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Terpene trilactones from the ginkgo tree (Ginkgo biloba) are at least partly
responsible for the neuromodulatory effects of G. biloba extracts. The cover picture
shows a young ginkgo tree, with its characteristic fan-shaped leaves, growing out of a
human brain. Superimposed are the X-ray crystal structures of bilobalide and
ginkgolide B.

K. Strgmgaard and K. Nakanishi discuss the current status of bilobalide and Pt

ginkgolides in their Review on page 1640 ff., with a particular focus on chemical e e e
and biological studies.
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Leo A. Paquette

Clockwise or counterclockwise? On the
molecular level this is determined by
kinetic control of the competing routes to
the new energetically minimized struc-
ture. Three recent examples show how
this can be achieved. The picture shows a
molecular rotor whose large macrocycle
contains three binding sites between
which the small macrocycle moves.
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Outsized nucleosides inside: A recent
report described the rational design of an
artificial DNA double helix (xDNA) with
increased diameter. The pairing system is
based on nucleobase analogues which
maintain the natural Watson—Crick bind-
ing sites but have extended aromatic
surfaces (see picture, view along DNA and
XxDNA helices).

Barking up the right tree: The pharmaco-
logical effects of extracts of Ginkgo biloba,
the ginkgo tree, are attributed to the
structurally unique components, the
ginkgolides (see structure, R=H or OH)
and bilobalide. The biosynthesis, synthe-
sis, structure—activity relationship studies,
and pharmacological effects of these
terpene trilactones are described.
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Heterogeneous catalysis requires nano-
sized solids to enable dynamical interac-
tions with substrates. Current techniques
give chemically complex materials with
poorly defined properties. An alternative
approach yields “nanocatalysts” in the
form of inorganic polymers whose build-
ing blocks are active sites with minimial
chemical complexity (the picture shows
nanoplatelets of MoO; hydrate consisting
of corner-sharing octahedra).
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T.S. van Erp, E. J. Meijer* _ 1660-1662

Proton-Assisted Ethylene Hydration in
Aqueous Solution

Specific coordination structures like those
shown are crucial for inducing reactive

events in the proton-assisted hydration of
ethylene in aqueous solution as well as in

Modular Hydrogelators

K. ). C. van Bommel,* C. van der Pol,
I. Muizebelt, A. Friggeri, A. Heeres,
A. Meetsma, B. L. Feringa,
J. van Esch* 1663 - 1667
Responsive Cyclohexane-Based
Low-Molecular-Weight Hydrogelators
with Modular Architecture
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the reverse reaction. An atomistic
description of the solvation of the reacting
species was possible in this ab initio
molecular dynamics study.

pH-sensitive gels: By using a cyclohexane-
based scaffold to which various amino
acid based substituents can be con-
nected, low-molecular-weight compounds
were obtained that can gelate water at very
low concentrations. Their modular design
(see picture: AA=amino acid(s),
X=hydrophilic substituent, dark pur-

ple =hydrophobic region, light purple=
hydrophilic region), allows tuning of the
thermally and pH-induced reversible gel-
to-sol transition of their gels.

Usurping the crown: A controlled intra-
molecular motion of the crown moiety
from around the Ni to the Cu center takes
place in a transition-metal hetero-dinu-
clear [2]catenane in response to an
applied potential (see picture).

The labeling of proteins in living cells with
fluorescent substituents is critical to the
study of cell biology. A ligand-receptor
approach based on the interaction
between dihydrofolate reductase (DHFR)
and methotrexate (Mtx) serves as a gen-
eral method for labeling proteins with
fluorescent or otherwise functional small
molecules in vivo (see figure).

Angew. Chem. Int. Ed. 2004, 43, 1608 -1616
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Double whammy: Effective and selective
killing of E. coli cells containing a specific
enzyme was achieved by using targeted
enzyme-responsive drug carriers (see
picture) that release free drugs in a
stringently controlled manner. The carrier
lowered the effective concentration of
drug needed to kill the bacteria. The
system could also be modified to deliver a
combination of two drugs.

o @/

High-yielding efficient routes to optically
active amino acid and 1,3-diamine deriv-
atives have been achieved by the catalytic
enantioselective addition of enamides to
imines using a chiral copper catalyst (see

structurally diverss
alkaloid-like molecules

cat.
—_—
Cu-HY
X =0, NR"

R\( + )!rﬂ'

A recovery discovery: A simple pathway
for the synthesis of a-hydroxy and a-
amino carbonyl compounds with good
yields and high enantioselection is pro-
vided by the first heterogeneously cata-
lyzed enantioselective carbonyl-ene and

Angew. Chem. Int. Ed. 2004, 43, 1608-1616

Cu(OTf)z + chiral diamine
{10 mol¥:)
0°C, 15 min

R H A
b e i

]

Up to 97% yield
Up to 94% e

O

scheme). This reaction demonstrates the
utility of enamides as nucleophiles. The
reaction mechanism and the structure of
the chiral catalyst are also discussed.

Solid supports lend stability: Skeletally
diverse alkaloid-like compounds were
obtained in only three steps from simple
starting materials through a strategy
based on dihydropyridine and dihydro-
isoquinoline intermediates supported on
macrobeads (see picture). The otherwise
unstable enamine double bond present in
the intermediates can undergo a variety of
transformations, including cycloaddi-
tions, selective reductions, and alkyl-
ations.

thg F*brg

o\“)QH,o

cat. =

Y TR

F{ox H,R or S,S Rox

imino-ene reactions. The catalyst is a
bis(oxazoline)-modified CuH zeolite Y
(Cu-HY)system (see scheme;
Rox=CHj3,H; Ry =Ph,C(CH;);), which
can easily be recovered and reused.

www.angewandte.org
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M.-R. Lee, K.-H. Baek, H. J. Jin, Y.-G. Jung,
I. Shin* 1675-1678

Targeted Enzyme-Responsive Drug
Carriers: Studies on the Delivery of a
Combination of Drugs

Enantioselective Synthesis

R. Matsubara, Y. Nakamura,
S. Kobayashi* 1679 -1681
Copper(11)-Catalyzed Highly Enantio-
selective Addition of Enamides to
Imines: The Use of Enamides as
Nucleophiles in Asymmetric Catalysis

Diversity-Oriented Synthesis

S. ). Taylor, A. M. Taylor,
S. L. Schreiber* 1681-1685
Synthetic Strategy toward Skeletal
Diversity via Solid-Supported, Otherwise
Unstable Reactive Intermediates

Immobilized Catalysts
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of Ultrahigh Molecular Weights
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J. A. Marsden, J. J. Miller,
M. M. Haley* 1694-1697
Let the Best Ring Win: Selective Macro-
cycle Formation through Pd-Catalyzed or
Cu-Mediated Alkyne Homocoupling

Chiral Chemistry
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High-Throughput Measurement of the
Enantiomeric Excess of Chiral Alcohols by
Using Two Enzymes
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Let’s twist again: Reaction of a racemic
mixture of secochlorinato nickel(11) with
cholesterol generates separable diastereo-
mers of a novel porphyrinic chromophore
containing a direct -to-o-phenyl linkage.
Exchange of the cholesteryl side chain for
an ethyl group produces the enantiomeric
conformers of the ruffled macrocycle (see
picture).

NC
S 5kbar, 65°C S
n + s ————> 'n
AIBN NC S
(0]
0]
O\ o]
\

Poly(methyl methacrylate)s of extremely
high molecular weights (>10f) and
narrow molecular weight distributions
(M,/M,<1.2:1) were easily obtained by
living/controlled free-radical polymeriza-

tion under high hydrostatic pressure

(5 kbar; see scheme, AIBN =2,2"-azobis-
(isobutyronitrile)). This technique pro-
vides conditions amenable to industrial
scale-up.

Competition is good: The reported “Pd”
homocoupling procedure is now a viable
alternative to the traditional Cu-mediated
reaction for the formation of diacetylenic
macrocycles. From the same starting

Rapid ee determination: Enantioselective
alcohol dehydrogenases A and B were
used to oxidize chiral alcohols in a
sensitive, accurate, high-throughput
method (see scheme). The reaction rates
were determined by monitoring the for-
mation of NAD(P)H by UV spectroscopy.
The ee value was calculated from the
reaction rates and the kinetic constants of
the enzymes.

www.angewandte.org

material, use of Cu(OAc), or
[PdCl,(dppe) ]/, (dppe=1,2-bis(diphe-
nylphosphanyl)ethane) leads to selective
formation of either the bis[15]- or
bis[14]annulenes (see scheme).

NAD(P)H
NAD(P)* R

/

enzyme A

W 0
AD(P)" N PN

NAD(P)H R

OH CHy

e

R CHs
N

CHs;
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3RZOH . ra 1kOH

RLCRTYS S BOH), Ry Fop
3 CI(CH,),Cl, RT 3,0

R*” “OH R*

R3, R*=linker, C1-C2 syn R' R2=alkyl, aryl

Three contiguous stereocenters, two of
which are quaternary carbon atoms, were
efficiently and stereoselectively con-

One little indium: Reactions of laser-

ablated indium atoms with pure hydrogen
give sharp IR absorptions corresponding
to InH intermediate species. Irradiation at
193 nm maximizes further reaction to give
the indane monomer InH;. Annealing

provides evidence for In,Hg and ultimately

Previous inverse crown amides have been
heterometallic compounds that contain a
mixture of alkali-metal ions (M*) and
magnesium cations. However, the first

o=Ir Phs P

Cyn

:1 ] =3CsHg,
Phsl a0k
PPhy

PPhy ey
1 & 3
Ph, !’-@
“2C4Hs L phh

Cy | CoHs,

-0 o T

PhaP- {7

2
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Stereoselective Synthesis

CI(CH,),Cl, RT 3

R*”OH X.-D. Hu, C.-A. Fan, F.-M. Zhang,
R3, R?=linker C1-C2 syn Pentalenene Y. Q Tu* —— 1702-1705
R*=H  C1-C2anti type skeleton

A Tandem Semipinacol Rearrangement/
structed by a tandem semipinacol rear- Alkylation of a-Epoxy Alcohols: An
rangement/alkylation of a-epoxy alcohols  Efficient and Stereoselective Approach
with RB(OH), (see scheme). to Multifunctional 1,3-Diols

Matrix Isolation

1 1
InH; — 3 InoHg — 7 (InHs ), L. Andrews,* X. Wang —___ 1706—1709

2
the sharp absorption bands are replaced
with a broad IR band centered at
1460 cm™' assigned to solid indane
(InH;), [see Equation].

Infrared Spectra of Indium Hydrides in
Solid Hydrogen and of Solid Indane

0) ,
” YR E. Hevia, A. R. Kennedy, R. E. Mulvey,*

S. Weatherstone ______ 1709-1712

Synthesis and Crystal Structure of
[{nBuMg(1-TMP)},] and of a Homo-
metallic Inverse Crown in Tetranuclear

[{nBuMg;[u-N (H) Dipp], (15-OnBu) 5]

homometallic (magnesium—-magnesium’)
inverse crown is unveiled (see picture) by
exploiting the isovalent relationship
between M+ and (BuMg)*.

A mono- to di- and triphosphane trans- Phosphane Ligands

formation occurs on treatment of

[Ir4(CO)q(PPhs);] (1) with Cg to succes- B. K. Park, M. A. Miah, G. Lee, Y.-J. Cho,
sively afford 2 and 3. The noninnocent, K. Lee, S. Park, M.-G. Choi,
multifunctional Cg, ligand plays a crucial ). T.Parkx —__ 1712-1714
role in transforming three PPh; ligands

into a py-PPh,(0-C¢H,)P(0-C¢H,)PPh(n'-0-  Novel [60]Fullerene-Assisted ortho-

C¢H,) triphosphane ligand by a series of ~ Phosphanation on a Tetrairidium

ortho-phosphanation and ortho-metala- Butterfly Framework
tion processes on the Ir, cluster frame-
work.
www.angewandte.org © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Q.-F. Zhang, T. C. H. Lam, E. Y. Y. Chan, ? & -
S. M. F. Lo, I. D. Williams, » .
W.-H. Leung* 1715-1718

A Water-Soluble Tetranuclear Zr"V Com-

pound Supported by the Klaui Tripodal L < f ®
Ligand: A Model of Zr" in Aqueous Media B :
L N ®
.
°
S

Reversible Self-Assembly in Water

A. Arnaud, ). Belleney, F. Boué,
L. Bouteiller,* G. Carrot,

V. Wintgens 1718-1721

Aqueous Supramolecular Polymer
Formed from an Amphiphilic Perylene
Derivative

Carbon Inclusion Compounds
reminiscent of Russian Matrioshka dolls,
have been constructed in nonpolar
organic solvents from carbon nanorings
and a Cg4, molecule (see picture). A study
of these structures show there is a
substantial difference between the elec-
tronic properties of planar and curved
conjugated systems.

K. Tanaka, N. Shiono, Y. Seirai,
1722-1724

T. Kawase,*
M. Oda*

Onion-Type Complexation Based on
Carbon Nanorings and a Buckminster-
fullerene

Natural Products Synthesis

M. Pérez, C. del Pozo, F. Reyes,
A. Rodriguez, A. Francesch,
A. M. Echavarren,*

C. Cuevas* 1724-1727

Total Synthesis of Natural Myriaporones

The relative and absolute configuration of

the cytotoxic myriaporones (e.g. 4) was
assigned by their total synthesis from
aldehyde 1. Key steps included aldol

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

2into 1 will go: Multi-inclusion structures,

Water soluble and stable: The treatment of
zirconyl nitrate with the Kl&ui tripodal
oxygen ligand in dilute nitric acid gives a
water-soluble tetranuclear hydroxo-
bridged Zr'"V compound (depicted, C gray;
O red; P purple; Co blue; Zr green), which
reacts with a phosphodiester to give a Zr"V
phosphate cubane cluster.

Aromatic stacking and hydrophobic inter-
actions are the driving forces for the
reversible self-assembly of an amphiphilic
perylene derivative in water to form a
linear polymer (see schematic represen-
tation). The structure of the assemblies
has been elucidated by small-angle neu-
tron scattering, and the association
strength determined by NMR and fluo-
rescence spectroscopies.

;,-.m-“"* .a..“l%\
d,;p-* "‘%\k \

7
{{

reactions with chiral oxazolidinone 2 and
with Weinreb amide 3. TBS =tert-butyldi-
methylsilyl, PMB = p-methoxybenzyl.

Angew. Chem. Int. Ed. 2004, 43, 1608 -1616
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Two stereoselective aldol reactions, a
nitrile oxide cycloaddition, and a stereo-
selective late-stage epoxidation were key
steps in the total synthesis of myriapor-
ones 1, 3, and 4 (see scheme). The syn-
thesis allowed the unambiguous assign-
ment of stereogenic centers not previ-
ously assigned for these compounds.

Obh 0 6HO

myriaporone 4

Bioactive organometallic compounds:

NH, i )
: Iron-containing nucleoside analogues,
% which can be stereoselectively synthesized
TOs0 5 NJ’}D in a few steps starting from simple
carbohydrates, cause tumor cells to
L undergo apoptosis (programmed cell
EOCT] death; see picture for the typical mor-
Fe{CO),

phological characteristics of BJAB tumor
cells after apoptosis).

Getting the picture: Citrate and other
intermediates of the citric acid cycle can
be imaged by time-resolved fluorescence
with a Eu?* tetracycline complex as a
fluorescent probe (see picture). The time
resolution enables discrimination
between intermediates, and enzymatic
conversions are not needed.

O s

oxaloscoinic ettt
SO0 ITRIC

-

tt-ketoglutnmate

fumaraie AUCC e

Bringing two fascinating molecules
together: Bismalonate derivatives of the
Troger base were used in the high-yielding
regio- and diastereoselective preparation
of bisadducts of Cg, with trans-1, trans-2,
and trans-4 addition patterns (e.g. see
structure). Moreover, both enantiomers of
the inherently chiral trans-2 adduct were
prepared from enantiomerically pure
tethers.

Angewan

Natural Products Synthesis

K. N. Fleming, R. E. Taylor* 1728 -1730
Total Synthesis and Stereochemical
Assignment of Myriaporones 1, 3, and 4

Antitumor Agents

D. Schlawe, A. Majdalani, J. Velcicky,
E. Hefller, T. Wieder,* A. Prokop,*
H.-G. Schmalz* 1731-1734

Iron-Containing Nucleoside Analogues
with Pronounced Apoptosis-Inducing
Activity

Citric Acid Cycle

Z. Lin, M. Wu, M. Schiferling,
0. S. Wolfbeis* 1735-1738

Fluorescent Imaging of Citrate and Other
Intermediates in the Citric Acid Cycle

Fullerenes
S. Sergeyev, F. Diederich* _ 1738-1740
Regio- and Stereoselective Tether-

Directed Remote Functionalization of Cq,
with Derivatives of the Troger Base

@ Communications labeled with this symbol have been judged by two referees as being “very important papers”.
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B. Trost Receives Arthur C. Cope
Award

The Arthur C. Cope Award of the
American Chemical Society (ACS),
awarded annually in recognition of out-
standing work in organic chemistry,
includes a research grant of
US$ 150000. Barry M. Trost (Stanford
University)  is
the recipient of
the award for
2004, which will
be presented at
the ACS spring
meeting.  The
award  recog-
nizes Trost's
extensive contri-
butions to
organic chemis-
try in the areas
of asymmetric catalysis, total synthesis,
organometallic chemistry, and the syn-
thesis of complex molecules. During
his career he has completed syntheses
of natural products, such as juvenile hor-
mones and their analogues, and has also
broadened the scope of available syn-
thetic methods significantly, in part
through his work on sulfur chemistry
and palladium catalysis.'?l He received
the Presidential Green Chemistry Chal-
lenge Award of the US Environmental
Protection Agency (EPA) in 1998 for
his concept of atom economy.!'"” In the
most recent of his numerous Communi-
cations in Angewandte Chemie he
reported on the dynamic kinetic asym-
metric transformation of vinyl epoxides
under palladium catalysis.['*]

B. M. Trost

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

Trost studied at the University of
Pennsylvania in Philadelphia (USA)

- and completed his PhD in 1965 on enol-

ate chemistry at the Massachusetts Insti-
tute of Technology under the guidance
of Herbert O. House. He then became
assistant professor and later full
professor at the University of
Wisconsin. In 1987 he moved to Stan-
ford University. He has received numer-
ous awards, including honorary doctor-
ates from the University of LyonlI
(France) and Technion in Haifa
(Israel). Trost is a member of the Edito-
rial Board of Chemistry—A European
Journal and the Academic Advisory
Board of Advanced Synthesis & Catal-
ysis.

S.J. Miller Receives Arthur C. Cope
Scholar Award

Arthur C. Cope Scholar Awards of the
ACS, which will be presented at the
autumn meeting, are accompanied by a
research grant of US$ 40000. This year
Scott J. Miller of
Boston College,
a private Jesuit
university in
Massachusetts
(USA), is one of
the recipients.
After complet-
ing his chemistry
studies at Har-
vard University |
(USA) in 1994 °
with a PhD in S-J. Miller

the research

group of David A. Evans, he undertook
postdoctoral research with Robert H.
Grubbs at the California Institute of
Technology in Pasadena.

Miller's research is focused on the
development of new methods for
organic synthesis. He makes use of the
architecture and design of biologically
relevant structures, such as peptides. In
two Communications in Angewandte
Chemie he reported on the asymmetric
addition of azides to unsaturated car-
bonyl compounds catalyzed by simple
peptide catalysts??l and on mechanistic
studies of peptide-based catalysts as
enzyme analogues."!

DOI: 10.1002/anie.200481031

Arthur C. Cope Senior Scholar
Award to G. Posner

Gary H. Posner will receive an
Arthur C. Cope Senior Scholar Award
at the ACS autumn meeting for his
diverse contributions to organic chemis-
try, and with it a research grant of
US$ 40000. Posner completed his PhD
in 1968 under the guidance of Elias J.
Corey (Nobel Prize in Chemistry 1990)
at Harvard University. After a postdoc-
toral year in the research group of Wil-
liam G. Dauben
in Berkeley
(CA, USA), he
took up a posi-
tion at Johns
Hopkins Univer-
sity in Baltimore
(MD, USA).

Early in his
career  Posner
made significant
contributions to
organocopper
chemistry.  He
later extended his work to the synthesis
of steroids and vitamin D3 analogues,
as well as malaria therapeutics based on
peroxides. Posner is active in the devel-
opment of new synthetic methods. He
recently reported a domino process in
Angewandte Chemie in which up to
five stereocenters can be constructed
simultaneously through titanium-pro-
moted addition reactions.!

G. H. Posner

[1] a) B. M. Trost, Angew. Chem. 1989, 101,
1199; Angew. Chem. Int. Ed. Engl. 1989,
28, 1173; b) B. M. Trost, Angew. Chem.
1995, 107, 285; Angew. Chem. Int. Ed.
Engl. 1995, 34, 259; c¢) B. M. Trost, D. B.
Horne, M.J. Woltering, Angew. Chem.
2003, 715, 6169; Angew. Chem. Int. Ed.
2003, 42, 5987.
a) T. E. Horstmann, D.J. Guerin, S.J.
Miller, Angew. Chem. 2000, 112, 3781;
Angew. Chem. Int. Ed. 2000, 39, 3635;
b) M. M. Vasbinder, E.R. Jarvo, S.J.
Miller, Angew. Chem. 2001, 113, 2906;
Angew. Chem. Int. Ed. 2001, 40, 2824.
[3] a) G. H. Posner, M. Kahraman, Eur. J.
Org. Chem. 2003, 3889; Eur. J. Org.
Chem. 2003, 4937; b) M. C. Carreiio, M.
Ribagorda, G. H. Posner, Angew. Chem.
2002, 114, 2877; Angew. Chem. Int. Ed.
2002, 41, 2753.
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Molecular Machines

Chemistry in Motion—Unidirectional Rotating

Molecular Motors

Christian P. Mandl and Burkhard Konig*

Keywords:
catenanes - isomerization - macrocycles -
photochemistry
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M olecules are in constant motion, if
not frozen around 0 K, but their Brow-
nian motion is random. Overcoming this
randomizing effect and generating di-
rectional motion at the molecular level
with artificial systems is still a challenge.
Research in this area is inspired by the
vision of transferring the concept of an
engine or a motor to the molecular
level."! That this is possible is illustrated
by the directional processes found in
nature:® cell division, translocation of
organelles, and membrane transport all
rely on directional movement, while
processes such as replication, transcrip-
tion, and translation require encoded
information sequences to be read and
copied in a directional manner.
Macroscopic engines and molecular
motors both convert chemical, electri-
cal, or light energy into mechanical
work, yet their mode of operation is
very different.”! Because of their dimen-
sions molecular motors must operate at
energies only slightly higher than those
of the thermal bath surrounding them.™
They are actuated by Brownian motion
and the key to their function is to give a
direction to these undirected processes.
Chemistry's role is to select one direc-
tion from all possible movements by
lowering the energy profile of this direc-
tional movement compared to all the
others. This makes this movement hap-
pen preferentially.”! Chemical or photo-

[*] Dipl.-Chem. C. P. Mandl, Prof. Dr. B. Kénig
Institut fir Organische Chemie
Universitit Regensburg
93040 Regensburg (Germany)
Fax: (+49) 0941-943-1717
E-mail: Burkhard.koenig@chemie.
uni-regensburg.de

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

chemical steps fuel these selection proc-
esses.

Leigh et al.””) recently reported a net
relative unidirectional circumrotation in
a mechanically interlocked molecular
rotor! The [2]catenane  system
(Scheme 1) consists of a larger macro-

A A e ,B 4
BB . S
Stata |

State Il Stata ll

KA(C) > K, (&) and K,(B) BB

Scheme 1. Bidirectional sequential movement between three

different binding sites in a [2]catenane.

cycle which contains three stations with
different binding affinities® for the
smaller macrocycle [K,(A)>K,(B)>
K,(C)]. The stimuli-induced sequential
movement of the smaller ring along the
larger one goes through three photo-
chemical and thermal steps, which alter
the binding affinities of the stations. As
a result the small ring is switched
between the three different stations with
positional integrity from A to B to C to
A. However, the rotation in this system
is not unidirectional because the small
ring can move from A to B directly or
via station C.

A four-station [3]catenane over-
comes this problem (Scheme 2). Initially

DOI: 10.1002/anie.200301697

Ko{A) > K,(B) > K(C)

1 &
/B e

KB} > K,(C} and K, A7

the blue and purple small rings are
bound to stations A and B, respectively.
With long wavelength UV light irradi-
ation (process 1) A is converted into A’
with lower binding affinity for the small
blue ring, which becomes free to move.
The purple ring stays at the B station
blocking any clockwise
movement of the blue
ring, which has to move
counterclockwise to ar-
rive at station C, which
now has the highest bind-

AR ing affinity. Irradiation
with short wavelength

UV light (process 2)

cER transforms B into B’

breaking the hydrogen
bonds that hold the pur-
ple ring. The purple ring
moves counterclockwise
to station D, where it is
bound again. The clock-
wise direction is blocked
by the blue ring. White
light irradiation (pro-
cess3) then resets the
system by switching A’ back to A and
B’ back to B, which makes the blue ring
move to B and the purple ring move to
A in a unidirectional manner. The blue
and the purple ring have exchanged
places by following each other halfway
around the large macrocycle. To com-
plete a full rotation steps 1 to 3 have to be
repeated. Each ring has then performed
one clockwise and three counterclock-
wise movements, which amounts to a net
relative unidirectional motion."”

Each step puts the system in a
nonequilibrium state, from where it
relaxes by Brownian motion into the
new global minimum. To make the
process directional, the kinetics of the

Angew. Chem. Int. Ed. 2004, 43, 16221624



Scheme 2. Stimuli-induced net unidirectional circumrotation in a four-station [3]catenane. The
overall process corresponds to a relative counterclockwise movement. See text for an explana-

tion of the individual steps.

different routes for reaching thermody-
namic equilibrium must be controlled so
as to favor only one. Two previously
reported unidirectional rotating molec-

stable (2’ R)-(M)-cis-1
axial methyl group

unstable (2'R)-(P)-cis-1
equatorial methyl group

unstable (2’ R)-(P)-trans-1
equatorial methyl group

stable (2’ R)-(M)-trans-1
axial methyl group

ular motors, although structurally very
different, use the same principle. The
Feringa system!'®!!l is based on a chiral
helical alkene, which displays unidirec-

Scheme 3. Unidirectionally rotating molecular motor developed by

Feringa et al. which is driven by visible light.

Angew. Chem. Int. Ed. 2004, 43, 16221624
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tional rotation around the central C—C
double bond in four isomerization steps
induced by UV light and temperature
changes.'” The chirality of the system is
needed to create the unidirectional
motion and, in addition, enables mon-
itoring of the process by CD spectros-
copy. A second generation of Feringa's
molecular motors (Scheme 3) has mean-
while been developed,'*¥ allowing
faster and even continuous rotation as
well as the use of visible light.”] Re-
markably, the presence of a single ster-
eogenic center in these systems is suffi-
cient to ensure unidirectional rotation.
The inclusion of the molecular motors in
a cholesteric liquid crystalline film
makes it possible to switch the film
color through irradiation,'®! leading to
observable macroscopic effects induced
by the dopant.l'”

The Kelly motor!"*2" rotates around
a triptycene/helicene bond and is chemi-
cally fueled®! by phosgene. Three sub-
sequent reaction and hydrolysis steps are
needed to complete one third of a turn
(Scheme 4).21 As published so far, the
system is incapable of undergoing a full
rotation. The direction of motion in the
molecular motors reported by Kelly and
co-workers and Feringa and co-workers
is determined by the configuration of the
substance. The catenanes described by
Leigh et al. are not chiral, which shows
that chirality is not a prerequisite for net
relative directional work with a rotating
machine at the molecular level.

lEbN

Scheme 4. One-third rotation of Kelly's chemically fueled motor.

www.angewandte.org
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Having achieved unidirectional mo-
tion with molecular motors, the ques-
tions immediately arise as to what work
they can do and what they can drive. The
transformation of circumrotation into
mechanical work is difficult. To achieve
macroscopic forces and effects, ordered
immobilization and coordination of ac-
tion seems necessary, independent of
the type of molecular motor. In this
regard artificial systems that show
stimulated linear motion™! based on
polymers with molecular recognition
sites, as recently reported by Schneider
et al.,” may be easier to use. We will
surely see more examples of receptor-
based molecular machines®™ with in-
creasing performance in the future, but
it is still a long way to their practical
application.

[1] a) V. Balzani, A. Credi, F. M. Raymo,

J. F. Stoddart, Angew. Chem. 2000, 112,

3484-3530; Angew. Chem. Int. Ed.

2000, 39, 3348-3391; b) V. Balzani, A.

Credi, M. Venturi, Molecular Devices

and Machines, Wiley-VCH, Weinheim,

2003; c) Molecular Switches (Ed.: B.

Ferringa), Wiley-VCH, Weinheim, 2001.
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Excess energy is quickly dissipated into
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[5] This is true for the “Brownian ratchet”
model, which most systems published so
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conformational change induced by
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bonding or reaction of an energy-rich
molecule, which results in movement of
the motor.
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Bigger DNA: New Double Helix with Expanded Size**

Andreas Marx* and Daniel Summerer

Besides its immense biological impor-
tance, DNA is becoming an increasingly
interesting target for chemical modifi-
cations. These efforts are driven by
numerous motivations, which include
therapeutic approaches, functional in-
vestigations of enzymes, and new devi-
ces for nanotechnology.!! In the past,
new designs of nucleobase scaffolds
were achieved by replacing one or more
of the natural base pairs by analogues
that have different hydrogen-bonding
patterns, are isosteric, but with reduced
hydrogen-bonding ability, are hydro-
phobic, or metal-ion binding.”! All four
bases of DNA have never been replaced
by artificial scaffolds and it is not clear
whether this would be possible without
significant loss of its sequence-recogni-
tion and spontaneous self-assembly
properties.

Recently, Kool and co-workers de-
scribed a new system in which the
unmodified DNA backbone is main-
tained but two of its nucleobases are
replaced by extended analogues.’! The
analogues were designed by fusing a
benzene ring between the Watson—
Crick-recognition sites and the connec-
tion of the nucleobase to the sugar
moiety. This insertion results in a 2.4 A
size-expansion and converts the bicyclic
purine A into the three-ring system xA
and the cyclic pyrimidine T into bicy-

[*] Priv.-Doz. Dr. A. Marx,

Dipl.-Chem. D. Summerer
Kekulé-Institut fir Organische Chemie
und Biochemie

Universitdt Bonn
Gerhard-Domagk-Strasse 1

53121 Bonn (Germany)

Fax: (4+49)228-73-5388
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We thank E. T. Kool, Stanford, for kindly
providing the coordinates of DNA and
xDNA duplexes.
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clic xT. Since this transformation does
not affect the hydrogen-bonding sites
Kool et al. reasoned that artificial se-
quences containing these bases should
form a double helix when combined
with DNA containing complementary
nucleotide bases. The work was inspired
by work of Leonard et al. who used xA
to probe ATP-dependent enzymes three
decades ago.! From the modified bases
xA and xT Kool et al. synthesized the
nucleoside analogues dxA and dxT and

NH,

Keywords:
DNA - DNA structures - fluorescence -

oligonucleotides - supramolecular chemistry

were able to incorporate them into
oligonucleotides and study their proper-
ties.

To elucidate whether the extended
analogues form Watson—Crick base
pairs in an unmodified-DNA environ-
ment Kool et al. investigated duplexes
containing single extended bases (XA or
xT) near the middle of a 12-base-pair
oligonucleotide (1, 2 in Figure 1). They
found that both analogues when paired
to the unmodified partner destabilize
the double helix relative to the
unmodified  double  helix.
Xy Through investigation of nucleo-
) base variations opposite the ex-

tended analogues it became ap-
parent that xA has a slight
pairing selectivity for T over

NH,

¥ o ¥ e C,G, or A and that xT in 2 is
more unselective in pairing to
o] o its partner in the opposite
\L)(NH NH strand of the duplex. These
T IN 5 T NAO observations indicate that the
© o © o H DNA backbone is too rigid to
tolerate alterations, since signif-
o) o) icant distortion of the helical
¥oar ¥ dxT conformation would be re-
S;A ..... T—3' 5‘ A T 3'
~G=C—  [G=CT fTxA— |xT-A—  |xA~A—]
=A== T— —AT— —xA-T— —xT~A—] — T xA—]
—xAN— —N=xT— T xA— —xTA— — T xA—]
—G=C—  [G=C t-xATH |[-xT-A—{ |-xA~A—]
A= T— —A=T—  =T-xA—  |-xT~A—|  |—xTA—
L A T— AT oA L T A | xA—
L A T— N = I SN LA L AA—
—G.... C— —G....C—
1 2 3 4 5

Figure 1. Selected DNA and extended DNA (xDNA) constructs.?! All xDNA structures were com-
pared with corresponding DNA structures containing exclusively natural building blocks. Con-
structs 1 and 2 exhibit decreased and 3-5 increased duplex stability when compared with the

structures made up of natural building blocks.
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quired to accommodate the extended
base analogues within a regular DNA
helix.

Kool et al. speculated that a helix
exclusively composed out of the extend-
ed nucleotides would circumvent the
geometric constraints dictated by the
regular DNA helix. Thus, a self-compli-
mentary oligonucleotide 3 was investi-
gated that formed a helix with an
expanded nucleotide in every single
base pair. They found that this xA resi-
due containing complex 3 is more stable
than the natural duplex by 5.8 kcal-
mol~!. To test the sequence generality
of the system several other duplexes
were investigated. Consistent with the
above results, increased stability was
found for double helixes with other
sequences but in which every base pair
included an extended base (4 and 5,
Figure 1). What is the origin of the
increased stability of the enlarged
xDNA helix? Kool etal. ascribe the
measured increase in pairing stability to
enhanced stacking of the enlarged aro-
matic systems. Stacking might occur
either within each strand or across the
strands. NMR spectroscopy investiga-
tions corroborated that a duplex system
with significant interstrand hydrogen
bonding is indeed formed in cases where
size-expanded analogues were used. A
self-complementary sequence was in-
vestigated and found to give rise to the
number of NMR resonance signals con-
sistent with a antiparallel duplex struc-
ture. Modeling studies provided insights
into the structural differences between
normal B-form DNA and xDNA (Fig-
ure 2).

