1). Apparently, the CdS nanocrystals are only
soluble in the ODE phase, and oleic acid and cadmium oleate
are both extracted into the CHCIy/CH;OH 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

0.018
Reaction mixture [OA]/
mol kg™’
0.012
4 \x 3.53
7 ' ; [Cd]/ 1.67
: -1
R CHCIYCH,OH phase ™' X9 ~, 0.50
.\ —QDE phase 0.006 0.95
0.083
0.050
250 350 450 0 40 80 120
Alnm —> tis >

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

[OA]= 0.050mol kg™* [OA]= 0.25mol kg! [OA] = 1.67mol kg™
I
A
[OA] = 3.53mol kg™
(pure OA)
280 370 460 550 280 370 460 550 280 370 460 550
Alnm —

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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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-
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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”.’! 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,® > and this

UVNVis Bulk band gap

Allpy

310 360 410 460 510
Alnm —
Figure 3. UV/Vis absorption and photoluminescence (PL) spectra of the
as-prepared CdS nanocrystals with different sizes. Iy, = photoluminescence
intensity.
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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.[® 1511 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.[®! 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.’! 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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may become significant for industrial production of those
novel materials.’! 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.[s15 1]

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
CHCIy/CH;0H (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.[® 'l The characterization and sample
preparation of the nanocrystals, including X-ray diffraction, TEM, PL, and
UV/Vis, were reported in a previous paper.l'¥ 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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An Umpolung Approach to cis-Hyponitrite
Complexes**

Navamoney Arulsamy, D. Scott Bohle,*
Jerome A. Imonigie, and Seth Levine

Dedicated to Professor Karl Wieghardt
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,) and in the use of the
oxyanions of nitrogen as terminal electron acceptors by
dissimilatory bacteria.”! 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)].F!

2NO™ ———— \ 7

Unlike trans hyponitrite, for which there is an extensive and
well established structural,*! mechanistic,>®! and derivative
chemistry,’] our knowledge of cis hyponitrite is sparse.
Although an elegant spectroscopic and structural study of
sodium cis hyponitrite,[' '] 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(s7?>-O,N,)(PPh;),], which results from the
equally unique oxidative coupling of two nitric oxides by
[Pt(PPh;),].['> 8] Related reactions for different late transition
metals are thought to give trans-hyponitrite complexes.!'-2!]
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(7%-O,N,)(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, RN,O,~, from the base-mediated conden-
sation of 2.4,6-trisubstituted phenols with nitric oxide.’? In
the course of characterizing one of these derivatives, with R =
OMe, 1, we observed rapid acid-promoted stoichiometric
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Department of Chemistry
University of Wyoming
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0 dihedral angle (r) of 28.5°. Prior structural
Me;C CMe; determinations of cis-hyponitrite complexes,
e + N,O [(H3N)sCoN(O)NOCo(NH;)s](NO5),, P! and
OH / [Pt(>-O,N,)(PPh;),],['" have proven troublesome
MesC CM93 NO  MesC CMes and were only refined to conventional R factors of
[L,MCl,] 16 and 11 %, respectively, for the more intense
-ZCN‘ data.

OMe L N Unlike trans hyponitrite which is readily proton-
/ \ ,N *2  atedor alkylated to give metastable RONNOR or
1 L © RONNO- adducts (R=H* or R*), the only
| a b c d e f 3a—f known metastable derivatives of cis hyponitrite
] involve O,0O chelation or O,N dicoordination to

M Ni Ni Pt Pt Pt Pt .. .
L, dppf  diphos  dppf diphos PMePhy PPhy transition-metal centers. Thus cis RONNOR or

Scheme 1.

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
N,0,%>" to a transition metal from a diazeniumdiolate such
as 11is a new reactivity pattern for these reagents which usually
form chelates or occasionally reductively nitrosylate metal
centers.” 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 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 [A] 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).

2372 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002
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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.! Electrophiles, such as HCl or Me;SiCl,
readily cleave 3a-f to return [L,MCl,] 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, A, =
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=3.34+0.2 x 10~*s71, and are independent of the initial
complex concentration and of added triphenylphosphane,
even when the [PPh;] 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=3.84+0.3x10"*s7L 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 v(N,O) band at 2224 cm~, also follows the
same Kkinetic profile with k=15+11x10"*s™' 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(7*-
0,CO)(PPh,),].2%1 In support of the presence of such a
proposed reactive intermediate in the decomposition of 3 f we
have treated dichloromethane solutions of 3f at reflux with
saturating pressures of carbon dioxide or excess carbon
disulfide and find that among the platinum-containing prod-
ucts are [Pt(#?-O,CO)(PPhs),], and [Pt(#*-S,CO)(PPh;),],
respectively, in addition to [PtCl,(PPh;),].

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
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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)CL,],?" (268 mg) dissolved in CH,Cl, (15 mL) was treated in
one addition with 1% (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 x 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
caled (%) CsHysFeN,NiO,P, - ACH,Cl,: C 59.26, H 4.05, N 3.88; found: C
59.43,H 4.28, N 3.64; IR (KBr,): 7=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,
7443 s, 692 s, 638 w, 625 m, 556 m, 510, s, 494 s, 471 cm~' m; 'H NMR
(400 MHz, CD,Cl,): 6 =7.84 (m, 8H), 7.52 (m, 4H), 742 (t,/ =73 Hz, 8 H),
442 (m, 4H), 426 ppm (m, 4H); P NMR (162 MHz, CD,CL): d=
25.0 ppm (s) (UV/Vis: Apays (Emaxs M'em™!) in CH,Cly: 406 nm (655);
differential scanning calorimetry (DSC): AH = —802 kcal mol™! T,,,,=
75°C. Crystals suitable for X-ray diffraction were grown from CH,Cl,/
Et,0 at —15°C.

Crystal data for 3a: Cs;sH,CLFeN,NiP,0O,, M =755.99, 143 K, triclinic
space group PI, a=10.6210(8), b=11.3831(9), c=15.515Q2) A, a=
84.021(2), B=72.745(2), y=69.790(1)°, V=1681.0(3) A3, Z=2, peyea=
1.494 Mgm~3, F(000) =772, 426 parameters; R, (WR,) [I>20(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 4=0.71073 A. The structure was solved using
direct methods and refined using full-matrix least-squares on F? 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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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.ll!. The DKR of secondary alcohols is a
prominent example, for which transition-metal-catalyzed
racemization is coupled with enzymatic acylation.?! In partic-
ular, Bickvall and co-workers have introduced a notable
catalyst system that provides a wide range of chiral acetates in
good yields and excellent optical purities.?*fl However, the
catalyst for the racemization of secondary alcohols is acti-
vated at high temperature, and needs the corresponding
ketones as hydrogen mediators.’] Thus, the catalyst system
requires a thermally stable lipase; p-chlorophenyl acetate has
been selected as an acyl donor,?? because oxidation of the
starting alcohols occurs when the conventional alkenyl
acetates are used as acyl donors.[
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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.> ©! Furthermore, the
catalytic racemization is compatible with the use of isopro-
penyl acetate for the DKR of secondary alcohols at room
temperature (Scheme 1).

Ph

>— [Ru3 COYial Ph‘ﬁ—NH
PR 2 “Ph
T oHoh ~Ru
T s oc N
d Cl 1

We expected the generation of a coordinatively unsaturated
and active species by the elimination of hydrogen chloride
from 1 with a proper base.[’! 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

)L KOMBU 1 (entry 5). Notably, the catalytic species is still active
OAc OAc OH OH in the presence of vinyl acetate in toluene (entry 6),
B Novozym 435 g - although the racemization is almost prevented when

B T EE—— . .
Ph/\ NayCOj (or MS 4 A) ph/\ Ph vinyl acetate alone is employed as a solvent (entry 7).

97%, >99% ee 259G 30 h

Scheme 1. Synthesis of 1 and DKR of 1-phenylethanol; MS = molecular sieve.

For the synthesis of aminocyclopentadienyl ruthenium
chloride (1), it was fortunate to select chloroform as the
solvent in the reaction of [Ru;(CO);,] 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).1

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 [A] and angles [*]: Ru(1)-CI(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); CI(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).

Table 2. Dynamic kinetic resolution of 1-phenylethanol.[?!

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-A 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 fert-butoxide.?]

Entry Solvent t[h] eel [%]
1 toluene 0.5 0.0
2 CH,CL, 05 0.0
3 THF 0.5 0.0
4 acetone 0.5 24.7
5 no solventl) 12 1.8
6 toluene + vinyl acetateld! 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
(6.2mg, 0.30mol%) and potassium fert-butoxide (0.013 mmol,
0.40 mol%). [d] Toluene (0.80mL) was mixed with vinyl acetate
(0.38 mmol, 1.5 equiv).

Entry Acyl donor'® Lipasel [mg] Additiveld T [°C] t[h] Acetate [% ]t eel [%]
1 CH,=CHOCOCH; 0.7 25 96 55 98.6
2 CH,=CHOCOCH, 0.7 Na,CO, 25 96 89 97.0
3 CH,=C(CH;)OCOCH; 0.7 molecular sieve 4 A 25 40 98 98.5
4 CH,~C(CH,)OCOCH, 0.7 Na,CO, 25 30 97 >99

5 CH,~C(CH,)OCOCH, 0.7 Na,CO, 40 24 95 >99

6 CH,=C(CH,)OCOCH, 0.7 Na,CO, 70 12 90 >99

7 p-CICH,0COCH,#! 7 Na,CO, 25 ) 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 ferz-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 A
(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.
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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.

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.

Table 3. Dynamic kinetic resolution of various alcohols.l?!

Entry  Alcohol® t[h]  Acetatel”  ee[%]
1 1-(p-chlorophenyl)ethanol 48 94 % > 99l
2 1-(p-methoxyphenyl)ethanol 48 90 % > 99l
3 1-indanol 48 89 % 95.0ld]
4 1-cyclohexylethanol 72 86 % > 99kel
5 2-octanol 72 89% 90.5lel

[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).

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

OH OH

| Ph Y oc

Ph | Ph \\H Ph

OC//RU

ocC O/ -
al

Scheme 2. Proposed mechanism for the catalytic racemization of secondary alcohols.
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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.['% 1]

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
new mode 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)y,] (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).['"”l 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 CH,CL/Et,O. m.p. 197°C (dec.); 'H NMR (CDCl;;
300 MHz): 6 =7.57-6.91 (m, 20H), 420 (d, J=4.1 Hz, 1H), 3.3-3.23 (m,
1H), 0.86 ppm (d, /=3.2 Hz, 6H); *C NMR (CDCl;; 75 MHz): d =198.4,
144.8, 133.7, 131.9, 130.6, 128.9, 128.7, 128.2, 1277, 101.4, 81.7, 45.6,
25.2 ppm; IR (KBr, cm™): #(CO)=2017 (S), 1963 (s); MS (FAB, m/z):
619.6(M"); elemental analysis (%) caled for C3,HxNO,CIRu: 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 (1M in THF; 52 pL, 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), Na,CO;
(104 mg, 1.00 mmol), a solution of 1-phenylethanol (120 pL,
1.00 mmol) in toluene (3.2mL), and isopropenyl acetate
>— (168 pL, 1.5 mmol) were added sequentially under argon. After
being stirred at 25°C for 30h, the reaction mixture was

N
\H 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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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.!! Therefore, the
development of efficient (especially asymmetric) methods
for the elaboration of epoxides is an important ongoing
challenge.”! 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,P is less developed.™ 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.P 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.’! However, the reaction was
restricted to silylation (with TMSCIl; 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[” 81 —electrophile trapping, at an epoxide functionality
fused to eight- and seven-membered rings.
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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,®! in the absence of a diamine, the

involving cycloheptene oxide (6) yielded the corresponding
functionalized epoxides rac-7a (54%) and rac-7b (52%;
Scheme 2).

sBuLi, TMEDA Li E H OH
Et,0, -90 °C o E* :
(¢} (¢} o +
a
1 1-Li rac-2a—j rac-3

Scheme 1. Lithiation—electrophile trapping of cyclooctene oxide (1). a) E=D, 98 %
(using CD;0D); b) E=PhCH(OH) (d.r. 1:1°!) 80% (using PhCHO); ¢) E =PhCO,
56% (using PhCONMe,); d) E=EtCH(OH), 48% (using EtCHO); e) E=Et,
C(OH), 60 % (using Et,CO); f) E = EtCO, 45 % (using EtCONMe,); g) E = EtOCO,
40% (using EtOCOCI, 10 equiv); h) E=Bu;Sn, 56 % (using Bu;SnCl); i) E = Me;Si,
38% (using Me;SiCl insitu), 60% (using Me;SiCl insitu and 3,7-dibutyl-3,7-
diazabicyclo[3.3.1]nonane (DBB)!' as ligand); j) E =Me, 60 % (using Mel).

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).'”l 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
TMSCI in situ) were successful, albeit in low yields
(30% and 18 %, respectively).

As previous studies carried out in this laboratory

deprotonation of 1 by sBuLi (2.45 equiv) in Et,0 at —90°C
proceeded sluggishly. A reaction time of 1h, followed by
addition of CD;0D, 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)® 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 41l leading to rac-5a (84%) and rac-5b
(85%; Scheme 2). Using DBB as the ligand, the reaction

TBSO TBSO E
(o} (o}
TBSO TBSO

4 rac-5a E = PhCO

rac-5b E = PhCH(OH)
(e
6

l) sBuLi, Bu-N g N-Bu
Et,0, -90 °C

Scheme 2. Synthesis of substituted cyclooctene and cycloheptene oxides (4

and 6).

1) sBuLi, TMEDA
Et,0, -90 °C

2) electrophile

E

(%o

rac-7a E = EtCO
rac-7b E = Et,C(OH)

2) electrophile
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have shown that the use of a chiral, nonracemic

diamine (such as (—)-sparteine)!”) allows asymmetric
deprotonation —rearrangement of epoxides,® 'l 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,® !l better ee values
were achieved when /PrLi 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,[*! 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

Table 1. Enantioselective electrophile trapping—symmetry breaking of
meso-epoxides.!]

o
1) sBuli, N =
; E &)
R Et,0, —90 °C R
O O
R@ 2) electrophile R@
Entry n R E Yield ee value
[%] [%]™)
1 1 H TMS 72 74
2 1 H SnBu, 60 79kl
3 1 H PhCH(OH) 80 76l
4 1 H PhCO 68 (77)k 77 (86)t!
5 1 H Et,C(OH) 75 (63)k] 77 (86)t!
6 1 H EtCH(OH) 74 76l
7 1 H EtCO 67 78
8 1 H EtOCO 58 81
9 1 OTBS PhCH(OH) 79 7714l
10 1 OTBS PhCO 84 741l
11 0 H Et,C(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.l® '] [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.’ [d] Determined after
MnO, 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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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 (1.4M,
2.5 mmol) in Et,0 (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 Et,O (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 H;PO, (0.5M, 25mL), the organic phase was washed with
saturated aqueous NaHCO; (25 mL) and brine (25 mL). The aqueous
layers were extracted twice with Et,O (25 mL) and the combined organic
phases were dried (MgSO,) and evaporated under reduced pressure.
Purification of the residue by column chromatography (SiO,, Et,O, petrol)
gave the substituted epoxide.
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Synthesis and Structural Characterization of
Organometallic Cyclynes: Novel Nanoscale,
Carbon-Rich Topologies**
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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 m perimeters, graph-
diyne segments, dehydroannulenes, and cyclophane deriva-
tives.'"”l Carbon-rich organometallic compounds are less
explored than their organic counterparts, a tribute to the
considerably increased effort in their synthetic access.['*4
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,[’] a feature that is often elusive for their organic
counterparts.