Structural and thermodynamic in-
vestigations indicate only small confor-
mational changes in the DNA sugar—
phosphate backbone and suggest that
the larger diameter of the xXDNA helix
results in a greater number of bases per

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

DMA

xDNA

Figure 2. Side view of 10-base-pair DNA and
modeled xDNA duplexes. Shown are the Con-
nolly surfaces with cavity depth-dependent col-
oring (blue shallow, green deep). The struc-
tures were generated with the SYBYL6.9
(TRIPOS) software package.

turn than in B-DNA. Additionally, size
extension might cause the minor and
major grooves of the xDNA-helix to be
wider than those of B-DNA.

The development of xDNA is an
outstanding and very elegant example
for a successful molecular design. The
report by Kool et al. points once again at
the great potential of nucleic acids as
suitable scaffolds for nanoscale engi-
neering.!"! The enlarged oligonucleoti-
des harbor features not found in natural
DNA: Owing to the incorporation of the
fluorescent monomers XA and xT the
nucleotides dxA and dxT are highly
fluorescent, as are the resulting oligo-
nucleotides. Thus, in XDNA all the base
pairs are fluorescent giving a polymer
with high fluorophore density. Kool
et al. speculate that this property of
xDNA combined with its increased
binding propensity might be particularly
useful for applications in detection and
diagnosis of DNA or RNA. For this
purpose as well as to complete the size-
extended genetic alphabet, the to-date
missing nucleobase surrogates xG and
xC are awaited. Their preparation might

www.angewandte.org

enable further size-expansion, for exam-
ple, through construction of a helix
composed exclusively of size-extended
nucleotides. A further investigation
would be to see if DNA polymerases
process the extended analogues. As
noted by Kool recently,”’ these ana-
logues might be useful to test the
hypothesis of “active-site tightness” for
DNA polymerases. This model is pro-
posed as an explanation for enzyme
selectivity and its variation among sev-
eral DNA polymerases.”! We await
fascinating progress along these lines in
near future.
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Nanocatalysis: Mature Science Revisited or Something
Really New?
Robert Schlogl* and Sharifah Bee Abd Hamid*
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“N anomania” has reached the area of heterogeneous catalysis.

Nanosized catalyst constituents are important for functions that

require structural control over several scales of dimension. Nano-

catalysis may be understood as a redefinition of catalyst synthesis:

multidimensional structural control is exerted by considering catalysts

as inorganic polymers rather than as close-packed crystals. Primary,

secondary, and tertiary structural hierarchies translate into molecular

building blocks and linkers, the defect structure of crystals, and particle

morphology. High-throughput techniques and in situ synthetic anal- present, one paper about nanoscience
ysis are the tools required to arrive at better defined catalytic materials s published, on average, every hour of
that can fulfil the high expectations created by the incorporation of ~ €Very day in the year.

/ . he © » 1 field In a recent review article,!! catal-
catalysts into the “nano” research field. ysis research was strongly linked to

nanoscience. The article stressed how

advances in analytical techniques al-

1 Nanotechnology and Catalysis low the identification of the function of supported catalysts,

represented by excellent examples of nanostructured materi-

Recognition of the special properties of objects smaller  als in practical application. The review further points to the

than single crystals and larger than molecules is not new, essential role of novel and soon-to-be-developed synthestic
having originated in physics and material science. The
transition from the microelectronic to the nanoelectronic
regime was an important driving force that has boosted
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National Science Foundation, a similar level of expenditure to
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techniques to even further exploit the knowledge gained from
the functional analysis of existing systems.

It has become customary to define nanoscience as “the
ability to control and manipulate objects of atomic dimen-
sions, that is, individual molecules”.”] However, this also
describes the task of chemistry as a whole and thus does not
fully underline the interest into the expected developments
and breakthroughs that are attached to the studies of systems
in the “nanoworld”. In many applications the task for
nanoscience is to tailor the size of individual objects to the
needs of the physical phenomenon on which its function is
based. Besides pigments and quantum-dot structures, a
prominent example of such an application is in magnetism,
where it is highly desirable to use particles that are magneti-
cally separated from each other, and where the particle size is
such that each individual particle can be considered as an
elementary magnet.! The self-organization of nanoparticles
is a key issue of fabricating dimensionally hierarchical
materials from individual nanostructures (for example, stor-
age devices from elementary magnets). Controlling self-
organization requires control of the relation between parti-
cle—particle and particle-environment (substrate) interac-
tions.")

The interaction of polymers with solid surfaces, relevant
to applications such as bonding or gluing, is an example of a
multiscale phenomenon that is characterized by nanoscopic
effects. The function is controlled by the dynamic behavior of
the molecular units of the polymer which, as a strand on the
mesoscopic scale, is coupled with specific interactions of
functional groups of the polymer with the solid substrate. The
combination of theoretical tools at various descriptive levels
allows functional analysis of such systems on several scales of
length and time.®

The examples show that nanoscopic objects are hierarch-
ical structures providing functional properties through the
controlled assembly of molecular building blocks. The
absolute size of a nanoobject can thus deviate from the
nanometer regime. This is reflected in a definition found in
the documents of the EU commission: “Nanotechnology is
the manipulation, precision placement, measurement, mod-
eling, or manufacture of sub-100 nm scale matter”.”) A
consequence of this definition is that objects in nanoscience
cannot be seen by conventional optical microscopy as they are
significantly smaller than the wavelength of visible light.
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Catalysts, and the multitude of products prepared through
their use, are fundamental to modern life. Adequate food
supplies, clean air and water, and energy to fuel the mobile
society are immediate consequences of the intimate cooper-
ation of catalyst material science and chemical process
engineering.

2. Size Effects in Heterogeneous Catalysis

Technical catalysis has been concerned with small par-
ticles for a long time. The initial incentive to reduce the size of
the particles of active components was to maximize the
surface area exposed to the reactants, and thus minimize the
specific cost per function. Optimizing the usage of active
(precious) materials is a major aspect of catalyst optimization
and forms the basis of the statement that catalysis is the oldest
and largest application of nanotechnology.”! In “nanocatal-
ysis” a peculiar situation occurs: the functional dimension of a
chemical bond in the substrate molecule has a typical length
of 0.2 nm, whereas the catalyst particle, with a diameter of
2—-6 nm, is typically more than 10 times as large. The dimen-
sional mismatch between object and function poses the
question about the physical background of “nanocatalysis”.

Catalytic phenomena occur at several scales of length and
time (Figure 2). These phenomena arise from the intimate
interconnection of processes between the substrate and the
active sites of the catalyst with solid-state chemical processes,
which are brought about by the interaction of the whole
catalyst material with the reactants and products. The
interactions are controlled by the transport of matter and
energy!” on the meso- to macroscopic scale in reactors
designed to perform the desired process. The combination of
surface-science model experiments and chemical kinetics has
shaped the image of the dynamic catalyst, whose function is
governed by the interplay of surface structure and gas-phase
chemical composition, which are locally and temporarily
dependent on the catalyst function.'"'¥ Figure 2 shows that a
single “size” parameter cannot describe the function of a
catalyst, and its definition as “nano” by size is inappropriate
despite its frequent use in more recent literature.!'>>

An important peculiarity of catalysis as part of nano-
science is the relevance of chemical reactivity for its function.
Reversible transformations of the nano-object “catalyst”
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in 1982 (LMU, Munich) and then carried
out postdoctoral studies with J. M. Thomas
(Cambridge) and H. J. Giintherodt (Basle).
After some time in chemical industry he
completed his habilitation in 1989 (TU Ber-
lin). Following an appointment as full pro-
fessor of inorganic chemistry at Frankfurt
University (1989) he was appointed in 1994
as Director of the Department of Inorganic
Chemistry at the Fritz-Haber-Institute der
Max-Planck-Gesellschaft in Berlin. His main
field of research is functional analysis and
material science in heterogeneous catalysis.

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

Chemie

1629


http://www.angewandte.org

Angewandte

1630

Chemie

27 g | — |ILII'I:-|'HII'1
s in reactors
| il
T g o
57 -l !‘.— Lransport
ik in grains
ms =
surface
"v &l ”cl\.L-
ns = A restructuring
clementary —— E'n:k:'
steps s “ @&
I I T T T
pm nm pm mm m

Figure 2. A working catalyst must function on all dimensions of time
(vertical axis) and length (horizontal axis) simultaneously. Color code:
surface chemical processes (blue), transport processes (yellow), solid-
state processes (red). The area shaded green highlights the nano-
regime, which covers only a fraction of the size range possible for
heterogeneous catalysis.

between different structures characterize the function of a
catalyst whereas in most other applications of nano-objects
their reactivity is minimized to ensure stability. Nanoparticles
are larger than “clusters”, and are thus materials that show
properties at the interface between molecular and bulk
materials.”!! A significant fraction of the total number of
atoms in nanostructures are coordinatively undersaturated
(cus) with respect to the equilibrium bulk structure. If 20 % of
the cus sites are considered at the as lower level of
significance, then objects of up to about 8000 atoms can be
considered as nano-objects with a size range of 5-10 nm
depending on the nature of the material.

The cus sites exhibit local electronic structures that are
decoupled from the band structure of the interior. Conse-
quently, an energy gap exists between the valence and
conduction bands with its width depending on the number
of valence electrons in the nano-object.l”? This size effect on
the integral electronic structure is significant for small clusters
with few atoms but the band gap vanishes at 300 K for objects
with about 300 atoms. As catalytic reactions occur usually at
elevated temperatures, the band-gap effect is of significant
influence only for very small objects™™ of about 1 nm in size.
Such objects are in a non-encapsulated form,***! which are
not very stable under reaction conditions and tend to sinter.
Thus an average ground-state electronic structure modifica-
tion that is well known to exist in small clusters®®-**! is in most
cases not responsible for beneficial “nanoeffects” in catalysis.
In elegant single-particle experiments it was possible to
deduce that the presence of cus atoms affects the collective
excitation of the metallic electronic structure and that
localized electronic effects do exist beyond the average
ground states.””

The lack of metallic character for very small particles is
responsible for a deterioration in their catalytic function when
coupled to a metallic electronic structure. The relation
between size and function is thus nonlinear (volcano-shaped)
revealing a maximum at mean diameters of 3-6 nm. A
rigorously analyzed example is the shift between molecular
and dissociative adsorption of CO on Rh particles with
varying size and surface roughness.” Cus sites on rough
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surface features as active centers have now been theoretically
identified in several cases.’™ The underlying principle of
volcano curves is the optimization between chemisorption
and the activation of a molecule, which is achieved by fine-
tuning the local electronic properties of the active site.*” In
other cases a relation between size and function is observed
and represented by an exponential decay of the catalytic
efficiency with increasing size in the nanometer regime.['7-3+6
In these cases the active material may exhibit a bulk
metastable non-equilibrium state under certain conditions,
such as for the cases of internally strained objects®™*! or
multiple twinned objects where the small size prevents
recrystallization into the form found at equilibrium.®”

Several types of cus sites exist on all three-dimensional
nanoparticles; such examples are terrace sites, edge sites, and
kink sites, which are often summarized as “roughness”. The
relevance of this site distribution being controlled by the
morphology of the nanoparticle in determining the selectivity
of catalytic reactions was demonstrated in a model experi-
ment where the decomposition of methanol was investigated
by molecular beam studies and in situ vibrational spectros-
copy over a Pd catalyst.[*”! Two competing reaction pathways
occur at different rates, namely, C—H bond cleavage leading
to CO, at terrace sites, and C—O scission leading to elemental
carbon on step and edge sites. The experiment underpins the
statement concerning the impact of insitu analysis on the
understanding and thus the accountability of the nanostruc-
tural properties in catalysis."

The core reason for the “nanoeffect” in many catalytic
applications is the ability of nanostructured matter to occur in
non-equilibrium modifications that are metastable under
reaction conditions. It has been suspected for a long
timel®*4 that cus sites generated by rough surfaces, stepped
surfaces, or occurring on objects with lattice strain should
represent the matrix containing, or even representing, the
active sites.[?-324-44]

Figure 3 displays some characteristic images of catalyti-
cally active nanostructures. On the mesoscale, non-equilibri-
um faceting of silver is stabilized by the incorporation of
oxygen in the metal lattice (Figure 3a)."") Pd nanoparticles
possess a regular fcc bulk structure but exhibit lattice
expansions®! and significant roughness effects at their
periphery,*”) where the gas-solid interface is located (Fig-
ure 3b). Cu nanoparticles can be obtained in metastable
multiple-twinned forms exhibiting a regular deviation from
the bulk lattice constant and particular terminations at the
triangular intersection of the decahedral or dodecahedral
polyhedra (Figure 3¢).[! All of the above exist under
catalytic conditions only because transformation into more
stable forms is kinetically hindered. The limited size and the
roughness of the surface of suitably prepared nanoparticles
affect the dynamics of surface rearrangements, which con-
stitutes the kinetic barrier for equilibration. Thus there is an
indirect link between particle size (which enables the
existence of geometric and electronic non-equilibrium struc-
tures) and the catalytic function, such that fine-tuned local
electronic properties are required that differentiate from
those of the equilibrated bulk surface.*”! The scenario is
further affected by the coupling of the metastability of a
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Figure 3. Complex morphologies of catalytic nanostructures: a) ele-
mental silver restructured in the partial oxidative dehydrogenation of
methanol to formaldehyde; b) Pd nanoparticles (prepared by gas con-
densation) supported on boron nitride; c) Cu nanoparticles prepared
by the gas condensation technique on carbon.

surface to not only the effects of finite size but also to the
interaction with the gas phase.”” Different cus structures and
different particle morphologies do exist under different gas
phase compositions.'=!

3. Catalyst Synthesis: The Challenge

Catalysts are currently “prepared” rather than “synthe-
sized”. This means that empirical recipes are followed that do
not describe the kinetic boundary conditions of the reactions
performed. Each batch of material consequently must be
characterized for their functional properties, which cannot be
predicted. This situation is considerably different in homoge-
neous catalysis, where the catalysts have an important
advantage in that their synthetic precision allows the success-
ful application of the concept of ligand design as an efficient
tool for fine-tuning the catalytic properties in a defined and
rational way. It is barely possible to predefine properties in
heterogeneous catalysis and to synthesize the material using a
toolbox of reactions or finding a rational way for its
generation through retrosynthesis.” Knowledge concerning
constitution, existence ranges, and the reactivity of purely
inorganic synthons is poorly developed,”™ since the enormous
structural complexities that exist can be monitored only by a
small number of structure-sensitive analytical tools. The
reaction kinetics of molecular precursors in the most practical
aqueous systems at high solute concentrations is fast and
exhibits multiple pathways. Changing the reaction environ-
ment and using protective nonaqueous ligands can arrive at
model compounds and tentative reaction pathways, however,
they are only of limited use because of limited stability and
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the necessity for active nanoparticles to expose their bare
surface.’*%

Controlling the high-temperature treatment of nanostruc-
tured systems (sometimes termed drying, calcination, or
activation) is even more problematic. These processes are
strongly structure-determining and occur under kinetic con-
trol.”*® A characteristic example is the “glow phenomenon”
in the preparation of the sulphated zirconia catalyst for
butane isomerization,® which operates at 400 K but requires
calcination to 773K and accurate control of extrinsic
preparation parameters (batch size) in the furnace.

4. Nanocatalysis: A Vision

The principal requirements of nanoscience are the control
and determination of functional properties; these require-
ments are not met in present catalysis research. The
preparation and functional characterization of “nanocata-
lysts” is subject to wide variations of the relevant properties
and is far from being controlled.!'®136 Mastering multiple
length scales in catalyst synthesis is even more poorly
developed with zeolites being a prominent exception, at least
in the mesoscopic size regime./*>*)

The title question may be answered if the term “nano-
catalysis” is understood as describing a vision where one
might consider a catalyst to be a hierarchical system of basic
structural units (active sites) with defined assembling strat-
egies for multiple length scales. The resulting functional
materials are dynamic in nature, as a result of catalyst—
reactant and catalyst-reactor interactions. Nanocatalysis is
thus the science of the synthesis and in situ characterization of
supramolecular materials and the control of the kinetics of
their chemical transformations. It differs from traditional
catalysis since the materials are explicitly designed over
length scales larger than that of a single active site. In this way,
the knowledge gained from physical chemistry about the
multidimensionality of catalysts (Figure 2) is transformed into
a synthetic reality.

The role of insitu characterization in nanocatalysis is
distinct from the prevailing task of identifying active sites in a
given system. In the present context it is used to evaluate
synthetic strategies; it analyses the genesis of the catalyst and
ascertains its dynamic nature. Nanocatalysts require func-
tional characterization through kinetic experiments that
explore the parameter space of sustained operation for each
material individually, rather than evaluate whole libraries
under one given set of conditions. This is the present mode of
operation in empirical catalyst optimization. High-through-
put kinetic testing is potentially suitable,/* provided that
instrumentation and testing routines allow for the exploration
of individual parameter spaces and are not just used to
maximize the throughput of samples.

5. Catalyst Production Today

The paradigm of catalyst development must be modified
to put the vision of nanocatalysis into operation. Presently, a
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diffuse knowledge exists about the basic functionality of
“active masses” in catalytic processes.!””) Development strat-
egies operate either at the macroscopic scale of optimization
of transport properties in the reactor—catalyst system, or on
the atomic level by increasing chemical complexity in the
form of additives and promoters. Multiple, usually cationic
additives are introduced to the basic active mass assuming
that their function is commensurate with the abundance of the
respective element. Such optimization results in a chemically
complex multiphase and multicomponent catalyst containing
support, main, and auxiliary phases that cooperate to provide
improved overall performance.®® ™! This paradigm was re-
cently perfected with the advent of high-throughput exper-
imentation and combinatorial search strategies for global
optimization of the chemical complexity.®®*’*7! The price to
be paid for such an approach is uncontrollable heterogeneity
on all length scales, since the compositional optimum is a mix
of phases and not a homogeneous material (Figure 4). The
challenge of uncontrolled complexity in heterogeneous
catalysis has been realized and several alternatives are being
investigated, but they exhibit significant limitations in applic-
ability and generality, thus explaining the still dominant role
of the more chemically complex systems.

—_

Figure 4. An attempt to prepare an antimony-doped molybdovanadate
catalyst by a precipitation method involving a decrease in the pH value
of the solution: a) SEM image; b) the X-ray distribution map for mo-
lybdenum (average content 64 % as MoOQ); c) the X-ray distribution
map for vanadium (8% as V,0s); d) the X-ray distribution map for the
antimony dopant. Note the inhomogeniety in morphology and chemi-
cal composition.

6. Alternative Routes to Controlled Synthesis

One strategy to avoid heterogeneity is to prepare solid
catalysts with active sites that are part of their structural
motif.”*" Self-organization seems to allow control even at
the supramolecular scale. > In situ studies cast consider-
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able doubt, however, on the allegation that these solids are
active in their as-prepared form; their surfacse seem to exhibit
differences from the crystalline bulk, and hence a detailed
understanding of their structural dynamics is required to
control the genesis and stability of the active sites.[5-*

Another strategy is to reduce the size of the active site to a
very small number of atoms to prepare “single-site” catalysts,
which offer the chance to exactly control the active site and its
environment on the molecular scale.”>®! The strong struc-
tural response of such small entities to changes in the
electronic structure associated with the catalytic turnover
and the absence of a flexible support structure comparable to
that provided by the protein structure of enzymes®! limits the
durability of such bio-inspired structures if they are active, or
prevents their catalytic activity if they are fixed too strongly to
the support. The fixation of the active sites into nanostruc-
tured compartments is an elegant way to circumvent stability
problems, but introduces the issues of accessibility and of
leaching,® 1 which requires such systems to operate only
under relatively mild reaction conditions.

A rigorous solution of these problems is the application of
a combination of physical deposition and structuring techni-
ques (physical vapor deposition, PVD) that are commonly
used in nanoelectronics. This powerful and well developed
methodology allows structuring with geometric precision and
exact reproducibility at the 10-nm level. It is, however,
extremely limited in producing large-surface-area materials
and is thus merely suitable for producing model systems.["**!
In combination with microstructured reactors and in catalytic
applications that are not intended for the production of
materials (e.g., lab-on-a-chip sensors®) such techniques will,
however, be of great significance.

A variation of the PVD method is to utilize the self-
organization of layered structures on refractory substrates to
generate well defined and hierarchically controlled catalytic
surfaces. Such structures can be extended layers®™* or
supported systems”®’l on well-defined substrates. These
systems have given a tremendous insight into the function
of complex catalytic systems but are still far from being
applicable. Figure 5 presents an example for the use of such
structures as a model system. Single-crystalline iron oxide
films with controlled nanoscopic features (that is, roughness,
point defects, and step structure) were prepared and used to
dehydrogenate ethylbenzene to styrene under the same
reaction conditions as applied in practical catalysis.***! The
use of surface-science characterization tools established that
the steady-state reactivity is not due to the iron oxide but to a
carbon overlayer.”” The binary oxide system, which contains
defect sites,'® is much more reactive than the technical
catalyst even without the chemical complexity of promoters
and additives but cannot be stabilized under the reducing
conditions of the technical process.

The use of PVD processes as a basis for nanocatalysis is
limited in generating even moderate chemical complexity
(binary oxides with defined oxygen stoichiometry and/or -OH
groups) and in producing sufficient amounts of material.'"™ A
strategy was thus developed incorporating features from the
approaches discussed so far to control by chemical means the
structural complexity and to minimize the application of
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Figure 5. Preparation of an iron oxide catalyst by the physical vapor
deposition (PVD) of iron onto a Pt(111) surface followed by in situ oxi-
dation. a) STM image (20x20 nm) of the Fe,O; surface showing an
identical periodicity as in the LEED pattern of this surface (b); c) sche-
matic representation showing atomic positions in the ideal iron-termi-
nated surface. Contrast variations in (a) indicate the presence of addi-
tional atoms that are not accounted for in (c). d) An image of the
Fe,O; surface, which identifies a large number of steps. This prepara-
tion was achieved on a stepped Pt substrate crystal, and reveals the
flexibility of nanostructuring model systems; e) a chart showing the
conversion rate of styrene as function of stream time. Reaction condi-
tions: T=873 K, steam/ethylbenzene (10:1) at 50 mbar, with He as re-
mainder. The different conversion levels relate to structural changes of
the sample (followed by LEED and Auger spectroscopy (AES)). The ini-
tial Fe,O; surface (with defects) exhibited an Fe:O ratio of 1:3.5, with
no carbon present. After 60 min on stream the surface was reduced to
Fe;O, with an Fe:O ratio of 1:2.0 and a significant fraction of carbon
present as indicated by the C:Fe ratio of 5:1. After 150 min time on
stream a steady state is reached at about 15 % of the initial rate. The
catalyst is now pure carbon with no iron oxide being present. For
details see Refs. [98,99].

chemical complexity as an instrument for optimization. The
rational synthesis of bulk amounts of reactive precursors with
controlled mesoscopic structures and chemical reactivity has
been attempted, where the target materials are oxidic
catalysts for performing selective oxidation reactions. This
class of reactions presents particular challenges to the catalyst
with respect to structural stability, since dynamic processes
are involved in what are essentialy solid-state redox reac-
tions,'">1! which tend to segregate the chemically complex
systems not only into inactive constituents but into active but
nonselective components that destroy the initially formed
desired products in consecutive catalytic reactions. The model
case of using molybdenum oxides in binary and ternary forms
illustrates this strategy.!'**1%)
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7. A Nanocatalyst for Selective Oxidation

The concept of added functionality through structural
complexity is universal in life science and has been adopted
widely in synthetic supramolecular chemistry. This approach
is, however, rarely applied in inorganic®*'*! and practi-
cal"™ catalytic chemistry. From in situ studies it is known that
active sites in oxide catalysis constitute metastable defect
structures within the crystal structure of the precatalyst
matrix.[1%1%153] The present concept utilizes structural real-
izations of active sites!”"1%114117 a5 synthons.”*! For example,
the motif of the MosO,, crystal structure (Figure 6) can be

Figure 6. High-resolution TEM images of a metastable form of molyb-
denum trioxide hydrate. The basic structural unit, as identified by Ram-
an spectroscopy, is modeled in the inset: a) and b) show two prepara-
tions that are long-range-ordered and nanocrystalline, respectively; the
precipitation conditions control the degree long-range ordering. In
temperature-programmed experiments of a propene oxidation catalyst,
the surface shown in (a) is completely inactive up to its recrystalliza-
tion into orthorhombic MoOj;, whereas that shown in (b) exhibits sig-
nificant activity below the phase transition temperature(543 K). For
details see Refs. [114-117].

organized so that a catalyst with dynamic behavior is
obtained. Well-ordered three-dimensional networks should
be avoided,>%7) as should rigid multicentered linkers. A bulk
amorphous matrix seems also unsuitable,!* "l since the
structural stability of the synthons that result is insufficient.
Chains or layers of synthons liked by small bridging units
seem to produce a suitable secondary hierarchical structure.
The existence of compounds with the Mo;,0,, structure that
realize the pentagonal bipyramidal molybdate synthon sup-
ports the feasibility of the concept.'"™® The complex kepler-
ates containing the same synthon!""”! indicate also the viability
of the concept but are unsuitable for sustained catalysis as
multiple linking prevents the essential dynamic response of
the system at moderate temperatures and leads (at the higher
temperatures required) to irreversible depolymerisation of
the supramolecular entities.
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Catalytic tests revealed that for the novel binary Mo,O,
system (formally a hydrate of MoO;) a mesoscopic hierarch-
ical ordering is required beyond the suitable linking of basic
structural units. The TEM images in Figure 6 provide an
impression of the nanostructured ordering that exists. Well-
ordered crystalline materials are catalytically inactive within
their temperature window of stability.'”!'” Selective cata-
lytic activity is observed only if the solid is nanocrystalline on
an order of 10-100 unit cells of the synthons,''”) which
illustrates that the dynamic response of the solid is critical
at a length scale much larger than that of the interaction of the
substrate molecule and the active site (see also the TEM
image in the Table of Contents, which highlights the surface
roughness and the location of cus sites in nanoplatelets of
MoO; hydrate consisting of corner-sharing octahedra). The
need for high structural flexibility is a heterogeneous parallel
to the recently documented complex dynamics of enzyme
catalysts,'") which indicates that areas remote from the
binding site are relevant for catalytic action.

Figure 7 compares the catalytic activity of a nanostruc-
tured binary molybdenum oxide containing the synthon
shown in Figure 6 and a ternary single-phase Mo-V oxide in
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Figure 7. Catalytic activity of optimized, nanostructured binary MoOs
in its supramolecular hydrated form (—,""® compared with a bench-
mark Mo-V oxide with a defect Mo;0,, structure (---+), both used as
a matrix for technical catalysts.""”! The selective oxidation of propene
to acrolein was attempted as a temperature-programmed experiment
(TPRS; feed: 10% oxygen, 10% propene, balance He; 100 mlmin~",
50 mg catalyst; composition analyzed with Ar as an internal standard;
samples were preactivated in synthetic air at 623 K). The yield for acro-
lein is compared under identical conditions; the acrolein yield at 713 K
in the TPRS relates to a stationary yield of 40% in the dry oxidation of
propene. The selectivity to CO, is about half as large for the binary ox-
ide as for the ternary sample.

use as a matrix for technical propene oxidation sys-
tems.10410-16.117) The results show that the binary oxide is as
effective as the ternary system. The complexity of additional
cations or promoters such as the Bi system!"" is apparently
not essential if the structure of a binary oxide can be
optimized according to the nanocatalyst principle.

The tools required to give structural control of real
structures (nanostructure) and particle morphology are the
kinetic boundary conditions of the initial solidification step.
Nucleation and growth processes and the incorporation of
residual water as ligands can be controlled in many ways.
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Figure 8 indicates a selection of thermodynamic and kinetic
variables that affect the reactivity of solids when formed from
the solution phase; these variables are independent of each
other, and thus sequential optimization is not accessible.
Thermal treatments to remove volatile ligands are another
method of affecting the structure,®” which to a lesser extent

Reaction Control

Kinetic

Thermodynamic f-.., .

Intrinsic parameters

Ratio [Mo] : [H,0] Rate of addition
Ratio [Mo] : [H;07] Nucleation
Structure-directing cations Reactor size
Complexing agents for cations Stirring (speed)
Redox potential of solution

....................

Mode of reaction:
(decreasing or constant pH,

constant volume) temperature

Figure 8. Schematic representation of the control variables for precipi-
tation reactions from (aqueous) solutions. The parameters are in three
groups: intrinsic, extrinsic and coupling. Of particular relevance are
the extrinsic parameters, since they depend on the experimental details
of each precipitation reactor and are hence difficult to reproduce.

than calcination procedures aims to control the average
oxygen stoichiometry and thus requires a level of heating such
that the lattice becomes mobile. Any desirable non-equili-
brium form of the catalyst is highly unlikely to survive this
process.

First attempts in nanocatalysis yielded an active catalyst of
minimum chemical complexity with only one cation that did
not require a high-temperature activation/calcination step to
become suitably nanostructured."¥ In order to arrive at this
result it was essential to investigate the solution-phase
chemistry of molybdates.'”*"'? Precipitation conditions were
chosen such that the synthons coexisted with the linker units
in solution. The substantial analytical effort that was required
to find the region of coexistence of homonuclear building
blocks and linkers prevented systematic optimization with
respect to larger length scales, the connectivity of the
network, and the reactivity of the initial precipitate to give
different crystal sizes and shapes. Higher hierarchies of
structural control were successfully controlled in a more
simple co-precipitated copper—zinc oxide system.!?12* The
multidimensional structural definition may be achieved if the
system is under complete kinetic control in all fabrication
steps. Figure 8 illustrates clearly that this is not possible with a
sequential experimentation strategy, although it covers all
non-thermal synthesis steps.

The tools of high-throughput experimentation could allow
the investigation of such parameters, however, the now
customary methods of library synthesis that use minimum
quantities in poorly controlled reaction environments would
have to be discarded. Synthesis strategies using computer-
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controlled robotic systems for large quantities of materials
would have to be combined with systematic investigations of
non-compositional preparation parameters. The parameters
investigated rarely include unit operations such as ageing,
solid-liquid separation, washing, drying, and calcination."*
Together with the systematic investigation of the intrinsic
synthesis parameters of temperature, composition, and con-
centration of the reactants, it would be possible to find
conditions for the co-precipitation of single-phase morpho-
logically well-defined solids, such as that which is achieved
today in the field of zeolite synthesis.'”'?l For such a
synthetic approach neither the experimentation strategies,
equipment, nor work flows exist at present.

8. Consequences

In conclusion, nanocatalysis is a new scientific area, if it is
considered as the rational building of materials from basic
structural units that are assembled on supramolecular length
scales to yield nanostructured inorganic polymers in small
crystals that provide large surface areas. The control of a
catalyst at supramolecular length scales and the orientation of
in situ characterization towards this aspect is broadening this
research area, where atomic-level knowledge that might lead
to a full definition of synthons is still desperately needed.”’!

The similarity of this approach to that of biocatalysis is
obvious. The degree of sophistication with which active sites
in enzymes are fine-tuned by linking them into the complex
network of an organic polymer made of chemically “simple”
basic structural units is much higher than one can hope to
achieve in purely inorganic systems. Catalysts in homoge-
neous catalysis, with their sophisticated ligand design, are
intermediate in the comparison of chemical complexity and
structural control.

Nanocataylsis requires a massive increase in understand-
ing the synthetic processes in inorganic chemistry. Adapted
in situ characterization methods and full chemical under-
standing of the “unattractive” environment of aqueous
solutions are missing scientific essentials in obtaining the
necessary fundamental insight. Chemical preparation path-
ways using aqueous methods are preferred as they provide
great synthetic variability and give access to bulk quantities of
active materials. The definition of structures for active sites or
synthons will be a limiting factor for progress in this field.
Besides the continuing insight into catalytic processes from
the aspect of chemical physics, the much increased perform-
ance of ab inito theory can, with its hierarchical methodology,
provide predictive clues for structures that may be worthwhile
candidates in for synthetic nanocatalysis. As the design of
nanocatalysts based on detailed synthetic understanding must
still be considered a long-term objective,'® it is essential to
apply a suitably modified high-throughput experimentation
strategy that looks at the non-compositional parameter space
for achieving visible breakthroughs in catalysis science using
the  “nanoconcept”. = To  achieve these  break-
throughs, 287121301 3 massive increase in funding is vital to
take nanocatalysis to a level where it is no longer considered
to be a “mock-up” or an alternative to “conventional”
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catalysis, but rather where it is augmented by prinicples of
physical chemistry, chemical engineering, and supramolecular
inorganic chemistry, which may lead to the acquisition of the
supporting fundamental knowledge that will be required to
fully understand these processes.
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Ginkgolides and Bilabolide Chemie

Ginkgo biloba, the ginkgo tree, is the oldest living tree, with a long ~ From the Contents

history of use in traditional Chinese medicine. In recent years, the leaf

extracts have been widely sold as phytomedicine in Europe and as a ™ ""roduction 1641
dietary supplement worldszde. Effects of Ginkgo biloba extracts have — , | 1w 00 o cture
been postulated to include improvement of memory, increased blood Elucidation 1643
circulation, as well as beneficial effects to sufferers of Alzheimer's
disease. The most unique components of the extracts are the terpene 3 Biosynthesis 1646
trilactones, that is, ginkgolides and bl.loballde. These structumlly. 4. Synthetic Studies 1647
complex molecules have been attractive targets for total synthesis.
Terpene trilactones are believed to be partly responsible for the 5. Pharmacological Effects 1651
neuromodulatory properties of Ginkgo biloba extracts, and several

6. Summary and Outlook 1655

biological effects of the terpene trilactones have been discovered in

recent years, making them attractive pharmacological tools that could
provide insight into the effects of Ginkgo biloba extracts.

1. Introduction

Since the discovery of the ginkgolides and bilobalide,
termed terpene trilactones (TTLs), from Ginkgo biloba in
1932, the elucidation of their unique structures 35 years later,
and the discovery of their ability to antagonize the platelet-
activating factor receptor (PAFR) in 1985, TTLs have
attracted intense interest, which is reflected in the literature
related to G. biloba,"? G. biloba extracts,’! and TTLs." Two
reviews on the chemistry and pharmacology of ginkgolides
have also been published, the latest in 1991, hence this
Review focuses primarily on developments in the chemistry
and (neuro)biology of TTLs since 1991. This includes discov-
ery of a new and general biosynthetic route that originated
from biosynthetic studies of ginkgolides, total syntheses,
intriguing chemical reactivities, extensive structure—activity
relationship studies on the PAFR, recent findings that
ginkgolides halt $-amyloid formation, and the discovery of a
new target for ginkgolides.

1.1. The Ginkgo Tree

The Ginkgo tree (Ginkgo biloba L.; from Japanese
ginkyo, meaning silver apricot) or maidenhair tree
(Figure 1), is characterized by fan-shaped leaves and fleshy,
yellow, foul-smelling seeds, enclosing a silvery, edible inner
kernel. G. biloba is the only surviving member of a family of
trees, Ginkgoaceae, which appeared in the Jurassic period 170
million years ago, and for this reason is called the “living
fossil.” There is a gap of 100 million years between the current
and ancient tree in the fossil record but recent paleontological
findings of a fossil over 121 million years old have shown that
the tree has barely changed since the days of the dinosaurs.”’
It is distinct from all other living plants and is often
categorized in its own division, Ginkgophyta, by botanical
taxonomists. G. biloba is believed to be the oldest living tree
species™ and is capable of reaching ages in excess of one
thousand years.”’ Recent investigations have used this “living
fossil” to evaluate CO, levels in prehistoric times.!'*!!

Angew. Chem. Int. Ed. 2004, 43, 1640—1658

G. biloba is dioecious, that is, the male and female
structures exist on separate trees, but the two structures can
only be distinguished after the tree is around 30 years old.
Ginkgo trees can grow over 35 meters high, with the main

Figure 1. A Ginkgo biloba tree near Riverside Church, New York.
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stem up to 10 meters in girth. The tree is a resilient survivor in
polluted environments, growing where other trees find it
difficult, and is exceptionally resistant to attacks by fungi and
insects. More than 100 years ago, the Japanese botanist
Sakugoro Hirase reported the discovery of the motile sperm
of G. biloba, which in terms of evolutionary plant history
provided a critical connection between the life cycles of lower
and higher plants.

G. biloba was grown throughout China and Korea, and
was introduced into Japan about 800 years ago, then into
Europe around 1730, and to North America in 1784. The term
“Ginkgo” was first used by the German physician and
botanist Engelbert Kaempfer in 1712, but Linnaeus provided
the bionominal terminology “Ginkgo biloba” in 1771,
“biloba” meaning two-lobed (from Latin bi: double, loba:
lobes), referring to the fan-shaped leaves split in the middle
(Figure 2). The shape of the leaves inspired German poet,
scientist, botanist, and philosopher Johann Wolfgang von
Goethe (1749-1832) to write a poem called “Ginkgo biloba”
dedicated to his former lover Marianne von Willemer.'” The

Figure 2. Leaves and nuts from Ginkgo biloba.
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young Ginkgo leaf symbolizes Goethe's theme: the individual
and the pair as indistinguishable beings.

The earliest records on the use of G. biloba as medicine
dates back to the book of Liu Wen-Tai in 1505 A.D.I"! As
described in Chinese Materia Medica by Pen Tsao Ching
(1578), G. biloba was used to treat aging members of the royal
court for senility. Although leaf preparations are the primary
source of G. biloba today, it was the fruits that were described
in these ancient Chinese medical records. Today, Ginkgo nuts
(Figure 2) are used in Japanese and Chinese cuisine, either
grilled or boiled. Care must be taken as excessive intake of
these nuts can cause food poisoning, presumably due to their
content of 4-O-methylpyridoxine, which is a known convul-
sive agent through the inhibition of y-aminobutyric acid
(GABA) synthesis.'"* "]

1.2. Ginkgo Biloba Extract

Leaf preparations of G. biloba were introduced to the
Western world around 1965 by the German company Dr.
Willmar Schwabe!"* under the trade name Tebonin. Later, the
Schwabe company established a collaboration with the
French company Beaufour-Ipsen, and together they devel-
oped a standardized the G. biloba extract, which they termed
EGb761" and is sold under trade names such as Tanakan,
Rokan and Tebonin forte. Since then, a wealth of G. biloba
products have entered the market, and G. biloba extract is
now among the best-selling herbal medications worldwide. In
1998, Americans spent approximately 4 billion dollars on
botanical medicines, and G. biloba ranked first among herbal
medications. Today over 50 million G. biloba trees are grown,
especially in China, France and South Carolina, USA, which
produce approximately 8000 tons of dried leaves each year."”

The G. biloba extract EGb 761 is obtained from dried
green leaves that are extracted with an acetone/water
mixture. This extract has been standardized to contain 6 %
TTLs (3.1% ginkgolides and 2.9% bilobalide) and 24%
flavonoids.™® The flavonoids are almost exclusively flavonol-
O-glycosides, a combination of the phenolic aglycones
quercetin, kaempferol, or isorhamnetin, with glucose or
rhamnose or both at different positions of the flavonol
moiety. Interestingly, although the bioavailability of flavo-
noids in G. biloba extract is controversial, it is generally
assumed that flavonoids do not penetrate the blood-brain
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barrier (BBB), or at least not in sufficient quantities to exert
physiological effects on the central nervous system (CNS). On
the other hand, the bioavailability of ginkgolides and
bilobalide was 70-80% after an 80 mg dose of EGb 761,
with half-lives of 3-5 h."l EGb 761 contains several other
components, including proanthocyanidins (prodelphinidins)
and organic acids. Moreover, the content of ginkgolic acids
(anarcardic acids) in EGb 761 is limited to 5 ppm owing to the
allergenic properties of these compounds.!™”!

EGb 761 remains the most widely used extract for
scientific investigations of the pharmacological effects of
G. biloba, and several recent reviews have described the
effects of the extract on the CNS."®?? The neuromodulatory
effects of EGb 761 include improvement of cognition, anti-
oxidant effects, increased cerebral blood flow and circulation,
modification of neurotransmission, and protection against
apoptosis.'¥ In Germany, the G. biloba extract is used for
treatment of “disturbed performance in organic brain syn-
drome within the regimen of a therapeutic concept in cases of
dementia syndromes with the following principal symptoms:
memory deficits, disturbance in concentration, depressive
emotional condition, dizziness, tinnitus, and headache.”!
EGb 761 is among the most prescribed medications in
Germany and France for the treatment of dementia-related
symptoms.¥

The most widely studied application of EGb 761 has been
in the potential treatment of Alzheimer's disease (AD).>27
In two pivotal studies, a total of 549 AD patients were
evaluated for the effect of EGb 761.7%%] In both studies,
EGDb 761 significantly slowed the development of the cogni-
tive symptoms of dementia, and regression on certain data
points was delayed by 7.8 months, which is similar to the
currently available AD treatments, Aricept (donezepil,
9.5 months) and Exelon (rivastigmine, 5.5 months), both
acetylcholinesterase inhibitors. A recent follow-up study
showed that EGb 761 had a better effect in very mild to
mild cognitive impairment, rather than in severe dementia,
suggesting that EGb 761 stabilizes or delays the onset of
symptoms.®” Aside from the above-mentioned clinical trials,
more than 40 clinical studies were performed with extracts of
G. biloba,”'" and virtually all trials reported positive results
regarding various aspects of cerebral insufficiency, although
with differing degrees of efficacy. The observed clinical effects
could be explained by recent findings that EGb 761 can
inhibit the formation of B-amyloid aggregation,***" which is
believed to be highly important in the development of AD.[*!!
Another study looked at the effect of EGb 761 on the
modulation of gene expression in the cortex and hippocampus
of mice, and found that several genes were affected, including
genes that are believed to be involved in AD.*+]

Recent studies on healthy adults using a computerized test
battery have shown beneficial effects of the G. biloba extract
on short-term memory;*/ similar results were reported in
three other studies." " However, a recent study on healthy
volunteers concluded that a 6-week treatment of 120 mg
EGb 761 per day did not enhance the performance of
memory or related cognitive functions.*s! This was also the
conclusion of a previous study, in which patients were treated
with EGb 761 for 30 days.”) In contrast, a 23-patient pilot

Angew. Chem. Int. Ed. 2004, 43, 1640—1658

www.angewandte.org

Angewandte

study on the effects of EGb 761 on multiple sclerosis (MS)
demonstrated improvement of cognitive and functional
abilities in MS;® a dose of 240 mgday' of EGb 761
showed beneficial effects on attention, memory, and function-
ing after three months in patients with mild MS.

Therefore EGb 761 might be beneficial in relieving
symptoms of AD, although the reported effects are often
small. In light of the current lack of treatment for AD
patients**1 EGb 761 could prove to be useful as an
alternative to the currently available treatments. On the
other hand, the postulated effects of EGb 761 in improving
memory functions in healthy people are still controversial and
not fully corroborated, despite numerous studies. Several
suggestions have been made, for example, that EGb 761-
induced changes in brain function may be associated with the
prevention of age-related decreases in serotonin binding® or
a, adrenergic receptor density™ in cerebral membranes, but
these studies have not been sufficiently validated.

Very little is known about which components of EGb 761
are efficacious, and thus the molecular basis for the action of
G. biloba constituents on the CNS is poorly understood. The
major components of the extract are flavonoids and terpene
trilactones; the flavonoids are assumed not to penetrate the
BBB, whereas nothing is known about whether terpene
trilactones penetrate the BBB. However, it is generally
assumed that the lipophilic character of TTLs renders these
compounds permeable to the BBB, and therefore it appears
that TTLs are partially responsible for the effects of G. biloba
extracts on the CNS.

2. Isolation and Structure Elucidation
2.1. Structure Elucidation

A large number of G. biloba natural products have been
identified, such as flavonoids and anarcardic acids, but the
TTLs, that is, ginkgolides and bilobalide,*¥ are unique
constituents of G. biloba and are found exclusively in the
G. biloba tree. The ginkgolides are diterpenes with a cage
skeleton consisting of six five-membered rings: a spiro[4.4]-
nonane carbocyclic ring, three lactones, and a tetrahydrofuran
ring. Furthermore, they contain an unprecedented tert-butyl
group. The ginkgolides vary only in the number and positions
of their hydroxy groups (Figure 3). These compounds were
first isolated from the root bark of G. biloba in 1932 by

R® Bilobalide (BB, 6)
Ginkgolide A (GA,1) H H OH
Ginkgolide B (GB,2) OH H OH
Ginkgolide C (GC,3) OH OH OH
Ginkgolide J (GJ,4) H OH OH
Ginkgolide M(GM, 5) OH OH H

Figure 3. Structure of the five ginkgolides and bilobalide.
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Furukawa.® In 1967, Maruyama et al. succeeded in isolating
ginkgolides A (GA; 1), B (GB;2), C(GC;3),and M (GM; 5)
from the root bark and deduced their very unique structures
(Figure 3).°%" Independently, Okabe and co-workers deter-
mined the structures of GA (1), GB (2), and GC (3) from
leaves of G. Biloba by means of X-ray crystallography.[®>%]
Another ginkgolide, ginkgolide J (GJ; 4), was isolated from
the leaves of G. biloba in 1987.% Interestingly, it appears that
GJ (4) is only found in the leaves, whereas GM (5) is found
only in the root bark.

An account of the studies leading to the structures of GA
(1), GB (2), GC (3), and GM (5) has been published
elsewhere;1>! however, a few highlights are worth mention-
ing. The structural studies by Maruyama et al. were facilitated
when a typhoon hit Sendai, Japan, and permission was
received to use the root bark from five felled trees (100 kg) in
1964. This gave, after extraction, chromatography, and frac-
tional recrystallization, 10 g each of GA (1) and GB (2),20 g
GC (3), and 200 mg GM (5) (Figure 4).”" Purification of
ginkgolides was seriously hampered by their remarkable

Figure 4. Polymorphic crystals of ginkgolide C obtained by fractional
recrystallization (cm scale).

tendency to exhibit polymorphism and to form mixed crystals.
Satisfactory results were achieved only after 10-15 repeated
fractional crystallizations; the purity was checked by NMR
spectroscopic analysis or optical rotation. The complex, but
aesthetic structures depicted in Figure 3 were determined by
performing extensive chemical reactions and spectroscopic
studies on the native TTLs and approximately 70 deriva-
tives.[-61

The compound that played a key role in the structural
studies was the GA “triether” (in fact a tetraether, 7,
Scheme 1), which was obtained by reduction of GA (1) with
concomitant pyrolysis. The carbonyl groups of the three
lactones were selectively reduced, while leaving the ginkgo-
lide core untouched (Scheme 1).°”! The NMR spectra of
ginkgolides showed no connectivity in the proton systems,
which are disconnected by intervening quaternary and
carbonyl carbons atoms; however in the GA “triether” 7,
the three carbonyl groups are replaced by methylene units,
and thus could be submitted to exhaustive double and triple
decouplings. The assignments were corroborated by reduction
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Scheme 1. Transformations of GA (1) used in the structure determina-
tion, demonstrating the remarkable stability of the ginkgolide skeleton.

of GA (1) with LiAID, instead of LiAlH,. The studies also led
to the observation of what is now known as the nuclear
Overhauser effect (NOE), unknown at that time. Irradiation
of the singlet assigned to the fert-butyl group led to integrated
area enhancements of some protons related to the Over-
hauser effect known in electron spin resonance (ESR).[%7 It
was during the course of these studies that Anet and Bourn
described the first observation of an NOE.[**!

The unique stability of the ginkgolide core was encoun-
tered when GA (1) was treated under alkali fusion conditions
(50% NaOH, 160°C, 30 min). Loss of two carbon centers as
oxalic acid gave the hemiacetal bisnor-GA (8). Another
example of this stability was found when an ice-cooled
solution of GA (1) was treated with sodium dichromate in
concentrated sulfuric acid, which simply oxidized the hydroxy-
lactone to give oxolactone 9. The latter compound was a
source of confusion: The '"H NMR of 9 showed the familiar
nine-proton tert-butyl singlet, whereas signals from an a-
ketolactone were not observed in the UV or CD spectra. The
electronic data were measured with a sample left for some
time, and it turned out that during this period an unexpected
photocyclization of 9 to photodehydro-GA 10 (Scheme 1) had
taken place. Similarly, remeasurement of the 'HNMR
spectrum showed that the fert-butyl group had disappeared
and had been replaced by a geminal dimethyl group. These
unusual spectroscopic and photochemical properties of dehy-
dro-GA were subsequently clarified.[*"

The absolute configuration of ginkgolides was determined
based on the octant rule analysis of 7-0xo-GC 10-monomethyl
ether and another ketone derivative by Maruyama et al.>”!

Angew. Chem. Int. Ed. 2004, 43, 1640—1658
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Okabe and co-workers treated GA (1) with p-bromobenzoyl
bromide to give prismatic crystals of 3-mono-p-bromoben-
zoate, which were submitted to crystallographic studies.®!
Initially, there was a discrepancy in the reported structures of
GB (2) and GC (3) with respect to the relative stereo-
chemistry of the hydroxy group at Cl1, as Maruyama et al.
concluded that the hydroxy group was in the a configura-
tion,”” whereas Okabe and co-workers suggested it to be in
the P configuration./” Detailed NMR spectroscopic studies!’!!
and X-ray crystal structures of GB (2) and GC (3)["*™!
confirmed the o configuration of 1-OH. Subsequent X-ray
crystal structures of GA (1), GB (2), and GC (3) revealed that
the overall structures of these molecules are remarkably
similar. However, there is a slight difference between the
conformation of GA (1) and those of GB (2) and GC (3),
owing to intramolecular hydrogen bonds in GB and GC,
primarily between 1-OH and 10-OH, but also between 1-OH
and 3-OH.>7! Recently, more-accurate X-ray crystal struc-
tures of GA (1), GC (3), and GJ (4) obtained at 120 K[
showed that the overall conclusions regarding the structure of
the ginkgolides were as previously reported.">™!

A structure related to the ginkgolides, but with the
empirical formula C;sH 3Oz was isolated from the leaves of
G. biloba by Major.®l A few years later Weinges and Bihr
reported that the same compound, which they named
bilobalide (BB, 6, Figure 3), also contained the characteristic
tert-butyl group, as well as a secondary and a tertiary hydroxy
group.™ Through a collaborative effort by Major, Weinges,
Nakanishi and co-workers, the structure was determined in
1971, showing that, like the ginkgolides, it contained three
lactones and a tert-butyl group, but only one carbocycle.’>""]
Bilobalide (6) is thus closely related to the ginkgolides and is
the most abundant TTL in the EGb 761 extract. Weinges et al.
obtained an X-ray crystal structure of BB (6) in 1987, which in
combination with CD studies, was used to confirm the
stereochemistry of the hydroxy groups.”!

2.2. Isolation and Quantification

In the original reports describing the isolation and
structure elucidation of TTLs, several extractions of root
bark or leaves, followed by chromatography, and 10-15
rounds of fractional recrystallization were required to
obtain the individual TTLs in pure form. Subsequently,
considerable effort was invested to simplify the isolation
and quantification of TTLs, as recently reviewed by van
Beek.[79.80]

The first step in obtaining pure TTLs is extraction from
the leaves. In most cases, various water-containing solvent
systems such as water/acetone or water/methanol are used.
Apolar constituents are excluded, whereas all of the TTLs are
collected, including GB (2), which is only scarcely soluble in
water. Basic extractions should be avoided owing to the
instability of BB (6) in solutions with pH > 7. Recently, an
improved extraction of TTLs that takes advantage of their
stability under a variety of conditions, such as oxidation and
heat, was developed.®!! During this process, the leaves are
boiled for 1 hour in dilute hydrogen peroxide, followed by

Angew. Chem. Int. Ed. 2004, 43, 1640—1658
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extraction with ethyl acetate to generate an off-white powder
with a TTL content of 60-70%.%! The treatment with
hydrogen peroxide removes the constituents that lead to
extensive emulsions in the extraction steps, thus greatly
shortening the process.

With a crude mixture of TTLs in hand, a true challenge is
to separate the individual ginkgolides and bilobalide.
Whereas bilobalide is relatively easily separated from the
ginkgolides by using standard column chromatography, the
separation of the individual ginkgolides is far from trivial. Not
only do the ginkgolides differ only by one or two hydroxy
groups, but in some cases these hydroxy groups are involved
in hydrogen bonding (e.g. 1-OH and 10-OH, Figure 3), and
therefore do not significantly alter the overall polarity of the
molecule. A simple improvement in the separation was
reported by van Beek and Lelyveld in which the hydrogen
bonds are disrupted by using silica gel impregnated with
sodium acetate. This technique is coupled with preparative-
scale medium-pressure liquid chromatography (MPLC)®!
and TLC detection of TTLs.®™ In the purification step, the
labile nature of BB (6) is also a concern, as it degrades on
alumina columns.® Quantitative 'H NMR spectroscopic
analysis was used as a convenient method to determine the
amount of TTLs in various preparations;*®’ since the signals
for the 12-H of TTLs® are distinct and well-separated,
integration intensities of these signals are then compared to
that of maleic acid (MA ; Figure 5).) This remains the best

maleic acid

6.3 5.2 6.1 6.0
&lppm

Figure 5. Quantitative '"H NMR spectroscopic analysis is an efficient
and simple method to determine the amount of TTLs in a mixture.

method for determining the relative contents of various
ginkgolides, as well as the purity of the isolated ginkgolides.

TTLs lack common chromophores and therefore UV
detection is not suitable. Other detection methods, such as
refractive index (RI), evaporation light-scattering detection
(ELSD), and MS have been utilized. The first reported
separation and quantification of TTLs, however, involved
conventional HPLC/UV detection.™ RI detection was suc-
cessfully applied later.® " Although UV detection is often
preferred®! as it demonstrates better sensitivity than RI
detection, the selectivity is superior when using RL.["! Several
recent reports describe LC/MS to separate and quantify TTL
content in various G. biloba extracts, as well as in plasma after
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intake of G. biloba extract. The major difference in the
detection systems lies in the MS procedures used, which could
be electrospray ionization (ESI)®? or atmospheric-pressure
chemical ionization (APCI)."**!1 Recently, LC/MS (ESI) was
used for analysis of commercial G. biloba products in which
large variations in the composition and concentration of TTLs
were observed.” As an alternative to MS, ELSD was also
successfully applied to quantify TTLs in G. biloba
extracts.”""]

3. Biosynthesis

Because of their complex framework, it was not immedi-
ately clear to which structural category ginkgolides belong.
Biosynthetic studies with [2-'*Clacetate and D,L-[2-
"C]mevalonate appeared to suggest that the overall terpe-
noid origin of ginkgolides involved the two conventional
precursors, dimethylallyl pyrophosphate (Scheme 2, DMAPP,
11) and isopentenyl pyrophosphate (IPP, 12).°8! Until
recently, DMAPP and IPP were thought to be biosynthesized
through the conventional mevalonate pathway, during which
three molecules of acetyl coenzyme A react and are reduced
to give mevalonic acid, which is then phosphorylated,
followed by elimination of phosphate and CO, to give
DMAPP and IPP. However, recent biosynthetic studies led
to the surprising discovery of a non-mevalonate pathway. The
earlier mevalonate pathway described by Nakanishi and
Habaguchi® turned out to be a minor pathway for ginkgolide
biosynthesis.

Rohmer™ used *C NMR spectroscopy as the major tool
to show the surprising existence of an alternative path, the
non-mevalonate or deoxyxylolose phosphate pathway, in
which pyruvate (13) and glyceraldehyde 3-phosphate (14)
react to produce 2C-methyl-p-erythritol 2,4-cyclodiphosphate
(15), and ultimately DMAPP (11) and IPP (12)
(Scheme 2).111%1 Tndependently, Arigoni and Schwarz!'*

OH

O _ (@] o

Pyruvate (13) Glyceraldehyde

3-phosphate (14)

0,0

N\

OH OH
2C-Methyl-p-erythritol
2,4-cyclodiphosphate (15)

H

GGPP (16)

_P~
0 0. 0 N . - .
%\” Pl No@@
o}
OH

Dehydroabietane (17)
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studied the biosynthesis of ginkgolides with a G. biloba
embryo system and C-labeled glucose. They showed that
ginkgolides were biosynthesized through the non-mevalonate
pathway. These comprehensive biosynthetic studies led to the
discovery of a novel metabolic pathway for ginkgolides that
could be quite widespread. Initially, IPP and DMAPP react to
produce the universal diterpene precursor geranylgeranyl
pyrophopshate (GGPP, 16), which is converted into a tricyclic
intermediate, levopimaradiene. This leads to dehydroabie-
tane (17), which is transported from the plastids into the
cytoplasm. Compound 17 is then converted into the ginkgo-
lides through a complex series of reactions involving several
oxidation steps, probably with 18 as an intermediate
(Scheme 2).11%

In another set of studies, '*C-labelled CO, was incorpo-
rated into ginkgolides and bilobalide, and the chronology of
labeling indicated an in situ bioconversion of GA (1) into GC
(3). Similar studies suggested dehydroabietane (17) as a
biosynthetic precursor of TTLs.'%!% Labeling with [U-
C]glucose indicated that all the biosynthetic steps to the
ginkgolides take place in the root, and the products are then
translocated to the leaves.'™ On the other hand, another
study by Carrier et al. monitored the incubation of [1-'*C]IPP
into farnesyl pyrophosphate (FPP) and GGPP (16) and
correlated this with the presence of TTLs. It was concluded
that ginkgolides were synthesized in the aerial parts of the
plant.[1%]

Recently, a cDNA that encodes G. biloba levopimara-
diene synthase, a diterpene synthase involved in ginkgolide
biosynthesis, was isolated and characterized.'"" G. biloba
levopimaradiene synthase is responsible for a multistep
reaction sequence that converts GGPP (16) into levopimar-
adiene,'™ a double-bond positional isomer of abietadiene
isolated from G. biloba seedlings."™ The cloning and iso-
lation of this enzyme, together with cloning of other
biosynthetic genes, could provide a route for the large-scale
production of ginkgolides.

OH

)\/\ )
0@
/JN\/A\ &0 DMAPP (11)
S CCANG —
A omm
IPP (12) Y,
Ginkgolides

Scheme 2. Biosynthesis of ginkgolides through the non-mevalonate pathway. () = PO,*".
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4. Synthetic Studies

Since the discovery of their complex structures in 1967,
TTLs have attracted great interest as targets for total
synthesis, an area pioneered by Corey (Figure 6). The
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Figure 6. Ginkgo biloba leaves featured on the cover of Angewandte
Chemie, International Edition in English (Issue 5, 1991) containing the
Nobel lecture by E. J. Corey.

ginkgolide skeleton consists of six highly oxygenated rings,
10-12 stereogenic centers, and a unique fert-butyl group, thus
providing a formidable synthetic chal-
lenge. When GB (2) was shown to be a
potent antagonist of the platelet-activating
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o)
20 (R=H)

Scheme 3. A general method for the synthesis of polycyclic y-lactones.

reported the total synthesis of bilobalide in 1987.'"! Bicyclic
ketone 25, which contains all the carbon atoms of bilobalide
was prepared by generating the dianion of 24 with lithium
diisopropylamide (LDA) and hexamethylphosphoramide
(HMPA), followed by treatment with phenyl 3-tert-butylpro-
piolate in a previously developed annulation reaction
(Scheme 4).'”! Reduction of 25 with sodium borohydride
afforded 26, which was converted into lactol 27 by ozonolysis
and reduction. This product was treated with p-toluenesul-
fonic acid (p-TsOH) to give 28, which in two steps was
converted into dialdehyde 29 by reduction with lithium
aluminum borohydride and subsequent Swern oxidation.
Treatment of 29 with dilute hydrochloric acid gave epimeric
lactols, which were oxidized with pyridinium dichromate
(PDC) to give 30. Exposure of 30 to aqueous potassium
hydroxide, THF, and ethanol led to a remarkably selective
replacement of the methoxy substituent with a hydroxy group,
followed by chlorination and elimination to give 31. The two

CH,00C  Bu CH,00C fBu
factor (PAF) receptor, a large number of E:(CWOOCH3 1) LDA. HMPA 3 e, T(:I:& 10, H,COO0C
inkgolide derivatives were prepared for = = =
o - oo Prep CH,00CH, 2 <o ¢ /' 2)Me;S
struc.:ture—actlwty relationship (SAR) ¢ CH;00C CH,00C 3
studies. Furthermore, numerous synthetic 24 25 26
studies involved approaches to radi.ola— OCH,
beled, acetylated, and glycosylated gink- HC(OHsC)y~ fBu o tBu RN {Bu N
; 3 : 3 R a ,5-Dinitroperoxy-
golides and gmkg.ohde':s with a' rearranged p-TSOH ﬁ 1) aq. HCI 3 steps benaoic meid
skeleton. NMR titration studies of gink- ——— R=—, 2)F’T>O _ 3
golides were used to determine their pK, O S ‘\(O
values. o o
OCH;, OCH, OCH,
2 steps 28 (R=COOCHj3;) 30
PSL_, 29 (R=CHO) 31 32
4.1. Total Syntheses
4.1.1. Bilobalide 0 OAc
4 steps 3NHCI BB (6)

In 1984 Corey and Kang reported the
first progress towards the total synthesis of

OHC—
mcooc—ﬁ- |

bilobalide (BB, 6, Figure 3). They descri-
bed a general approach to the synthesis of
polycyclic y-lactones, as illustrated with
the synthesis of dilactone 23 from ketoacid
19 (Scheme 3).%7 Corey and Su then
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double bonds in 31 were stereospecifically converted into
epoxides by treatment with peroxy-3,5-dinitrobenzoic acid to
give 32, which in a sequence of steps involving a selective
hydroxylation, acetylation, oxidations, and hydrolysis was
converted into trilactone 33 (Scheme 4). Deacetylation and
hydrogenolysis of the epoxide of 33 would provide BB (6), but
this could not be achieved directly. Instead, 33 was deoxy-
genated, to yield anhydro bilobalide acetate (34), which was
identical to that previously described.” Dihydroxylation of
34 with osmium tetraoxide, followed by deoxygenation of 2-
OH gave bilobalide 6-acetate (35), which upon exposure to
3N HCl gave BB (6). Thus BB (6) was synthesized in 23 steps
from 24 (Scheme 4). A stereoselective route to BB (6) was
reported subsequently in which (+)-menthol was used as a
chiral auxiliary in an enone similar to 24.11

A few years later another total synthesis of BB (6) was
reported by Crimmins et al., which included two slightly
different routes to solve the problem.''"!'? In the first
approach, an intermediate from the Corey synthesis, com-
pound 32 (Scheme 4), was synthesized in 19 steps from 3-
furaldehyde by using Sharpless epoxidation, a stereoselective

intermolecular [2+2] reaction, and a regio-
6 :
|-'|> OH

selective Baeyer—Villiger oxidation as key

transformations, thus formally completing
the total synthesis of BB (6). In another
approach in which similar transformations
were used, the total synthesis of BB (6) was
accomplished in 17 steps, significantly short-
ening the synthesis (Scheme5). In four
steps, 3-furaldehyde was converted into
aldehyde 36, which was treated with enol
ether 37 in a stereoselective aldol conden-
sation to give enone 38. Enol pivalate 39 was
converted into 40 in an intramolecular,
stereoselective [242] photocycloaddition,
with subsequent hydroxylation to provide
41. Cleavage of the cyclopentane ring, and
formation of acetal 42 was completed in
85% yield, followed by reduction of the
esters to give 43, which was oxidized to
furnish cyclobutanone 44. Treatment of 44

52

TBDMSO,

U TBDMSO
0 o
| /) _2steps
oHC™ T oA 7 E
HO Bu HO HO tBu
36 38

H,CO

LiAIH |:42 (R'=0Pv, R?=CO,CHj3)
A4, 43 (R'=0H, R?=CH,0OH)

K. Stremgaard and K. Nakanishi

with m-chloroperbenzoic acid (MCPBA) in a regioselective
Baeyer—Villiger oxidation led to 45, which provided the basic
skeleton of BB (6). The total synthesis was completed by
treatment with the Jones reagent to give dilactone 45
(Scheme 5), followed by two more oxidations with dimethyl-
dioxirane and the Jones reagent.

4.1.2. Ginkgolides

The first attempt at a total synthesis of ginkgolides was
reported by Weinges et al.,''* who synthesized compound 48,
a spiro carbocycle ring system fused with a tetrahydrofuran
ring similar to the ABD ring system of ginkgolides, but
lacking the tert-butyl group (Scheme 6). The synthesis
involved the reaction of 6-hydroxyspiro[4.4]nonan-1-one
(47) in a three-step sequence involving a Grignard reaction,
reduction, and cyclization. In 1987, Vilhauer and Andersson
synthesized the CDE ring system (54, Scheme 6) of the
ginkgolide skeleton;'¥ epoxide 49 was converted into
lactone 50 by treatment with dimethyl malonate, followed
by a Krapcho decarbomethoxylation and two consecutive

HO
3 steps
209
48
(@)
3 _ 3steps o 4steps B8u0 00 \\v'l\o 3 steps
_OBn 4 e %, ,OBN
Ph/
51
o 3 steps O ZSteps (e} o CO
Ll =
E g O“—Ph
P 00

53 54

Scheme 6. Initial synthetic studies on ginkgolides.

BB (6)

Scheme 5. Total synthesis of BB (6) by Crimmins et al. Pv=pivaloyl, TMS =trimethylsilyl, TBDMS = teri-butyldimethylsilyl, MCPBA = meta-chloro-

perbenzoic acid.
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alkylations with benzyl bromide and tert-butyl bromoacetate
to give 51. Deprotection of the acid and subsequent reduction
of the lactone, cyclization, and cleavage of the benzyl
protecting group gave 52, which was unstable. Treatment
with p-TsOH and aqueous acid gave a hemiacetal that was
oxidized to 54 with PDC (Scheme 6).'"Y Pattenden and co-
workers subsequently reported intramolecular radical cycli-
zation reactions as synthetic entries into the spiro- and linear-
fused lactone ring systems found in the ginkgolides.'™>!]
Later, DeLuca and Magnus synthesized a substituted spiro-
nonane skeleton, similar to that of the TTLs.""”!

Corey and co-workers completed the total syntheses of
both GA (1) and GB (2)""! in 1988. The classic total
synthesis of GB (2) has been extensively reviewed else-
wherel"1?2 and only the key transformations are highlighted
herein (Scheme 7). A spirocyclic ring system composed of
rings B and C of GB (2, Figure 3) was constructed from 2-(2,2-
dimethoxyethyl)-cyclopent-2-enone (55) by a 1,4-addition of
a tert-butyl cuprate reagent, followed by a Mukaiyama
condensation after treatment with 1,3,5-trioxane and titanium
chloride to give 56 (Scheme 7) using the tert-butyl moiety as a
directing group for the ring closure. A sequence of steps
involving a palladium-mediated Sonogashira coupling, an
intramolecular ketene-olefin [2+2] cycloaddition, and a
Baeyer—Villiger oxidation furnished intermediate 57, which
contains four of the six rings in GB (2). For the formation of
the tetrahydrofuran moiety, ring D, the reactivity of ring C
was modified by introduction of dithiane 58, and intra-
molecular etherification provided 59 in five steps. Oxidation
of ring A and elimination in ring C furnished 60, which was
selectively oxidized to provide an epoxyketone in ring A. This
was followed by an intermolecular aldol condensation and
lactonization with concomitant opening of the oxirane to give
61 with all six rings of GB (2) in place. The total synthesis was
completed by dihydroxylation of the double bond in ring C
and oxidation to GB (2, Scheme 7). Later, Corey and co-
workers suggested an enantioselective route to GB (2) by
synthesis of a key intermediate,'” and various ginkgolide
derivatives were also synthesized.[?*1%]

Recently, a novel synthesis of GB (2) was reported by
Crimmins and co-workers. Their first progress towards the
total synthesis of ginkgolides was described in 1989, with
the development of an intramolecular cycloaddition reaction

4 steps
—_—

Angewandte

that efficiently generated the multiple-ring skeleton of
ginkgolides (Scheme 8). The synthesis started from furan
enone 62, which is very similar to intermediate 39 (Scheme 5)

MeO,C omom

00

00
64 65

Scheme 8. A photocycloaddition reaction developed and used in syn-
thetic studies on ginkgolides. MOM = methoxymethyl.

encountered in the synthesis of BB (6). Furan enone 62
underwent intramolecular photocycloaddition upon irradia-
tion at > 350 nm to give tetracyclic 63, analogous to rings A,
B, and C of GB (2), as a single diastereomer. Inversion of the
MOM-protected alcohol and formation of a bridging lactone
gave 64, and ring expansion of the cyclobutane into a
tetrahydrofuran system in six steps gave the desired 65
(Scheme 8), which is comparable to compound 60
(Scheme 7), but lacks crucial functional groups and the fert-
butyl group.!*!