Herein we report the synthesis and structural character-
ization of three novel organometallic cyclynes!'®! with an
expanded bicyclo[1.1.0]butane (A) and a [2.1.0.0'*]pentane
(B) topology. In these structures, the C—C single bonds of the

1O

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,'¥ and
the conversion of aldehydes into alkynes by the Ohira
method.['3]

Pd-catalyzed coupling of 10l 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
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C4Hg 7

Scheme 1. a) [Pd{P(o-tolyl;)},], Cul, NEt;, THF, 24°C, 12 h; b) p-toluenesulfonic acid,
THEF, 24°C, 12 h; ¢) K,CO;, 24°C, 8 h; d) [Pd(PPh;),CL,], Cul, piperidine, THF, 24°C, 12 h;

e) Bu,NF, THF, 24°C, 1 h; f) Cu(OAc),, CH;CN, 80°C, 8 h.

[Pd{P(o-tolyl)s},]*"! with THF as cosol-
vent['®l is capable of coupling 1 to 2a.
The coupling product 3 was deketalized
and treated with the Ohira-Seyferth
reagent CH;C=OCN,P=0(OMe),™ to
give the pentayne 4 in 81% yield.
Coupling of 4 to 5 furnishes 6 in 70 %
yield. Desilylation of 6 proceeds with
Bu,NF 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 Sa
under Pd catalysis (Scheme 2) to furnish
9 in 79% yield. Deketalization with
para-toluenesulfonic acid (TsOH) fol-
lowed by Ohira alkynylation™! 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

iodide 2b experiences as a consequence of being
positioned between two alkyne substituents. De-
protection of 11 and a double cyclization using
Cu(OAc), in acetonitrilel’* 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 Sb gave 14 in 59 % yield. Deprotection by
TsOH and conversion of the two aldehyde groups
into alkyne units proceeded under standard con-
ditions!™ 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
Bu,NF 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

b, c

o]
W
MeO-P
MeO

result of the decreased reactivity the  Scheme 2. For reactants and conditions see Scheme 1.
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17,25 %

Scheme 3. For reactants and conditions see Scheme 1.

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[2.1.0.0"%]pentane 17 mandated their single-crystal
structure analysis.'’"'] 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.['> 2]

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.'>2% This effect may be
a consequence of the direct interconnection of the three
alkyne substituents by a network of cyclyne rings.
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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.?!l 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 m 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.l™ 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)
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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.

Figure 3. a) ORTEP representation of 17. b) Side-view ORTEP represen-
tation of 17. Substituents are removed for clarity.
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(4]

[5

[

6

)

[7

—

(8]

]
[10]

(1]

compared to the structure of the butterfly-shaped
18.1% 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),-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.?> %!

Received: February 20, 2002 [Z18746]

[1] M. D. Watson, A. Fechtenkétter, K. Miillen, Chem.
Rev. 2001, 101, 1267; A.J. Berresheim, M. Miiller, K.
Miillen, Chem. Rev. 1999, 99, 1747, S. Ito, P. T. Herwig,
T. Bohme, J. P. Rabe, W. Rettig, K. Miillen, J. Am.
Chem. Soc. 2000, 122, 7698; F. Dotz, J. D. Brand, S. Ito,
L. Gherghel, K. Miillen, J. Am. Chem. Soc. 2000, 122,
7707; T. Weil, U. M. Wiesler, A. Herrmann, R. Bauer,
J. Hofkens, F. C. De Schryver, K. Miillen, J. Am. Chem.
Soc. 2001, 723, 8101.

R. Diercks, J. C. Armstrong, R. Boese, K. P. C. Voll-
hardt, Angew. Chem. 1986, 98, 270; Angew. Chem. Int.
Ed. Engl. 1986, 25,268; P. 1. Dosa, C. Erben, V. S. Iyer,
K. P. C. Vollhardt, I. M. Wasser, J. Am. Chem. Soc. 1999, 121, 10430;
R. Boese, A.J. Matzger, K. P. C. Vollhardt, J. Am. Chem. Soc. 1997,
119,2052.

R. Dembinski, T. Bartik, B. Bartik, M. Jaeger, J. A. Gladysz, J. Am.
Chem. Soc. 2000, 122, 810.

C. Kosinski, A. Hirsch, F. W. Heinemann, F. Hampel, Eur. J. Org.
Chem. 2001, 3879; B. Leibrock, O. Vostrowsky, A. Hirsch, Eur. J. Org.
Chem. 2001, 4401; G. Schermann, T. Grosser, F. Hampel, A. Hirsch,
Chem. Eur. J. 1997, 3, 1105.

Y. Rubin, T. C. Parker, S. J. Pastor, S. Jalisatgi, C. Boulle, C. L. Wilkins,
Angew. Chem. 1998, 110, 1353; Angew. Chem. Int. Ed. 1998, 37, 1226,
N. Jux, K. Holczer, Y. Rubin, Angew. Chem. 1996, 108, 2031; Angew.
Chem. Int. Ed. Engl. 1996, 35, 1986.

For an excellent review, see M. M. Haley, J. J. Pak, S. C. Brand, Top.
Curr. Chem. 1999, 201, 82; W. B. Wan, S. C. Brand, J. J. Pak, M. M.
Haley, Chem. Eur. J. 2000, 6,2044; M. M. Haley, S. C. Brand, J. J. Pak,
Angew. Chem. 1997, 109, 864; Angew. Chem. Int. Ed. Engl. 1997, 36,
836; J. J. Pak, T. J. R. Weakley, M. M. Haley, Organometallics 1997, 16,
4505.

F. Diederich, Nature 1994, 369, 199; F. Diederich, Y. Rubin, Angew.
Chem. 1992, 104, 1123; Angew. Chem. Int. Ed. Engl. 1992, 31, 1101;
J. D. Tovar, N. Jux, T. Jarrosson, S. I. Khan, Y. Rubin, J. Org. Chem.
1997, 62, 3432.

G. J. Palmer, S. R. Parkin, J. E. Anthony, Angew. Chem. 2001, 113,
2577; Angew. Chem. Int. Ed. 2001, 40, 2509.

Y. Tobe, K. Kubota, K. Naemura, J. Org. Chem. 1997, 62, 3430.

For an example of an organometallic cyclyne, see J. D. Bradshaw, L.
Guo, C. A. Tessier, W. J. Youngs, Organometallics 1996, 15, 2582.

G. Scholz, R. Gleiter, F. Rominger, Angew. Chem. 2001, 113, 2559;
Angew. Chem. Int. Ed. 2001, 40, 2477.

[2

—

Angew. Chem. Int. Ed. 2002, 41, No. 13 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4113-2381 $ 20.00+.50/0 2381



COMMUNICATIONS

[12] U.H.F. Bunz, Top. Curr. Chem. 1999, 201, 131; U. H. F. Bunz, Y.
Rubin, Y. Tobe, Chem. Soc. Rev. 1999, 107.

[13] M. Laskoski, G. Roidl, M. D. Smith, U. H. F Bunz, Angew. Chem.
2001, 713, 1508; Angew. Chem. Int. Ed. 2001, 40, 1460; M. Laskoski,
M. D. Smith, J. G. M. Morton, U. H. F. Bunz, J. Org. Chem. 2001, 66,
5174; U. H. F. Bunz, G. Roidl, M. Altmann, V. Enkelmann, K. D.
Shimizu, J. Am. Chem. Soc. 1999, 121, 10719.

[14] a) M. Laskoski, J. G. M. Morton, M. D. Smith, U. H. F. Bunz, Chem.
Commun. 2001, 2590; b) for the active catalyst [Pd{P(o-tolyl)},], see
F. Paul, J. Patt, J. F. Hartwig, Organometallics 1995, 14, 3030.

[15] a) S. Ohira, Synth. Lett. 1989, 19, 561; S. Miiller, B. Liepold, G. J. Roth,
H. J. Bestmann, Synlett 1996, 521; D. F. Taber, Y. Wang, J. Am. Chem.
Soc. 1997, 119, 22 b) for the diazophosphonate, see D. Seyferth, R. S.
Marmor, P. Hilbert, J. Org. Chem. 1971, 36, 1379; D. G. Brown, E. J.
Velthuisen, J. R. Commerford, R. G. Brisbois, T. R. Hoye, J. Org.
Chem. 1996, 61, 2540; c) the most efficient alkyne —alkyne coupling
reaction we have utilized so far has been developed by: F. Vogtle, R.
Berscheid, Synthesis 1992, 58; P. Siemsen, R.C. Livingston, F.
Diederich, Angew. Chem. 2000, 112, 2740; Angew. Chem. Int. Ed.
2000 39, 2633.

[16] M. M. Haley, personal communication on related transformations.

[17] For details of X-ray crystallography on 7,12, and 17 see the Supporting
Information. Crystal data for 7: Cs;H;,Co, M,=708.74, triclinic, P-1,
a=10.9507(8), b=12.1458(8), c=15.4401(11) A, «=86.981(1), f=
79.657(1), y =65.458(1)°, V=18372(2) A3, Z=2, poea=1.281 gecm=.
20, = 50.2°; 15359 reflections collected, 6532 independent, 5052 with
I>20(I). No absorption correction (u=0.50 mm™). R1, wR2 (I>
20(1)) =0.0416, 0.814, respectively.

[18] Crystal data for 12: Cs;HssFe-0.25 CH,Cl,, M,=725.88, hexagonal,
P6;, a=27174(2), ¢=9.1170(7) A, V=5830.4(7) A3, Z=6, peea=
1.240 gem=3. 26,,,,=48.2°; 22326 reflections collected, 5788 inde-
pendent, 4316 with />20(I). No absorption correction applied (u=
046 mm™). R1, wR2 (I> 20(I))=0.0623, 0.1231, respectively;
GOF =1.013. 509 parameters refined, 4 restraints (disordered CH,Cl,
solvent).

[19] Crystal data for 17: C4HsyCo, M,=939.03, monoclinic, P2,/n, a=
10.568(1), b=35490(4), c=15.132(2) A, p=102215(3)°, V=
5547.0(11) A3, Z=14, peuea=1.124 gcm=3. 26,,,, = 45.1°; 21290 reflec-
tions collected, 7278 independent, 3104 with /> 20(I). No absorption
correction (©=0.35mm™"). R1, wR2 (I>20(1))=0.1098, 0.2544,
repectively; GOF = 1.008. 605 parameters refined. Molecular disorder
corresponding to a 90° rotation around the Co - Cpeenroia VECLOT is
present, but could not be modeled as a result of the small fraction
(<10%).

[20] U. H. F. Bunz, V. Enkelmann, Organometallics 1994, 13, 3823.

[21] W. Jentzen, M. C. Simpson, J. D. Hobbs, X. Song, T. Ema, N.Y.
Nelson, C.J. Medforth, K. M. Smith, M. Veyrat, M. Mazzanti, R.
Rammaseul, J. C. Marchon, T. Takeuchi, W.A. Goddard, J. A.
Shellnutt, J. Am. Chem. Soc. 1995, 117, 11085.

[22] For an example of a hexagonal fenestrane geometry, see W. B. Wan,
M. M. Haley, J. Org. Chem. 2001, 66, 3893.

[23] For examples of planar carbon and bona fide fenestrane geometries in
organic and organometallic chemistry, see D. Rottgers, G. Erker, R.
Frohlich, M. Grehl, S. J. Silvero, I. Hyla-Kryspin, R. Gleiter, J. Am.
Chem. Soc. 1995, 117, 10503; M. Thommen, R. Keese, Synlett 1997,
231; D. Kuck, A. Schuster, R. A. Krause J. Org. Chem. 1991, 56, 3472;
S. Grimme, J. Am. Chem. Soc. 1996, 118, 1529; D. Kuck, Chem. Ber.
1994, 127, 409.

2382

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

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, René 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 O?~ or OH"), and organic skeletons. This “oxygen
encapsulation” phenomenonl 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® 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 (NM'NM?), rings (e.g. 1) R\ 5
which act as square-planar tetrametal- Mg/N\M

lic hosts for the encapsulation of a R, /" \ 4R
single anion (either O?>~ or (0,)*). R'N\ /O\ N
Herein we describe a “super” variant M\N M

to these simple, two-dimensional in- A
verse crown ethers in a new class of

heterobimetallic amide, the novel 1

three-dimensional cage construction

of which includes multiple O*~ encapsulation. Moreover we

have traced the source of encapsulated O*  ions, often a

matter of puzzlement in examples reported previously, to the

cleavage of THF solvent molecules used in the reaction.
Originally we set out to synthesize hypothetical

[Na,Mg,(tmp),(0),(0,),], the missing entry in the series of
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known inverse crown ethers [Li,Mg,(hmds),(O),(O,),],
[Li,Mg,(tmp),0], and [Na,Mg,(hmds),(O),(O,),].?! This was
approached using the standard “synergic” metal amide
mixture (3tmpH:1n#BuNa:1Bu,Mg) 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)}s] (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),. By
yielding [{NaMg(NiPr,)(O)(thf)}¢] (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 Sq
symmetry, the molecular structure of 3P (Figure 1) is hex-

Figure 1. Molecular structure of 3 (atoms drawn as 35% probability
ellipsoids; hydrogen atoms omitted for clarity).

americ. Its (MgO), core (Figure 2) comprises two stacked
(MgO); 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
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Figure 2. Inorganic core of 3 (atoms drawn as 40 % probability ellipsoids).

molecular (MgO), cage. While tetrameric (MgO), cubanes
exist (e.g., in the alkoxide [(CpMgOEt),]*), hitherto hex-
americ cages have only been identified with organoele-
ment ligands isoelectronic to O>~ such as imides (e.g., in
[{(thf)MgN(Ph)}s]®)) or phosphanediides (e.g., in [{MgP-
(SitBuy)}e]!). There is also a recent report of an odd
hexanuclear magnesium diisopropylcarbamato structure
with a single encapsulated u,-bonding O?  ion in [Mg-
(O,CNiPr,)((0)]." The structure of 3 follows the pattern
running through the whole inverse crown family: the encap-
sulated “guest” (here O? : elsewhere, 02 ;2 H-;18l Ar—;2
Ar? ;2 [(CsH;),Fe]* ) 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) A),
the Mg—O bond lengths in 3 cannot be compared with their
counterparts in [Na,Mg,(hmds),(O,),(0),]? due to the lat-
ter’s contamination with peroxide. The metal —N(diisopro-
pylamide) bond lengths in 3 (for Mg, 2.1324(16) A; for Na,
2.4040(18) A) are similar with those in the hydride-encapsu-
lated inverse crown 4 (2.0651(18) and
2.4807(18) A respectively).®l As expect-

ed there is a substantial difference in the "'-N ““““ Na"'N/, "

Na—O bond lengths in 3 reflecting the P\ P P

anionic/dative distinction between the O /q KN \g Pr

centers involved (ie., for O, Pr;}N\N - / o
irr

2.1402(15) A; for THF, 2.2689(18) A).
In view of the nature of the cages of
the structures of 2 and 3, strictly they 4
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(R,)]O” mon-
omeric subunits, clearly places them within the developing
framework of inverse crown chemistry.
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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,l'% so the origin of the O? 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 a-
position, before undergoing a [nds+n2s] cycloreversion to
afford enolate “CH,=CH—O~" and ethylene.['!] There are also
precedents for THF fragmentation leading to M-O-M bridges
in organolanthanide chemistry,'?l and to O?- in other metall"*!
and metalloidall' 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, Bu,Mg, 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.
'H NMR (400.13 MHz, [D4]DMSO, 300 K): 2: 6 =3.60 (m, 4H; CH,O-
THF), 1.76 (m, 4H; CH,-THF), 1.57 (m, 2H; y-CH,), 1.23 (m, 4H; -CH,),
1.02 ppm (s, 12H; CH;); '"H NMR (400.13 MHz, [Dg]toluene, 300 K) 3: 6 =
3.35 (m, 4H; CH,0O-THF), 3.26 (septet, 2H; CH), 1.33 (m, 4H; CH,-THF),
1.20 ppm (d, 12H; CHj).
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A Unique Bismuth -Iron Chain Polymer
Containing the - - -Bi-Fe- .-+ Link: Formation
and Structure of [nBuBiFe(CO),]. **

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.l'l Nevertheless, this approach has
received little attention in the field of organobismuth —tran-
sition-metal complexes;? such complexes are of great im-
portance mainly due to their potential applications as
catalysts in olefin oxidation and ammoxidation® and as
precursors to a variety of electronic materials.[) Bismuth has
been shown to form the polymer [Et,Bi(OAr)],, in which the
alkoxide ligand bridges the Et,Bi groups giving a helical chain
with no direct Bi—Bi interaction.’”! For the Bi-Fe-CO system,
the polymer [{PhCH,NMe;}(u-H)Fe,(CO)Bi,(u-Cl),}].. was
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shown to possess “Bi,Fe,” tetrahedral units connected by a
chloride ligand, leading to an infinitive chain but without a
continuous - ---Bi-Fe- -+ interaction.l! 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),],, (1), which
contains the unique zigzag - ---Bi-Fe---- chain.

In the preparation of the ring complex [{nBuBiFe(CO),},]
(2) from the reaction of [Et,N[;[Bi{Fe(CO),},] with nBuBr in
MeCN followed by acidification,/”! we found that ultrasoni-
cation of 2 led to the formation of the polymeric product
[nBuBiFe(CO),]., (1). An X-ray structure analysis of crystals
of 1 revealed an unusual mixed-metal chain polymer which
is composed of the nBuBiFe(CO), 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 [A] 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 11is the zigzag - -- -Bi-Fe-Bi-Fe- --- chain with
alternating short (2.771(5) A) and long (2.849(5) A) 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 frans position and the
Fe(CO), 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 A, which is within their van der
Waals contact (i.e., 3.4 A)P 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),] derived from the
ionic complex [nBuBi{Fe(CO),};]*~,["! the polymer 1 can be
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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 1 were 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 [R,Bi,Fe,(CO)g],” [Et,N][Bi-
Fe;(CO)y), and [Et,N],[Bi,Fe,(CO),5].'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);Cp},]." 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) A). 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) A is similar to those
in [Me,Bi,Fe,(CO)s] (2.28(1) A)13 and [iBu,Bi,Fe,(CO)4
(2.29 (1) A).ll The C—C distances in 1 are in the range of
1.51(2)-1.52(2) A, which are comparable to those in the
related complex [(iBu),BiFe,(CO)s].l'1 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 (3mL, 27.94 mmol) was added dropwise to a sample of
[Et,N];[Bi{Fe(CO),},] (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
HOACc 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).”! 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),],, (1). Yield: 0.28 g.
IR (nujol): 7o =2034 (s), 1998 (w), 1983 cm™! (s, br); m.p. 71 °C; elemental
analysis (%) calcd for [nBuBiFe(CO),]..: 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),[O,CC(OH)Ph,]};,]: 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.['l For example, theories developed for
analyzing magnetically coupled ring systems have been
extensively applied to calculate the thermodynamic proper-
ties of 1D materials.”l 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(i)P-! and hexa-
manganese (1) complexes with cyclic MyO, cores can easily
accommodate Li* and Na* ions, both in the solid state and in
solution, whereas Cs* ions require larger rings, such as
MO,

Metal rings have excited mankind since mythological
times.”l The largest cyclic structure containing exclusively
paramagnetic 3d metals is the Ni}, wheel reported by
Winpenny and co-workers,®l which is approximately an order
of magnitude smaller that the giant wheels constructed from
molybdate fragments by the Miiller group;® a Nil}, wheel is
also known.""! Large, cyclic, polymetallic arrangements of
other 3d metals, either unsupported or supported (by ions or
molecules as guests), have been found for chromium(im),!'!
manganese (i), iron(ir),™ iron(m),!> 4 cobalt(ir),” and
copper (tr).['!

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),(O,CCH,Cl)}, ] [{Fe-
(OMe),(0,CMe)} ]! [{Fe(OMe),L},o]41  where L~ s
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the monoanion of 3-(4-methylbenzoyl)propionic acid,
[{Fe(OMe),(dbm)},,] [ where dbm™ is the dibenzoylmetha-
nato ligand, and [{Fe(OH)(XDK)Fe,(OMe),(O,CMe),}] [
where XDK?~ is the ion of m-xylylenediamine bis(Kemp’s
triacid imide). All three Fell wheels contain chemically
equivalent (u-O,CR)(u-OMe), units, while the Fel} wheel
contains chemically equivalent (u-OMe), units. The repeating
unit in the Fel{ cluster, known as the molecular 18-wheeler,
comprises a (u-hydroxo)bis(u-carboxylato)diiron(iir) moiety
linked by an acetate and two methoxide ions to a third iron(111)
atom; an acetate and two additional methoxide ligands on this
iron center form bridges to the next trinuclear repeating unit
in the cluster.['%

The family of ferric wheels with the (u-O,CR)(u-OR’), unit
is restricted to decanuclear complexes.'**<] 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!®! that it is not
possible to generate a large 3d-metal wheel with only one type
of bridging interaction. For example, while Felll wheels can be
accurately described as [{Fe(OMe),(O,CR)};;] (R=Me,
CH,CI, CH,CH,C(O)C,HMe) and Cr" wheels!'l can be
described as [{CrX(O,CR))] (X=F, R=CMe;; X=0H,
R =Ph), such a description as an oligomer of a mononuclear
fragment is not accurate for larger wheels. For both the
Fell 14l and Nil,®l 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'),(O,CR)},] family of
ferric wheels. Since it has been recently pointed out!® 1°) 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(NOs);-9H,O with benzilic acid,
Ph,C(OH)COOH, in MeOH under reflux at pH~4 gave a
microcrystalline solid. Diffusion of Et,O into the yellow
methanolic filtrate resulted in yellow crystals of [{Fe(O-
Me),[0,CC(OH)Ph,]};,] - 2H,0 - Et,0 (1-2H,0-Et,0)
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!'”l showed complex 1 to
be a dodecanuclear ferric wheel. The molecular structure
(Figure 1) consists of a centrosymmetric ring of twelve Fe!
atoms held together by twenty-four u,-methoxide ligands and
twelve 1,3-bridging carboxylate ligands. Each iron(i1) 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 A from the best least-squares
plane through them. In contrast, in the cyclic dodecanuclear
compound [{Fe(OMe),(dbm)},,],*!l which contains bis(u-
methoxo) units, the ring defined by the iron(i) 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(i)) centers through the hydroxyl
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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 [A]: Fe--Fe=3.013(1)-
11.634(1),  Fe-Opemnoro = 1.962(5)-1.990(5),  Fe-Opyuponyiaie = 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 1is shown in
Figure 2. The methoxo lig-
ands are arranged above
and below the ring defined
by the iron(ii) 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 A), while those of the
second group are arranged
above and below the metal
ring (average displacement
of the carboxylate oxygen
atoms: 2.35 A) in an alternat-
ing fashion between the car-

Figure 2. ORTEP diagram of a

boxylate groups belonging to
the first group.

The closest Fe --- Fe distan-
ces are almost identical in 1

side view of 1. Empty bonds
show the arrangement of the
benzilate(— 1) ligands with respect
to the mean plane of the iron(ii)
atoms (larger empty circles).
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ranging from 3.013 to

3.030 A, very similar to those found in [{Fe(OMe),-
(0O,CCH, ()}, (average value: 3.028 A) and shorter than
the distances found' in [{Fe(OMe),(dbm)};,] (average
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value: 3.136 A). The ring size in 1, calculated by averaging the
distances between iron(iir) atoms on opposite sides of the ring
is 11.41 A, larger than the 9.80 and 10.34 A values found in
[{Fe(OMe),(0,CCH,CD},]* and [{Fe(OMe),(dbm)};,] 11
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),(dbm)},, ]I (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),(dbm)},,].l The small family of the
dodecanuclear iron clusters with exclusively O ligation also
includes two Fe§'Fel!' oxo/carboxylate complexes;[!%2®l these
two clusters do not have cyclic structures.

The Mossbauer 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~' (referenced
versus iron foil at room temperature) and a quadrupole

Al % 99.27

98.8

98.4

-2 -1 0 1 2

V/mm s

Figure 3. Mossbauer 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~. The isomer-shift value is within the
range expected for high-spin iron(im) centers in a non-sulfur
environment.'”) The AEg value indicates a slightly unsym-
metrical electric field, consistent with the variations in Fe—O
bond distances revealed by the X-ray investigations.'”! The
width at half height is 0.15(1) mms~.

The magnetic susceptibility of 1 is indicative of antiferro-
magnetic interactions between the high-spin iron(it) 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~' and g=2.00 (H =JZ;S;S,).”" The depar-
tures from the calculated behavior at low temperature arise
from a small percentage of paramagnetic impurity. For a ring
of Nions, an energy gap AE~4J/IN=3.6cm™ 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(it) complexes with similar Fe-O-Fe angles.['#

In conclusion, the molecular architecture of 1 underscores
the ability of synthetic chemistry to enrich our world with
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Figure 4. Magnetic susceptibility measurements of 1 in the range 2-300 K

at 0.1 T applied magnetic field; (@) refer to yy7, stars to y, —— represent
the best fit to the data.

objects of beauty.”?! The self-assembly of this complex
provides further evidence for the tendency of metal ions
linked by alkoxo/hydroxo ligands and syn,syn n?-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 1is 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"),(O,CR)},] 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.[®!

Experimental Section

Solid Ph,C(OH)COOH (0.23 g, 1.0 mmol) was dissolved in a stirred
solution of Fe(NOs);-9H,0 (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 Et,0 (not added to the
filtrate) and dried in vacuum, yield 48 %; elemental analysis calcd (%) for
Ci9,Hy04O4Fe, (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 Et,O; the
formulation 1-2H,0-Et,0 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 T and 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 Mossbauer spectrum of microcrystalline
1 was measured at room temperature by a conventional constant-
acceleration spectrometer equipped with a y-ray source of ¥Co in Rh;
isomer shifts were referenced versus a thin a-iron foil at room temperature.
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Poly(p-phenylenephosphaalkene):
A m-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.!l Subse-
quently, the synthesis, structures, and reactivity of numerous
low-coordinate molecules has received extensive study and
continues to attract considerable attention.?! Despite current
interest in the preparation of organic macromolecules pos-
sessing m-conjugated backbones,! to our knowledge, the
incorporation of heavy-element multiple bonds into a -
conjugated polymer is unprecedented.[* > Furthermore, the
incorporation of inorganic elements into the polymer back-
bone is synthetically challenging and often results in materials
with unique properties.’! Therefore, the development of
methods to prepare m-conjugated polymers containing heav-
ier main-group (p—p) & bonds is of fundamental interest, and
may ultimately lead to materials with novel properties.” The
poly(p-phenylenevinylene)s (PPVs) are an exciting class of
luminescent organic macromolecules containing C=C bonds
which pose many synthetic challen-
ges.B2< 81 However, the possible incor-

H
poration of other stable multiple e
bonds, such as the well-established \?
P=C moiety,”! into the PPV structure H In

has not been explored.l'”) Herein, we PPV
report the synthesis and characteriza-

tion of a poly(p-phenylenephosphaalkene), a m-conjugated
macromolecule containing phosphorus(ii) —carbon double
bonds in the polymer backbone.

An elegant and general route to phosphorus(ii)—carbon
double bonds involves the rapid and thermodynamically
favorable [1,3]-silatropic rearrangement of an acylphosphane
to a phosphaalkene (Scheme 1).['¥) From a preparative stand-
point, this method is probably the most convenient and
versatile route to phosphaalkenes with minimal steric pro-
tection."!! 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(SiMe;), at 50°C for several days. Analysis of the reaction
mixture by *P NMR spectroscopy showed only two signals

[*] Prof. D. P. Gates, V. A. Wright
Department of Chemistry
University of British Columbia
2036 Main Mall, Vancouver, BC, V6T 1Z1 (Canada)
Fax: (+1)604-822-2847
E-mail: dgates@chem.ubc.ca

[**] We thank the Natural Sciences and Engineering Research Council
(NSERC) of Canada and the University of British Columbia for
support of this work, and Prof. M. Wolf for the use of UV/Vis and IR
equipment.

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

1433-7851/02/4113-2389 $ 20.00+.50/0 2389



COMMUNICATIONS

Me - Me, .
OSiMe, PhwPy OSiMe,
Me C. c o

PwPh MeSSiO P ~Ph
Me
1 2

Me, )
Py OSiMe,
/c C\‘
Me,Si0 P
n
3
Me,
Q 0
c c
/ \
cl cl
4 85°C
+
- 2 Me,SiCl
(MeSSi)zP—@ P(SiMe,),
5

Scheme 1. The [1,3]-silatropic rearrangement of an acylphosphane to a
phosphaalkene.

(0=149.2, 54% and 134.0, 46 %), assigned to the E and
Zisomers 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 ;'
furthermore, there are only two previous reports of bis(phos-
phaalkene)s prepared through [1,3]-silatropic rearrange-
ment.['®> 121 Thus, we set out to prepare 2 from a concentrated
solution of PhP(SiMe;), (2 equiv) and 4 in THF and hexanes.
After several days of heating and monitoring by 3P NMR
spectroscopy, the PhP(SiMe;), was completely consumed, and
pure 2 (yield, 42 %) was isolated as a colorless powder from a
concentrated hexanes solution (—35°C). Unexpectedly, the
3'P NMR spectrum of 2 in CDCIl; shows eight resonances
distributed over the regions expected for E- (44 %) and Z-
phosphaalkene (56%) isomers. In addition, there were six
resolved signals for OSiMe; groups in the 'H NMR spectrum.
Four signals are expected for the three possible isomers (E,E;
E.Z; Z,7), 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 § was prepared by treating
1,4-diphosphanobenzene!’®! with MeLi (4 equiv) in diethyl
ether followed by addition of Me;SiCl (4 equiv).l'l 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

2390 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

highly viscous and yellow.'’] 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
(vield, 35 %) was dissolved in C;D4 and analyzed by 3P NMR
spectroscopy, which showed broad overlapping signals for the
E and Zisomers in 3 and for the polymer end groups (see
Figure 1).') The Si NMR (DEPT) spectrum exhibited three
signals (6 =21 and 18, 3 (OSiMe;); 1.4 ppm (d), 3 P(SiMe;),
end groups) with the signals arising from OSiMe; groups in 3
showing similar chemical shifts to those in 1 (6=21.3,
18.2 ppm).

- 1
180 100 50 O 50 -100 -150

-« O/ppm

Figure 1. 3'P NMR spectrum (C,Dy) of 3 (trial 2) after precipitation with
hexanes.

An estimate of the molecular weight (M,) of several
samples was obtained from relative integration of the
3P NMR signals for P(SiMe;), end groups and P=C units.['"]
The results are shown in Table 1; samples of 3 had moderate
degrees of polymerization (X, n in 3) between 5 and 21, not

Table 1. Selected characterization data for 1, 2, and 3.

Compound Loolym X M¥ UV/Vis ZIE
(h] [gmol™] Amax [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

* M, and X, were estimated using end-group analysis (see ref. [17]).

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 *C NMR spectrum exhibited resonances
consistent with the assigned structure and, importantly, broad
signals for the C=P moiety were detected at 6 =212 and
198 ppm. The infrared spectra of films of 3 were remarkably
similar to those for 1, 2, and other analogous phosphaal-
kenes.''al 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. 10-5M) by using UV/
Vis spectroscopy. Few detailed UV/Vis studies have been
conducted on phosphaalkenes,['?> 8] although there are two
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possible chromophores; (n—x*) and (;t—m*). Typical spectra
for the polymer (3) and model compounds (1 and 2) are
shown in Figure 2. Broad absorbances were observed for 1
(Amax=310nm) and 2 (4,,.,,=314 nm). Analysis of poly(p-
phenylenephosphaalkene) (3) revealed a broad absorbance
(Amax=328-338 nm) and a tail stretching into the visible

225 275 325 a7s 425 475

A/ nm
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 s-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 C;Me, groups in 3.1 2]
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)),?"! and/or the polydispersity of the material. Further
studies are necessary to confirm the extent of m-conjugation
in 3.

In summary, we have prepared and characterized the first
m-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 Zisomers 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 *'P NMR spectrum.['!:2!]