In a recently completed total synthesis of GB (2,
Scheme 9), a photocycloaddition was again used as a key
transformation.!”" 18! First, 66 was treated with a zinc—copper
homoenolate to give 67, which was then subjected to
irradiation at 366 nm in hexanes, leading to 68 in high yield
and excellent diastereoselectivity, establishing two quaternary
centers and rings A, B, and C of GB (2) (Scheme 9). In three
steps, lactone ring F was generated by hydrolysis of the
triethylsilyl ether, mesylation of the resulting alcohol, and
treatment with pyridinium p-toluenesulfonic acid (PPTS) to
give 69 in 63 % overall yield. X-ray crystallography of a single
crystal of 69 confirmed the proposed stereochemistry. Com-

pound 69 was converted into 70
over five steps. Cyclization to
form the THF ring by treatment

STS of 70 with LDA, followed by

O .

\C 2 steps -, JCHO 5 5teps exposure to camphorsulfonic

o \--tBu - = |y acd (CSA), gave 71. Treatment

E of 71 with PPTS led to deme-

o0 o0 thoxylation in ring C. Subsequent

57 58 Sharpless epoxidation and addi-

tion of p-TsOH gave a precursor

HO % described by Corey, compound

BUT 0% tBu 3steps, 0O - BU 4steps, G (2) 61 (Scheme 7). Two steps were

/\O/ /\097 Ve /\0/ required to complete the total

o0 © o0 o0 synthesis of GB (2) from 61
59 60 61

(Scheme 9).

Scheme 7. Highlights of the total synthesis of GB (2) by Corey and co-workers.
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Scheme 9. Total synthesis of GB (2) by Crimmins and co-workers. TES=tri

4.2. Synthetic Modification of Parent Compounds

Besides the efforts directed at the total synthesis of
ginkgolides and bilobalide from readily available starting
materials, numerous synthetic modifications of the parent
compounds have been carried out. In particular, several
derivatives have been prepared for SAR studies at the PAFR
(see Section 5.1.2).

There has been some interest in converting GC (3) into
GB (2), the most potent ginkgolide PAFR antagonist, and two
approaches have been published. First, Weinges and Schick
described a four-step procedure in which the 1-OH group of
GC (3) was protected as a tert-butyldiphenylsilyl (TBDPS)
ether prior to treatment with phenyl chlorothionoformate to
give 74 (Scheme 10). This compound was then treated with
Bu;SnH and azobisisobutyronitrile (AIBN) in a Barton-
McCombie alcohol deoxygenation, and GB (2) was liberated
by removal of the silyl protecting group.® Similarly, Corey
et al. protected GC (3) as a benzyloxymethyl (BOM) ether at
10-OH (73, Scheme 10), and followed a similar path to form
GB (2)." A very convenient, two-step procedure was
described in a patent by Teng!"*!! in which GC (3) was treated
with triflic anhydride to yield exclusively 7-O-triflate-GC
(76), which was reduced with Bu/NBH, to give GB (2)
(Scheme 10).

The different reactivities of the 1-, 7-, and 10-OH groups
of the ginkgolides are noteworthy: A bulky silyl group reacts

Tf0),0 Bu,NBH
Gc(3) (T0) y BuNBH, o @)
TBDPSCI 1) Bu,SnH, AIBN
or BOMCI 2) TBAF or H,, Pd/C

CgH:C(S)OCI

“tBU o C,F,C(S)OCI

OH
72 (R'=TBDPS, R?=H)
73 (R'=H, R?>=BOM)

74 (R'=TBDPS, R?=H, R*=C(S)OC¢Hs)
75 (R'=H, R%=BOM, R*=C(S)OCq4Fs)

Scheme 10. Transformations of GC (3) into GB (2). BOM =benzyloxymethyl.

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

1650

ethylsilyl.

preferentially at 1-OH, whereas all benzyl reagents react at
10-OH and triflic anhydride reacts exclusively at 7-OH.
Similarly, it was recently shown that acetylation, which
generally takes place at 10-OH, takes place at 7-OH of GC
(3) under strongly acidic conditions.'*¥! Generally, 1- and 10-
OH are the most reactive OH groups owing to the hydrogen
bonding between the two and hence the relative ease of
formation of a delocalized alkoxy anion.!"**!*! The increased
reactivity of 7-OH towards sulfur nucleophiles may be due to
the soft-atom nature of sulfur.

During the structural studies of ginkgolides and biloba-
lide, several analogues were synthesized, some of which were
mentioned in Section 2.1. Acetylated ginkgolides and biloba-
1ide®"" were described, as well as the so-called iso-deriva-
tives, which stem from a translactonization of ring E in
ginkgolides (Figure 3). Recently, an X-ray crystal structure of
the iso-derivative 1,6,10-triacetate-isoGC (77, Scheme 11)
was obtained, and a mechanism for the formation of iso-
derivatives that includes opening of ring E, stabilization of the
intermediate by hydrogen bonding to 3-OH, and capture by
acetic anhydride was suggested (Scheme 11).1*% A similar
translactonization was described by Weinges et al. upon
acetylation of BB (6) and during the preparation of various
acyl derivatives of BB."®

Weinges et al. carried out numerous synthetic studies of
ginkgolides and bilobalide."®*'*! A recent study described an

(¢]
1,6,10-Triacetate-isoGC (77)

|

Ac,0
(e}

Scheme 11. Mechanism for translactonization of GC (2) to 1,6,10-tri-
acetate-isoGC (77).
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approach to the preparation of radiolabeled analogues of
ginkgolides, in this case [*C]GA, although the actual radio-
ligand was not synthesized.™ GA (1) was partially degraded
as previously described,'***13 and this was followed by
incorporation of the lithium enolate of methyl propionate,
which could be [**C]-labeled, and subsequent ring closure to
give GA (1).*)

When ginkgolides are tested in pharmacological assays it
is usually necessary to make a concentrated stock solution of
the compound in dimethyl sulfoxide (DMSO), owing to their
low solubility in water. DMSO may cause problems in certain
assay systems,!'*” although such effects are not uniformly
observed.! To increase the water solubility of ginkgolides,
Weber and Vasella synthesized glycosylated ginkgolide ana-
logues.'>%1 Glycosidation was carried out by reaction of
ginkgolides with a glycosylidene-derived diazirine to give a
large number of glycosylated analogues. Intra- and intermo-
lecular bonds of these analogues, as well as the parent
ginkgolides, were studied by "H NMR spectroscopic analy-
sis.[144]

Ginkgolides contain three lactones (rings C, E, and F,
Figure 3) and hence their structures in solution are highly
dependent on the pH value of the media in which they are
dissolved. Zekri et al. determined the ionization constants of
ginkgolides by 'H NMR titrations,"*! which showed that the
lactones start to open at around pH 7. At pH 8, the predom-
inant species (/= 50 % ) is the form in which only ring F is open;
ring E is open to a lesser extent (=220 % ). An increase in the
pH value to 10 opens both rings E and F (=~90%). Only
at pH 13 is the species with all the lactones open present
(~40%), although about 60 % is still in the form with only
rings E and F open.

5. Pharmacological Effects

In contrast to the wealth of studies on G. biloba extracts,
far fewer studies have looked at the effect of the individual
components of these extracts, in particular the flavonoids and
TTLs. Flavonoids and TTLs are believed to be responsible for
most of the pharmacological properties of G. biloba extracts,
and it has been suggested that synergistic effects might be of
importance. In any event, studying the effects of the
individual components of G. biloba extract is essential for
providing thorough scientific documentation of potential
therapeutic effects of G. biloba. A major concern is the
bioavailability of these components. It is assumed that the
bioavailability of flavonoids is very low,”!! whereas TTLs, in
particular GA (1) and GB (2), are nearly completely
bioavailable.'**"'* This further underscores the importance
of TTLs when looking into effects of G. biloba constituents.

5.1. Ginkgolides and the PAF Receptor

In 1985, it was discovered that ginkgolides, particularly
GB (2), are antagonists of the platelet-activating factor (PAF)
receptor.'* 1% This led to an extensive investigation into the

clinical applications of GB (BN52021) as a PAFR antago-
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nist,"™ but, like all other antagonists of PAFR, GB (2) was
never registered as a drug, primarily due to lack of efficacy.
The clinical studies, however, showed that GB (2) was well-
tolerated and showed very few, if any, side effects. Today, the
most intensively studied activity of TTLs is that of the
interaction between GB (2) and the PAFR.

5.1.1. The PAF Receptor

The PAFR is a member of the G protein-coupled receptor
(GPCR) family and has been identified in a number of cells
and tissues, including those in the CNS. In mammalian brains,
maximal expression levels were found in the midbrain and
hippocampus, with lower levels in the olfactory bulb, frontal
cortex, and cerebellum.™ PAF (1-O-alkyl-2-acetyl-sn-glyc-
ero-3-phosphocholine, 78, Figure 7), the native phospholipid
agonist of the PAFR, is a potent bioregulator that is involved

PAF (78)

(L

‘N cl Me

WEB 2086 (79) Phomactin A (80)

Figure 7. Structures of PAFR ligands.

in the modulation of various CNS and peripheral proc-
esses.”” PAFR antagonists have been suggested as treat-
ments for various inflammatory diseases, and were pursued by
several pharmaceutical companies as antiinflammatory
agents. To date, however, no PAFR antagonist has been
registered as a drug, but recent evidence indicates that a
combination of antibiotics and PAFR antagonists may be a
potential treatment of respiratory infections.!'*’!

PAF is involved in several events in the CNS, including
modulation of long-term potentiation (LTP),'***7 increase
in intracellular Ca**,!*® and immediate early gene expres-
sion.®1%1 In LTP, PAF is believed to act as a retrograde
messenger.>) However, PAFR tests on knock-out mice led to
different observations: Shimizu and co-workers showed that
the PAFR is not required for LTP in the hippocampal CA1
region,'® whereas Chen et al. showed that LTP was attenu-
ated in hippocampal dentate gyrus neurons.!'’!

The mechanism by which the PAFR and PAF are involved
in the CNS is unclear,'® but the PAFR was recently
suggested as a target for slowing the progression of neuro-
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degenerative diseases!'®” and is therefore an important target
in unraveling the neuromodulatory effects of TTLs.[10¢167

5.1.2. SAR Studies of Ginkgolides

A remarkable feature of PAFR antagonists is their
structural diversity, ranging from WEB?2086 (79) and pho-
mactin A (80) (Figure 7) to ginkgolides, all structurally very
different from PAF, but still competitive antagonists. Until
recently, SAR studies of ginkgolides on the PAFR focused on
derivatives of ginkgolide B (GB, 2), the most potent antag-
onist of the PAFR, and in all these cases, the derivatives were
evaluated for their ability to prevent PAF-induced aggrega-
tion of blood platelets (in rabbits).

In the initial description of the ability of ginkgolides to
inhibit the PAFR, it was shown that GB (2) was the most
potent TTL (ICs,=0.25 um), GA (1) was slightly less potent,
and GC (3) was a very weak antagonist (Table 1).14! A few
years later, methoxy and ethoxy analogues of GA (1), GB (2),
and GC (3) were prepared in which the alkyl groups were
introduced at C1 or C10 by reaction with diazoalkane to yield
mixtures of 1- and 10-substituted analogues, which were
separated by column chromatography.'® Interestingly, 1- and
10-methoxy analogues of GB (2) were equipotent to GB (2),
whereas the corresponding ethoxy analogues were less
potent. The 10-substitued analogues of GA (1) were signifi-
cantly less potent than GA (1), whereas methyl analogues of
GC were more potent, and ethyl analogues were equipotent
to GC (3) (Table 1).

Table 1: Pharmacological activity of methoxy and ethoxy analogues of GA
(1), GB (2), and GC (3).

Compounds R' R? R? ICso [uM]
GA (1) H H H 0.74
GB (2) OH H H 0.25
GC (3) OH H OH 71
10-Me-GA H CH; H 13
10-Et-GA H CH,CH, H 62
1-Me-GB OCH, H H 0.66
10-Me-GB OH CH; H 0.29
1-Et-GB OCH,CH, H H 11
10-E-GB OH CH,CH, H 7.2
1-Me-GC OCH;, H OH 4.2
10-Me-GC OH CH; OH 3.0
1-Et-GC OCH;CH, H OH 8.5
10-Et-GC OH CH,CH, OH 9.3

Corey et al. investigated various intermediates in the total
syntheses of GA (1) and"® GB (2)!"” and found that the
lactone F (Figure 3) was not essential for activity and could be
replaced by other lipophilic groups,') whereas the unique
tert-butyl group was critical for activity.'® Vilhauer and
Anderson synthesized 54 with the CDE ring system of
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ginkgolides (Section 4.1.2, Scheme 6) and investigated its
ability to antagonize the PAFR.' This moiety of the
ginkgolide structure was found to be ineffective as a PAFR
antagonist, which provided important information about
structural requirements for PAFR inhibition by the ginkgo-
lides.

The most comprehensive SAR study on ginkgolides and
PAFR was performed by Park et al., who synthesized more
than 200 derivatives of GB (2), with particular focus on
aromatic substituents at 10-OH.[' These derivatives were
generally synthesized by treatment of GB (2) with a base and
a benzyl halide derivative to provide, in most cases, selective
derivatization at 10-OH. Most of the 10-O-benzylated
derivatives were more potent than GB (2) (IC5,=0.258 pm),
for example, 10-(3,5-dimethyl-2-pyridinyl)-methoxy-GB
(IC5,=0.0245 um) was tenfold more potent than GB (2).
The same group also investigated elimination products of GB
as well as derivatives bridged between 1- and 10-OH, but all
these analogues were much less potent than GB (2).'"Y1 Hu
et al. used a slightly modified procedure to prepare GB (2)
derivatives, many of which were identical to those synthesized
by Park et al. Not surprisingly, they also obtained benzylated
GB derivatives that were more potent than GB (2).'">17!
Later, Hu et al. prepared various degradation and elimination
products of GA (1) and GB (2) as well as amide derivatives
that lack rings C and D (Figure 3), but in all cases decreased
PAFR antagonism was observed.l’17]

One goal of SAR studies is to put forward a pharmaco-
phore model that can elucidate the activities of synthesized
derivatives as well as predict the activity of novel derivatives.
A three-dimensional quantitative SAR (3D-QSAR) study!'"™
was attempted for ginkgolides and the PAFR, using compa-
rative molecular field analysis (CoMFA) and 25 ginkgolide
analoues, mainly those synthesized by Corey et al.l''811%19] 1
agreement with the SAR studies recently described, this
pharmacophore model predicted that substituents at 10-OH
of GB would improve activity. Moreover, a density functional
theory (DFT) calculation of the geometry of GB (2)
confirmed the X-ray crystal structure. The same calculation
was also used to predict certain IR stretching bands.['””

Clarification of the interactions between ginkgolides and
PAFR at the molecular level can be carried out with
photolabeling techniques. Therefore, we recently prepared
photoactivatable derivatives of GB (2) and GC (3)!"*! and
generated highly potent analogues with 4-(bromomethyl)-
benzophenone (81), trifluoromethyldiazirine (82), and tetra-
fluorophenyl azide (83) groups at the 10-OH position of GB
(Figure 8) as the most active (K;=90-150 nm). These deriv-
atives are promising tools for characterizing the PAFR-
ginkgolide interaction. This study also provided the first
evaluation of the interaction of ginkgolides with a cloned
PAFR by means of a radioligand-binding assay. In another
recent study, the effect of acetate derivatives of ginkgolides
was investigated which showed that acetylation generally
decreases the antagonistic effects at the PAFR,*? thereby
suggesting that GB diazoacetates would likely not be useful
for photolabeling studies. Most recently, a study of the effect
of substitutions at the C7 of the ginkgolides showed that in
contrast to previous reports, very potent ginkgolide deriva-
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Figure 8. Photoactivatable analogues of ginkgolides.

tives could be prepared by introducing chlorine, for example,
7-chloro-GB (K; =110 nm) is eightfold more potent than GB
(2).[178]

The large number of ginkgolide derivatives that have been
prepared and tested for their ability to antagonize the PAFR
have led to a clearer understanding of the required structural
features (summarized in Figure 9). Further investigation is
required to determine the molecular structural interaction of
TTLs with the PAFR as well as the potential physiological
effects in the CNS functions.

Bulky/aromatic

substituents at 1- and 10-OH Lactone C essential

increases activity o for activity
HO
HO tert-Butyl group
Lactone Fcanbe o_o0 - increases activity

replaced by lipo-

philic groups H3C‘\ 7 THF ring D essential

for activity

o0 OH
7-OH decreases and
7-Cl increases activity

Figure 9. Summary of the SAR studies on ginkgolides and the PAFR.

5.2. Ginkgolides and Glycine Receptors

Until very recently, the only specific target for ginkgolides
has been the PAFR, whose importance to CNS function is not
clear. Therefore, the recent finding that GB (2) is a potent and
selective antagonist of glycine receptors (GlyRs)!"*8! pro-
vided the first indications as to how ginkgolides may exert
their effect in the CNS. The GlyRs are found primarily in the
spinal cord and brain stem, but also in higher brain regions
such as the hippocampus. They are, together with y-amino-
butyric acid receptors (GABA,Rs), the main inhibitory
receptors in the CNS.'82183 Both GlyRs and GABA 4Rs are
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ligand-gated ion channels that, together with nicotinic
acetylcholine (nACh) and serotonin (5-HTj;) receptors, con-
stitute a superfamily of membrane receptors that mediate fast
chemical synaptic transmission in the CNS.'* GlyRs share
several structural similarities with these receptors, including a
pentameric arrangement of subunits, each composed of four
transmembrane domains (M1-M4) and an extracellular N-
terminal 15-residue cysteine-loop motif." Recently, there
has been a renewed interest in ligands for GlyRs, as
modulators of GIlyR function could be used as muscle
relaxants, as well as sedative and analgesic agents.['®"

Electrophysiological studies showed that GB (2) antago-
nizes glycine receptors in neocortical slices!™! and hippo-
campal cells,”’” and that the inhibition is noncompetitive,
use-dependent, and probably voltage-dependent, thus sug-
gesting that GB (2) binds to the central pore of the ion
channel. It was also shown that GC (3) and GM (5) were
almost equipotent to GB (2), whereas GA (1) and GJ (4)
were significantly less potent,'*8 suggesting an important
function of the 1-OH group present in GB (2), GC (3), and
GM (5), but absent in GA (1) and GJ (4). This assumption
was corroborated by molecular modeling studies which
showed a striking structural similarity between picrotoxinin,
an antagonist of both GABA,Rs and GlyRs, and ginkgo-
lides.'® Thus, ginkgolides are highly useful pharmacological
tools for studying the function and properties of GlyRs.
However, the antagonism of inhibitory receptors might have
serious implications for people taking G. biloba extract (see
Section 5.5).

5.3. Ginkgolides and the Peripheral Benzodiazepine Receptor
(PBR)

Benzodiazepines are used clinically as anticonvulsants
and anxiolytics, effects that are mediated through binding to a
specific benzodiazepine site on GABA,Rs located in the
CNS. Benzodiazepines, however, also bind to receptors
located mainly in peripheral tissues and glial cells in the
brain. These receptors are called peripheral benzodiazepine
receptors (PBRs)!"®" ' and are typically located on the outer
membranes of mitochondria. The function of PBRs is not
entirely clear, but they have been suggested to be involved in
steroidogenesis, cell proliferation, and stress and anxiety
disorders. The latter theory is supported by an increase in the
number of PBRs in specific brain regions in neurodegener-
ative disorders and after brain damage.!'s”!

Several studies have shown that ginkgolides, particularly
GA (1) and GB (2), can modulate PBRs. Initially it was
shown that the ligand-binding capacity of PBRs decreased
with decreasing protein and mRNA expression.!'™ This led
the authors to suggest that the neuroprotective effects of GA
(1) and GB (2) could be explained by their effect on
glucocorticoid biosynthesis."® "l Recent studies have
shown that the primary action of GB (2) is the inhibition of
PBR expression,!"”! which is mediated through binding to a
transcription factor, and it has been suggested that GB (2)
regulates excess glucocorticoid formation through PBR-
controlled steroidogenesis.*>1%)
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5.4. Various Effects of the Ginkgolides

The interactions of ginkgolides with the PAFRs, GlyRs,
and PBRs described above are the best-characterized inter-
actions of ginkgolides with targets found in the CNS. Varying
effects of ginkgolides were observed in numerous assays with
different tissues and conditions. None of these studies
provided a clear-cut target for ginkgolides, but instead
introduced a vast number of different pharmacological effects
that may or may not be related to the targets described.

Several studies have indicated that ginkgolides protect
against various CNS incidents, such as ischemia and cerebro-
vascular and traumatic brain injury, as well as inflamma-
tion.8 GB (2) is believed to interfere with postischemic
production of free oxygen radicals,'* and it has been shown
that GA (1) and GB (2) decreases glutamate-induced damage
of neuronal™! and hippocampal cells.'”! One study credited
GB (2) with protection against the decrease in hippocampal
Ca**/calmodulin-dependent protein kinase II (CaMKII)
activity after cerebral ischemia.'” This is interesting as
CaMKII is believed to be involved in LTP, and this could
provide an explanation for the neuromodulatory effects of
ginkgolides.

GA (1) and GB (2) were recently shown to reduce the
amount of potentially cytotoxic nitric oxide produced by
inducible nitric oxide synthase (iNOS),™™ an effect also
observed for BB (6). Similarly, ginkgolides were shown to
have cardioprotective effects, with GA (1) being the most
effective.'**!] To prove that this effect was not related to
PAFR antagonism, a GC (3) derivative with a tolyl group at 7-
OH was synthesized. This derivative showed improved
cardioprotective activity relative to GB (2) and GC (3),
while having no effect at the PAFR at 120 pm.”* Finally, the
few clinical studies performed with GB (2) showed its effects
on peripheral events, such as efficacy against Gram-negative-
induced septic shock™! and post-transplant renal failure,*"
which is most likely to be due to the inhibition of the PAFR.

5.5. Bilobalide

Bilobalide (BB, 6) is the predominant TTL found in the
standardized G. biloba extract EGb 761. No specific target
has been identified for BB (6) and hence no SAR studies have
been carried out. As BB (6) is far more labile than the
ginkgolides, its chemistry is somewhat limited. To date, only
various acetylations of BB (6) have been carried out success-
fully.>7®! Although no specific target has been established
and pursued, a wealth of pharmacological evidence indicates
that BB (6) might be a very important compound when
looking at the neuromodulatory properties of G. biloba
constituents.*)

Several studies have indicated that BB (6) affects the
major neurotransmitters in the brain, namely glutamate and
y-aminobutyric acid (GABA). It was demonstrated that BB
(6) exhibits anticonvulsant activity against convulsions
induced by isoniazid, pentylenetetrazole, and 4-O-methylpyr-
oxidine.”™?"! Later it was shown that this effect is most likely
mediated by increased GABA and glutamic acid decarbox-
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ylase (GAD) levels in various areas of the mouse brain.2°2"7]
Moreover, in rat hippocampal brain slices, BB (6) induced an
enhancement of excitability and attenuated the inhibitory
action of muscimol, a potent GABA R agonist, thus indicat-
ing that BB (6) reduces GABA-related transmission,”™ a
finding that apparently seems to contradict previous findings
by the same group.

Recently, it was unequivocally shown that BB (6) is a
GABA R antagonist. In neocortical rat brain slices, BB (6)
was a weak (ICs,=46 uM) noncompetitive antagonist,!'s!!
whereas it was more potent at recombinant o,f3;Ys
GABA ,Rs and showed some degree of competitive antago-
nism.”®! Since antagonists of GABA,Rs are known con-
vulsants, this could be a potential risk when taking G. biloba
extract. This risk was further substantiated by a study of two
epileptic patients, who had an increased frequency of seizures
when taking G. biloba extract; this increase was reversed
when the patients stopped taking the extract.?'"! These results
indicate that people with a lower seizure threshold, such as
epileptic patients, should be cautious when taking G. biloba
extract.

In rat cortical brain slices under hypoxic/hypoglycemic
conditions, bilobalide significantly reduced glutamate release,
suggesting that the neuroprotective effects of BB (6) might be
mediated by reduced glutamate efflux and, thereby, excito-
toxicity.?! Tt was also shown that BB (6) could reduce
potassium- and veratridine-induced release of excitatory
amino acids such as glutamate and aspartate, and block the
effect of a GABA uptake inhibitor, NO-711."2 Weichel et al.
found that BB (6) inhibited N-methyl-p-aspartate (NMDA)-
induced phospholipid breakdown in rat hippocampus and
suggested an effect downstream of the NMDA receptor.[*'%!
However, it was recently found that BB (6) does not affect
NMDA-induced depolarizations, strongly suggesting that it
had no effect on the NMDA receptor.”'?! Potential medicinal
applications of BB (6) have been described in patents,
including the use of BB (6) for the protection of neurons
from ischemia,?™ as an anticonvulsant,”™ and for the
treatment of tension and anxiety.'®!

Two other targets were also described for BB (6):
phospholipase A, (PLA,) and mitochondrial respiration. BB
(6) inhibits brain PLA, activity and hypoxia-induced increase
in choline influx®**"?"* and also protects against hypoxia-
induced PLA, activation.'>*% Another study indicated a
neuroprotective effect by reduction of the brain infarct area
following ischemia.’”!’ A number of studies have revealed
that BB (6) is involved in mitochondrial respiration, espe-
cially under ischemic conditions.”” BB (6) was also shown to
increase glucose transport under normoxic but not hypoxic
conditions, increase respiratory control of mitochondria, and
inhibit ATP consumption as a result of increased respiratory
efficiency.”>

Finally, there is an indication that the effect of EGb 761 on
B-amyloid aggregation and potential protection against AD
might be, at least in part, mediated by BB (6).””) However,
more studies are required to confirm this.
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6. Summary and Outlook

The bilobalide and ginkgolide structures have been
known for about 35 years, and since then a vast number of
chemical and biological studies have been carried out. The
total syntheses of these complex natural products rank among
the major accomplishments in natural products synthesis. The
first significant biological activity of ginkgolides was discov-
ered in 1985, when it was shown that they are potent
antagonists of the PAF receptor, thus providing a potential
treatment for PAF-related maladies. Ginkgolides and biloba-
lide were characterized in a wealth of different pharmaco-
logical assays, particularly the recent finding of their ability to
antagonize inhibitory receptors in the brain.

Within the last couple of years the literature on G. biloba
in general and terpene trilactones in particular has expanded
rapidly. As new biological targets are discovered and already-
existing targets are more thoroughly explored, a better
understanding of the ligand-receptor interaction at a molec-
ular structural level will provide new insight into the actions
of the unique constituents of the oldest living plant.
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Solvation structures play an important role in aqueous chemistry
involving protons. Subtle changes in the coordination of water
molecules to a reacting species can be crucial for initiating a reactive
event as is shown by van Erp and Meijer in a molecular simulation
study of the proton-assisted hydration of ethylene.
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Proton Transport Lot

Proton-Assisted Ethylene Hydration in Aqueous
Solution**

Titus S. van Erp and Evert Jan Meijer*

Recent studies have revealed an accurate atomistic picture of
proton transport in bulk water, the prime prototype proton-
transport reaction. For example, femtosecond pump-probe
spectroscopy!!! of the OH stretch vibration in liquid water has
clarified the first stage of water deprotonation. Earlier, the
nature of the mechanism and dynamics of proton transfer in
bulk water has been addressed in a computational study using
ab initio molecular dynamics.”>¥ In the present paper we go
beyond proton transport in bulk water and address the
fundamental chemical process of acid-catalyzed addition of
water to an alkene double bond. This serves as a primary
example of chemistry induced by exchange of protons in an
aqueous environment. Although the basic principles are well
established and part of undergraduate textbooks, the detailed
understanding of the mechanism and dynamics is still lacking.
For example, it has been a matter of long debate!*” whether
the acid-catalyzed hydration of alkenes is a sequential process
(Adg2) where the formation of a protonated alkene (carbo-
cation) precedes the nucleophilic attack by a water molecule,
or a concerted process (Adg3) where the protonation and
nucleophilic attack occur simultaneously.”

Here we report on an ab initio molecular dynamics
simulation study of proton-assisted hydration of ethylene in
aqueous solution. An alternative hydration mechanism,
involving an intermediate ethylene radical cation, has been
addressed in an earlier study,”! which used the same computa-
tional approach as in this work. Simulations'*'? were
performed of a system consisting of an excess proton in a
solution of one ethylene molecule and 32 water molecules.
The simulation cell is a periodically replicated cubic box with
a size corresponding to the density of a solution of ethylene in
water (1:32) under ambient conditions. The temperature is set
at T=300 K and imposed with a Nosé—Hoover thermostat.
We should note that the size of the periodic cell in our study is
relatively small, allowing for incorporation of only a single full
ethylene/ethanol solvation shell. However, a recent study!
has shown that the despite the small system size the solvation
of ethylene and ethanol is reasonably well described.

As the rate of hydration is by far outside the timescale,
~10 ps, accessible to ab initio molecular dynamics, the
reactive events are enforced by using the method of
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constraints. Starting from an initial configuration consisting
of a hydronium-ethylene complex, a reactive event was
enforced by transferring a hydronium proton stepwise to an
ethylene carbon. The transfer was controlled by fixing the
asymmetric stretch coordinate g = rop+—rys+c. Here, rop+ is the
distance between the hydronium oxygen and the hydronium
proton, and ry+c the distance between the hydronium proton
and one of the ethylene carbons. The reverse reaction, that is,
the dehydration of ethanol, was also simulated.

The snapshots of four stages along the ethylene hydration
pathway shown in Figure 1 indicate that the enforced proton

Figure 1. Snapshots of representative configurations of ab initio molec-
ular dynamics simulations of the proton-assisted hydration of ethylene.
Molecules involved in the reaction are shown as ball-and-stick models.

Other molecules are represented with lines. White, red, and green indi-
cate hydrogen, oxygen, and carbon atoms, respectively. Dashed yellow
lines indicate hydrogen bonds. Edges of the periodically replicated
cubic simulation cell are in blue. g is the proton-transfer reaction coor-
dinate. a) g=—1.1 A, initial stage showing the hydronium—ethylene
complex. b) g=0.0 A, just before the transition state. The proton trans-
fer within the hydronium—ethylene complex is halfway between the
water oxygen and one of the ethylene carbon atoms. Ethylene is not
yet hydrated. ¢) g=0.11 A, just after the transition state. The proton
transfer has been accompanied by formation of a C—O bond between
the other ethylene carbon atom and a water molecule, thus converting
ethylene into a protonated ethanol. d) g=1.1 A. Proton transfer has
been completed. The proton (purple ball) has been released into solu-
tion.

transfer results in the formation of a protonated ethanol,
which rapidly donates its proton to the solution. Figure 2
shows the calculated force profile together with the associated
free-energy profile. The steepness of the force profile near the
maximum shows that the transition occurs in a narrow
window of the proton-transfer coordinate ¢. In this region
both the simulations along the hydration and the dehydration
pathway show a sudden jump and sign-reversal of the

Angew. Chem. Int. Ed. 2004, 43, 1660 -1662
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Figure 2. Calculated constraint force and associated free-energy profile along
the reaction path of the acid-catalyzed interconversion of ethylene and etha-
nol. Results were obtained from trajectories of 5-10 ps with a prior equilibra-
tion of 1 ps. In the plot of the constraint force, the circles indicate the results
obtained for the ethylene-hydration pathway and the triangles are the results
for the ethanol-dehydration route. Open symbols indicate trajectories for
which the constraint force showed a significant sign-reversing change in the
direction of the arrow. The free-energy profile is obtained by integrating the
connecting line through the calculated constraint force points.”™! Here, the
first point of the hydration route (q=—1.6 A) is taken as reference.
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Figure 3. Time evolution of the constraint force (top) and C—O bond length
[A] (bottom) in simulations of hydration (solid line) and dehydration (dashed
line) at reaction-coordinate values of g=0.11 and q=0.05, respectively. The
sudden significant sign-reversing change of the constraint force is accompa-
nied by C—O bond formation (hydration) and breaking (dehydration).

constraint force. This is accompanied by a formation or
cleavage of a C—O bond, as shown in Figure 3. This behavior
and the associated mismatch between the force profiles for
hydration and dehydration indicates the presence of hyste-
resis. It shows that the reaction mechanism also involves
structural rearrangements that are not accounted for by the
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imposed proton-transfer reaction coordinate. Analysis
of the reactive events shows that the formation of the
C—0O and C—H* bonds occurs simultaneously, indicat-
ing that the reaction is an Adg3 addition. Consequently,
the reverse reaction, that is, the proton-assisted dehy-
dration of ethanol, is an E2 elimination reaction. The
calculated hydration activation energy of 23 kcalmol™
is near the experimental values for the activation
barriers of the hydration of isobutene!' (23 kcalmol ™)
and 2-methyl-2-butene™ (19 kcalmol™) in acidic sol-
ution.

Figures 2 and 3 show that the trajectory at g=
0.11 A along the hydration route and the trajectories
at ¢=0.05 and 0.00 A along the dehydration route
exhibit reactive events with the force on the proton-
transfer coordinate changing sign and the C—O bond
either forming or breaking. First we consider the
trajectory for ethanol dehydration at ¢=0.05 A. Just
before the C—O bond breaks at ~ 8 ps, the OH, group
leaving the protonated ethanol is hydrogen-bonded to
three water molecules, with the C—O bond length
around 1.8 A. Figure 4b shows the configuration of the

?
. e

i‘-ér”"';\‘

Figure 4. Nonreactive (a) and reactive (b) configurations for the dehy-
dration of protonated ethanol. Nonreactive (c) and reactive (d) config-
urations for the hydration of ethylene. The color codes are the same as
in Figure 1. Yellow balls denote Wannier function centers.” Numbers

indicate bond lengths [A]. Solvent molecules not directly involved in

the reaction are omitted for clarity.

protonated ethanol and its hydrogen-bonded water
molecules at that moment. In the first 8 ps of this

trajectory various configurations appeared that had a similar
C-O bond length but did not evolve into a dehydration
reaction. A typical example is shown in Figure 4a. The
distinction between this nonreactive configuration and the
reactive configuration at 8 ps is clear: the reactive configu-
ration shows the ethanol OH, group threefold hydrogen-
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bonded, whereas in the nonreactive configuration the OH,
group is twofold hydrogen-bonded. Apparently, a threefold
coordination of the ethanol OH, group is required for it to be
able to leave as a water molecule.

Next we consider the ¢=0.11 A trajectory along the
hydration route. Just before the reactive event at ~2 ps, the
hydrating water molecule is coordinated by three water
molecules at a C—O distance of 2.64 A and a C—H* distance of
1.37 A (Figure 4d). We identified several configurations in
the short time before this reactive event with nearly the same
C—0 and C—H" distances that did not evolve directly into a
reactive event. Figure 4c shows a typical example of one of
these configurations. The distinction between the reactive and
nonreactive configuration is the angular arrangement of the
coordination of the hydrating water molecule: the reactive
configuration has a near-tetrahedral arrangement of the three
hydrogen-bonded water molecules and the ethylene carbon,
with COO angles in the range of 98-118°. In contrast, the
coordination in the nonreactive configuration deviates sig-
nificantly from the tetrahedral structure, with COO angles in
the range of 90-149°. To restore the favorable tetrahedral-like
arrangement between the water molecules, the hydrating
water molecule should move away from the ethylene and
consequently does not form a bond with the carbon. The
stable tetrahedral-like coordination allows the molecule to
remain in position near the ethylene and form a C—O bond.

The important role of the structure and relaxation of the
solvation shell found in our simulation of the proton-assisted
hydration of ethylene is reminiscent of the solvent reorgan-
ization reported for the hydration of an ethylene radical
cation.’!. Obviously, given the rather different nature of a
radical and a protonated ethylene, the detailed geometries of
the solvation structures show quantitative differences. In
conclusion, our results point out that local solvation structures
are crucial in aqueous chemistry involving protons. Conse-
quently, the common computational approach of comple-
menting a quantum-chemical description of the reacting
species with a continuum model to incorporate the presence
of the solvent will fail to capture these effects. A proper
understanding of aqueous chemistry requires computational
and experimental studies to probe the reacting species and the
molecules of the nearest solvation shells on an atomistic level.
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Modular Hydrogelators

Responsive Cyclohexane-Based Low-Molecular-
Weight Hydrogelators with Modular Architecture

Kjeld J. C. van Bommel,* Cornelia van der Pol,
Inouk Muizebelt, Arianna Friggeri, André Heeres,
Auke Meetsma, Ben L. Feringa, and Jan van Esch*

Hydrogels have been extensively studied because of their
intriguing properties and applications (e.g. foods, cosmetics,
biomedical uses), however, most of the systems reported to
date are based on polymers.'! Hydrogels of low-molecular-
weight gelators (LMWGs)?* are an attractive complement
or even alternative for such polymeric systemst! as they
possess properties unattainable by polymeric gelators, the
most important of these being a very rapid response to
external stimuli, an inherent thermoreversibility owing to the
noncovalent nature of the aggregation process, and the low
molecular weight of the gelator, which facilitates a fast
clearance from the body after triggering the gel-to-sol
transition. As we envisage the use of LMWG systems in
pharmaceutical applications, we require responsive and bio-
compatible systems of which the gel properties can be easily
tuned. Low-molecular-weight hydrogelators reported to
date,™¥ however, have a very limited potential as far as the
introduction of functional groups and the regulation of the gel
properties are concerned. Furthermore, the use of pH-
sensitive groups to bring about the gel-to-sol transition or to
effect the surface potential of gel fibers has hitherto been only
marginally addressed.’! The challenge is to develop novel,
biocompatible hydrogelators in which functionalization and
tuning of the properties can be easily achieved. Herein we
report the rational design and synthesis of a novel family of
highly effective hydrogelators with a modular architecture
based on a 1,3,5-triamide cis,cis-cyclohexane core which
functions as a generic gelating scaffold.”! To this scaffold
various amino acid based substituents were connected,
providing additional driving forces for gelation (i.e. hydrogen
bonding and hydrophobic interactions), thus allowing us to
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influence the stability of the resultant thermoreversible
hydrogels. Additionally, the introduction of certain moieties
allows us to make these gels highly responsive to pH changes.
Remarkably, the degree of pH sensitivity was shown to
depend not only on the pK, of the compound, but also on the
strength of the intermolecular interactions. Preliminary
in vitro as well as invivo experiments indicate that these
amino acid containing compounds are indeed biocompatible.

To be able to easily synthesize various hydrogelators with
properties that can be tuned at the molecular level, we
designed a structure possessing a modular architecture
(Figure 1). A 1,3,5-triamide cis,cis-cyclohexane core was

Figure 1. Schematic representation of the hydrogelator design. Light
gray regions = hydrophilic; dark gray regions=hydrophobic;
AA=amino acid(s); X=hydrophilic substituent.

used as a generic gelating scaffold, because the parallel
orientation of the three hydrogen-bonding amide moieties
provides strong, self-complementary, and uniaxial intermo-
lecular interactions that are necessary to enforce 1D self-
assembly and hence allow gelation to occur.”’ We connected
biocompatible building blocks to the cyclohexane core,
namely L-amino acid moieties (AA). We selected hydro-
phobic amino acids for two reasons: first, to introduce
hydrophobic interactions as an additional aggregation force,
and second to shield the amides from water and thus facilitate
the formation of 1D intermolecularly hydrogen-bonded
stacks in a solvent that is strongly competitive for hydrogen
bonding. A similar combination of hydrophobic interactions
and hydrogen bonding is known to stabilize the secondary
structures of peptides.®! The inherent C;symmetry of the
resultant molecules allows tuning of the interfacial properties
of the gelators (by introducing different functional groups X)
without affecting the rudimentary aggregate structure and
hence the gelation capability.

Scheme 1 shows examples of new LMWGs (1-6) that
were prepared according to these design guidelines.”] All
compounds were synthesized in 2-4 steps starting from
commercially available compounds by treating enantiomeri-
cally pure amino acids with cis,cis-1,3,5-cyclohexanetricar-
bonyl trichloride!” (Scheme 1), followed in some cases by
deprotection of the carboxylic acid, or further functionaliza-
tion. Note that both convergent and divergent synthetic
routes could be used, for example, gelator § was synthesized
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Scheme 1. Synthesis of the hydrogelators 1-6 and nongelators 7 and 8; for synthetic details see the Supporting Information. idem: all the com-
pounds 1-8 each have three identical side chains, for simplicity only one is shown for each compound.

in good yields both by reaction of H-Met-His-OMe with the
cyclohexane triacid chloride, as well as by reaction of H-His-
OMe with compound 1.

Compounds 1-6 are excellent thermoreversible hydro-
gelators, and many of them gelate water even at submillimolar
concentrations (Table 1). The concentration at which com-

Table 1: Critical gelation concentration CGC,"¥ appearance of the hydro-
gels, and fiber thickness (TEM).

Gelator CGC wt % Appearance Fiber diameter
[mm] [nm]
1 0.98"" 0.06 clear 20-300
2 0.97" 0.08 clear 20-120
3 0.36 0.0331 clear 20-120
4 0.76 0.07 clear 50-350
5 11.75 1.25 turbid 10-500
6 4.72 0.42 turbid 10-500

[a] CGC is the lowest gelator concentration at which gelation is still
observed. [b] Determined in 1N HCL" [c] Gelation at this concentration
took several hours.

pound 3 starts to gelate water (0.36 mMm) is, to our knowledge,
the lowest concentration reported to date for any hydro-
gelator.’! In contrast, compounds 7 and 8, both lacking
hydrophobic substituents, are highly water-soluble and thus
not able to gelate water. This result clearly shows that
hydrophobic interactions, such as those provided by the
phenylalanine or methionine residues, are essential for these
structures to function as hydrogelators. In addition, intermo-
lecular hydrogen bonding between the amide moieties also
contributes to the stability of the gel fibers, as is evident from
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the FT-IR spectra of the freeze-dried gels (xerogels) and solid
samples of the six gelators.'”! The NH signals were observed
in the range of #=23320-3270 cm ', whereas the signals
originating from the CO moieties all fell between 7= 1680-
1630 cm™!, both ranges being characteristic for hydrogen-
bonded secondary amides.['!]

All gels displayed good stability over time, as no changes
were observed in over three months.'®l Investigation of the
hydrogels of 1-6 with transmission electron microscopy
(TEM, Figure 2) showed that all six compounds form
branched or entangled fibrous gel networks with fiber
thicknesses of 10-500 nm (Table 1), and fiber lengths of tens
of micrometers. The high aspect ratios of the gel fibers clearly
indicate that the intermolecular interactions between the
gelator molecules are highly anisotropic. Furthermore, the
low CGC values imply that the intermolecular interactions
are strong and thus most likely the result of the concurrent
action of both hydrogen-bonding and hydrophobic interac-
tions.

a) ' b)

Figure 2. Representative TEM images of hydrogels of LMWGs 1-6:
a) a 0.1 wt % hydrogel of 3 (similar to gels of 1, 2, and 4); b) a

0.8 wt % gel of 6 (similar to a gel of 5). Scale bars correspond to
500 nm.
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Owing to the gelating nature of compounds 1-6, no
crystals suitable for X-ray crystallography could be obtained.
Fortunately, it was possible to grow good quality crystals of
the tyrosine analogue 9 (Figure 3a) from water. The X-ray
crystal structure shows that the molecules stack through the
formation of a triple chain of intermolecular hydrogen bonds,
with hydrogen-bond lengths ranging from 1.91 to 2.20 A
(Figure 3c¢). In addition, the molecules all adopt a conforma-
tion in which the phenyl moieties fold inward, shielding the
amide moieties from the aqueous environment and thus
allowing hydrogen-bond formation to occur. The close
resemblance of 9 to the tris(amino acid) cyclohexane core
of the gelators makes it very likely that the gelators 1-6 adopt
a similar arrangement within the gel fibers. The X-ray crystal
structure of 9 also shows that the unit cell contains two
stacked molecules which are rotated by approximately 6° with
respect to each other." The individual stacks of molecules
pack in a hexagonal fashion, giving rise to hydrophobic areas
in which the phenyl rings come together (solid circle in
Figure 3b), and hydrophilic areas in which the carboxylic acid
residues as well as the water and HCl molecules enclosed in
the crystal can be found (dashed circle).!"”!

An important feature of low-molecular-weight hydro-
gelators is the thermoreversible gel-sol phase transition,
which can conveniently be characterized by determining the
temperature at which the gels turn into solutions (7).
Figure 4 clearly shows that increasing the concentration of a
gelator leads to higher T, values, a feature generally observed
for LMWGs. An interesting aspect of our gelators, however, is
the possibility to tune the gel properties at the molecular
level. Changing the nature of hydrophobic interactions
directly influences the T, values. Thus a comparison of the
Met-based gelators (Figure 4a) and Phe-based gelators
(Figure 4b) shows that the latter give higher T, values at
much lower concentrations, with gels of 2 and 4 exceeding the
upper experimental limit of 130°C at concentrations just
above 2 mM. The occurrence of these high T, values already
at such low gelator concentrations shows the exceptional
thermal stability of our gels. Also changing the number of
hydrogen-bonding interactions affects the thermal stability of
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Figure 4. T, values for hydrogels of different concentrations of:
a) Met-based LMWGs 1 (@), 5 (4), and 6 (00); b) Phe-based LMWGs
2 (@), 3 (A), and 4 (O). Measurements were stopped at 130°C."

the gels, as becomes clear by comparing compounds 3 and 4.
The T, values for gels of 4 are all at least 20°C higher than
those for gels of 3 at the same concentration, as in 4 ester
groups have replaced the hydrogen-bonding amide moieties
that connect the ethylene glycol chains to the phenylalanine
residues in 3. As IR experiments showed that all amides of 4
were fully hydrogen bonded, it is likely that the second set of
amides present in 4 forms three additional chains of hydrogen
bonds in the molecular stacks present in the gels, resulting in
the observed increase in the thermal stability of the gels.

Figure 3. X-ray crystal structure of 9 (crystallized from K,HPO,/KH,PO, buffer 0.1 m, pH 5.7); gray C, blue N, red O, white H, green Cl (HCl,, was
used in the final reaction step (i.e. hydrolysis of the trimethylester of 9)). a) Tyrosine-based nongelator 9, b) view along the a axis, showing the
packing of the individual stacks (arrow: disordered carbonyl, solid circle: hydrophobic area, dashed circle: hydrophilic area), c) side view of a

single stack, showing the intermolecular triple hydrogen bonding chain.
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The introduction of pH-sensitive groups onto the cyclo-
hexane-based gelating scaffold is another example of how we
can tune the gel properties at the molecular level, allowing
reversible switching from gel to sol through changes in the pH
value. Indeed the addition of base (e.g. INNaOH) to a
hydrogel of 1 or 2 resulted in the rapid and complete
dissolution of the gel, whereas the subsequent addition of acid
(e.g. In HCI) resulted in instantaneous reformation of the gel.
Conversely, hydrogels of 5 or 6 could be turned into solutions
and back into gels by the addition of first acid, and then base.
Reversible gelation behavior as observed for LMWGs 1, 2, §,
and 6 is far from self-evident,™ as several examples exist of
inherently pH-sensitive hydrogelators which do not display
pH reversible gelation.™! Figure 5 shows the pH,, (the pH
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Figure 5. pH, values for hydrogels of different concentrations of:
a) acidic gelators 1 (#) and 2 (O); b) basic gelators 5 (00) and 6 ().

value at which gel-to-sol transition occurs) values that were
observed for different gelator concentrations for LMWGs 1
and 2. Met-containing gelator 1 has pHy values (3.2 to 4.0)
that are significantly lower than those observed for Phe-Gly-
containing gelator 2 (3.2-4.0 vs. 4.3-5.8, in the concentration
range measured). These differences are remarkable because
the carboxylic acid moieties of both gelators are expected to
have almost identical pK, values (3.6-3.7).'” Assuming a pK,
value of 3.65 for 1, the concentrations of the different gelator
species g (i.e. gHs, [¢H,]~, [gH]*", and g*") present at different
pH values can be calculated.!!

We took each point for gelator 1 in Figure 5a and
calculated the corresponding concentration of fully proton-
ated gelator (gH;). All the points (except for the one at the
lowest concentration) corresponded to a gH; concentration of
0.9+ 0.1 mm, a value that corresponds very well to the CGC
of 0.98 (see Table 1). Apparently, the onset of gelation of 1
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corresponds with the gH; concentration reaching the value of
the CGC. Therefore it is concluded that for 1 only neutral
species participate significantly in gelation, and a single
deprotonation step is enough to cause 1 to dissolve as [gH,]™.
Similar calculations for 2, using the same assumed pK, value
of 3.65, show that dissolution of the gels takes place at pH
values at which the fully deprotonated g*>~ ion is the dominant
species present in solution. Apparently, a significant fraction
of the carboxylate moieties in the fibers of 2 is deprotonated
and hence the fibers become negatively charged, before
dissolution takes place at pH,, This introduction of negative
charges at the fiber surface leads to an increase of the proton
concentration in the adjacent layer of counterions and thus to
a decrease of the pH value near the surface (pH,), with
respect to the observed (bulk) pH.!] Because it is reasonable
to assume that in a first approximation the pK, of 2 in the
fibers is similar to that of 1, with substantial deprotonation
taking place at a pH; value of around 3.65, this means that the
gel-to-sol phase transition (pHy) is shifted to higher (bulk)
pH values. Why should this effect occur for gelator 2 and not
for 1? The formation of interfacial charges as a result of the
deprotonation of carboxylate moieties introduces strong
repulsive electrostatic interactions within the aggregates,
which have to be compensated by attractive interactions for
the aggregates to survive (Figure 6). Apparently, in 1 these

HOOC

\
| Attractive Forcesl

— —COo0
-00C
—COO_
HooC o

= COOCH
00C
< ~ — CO0C-
-00C
Repulsive Forcesj

Figure 6. Schematic representation of a stack of gelator molecules.

attractive interactions are weaker than for 2. This finding
agrees very well with higher thermal stabilities observed for
gels of 2 with respect to gels of 1, and can be attributed to the
presence of additional amide groups and larger hydrophobic
amino acid residues in 2. Therefore, to tune the pH-sensitivity
profile of a gelator it is not necessary to change the ionizable
moieties to groups with a different pK, value, it is possible to
adapt the remainder of the structure, leading to different
intermolecular interactions, and thereby influencing the pH,,
of the gelator. For the basic hydrogelators 5§ and 6 we found
that, similar to gelator 1, only the neutral species participate
significantly in gelation.?"]

In conclusion, by adopting a modular design for our
hydrogelators we have been able to develop a novel class of
cyclohexane—amino acid conjugates that act as excellent
gelators for water, and are capable of forming thermorever-
sible hydrogels at concentrations as low as 0.36 mm. Many of
these hydrogels displayed exceptional thermal stability even
at very low (<2 mMm) gelator concentrations. The properties
of the gels could be easily tuned by changing the nature of the
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hydrophobic substituents or the number of hydrogen-bonding
moieties. Furthermore, by connecting pH-sensitive moieties
to the gelator scaffold, responsive gels were obtained that
could be reversibly switched from gel to sol by changes in pH
value as well as temperature.”” The pH-dependent gelation
behavior of our LMWGs can not only be tuned by selecting
substituents with different pK, values, but also by changing
the strength of the intermolecular interactions in the gel
fibers. Preliminary in vitro experiments in which cells were
grown in gelated cell culture medium indicate that these kinds
of molecules are noncytotoxic. Initial in vivo tests showed
that rats in which gels were implanted subcutaneously,
displayed excellent health even after repeated administra-
tion.?!
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An Electrochemically Controlled Molecular
Shuttle**

Bohdan Korybut-Daszkiewicz,*
Agnieszka Wieckowska, Renata Bilewicz,*
Stawomir Domagata, and Krzysztof WoZniak*

The design of molecular machines that form assemblies with
signal-triggered functions remains a challenging area of
research.' 22 Rotaxanes that contain cyclodextrins, tetrathia-
fulvalene, porphyrins, or other macrocyclic movable units
have been described.'™ ! The motion between two termi-
nal “stations” in the molecule may result from changes of
oxidation state, and thus can be “switched on” by the
application of an appropriate potential or laser pulse."'™"!
Catenanes, described by Stoddart and co-workers, almost
always contain paraquat as one of the components that has -
acceptor properties.> "% As a result of m—m interactions, the
internal motion of the components may be detected; it can
also be switched on chemically owing to the presence of an
added species that interacts with one of the components.?*2!]
On the other hand, the change of oxidation state of the metal
cation component of the catenate induces the movement of
the interlocked ring, as demonstrated by Sauvage and co-
workers.”

Herein we present the first heterodinuclear bismacrocy-
clic transition-metal complex that exhibits potential-driven
intramolecular motion of the interlocked crown-ether unit.
Recently, we have demonstrated that the interlocking of the
dibenzocrown ether with homo-dinuclear bismacrocyclic
transition-metal complexes leads to increased stability of
the mixed-valence states, which was reflected in the higher
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values of conproportionation constants.’ The observed
effect was larger for the dinickel (d°~d®) than for the dicopper
(d°-d’) catenane. The interlocked crown ether unit adopts the
cis conformation in such a manner that one of its aromatic
rings is parallel to and between the two metal-coordinating
macrocyclic rings. Since both of the coordinated ions were
identical, the translocation of the crown-ether moiety from
one site to the other produces the same catenane arrange-
ment. However, the intertwining of dibenzo[24]crown-8 with
a heterodinuclear bismacrocyclic complex may lead to two
possible arrangements, in which the m-electron-rich benzene
rings are located in the vicinity of either the copper- or nickel-
complexing macrocycle, depending on the oxidation state of
the coordinated ions.

The development of appropriate physical methods useful
for monitoring the dynamics of supramolecular systems is
currently of great importance. Electrochemical methods are
especially convenient for monitoring subtle changes in redox
properties of electroactive centers, thus reflecting their inter-
or intramolecular interactions. Anelli and co-workers dem-
onstrated that bisparaquat cyclophane in [2]catenane is
reduced at more negative potentials when interlocked with
benzocrown molecules.!"! Electrochemically triggered molec-
ular movement was shown in the case of rotaxanes by
Stoddart and co-workers.***! Molecular square schemes
illustrating the response of catenates—that is, changes of
the coordination geometry—to an electrochemical signal
were proposed by Sauvage and co-workers.*!

Our aim was to synthesize a transition-metal heterodinu-
clear catenane that should allow a controlled translocation of
the crown unit back and forth between two different metal
centers in response to an external stimuli, specifically, a
potential applied to the electrode.

The synthetic strategy applied to obtain face-to-face
hetero-dinuclear bis-macrocyclic complexes (Scheme 1) was
different than that described previously for the homo-
dinuclear systems.™ In the first step, the copper(ir) coordi-
nated macrocycle was functionalized with two pendant
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Scheme 1. Synthesis of a heteronuclear [2]catenane.
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diamino linkers to give 2Cu,”” which was then cyclized by
using the second macrocyclic unit that contained a coordi-
nated nickel(i) ion (INi). In the presence of an excess of
dibenzo[24]crown-8, the hetero-dinuclear bis-macrocycle
(3CuNi) and catenane (4 CuNi) were formed with 33 % and
12% yields, respectively. The compounds were unambigu-
ously identified by ESI mass spectrometry and characterized
by spectroscopic and analytical methods (see Supporting
Information).

Compound 4CuNi crystallizes in the triclinic P1 space
group®! with one molecule in the independent part of the unit
cell. The bis-macrocyclic ring is positively charged because of
the presence of Ni' and Cu" ions and the interlocked rings are
surrounded by four PF,~ anions. The crown ether and the
large bis-azamacrocyclic ring in 4CuNi form a sandwichlike
structure (Figure 1) in such a way that one of the crown ether
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i : a.};--ﬂ'}
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Figure 1. Conformation of 4CuNi cation with atomic displacement
parameters (ADPs) at the 50% probability level. H atoms omitted for
clarity.

aromatic rings is located between the two metal-coordinated
macrocyclic rings. The second aromatic ring is located almost
parallel to the previous one outside the two linked macro-
cycles. Thus, the one aromatic ring of the crown ether is
interlocked between the two macrocycles, and one of the
macrocyclic rings is positioned between the two aromatic
rings of the crown ether. One of the crown polyether linkers is
disordered (see Figure 1), as are the solvent molecules and
counterions (see CIF for details). The macrocyclic fragments
with aminomethylidyne ends are linked with each other by
aliphatic chains that consist of seven carbon atoms each.
Therefore, the linked azamacrocyclic fragment of 4CuNi
forms a rectangular cavity with dimensions of 6.91 A
(Cu-Ni) x 15.47 (C28--C35) A. The metal-metal distance is
the shortest of the all three catenanes®™ (dicopper, dinickel,
and 4 CuNi). The azamacrocyclic rings are evidently interact-
ing through the guest aromatic ring because the distance
between the metal ions is shorter than the distances between
exocyclic carbon atoms (Figure 1).

Electrochemical characteristics (peak potentials, E,, and
E,., and formal potentials, EY,) of 3CuNi and 4 CuNi are given
in Table 1. For the catenane, the Ni" —Ni™ oxidation peak
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Table 1: Redox characteristics of the compounds studied.”

Compound E.. [V] E.c V] EXIV]  EX V]
Cu”*) Ni“*) Culll;} Ni”|~> Cull/ Ni”/
cu" N cy" Ni" cu" N

3 NiCu 1.081 1.351 1.008 1.281 1.045 1.316

4NiCu 1.077 1.389 0.998 1.285 1.038 1.337

[a] E,, and E, are the anodic and cathodic peak potentials E2,

appears at a more positive potential and the reduction of
Cu™—Cu" at a more negative potential than in the corre-
sponding bismacrocycle. The peaks are lower as the diffusion
coefficient of the larger catenane should be smaller than that
of the simple bis-macrocycle, but they are also wider, thus
reflecting some complications in the electrode process
compared to that of the bis-macrocycle. The noted differences
are not dependent on the concentration of the electroactive
species and, therefore, cannot be attributed to any higher-
order chemical reactions or adsorption effects. These features
result from the promoting effect of the crown activated by the
d®-d® structure. As described previously, for the simple bis-
macrocycle, no intramolecular interactions are observed,
since the spacer separating the metal centers (7 CH, units)
is too long. Only for shorter linkers (3 CH, and 5 CH, units)
could these interactions be detected.””!

All electrochemical techniques, perhaps most clearly the
Osteryoung square-wave (OSW) voltammetry, revealed a
very interesting feature of these curves: a splitting of Ni
oxidation signals in the case of the catenane system (Figure 2
and Supporting Information). The peak at +1.65V corre-
sponds to the oxidation of the crown moiety in the catenane.
The extent of splitting of the Ni oxidation peaks at about
1.35 Vis not a function of the concentration of the catenane

a) 0.0

/A 5.0x10°

1.0x10*

1.5x10*
20 15 1.0 0.5

4.0x10°

8.0x10°

16 12 08
-~ E/V
Figure 2. a) OSW voltammograms of 1 mm 4CuNi in 0.1 m TBAHFP/
CH;CN recorded on a glassy carbon electrode (GCE), #=10 Hz,
7=50 Hz, 7=100 Hz, #=200 Hz; b) OSW voltammograms of 1 mm

4CuNi in 0.1m TBAHFP/CH;CN recorded on a GCE, 7=100 Hz at
298 and 257 K.
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but is a function of time and temperature. Such behaviour
may be understood by assuming that the two different Ni"
centers (i.e., they have different local microenvironments)
have different populations, even though this happens within
the same molecule (Scheme 2).

Scheme 2. Schematic representation of electrochemically controlled intramolecular
motion.

The donor properties of the first group of Ni' centers is
affected by the vicinity of the electron-rich crown ether
(Scheme 2a) while the other group is not (Scheme 2b). At
lower frequencies (Figure 2a), upon oxidation of Cu" to Cu™,
the crown-ether unit has enough time to relocate from its
initial position close to the Ni" center (Scheme 2a) towards
the more positively charged Cu™ center (Scheme 2b). As a
result of this relocation, the Ni" to Ni'"" oxidation process
appears at more positive potential, since it is free from the
influence of the m-electron rich crown ether. However, when
the timescale is decreased or the temperature is lowered, the
movement of the crown-ether unit is too slow and, in a
fraction of the molecules, the Ni cations remain weakly
interacting with the crown ether, thus giving rise to the
splitting of peaks. Hence, the decrease of temperature
(Figure 2b) leads to an increase in the development of the
negative peak corresponding to the oxidation of nickel
centers still surrounded by the crown ether. Therefore, the
“frozen” interconversion within the molecule can be clearly
shown at lower temperatures at which the movement of the
crown ether unit is slowed down. The most remarkable
feature of this new catenane is that each electrochemical step
triggers a rearrangement of the compound (Scheme 2). The
intramolecular movement upon the application of appropri-
ate potential is clearly seen in the normal-pulse (NP)
voltammetry experiment with different initial potentials
(Figure 3).

In this experiment, the potential between the pulse
application, E;, is set at a chosen value for 2 seconds and
then 50 ms pulses of increasing amplitude are applied to the
electrode. When E; is set to 0.7 V, no redox reaction can
proceed in these two seconds, and only during the pulse
application can some movement of the crown towards Cu™
center be triggered. A part of the Ni centers is then freed
from the crown influence. The formation of these two
different populations of the Ni centers results in the splitting
of waves, which is easier to distinguish when the curves are
differentiated (Figure 3a and Table 2). By varying the pulse
time, we can obtain the time constant of the observed motion
based on the ratio of oxidation wave currents, which is about
53sL

At 1.15 V, Cu™is generated in the vicinity of the electrode
during the 2s at E; and induces a swing of the crown unit

1670 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. NP voltammograms and their derivatives for 1 mm 4CuNi in
0.1m TBAHFP/CH;CN recorded on a GCE, t,=50 ms, t,=2s. E;:
a) 0.70, b) 1.50, ¢) 1.15 V.

Table 2: The dependence of half-wave potentials of the NP waves on the
potential applied to the electrode between the application of pulses (E)."!

E, direction of pulses Metal center Eip [V Eyp [VIP!
0.7V Cu 1.062 1.063
Ni, i 1.291
0.7—-1.5 Ni, 1.430 1.419
115V Cu 1.024 1.024
1.15—0.7
115V Ni, g g
1.15—=1.5 Ni, 1.374 1.387
1.5V Cu 1.007 1.006
Ni, 1.303 1.280
1.5—0.7 Ni, d S

[a] 4CuNi [1 mm] in TBAHFP/CH,CN [0.1 M]; pulse time t, =50 ms, time
window between pulses t,=2 s. [b] Based on the derivatized NP curves.
E;: potential during 2s (t,) between application of pulses. [c] Signal
poorly resolved, E,, potential difficult to determine.

towards the oxidized copper center (Scheme 2, position b,
Table 2). As shown in Figure 3¢, the more positive Ni"
oxidation peak (Ni center freed from the influence of the
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crown ether) clearly dominates in the voltammogram. On the
other hand, when E, is set to 1.5 V, both Ni' and Cu' centers
are generated during the time between the application of
pulses. The crown ether is located close to the nickel center
again and the Ni'"/Ni'™ peak reappears at more negative
potential (Scheme 2c). The position of the Cu™ reduction
signal depends on the length of the pulses. When longer pulses
are applied, the concentration of reduced Ni" ions is higher at
the time when the current for Cu™ reduction is probed. Hence
the fraction of molecules with the crown ether relocated
towards the Cu center is larger. These electrochemically
switched relocations reflect a shuttlelike behavior triggered
by the application of an appropriate potential. We would like
to point out here the unique ability of the Osteryoung square-
wave and reverse-pulse techniques to detect intramolecular
motion triggered by applied potential.

To our knowledge, this is the first example of the synthesis
of a transition-metal heterodinuclear catenane that reveals
translocation of the crown unit back and forth between two
different metal centers in response to an external stimulus—
an applied potential. By applying appropriate potentials
either copper or nickel centers (or both) are reversibly
oxidized to the higher (4 3) oxidation state, which favors an
interaction of these centers with the m-electron-rich aromatic
system of the crown unit resulting in the relocation of the
crown towards the oxidized metal center. The nickel centers
affected by the catechol groups are oxidized more easily than
those that are not surrounded by the crown units. This
“frozen” interconversion within the molecule can be better
observed at lower temperature or shorter time scales. The
phenomenon of controlled intramolecular motion can poten-
tially be applied in molecular devices.

Experimental Section
The solvents and reagents used in these studies were reagent grade or
better. Acetonitrile was dried over P,Os and distilled under argon.
6,13-Bis(metoxymethylidene)-1,4,8,11-tetrazacyclotetradeca-4,7,11,14-
tetraenenickel(11) hexafluorophosphate (1Ni) and 6,13-bis(7-ammo-
niumheptaneaminomethylidene)-1,4,8,11-tetrazacyclotetradeca-4,7,11,14-
tetraene copper(ir) hexafluorophosphate (2Cu) were synthesized
according to the previously published procedures.??"!

Preparation of 3CuNi and 4 CuNi: Dibenzo-24-crown-8 (0.75 g,
1,7 mmol), copper 2Cu (0.50 g, 0,45 mmol) and nickel 1Ni macro-
cyclic complexes (0,285 g, 0.45 mmol) were dissolved in 100 cm® of dry
acetonitrile that contained Et(iPr),N (0.2 cm®) and stirred at room
temperature. After 4 h the solvent was removed by rotary evapo-
ration to give a dark-orange oil. The oil was then dissolved in
dichloromethane absorbed on the top of a 2x25 cm neutral Al,O;
column. The column was washed with chloroform until all excessive
crown ether had been collected. An orange band that remained on the
top of column was then eluted with an acetonitrile solution that
contained NH,PF; (1 g/100 mL). The collected orange eluate was
concentrated, diluted with water and absorbed on a SP Sephadex
C-25 column. The column was washed with a small amount of water/
acetonitrile (1:1), then with water, and finally eluted with 0.5m NaCl
solution. Two orange bands were collected and products precipitated
upon addition of NH,PFs. The precipitates were removed by
filtration, dissolved in acetonitrille that contained small amount of
NH,PF; and diluted with ethanol and water. Products precipitated
upon slow evaporation of solvents were isolated by filtration and
washed with ethanol. The first fraction contained the catenane 4 CuNi
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(0.095 g, 12%) and the second the previously described bismacrocy-
clic complex 3CuNi”?” (0.200 g, 33%).

4 CuNi: C,Hy,OgN,,CuNi-(PF;),-2H,0 (1835.6): Elemental anal-
ysis (%) caled C 39.8, H 5.1, N 9.0; found: C 40.1, H 5.3, N 9.0; IR
(nujol): #=3370, 1660, 1621vs, 1590, 846vs, 559 cm™'; EST MS(m/z):
313.9 [C¢Hy,OgN,CuNi]*, 466.8 [Cq,Ho,OgN,,CuNi-(PF,)|*F, 772.4
[CeHyOsN 1zCUNi‘(PFﬁ)2]Z+~

Voltammetry: Linear scan, normal-pulse-and square-wave vol-
tammetry experiments were performed by using the Autolab
potentiostat (ECO Chemie, Netherlands) in three electrode arrange-
ment with a silver/silver chloride (Ag/AgCl) as the reference,
platinum foil as the counter and glassy carbon electrode (GCE,
BAS, 3 mm diameter) as the working electrode. The reference
electrode was separated from the working solution by an electrolytic
bridge filled with 0.1m tetrabutylammonium hexafluorphosphate
(TBAHFP)/CH;CN solution. The reference-electrode potential was
calibrated by using ferrocene oxidation in the same TBAHFP/CH;CN
solution. The acetonitrile containing 0.1M TBAHFP was used as the
supporting electrolyte solution. Argon was used to de-aerate the
solution and an argon atmosphere was maintained over the solution
during the experiments.