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 3'P 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: P NMR (121.5 MHz,
CsDg): 0=149.2 (s, 54%, E-1), 134.0 ppm (s, 46%, Z-1); '"HNMR
(400.1 MHz, CDClLy): E-1: 6 =713-7.01 (m, 5H; o, m, p-Ph), 6.73 (s, 2H;
m-Mes), 2.20 (s, 9H; o, p-CHj;), 0.42 ppm (s, 9H; OSi(CH;);), Z-1: 6 =779
(m, 2H; 0-Ph), 7.35 (m, 3H; m, p-Ph), 6.91 (s, 2H; m-Mes), 2.48 (s, 6 H; o-

Angew. Chem. Int. Ed. 2002, 41, No. 13

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

CHs;), 2.32 (s, 3H; p-CH;), —0.05 ppm (s, 9H; OSi(CHj;);); *C NMR
(CDCl;, 100.6 MHz): E-1: 6 =197.3 (d, 'J (C,P) =49 Hz; C=P), 138.5 (d, '/
(C,P) =39 Hz; i-Ph), 138.0 (d, 2/ (C,P) =9 Hz; i-Mes), 1374 (s; p-Mes),
134.2 (d,3J (C,P) =5 Hz; 0-Mes), 133.0 (d, %/ (C,P) =13 Hz; 0-Ph), 128.0 (s;
m-Mes), 1277 (d, 3 (C,P) =6 Hz; m-Ph), 127.5 (s; p-Ph), 21.0 (s; p-CHj),
19.9 (s; 0-CH3;), 0.3-0.1 ppm (m; OSi(CHs;);), Z-1: 6 =210.2 (d, 'J (C,P) =
41 Hz; C=P), 139.5 (d, 'J (C,P) =44 Hz; i-Ph), 138.1 (s; p-Mes), 136.8 (d, %/
(C,P)=28 Hz; i-Mes), 136.5 (d, 3/ (C,P)=8Hz; o-Mes), 133.3 (d, 2J
(C,P) =13 Hz; 0-Ph), 128.4 (s; m-Mes), 128.1 (s; m-Ph), 127.5 (s; p-Ph), 21.1
(s; p-CHs3), 20.7 (s; 0-CHj), 0.3-0.1 ppm (m; OSi(CH;)5); *Si NMR (C¢Dj,
79.5 MHz): 6=21.3 (s), 182 ppm (s); UV/Vis (THF): 4., (¢) =310 nm
(6000); IR (neat): ¥ =2921 (m), 2853 (m), 1601 (w), 1456 (s), 1377 (m), 1252
(vs), 1187 (vs), 847 cm~! (s); MS (EL, 70 eV): m/z (% ): 330 (3), 329 (10), 328
(44) [M+], 253 (1), 252 (4), 251 (23) [M*—CHs], 148 (9), 147 (100)
[C1oH; O], 74 (5), 73 (72) [C3H,Si]; elemental analysis: C;,H,sOPSi: 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 *'P 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:
3P NMR (CDCl;, 121.5 MHz): 6 =155.2 (5, 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%); 'H NMR (CDCl;, 300.1 MHz): 6 =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-CH,), 0.38, 0.31,
0.30 (s; OSi(CH;);, Eisomers (44%)), —0.09, —0.10, —0.15 ppm (s;
OSi(CHs);, Z isomers (56%)); 3C NMR (CDCl;, 75.5 MHz,): 6 =211.8 (d,
\J (C,P)=44 Hz; C=P, Z-2), 198.6 (d, 'J (C,P) =49 Hz; C=P, E-2), 140~
137 (m; i-Ph and i-Ar), 134-132 (m; 0-Ph), 131-130 (m; 0-Ar), 128127
(m; m-Ph and p-Ph), 19-17 (m; Ar-CH,), 0.8-0.1 ppm (m; OSi(CH,););
UV/Vis (THF): A, (¢) =314 nm (28000); IR (neat): 7#=3052 (s), 2956
(vs), 2922 (sh), 1451 (sh), 1432 (s), 1251 (vs), 1192 (vs), 981 (s), 900 (sh),
854 cm™! (vs); MS (EL 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)SiMe;], 74 (9), 73
(100) [SiMe;]; 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 Me;SiCl 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 68 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, Me;SiCl 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: 3'P NMR (CDCl;; 121.5 MHz): 6 =157-149 (br m; E-3), 138 -
124 (br m; Z-3), — 137 ppm (br; P(SiMe;), 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. Si NMR (CDCl;, 79.5 MHz): 6 =21.7-20.5 (br m), 18.4-17.0
(br m), 1.4 ppm (d; 'J(Si, P)=26 Hz, end groups); 'HNMR (CDCl,,
400.1 MHz): 6=7.8-6.6 (br m; C¢H,), 2.5-2.1 (br m; C4(CH,),), 0.5-
—0.5ppm (br m; Si(CH3)3); *C NMR (CDCl;, 100.6 MHz): 6 =211.9 (br;
Z-C=P), 1979 (br; E-C=P), 142.0 (br; i-CsMe,), 139.1 (br; i-CsH,), 132.4,
130.2 (br; 0-C¢H,, 0-CiMe,), 18.6, 17.5 (br s; C4(CH;),), 0.7, 0.2 ppm (br s;
OSi(CHj;);); UV/Vis (see Table 1); IR (film): 7=2955 (m), 2921 (m), 2849
(m), 1252 (vs), 1187 (s), 846 cm™! (vs); elemental analysis: [C,,H3,0,P,-
Si,], + [Cy6Hy30,P,S1;Cl]: trial 1 caled (n=5) C 59.80, H 7.32, found C
59.89, H 7.26, trial 3 caled (n=12) C 60.43, H 7.28, C1 0.57, found C 60.27, H
7.39, C10.62, trial 4 caled (n =12) C 60.43, H 7.28, C1 0.57, found C 59.64, H
7.39, Cl1 1.10.
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A Reaction Pathway of [Fe(CO)s] with Alkynes
via Ferrabicyclobutenones**

Alexander C. Filippou* and Torsten Rosenauer

Dedicated to Professor Gottfried Huttner
on the occasion of his 65" birthday

Several studies have been carried out on the reactions of
[Fe(CO)s] with alkynes since the pioneering work of W.
Hiibel.! These reactions are complex and in general not
selective affording a plethora of organometallic complexes
and carbocycles.- 2 Common products are the tricarbonyl(z*-
cyclopentadienone)iron complexes,®! which have been widely
used in organic synthesis.”l The reactions of [Fe(CO)s] with
alkynes follow a dissociative pathway and need photochem-
ical or high thermal activation because of the large Fe—CO
bond dissociation energy.”! Along this reaction pathway
[Fe(CO),(r*-alkyne) ] complexes have been isolated as ther-
mally sensitive solids.’! The elementary steps for their
conversion into the products remain however unclear. Fol-
lowing our studies on diaminoacetylene complexesl”! we
present here the first example for an associative reaction of
[Fe(CO)s] with Me,N—C=C—NMe, 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)s] with Me,N—C=C—NMe, 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,

o (6]
C CO
+ Me,NC=CNMe,
Fe(CO Me;,N Fe
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(e}
1
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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).%° 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 (C1-01, C3-03) occupy the basal
coordination sites (Figure 1).'Y) 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 [A] 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) A) is considerably shorter
than the Fe—C; distance (Fe—C5 2.215(2) A) and compares
well with those of metallacyclic iron—carbene complexes.!!]
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) A) and the short
C5—C8 bond (1.400(4) A) an extensive m-electron delocaliza-
tion over the atoms Fe, C8, N2, and C5. The Cs-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) A) is intermedi-
ate in length between a C—N single (1.46 A) and C—N double
bond (1.27 A)."” 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™!, which are assigned to the »(C=0) and v(C;~C,=N)
vibrations, respectively. The BC{'H} NMR spectrum of 2
(CDCl;, 25°C) shows a single resonance for the carbonyl
ligands at 0=211.4 suggesting rapid intramolecular CO
scrambling and three signals at 6 =60.6, 216.4, and 223.1,
which by heteronuclear multiple bond correlation (HMBC)
were assigned to the f3-, a-, and acyl-carbon atom of the
ferrabicycle, respectively. Furthermore, the variable-temper-
ature 'H NMR spectra in CDCl; (206-298 K) show that
complex 2 is fluxional because of hindered rotation of the C;-
bonded amino group. The activation barrier AG* for the site
exchange of the methyl groups was calculated to be
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9.95 kcalmol™! (7,=215K, Av=152Hz). In comparison,
rotation of the C,bonded amino group is frozen even at
ambient temperature giving rise to two methyl proton
resonance signals at 0 = 3.33 and 3.59 (AG* > 14.4 kcalmol ).

The coordination geometry of complex 3 can be described
as distorted square pyramidal with two CO ligands (C3-0l1,
C4-02) and the alkyne carbon atoms occupying the basal
coordination sites (Figure 2).') 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 [A] 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), C,-Fe-C5 114.87 (C,, 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—03) away from the
alkyne moiety (C,-Fe-C5 114.87°, Figure 2). The short
Fe—C,jy bonds (1.844(3) and 1.845(3) A), the long
(C—C)apyne bond (1.375(4) A), the short C,uye—N bonds
(1.318(4) and 1.333(4) A), 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 mt-electron delocalization.”) 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~',
the downfield-shifted resonance signal for the alkyne carbon
atom at 0 = 193.8 ppm, and the hindered rotation of the amino
groups, which gives rise to two methyl resonance signals in the
'H and BC{'H} NMR spectra at —79°C (Table 1).["! Further-
more the BC{'H} NMR spectrum of 3 (—79°C) shows only
one carbonyl-carbon resonance at 6 =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.'! Thus,
treatment of 2 with Me,N—C=C—NMe, in THF at —50°C
affords selectively the yellow cyclopentadienone complex 4
(Scheme 2, Table 1), 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.> >4 Another example of the high reactivity of 2 is
the fast reaction with methyl isocyanide (MeNC) in THF at
—10°Ctoyield, after double isocyanide insertion, the very air-
sensitive, black 1,4-diaza-1,3-diene complex 5, in which

2394 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002
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Me,N—C=C—NMe,, 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).04
Complex 5 adopts a coordination geometry between trigonal
bipyramidal and square pyramidal, the carbonyl ligand
C7-03 being the pivot group (Figure 3).'7 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);] complexes.d]

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 [A] 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—Cbond cleavage reaction with CF;SO;H in CH,Cl, 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,C5N1,C8) and the plane of the iminium group
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Table 1. Selected analytical data of complexes 1-6.1

[Fe(CO)s): IR: 7=2019 (s), 1993 cm™! (vs) (v(C=0)).

1: IR (THF, —50°C): 7=2086 (w), 2034 (s), 2014 cm™! (vs) (»(C=0));
'H NMR ([Di|THF, —50°C, 300.1 MHz): 6=2.50 (s, 6H, C,;-NMe,),
3.39ppm (broad s, 6H, C,-NMe,); BC{'H} NMR ([Dg]THF, —50°C,
75.5 MHz): 6 =44.6 (C;-NMe,), 46.0 (broad s, C,-NMe,), 126.6 (Cp), 170.3,
172.0 (C=0, C,), 204.7 (1 x C=0), 208.2 (1 x C=0), 212.8 ppm (2 x C=0).
2: IR: 7 =2035 (vs), 1963 (vs, sh), 1955 (vs) (v(C=0)), 1733 (m) (v(C=0)),
1632 cm™! (m) (»(C=C=N)); 'HNMR (CDCl;): 6 =2.08 (s, 6 H, C;-NMe,),
3.33(s,3H, C,-NMe,), 3.59 ppm (s, 3H, C,-NMey); *C{'H} NMR (CDCL):
0=40.4 (C4-NMe,), 43.8 (C,-NMe,), 46.6 (C,-NMey), 60.6 (Cs), 211.4 (3 x
C=0), 216.4 (C,), 223.1 ppm (C=0).

3: yield 95%, red solid, m.p. 71°C. IR: #=2011 (s), 1927 (vs) (v(C=0)),
1698 cm™' (m) (v(N=C=C=N)); 'H NMR ([Dg]toluene, —79°C): 6 =1.93
(s, 6H, 2 x NMe,), 2.95 ppm (s, 6H, 2 x NMeg); BC{'H} NMR ([Dg]tol-
uene, —79°C): 6=45.1 (2 xNMe,), 47.1 (2 x NMeg), 193.8 (2 X Cyyne)-
220.5 ppm (3 x C=0).

4: yield 89%, yellow solid, m.p. 101°C. IR: #=2030 (s), 1959 (vs)
(v(C=0)), 1638 cm™! (m) (»(C=0)); 'H NMR (CDCl;): 6 =2.74 (s, 12H,
2 x NMe,), 2.79 ppm (s, 12H, 2 x NMe,); *C{'H} NMR (CDCl;): 6 =41.8
(2 x NMe,), 43.8 (2 x NMe,), 97.9 (2 x C-NMe,), 108.8 (2 x C-NMe,), 159.4
(C=0), 211.6 ppm (3 x C=0).

5:yield 78 %, black solid, m.p. 93 °C (decomp.). IR: 7 =2015 (vs), 1941 (vs)
(»(C=0)), 1670 (m), 1565 (m), 1533 (w), 1505 cm™! (m) (v(C=0), v(C=C),
v(C=N)); '"H NMR (C¢Dy): 0 =2.03 (s, 6H, NMe,), 2.51 (s, 6H, NMe,), 3.54
(s, 3H, NMe), 3.97 ppm (s, 3H, NMe); BC{'H} NMR (C¢Dy): 6 =41.3 (2C,
NMe,),42.9 (2C,NMe;,),45.9 (1C,NMe),47.3 (1C,NMe), 145.6 (1C, Cy;,),
147.6 (1C, Ciy), 1484 (1C, Cyy), 163.9 (1C, Cyp), 1813 (1C, Cypy),
216.5 ppm (3 x C=0).

6: yield 85 %, orange-yellow solid, m.p. 106 °C (decomp.). IR: 7 =2053 (s),
1984 (m), 1951 (vs), 1944sh (v(C=0)), 1672 (w), 1589 cm™~! (w) (v(C=N));
"H NMR (CD,Cl,): 6 =3.37(s, broad, 6 H, NMe,), 3.72 (s, 3H, NMe,), 3.89
(s, 3H, NMey), 8.84 ppm (s, 1H, CH); “C{'H} NMR (CD,Cl,): 6 =44.1
(very broad, NMe,), 48.9 (NMe,), 51.7 (NMey), 150.0 (C(H)NMe,), 211.6
(4 x C=0), 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. 'H and C{'H} NMR spectra
were recorded on a Bruker AM-300 spectrometer in solution at 25°C
unless otherwise stated.

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 [A] 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°).01%]

It is not only the unique reaction pathway of [Fe(CO);] with
Me,N—C=C—NMe, to give the novel ferrabicyclobutenone 2
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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 m-electron
delocalized systems.

Experimental Section

2: A solution of [Fe(CO)s] (2.07 g, 10.56 mmol) in THF (90 mL) was
treated at — 78 °C with Me,N—C=C—NMe, (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 x 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 Me,N—C=C—NMe,), m.p. 124°C (decarbonylation to 3);
elemental analysis calcd (%) for C,(H;FeN,O, (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 - COJ*, 224 [M-2COJ]*, 196 [M -3CO]J*, 168 [M —4CO]J*, 112
[Me,NC=CNMe,]".
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To date [M(CO);(n*-alkyne) ] species (M = Fe, Ru, Os) have only been

suggested as intermediates to account for the increased reactivity of

the complexes [M(CO),(r>-alkyne)] in carbonyl substitution reac-
tions: a) ref. [S]; b) S. A. Decker, M. Klobukowski, J. Am. Chem. Soc.

1998, 120, 9342 -9355.

[10] Crystal structure determination of 2: C;H;,FeN,O,, M,=280.06;
orange crystals from diethyl ether upon cooling from 20 — —78°C,
monoclinic, space group P2,/c, a=8.7893(10), b=9.359(3), c=
15.2880(14) A, a=y=90, f=98.530(8)°, V=1243.6(4) A3, Z=4,
Peatca= 1496 gem =,  T=180(2) K, 260,,,=65.8°, u=1216 mm~},
F(000) =576, 5571 reflections, 2180 unique reflections, 154 parame-
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ters, GOF=1.081, R, =0.0463 [[>20(I)], wR,=0.1350, min./max.
residual electron density -0.989/0.599 ¢ A-3. Crystal structure deter-
mination of 3+4: C;H,,FeN,O;, M,=252.05 (3), C,;H,,FeN,O,, M,=
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 [Fe,(CO),)
with Me,N-C=C-NMe, containing the complexes 2, 3, 4 and
[Fe,(CO)s(1-CNMe,),] 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 PI, a=8.831(2), b=
8.944(2), ¢=21.354(5) A, a=9726(3), f=95.31(3), y=113.20(3)°,
V=1519.0(7) A3, Z=2, peyea=1.409 gcm?, T=160(2) K, 260, =
52.48°, u=1.005 mm~!, F(000) =672, 13771 reflections, 5573 unique
reflections, 361 parameters, GOF=1.008, R,;=0.0461[]>20(])],
wR,=0.1311, min/max. residual electron density —0.504/
0.524 e A3, Crystal structure determination of 5: CHFeN,O,,
M,=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=
11.1143) A, a=113.15(2), B=105.499(17), y=99.58(3)°, V=
8272(3) A3, Z=2, poyea=1.454 gem=3, T=180(2) K, 26,0 =53.9°,
1=0.936 mm~!, F(000)=376, 5758 reflections, 3512 unique reflec-
tions, 209 parameters, GOF =1.068, R;=0.0451[1>20(I)], wR,=
0.1324, min./max. residual electron density —0.631/0.685 ¢ A=3. Crys-
tal structure determination of 6: C,;H;;F;FeN,O,;S, M,=430.14;
yellow crystals upon diffusion of diethyl ether in THF at 20°C,
triclinic, space group PI, a=6.6594(17), b=10.490(3), c=
12.988(4) A, a=102.87(4), B=100.02(3), y=95.78(3)°, V=
861.8(4) A3, Z=2, peuea=1.658 gem3, T=180(2) K, 26,,., = 50.48°,
u=1.062 mm~!, F(000)=436, 5674 reflections, 2892 unique reflec-
tions, 226 parameters, GOF =1.109, R,=0.0776[1 >20(I)], wR,=
0.2197, min./max. residual electron density —0.725/1.778 e A=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 A(Mog,)=0.71073 A. 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. Salaiin, 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-Cg
interaction in 2.

[12] a) C. Sandorty 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 PMes;. The resulting
octahedral ferracyclobutenones merl/fac-[Fe(CO);PMes(n':1'-
C(NMe,)C(NMe,)C(0O))] are related to 1: T. Rosenauer, A.C.
Filippou, unpublished results.
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Total Synthesis of (1-)-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

structure of ottelione A could not be assigned unambiguously,
and both 2a and 2b were considered as likely formulations,
the former being more likely.[l In 2000, scientists at Rhone-
Poulenc Rohrer reinterpreted? the NMR spectroscopic data
and proposed an alternate stereostructure 2¢ for ottelione A
(RPR 112378). Otteliones have attracted much attention as
they exhibit remarkable, broad-ranging biological activity.l'*l
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.’l At the National Cancer Institute, in vitro screening
against a panel of 60 human cancer cell lines showed that
otteliones exhibited cytotoxicity at nMm—pm levels." 4l More
recent results have shown that ottelione A is an efficient
inhibitor of tubulin polymerization (ICs,=1.2 um) and is able
to disassemble preformed microtubules in a manner reminis-
cent of the colchicines, vinblastine, and vincristine.!! The
cytotoxicity of otteliones can be attributed to the presence of

[*] Prof. G. Mehta, K. Islam

Department of Organic Chemistry, Indian Institute of Science
Bangalore-560012 (India)
Fax: (+91)80-360-0936
E-mail: gm@orgchem.iisc.ernet.in

[**] We would like to thank Professor Thomas R. Hoye for the NMR
spectroscopic data for the otteliones for comparison purposes. K.I.
thanks the CSIR (India) for a research fellowship.

Supporting information for this article is available on the WWW under
http://www.angewandte.org or from the author.
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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 S-tubulin and is proposed to
bind in the close vicinity of the colchicine-binding site. 371 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.® ‘]

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).'7 We recognized that 3 embodies a readily

H
7 O a How b H oH
o
3
HO__ 4
fH
H
O™
6
ld
HO
—0 >0
I HZ I H:
e
—
H A
10 1

Scheme 1. Reagents and conditions: a) LiAlH,, Et,0, 0°C, 78 %; b) Zn—
TiCl,- CH,Br,, CH,Cl,, 0°C, 71%; c) 1) O;, MeOH, —78°C; 2) Me,S,
room temperature, 70 %; d) PhsPCH;*I-, nBuLi, THF, 0°C, 89 %; ¢) PCC,
CH,Cl,, 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.['!
Lombardo methylenation™ of 4 smoothly delivered 5 and
set the stage for unraveling the hydrindane moiety. Controlled
ozonolysis of 5 delivered 6 and 7 (8:1).['') The major product
of the reaction, the lactol aldehyde 6 originated through the
intramolecular capture of one of the aldehyde moieties of the
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intermediate dialdehyde 8 by the appropriately positioned a-
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? formulation 2¢ 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-

TBSO TBSO

2c 16 15
Scheme 2. Reagents and conditions: a) nBuLi, THF, —78°C —RT, 82 %;
b) Li, liquid NH;, THF, —33°C, 63%; c) PCC, CH,Cl,, 0°C, 89%:;
d) 1) LHMDS, PhSeCl, THF, —78°C; 2) H,0, (30%), CH,Cl,, 0°C, 61 %
over two steps; e) TBAF, THF, 0°C, 68 %; f) DBU, benzene, 65°C, 83 %.
DBU = 1,8-diazabicyclo[5.4.0Jundec-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 (2¢), whose
spectra are identical to those of the natural product.l*?
Synthetic 2¢ 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,
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amenable to scale-up, geared to provide access to analogues,
and involves only one protecting-group manipulation. ['*!
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[8'PM012036(OH)4{L3(H20)4}4]5+: The First
&£-PMo,,0,4 Keggin Ion and Its Association with
the Two-Electron-Reduced a-PMo,,0,, Isomer

Pierre Mialane, Anne Dolbecq, Laurent Lisnard,
Alain Mallard, Jérome Marrot, and Francis Sécheresse*

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.'!. The famous Keggin ion [a-PMo,,0,>~ was
isolated nearly 200 years ago. Isomerization formally results
from successive 60° rotations of the four basic Mo;0,; groups.
Although the five isomers a, 3, y, 0, and ¢ of the Keggin
structure have been postulated, only the a? and A8 isomers of
PMo,,0,, have been structurally characterized to date.
However, the e-Keggin structure has been encountered in
related compounds which are either polyoxocations, with an
ALY core and a central tetrahedral AI"[ Ga™!, or Ge'P
center, or polyoxoions with Mo}, and VY, cores. In the case of
Mo and V derivatives,® the highly negatively charged
structure is stabilized by electrophilic capping groups. The
MoY,0,, skeleton has been crystallographically charac-
terized in four polyoxometalates: the [(CsMesRhM),-
(Mo}05)(MoY'0,) ** complex!” has a central MoY'O2"
tetrahedron and eight Rh™ capping centers, the
[NaMo,s(OH),04) ) and [H,Mo,,(OH),0,0]* ¥ polyoxo-
metalates are stabilized by four capping Mo"'O; units and
have a central cavity encapsulating a sodium cation and two
protons, respectively. Finally, the most recent example is the
[Mo,,0;,(OH),(H,{Ni(H,0)3},] cluster' with two central
protons and four Ni' capping centers. These compounds
highlight the capacity of the e-{Mo,,0,} core to encapsulate
various guests. We report here the synthesis and character-
ization of the first e-Keggin cation with a central phosphorous
atom, stabilized by four {La(H,0),}** capping groups. This
cation was isolated in the three different salts 1, 2 and 3:

[e-PMo01,0534(OH),{La(H,0),}4]Brs - 16 H,O 1
[e-PMo01,034(OH)4{La(H,0),5Cly25)] - 27H,0 2

K;[e-PM0,,054(OH) {La(H,0),,5Cly 75}4][a-PM0,,04] - 28 H,O 3

Compound 1 is the bromide salt of the [¢-PMo0,,0;¢-
(OH),{La(H,0),},]’* polyoxocation. Compounds 2 and 3
have chloride ions directly bound to the capping La** centers;
2 is a neutral compound while 3 has an [a-PMo,,0,]°~ ion as
the counterion.

Compounds 1 and 2 were characterized by P NMR, IR,
and UV/Vis spectroscopy, elemental analysis, potentiometric

[*] Prof. F. Sécheresse, Dr. P. Mialane, Dr. A. Dolbecq, L. Lisnard,
A. Mallard, Dr. J. Marrot
Institut Lavoisier, IREM, UMR 8637
Université de Versailles Saint-Quentin
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titrations, and the structures of compounds 1-3 were
determined by single-crystal X-ray diffraction.l'] 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 Mov'O,*~, H,PO,~ ions
and an excess of La** 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 Miiller
et al.l’ or to partially reduced PMo,,0,, species. Attempts
to synthesize compounds 1 and 2 in absence of MoY'O,?~ ions
have failed. Indeed, potentiometric titrations have shown that
both compounds contain 8 MoY and 4 MoV! centers. This result
is unexpected, all the previously characterized e-Keggin
molybdenum complexes containing only MoV ions. As no
intervalence MoY—Mo"! charge-transfer bands have been
observed by electronic absorption spectroscopy (1 and 2 are
red), it is assumed that the MoV centers form MoVY-MoY
diamagnetic pairs. Both 1 and 2 contain the &-Mo,,O,, core,
derived formally from the a-Keggin isomer by rotation of all
four Mo;0,; groups by 60° around the C; 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 e-Keggin core in 1 capped
with four {La(H,0),}** groups. Six of the terminal oxygen atoms of the
water molecules on the La’** 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 MoY-Mo" and the two Mo"V'—MoV!
pairs have been found disordered (dyomo=2.697(3)-
2.780(1) A). The central cavity accommodates a PO, tetrahe-
dron with P—O bonds (1.59(1) A) in the expected range. The
overall T, symmetry of the &-{Mo;,04} structure is main-
tained by the aggregation of four stabilizing La** units on the
four faces of the truncated tetrahedron defined by the twelve
Mo centers (Figure 1a). The La** 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 La** ions
are not commonly observed but a few examples have been
described.[3! 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 u,-O atoms.
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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 e-Keggin cation
in 1 is thus [e-PMoy Moy O;(OH),{La(H,0),},. In 2, the
chloride counterions, which are better ligands than bromide
ions, are directly bound to the La** ions and substitute five of
the disordered water molecules (dy, ¢ =2.75(1) A).
Compound 1 dissolves readily in water to give dark red
solutions. The 3'P NMR spectrum reveals two resonances d,
and 9,, located at 6 =1.37 and 0.91, respectively, and with
relative intensities 1:5 (Figure 2a). The evolution of the NMR

3,

A

b)

—

1.8 1.6 14 12 1.0 08 0.6 04 02
~-—— 5/ ppm
Figure 2. P NMR spectra of an aqueous solution of [e-
PMo,,05,(OH),{La(H,0),},]’* (e-PMo,,) to which LaCl; was added; the
ratios of initial concentrations were a) [La*"]:[¢e-PMo,,]°=0:1, b) [La**]:
[e-PMo,,]’=0.3:1, c) [La**]:[e-PMo,]° = 0.8:1.

spectrum after the addition of increasing amounts of LaCl; in
the solution (Figure2) has been compared to a similar
experiment where LaCl; is replaced by NaCl. When NaCl is
added, the spectrum remains unchanged while the addition of
LaCl; has a dramatic effect on the 0, 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 3'P NMR peaks, we can
propose the following equilibrium [Eq. (1)].

[e-PMo01,034(OH),{La(H,0), .’ =

1
[-PMo0,,04(OH){La(H,0),},** + La** +4H,0 ®

The smallest peak (9,) is thus attributed to the species with
three capping La’* ions while the remaining peak (6,) is
assigned to the parent ion. From these data the value of the
related apparent constant of the equilibrium is K=2.4 x
10~*mol L% Furthermore, as 1 and 2 have identical 3P
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 e-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
ecation and an a-Keggin isomer of PMo,,0,. As the
nonreduced a isomer (0,) readily decomposes at pH >2 and
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the four-electron-reduced f3 isomer (1v;) is more stable than
the 1v, isomer in aqueous solution,!'*l it can be postulated that
in 3 the aisomer is the two-electron-reduced [a-
PMoYMoyiO4)>~ (11,) Keggin ion. Both isomers, the ¢- and
a-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 La** groups, which can be explained by the high
concentration of chlorine ions in the medium (0.2m). Con-
comitantly, three disordered potassium ions have been
located in the structure. The geometrical features of the e-
Keggin ions, especially the mean values for the bond valence
sum calculations* on the u,-O atoms, are maintained, which
shows that the degree of protonation of the e-Keggin ion in 2
remains unchanged in 3. In the a-Keggin ion, the two MoY
units among the twelve Mo centers are delocalized on the
overall structure, as usually observed for two-electron-re-
duced Keggin structures.’>'® The 3D structure of 3 is
remarkable, columns of e-Keggin polyoxometalates, positive-
ly charged, alternate with columns of a-Keggin ions, neg-
atively charged (Figure 3). The positions of the ions, along the

Figure 3. View of the columns of ¢- and a-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 A).

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 La** ion destabilizes the
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? 4000 E

€ cation which is more easily oxidized in solution by air, and
slowly decomposes to form the 11, 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 11, to a solution of 2, stabilized by a small quantity
of LaCl;. 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 [e-PMo;,05(OH),{La(H,0),},][a-PMo0;,04]"
31H,0. 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 11, to an aqueous solution of 1.

7000
6000

5000 1

3000

40

I - caled
2000 -
1000 exp.
5 10 20 30
20/° —p

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 e-Keggin
structure has been obtained and characterized. The polyoxo-
cation is soluble in water and can be precipitated with the two-
electron-reduced [a-PMo,04]~ Keggin ion to form a
composite salt. The crystallization of the e-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 e-
Keggin ion could thus be possible by reaction with various
ligands, either inorganic (SCN-, CN~ ...) or organic.

Experimental Section

1: A solution of {Mo,0,(H,0),** 0.2m was prepared by dissolving
Na,Mo0O,-2H,0 (0.5g, 2mmol) in 4m HBr (10 mL) followed by the
addition of N,H,-2H,0 (26 uL, 0.5 mmol). The solution was stirred
overnight. To this red solution 1M Na,MoO, (0.5 mL, 0.5 mmol) and 0.1m
NaH,PO, (2.1 mL, 0.21 mmol) was added dropwise. Meanwhile, a solution
of La** ions was obtained by dissolution of La,O; (4.07 g, 12.5 mmol) in
HBr 4 M (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 Mo"! ions is added
in the synthesis. IR: 7#=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~' (w); UV/Vis
spectra (H,0): A,,,(€) =432 (14100), 292 nm (42200); elemental analysis
caled (%) for Hy,BrsLa,Mo,,0,,P: 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 {Mo,0,(H,0),** 0.2m was prepared by dissolving
Na,Mo0O,-2H,0 (0.5¢g, 2mmol) in 4m HCl (10 mL) followed by the
addition of N,H,-2H,O (26 pL, 0.5 mmol). The solution was stirred
overnight. To this red solution was added dropwise 1M Na,MoO, (0.5 mL,
0.5 mmol), 0.1m NaH,PO, (2.1 mL, 0.21 mmol), and then LaCl;-7H,0
(9.28 g,25 mmol) dissolved in water (30 mL). The pH value was adjusted to
1.5 by addition of 8M 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 caled (%) for H,(,ClsLa,Mo,,04P: 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 x 10> 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.