Supporting Information available: ESI mass spectra, cyclic and
OSW voltammograms for 4 CulNi.
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Protein Labeling

Methotrexate Conjugates: A Molecular In Vivo
Protein Tag**

Lawrence W. Miller, Julia Sable, Philip Goelet,
Michael P. Sheetz, and Virginia W. Cornish*

Characterization of the distribution, fate, and intracellular
chemical environment of proteins inside living cells is critical
to the study of cell biology. Toward this end, green fluorescent
protein and its variants (GFPs) have been used most
prominently as markers or tags to monitor the localization
and fate of proteins in vivo. In this application, a gene that
encodes a GFP is fused to the gene that encodes a protein of
interest. The resulting gene fusion is expressed, and the cells
are examined by fluorescent microscopy."? A drawback to
GFPs, however, is that their spectral and structural character-
istics are interdependent.’) Whereas mutagenesis has led to
the development of differently colored GFPs, including cyan,
green, yellow, and blue variants, and a red-emitting protein
dubbed DsRed has been cloned from Discosoma,*® it has
been difficult to engineer GFP variants with well-resolved
absorption and emission spectra for multicolor co-localization
and fluorescent resonance energy transfer (FRET) applica-
tions, and in particular to obtain a well-behaved red variant. A
protein-bound fluorophore that has its fluorescent properties
uncoupled from its peptide sequence would allow greater
freedom in the design of in vivo protein labels.

We address the limitations of GFPs with a method to
specifically target cell-permeable small-molecule flurophores
to selected proteins invivo. The method leverages the
noncovalent interaction between Escherischia coli dihydro-
folate reductase (DHFR) and fluorescently labeled metho-
trexate (Mtx-F*; Figure 1). To demonstrate this method, we
expressed DHFR-fusion proteins localized to either the
plasma membrane or the nucleus in Chinese hamster ovary
(CHO) cells and added TexasRed-methotrexate (Mtx—TR)
to the growth media. The Mtx-TR bound noncovalently to
DHFR and effectively labeled the localized fusion proteins.

The DHFR-Mtx protein-labeling method improves upon
previously reported strategies that rely on covalent or non-
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Figure 1. Schematic representation of the DHFR-Mtx protein-tagging
system. A Mtx-conjugated fluorophore or other label (shown here,
TexasRed) noncovalently binds DHFR, which is expressed in vivo as a
fusion to the tagged protein of interest.

covalent labeling of fusion proteins with fluorescent
ligands." " Farinas and Verkman labeled a single-chain
antibody fusion with a fluorescein-conjugated hapten and
optically measured the pH value of Golgi bodies in vivo.! A
similar strategy to measure the pH values of organelles by
using a biotin-avidin interaction was reported by Wu et al.®!
However, neither antibodies nor avidin make good receptors
for general intracellular protein labeling. Farinas and Verk-
man reported that their antibody did not express well in
cellular reducing environments, and avidin expresses as a 63-
kDa tetramer. Fluorescent biarsenical ligands (FIAsH) target
genetically encoded tetracysteine motifs (Cys-Cys-X-X-Cys-
Cys, where X is any amino acid except cysteine).’!% Tt has
been found, however, that the FIAsH derivatives bind
nonspecifically to endogenous, cysteine-rich proteins.'!]
More recently, a modular system based on the covalent
labeling of O°-alkylguanine-DNA alkyltransferase (hAGT)
fusion proteins with fluorescently labeled OS-benzylguanine
derivatives (BG) was reported by Keppler et al.l?

We chose DHFR and Mtx-F* as our protein-ligand label
because DHFR and Mtx bind one another with particularly
high affinity and because the interaction between the two has
been extensively characterized both biochemically and struc-
turally."*'® Mtx binds DHFR with subnanomolar affinity,"
and the rate constant (k) for the dissociation of Mtx bound
to the E. coli DHFR in a ternary complex with NADPH has
been measured (107*s™").' Based on this high binding
affinity and favorable kinetics, it is expected that Mtx
analogues should stoichiometrically label DHFR fusions
and, though noncovalent, the DHFR-Mtx complex should
have a reasonable half-life. Furthermore, Mtx has been shown
to inhibit the proteolytic degradation of DHFR.[') Mtx can be
chemically modified without disrupting receptor binding by
adding modifications at the y-carboxylate position."*!* Thus,
it should be possible to chemically link Mtx to a wide variety
of fluorophores. Indeed, a number of methotrexate-conju-
gated fluorophores are commercially available (Molecular
Probes, Eugene, OR). Fluorescein methotrexate has been
used as a probe for the overexpression of DHFR in
methotrexate-resistant cell lines,'®'” and as a fluorescent
probe in protein-complementation assays.”*?!! DHFR is a
monomeric, 18-kDa protein (by comparison, GFP is a 27-kDa
protein), and functional DHFR fusion proteins have been
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used in a variety of biochemical applications, including a yeast
three-hybrid screen for protein—small molecule interac-
tions.'"?? Given these characteristics, it should be possible
to express DHFR as a fusion to native proteins with little
likelihood of interference with native protein function.
Despite the commercial availability of fluorescent metho-
trexate analogues, and the well-characterized stoichiometric
labeling of intracellular DHFR with fluorescein methotrex-
ate, the DHFR-Mtx interaction has not yet been exploited as
a generic system for in vivo protein labeling.

To demonstrate the utility of DHFR-Mtx-F* as a protein
label, we used fluorescent microscopy to observe the labeling
of E. coli DHFR fusion proteins in mammalian cells with
TexasRed-conjugated Mtx (Mtx-TR). To avoid potential
background fluorescence or toxicity as a result of binding of
Mtx-TR to endogenous DHFR, we used a DHFR-deficient
CHO cell line in our studies.” We targeted the label to the
plasma membrane (PM) in CHO cells by expressing DHFR
with an N-terminal fusion of the 10-amino acid myristoyl-
ation/palmitoylation sequence from the protein lyn. This
signal sequence (MGCIKSKGKD) fused to the N-terminus
confers PM localization.” DHFR was also targeted to the
nucleus by encoding three copies of the nuclear localization
signal (NLS) of the simian virus40 large T-antigen
(DPKKKRKV) at its N-terminus.” We expected to obtain
microscopic images of our modified CHO cells that revealed
characteristic PM or nuclear fluorescence upon labeling with
Mtx-TR.

To label PM-targeted DHFR in CHO cells, we modified a
mammalian expression vector, pECFP-N1-lyn, that had the
lyn PM-targeting sequence appended N-terminally to cyan
fluorescent protein (CFP).**! We used standard molecular
biology techniques®®?"! to replace the DNA that encodes the
CFP in pECFP-N1-lyn with DNA that encodes the E. coli
DHFR, yielding pLM1208. Replacement of the PM-targeting
sequence DNA with DNA that encodes three copies of the
NLS yielded plasmid pLM1264. We transiently transfected
DHFR-deficient CHO cells grown on 22-mm? coverslips with
pLM1208 or pLM1264. Approximately 24 h after transfec-
tion, growth media that contained Mtx—TR (2 um) was added
to the cells. After approximately 20 h of incubation with Mtx—
TR, the cells were washed twice with PBS, mounted in media
without Mtx-TR, and imaged using a scanning confocal
microscope.

Fluorescent microscopy of CHO cells transfected with
pECFP-N1-lyn that encodes the CFP control verified PM
targeting due to the N-terminal signal sequence (Figure 2a).
Microscopic images of CHO cells transfected with pLM1208
that encode the DHFR tag and labeled with Mtx-TR
revealed a similar pattern of illumination consistent with
PM fluorescence (Figure 2b). Cells labeled with Mtx-TR
initially showed a high background fluorescence that dimin-
ished as unbound Mtx-TR leaked from the cells into the
media. After about 20 min, distinct PM labeling with low
background fluorescence was visible. The red fluorescence of
the PM-targeted DHFR-Mtx-TR complex was clearly visible
up to at least 1h after removal of the small molecule.
Microscopy of cells transfected with pLM1264 showed a
distinct nuclear fluorescence (Figure 2¢). Control experi-
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Figure 2. Noncovalent labeling of localized E. coli DHFR in DHFR-defi-
cient CHO cells. Confocal micrographs show fluorescence in left
column, differential image contrast (DIC) images in right column:

a) PM fluorescence in cells transiently expressing cyan fluorescent pro-
tein fused to PM-targeting sequence (excitation: 457 nm). b) DHFR-
deficient CHO cells transiently expressing PM-targeted DHFR. Cells
were incubated in media containing Mtx=TR (2 um) for 20 h, washed
with PBS, mounted in media without Mtx-TR, and imaged. c) Cells
expressing nucleus-targeted DHFR, treated as in b). d) CHO cells tran-
siently expressing PM-targeted DHFR that were incubated in media
containing Mtx-TR (2 um) and Mtx (10 pum). Excess Mtx binds availa-
ble DHFR, preventing PM labeling with Mtx—TR. For images b-d, exci-
tation was carried out at 565 nm.

ments established that the red fluorescent signal was depend-
ent on the specific labeling of PM-targeted or nucleus-
targeted DHFR with Mtx-TR. Incubation of CHO cells
transiently expressing PM-targeted DHFR with media con-
taining a fivefold excess of Mtx relative to Mtx—TR resulted in
no PM labeling (Figure 2d). Similarly treated cells expressing
nucleus-targeted DHFR as well as cells that were not
transfected and incubated in media containing Mtx-Tr
(2 um) showed no localized fluorescence (data not shown).
These results suggest that Mtx outcompetes Mtx—-TR for
binding to eDHFR, further indicating that the red fluorescent
signal we observed was due to Mtx-TR binding to the DHFR
portion of the fusion protein. Results similar to those shown
in Figure 2 were observed when fluorescein-conjugated Mtx
was used to label localized DHFR (data not shown).

We next sought to determine whether Mtx-TR could be
used to label E. coli DHFR fusion proteins in non-DHFR-
deficient mammalian cells, despite the possibility of toxicity
or background fluorescence as a result of binding of Mtx-TR
to endogenous DHFR. To demonstrate labeling in wild-type
(DHFR +/4) cells, we transfected NIH 3T3 fibroblasts with
pLM1208 (encoding PM-targeted E. coli DHFR) and pre-
pared them for microscopy under similar conditions as for
DHFR —/— CHO cells. To mitigate any potential toxic effects
of Mtx-TR, we supplemented the growth media with
thymidine (30 um). We imaged the cells using a microscope

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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capable of either epifluorescent illumination or total internal
reflection (TIRF) illumination. Epifluorescence (Figure 3a)
cannot distinguish between Mtx-TR bound to endogenous
DHFR in the cytosol and Mtx-TR bound to PM-localized

Figure 3. TIRF microscopy eliminates background fluorescence result-
ing from Mtx—TR binding to endogenous, cytosolic DHFR in wild-type
cells. NIH 3T3 fibroblast cells were transfected with DNA encoding
PM-targeted E. coli DHFR. a) Epifluorescence micrograph reveals fluo-
rescence of Mtx—TR bound to native, cytosolic DHFR and/or PM-local-
ized E. coli DHFR. b) TIRF micrograph of the same cells shows only
fluorescence of Mtx-TR bound to PM-localized E. coli DHFR in cells
expressing the fusion protein (on the right-hand side of the image).
Background fluorescence in cells not expressing PM-targeted DHFR is
effectively excluded. c) Plot of fluorescence intensity (arbitrary units)
vs. pixel value along the white line shown in images a) and b). The
blue line is epifluorescence intensity (image a), and the red line is the
value of TIRF fluorescence intensity (image b). d) DIC micrographs of
the cells.

E. coli DHFR. However, when using TIRF illumination, it
was possible to selectively excite and view the Mtx-TR-
labeled, PM-localized E. coli DHFR (Figure 3b). In TIRF
illumination mode, an evanescent wave is used to excite
fluorophores within approximately 100-200 nm of the cover-
slip surface.”™ This mode effectively limits excitation to
fluorophores localized to the basal plasma membrane of cells
grown on coverslips. These results show firstly, that wild-type
cells tolerate exposure to Mtx—TR, and secondly, that the
Mtx-DHFR method is viable for the labeling and detection of
PM-localized proteins by microscopic methods that optically
eliminate background interference as a result of binding of
Mtx conjugates to endogenous DHFR. Using RNA interfer-
ence methods to knock out native DHFR expression,”” it
should be possible to label and detect E. coli DHFR fusion
proteins localized to any subcellular compartment in wild-
type mammalian cells.

The commercial availability of TexasRed-methotrexate
makes the DHFR-Mtx protein-labeling method immediately
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useful to cell biologists as an alternative to the problematic
DsRed fluorescent protein. The real strength of this
approach, however, is that the chemical functionality is
uncoupled from the labeling mechanism. Therefore, fluores-
cent conjugates other than TexasRed could be employed, as
well as other tags such as photoaffinity labels, NMR-active
nuclei, or PET tags. Currently, we are engineering Mtx
analogues that bind to DHFR variants, but not wild-type
DHFR. This should allow labeling in non-DHFR-deficient
cell lines and differential labeling of several proteins in the
same cell. This approach is well-precedented in the develop-
ment of modified chemical dimerizers of FKBP (FK506-
binding protein).”” Given the ease with which fluorescent
Mtx analogues can be prepared and the efficient site-specific
labeling of a DHFR fusion protein described herein, we
anticipate that DHFR-Mtx-F* complexes will find broad use
as protein labels in biochemical and cell biological applica-
tions.
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Enzyme-Responsive Drug Carriers

Targeted Enzyme-Responsive Drug Carriers:
Studies on the Delivery of a Combination of
Drugs**

Myung-Ryul Lee, Kyung-Hwa Baek, Hui Juan Jin,
Yong-Gyu Jung, and Injae Shin*

A wide variety of new synthetic compounds have been
screened for chemotherapeutic applications. However, many
drug candidates exhibit poor membrane permeability and/or
severe side effects caused by their lack of selectivity. These
problems can often be overcome by using highly specific
chemotherapeutic agents. On the other hand, considerable
efforts have been devoted to the creation of delivery systems
targeting infected cells (or malignant tumors); these systems
improve membrane permeability, therapeutic efficacy, and
selectivity.!! In a recent effort aimed at designing novel
systems that release free drugs in a stringently controlled
fashion, we have synthesized and characterized carrier—drug
conjugates connected by linkers that are only cleaved by an
enzyme present in the infected cells. In addition, we have
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developed a new molecular system to deliver a combination
of drugs to the target cells.

As shown in Scheme 1, 4-hydroxymandelic acid was used
as the framework for constructing the enzyme-responsive

(e}

enzyme in infected cells
.D
HO)J\X rug
+
.S
(0 o OH
,/ enzymatic Nu~
(e}
H cleavage Ho H
C—N )J\ .Dru - —N
0l X CoN c Nu
(0]
1 2 3

X=C,O,NH
C = polymer, peptide, dendrimer
S = substrate for enzyme in infected cells

Scheme 1. General structure of carrier—-drug conjugates linked by 4-
hydroxymandelic acid. The pathway for enzyme-initiated release of free
drugs is depicted.

linkers 1.%2% Since the enzyme substrate portion in 1 is
attached to the 4-hydroxy group of the mandelate core, the
enzymatic cleavage processes should not be hindered by
either the carrier or drug moieties attached at the para
position. Enzymatic cleavage of the substrate portion in the
infected cells will result in spontaneous release of the free
drug by a 1,6-elimination process. The quinone methide
intermediate 2 formed by this process will rapidly react with a
nucleophile (for example, water) to generate 3. Diverse drugs
(or physical probes) containing OH, CO,H, and NH, moieties
can be coupled to the a-hydroxy group of the mandelate core
through ether, ester, and carbamate linkages, respectively.
Polymer, peptide, and dendrimer carriers can be coupled to
the linker through amide bonds.!

To demonstrate the potential of this targeted enzyme-
responsive drug-delivery system we synthesized carrier—
small-molecule conjugates 4a—c and 5, which contain a
phenylacetic acid residue as the substrate for cleavage by
bacterial penicillin G amidase (PGA)"' and a TAT peptide as
the peptide carrier. TAT peptides are one of a number of
protein-transduction domains that have received considera-
ble attention as efficient delivery systems recently.[*’l These
carriers mediate intracellular uptake of small molecules and
macromolecules in a receptor-independent manner.*’l We
selected the TAT peptide as the carrier because of its facile
preparation by solid-phase synthesis and its biodegradability,
which will be desirable following drug release.

The synthetic pathways for preparation of the conjugates
containing one (4a, nalidixic acid; 4b, 6-aminoquinoline; 4c¢,
chlorambucil) or two (5, nalidixic acid and 6-aminoquinoline)
small-molecule agents are illustrated in Schemes?2 and 3.
After protection of the carboxylic acid in 4-hydroxymandelic
acid (6) with an allyl group, selective phenylacetylation of the
phenolic hydroxy group and subsequent coupling of nalidixic
acid, 6-aminoquinoline, or chlorambucil (R*“ moieties,
respectively) to the a-hydroxy group gave 7a—c (Scheme 2).
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Scheme 2. Synthesis of conjugates 4. Reagents: a) Cs,CO;, allyl bro-
mide; b) phenylacetyl chloride, DIEA; c) a: nalidixic acid, EDC, DMAP;
b: COCl,, 6-aminoquinoline; c: chlorambucil, EDC, DMAP;

d) [Pd(PPh;),], AcOH, NMA; e) tert-butyl-6-aminohexanoate, EDC,
DMAP; f) TFA; g) pentafluorophenol, EDC. DIEA =diisopropylethyl-
amine, DMAP = 4-dimethylaminopyridine, EDC = 3-(3-dimethylamino-
propyl)-1-ethylcarbodiimide, NMA = N-methylalanine, Pfp=penta-
fluorophenyl, TFA =trifluoroacetic acid, TES =triethylsilane.

Nalidixic acid is an inhibitor of DNA gyrase,’® and chlor-
ambucil is an antitumor agent known to cross-link DNA
strands.”) 6-Aminoquinoline has an emission maximum at
370 nm in its conjugated form and at 550 nm in its free state.
Thus, conjugates 4b and 5 bearing 6-aminoquinoline were
prepared to probe the enzymatic cleavage in cells.”

After removal of the allyl group in 7a—c and condensation
of the exposed acid with fert-butyl-6-aminohexanoate fol-
lowed by deprotection of the tert-butyl group, the resulting
acids were converted into the pentafluorophenyl esters (8§ a—c)
for facile coupling with the TAT peptide in the next step.
Finally, conjugates 4a—c were obtained by the coupling of 8a—
¢ with peptide! (YGRKKRRQRRR), which was prepared on
the solid support by the 9-fluorenylmethoxycarbonyl/f/Bu
strategy, and cleavage from the solid support.”

Conjugate 5 containing two small molecules (nalidixic
acid and 6-aminoquinoline) was prepared for the study of the
delivery of a combination of drugs into target cells
(Scheme 3). Compound 8a was coupled to the N-terminal
amino group of peptide’ (YGRKKRRQRRRC), which has
cysteine at the C terminus, on a solid support. After cleavage
of conjugate 10 from the solid support, the thiol group of the
cysteine residue in 10 was chemoselectively coupled to 9b,
which was prepared from condensation of 8b and 2-(2-
pyridyldithio)ethylamine, to produce 5.°! This coupling
method was highly efficient for the synthesis of the conjugate
containing two different molecules.
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Scheme 3. Synthesis of conjugate 5. DMF = N,N-dimethylformamide,
NEM = N-ethylmorpholine.

Initial examination of the enzyme-promoted release of
drugs or physical probes from these conjugates was per-
formed by analyzing mixtures of 4a—c incubated with PGA
from Escherichia coli in sodium phosphate buffer (pH 7.4) at
37°C for 30 min. HPLC analysis of each mixture after
incubation revealed the presence of nalidixic acid, 6-amino-
quinoline, or chloroambucil along with phenylacetic acid and
substances that were judged by mass spectrometry to be the
products of water addition to the quinone methide inter-
mediates and cyclized products resulting from intramolecular
reactions of the quinone methide with lysine or arginine side
chains present in the TAT peptide (Figure 1a). Importantly,
these compounds were not produced when the conjugates
were incubated in PGA-free solutions.

The antibacterial properties of 4a were then investigated
by determining the minimum inhibitory concentrations
(MICs) of 4a and nalidixic acid against an E. coli HB101
strain transformed with a PGA gene.'”) The conjugate 4a
exhibited an MIC value about 70 times lower (1.9 um) than
that of free nalidixic acid (138 uM). Many cationic peptides
have been known to have antimicrobial activities.'!l There-
fore, we tested the antibacterial activity of the TAT peptide
and found that it did not exhibit antibacterial activity up to a
concentration of 657 pm. We also examined the possible
synergistic effect of the TAT peptide and nalidixic acid on
antibacterial activity. It was found that the MIC value of
nalidixic acid was not altered by the addition of this peptide at
a concentration of 140 pm. Therefore, the better therapeutic
efficacy of 4a relative to free nalidixic acid resulted from its
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direct conjugation to the TAT peptide, not from a
combined antibacterial effect. Importantly, 4a did not
display an antibacterial effect (up to a concentration of
15.2 um) on E. coli without a PGA gene. This demon-
strated that release of the free drug from the conjugate
was controlled by intracellular enzymes.

The release of small molecules by intracellular
enzymes was also examined by using the fluorescent
probe-containing conjugate 4b. For this purpose,
fluorescence microscopy was employed to analyze the
incubation mixtures of 4b (7.6 um) and E. coli HB101
with and without a PGA gene. It was revealed that
PGA-expressing cells exhibited green fluorescence
when incubated with 4b for 20 min, whereas the
characteristic green fluorescence of 6-aminoquinoline
was not observed in E. coli cells without a PGA gene.
To show that the release process is cell selective, 4b was
incubated with a mixture of E. coli cells with and
without the PGA gene (Figure 2a and b). The obser-
vation that 6-aminoquinoline fluorescence was seen
only in cells with the PGA gene clearly demonstrates
that the developed delivery system was cell selective.

We then compared the rate of bacterial cell death
with 4a and nalidixic acid by counting colony-forming
units (CFUs) after a certain time of exposure to the
compounds (Figure 3).”1 Conjugate 4a killed PGA-
containing bacteria more rapidly than free nalidixic
acid did at concentrations of 3.8 and 276 um, respec-
tively (2 multiples of the MICs of 4a and nalidixic acid,
respectively). However, E.coli cells that did not

a)
15 18 21 24 27
t/min——-
b)
5
A c D
8/,
\ somin i \
T — 1\
0 min S
5 10 15 20 25 30
t/min—

Figure 1. HPLC chromatogram of the incubation mixtures of a) 4a or
b) 5 with PGA. a) A=a water-quenched product ((M+1]: m/z=1822);
B=a cyclized product ([M+1]: m/z=1804); C= phenylacetic acid;

D =nalidixic acid. b) A= 6-aminoquinoline; B=a monocyclized
product ([M+1]: m/z=2245); C=a dicyclized product ([M+1]:
m/z=2227); D=nalidixic acid.
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10 pm

Figure 2. Images of the incubation mixture of 4b and E. coli HB101
cells with and without the PGA gene: a) normal microsopic image,

b) fluorescence image, c) fluorescence image of the incubation mixture
of 5 and E. coli HB101 cells with the PGA gene.
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Figure 3. Rate of cell death caused by 4a and nalidixic acid. m: E. coli
containing a PGA gene in the absence of active compounds; ¥: E. coli
lacking a PGA gene in the presence of 3.8 um 4a; e: E. coli containing
a PGA gene in the presence of 276 um nalidixic acid; A: E. coli contain-
ing a PGA gene in the presence of 3.8 um 4a.

contain a PGA gene grew at a similar rate in the presence of
3.8 uM 4a as they did in the control experiment.

For over a decade, combination therapies have been
exploited to improve therapeutic efficiency and/or to diminish
the toxicity of drugs."® Although a variety of drug-delivery
systems have been developed, these have rarely been
designed to deliver drug combinations. We examined the
enzyme-promoted release properties of conjugate 5, which
contained two different compounds. HPLC analysis of a
mixture of 5 incubated with PGA for 30 min showed that
nalidixic acid and 6-aminoquinoline were produced along
with mono- and dicyclized products (Figure 1b). This obser-
vation indicates that the conjugate underwent efficient
enzyme-responsive release of a combination of compounds.

To further investigate the possibility that two drugs could
be delivered into cells, the same conjugate 5 (3.8 uMm) was
incubated with E. coli possessing the PGA gene. Fluorescence
microscopy images of cells after incubation for 20 min showed
that 6-aminoquinoline was released (Figure 2¢). In addition,
the bacterial cells were nearly completely killed by 5 after
incubation for 8 h. These results clearly indicated that the
designed systems were capable of delivering a combination of
drugs to target cells.

In conclusion, we have developed an efficient enzyme-
responsive drug-delivery system. In the studies described

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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above, we have shown that the newly designed drug—carrier
conjugates effectively and selectively kill only those E. coli
cells containing a specific enzyme (for example, PGA). We
also demonstrated that the carrier lowered the effective
concentration of drug needed to kill the bacteria. Further-
more, we observed that two different compounds (a drug and
a fluorescent probe) were released from a bisconjugate by an
intracellular enzyme. This approach could be used for
targeted combination therapy. The general method developed
in this work may be useful for targeting virus-infected cells by
using carrier—antivirus-drug conjugates connected by linkers
that are viral-enzyme labile; malignant tumors with genes
encoding specific enzymes could be induced to release free
anticancer drugs from conjugates.¥
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Enantioselective Synthesis

Copper(i)-Catalyzed Highly Enantioselective
Addition of Enamides to Imines: The Use of
Enamides as Nucleophiles in Asymmetric
Catalysis**

Ryosuke Matsubara, Yoshitaka Nakamura, and
Shii Kobayashi*

Enamides are potentially useful and atom-economical nucle-
ophiles that contain amide or carbamate moieties after
nucleophilic additions. While enamides can be easily pre-
pared,[l] handled, and stored at room temperature, their use in
organic synthesis is limited.”! To the best of our knowledge,
there have been no reports of using enamides as nucleophiles
in asymmetric catalysis. We describe here the first example of
the enantioselective addition of enamides to imines using a
chiral copper catalyst.

Initially, we examined the reaction of enamide 2a with
imine 1al** in the presence of a chiral copper catalyst
(10 mol %) prepared from Cu(OTf), and chiral diamine 3a

(Scheme 1).*< The addition reaction proceeded smoothly in
Cu(OTf), + 3a
(10 mol%) (0]

CHxClp, 0 °C 3
2Ll R1O)H/\A/R
> NH R

o]
R1OJ\¢N‘R2 "
1 4 \Ig

1a: R =Et, B2 = COCHy,
1b: R: = Et, F;{z coc 0 s
1c: R' =Bn, R’ = COC,;H R HY
id: R'=Et,R2=Boc = °  R'O
g2 NH O
o 5
Py X Ph  Ph
N NH HN
Ph [ M
)\Ph R R

2a:R = I\ge (85% ee)

2b: R = OEt (92% e€)  2e: X = CH, (0% ee) 3a: R = 1-naphthyl

2c: R = OfBu (88% €€) of. X = O (0202, ce) i 3,5-i-tBuCgHs
2d: R = OBn (93% ee) 3c: R=2-MeO-CeH4

Scheme 1. The copper-catalyzed enantiomeric addition of an enamide
2 with an imine 1 to yield a B-aminoimine 4, which on treatment with
acid produces a (-amino ketone 5. Boc =tert-butoxycarbonyl, Bn=ben-
zyl, OTf=trifluoromethanesulfonate.
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dichloromethane at 0°C for 15 min to afford f-aminoimine
4aa. The yield (83%) and enantioselectivity (85%) were
determined after conversion of 4aa to $-amino ketone 5aa by
treatment with acid (HBr in EtOH/H,0).”! Enamides 2b, 2¢,
and 2d were also investigated in the reaction. The highest
ee value (93 % ) was obtained with 2d. Interestingly, enamines
2e and 2 f reacted with 1a under the same reaction conditions
to afford Saa in high yields, but no asymmetric induction was
observed.

The results obtained employing other imines and enam-
ides are summarized in Table 1. Several imines, including an

Table 1: Enantioselective addition of enamides to imines.

Entry Imine Enamide Yield [96]" ee [%]"
1 la 2d 94(91)H 93(93)
2 1a 2d 92 93
3 1b 2d 72 94
4 1c 2d 89 91
5kl 1d 2d 78 87
6 Ta 2g 97 90
7 1b 2g 76 92
8 1a 2h 89 90
9 1a 2i 93 91
10 1a 2j 83 88
11 1b 2j 76 91
12 1c 2k 84 83
13 1c 2k 81 84

[a] Yield of isolated product. [b] Determination by high-performance
liquid chromatographic analysis. Details are given in the Supporting
Information. [c] Cu(OTf), (10 mol %) and 3a (10 mol %). [d] Diamine 3b
was employed instead of 3 a. [e] Diamine 3 c was employed instead of 3a.

o} 0o
o} 0
J\NH )J\ Eto)J\NH

R20” “NH N~
o, A
R OMe

2gR=0OMe  2j:R' =2-naphthyl (E)-2 2m
2h:R=Cl R2 =Bn (E/Z >99/<1)
2 R=Me 2k: R! = Me (2)-21

= Et (E/Z=<1/>99)

N-carbamate-protected imine,”! were treated with 2d in the
presence of the chiral copper catalyst (10 mol %) to afford the
corresponding adducts in high yields with high enantiomeric
excesses. It was also observed that the reaction proceeded
efficiently when 5mol% of the catalyst was employed.
Enamides with aromatic substituents were as successful as
substrates as those with alkyl substituents. The use of chiral
diamine 3b instead of 3a was also effective. All the reactions
proceeded smoothly at 0°C over 15 minutes, and high yields
and high levels of enantioselectivity were attained with a wide
range of substrates. We also conducted the reaction of (E)-
and (Z)-2-methyl-substituted enamides (E)-21 and (Z)-21"
with imine 1a in the presence of the chiral copper catalyst
(10 mol % ) in dichloromethane at 0°C for 30 min (Scheme 2).
Enamide (E)-21 was treated with 1a to give the adduct in a
high yield with good syn selectivity (syn adduct: 94 % ee).
However, the reaction of (Z)-21 with 1a also gave the
syn adduct as the major product, but the yield and diastereo-
and enantioselectivities were lower. It is noted that syn-
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Cu(OTf), +3a o OMe
(10 mol%)
s (El'r?' CH,Cl,, 0°C EtO
C1Hos~ _NH N_ _OEt
@2 D¢
0 o]

4al
(E)-21: 77%, syn/anti = 86/14, 94% ee (syn)
(2)-21: 63%, syn/anti = 68/32, 32% ee (syn)

Scheme 2. The reaction of (E)- and (Z)-2-methyl-substituted enamides
(E)-21 and (Z)-21 with imine 1a in the presence of a chiral copper
catalyst.

adducts were obtained preferentially in both reactions in
which the (E)- and (Z)-enamides were used.

A characteristic of addition reactions of enamides with
imines is the formation of a P-aminoimine 4 as an end
product. Although f-aminoimines are readily converted into
-amino ketones 5 after treatment with acid, the treatment of
1a with 2d, LiAIH(O¢Bu);, and LiI®¥ in the same pot afforded
a 1,3-diamine product 6 in an 87% yield with good
diastereoselectivity (Scheme 2, syn:anti =14:86; no epimeri-
zation was observed during the transformation). Diamine 6
was further transformed into lactam 7 in high yield
(Scheme 3). Thus, these enantioselective reactions provide
new routes to optically active 1,3-diamine derivatives, which
are versatile chiral building blocks for the synthesis of natural
products, drugs, ligands, etc.”

1a 0 H (0]
RIS W LIS N‘&EH
Cy4Hag _NH HN.__OBn \lg
2d \g/ \g/ Ph

6 7
Scheme 3. a) 1. Cu(OTf), (10 mol %), 3a (11 mol %), CH,Cl,, 0°C,
2. LiAIH (OtBu),/Lil, Et,0, —45°C (87 % yield, syn:anti=14:86).
b) Pd/C (10 mol %), H,, AcOEt, AcOH (71% yield).

A plausible mechanism of this reaction may include an
aza-ene-type pathway via an acyclic transition state.!"”
Preliminary kinetic studies using FT-IR spectroscopic analysis
suggest direct formation of B-aminoimine 4 from imine 1.'
In addition, N-methyl-substituted enamide 2m did not react
with 1a under the standard reaction conditions. The stereo-
selectivities observed for the reactions of (E)-21 and (Z)-21
with 1a support the proposed acyclic transition states being
formed during the reaction pathway. The catalyst was
prepared by treating Cu(OTf), with chiral diamine 3a in
CH,Cl], to give a green color, and then adding water to form
the dimeric copper species 8 (blue color). The X-ray structure
of 8 is shown in Figure 1. The coordination mode of 8 and
that of the Cu(ClO,),-diamine complex™* may help ration-
alize the reaction stereoselectivity. In addition, while 8 was
found to be a less-effective catalyst for the addition of
enamide 2d to imine 1a,"! a blue-colored solution of 8 in
CH,(Cl, turned green when 8 was treated with two equivalents
of trifluoromethanesulfonic acid. Compounds 1a and 2d were

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. X-ray structure of 8.

added to this green solution and the mixture stirred at 0°C for
15 min to afford the adduct Saa in a yield of 90 % and 82 % ee.

In summary, we have developed highly enantioselective
reactions of enamides with imines using a chiral copper
catalyst. This is the first example of the use of enamides as
nucleophiles in asymmetric catalysis. The use of enamides has
advantages over that of other nucleophilic enolate equiva-
lents, such as silicon and tin enolates, enamines, etc., from an
atom-economical point of view. From a synthetic standpoint,
functional groups bearing nitrogen atoms have been success-
fully introduced by using enamides as nucleophiles, and
efficient ways to optically active amino acid and 1,3-diamine
derivatives have been developed. Further investigations into
applying this reaction to preparing biologically interesting
compounds, studying the reaction mechanism, and elucidat-
ing the structure of the chiral copper catalyst are in progress.
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Diversity-Oriented Synthesis

Synthetic Strategy toward Skeletal Diversity via
Solid-Supported, Otherwise Unstable Reactive
Intermediates™*

Steven J. Taylor, Alexander M. Taylor, and
Stuart L. Schreiber*

Herein we report a new diversity-oriented synthetic pathway
to skeletally diverse alkaloid-like compounds from simple,
readily available starting materials. The synthetic strategy
involves the generation and isolation of reactive, otherwise
unstable dihydropyridines and dihydroisoquinolines on a
solid support. A variety of reactions can be performed with
the enamine double bond present in the isolated reactive
intermediates, thus leading to skeletally diverse alkaloid-like
products.

Small molecules used in chemical genetic!! screens can be
synthesized with guidance from compounds known to have
biological activity?® or with the desire to distribute the
products in chemical descriptor space. In the latter case, it
may be advantageous to maximize the representation of
different functional groups and conformations in a screen,
since in most cases the nature of the small-molecule-target
interaction can not be foreseen.”>! Whereas complex mole-
cules with many distinct appendages can be synthesized
efficiently by using complexity-generating reactions® and
appending processes,!! there have been limited examples of
synthetic pathways that yield products with a high degree of
skeletal diversity.’) Herein we report a three-step diversity-
oriented synthetic pathway (Figure 1) based on reactive
dihydroisoquinoline and dihydropyridine intermediates,
which undergo a variety of transformations to generate
skeletally diverse alkaloid-like compounds.

We anticipated that the enamine moiety contained in
dihydropyridines and dihydroisoquinolines could be targeted
selectively to undergo a variety of transformations known to
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Figure 2. Solid-phase synthesis of the dihydroisoquinoline and dihydropyridine reactive
intermediates. Yields based upon weight of compound after cleavage from the solid sup-
port with HF-pyridine. Conversion based upon magic angle spinning '"H NMR spectro-
scopic analysis and comparison with the corresponding enamines synthesized in solution.
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Figure 1. Outline of the diversity-oriented synthetic strategy. A three-step reaction sequence involving isolatable enamine intermediates allows the
generation of skeletally diverse alkaloid-like compounds. An overlay of the calculated electron-density map (blue represents high electron density)
onto the MM2 minimized geometry of the dihydroisoquinoline intermediate shows the electron-rich enamine double bond that is used as a

handle for diversification reactions. Alk=alkyl, Nu=nucleophile.

occur with electron-rich olefins.! To test this hypothesis, we
generated dihydropyridine and dihydroisoquinoline inter-
mediates on macrobeads (silicon-functionalized 500-600-um
polystyrene components of a one-bead/one-stock solution
technology platform).”! By standard procedures,® 7-hydroxy-
isoquinoline was attached covalently to the macrobeads to
generate the heterocycle 2 (Figure 2). Subsequent alkylation

2-bromobenzyl bromide

OMe
Q/ 1. TIOH, CH,Cl, /@é
O ™" 2. 2,6-utidine RO N 12 mmol g, 100%
o 7/

7-hydroxyisoquinoline

1 2
1.2 mmol g™, 86%

RO
(by MAS "H NMR)

Br 4

R = :r‘fSi/\/\G) 500 um macrobeads
7 ipr 100 nmol/bead

TP

Tf=trifluoromethanesulfonyl.
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of 2 with 2-bromobenzyl bromide provided the iminium salt 3
quantitatively. The addition of vinylmagnesium bromide to 3
then provided the dihydroisoquinoline 4 with 100% con-
version based upon magic angle spinning (MAS) 'H NMR
spectroscopy. In an analogous set of transformations, the
corresponding dihydropyridine 5 was generated in similar
yield and purity from 3-(4-pyridyl)propan-1-ol (see Support-
ing Information for details).”)

Dihydropyridines and dihydroisoquinolines have been
reported to be unstable even when stored under seemingly
inert conditions."”! Our initial experiments with test com-
pounds similar to 4 in solution mirrored published results, and
we observed extensive degradation of the compounds. How-
ever, attached to the solid support the dihydropyridines and
dihydroisoquinolines proved to be more stable. They showed

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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no degradation even after 1 month at room temperature. A
comparison experiment validated these observations
(Figure 3). When the dihydroisoquinoline analogous to 4
(derived from isoquinoline, 2-bromobenzyl bromide, and
vinylmagnesium bromide) was stored frozen in benzene at
0°C or neat at 0°C, impurities were observed immediately
and increased in quantity over time, whereas 4 (the dihy-
droisoquinoline on solid support) showed no degra-
dation after 1 month of storage at room temperature.
The integrity of this enamine is critical to the
synthesis of more complex skeletons, since it serves
as a reactive handle for cycloadditions, alkylations,
and reductions.

With the dihydropyridine § and dihydroisoquino-
line 4 in hand we then examined a variety of
reactions known to occur with similar functional
groups in solution.'!! Selective reduction of the
enamine occurred when either 4 or 5§ was exposed
to Na(CN)BH; in CF;CH,OH/CH,Cl,, thus provid-
ing the corresponding reduced compounds 6 and
11a/b (Table 1, entries 1 and 6).'"” The treatment of 4
with benzohydroximinoyl chloride provided the 6,5-
fused cycloadduct 7 as a single diastereomer
(Table 1, entry2).®) When treated with an elec-
tron-deficient azide, 4 and 5 underwent [3+2] cyclo-
addition followed by loss of nitrogen to yield compounds 8
and 12 (Table 1, entries 3 and 7). When the enamines were
exposed to dimethyl acetylenedicarboxylate (DMDA) they
underwent [2+42] cycloaddition followed by ring expansion to
generate the eight-membered heterocycles 9 and 13 (Table 1,
entries 4 and 8)."! The conjugated amide 10 was produced
upon exposure of 4 to 4-fluorophenyl isocyanate (Table 1,
entry 5).1! The electron-rich diene 5 underwent a Diels-
Alder reaction with N-benzylmaleimide to provide the
bridged bicyclic compound 14 as a single diastereomer
(Table 1, entry 9).0'")

For a qualitative assessment of the overall topography of
the molecules listed in Table 1 and Figure 2, a low-energy
conformation was calculated for each compound.' An
overlay of the isoquinoline-derived minimized skeletons at
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Figure 3. Comparison of the stability of enamine intermediates in solution versus attached to the solid support. a) Photographs of the dihydroiso-
quinoline analogous to 4, stored neat at 0°C or frozen in [Dg]benzene (50 mg/0.40 mL) at 0°C; b) '"H NMR of the same dihydroisoquinoline
stored either neat at 0°C or frozen in [Dgbenzene (50 mg/0.40 mL) at 0°C; c) MAS 'H NMR spectrum of the enamine 4 after 30 days at room

temperature on the solid support.

the three atoms shared by all of the molecules (the nitrogen
atom and two sp>hybridized carbon atoms of the heterocyclic
core) gives a clear picture of the skeletal diversity provided by
the three-step synthetic pathway (Figure 4). The overlaid
skeletons suggest that the molecules synthesized by this
pathway will display chemical information in three dimen-

R
HOT@f'R =
4]

common areas used for
overlaying minimized siructures

R = area for diversity element

Figure 4. The AM1 minimized-energy conformations of the isoquino-
line-based skeletons were calculated, and their structures were aligned
with respect to the three common atoms. The overlay provides a visu-
alization of the skeletal diversity of the products of the three-step syn-
thetic pathway.
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sions differentially, thereby increasing the number of poten-
tial small-molecule-biological-target interactions.

The synthetic strategy presented herein enables the
synthesis of skeletally diverse alkaloid-like compounds in
only three steps. Key to the synthesis is the generation and
isolation of reactive dihydropyridines and dihydroisoquino-
lines, which are useful substrates for a variety of skeleton-
determining transformations. This synthetic sequence leads to
twelve distinct skeletons, all of which contain a hydroxy
group, which is important for the microarray technology used
in protein-binding assays,"” and all with high purity (80%
purity on average by LC-MS). The modularity of the
synthetic pathway allows for the efficient incorporation of
building blocks at a number of key sites on the skeletons.
Efforts are currently underway to develop a library of
alkaloid-like compounds through this synthetic pathway.

Received: December 5, 2003 [Z53466]

Keywords: diversity-oriented synthesis - enamines - nitrogen
heterocycles - reactive intermediates - solid-phase synthesis
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Table 1: Skeletal-diversification reactions.

Entry Reagents Product® Yield %] Purity [%]
Na(CN)BH N
1@ } HO 69 75
CF,CH,OH 6 L
Ph
-N\
HO\N (0]
2 i TEA 65 58
F’h)\CI HO N
7z Br
3Mf 60 81
4i8) 69 84
5 66 60
Na(CN)BH Z Br
[d 3 +
6 CF,CH,0H ~ p 55 85
N
HO
1‘“:’/ Br
[e]
ifl p
7 NP~ 0Ph), 50 85
CO,Me
8l / 53 88
MeO,C
$n
ol N 54 93

OH 14 0o

[a] Product following cleavage from the solid support. [b] Yield over two steps based upon weight of

compound after cleavage from the solid support with HF-pyridine. [c] Purity determined by LC-MS (214
and 254 nm, and total ion current) as a percentage of the total peak area (see Supporting Information for
details). [d] Na(CN)BH;: 5 equivalents, room temperature, 16 h. [e] Oxime chloride: 5 equivalents,
triethylamine (TEA): 10 equivalents, room temperature, 16 h. Longer reaction times lead to
bis(cycloadduct) formation in 82% yield with 75 % purity. [f] Azide: 10 equivalents, room temperature,
5 h. [g] DMDA: 10 equivalents, room temperature, 16 h. [h] Isocyanate: 20 equivalents, 90°C, 5 h.
[l Maleimide: 10 equivalents, toluene, 50°C, 16 h, isolated as a single diastereomer.
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Immobilized Catalysts

Heterogeneous Enantioselective Catalyzed
Carbonyl- and Imino-Ene Reactions using
Copper Bis(Oxazoline) Zeolite Y**

Neil A. Caplan, Frederick E. Hancock,
Philip C. Bulman Page, and Graham J. Hutchings*

The current high demand in the pharmaceuticals industry for
efficient and economical routes to enantiomerically pure o-
hydroxy and o-amino carbonyl compounds has focused
interest on carbonyl-ene and imino-ene reactions as a
potential source of these compounds."! Homogeneously
catalyzed carbonyl-ene reactions have been reported using a
chiral methyl-aluminum-binaphthol complex,? but the scope
of this catalyst was very limited. Subsequently, the scope of
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the reaction was widened to the use of 1,1-disubstituted
alkenes with titanium-binol (binol=22'-dihydroxy-1,1'-
binaphthyl) homogeneous catalysts.®! Recently, interest has
focused on the use of soluble copper(il) bis(oxazoline)
complexes as catalysts for the reaction of a range of glyoxylate
and pyruvate esters and substituted alkenes to generate o-
hydroxy carbonyl compounds in high yields and with high
ee values.* In contrast, there is only a single example of a
homogeneously catalyzed imino-ene reaction involving
copper binap (binap =[1,1’-binaphthalene]-2,2"-diylbis(di-
phenylphospane)) complexes.”! These catalysts and processes
remain, however, limited in their economic efficiency because
of the inability to recover the catalysts from the reaction
medium. Previously, bis(oxazoline) bound to soluble poly-
(ethylene glycol) has been used to generate a recyclable catalyst
which is recovered by precipitation at the end of each reaction
cycle, but the enantioselection decreased with each reuse.

Herein, we present the first heterogeneously catalyzed,
efficient enantioselective carbonyl- and imino-ene reactions
using a readily recyclable catalyst. Our approach to designing
highly enantioselective heterogeneous catalysts uses electro-
static immobilization of cations within zeolites and mesopo-
rous materials. Previously, we have shown that heterogeneous
catalysts for the enantioselective aziridination of alkenes, with
ee>95%, can be designed on this basis.! In addition, we
have shown that the copper bis(oxazoline) complex, when
constrained within the zeolite structure,® gives substantially
higher enantioselection than the homogeneous catalysts."!
Similar effects have been noted for other immobilized
catalysts."”l We have now found that bis(oxazoline)-modified
CuH zeolite Y catalysts are extremely effective catalysts for
asymmetric carbonyl- and imino-ene reactions and, further-
more, these catalysts can be readily recovered and reused
without loss of catalyst performance.

The reaction of ethyl glyoxylate with a range of alkenes
has been investigated using the immobilized copper—zeolite Y
(Cu-HY) bis(oxazoline) catalyst and the results are shown in
Table 1. In the absence of the bis(oxazoline), negligible
reaction was observed. The results show that the reactions
proceed with good yields and, in many cases, high enantio-
selection. Interestingly, the use of (S,5)-2 as the ligand with a-
methylstyrene leads to significantly higher ee value (93 %)
than the use of (S5,5)-1 (77 %). Even removal of the methyl
groups on the bridging carbon atom, that is, using (S,5)-3 gives
a higher ee value under the same conditions. This result shows
that, by further fine tuning of the ligand, improved enantio-
selection can be expected. Of particular note is the reaction of
2-methylhept-2-ene using (R,R)-1 which gave a major and
minor product in a molar ratio of 3.2:1 (ca. 76:24) The anti:syn
diastereoselectivity of the major product was 5:1 (i.e. ca.
83:17). However, the observation of reaction with this
substrate, albeit with a low yield, shows the advantages of
using the heterogeneous catalysts, since previous studies!*"!
have shown that enantioselective reactions with 1,2-disubsti-
tuted alkenes are not catalytic with the homogeneous copper
bis(oxazoline) complex catalysts.

The scope of the reactions using the immobilized catalyst
was extended and the reaction of a-methylstyrene with
methyl pyruvate was investigated (Scheme 1). These results,

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

1685



Communications

1686

Table 1: Enantioselective carbonyl-ene reactions catalyzed by bis(oxazoline) Cu-HY.

R R cat. R R O\Rﬂ/o 1 Rprg = CHa, Rox = Ph
— g 3, Mox
\f 0 oo cat. = . 2 Rorg = CHa, Rox = C(CHa)3
X LU . XH 3 Rprg = H, Rox = C(CHa)3
X =0, NR
Rox R,R or S,S Rox
Bis(oxazoline) Alkene Enophile Product T Yield ee config.
(h] [%] [%]
H. _CO.Et COLEt
(5,5)-1 a-methylstyrene hig \n/\r 20 85 775
(¢}
H CO,Et COoEt
(5,5)-1 methylene cyclohexane \n/ O/\r 100 65 94 5s
O
CO,Et CO,Et
(5,51 methylene cyclopentane \n/ @/\r 100 71 93s
O
COLEt CO,Et
(R,R)1 2-methylheptene \n/ n-CaHy H 150 69 72R
O OH
\/\I/COQEI
H CO,Et H
(RR)1 2-methylhept-2-ene \ﬂ/ major 150 23 77 R
(6]
/\/\>§/COQE1
minor
CO,Et COgEt
(5,5)-2 a-methylstyrene \n/ H 12 87 93 R
(e} OH
COEt COLEt
(5.5)-3 a-methylstyrene \n/ H 12 91 8 R
(0] OH
CO,Et CO,Et
(R,R)1 o-methylstyrene \n/ H 20 66 80 R
(e} OH
HYCOQEt CO,Et
| :
(5,91 a-methylstyrene Ph N N 10 87 90 R
Ph Ph
H Ph
(5,5)-2 a-methylstyrene mN/\r El 5 83 92 R
Bn” H” “Bn

along with those in Table 1, show that the heterogeneous
copper catalysts are active for the carbonyl-ene reactions
across a range of alkene substrates and carbonyl compounds.
The scope was further extended to imino-ene reactions
(Table 1). The results demonstrate that both a-carboxyl
imine (ethyl-N-benzhydryliminoethanoate) and alkylimine
(N-benzyl isovalerimine) compounds readily react with a-
methylstyrene giving high yields and enantioselectivity with

Cu-HY, (R,RA)-1
Ph \( \n/coznne CHoCly Ph CO,Me
+ 2
o 20°C,20 h mH

66% yield; 74% ee

Scheme 1. Cu-HY =Immobilized copper-zeolite Y catalyst.
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the immobilized copper catalyst. Previous studies involving
homogeneous catalysts® have used imine compounds that
have an electron-withdrawing substituent, usually a carbonyl
or carboxyl group, adjacent to the imine carbon atom to
enhance its reactivity. Our preliminary study using N-benzyl
isovalerimine shows that these groups are not necessary with
the immobilized heterogeneous catalyst.

The reaction of the immobilized copper—bis(oxazoline)
zeolite Y catalyst was compared with a homogeneous copper
catalyst, Cu(OTf), in the presence of the bis(oxazoline),
under comparable conditions (Table 2). Although the homo-
geneous catalyst gave a higher yield, the ee values observed
for a-methyl styrene and methylene cyclohexane were com-
parable for the two catalysts. However, the ee values observed
with the heterogeneous catalyst for methylene cyclopentane

Angew. Chem. Int. Ed. 2004, 43, 1685-1688
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Table 2: Comparison of the immobilized catalyst (Cu-HY) with the homogeneous catalyst for the

carbonyl-ene reaction.

Angewandte

reaction (Entry 1, Table 3) which
was then washed out into the reac-

Bis-oxazoline Alkene Enophile Catalyst  Product

T  Yield eeconfig. tion mixture during the subsequent

thl %] [%] reaction. For this reason, subse-

H CO,Et Ph COLEt quent experiments on catalyst

(RR)-1 a-methyl- \n/ Cu-HY \"/\_:/ 20 66 80R reuse involved a washing procedure
styrene o OH (Entries 3-5, Table 3) to ensure

(R,R)-1 Cu(OTf), 20 94 66R product was not retained in the
(5,51 methylene "'\n/co?Et Cu-HY O/\‘/COZE 100 65 94 S reused catallyst. Th(? results sh.ow
cyclohexane o OH that, following washing, even with-

(5,51 Cu(oT), 10 92 99S out .the further addition of bis(ox-
' He _COEt COLE azoline), the washed, reused cata-
(5,5)-1 methylene \n/ Cu-HY @/\r 100 71 935 lysts give comparable yields and
cyclopentane g OH ee values to those expected from a

(5,5)-1 Cu(OTf), 100 94 57S fresh catalyst (Entries 3-5, Table 3).

was significantly higher than that observed with the homoge-
neous catalyst. This is considered to be due to the confine-
ment of the heterogeneous catalyst within the zeolite pores,
and we have also observed this in our previous studies on
aziridination.”

Following the reaction of methyl pyruvate and o-methyl-
styrene (Scheme 1), the catalyst was recovered, dried, and
reused giving the same results. The aqueous phase from the
crude-product washing step was analyzed, and it was deter-
mined that only approximately 1% of the copper added with
the heterogeneous catalyst leached, under the reaction
conditions, into the reaction mixture. Further experiments
showed that this level of copper was not an active homoge-
neous catalyst for the carbonyl- and imino-ene reactions.
Hence, the copper-bis(oxazoline) zeolite Y catalyst is acting
as a heterogeneous catalyst. A further series of experiments
were carried out to demonstrate the facile reuse of this
immobilized catalyst (Table 3). A large scale reaction of ethyl
glyoxylate with a-methylstyrene was carried out (Entry 1,
Table 3). Following the reaction, the catalyst was isolated by
filtration and pretreated according to three different methods
(Table 3). The pretreated, used catalyst was then used for
subsequent reactions with either ethyl glyoxylate or methyl
pyruvate. Our initial experiments were based on simply
recovering the catalyst by filtration and vacuum drying before
reusing (Entry 2, Table 3). Although the catalyst could be
reused, the yield increased while the ee value decreased. This
effect was due to product being retained from the initial

Table 3: Reuse of the heterogeneous catalyst.”!

Entry Reuse Pretreatmentl® Carbonyl com-  Yield  ee config.
pound [%] [%]

1 - - ethyl glyoxylate 66 80 R

2 2nd (a) ethyl glyoxylate 85 65 R
use

3 2nd (b) methyl pyruvate 85 83 R
use

4 3rd (b) methyl pyruvate 91 89 R
use

5 4th (b) ethyl glyoxylate ~ 89 82R
use

6 2nd (¢) methyl pyruvate 79 80 R
use

[a] See Experimental Section for method definition.
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In addition, it is possible to use the
catalyst for different reactions in successive experiments
(Entries 1, 3-5, Table 3), which fully demonstrates the
flexibility of the heterogeneous catalyst. If the reused catalyst
is retreated with bis(oxazoline) prior to use, then improved
enantioselection is observed (experiment 6, Table 3), but such
a retreatment is not considered essential.

We have previously shown, using detailed EPR spectros-
copy,®¥! that the bis(oxazoline) chelates to the copper within
the supercages of the zeolite to form a square-planar complex.
In the present study, we consider this is the active site for the
catalyzed reaction, since the experiments reported clearly
demonstrate the material is acting as a heterogeneous catalyst.

In conclusion, we have demonstrated the first heteroge-
neously catalyzed, enantioselective carbonyl-ene and imino-
ene reactions, which provide a simple pathway for the
synthesis of a-hydroxy and a-amino carbonyl compounds
with good yields and high enantioselection.

Experimental Section

Cu-exchanged zeolite Y was prepared by ion-exchange of zeolite HY
(50 g) with a solution of copper(ir) acetate (7.85g, 39.3 mmol in
deionized water (150 mL)) for 16 h at 20°C with periodic adjustment
of the pH value to 7.5. The material was recovered by filtration, dried
(110°C), and calcined (550°C). Using inductively coupled plasma
(ICP) analysis, the zeolite was found to contain 3.1 wt % Cu.

Heterogeneous catalyzed carbonyl-ene reactions using ethyl
glyoxylate: The Cu-exchanged zeolite Y (0.360 g, 0.15 mmol Cu)
was dried in a Schlenk flask under high vacuum (150°C, 2 h) and then
cooled (20°C). CH,Cl, (5.0mL) and the bis(oxazoline) (0.025 g,
0.075 mmol) were added to the dried catalyst by syringe. Filtration at
this point yielded an air stable catalyst with the same performance as
that prepared and used in situ, this material was stable when stored in
air at room temperature for up to 6 months. The suspension was
stirred for 3h at 20°C and then alkene (0.149 mmol) and ethyl
glyoxylate solution in toluene (1.02 g, 80% solution in toluene,
7.47 mmol) were added by syringe. The reaction mixture was stirred
at 20°C and the reaction was monitored periodically by thin-layer
chromatography (TLC). After the reaction, the catalyst was sepa-
rated by filtration and the product was purified by flash column
chromatography.

Homogeneously catalyzed carbonyl-ene reactions: Copper(ir)
triflate (Cu(OTf),, 0.054 g, 0.15 mmol) and bis(oxazoline) (0.056 g,
0.15 mmol) were added to a dry Schlenk flask under argon and
CH,Cl, (5 mL) was added by syringe. The solution was stirred for 3 h
at 20°C and then alkene (1.90 mmol) and ethyl glyoxylate (1.17 g,
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80% solution in toluene, 9.51 mmol) were added by syringe. The
reaction mixture was stirred at 20°C and the reaction was monitored
periodically by TLC. After the reaction, the product was purified by
flash chromatography.

Imino-ene reactions: Cu-exchanged zeolite Y (0.423 g, 0.17 mmol
Cu) was dried in a Schlenk flask under high vacuum (150°C, 2 h) and
then cooled (20°C). CH,Cl, (5.0 mL) and bis(oxazoline) (0.025 g,
0.075 mmol) were added to the dried catalyst by syringe. The
suspension was stirred for 3h at 20°C and then o-methylstyrene
(194 pL,149 mmol) and the imino(ethyl-N-benzhydryliminoethan-
oate (1.2mmol)), or N-benzyl isovalerimine (2.55 mmol) were
added by syringe. The reaction mixture was stirred at 20°C and
monitored periodically by TLC. After complete reaction, the catalyst
was separated by filtration. The crude product was purified by flash
column chromatography.

Large scale reuse experiment: Vacuum-dried Cu-exchanged
zeolite Y (3.1 wt% Cu, 144 g, 0.60 mmol Cu) pretreated with
(R,R)-1 (0.10g, 0.40 mmol) was treated with ethyl glyoxylate
(4.08 g, 29.88 mmol) and a-methylstyrene (0.708 g, 5.95 mmol) for
20h at 20°C in CH,Cl, (20 mL). The catalyst was separated by
filtration and the product recovered and purified by flash column
chromatography. Subsequent reactions of the used catalyst were
carried out at a quarter of this scale. Prior to reuse, the catalyst was
pretreated according to one of the following methods:

a) vacuum drying only (60°C, 12 h; 150°C, 3 h);

b) washed with ethylacetate (5 x5 mL) before vacuum drying and
repeating the whole procedure twice more;

c) washed and dried as in method (b), calcined (550°C, 6 h), and
retreated with (R,R)-1 (0.025 g, 0.075 mmol).

The ee value was determined using chiral HPLC using a Daicel
Chiralkpak OD column and yields of isolated products are reported.
The IUPAC name for 1,3-oxazoline is 4,5-dihydro-1,3-oxazole
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Chirality

Enantiomeric Resolution of a Ruffled
Porphyrinoid**

Heather W. Daniell and Christian Briickner*

Porphyrins have been utilized as platforms for molecular-
recognition systems, including examples for chiral substrate
recognition.l!!. Chiral porphyrins were also used in the
enantiocontrol of metalloporphyrin-catalyzed transforma-
tions.”) The synthesis of chiral porphyrins has mainly been
through modification of the porphyrin periphery with chiral
side chains or by utilizing the chirality of certain atropisomers
of ortho-phenyl-substituted meso-tetraarylporphyrins, and
chiral resolution was accomplished in some cases.”! Alter-
native methods employ chirality transfer from chiral sub-
strates to nonchiral porphyrins.™”

We have reported the Ni" complexes of porphyrinic
chromophores in which one of the pyrrolic building blocks of
a porphyrin was formally replaced by a morpholine unit
(Scheme 1 A).1%") The acid-catalyzed reaction of secochlorin
bisaldehyde 1 with EtOH resulted in the formation of the
morpholinochlorin chromophore 2, which further converted
into double acetal 3. The chromophores of secochlorin 1 and
morpholinochlorin 3 possess near-identical nickel (11)-induced
ruffled conformations of idealized C,-symmetry (Scheme 1B
and C).¥

In addition to the helicity of the ruffled chromophore, the
sp’ ring-carbon atoms in 3 are also stereogenic centers. Thus,
six possible stereoisomers of 3 are theoretically possible.”)
However, only two isomers are observed. Cooperative action
of steric and stereo-electronic effects limit the number of
isomers formed: the Ni"-induced twist in secochlorin 1 aligns
the meso-aryl groups “anti” to each other with respect to their
deviation from the chromophore plane, and aligns the two
aldehyde functional groups to lie on top and parallel to each
other and parallel to the chromophore plane (Scheme 1B).
This alignment then directs the attack of the nucleophile on
the prochiral aldehyde center to occur from one of the two
homotopic exo sides (Scheme 1B). Stereoelectronic effects
favor the anti-configuration of the alkoxy and hydroxy groups
in the ring-closed hemiacetal 2 and of the two alkoxy groups
in acetal 3. This anti-configuration is also the sterically
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Scheme 1. A) Preparation of (R)-3/(S)-3. Reaction Conditions: a) CHCl;/EtOH, [H*].Fl B) Ball-
and-stick representation of (R)-1 along the idealized N—Ni—N bond axis indicated in (A); the
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cholesteroxy group, indicated the pres-
ence of a non-symmetrically pyrrole-
modified porphyrin (observation of six
non-equivalent [-protons, >J=4.8 Hz),
and the formation of the morpholine
moiety (diagnostic singlet at 6 =6.72 and
5.40 ppm for the hydrogen atoms attached
to the sp>-hybridized carbon centers). An
H,H-COSY spectrum allowed the identi-
fication of a spin system characteristic of
one unsymmetrically 1,2-disubstituted
phenyl group (doublet at 6 =8.10 ppm,
3] =17.4 Hz, coupled into a multiplet, 6 =
7.75-7.25 ppm, which is coupled to a
multiplet at 6=7.16-7.13 ppm, which
itself is coupled to a doublet, 6=
7.01 ppm, *J =7.5 Hz, all 1H). This motif

is characteristic of an o-phenyl-to-B-link-
[12]

arrow indicates the likely exo-attack of a nucleophile on the prochiral carbonyl center. C) Ball- age. ]
and-stick representation of the enantiomeric forms of morpholinochlorin 3, together with a Thus, the spectroscopic data are con-
stylized representation of the twisted chiral chromophore, viewed along the idealized N—Ni— sistent with the formation of the

N bond axis indicated in (A). Models are based on X-ray crystal data.l¥ Distal phenyl groups novel chromophores 4(+443)-Chol and
and all the hydrogen atoms attached to the phenyl groups and the porphyrin framework are

removed for clarity.

favored orientation of the alkoxy substituents. As a result, the
stereochemistry of the two sp>-hybridized carbon centers are
fixed to be homochiral and unique with respect to the chirality
of the screw axis of the chromophore. Thus, only two
enantiomeric forms of 3 are observed and morpholinochlorin
3 crystallizes as a racemic pair ((R)-3/(5)-3) in an achiral
space group.!*8! Moreover, electrochemical experiments
inferred that the conformation of the morpholinochlorins is
locked.["! This, in turn, suggests that the chiral resolution of a
racemic mixture of (R)-3/(5)-3 should be possible.

We report herein, for the first time, that the enantiomeric
resolution of chiral conformers of morpholinochlorin chro-
mophores is possible. In the course of this work, we
discovered a novel chiral morpholinochlorin-derived chro-
mophore incorporating an o-phenyl-to-f-position linkage.

HCl-catalyzed reaction of brown 1 with (+)-cholesterol
((4+)-Chol) yielded two major green products which, based on
their identical mass spectra, were assigned the composition
C;H;,N,O;Ni, as expected for the diastereomeric hemiace-
tals (R)-2-(4)-Chol and (S)-2-(4)-Chol (Scheme 2).['"l These
products were, however, not stable and converted quantita-
tively into two green compounds, 4(+ 443)-Chol and 4(—443)-
Chol.™ The products could be isolated by preparative thin
layer chromatography (AR;=0.05) in 30% yields."” Their
mass spectra were identical and corresponded to the compo-
sition C;;H,,N,O,Ni, that is, not to the expected bis(choles-
teroxy)-substituted product. Instead, the mass indicated the
formation of a product derived from 2-Chol by loss of H,O.
The UV/Vis spectra of 4(+443)-Chol and 4(—443)-Chol are
identical and significantly bathochromically shifted compared
to the spectrum of [morpholinochlorinato]nickel 3 (Fig-
ure 1a).11

The 'H and “CNMR spectra of these compounds
(400 MHz, [D6]benzene, 25°C) confirmed the presence of a

1

! (F)-2-{+)-Chol,
P (S)2(+)-Chol

4(+442)-Et
4(-442)-Et

=2 C§<)

Scheme 2. Reaction conditions: a) cholesterol, benzene, HCl vapors;
b) CHCl;, EtOH, HCl vapor. The “+” and “—" in the structures indi-
cate the ruffled conformation, that is, the relative position of the
carbon atoms with respect to the mean plane of the macrocycle.
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Figure 1. a) Normalized UV/Vis spectra (benzene) of
4(+443)-Chol (---) and 3 (—). b) CD (8.0x107®M, benzene,
T=20°C) spectra of 4(+443)-Chol (-++++) and 4(—443)-Chol (——-).

4(-443)-Chol in which the ortho-position of one meso-phenyl
group is fused to a (former) P-pyrrole carbon atom. This
linking presumably causes a (near)-planar arrangement of the
phenyl ring with the porphyrinic chromophore. The resulting
extension of the i conjugation rationalizes the bathochromi-
cally shifted UV/Vis spectrum of 4 (Figure 1a).l

A stepwise mechanism rationalizes the formation of
4(+443)-Chol and 4(—443)-Chol. Nucleophilic attack of the
cholesterol from the exo-side generates the two diastereo-
meric hemiacetals (R)-2-Chol and (S)-2-Chol. Perceivably,
the steric bulk of the cholesterol side chain prevents the
approach of a second cholesterol unit and, instead, facilitates
an intramolecular electrophilic aromatic substitution of the
adjacent ortho-phenyl position by the carbocation formed by
acid-induced dehydroxylation of (R)-2-Chol or (S)-2-Chol.
Although the trans-arrangement of the linkage to the phenyl
ring and the alkoxy substituent can be rationalized on steric
and stereo-electronic grounds, it could not be shown
directly."

Most significantly, the CD spectra of the two diastereom-
ers 4(+443)-Chol and 4(—443)-Chol are mirror images of
each other, demonstrating the successful separation of the
two enantiomeric chromophores (Figure 1b)." The isolation
of a combined fraction of 4(4443)-Chol and 4(—443)-Chol
yields a diastereomeric mixture which shows no CD signal.
This result suggests that cholesterol reacts indiscriminately
with both pre-formed enantiomers of 1, and does not induce
any chirality.

Acid-catalyzed exchange of the cholesteroxy groups for
ethoxy groups proceeds smoothly. Thus, the diastereomers
4(+443)-Chol and 4(—443)-Chol are each converted by
stirring in acidified CHCL/EtOH into the corresponding
enantiomeric pair 4(4442)-Et and 4(—442)-Et (Scheme 2).
The NMR signature of the products and the expected mass
spectra, which correspond to the composition CyH;,N,O,Ni,
indicate that no other framework change had taken place."”
As expected, the enantiomers of 4(+4 442)-Et and 4(—442)-Et
show the same CD spectra but with opposite signs (Figure 2).
We have not been able to assign the absolute conformations
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Figure 2. CD spectra (8.0x10 °m, benzene, T=20°C) of
4(+442)-Et (-----) and 4(—442)-Et (-—-).

of the chromophores."”) However, the diastereomer of
4(+443)-Chol with a positive Cotton effect at 443 nm also
generates the enantiomer of 4(+442)-Et with a positive
Cotton effect of identical magnitude at 442 nm. This result
shows that no inversion or partial racemization of the
chromophore takes place in the alkoxy exchange reaction.
The CD spectra did not degrade over an extended time
(months), which indicates the conformational rigidity of the
macrocycles. The alkoxy exchange performed on a diaster-
eomeric mixture of 4(+443)-Chol and 4(—443)-Chol gener-
ates a racemic mixture of 4(4442)-Et and 4(—442)-Et which
shows a flat-line CD signal but has otherwise identical
spectral properties to the enantiomerically pure fractions."”!