1L,: The two-electrons-reduced [a-PMo,0,]°~ (11,) 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 [PMo,,0,]*~ in HCIO,
1m/1,4-dioxane (50/50).') The degree of reduction was controlled by
polarography. The acid salt Hs11, -~ 20H,0O was precipitated with concen-
trated HCI, 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 Hsir,-~20H,0 (0.065 g, 2.95 x 10~ mol) in degassed
water (5mL) was added dropwise to a solution of 2 (0.100 g, 2.95 x
10 mol) and LaCl;-7H,O (0.011 g, 2.95 x 10~ mol) in degassed water
(5mL). A dark brown precipitate (0.130 g, yield 87 %) immediately
formed, which was collected by filtration and washed with water and
ethanol. IR: 7=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~' (w); elemental
analysis calcd (%) for H;,La,;M0,,04,,P,: La 10.88, Mo 45.12, P 1.21; found
La 10.90, Mo 45.04, P 1.45, C1 0.04.

Chemical analyses: redox back titrations for the determination of the
amount of MoV ions is based on the oxidation of MoY by Ce** ions. The
sample (about 30 mg) was dissolved in water (20 mL) and excess Ce** ion
solution (0.05Mm); the excess Ce** ion was titrated potentiometrically with
Fe?* ions (0.05Mm) using a 702 SM Titrino.

NMR measurements: P NMR spectra were recorded at 278 K on a Bruker
AC-300 spectrometer operating at 121.5 MHz in 5 mm tubes. 'P chemical
shifts are referenced to the external standard 85% H;PO,. The initial
concentration of 1 was [¢-PMo;,]°=8.5 10*M. Increasing amounts of a
solution of LaCl; ([La**]°=0.17m) 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.lll 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.”) Studies on the mechanism of
olefin metathesis reactions have also been described.?*fl
Phosphane-free catalyst 2P has also recently been developed
and studied. This catalyst possesses superior general reactivity
toward electron-deficient olefins**dl and is readily modified
for attachment to solid supports,i“<l thus leading to enhanced
recyclability! and even to efficient metathesis in methanol
and water.[*l We have also prepared catalyst 3 with the aim of
promoting asymmetric induction in metathesis reactions.?!

MesN_  NM
es es
CI/,Y
I\ MesN_ _NMes ‘Ru—
\r CI"
MesN,_ _NMes CI/,,Ru !

CI/,,Y cir ! iPrC|) O
S oS w30
PCys Ph iPrO iPr

1 2 3

No asymmetric induction was found. However, activity
studiesP! 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.’! Ligand 8 was 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
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Scheme 1. Synthesis of catalyst 4. a)iPrBr, NaH, DMF, 50°C, 82%;
b) Ph;P*CH;Br-, rBuOK, Et,0, 0°C, 88 %; c) 1 (1 equiv), 8 (2 equiv), CuCl
(1 equiv), CH,Cl,, 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

S P 1 mol % cat. 4:)
\/\N/\/ CHACh, 0°C
Ts N
Ts
9 10
100 | -m- 4
+ 3
- 1
Cl%
50
1 2 3 4 5 6

t/'h
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 2.0/ 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

s

" R
11,12 X = C(COsEt)s, R=H, m =1, n =1
13,14 X = C(COEt),, R=CHg, m=1, n=1
15,16 X =C(CO,Et),, R=H, m=1, n=2

17,18 X=NTs,R=H, m=2, n=2
19,20 X=NTs,R=H, m=2, n=3

Scheme 2. Various ring-closing metathesis reactions in the presence of
catalyst 1 and 4.

w7
X

m R 1mol % cat, 20 °C
CH.Cl, (0 01M)
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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

(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

0 0
RPN \)\Fﬁ 1 mol % 4 RW\)J\RZ
21 22 (2 equiv) 23a—d
21a:R' = (CHp)s0Bz  22a: R’ = OMe

21b: R' = (CH,),0TBS  22b: R* =Me

Scheme 3. Cross metathesis in the presence of catalyst 1 and 4.

Table 2. Cross metathesis of 21 and 22.1

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)  97:3
3 a b 4 20 82 99:1
4kl 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 CH,Cl, (0.05Mm). [b] Con-
version after 15 min in parenthesis. [c] Catalyst (2.5 mol %).

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.”! 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

2404 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Table 3. Ring-opening cross metathesis with 24 (1 equiv) in the presence of
catalysts 4 and 1.4

J /

25a 25b
SiMe, SiMes SiMes

Entry 25 Catalyst time [min] Yield [%]
10 a 4 30 99

2[b] a 1 30 20ledl

3 b 4 5 97

4 b 1 5 1lee]

5 ¢ 4 10 87

6 c 1 10 Sted]

[a] Conditions: 20°C, catalyst (0.005 mol %), CH,Cl, (0.05Mm). [b] Catalyst
(0.025 mol %). [c] Conversions determined by 'H NMR spectroscopic
analysis. [d] Yield=94% after 2.5h. [e] Yield=92% after 3h.
[f] Yield=75% after 3 h.

represents an example that clearly demonstrates the differ-
ence in terms of reactivity between 1 and 4 in a ROMP
reaction under identical conditions.

100 | 4
1

——
——

Cl%
50

T

30 60
t/ min

Figure 2. ROMP of cycloocta-1,5-diene in the presence of catalysts 1 and 4.
Conditions: 20 °C, monomer/catalyst ratio 300:1, catalyst = 0.5 mm, CD,Cl,
as solvent. Conversion was determined by '"H 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 PCy; (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?? must be speedily produced by relatively fast
dissociation of the bulky ligand 8, and that in the presence of
substrate or added PCys;, 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.
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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 CH,Cl,
(4 mL total) were added to a solution of 8 (94 mg, 0.39 mmol) in CH,Cl,
(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 CH,Cl,, 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%). '"HNMR (CD,CL,): 6 =0.81 (d, J=6.2 Hz, 6H),
2.15-2.72 (br, 18 H), 4.16 (s, 4H), 4.36 (septet, J=6.2 Hz, 1H), 6.92 (dd,
J=0.9, 73 Hz, 1H), 6.99 (t, J=75Hz, 1H), 706 (br, 4H), 7.31-742 (m,
6H), 16.60 ppm (s, 1 H); *C NMR (CD,Cl,): 6 =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): 7= 3492 (br), 1702 (w), 1605 (w),
1481 (m), 1449 (m), 1422 (m), 1263 (s), 1105 (m) cm~!; HRMS m/z caled for
C3;H,,ON,CL'%Ru: [M*] 702.1711, found: 702.1719; elemental analysis
caled (%) for C3;;H,,ON,CLRu-1/2H,0: C 62.44, H 6.09, N 3.94; found: C
62.32; H5.97, N 3.88.
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Photochemical Sensing of NO, with SnO,
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,’ 2
functionalized silicon nanowires and metal nanowires. 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 NO, sensors that work at room temperature and are
based on individual single-crystalline SnO, nanoribbons.

Tin dioxide is a wide-bandgap (3.6 V) semiconductor. For
n-type SnO, 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.’! The electrical conductivity of nano-
crystalline SnO, depends strongly on surface states produced
by molecular adsorption that results in space-charge layer
changes and band modulation.l’! NO,, a combustion product
that plays a key role in tropospheric ozone and smog
formation, acts as an electron-trapping adsorbate on SnO,
crystal faces and can be sensed by monitoring the electrical
conductance of the material. Because NO, chemisorbs
strongly on many metal oxides,”) commercial sensors based
on particulate or thin-film SnO, operate at 300—500°C to
enhance the surface molecular desorption kinetics and con-
tinuously “clean” the sensors.®l 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 SnO, 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 SnO, bandgap. The active desorption
process is thus photoinduced molecular desorption (Fig-
ure 1).0
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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 NO, and other
electron-trapping species: h* +NO%y) — NO, ). The space charge layer
thins, and the nanoribbon conductivity rises. Ambient NO, levels are
tracked by monitoring changes in conductance in the illuminated state.

SnO, nanoribbons were synthesized using a simple thermal
deposition process.l'>'2 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 um long

Figure 2. A) Low-resolution TEM image of a thin SnO, 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 NO,-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 NO, environments in order to probe their chemical-
sensing abilities. The behavior of a representative nanoribbon
is shown in Figure 3 A. In the dark and in pure air (troughs of
blue curve), the nanoribbons had resistances ranging from
500 MQ to 12 G When exposed to UV light with a
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Figure 3. A) Photoresponse of a single nanoribbon in pure air (blue) and
100 ppm NO, (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 NO,.
Biasis 1.0 V. B) Initial decay of the 254 nm photoresponse for a nanoribbon
in 8 x 10~° mbar vacuum (gray), air (blue), and 100 ppm (red) NO,. 99.9 %
decay in vacuum took over 4 h, while the signals in air and NO, decayed
fully in about 300 and 200 s, respectively. Bias is 0.5 V.

wavelength of 254 nm (intensity = 0.63 mW cm™2; large peak
of blue curve), which corresponds to an energy significantly
greater than the SnO, 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 O,- and H,O-
derived)," with a concomitant thinning of the electron
depletion layer near the nanoribbon surface. This phenom-
enon was also observed recently in ZnO nanowires.!'’]

The effect was fully reversible when the light was turned off,
with 99.9% decay of the photoresponse in 300-500s.
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 NO, 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 3 A)—compared to their re-
spective values in pure air. The photoresponse decays were
also significantly faster in 100 ppm NO,, with 99.9 % falloffs
in 35-50s. This faster decay rate can be attributed to the
strong adsorption and electron-trapping interaction of NO, on
SnO, surfaces. Figure 3B shows the photocurrent decay for a
single nanosensor in vacuum, air, and 100 ppm NO, 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 NO,, which reflects the availability of gas-
phase molecules for adsorption and the better oxidizing
ability of NO, relative to O,. Comparing the two curves in
Figure 3A shows that the current/conductance difference
between the device operating in air and in 100 ppm NO, was
larger under 365 nm than under 254 nm illumination, so that
greater sensitivity to NO, 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 365nm light during sensing
experiments. Note that UV is vital for sensing, as NO,
adsorption is irreversible in the dark. Figure 4 plots the
response ratios of nine of the nanosensors to concentrations of
NO, from 2-100 ppm.

Figure 4. Responses for nine samples at different NO, concentrations.
Only those samples with response ratios (1,,/Ixo,) greater than 8 at 100 ppm
NO, 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 SnO,
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) NO, adsorption on the nanoribbon, 3) photoresponse of
the junctions, and 4) modulation of the Schottky potential
barriers due to NO, activity in the junction regions. Thus, for
the samples with non-ohmic contacts, sensing was a collective
effect of the nanoribbon and the junctions.
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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 nm UV light in 100 ppm NO,. In this case, the device properties depend
predominantly on the nanoribbon itself. B) Cycling the nanoribbon
between decreasing concentrations of NO, (peaks) and 8 x 10~5 mbar
vacuum (troughs) under 254 nm UV 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 NO, 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 NO, concentrations (<15 ppm), while higher
concentrations caused smaller signal changes as the nano-
ribbon surface became saturated with NO,. 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 NO, under 365 nm
light. Figure 6 shows the conductance response of one nano-
sensor cycled between pure air and 3 ppm NO,. Even with the
low signal-to-noise ratio, current steps can be clearly distin-
guished as the NO, 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.
NO, concentrations are indicated. Horizontal bars are signal averages. The
average signal difference for the three cycles is 16 %. Bias is 0.5 V.
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with response times of less than one minute. The average
response ratio at 3 ppm NO, was 1.16.

Individual SnO, nanoribbons are small, fast and sensitive
devices for detecting ppm-level NO, 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 SnO, nanoribbons good candidates
for miniaturized, ultrasensitive gas sensors in many applica-
tions. Further sensitivity increases should be achievable by
using thinner nanoribbons, developing ohmic SnO,-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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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!:? 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.> ¥ 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.’!’ 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.[> % 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.’l In most cases of such
mesophases the molecules are additionally tilted relative to
the layer normal.l’l 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 SmCP,. Because the molecules in adjacent
layers can have either a synclinic (molecules in adjacent layers
are tilted in the same direction, Cg) or an anticlinic (molecules
in adjacent layers are tilted in opposite directions, C,)
interlayer correlation, the four different phase structures
shown in Figure 1 may result for such mesophases.”! Usually,
the AF phases represent the ground states, whereas the FE
states (SmCgPr and SmC,Pr) can only be achieved after
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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 C, refer to synclinic and anticlinic tilt while P; and P, refer to
ferroelectric (FE) and antiferroelectric (AF) polar order in adjacent
layers.”)

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.l”l Ferroelectric
switching was also observed for higher-ordered “banana
phases”, for a “B7” phase formed by a racemic mixture!'” of
bent molecules and for a “B5” phase formed by achiral
molecules.''] Here we report first examples of nonchiral
molecules forming a ferroelectrical switchable fluid smectic
phase (SmCP; phase). They are a novel type of polyphilic
liquid crystal® 2! composed of three incompatible units: A
bent rigid aromatic core,[™! two flexible alkyl chains, and a
bulky oligosiloxane unit'*l 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 1.1 The parent compound
1 of this series, composed only of the rigid bent-core unit and
two terminal hydrocarbon chains shows a conventional
SmCP,-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 (SmCP, 98) Iso], but
hydrosilylation!'*d 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
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Scheme 1. Synthesis of compounds 1-4. a) cat. [Pd(PPh;),], NaHCO;,
H,0, glyme, reflux, 8 h;!"¥ b) 4-(4-dodecyloxybenzoyloxy)benzoic acid,!'?!
CMC, DMAP, CH,Cl,, 20°C, 24 h;[*®l ¢) H,, Pd/C, AcOEt, 20°C, 24 h; d) 4-
(10-undecene-1-yloxy)benzoic acid,l'”? CMC, DMAP, CH,Cl,, 20°C,
24 h;l'%1 ¢) R;SiH (R is shown in Table 1), Karstedt’s catalyst, toluene,
20°C, 30 min;!"  CMC = N-cyclohexyl-N'-(2-morpholinoethyl)carbodi-
imide methyl p-toluenesulfonate; DMAP = 4-dimethylaminopyridine

Br

S (CHIEO

Table 1. Transition temperatures (7) and corresponding enthalpy values
[in square brackets] of the compounds 2-4.13]

P Sspad KW

R3Si—(CHy) 4O OC5Hzs
Compound R;Si- T [°C] [AH/kJmol™!]

2 Me,SiOSiMe,- Cr 77 SmCP, 118 Iso
[17.0] [23.5]

3 MeSi(OSiMe,),- Cr 70 SmCP; 115 Iso
[29.3] [24.3]

4 (Me;SiO),SiMe- Cr 63 SmCP; 116 Iso
[8.9] [21.1]

[a] Abbreviations: Cr=crystalline solid state; SmCP, = 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;
SmCPy = 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™') and confirmed by polarized-light optical
microscopy.

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,['”l 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.?”) However, in contrast to these
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Figure 2. Texture of the mesophase of compound 4 (7=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

Bent aromatic

cores

Aliphatic == N Ny

chains Oligosiloxane
QLU O A «— sublayers

Figure 3. Proposed triple-layer organization of the molecules 3 and 4 in the
SmCP; 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-
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rization current in response to an applied triangular-wave
field?!) 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-

-0.05 0.00 0.05 0.10 0.15 0.20
s —»

Figure 4. Switching current response in the mesophase of compound 4 on
applying a triangular-wave voltage at 104 °Cin a 10 pm non-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 Vum™!) 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 (SmCgPp).

If however, an alternating field (ac, 10 V um~!, 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 (SmC,Py).

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 Vum~'. The extinction cross of the circular domains does not coincide
with the crossed polarizers. By switching the electric field between
+1.5 Vum~! (left-hand side) and —1.5 Vum™' (right-hand side) the ex-
tinction cross rotates by an angle of 70-80° (sample thickness: 10 um; 7=
70°C)?? b) Texture obtained by cooling the isotropic liquid under an
electric ac field of 10 V um~! (200 Hz). The extinction crosses coincide with
the crossed polarizers and do not rotate on applying an electric field
(sample thickness: 10 um; 7="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
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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.”s! 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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Determined by the three angular wave method as described in ref. [4].
Two distinct enantiomeric configurations, which differ in the tilt-
direction and the direction of the polar axes of the molecules in the
smectic layers (+/+ and —/—), are possible for the SmCgPy. state.’)
They occur in different regions within the sample, in which the
extinction crosses rotate either clockwise or anticlockwise.

Quite similarly, decreasing the temperature reduces the out-of-layer
fluctuations and could lead to a transition from an AF to FE order as
recently shown for a B5-phase.['!]
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COVER PICTURE

The cover picture shows a polyhedral representation of a polyoxovanadate core
{V40,5(OMe)¢}>~, which is linked to two vanadyl moieties. These are coordinated
through the N,O, 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 Miingsten 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.
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REVIEW

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.

Angew. Chem. 2002, 114,2554-2571

G. R. Patzke, F. Krumeich,
R.Nesper® ................. 2446 -2461

Oxidic Nanotubes and Nanorods—
Anisotropic Modules for a Future
Nanotechnology

Keywords: nanomaterials + nanorods -
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).
BnS Me HO, Me
5H pyridine P 5
94%

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.

Me._ _Me

Me MeH HNL:N "
HoN~ N Vg SoO
o HO

nominal diazonamide A
1991 assignment

(-)-diazonamide A
2001 assignment

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

Atom-Transfer Tandem Radical Cyclization Reactions Promoted by Lewis
Acids

Metallabenzenes and Valence Isomers: Synthesis and Characterization of a
Platinabenzene

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

L. C. Branco, J. G. Crespo, L 3
C. A. M. Afonso*

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

V. Jacob, T. J. R. Weakley,
M. M. Haley*
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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/m 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 5A 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 new Mn,,
cluster (see picture Mn** (red), Mn** (green)) with
a 12Mn""9Mn'v 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(11,1v) Complex:
[Mny,0,4(OMe)(O,CCH,tBu)5(H,0) ]

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

(SWNTSs) 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 Fe™™ complex

[Fe(PaPy;)(NO)](ClO,), (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.  (PaPy; = 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(ii) 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
M,L; cage, a far more complicated
M,,L 5 cage forms when the bridging
ligand shown reacts with Coions.
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.
[BF,]” 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 [M,,(u-L)s]*** 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 GaMe;
and GaEt;, 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);] 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); 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 A,MRhsB, (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. Johanek, 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).

CuBr (5 mol%)

R)~(+)-Qui 5.5 mol%
Z  NBnp y — Br( )~(+)-Quinap (5.5 mol%)
toluene, RT

NBny

O/\Q\
B

83 % yield, 90 % ee

r

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).

+ GFO + H,0 + H,0
it ——— CGCF0t —— —— CrC,F,0,H*
— HF — HF

Angew. Chem. 2002, 114, 2648 -2651

U. Mazurek, D. Schroder,
H.Schwarz ................. 2538 -2541

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-7 —alkyne complexes such as 1 are efficient catalysts for the hydro-
amination of terminal alkynes to imines (see scheme; R =alkyl, R"=SiMe; or
Ph). Excellent yields of imines and good to excellent regioselectivities for the anti-
Markovnikov products were obtained.

SiMes
1 NBu
cp il R—=——-H + BuNH, ————» /—/<
R H
-
1 Yield: 84-98%

Regioselectivity > 98% anti-Markovnikov

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
catalysis + hydroamination -
metallocenes - titanium

Addition of B(C.Fs); 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 o-alkyl
ligands.

A|r Al\r
HiC N Xy B(CoFg)y  HeC~ N ﬁ_»/\ CH,=CH,
~ /NI'— E— “~ /NI —=— = polyethylene
HaC ’i‘ 7 HC™ N
Ar Ar B(C4Fs)s
1 2

Angew. Chem. 2002, 114, 26622664

J. W. Strauch, G. Erker,* G. Kehr,
R.Frohlich ................. 2543 -2546

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. Volkert,
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 (BiHj; 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. Biirger,*
L. Constantin, L. Margules, J. Demaison,
J. Breidung, W. Thiel ........ 2550-2552

Bismuthine BiHj;: 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: o u wd N7\

An auxillary light-emitting fragment \ N,/.___\‘N =N N=

(coumarin-343) binds to a Cu' ion in AHg ‘B

the right-hand compartment (B) of ) NS IN NN
HN__/ 72 N\

the ligand shown and its fluores- o
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(11) 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),, I,, and an alcohol.

e

O:H T OT’TAC

Angew. Chem. 2002, 114, 2668 -2670

J. Barluenga,* F. Gonzélez-Bobes,
JM.Gonzédlez ............. 25562558

Activation of Alkanes upon Reaction
with PhI(OAc),-1,

C—H activation -
photochemistry

Keywords: alkanes -
iodination - iodine -
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In situ dynamic light scattering 129
(DLS) and high-resolution transmis-
sion electron microscopy (HRTEM)

0.8

can be used, in conjunction with
other techniques, to improve our
understanding of the mechanism of

~ >

zeolite formation. The effects of 041
aging and hydrothermal pre-treat-
ment of precursors cause variations
0 1

in the size distribution (see diagram;
r=particle size, I=intensity) and 0.1
relative crystallinity of the as-pre-

pared zeolitic materials.

Angew. Chem. 2002, 114, 2670-2673

S. Mintova,* N. H. Olson, J. Senker,
T.Bein* ...........c.o... 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 m 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* .............. 25652568

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 a-halogen-free adamantyl cyanide into the Li—C
bond of the bis(silyl)methyl compound Li[CH(SiMe,OMe)(SiMe;)], yielded the
new azatrisilacyclobutane 2. NN = 1,2-[ (fBuCH,)N],C,H,.

MeO—SiMe, Ad_ H)SMe;

Me;Si(H)C, | C

\\c Li—N_  Ad I

SN S SN\ N

AL N C\\ (NN)S'/ Si(NN)
1 1
C(H)SIM
Me,Si—OMe  _DoiMes \Si/

1 MCZ 2

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), 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-(CH,PrBu,),C,H, 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, 26832685

E. D. Blue, T. B. Gunnoe,*
N.R.Brooks ............... 2571 -2573

Synthesis, Spectroscopy, and Solid-State
Structural Characterization of the
Hexanuclear Copper Macrocycle
[CuyCls(u-PCHP)4]

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, 26882690

T. Fujii, T. Ikeda, T. Mikami, T. Suzuki,
T. Yoshimura* ............. 25762578

Synthesis and Structure of
(MeN)Ph,S=C=SPh,(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),B;H;]: 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

NH,

NH,

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 a-functionalized f-alkynyl cycloalkanones 3 in a regiospe-
cific fashion. The scope of this rearrangement process is discussed, as is the
stereoselectivity of a-alkyl incorporation.

O/X o R2
3
(CO)eCo2 « RZ _X )\rR R
1 =z ° 3 + R? ==
R 1 R A I R?
(0C)Cd, R* 3 CoyCO)s
2

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/Al,O; catalyst and the catalytic performance for the reduction of NO by
H, to N, (on reduced, metallic sites) and N,O (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,
JJEvans* ................... 2587 -2589

Rapid Phase Fluxionality as the
Determining Factor in Activity and
Selectivity of Highly Dispersed, Rh/Al,O,
in deNO, 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 a-cyclodextrin cavities chloro- OMe MeO. OMe

phillic? The a-CD-derived diphos- O//%S\O

phane 1, a ligand which shows a MeO ? MO oo APMe
marked tendency to act as a trans-

spanning chelator, provides an an- oMe 1
swer to this question. Reaction of 1 MeQ PPh2 PR o

with a variety of transition metal Q

chlorides systematically afforded MeO OMe OMe OMe
complexes in which the M—Cl Q o o)

bond(s) is(are) captured by the MeO omeMeO

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) A.

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--- CI-M Hydrogen Bonds within
Metal-Capped Cavities

Keywords: chelates - cyclodextrins -
metallocavitands « noncovalent
interactions - phosphanes

2434 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

1433-7851/02/4114-2434 $ 20.00+.50/0

Angew. Chem. Int. Ed. 2002, 41, No. 14



Contents

4
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(l)-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(1)-Catalyzed
Regioselective “Ligation” of Azides and
Terminal Alkynes

Keywords: azides - copper -
cycloaddition - homogeneous catalysis -
nitrogen heterocycles

(4
CO, 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 S-diiminate zinc catalysts that
exhibit unprecedented activities for CO,/epoxide polymerization (see scheme).

o) ; : /< : (o] (¢}
N ge N : n
— NC ( Zn 2 7n ) CN — 0
/ O \
N Me N ]
+ CO, h Y trans, ataktisch
VY

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 CO,/Epoxide Polymerization: Subtle
Modifications Resulting in Superior
Activities

Keywords: carbon dioxide fixation -
green chemistry - homogeneous
catalysis - ligand effects - ring-opening
polymerization

(4
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.

R4 3
R3 RY X
R? i:XA _— RZ)Q

R! Rl R*

Angew. Chem. 2002, 114,2714-2716

R. Akiyama, S. Kobayashi* . 2602 -2604

A Novel Polymer-Supported Arene —
Ruthenium Complex for Ring-Closing
Olefin Metathesis

metathesis -
ruthenium -

Keywords: alkenes -
microencapsulation -
supported catalysts
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The missing link in the new deoxyxylulose phosphate metabolic pathway leading W. Gao, R. Loeser, M. Raschke,
to the biosynthesis of plant terpenoids has been identified. The intermediate M. A. Dessoy, M. Fulhorst,
between the cyclic diphosphate 1 and the basic isoprenoid building blocks H. Alpermann, L. A. Wessjohann,*

dimethylallyl diphosphate and isopentenyl diphosphate has been shown for the M.H.Zenk* ............... 2604 -2607
first time to be (E)-4-hydroxy-3-methylbut-2-enyl diphosphate (2) by incorpo-
ration of tritium-labeled 2 into phytoene. (E)-4-Hydroxy-3-methylbut-2-enyl
o Diphosphate: An Intermediate in the
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OH OH
OH H
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3
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VO, Nanotubes

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-
gque characteristics that make
them promising materials.
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REVIEWS

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 -

\

/

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

[*] Prof. Dr. R. Nesper, Dr. G. R. Patzke, Dr. F. Krumeich
Laboratory of Inorganic Chemistry
ETH Honggerberg—HCI
8093 Ziirich (Switzerland)
Fax: (+41)1-632-1149
E-mail: nesper@inorg.chem.ethz.ch
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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.[!

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

1433-7851/02/4114-2447 $ 20.00+.50/0 2447
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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.”! 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
19918 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."! Various applications of CNTs have been investigated,
for example, as gas detectors,P! as field emitters,[! as tips for
scanning-probe microscopy,’! as quantum wires,® and as
electromechanical devices, just to mention a few.[” % For a
while, they also seemed to be very attractive as storage
devices for hydrogen,"'l however, the earlier results could not
be verified in later experiments and finally part of the storage
capacity was traced back to metal impurities.l'?l Semiconduct-
ing CNTs may be structurally altered in such a way that each
tube becomes an electronic rectifying device, '3 while metallic
CNTs are presumably able to transfer enormous current
densities.'"¥! 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.["]

As a side-branch of this ongoing research in the field of
CNTs, structurally related nanotubes of boron nitride (BN)['l
and boron carbide (BC)!'”] have been found and microscopi-
cally characterized. Furthermore, an intensive search for
tubular variants of other phases has been started.'s! 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: NiCl,
nanotubes were observed as a unique example of a tubular
halogen compound.['”) Metallic nanotubes are accessible from
bismuth,?! and, furthermore, membranes consisting of gold?!l
and nickel? 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.[*!

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.?¥ As an
example for oxides, needle-shaped niobium oxide crystals
can be regarded as macroscopic tubes since there are channels
along the needle axis.l* 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 W30, and
ZnO.27

It is noteworthy that similar phenomena have also been
observed in other systems, such as in minerals, for example,
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tochinolite 2Fe,_S-1.7[(Mgy,Aly3)(OH),],®! in rare-earth
sialons,®! in Ag,Se,*” as well as in misfit layer structures.!
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 Na,V,;0,2 or MoS,], 5;.?* 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.’* It was possible by exploitation of surface-tension
effects to coat the CNTs externally with crystalline layers of a
V,0s-like structure.

A fundamentally new type of vanadium oxide nanotubes
(VO,-NTs) was obtained by a soft-chemistry synthesis involv-
ing an amine with long alkyl chains as a molecular, structure-
directing template.> 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 VO,-NTs up to several hundreds of nm in a new
type discovered recently. VO,-NTs are easily accessible in
high yield by treating a vanadium(v) oxide precursor with an
amine (C,H,, NH, with 4 <n <22) or an a,w-diaminoalkane
(H,N[CH,],NH, with 14 <n <20), followed by hydrolyzation,
aging of the gel, and a hydrothermal reaction. The possibility
of using V,05, VOCIL,, or HVO;*" as the vanadium source
instead of a vanadium(v) alkoxide provides a low-cost
alternative. Recently, the first VO,-NTs that contain an
aromatic amine were obtained with phenylpropylamine.?!

The lengths of the VO,-NTs vary in the range 0.5-15 pum
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 VO,-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
VO, 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 (C;;-VO,-NTs). The tube tips are open. b) TEM
image of the cross-sectional structure of C;,-VO,-NTs. The NT on the left
consists of five concentric VO, layers, that on the right of a scrolled single
layer. Gaps appear at several sites in the VO, layers. ¢) SEM image of
vanadium oxide nanotubes obtained by addition of ammonia during the
synthesis (N-VO,-NTs). d) TEM image of the structure within the tube
walls of a N-VO,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 VO,-
NTs are combinations of both pure structural types and show
defects, for example, gaps in the VO, layers inside the walls.[*"!
The VO, layers are crystalline as confirmed by X-ray and
electron diffraction, and a 2D square lattice with a length of
about 0.62nm can describe their structure. All present
experimental evidence shows that the structure of the VO,
layers is the same in all types of VO,-NTs as well as in
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BaV,0,4- xH,0."% X-ray diffraction (XRD) patterns of VO~
NTs simulated with a structural model based on this layer
structure agree well with the experimentally observed ones.[*!]
These layers have the composition V;0,4. They consist of two
sheets of VOs square pyramids pointing in opposite directions,
and the sheets are connected by VO, tetrahedra (Figure 2).

Figure 2. Structural model for the layers inside the walls of the VO,-NTs.

Because of the scroll-type morphology, the VO,-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 VO,-NTs with
the respective diamine.[*?l Furthermore, a certain amount of
the monoamine can be exchanged reversibly by various metal
ions, for example, Na*, K*, Ca?*, Sr>*, Fe?*, or Co?*.[*’] The
possibility to insert lithium electrochemically opens up some
new perspectives for battery applications; specific capacities
up to 200 mA hg~! have been measured by several research
groups.l 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.[*’]

A novel type of vanadium oxide nanotube has been
obtained by adding ammonia during the hydrolysis step of
the synthesis.*®l 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 NH," 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 VO,-
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 (TiO,-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.*”? The TiO,-NT prep-
aration in porous alumina, applying different titanium pre-
cursors, represents a similar approach.[*! The use of organic
gelators generates supramolecular assemblies that form TiO,-
NTs after calcination.*”) Furthermore, polymer fibers can be
used as templates: after coating with titanium oxide by a sol —
gel method and removing the polymer thermally, TiO,-NTs
are obtained.’”) Another synthesis route is the anodic
oxidation of titanium.P! In these cases, the TiO,-NTs are up
to some 10 um long and have an outer diameter of 100-
200 nm while the actual wall thickness depends on the
synthesis conditions applied.

TiO,-NTs with a much smaller size have recently been
synthesized by a surprisingly simple procedure. TiO, with
anatase or rutile structure was treated with NaOH and
subsequently with HCLF? The resulting TiO,-NTs are 50—
200 nm long and their diameter is about 10 nm (Figure 3a).

Figure 3. a) TEM image of TiO, nanotubes. b) HRTEM image of a well-
developed, ~50 nm long NTwith a diameter of ~ 10 nm. Lattice fringes can
be seen. ¢) 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.
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The high resolution (HR) TEM image (Figure 3b) of such a
TiO,-NT shows that the tubes have an inner core and walls.
The presence of lattice fringes indicates the crystalline
structure of TiO,-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 TiO,-NTs are
built in a layered titanate structure.”> > The reflections of
anatase, which have been detected in previous investiga-
tions,*? are most likely caused by impurities. Views of the
tube cross-section (Figure 3¢) show a spiral arrangement of
the dark fringes in the walls.”* 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.’! 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 TiO,-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
VO,-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.”® For instance, the layer structure of
[Mg3(OH),(Si,05) ] contains sheets of MgOg octahedra on one
side and SiO, 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.’”l These structural characteristics are
surprisingly similar to those typical for VO,-NTs.

In contrast to the crystalline silicate minerals, the walls of
artificial tubular SiO, phases are generally amorphous. Silica
nanotubes can be obtained by template-assisted soft chem-
istry routes,*® similar to that leading to mesoporous M41-S
materials,®® or by a high-temperature approach.[®! 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.[!]
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 SiO,-NTs form
after calcination. Large nanotubes of SiO, and TiO,
are formed by calcination of fiberlike crystals of
[Pt(NH,),](HCO;), coated with Si(OEt), or Ti(OEt),.l®’]
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(NHj;),](HCO:s), single crystals, the tube cross-sections
are often rectangular.

A widely applicable route to inorganic nanotubes is to use
CNTs as templates.[®] 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 SiO,,
ALO;.[* MoO;, Ru0,,! and ZrO,." 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.[”) Long known and well explored is the
electrochemical route to nanotubular aluminum oxide which
is prepared by anodic oxidation of Al films.[! 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
TiO,,1% In,0;, Ga,05,™ BaTiO;, and PbTiO,;,"! as well as of
nanorods of ZnO, MnO,, WO;, Co;0,, and V,0;.? 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.[””!
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.’ If the primary
matrix is dissolved, isolated secondary nanotubes or nanorods
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are created. A more comprehensive exploration of the rapidly
growing research on nanoparticle arrays, however, is beyond
the scope of this article.[””!

2.5. Chalcogenide Nanotubes

Microtubules of misfit layer compounds, for example, in the
systems (BiS);,4(NDS,),[") and PbNb,S;,” 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 WS,
by Tenne et al.’®! Multiwalled WS, nanotubes can conven-
iently be prepared in large amounts by treating needlelike
WO,_, crystals with H, and H,S.””! Alternatively, they are
accessible by a chemical transport reaction®! and by the
pyrolysis of composites of WS, and intercalated cetyltrime-
thylammonium cations.®!] Similar to the CNTs, WS,-NTs can
function as tips in scanning-probe microscopy.®?

MoS, nanotubes were synthesized for the first time in
1995, and in the following years, a variety of synthetic
routes has been developed for MoS, nanotubes.[®) Remark-
ably, a part of the tungsten content (~10 atom % ) in the WS,
nanotubes can be substituted by niobium, thereby generating
novel mixed (W)Nb)S, nanotubes.’] Most recently, NbS,,
TaS,, ™ MoSe,, and WSe,*] 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 WS,®! and NbS,.®] NbS,
nanotubes have been modeled in advance and predicted to
be stable, but the energy for bending is higher than in CNTs.[*]
Similar calculations revealed that multiwalled chalcogenide
nanotubes are more stable than single-walled, and, in the case
of MoS,- and WS,-NTs these multiwalled NTs are semi-
conductors.’l 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.’? A
further step towards an application of these materials is the
possibility to store hydrogen electrochemically in MoS,
nanotubes.!

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
Bu;In and H,S in an organic solvent in the presence of
benzenethiol which acts as a catalyst.’*! As a by-product, InS
nanotubes were generated. Nanotubes and nanowires of CdSe
and CdS could be prepared in the presence of a surfactant.[
In these tubes, the walls comprise nanocrystalline particles of
CdSe or CdS, respectively. GaSe nanotubes have also been
modeled and predicted to be stable.l! 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).’”? 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,”® b) phospho-
rus,”! ¢) silicide as well as silane forms (Figure 6a),l%! and
d) GeH.!" Also SiO, in form of silsesquioxane has recently
been explored theoretically and found to form stable tubular
nano arrangements.['?]

We have calculated possible models for V,0s5 nanotubes as
an approximation to the more complicated wall structures
which have been determined for the real VO, nanoscrolls.?’]
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).01%3]

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

Figure 6. Predicted structures for nanotubes of a) silicides and silanes (Copyright© 2001 by APS)!'™ and b) V,0;5. Bond energies AE,,q of V,05 double-
layer tubes versus radius of the tubes with respect to the flat double layers (unit cell composition V¢Oy): AEyenq = Eyype/ number of cells — Ey,y.,. Both Ey,
and E,,, 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.

o The preparation of long, continuous silver nanowires is
possible by a photochemical process employing treatment
of an AgBr emulsion with a special developer containing
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silver nitrate. The shape of the rods is controlled by the

photographic process.['*!

e 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.[%]

@ Selenium nanowires are formed in the course of an
unconventional bioinorganic synthesis including the reduc-
tion of selenate to selenium by the protein cytochrome c; as
a key step.l'® 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.[! 177]

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.['%!

Semiconductor nanorods are in the focus of current
research interests.'” 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.

o Laser-assisted catalytic growth is utilized to prepare a
whole class of nanowires such as binary III-V materials
(GaAs, GaP.,...), ternary I1I-V materials (GaAs/P, InAs/P),
binary II-VI compounds and binary SiGe alloys."" 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.

o 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.'!!]

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:

o 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.[1?]
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e (-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 SiCl,, CCl,, and Na.['3]

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 AgBi,Sr,CaCu,Oy.['" 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

Table 1. Synthetic routes for oxidic nanorods (published since 1995).

the multitude of available materials, however, reveals the

general trends and, moreover, certain challenges that remain

to be tackled:

e 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.

o 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.

o 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.

Oxide

Synthetic route Ref.

Oxide Synthetic route Ref.

BaCrO, Fusion of reverse micelles and microemulsion droplets
BaSO,  Precipitation from aqueous solution in presence of polymers
BaWO, Reversed micelle templating method
CdO Evaporation of metal oxide powders at high temperatures 123]
CdWO, Hydrothermal treatment of CdCl, and Na,WO, [126
Co;0, Template method with alumina membranes 127
CuO Room temperature reaction of CuCl,-2H,0 and NaOH with ~ [18]
PEG 400
Fe,0; Thin-film processing method
Fe;O, Sonication of aqueous iron(i1) acetate in the presence of
f-cyclodextrin
Ga,0;  DC arc discharge of GaN powders in Ar/O, mixture (131
Ga,0; Gas reaction method starting from Ga and O, at 780°C [132
Ga,0;  Physical evaporation at 300°C from a bulk gallium target [133
Ga,0;  DC arc discharge (GaN, graphite, nickel powder) [134
Ga,0;  Electric arc discharge of GaN powders mixed with Ni and Co 1%
Ga,0, Heating of Ga with SiO, powder and a Fe,O; catalyst [136
GeO, Carbon-nanotube confined reaction of metallic Ge [137
In,0; Evaporation of metal oxide powders at high temperatures 1125
In,O4 Growth from Au droplets [138
IrO, Templating against carbon nanotubes
K,TizO,; Calcination of KF and TiO, [139
MgO Vapor-solid growth process with in situ generated Mg vapor [
MgO Heating of MgCl, at 750°C in mixture gas (Ar/H,)"! [140
Mg(OH), Solvothermal treatment of Mg, H,O, and ethylenediamine (141

MnO,
MnO,
MoO;,

Template method with alumina membranes

Hydrothermal synthesis

Template-directed reaction of molybdic acid and subsequent
leaching process

MoO; Templating against carbon nanotubes

MoO, Templating against carbon nanotubes

PbTiO; Sol-gel electrophoresis, deposition in polycarbonate membrane

RuO, Templating against carbon nanotubes (6]

Sb,0; Microemulsion method for the system AOT—water —toluenel?l 14

Sb,05; Microemulsion method for the system AOT—water —toluenel?l 14

Sb,05; Templating against carbon nanotubes [63]

SnO, Annealing of powders generated from inverse microemulsions 14!

SnO, Evaporation of metal oxide powders at high temperatures (123]
[

SiO, Helical mesostructured tubules from Vortex-Assisted Surfactant
Templates
TiO,  Sol-gel template method employing alumina membranes [
V,05  Vanadium pentoxide gels [
V,05; Templating against carbon nanotubes [
WO,  Templating against carbon nanotubes [
YBCO Laser ablation of a high T, superconductor YBa,Cu;0; (150
ZnO  Gas reaction employing Zn and H,O [
ZnO  Evaporation of metal oxide powders at high temperatures [
ZnO  Catalyzed epitaxial growth [
ZnO  Self-organization of nanoparticles [

[a] AOT =sodium bis(2-ethylhexyl)sulfosuccinate. [b] The quartz apparatus is probably the oxygen source.
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e 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.['!"]
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.l'> 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 BaWO, nanorods.'? 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
BaWO, 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(t1) acetate solutions in the presence of 3-
cyclodextrin which acts as a size-stabilizing agent. The starting
material is converted quantitatively into nanorods by three
hours of sonication.!3%

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.''® 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
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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).5%]

3.3.1. Nanorods of a-MoO;- H,0 and MoO;: Template-
Directed versus Template-Free Solvothermal Syntheses

The solvothermal syntheses of MoO;- H,O!4 and MoO,
nanorods!!''”l 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, MoO; -2 H,O. 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 [MoOs(H,0)] octahedra connected
in infinite layers with water molecules intercalated in
between.'8l There are two kinds of differently bound water
molecules which can be removed in a topotactical reaction
proceeding in two steps.'"! This reaction sequence, however,
is observed neither during MoO;-H,0 nanorod formation
nor in the template-free route leading to nanorods of MoOj.
So how do these reactions proceed?

3.3.2. Template-Directed Formation of MoO;- H,O
Nanorods

The synthesis of MoOj;-H,0O nanorods is basically carried
out in two steps. First, MoO; -2 H,O undergoes an intercala-
tion of amines and a lamellar composite material is formed.
This intermediate is then treated with HNOj, and a leaching
process takes place which removes the amine from the inter-
calation compound. As a result, template-free MoO;-H,O
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 (C;,HxN),sM00O;,s and exhibits interlayer
distances of 2.76 nm (Figure 7a). Generally, several long-
chained primary amines (C,H,,,;NH, 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 MoO;-H,O fibers. c) Representative TEM image of MoO;-
H,O 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 % HNOs; 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,
MoO;-H,0O fibers with an approximate diameter around
140 nm and an average length of 5 um are formed (Figure 7¢),
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®! and
methane oxidation.

Finally, the fibers withstand thermal treatment at 400 °C.
Their morphology remains almost unchanged, although they
are converted into MoO; (Figure 7d). There is, however, a
much more simple and elegant route to quickly generate large
amounts of MoQO; nanorods.

3.3.3. Template-Free Formation of MoO; Nanorods

The synthetic procedure for the direct transformation of
MoO;-2H,0 into MoO; 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 MoO;. The progress of the
reaction can even be monitored optically, because the yellow
molybdic acid is turned into the blue nanorod material. This
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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, MoO;-2H,0 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 pm) 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 MoO; 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 MoO; nanorods after 3 days of
hydrothermal treatment in acetic acid at different temperatures: a) 90°C,
b) 120°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 MoO; 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 MoOj; nanorods showing the effect of acid
addition: a) H,SO,, b) HCI, ¢) salicylic acid.

In summary, these MoO;-2H,0-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, MoO; nanorods are
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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 naive 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:
o Growth out of nanoscopic catalyst drops as realized for

CNTs and for semiconductor nanorods
e Condensation or polymerization inside or outside of nano-

tubular structures
o Scrolling of layered materials either starting directly from

the bulk solids or from lamellar intermediates
o Nanorod formation on ion exchange in nanotubular or
lamellar materials—cation against H* ions—leading to a
densification of morphology
e Stacking of tori (rings) in a freestanding manner or aided
by nanotubes or rods

o Moulding by use of tenside template solutions or liquid-
crystal structures with or without external fields

e Sonication in suitable solvents. Surprisingly, acid treatment
of single-walled CNTs under supersonication can lead to
formation of carbon rings and tori.l*?!l

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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REVIEWS

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

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.

Keywords: cyclization - heterocycles
- rearrangement - sulfanyl groups -
thiiranium ions

thiiranium ions by displacement of a

-

/

1 Introduction

In 1977 Nicolaou reported a lactonization procedure of
unsaturated carboxylic acids with phenylsulfenyl chloride.[!
This ”sulfenyl —lactonization” reaction is shown in Scheme 1.
The reaction of phenylsulfenyl chloride with alkenes was
already known to produce thiiranium ions, 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.F

[*] Dr S. Warren, Dr D. J. Fox
University Chemical Laboratory
Lensfield Road, Cambridge CB2 1IEW (UK)
Fax: (+44)1223-336-913
E-mail: sw134@cam.ac.uk
Dr D. House
Dyson Perrins Laboratory
South Parks Road, Oxford OX11 3QY (UK)
E-mail: david house@hotmail.com
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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. 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 Section2). 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.

1433-7851/02/4114-2463 $ 20.00+.50/0 2463
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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:

e [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
(14n)-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.

e [1n] RS migration refers to the actual
movement of the sulfanyl group. Sulfanyl
migrations are mechanistically different
from most carbon migrations*! (e.g. the
Beckmann rearrangementl®!) since the mi-

rearrangement of a molecule with [1,n] RS migration:
consists of [1,n] RS participation followed by elimination (or cyclization)

R_©®

S
[1,n] RS n+1 elimination )| n
participation 1V_SR
H

[1,n] RS migration

rearrangement of a molecule by a concerted [1,2] migration (e.g. Beckmann rearrangement)

OH 9 l:I>h
N~ HO ,ﬁCOHZ [1,2] Nz HO 9
)|\ S/l migration ||1 Me)J\NHPh
Ph Me Ph” 1 Me Me

Scheme 2. Illustration of [1,n] RS participation, [1,n] RS migration, and rearrangement.

gration occurs in two separate steps (Scheme 2): first, [1,1] ® Rearrangement refers to an overall reaction in which the
participation to give a cyclic intermediate, and second, sulfanyl group moves from C1 to Cn. A rearrangement will
cleavage of the C1—S bond either by nucleophilic attack or normally involve a [1,n] migration and either a cyclization
elimination. or an elimination.

[*] Clearly, not all carbon migrations are concerted. Phenyl groups, for

During the discussion we hope to demonstrate the effec-

example, may migrate in a stepwise fashion via bridged phenonium ion tiveness of using a sulfanyl group (RS) as a tool for

intermediates.

constructing allylic and heterocyclic compounds with, in most

-
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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,’® diols may even be cleaved with
sodium periodate without oxidation of sulfurl” (more aggres-
sive oxidants such as meta-chloroperbenzoic acid, however,
rapidly effect oxidation to sulfoxide and even sulfone.ll)
Figure 1 summarizes some of the principal strategies that we

organometallic addition

to aldehyde ; reductive removal
| of sulfur
stereoselective | K
aldol reaction .
N \
Wittig ----- - OH oxidative
reaction H removal
WOH "= of sulfur
epoxide ---=| Phg >
EA
stereoselective .
reduction ! '\
| [2,3] sigmatropic
Sharpless rearrangements

asymmetric dihydroxylation

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.

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 RSCI), or 2) nucleophilic displace-
ment of a good leaving group (often H,O) with neighboring-
group participation by sulfur. Both methods will be encoun-
tered throughout the ensuing discussion.

Angew. Chem. Int. Ed. 2002, 41, 24622482

[1,2] RS migration Nu 1

A

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 SbCl~ and BF,, as fine crystalline powders with sharp
melting points (although they decompose on melting).[’) X-ray
crystallographic data have recently been collected for the
thiiranium ions 1 and 2, which bear fert-butyl substituents in a
cis and trans arrangement, respectively.'”) The data shown in
Figure 2 highlight the long C—S bond and the narrow C-S-C
angle. '"H And 'C 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. 10

As reactive intermediates, thiiranium ions normally decom-
pose in one of two ways:[*1 1) loss of a 8 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 