In conclusion, we have shown that the chiral resolution of
enantiomeric conformers is possible in case of the Ni”
complexes of morpholinochlorins in which the conformers
are rigidly locked. The resolved conformers of 4-Et may
become a valuable element in chiral recognition studies
utilizing the large chiral m-system. This Ni" d® system is,
however, ill suited for studies involving coordination to the
central metal because Ni" porphyrins have only weak binding
capabilities for axial ligands."®! Parallel to our earlier findings,
the replacement of Ni" proved unsuccessful without destruc-
tion of the macrocycle.”! We are currently testing the
application of the synthetic methods disclosed herein to
free-base and other metalloporphyrin systems.!"”
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Living Polymerization

HP-RAFT: A Free-Radical Polymerization
Technique for Obtaining Living Polymers of
Ultrahigh Molecular Weights**

Javid Rzayev and Jacques Penelle*

Synthetic methods based on living polymerizations have
become indispensable tools for modern polymer chemists. By
minimizing the influence of termination and chain transfer
over the final outcome of the polymerization, they provide
the only reasonable route to polymers with narrow molecular
weight distributions and controlled end groups, and to most of
the nonlinear polymer architectures such as block, star, cyclic,
and other macromolecules with controlled branching pat-
terns.'”) By making possible the design of polymers with
tailored properties, these methods have contributed signifi-
cantly to the development of nanostructured polymeric
materials whose dimensions are controlled by the size of the
macromolecules involved in the structuration process.[>!

The many fundamental accomplishments and myriad of
papers published every year on the synthesis, properties, and
use of polymers prepared by living polymerization techniques
contrast heavily with the industrial impact, which thus far has
been quite modest, largely due to the high costs associated
with the required reaction conditions. Living polymerizations
demand that a propagation proceeds hundred of times in
sequence without the interference of any side reaction leading
to termination or chain transfer. Such a selectivity is hardly a
hallmark of organic chemistry, and only a handful of polymer-
izations have been successfully optimized to the required
level.™!

Living/controlled free-radical polymerization techniques
were supposed to overcome this technical limitation by
allowing experimental conditions to be used that are less
stringent and costly than those based on organometallic or
ionic species, a goal that has largely been achieved by now.”
Free-radical polymerizations have their own limitations,
though; being very slow, they do not provide a good route
to polymers of high degrees of polymerization, the polymer-
izations in this case requiring theoretical reaction times of
several weeks to several years depending on the targeted
degree of polymerization.®

Herein, we report a simple, practical methodology to
overcome the above limitation. We demonstrate, using
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Department of Polymer Science and Engineering
University of Massachusetts
Ambherst, MA 01003-4530 (USA)
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methyl methacrylate (MMA) polymerization as an example,
that polymers with very high molecular weights can be
obtained under simple experimental conditions that are fully
compatible with current industrial polymerization processes.
The methodology uses known living/controlled free-radical-
polymerization procedures, and overcomes their inherent
limitations under normal conditions by using very high
hydrostatic pressures, in the 1-10kbar range (1 kbar=
987 atm = 14504 psi). The main purpose of using high pres-
sures is to increase the propagation rate coefficient of the
polymerization k, by several orders of magnitude and to
benefit from the overall activation volumes of —16 to
—21 cm®mol ™! reported in the literature.”) Under these
experimental conditions, polymerizations can become rea-
sonably fast, with reaction times of less than a few hours even
when the amount of propagating free-radicals has to be
maintained very low to maintain the living/controlled char-
acter of the reaction. Although theoretically expandable to
most living/controlled free-radical-polymerization techniques
described in the literature, the present study uses RAFT
conditions to control the livingness. A mechanistic scheme
summarizing the key steps in a RAFT polymerization is
provided in Scheme 1. Further information on the scope,
limitations, and mechanism of RAFT-type reactions is
available in the literature 1>

. SsS-
Ppe + P,
(\5%>
M

Scheme 1. Mechanism of RAFT polymerization.
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In experiments 1-8 (Table 1), MMA was polymerized in a
high-pressure reactor at 5 or 9 kbar at 65°C in the presence of
cyanoisopropyl dithiobenzoate (1) as the RAFT agent and
2,2'-azobis(isobutyronitrile) (AIBN, 2) as the free-radical
initiator (Scheme 2). The results of a control experiment at
ambient pressure (107 kbar) is also summarized in Table 1
(expt 9). Although bulk polymerization is possible, solvents
such as toluene and methyl ethyl ketone (MEK) were used to
avert very high viscosities and prevent the mixture reaching
the gel point at low conversions. Polymers were characterized

Table 1: RAFT polymerization of MMA under high-pressure conditions.”!

'+

MMA 1

Scheme 2. Living polymerization of MMA.

by gel-permeation chromatography (GPC) coupled to a
multi-angle laser light-scattering (MALLS) detection unit to
prevent problems associated with instrumental broadening.

The NMR spectra of the synthesized PMMA indicated
that the polymers have 72% syndiotactic dyads, close to the
tacticity obtained by free-radical polymerization at ambient
pressure. This observation is consistent with previous reports
that had indicated a very small dependence of PMMA
tacticity on polymerization pressures.!'*

As shown in Table 1, polymers of very high molecular
weights (up to 1.25 million) and very low polydispersities (M,,/
M, < 1.2, see also Figure 1; M,, is the weight-average molar

6 8 10 12 14 16 18

elution volume (mL) —>

Figure 1. GPC chromatograms of a commercial PMMA standard (top
curve, M,=1.3x10% PDI=1.03) and a PMMA sample synthesized in
this study by HP-RAFT polymerization (bottom curve, M,=1.25x10°,
PDI=1.03). The sharper slope observed on the left side of each peak
was independently demonstrated not to result from the exclusion limit
of the system.

mass, M, is the number-average molar mass) can be obtained
under high pressure after reasonably short reaction times
(<9h). The highest molecular weight of

Expt

9lfl

1.25 million does not correspond to an

Solvent  [M]:[1:[2l, Tlh]  Conv.[%] My u[x1071" M, [x107°]9  M,/MT  ypper limit, but to our inability to reliably
MEK 2000:1:0.1 2 61 122 114 7,15 measure the molecular weight distributions
MEK 2000:1:0.1 5 >99 200 202 1.04 of PMMA samples of higher molecular
1971 1.5 weight based on the equipment currently
MEK 2000:1:0.1 2 >99 200 150 1.61¢ available to us. In contrast, results obtained
N B T g
toluene  12000:1:02 2 30 360 367 1.03 dramatic loss of control in the polymer-
toluene  12000:1:0.2 4 72 864 838 1.05 ization in addition to a much lower reac-
toluene  12000:1:02 7 >99 1200 1250 1.03 tivity.
toluene  12000:1:0.2 51 40 480 284 1.38 The degrees of polymerization reported

[a] P=5 kbar (except for expts 3 and 9), T=65°C, [MMA]=4.67 m. [b] Calculated from the monomer-to-
1 ratio. [c] Measured by GPC-MALLS. [d] Measured by GPC relative to PMMA standards. [e] P=9 kbar.

[f] P=1 atm=10"° kbar.
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in this communication are the highest ever
obtained for a living/controlled free-radical
polymerization, leading to a linear polymer.
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Results for living/controlled free-radical polymerizations
published in the literature have consistently led to a practical
upper limit of about 2x10° for the degree of polymer-
ization.”"'>'%1 From a preparative viewpoint, it is interesting to
note that the polymerization can be driven to completion
without loss of control over the molecular weights.

The observed linear increase in molecular weight and
decrease in polydispersities with conversion (Figure 2) are

My
M,
0 200 40 60 80 100
Conversion/% —>
Figure 2. Dependence of molecular weights (m M, cpc; ----- theoretical

curve) and polydispersities (A) on conversion for RAFT polymerization
of MMA at 5 kbar (T=65°C, [MMA]=4.67 molL™" in toluene,
[MMAJ:[1]:[2] = 12000:1:0.2).

consistent with a living/controlled mechanism. An analysis of
the kinetic data reveals that the polymerization does not
follow the expected first-order kinetics with respect to
monomer concentration over the entire conversion range.
The rate of polymerization increases significantly with
increasing conversion (Figure 3), a behavior probably related

100+

80+

T 60

conv.

% 40

20

t/h

Figure 3. Evolution of monomer conversion (conv.) with time (&)
for RAFT polymerization of MMA at 5 kbar (T=65°C, [MMA]=
4.67 molL™" in toluene, [MMA]:[1]:[2]=12000:1:0.2).

to a progressive viscosity buildup in the reactor. This
behavior, although unusual, is nevertheless highly beneficial
from a preparative standpoint as polymers with high molec-
ular weights can be obtained in much shorter times than
expected based on strict first-order kinetics. Extrapolation of
the initial kinetic features to higher conversions shows that
49 h would have been necessary to reach 99 % conversion
while the polymerization was actually complete in only 7 h.

The polymerizations were carried out in the presence of
inert diluents (50 vol %) to provide enough mobility to the
reactive polymer chains up to high conversions. Excellent

Angew. Chem. Int. Ed. 2004, 43, 16911694
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results were obtained with either MEK and toluene when
medium-high molecular weights were targeted (< 0.5x 10°).
When higher molecular weights were needed and very low
amounts of the RAFT agent and initiator had to be used,
toluene provided far better results (entries 5-8 in Table 1).
This is probably due to some impurities present in MEK at
low concentrations, such as peroxides, since MMA was found
to polymerize in regularly purified MEK even in the absence
of any added AIBN, while no such polymerization could be
observed when MEK was passed through an alumina column
to remove peroxidic impurities.

The exact influence of several parameters on HP-RAFT
polymerizations is currently under investigation, but it is
already clear that the use of higher pressure is not always
helpful. As an example, polymerization at 9 instead of 5 kbar
(expt 3 in Table 1) resulted in a higher polydispersity index.
The origin of this effect is unclear and might result from a
decreased chain-transfer constant to the RAFT agent or from
the fact the gel point is reached, but these and other
findings!”*®! clearly suggest that experimental conditions
have to be carefully optimized and that simple extrapolation
based on conditions reported for ambient pressure polymer-
ization is not feasible.

The reactors needed to obtain the high pressures reported
in this study are rarely found in research laboratories, but are
easily accessible in industry. In addition, recent progress in
food science in which multiliter high-pressure reactors of the
type used in this study are currently used to eliminate bacteria
from food according to the high-pressure equivalent of
pasteurization, should increasingly make the purchase of
such pieces of equipment attractive to synthetic chemists.['>"!

In summary, we have demonstrated that PMMA polymers
of extremely high molecular weights and narrow molecular-
weight distributions can be easily obtained by using living/
controlled free-radical polymerization techniques at high
pressures. Although extrapolation to other monomers that
have already been reported to undergo living polymerizations
under free-radical conditions at ambient pressure will require
additional work, the present HP-RAFT and associated
techniques should ultimately allow a much larger range of
molecular weights to become accessible for monodisperse
vinyl polymers, and provide an easy route to advanced
polymeric materials whose ultimate properties (e.g., optical,
mechanical, nanoporosity) critically depend upon the molec-
ular weight of at least one component.*'=*!

Experimental Section

Polymerizations were carried out in 2 mL teflon ampoules in a high-
pressure microreactor purchased from the High Pressure Research
Center of the Polish Academy of Sciences. The reactor includes a
hydraulic press model LCP20 and a pressure reaction vessel equipped
with a temperature controller. The RAFT agent 1 was synthesized
according to a procedure reported in the literature."!! All other
chemicals were purchased from Aldrich. MMA was distilled before
use and AIBN recrystallized in methanol; all other reagents were
used as received. The initial solution was deoxygenated by bubbling
with nitrogen for 20-30 minutes prior to polymerization. Polymers
were precipitated in methanol. Yields were determined gravimetri-
cally.
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Molecular weights of the polymers were determined by Polymer
Laboratories PL-220 high temperature GPC system equipped with
two PL MIXED-A columns, Wyatt MiniDawn (620 nm diode laser)
light scattering detector and refractive index detector. Measurements
were performed at 135°C in 1,2 4-trichlorobenzene with a flow rate of
1.0 mLmin~'. PMMA standards of very high molecular weights were
used to estimate the influence of the second virial coefficient on
the scattering signal, and recalibrate the light-scattering detec-
tors accordingly. Polymers with medium-high molecular weights
(<300000) were characterized by GPC in THF using 13 mono-
disperse PMMA commercial standards as calibrants (2 x MIXED-D
and 1x 50 A columns, 25°C, 1.0 mLmin!). '"H NMR spectra were
recorded on a 300 MHz Bruker DPX 300 spectrometer.

Received: October 7, 2003 [Z253025]
Published Online: March 1, 2004

Keywords: high-pressure chemistry - living polymerization -
polymers - radical reactions

[1] T. Aida, Prog. Polym. Sci. 1994, 19, 469 -528.

[2] N. Hadjichristidis, M. Pitsikalis, S. Pispas, H. Iatrou, Chem. Rev.
2001, 701, 3747 -3792.

[3] J. Jagur-Grodzinski, React. Funct. Polym. 2001, 49, 1-54.

[4] K. A. M. Davis, Adv. Polym. Sci. 2002, 159, 1-157.

[5] N. Hadjichristidis, S. Pispas, G. Floudas, Block Copolymers:
Synthetic Strategies, Physical Properties, and Applications, Wiley,
New York, 2002.

[6] G.Z. Zhang, A.Z. Niu, S. F. Peng, M. Jiang, Y. F. Tu, M. Li, C.
Wu, Acc. Chem. Res. 2001, 34, 249 —-256.

[7] K. Matyjaszewski, T. P. Davis, Handbook of Radical Polymer-
ization, Wiley, New York, 2002.

[8] D. Greszta, D. Mardare, K. Matyjaszewski, Macromolecules
1994, 27, 638 -644.

[9] Y.M. Sivergin in High-Pressure Chemistry and Physics of
Polymers (Ed.: A.L. Kovarskii), CRC, Boca Raton, 1994,
pp- 195-266.

[10] J. Chiefari, Y. K. Chong, F. Ercole, J. Krstina, J. Jeffery, T. P. T.
Le, R. T. A. Mayadunne, G. F. Meijs, C. L. Moad, G. Moad, E.
Rizzardo, S. H. Thang, Macromolecules 1998, 31, 5559 —5562.

[11] G. Moad, J. Chiefari, Y. K. Chong, J. Krstina, R. T. A. Maya-
dunne, A. Postma, E. Rizzardo, S. H. Thang, Polym. Int. 2000, 49,
993-1001.

[12] G. Moad, R. T. A. Mayadunne, E. Rizzardo, M. Skidmore, S. H.
Thang, ACS Symp. Ser. 2003, 854, 520-535.

[13] P. Vana, J. F. Quinn, T. P. Davis, C. Barner-Kowollik, Aust. J.
Chem. 2002, 55, 425-431.

[14] C. Walling, D. D. Tanner, J. Polym. Sci. Part A 1963, 2271 -2277.

[15] C.J. Hawker, A. W. Bosman, E. Harth, Chem. Rev. 2001, 101,
3661 -3688.

[16] K. Matyjaszewski, J. H. Xia, Chem. Rev. 2001, 101, 2921 —2990.

[17] M. J. Monteiro, R. Bussels, S. Beuermann, M. Buback, Aust. J.
Chem. 2002, 55, 433 -437.

[18] J. Rzayev, J. Penelle, Macromolecules 2002, 35, 1489 —1490.

[19] M. F. San Martin, G. V. Barbosa-Canovas, B. G. Swanson, Crit.
Rev. Food Sci. Nutr. 2002, 42, 627 —645.

[20] J. Yuste, M. Capellas, R. Pla, D. Y. C. Fung, M. Mor-Mur, J.
Rapid Methods Autom. Microbiol. 2001, 9, 1-10.

[21] A. C. Edrington, A. M. Urbas, P. DeRege, C. X. Chen, T. M.
Swager, N. Hadjichristidis, M. Xenidou, L.J. Fetters, J. D.
Joannopoulos, Y. Fink, E.L. Thomas, Adv. Mater. 2001, 13,
421-425.

[22] C. Creton, E. J. Kramer, H. R. Brown, C. Y. Hui, Adv. Polym.
Sci. 2002, 156, 53-136.

[23] T. Thurn-Albrecht, J. Schotter, G. A. Kistle, N. Emley, T.
Shibauchi, L. Krusin-Elbaum, K. Guarini, C.T. Black, M.
Tuominen, T. P. Russell, Science 2000, 290, 2126 -2129.

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

Angew. Chem. Int. Ed. 2004, 43, 16911694


http://www.angewandte.org

Communications

1694

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

Alkyne Homocoupling

Let the Best Ring Win: Selective Macrocycle
Formation through Pd-Catalyzed or Cu-Mediated
Alkyne Homocoupling**

Jeremiah A. Marsden, Jeremie J. Miller, and
Michael M. Haley*

In memory of Virgil Boekelheide

There is considerable interest in highly conjugated organic
molecules such as phenylacetylenes and dehydroannulenes
for potential applications in next generation electronic and
photonic devices.'! Such extended m-conjugated systems
functionalized with electron donor and/or acceptor groups
encompass a significant field of current research.”! In our
ongoing studies with dehydrobenzoannulenes (DBAs),F! we
have produced macrocycles with a variety of ring topologies,
symmetries, and sizes,”! as well as unique substitutions of
donor, acceptor, and neutral groups.”! The final ring closure
for these systems and many other macrocycles containing
diacetylene units typically proceeds by Cu-mediated oxida-
tive homocoupling of terminal alkynes.*” There are often
problems associated with this type of cyclization, however,
such as low yields, formation of oligomeric by-products, and
use of pyridine as (co)solvent. Homocoupling of terminal
alkynes has recently been reported by using Pd catalysts.
Under conditions typically used for Sonogashira cross-cou-
pling reactions” (Pd catalyst, Cul, base), addition of a
suitable oxidant and exclusion of an organic electrophile
produce high yields of homocoupled alkynes. A similar
procedure has very recently been applied to macrocycle
synthesis; however, the reported yields were low.'”! We have
now modified this chemistry for macrocycle formation with
excellent results. Furthermore, we have discovered a surpris-
ing differentiation between Cu-mediated and Pd-catalyzed
cyclizations for ring size and geometry, which leads to
selective formation of bisDBAs 1 and 2, respectively, both
of which originate from octayne 3 (Scheme 1).

We!''l and others!'” have encountered difficulties using the
standard Cu-mediated cyclization for the formation of
diacetylenic macrocycles. Yields can often vary wildly for a
given ring size,"!!l as well as a simultaneous occurrence of
intra- and intermolecular homocoupling reactions.'l A
greatly overlooked consideration when performing this
reaction is the geometry in the Cu-containing intermediate
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Scheme 1. Retrosynthesis of 1 and 2 from 3.

prior to “reductive elimination”. Although still subject to
interpretation and debate, the most reasonable and most
accepted mechanistic picture involves a dimeric Cu' acetylide
(A, Scheme 2) arranged in a pseudo-trans configuration.!'

P!
py py N
3 Pd
AN 7 N\
ca
/N
py py
A B

N/
D

Scheme 2. Proposed metal-acetylide intermediates in Cu-mediated (A)
and Pd-catalyzed (B) diacetylene-forming reactions.

Formation of this pseudo-trans geometry in the intermediate
species is likely to be difficult for certain systems that would
need to adopt a highly strained configuration for homocou-
pling to occur, and thus could lead to low product yields and
large amounts of oligomeric/polymeric by-products, as we
found in the synthesis of dehydrobenzo[14]annulene 4 (see
below). We have discovered that through use of an oxidative
Pd-catalyzed route, control of the geometry of the metal
bis(o-acetylide) intermediate is possible by the selection of an
appropriate ligand. For systems in which cis over trans
configuration in the intermediate is favored, such as DBA 4,
Pd catalysts with cis-bidentate ligands (B, Scheme 2) give us
much higher yields for macrocycle formation. Conversely, if a
trans configuration of the terminal alkynes in the annulene
precursor is favorable, such as for DBA §, Cu-mediated routes
provide superior results.

Angew. Chem. Int. Ed. 2004, 43, 1694—1697
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This selectivity is demonstrated in the syntheses of DBAs
4 and 5 (Scheme 3), which are key pieces in later bisannulene
assemblies. Precursor 6 was constructed by Sonogashira cross-
coupling of diyne 7aP*™ to 1,2-dibromo-4,5-diiodoben-

H
f -
P SiiPr,
NBu,
7a
a) a)
64% 76%
24% Cu(OAc), 80%
35% CuCl 76%
67% [PACI,(PPhy),,] 24%
76% [PdCl,(dppe)] 12%

Scheme 3. Reagents and conditions: a) 1,2-dibromo-4,5-diiodobenzene
or 1,5-dibromo-2,4-diiodobenzene, [Pd(PPhs),], Cul, iPr,NH, THF,
45°C; b) Bu,;NF, MeOH, THF; then “Cu”, pyridine, 60°C; c) Bu,NF,
MeOH, THF; then “Pd”, Cul, I,, iPr,NH, THF, 50°C.

zene,™ thus providing an ortho substitution of the alkynes
on the central ring. Protiodesilylation of the triisopropylsilyl
groups by Bu,NF and MeOH followed by slow injection of
this precursor into a pyridine solution of Cu(OAc), furnished
DBA 4 in a low yield (24 %) along with large amounts of
oligomeric/polymeric by-products. Other Cu species and
variations of this procedure failed to notably affect yields.
We surmised that these poor yields were most likely due to
difficulties in the formation of intermediate A. Based on
simple molecular modeling calculations," the geometry and
sterics of our system should instead favor a cis orientation of
the terminal alkynes to a metal center, which is the preferred
geometry in the reductive-elimination step of a Sonogashira
reaction.”!”! This geometry was enforced about the metal
center by use of cis-bidentate ligated [PdCl,(dppe)] (dppe =
1,2-bis(diphenylphosphanyl)ethane), which resulted in a
dramatic increase in the yield of cyclization (76%). Our
best results were obtained with a slow injection of desilylated
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polyyne 6 into the Pd/Cu solution to minimize cyclooligomer-
ization and by facilitating reoxidation of the Pd catalyst with
I, and leaving the flask open to air. It is also noteworthy that
heating to 50°C was required for product formation, while no
reaction occurred below this temperature. Slightly lower
yields for the cyclization of 4 were also obtained with other Pd
catalysts, while the best yields were seen with [PdCl,(dppe)].
In contrast to precursor 6, the meta-fused phenylacetylene 8,
constructed by a similar manner from 1,5-dibromo-2.4-
diiodobenzene,™® gave very good yields of the [15]annulene
5 by using the Cu/pyridine cyclization (80 % ), while Pd routes
resulted in lower yields (12-24%) owing to the increased
distance and the poor alignment of the terminal alkynes as
required in B. Interestingly, intermolecular dimer formation
was competitive in the latter Pd-catalyzed reactions, which
suggests that this might be a viable alternative intermolecular
homocoupling procedure for macrocycle formation where
similar Cu-mediated reactions had previously failed or
worked poorly.*?!

To further study the selectivity differences between Pd
and Cu cyclizations, polyyne 9a was constructed by a four-fold
cross-coupling of diyne 7a to 1,2,4,5-tetraiodobenzene!’”)
(Scheme 4). In this unique system, there is a possibility of
formation of either bis[15]annulene 1a by cyclization across
the meta-fused diynes or bis[14]annulene 2a by ortho fused
cyclization. We first tested the cyclization of 9a by using the
classical Glaser method and isolated only one annulenic
product in 70 % yield. Since we observed that meta fusion of

H
Il i
P SiiPr, a)
R
7a (R=NBu,) 9a (74%)
7b (R=Dec) 9b (77%)

1a (R=NBu,) 70% Cu(OAc), 2a (R=NBu,) 0%
43%  [PACI,(PPhy),] 19%
0%  [PdCly(dppe)] 84%
1b (R=Dec) 58% Cu(OAc), 2b (R=Dec) 0%
0%  [PdCl,(dppe)] 55%

Scheme 4. Reagents and conditions: a) 1,2,4,5-tetraiodobenzene,
Pd(PPhs),, Cul, iPr,NH, THF, 40°C; b) Bu,NF, MeOH, THF; then
Cu(OAc),, pyridine, 60°C; c) BuyNF, MeOH, THF; then [PdCl,(PPhs),],
Cul, l,, iPr,NH, THF, 50°C; d) Bu,NF, MeOH, THF; then
[PdCl,(dppe)], Cul, I, iPr,NH, THF, 50°C. Dec=decyl.
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the diynes tends to favor the trans orientation and thus Cu-
mediated cyclizations, we hypothesized that this product was
bis[15]DBA 1a. Next, we cyclized 9a by a Pd-mediated route
by using [PdCl,(PPh;),] and observed formation of the same
material in 43 % yield along with 19% of another annulene,
most likely bis[14]DBA 2a. As expected, cyclization with
[PACl,(dppe)] gave exclusively this second product in a
respectable 84 % yield, with no observation of the annulene
formed by the Cu/pyridine route, hence providing complete
selectivity between the two DBA products. This method was
also successfully extended to the decyl-substituted bisDBAs
1b and 2b, which were selectively synthesized in moderate
yields.

As structural isomers, bisannulenes 1 and 2 have very
similar spectral data making specific identification difficult,
although one key difference was observed in their proton
NMR spectra. The singlet for the two protons on central
benzene of the annulene from the Cu-mediated route
displayed a large downfield shift upon cyclization (1a: é =
8.42 ppm, 1b: 6 =8.49 ppm) while a lesser shift (2a: 6=
8.24 ppm, 2b: 6 =8.38 ppm) was seen for the same singlet
from the DBA acquired by Pd-catalyzed cyclization. Molec-
ular modeling calculations'® showed that the intraannular
protons of the bis[15]DBA were closer to the alkyne groups
than the analogous protons on the bis[14]DBA. Therefore, an
increased anisotropic deshielding effect from the triple bonds
would make the central protons of 1 more downfield shifted
than those of 2. Similar differences between NMR spectral
data were also observed for 4 and 5§ and have been reported
with other [14]- and [15]annulenes.>">")

To further prove that our structural assignments of 1 and 2
were correct, we have definitively synthesized 1a for spectral
comparison by cyclizing one ring at a time (Scheme 5). This

Pr,Si

NBu,

10

Scheme 5. Reagents and conditions: a) 7a, [Pd(PPh,),], Cul, iPr,NH,
THF, 80°C; b) Bu,NF, MeOH, THF; then Cu(OAc),, pyridine, 60°C.

route allowed no possibility for formation of 14-membered
rings. Dibromo-mono[15]annulene 5 was the ideal starting
point for the synthesis, to which two equivalents of diyne 7a
were attached providing precursor 10. Deprotection and Cu-
mediated cyclization of the second ring gave bis[15]annulene
1a whose spectral data were an exact match with those of the
material made by Cu-mediated cyclization of polyyne 9.
Cyclization of phenylacetylene macrocycles by oxidative
Pd-catalyzed coupling is proving to be a reliable alternative or
complementary reaction to Cu-mediated cyclization. The Pd
route displays benefits over the Cu/pyridine procedure such

Angew. Chem. Int. Ed. 2004, 43, 1694-1697
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as catalytic use of the metal species (while the Cu-mediated
route typically requires over 20 equivalents), solvents such as
THF and Et;N are used, which are easily removed and more
benign than pyridine, and yields are higher for many macro-
cycles. However, the versatility of the Pd catalyst is probably
the most important advantage. A variety of different ligands
can be attached to the Pd center to facilitate the shape and
geometry of the alkyne species such as trans versus cis
configuration or even chiral ligands for further enhancement
of the selectivity. We are currently employing this method-
ology for the construction of donor/acceptor functionalized
systems as well annulenes of other ring shapes and sizes. We
continue to obtain excellent selectivity and will report this
work in due course.
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High-Throughput Measurement of the
Enantiomeric Excess of Chiral Alcohols by
Using Two Enzymes**

Zhi Li,* Lukas Biitikofer, and Bernard Witholt

Dedicated to Professor Karl Schlogl
on the occasion of his 80th birthday

The development of enantioselective catalytic processes has
attracted increasing attention as a result of the importance of
enantiomerically pure organic compounds in pharmaceutical,
agricultural, and fine chemical syntheses!! Attempts to
discover new enantioselective catalysts have recently focused
on the screening of libraries of chemical catalysts®?! created by
combinatorial synthesis, and enzymes and enzyme mutants®*
generated by molecular biotechnology techniques such as the
error-prone polymerase chain reaction and gene shuffling.”!
Since the catalyst libraries are huge, analysis of the catalyst
enantioselectivity is the bottleneck in such approaches. Many
methods have been developed for high-throughput enantio-
selectivity analysis.! The enantioselectivity factor E for
kinetic resolution can be estimated quickly by measuring
separately the reaction rates of the R and S enantiomers of
the substrate.”’ This technique can also be applied to the
reversible asymmetric reaction of a prochiral substrate by
examining separately the reverse reactions of the R and §
products."¥ On the other hand, high-throughput analysis of
the product enantiomeric excess (ee) can be used for the
evaluation of the catalyst enantioselectivity in asymmetric
transformations. The product ee can be determined by GC-
GC on a column with a chiral stationary phase,® HPLC with
CD/UV,< or by using optical rotation/refractive index (OR/
RIU) detection®, chirally modified capillary electrophore-
sis,[* electrospray ionization tandem MS,*! colour indicators
based on doped liquid crystals,® or competitive enzyme
immunoassays.®® The concept developed by Schoofs and
Horeau™ allows the ee value of the product to be established
by exploiting kinetic resolution effects and using mass-tagged
or fluorescence-tagged pseudo-enantiomeric mixtures of
acylating agents, with mass spectrometry (MS)®* or fluo-
rescencel® detection. Elegant approaches for determination
of the ee values also include the use of isotopically labeled
pseudo-enantiomeric or pseudo-meso substrates and MS!?®!
or NMR detection.'™ When the product concentration is
known, the ee value of the product can be determined by
using an enzyme to catalyze a further reaction that can be
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followed by UV spectroscopy'® or infrared thermogra-
phy.'"® In the former method, known as EMDee (enzymatic
method for determining enantiomeric excess), an enantio-
specific alcohol dehydrogenase is used to oxidize one
enantiomer of an alcohol at a known concentration, the
oxidation rate is determined by following the formation of
NAD(P)H (NAD, nicotinamide-adenine dinucleotide), and
the ee value of the alcohol is calculated by referring to a
standard curve of rate versus the ee value established at the
same alcohol concentration. This method is high-throughput
and sensitive and has been successfully used to determine the
ee value of the alcohol generated from a chemical catalysis in
which 100% conversion is achieved. However, the general
application of such a method in high-throughput screening of
enantioselective catalysts is rather limited since conversion is
often below 100 %, which means that the product concen-
tration must be determined by another high-throughput
method before analysis of the ee value. Herein, we describe
a method for determining the ee value based on the new
concept of using two enantioselective enzymes to modify the
product. This method allows the determination of the ee value
of the product independent of concentration. In contrast to
the concept of Schoofs and Horeau, which applies to pseudo-
enantiomeric mixtures of reagents in one reaction, our
analysis of the eevalue involves two separate enzymatic
reactions. Our method allows sensitive, accurate, high-
throughput measurement of the enantiomeric excess of a
chiral alcohol. In addition, the alcohol concentration can be
estimated within the same process.

Chiral alcohols 4 were used as model compounds to
demonstrate the principle of our approach. These alcohols
represent an important class of intermediates for the synthesis
of pharmaceuticals and fine chemicals!"! and can be prepared
by various enantioselective catalytic transformations, such as
biohydroxylation of hydrocarbons 1, chemical or enzymatic
reduction of ketones 2, or enzymatic hydrolysis of esters 3 (or
the reverse reaction, namely formation of an ester;
Scheme 1). To analyze the ee value of 4, enantioselective
NAD(P)*-dependent alcohol dehydrogenases A and B were
each used to oxidize alcohol 4. The reaction rates for
enzyme A (v*) and enzyme B (V') were determined by
following the formation of NAD(P)H through its absorption
at 340 nm. The enantiomers of chiral alcohols are generally
competing substrates for enantioselective alcohol dehydro-
genases so the reaction rates v* and v° can be expressed by
Equations (1) and (2):¥

o Vs Knr 151+ Vi Ko [R]

— 1
VSR S+ Ko R + K5 Ko @

Vs Ko 8]+ Vi K

max,§ max,R " m,§ [R]

KR S] KD G [R]+ KD KD,

b

)

V max 1S the maximum reaction velocity, K,, is the Michaelis
constant, a and b refer to the two enzymes, and S and R refer
to the alcohol enantiomers. Equations (1) and (2) lead to
Equations (3) and (4):
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o the alcohol dehydrogenases from Lacto-
" ch NAD(P)H R)J\CH bacillus kefir (LKADH),'*  Thermo-
1 ’ biocatalyst NAD(U 2 *  anaerobium brockii (TBADH, a thermo-
stable enzyme),®™ and Rhodococcus
enzyme A erythropolis ~ (READH).*!  These
0 ' oH latively stable and thei
catalyst /k : enzymes are relatively stable an eir
R)]\CH3 “or biocatalyst biocatalyst R CHy ¥ R/\CH3 stock solutlons,. when kept at 4°C, can be
2 (S)-4 (R4 used for analysis for at least 10 h without
R = ot enzyme B loss of activityy. LKADH and TBADH

. a R =ethy Sy
OCOR Grocatalyst b R phony NAD(P/)“_\ o were used for the oxidation of 4a,
¢ R = n-butyl )J\ whereas LKADH and READH were
R s CH, NAD(PH R , CH;  used for the oxidation of the alcohols

Scheme 1. Synthetic routes to alcohols 4 and catalysis of the oxidation of these alcohols with

alcohol dehydrogenases A and B.
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[S] _ Km.RV Km‘th (3)
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The ee value can thus be calculated by using Equation (5):
b . . b
Vmax.,S7V _ V?nax.val _ V:lax.R7V ‘/m:u(.Rfv1
b a 4 b
O [RI-[S] | Kpgw K v K gy K} s
CERAE TV e Ve Ve VP (5)
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If two enantiospecific alcohol dehydrogenases are used,
Equation (5) can be simplified. Suppose enzyme A specifi-
cally oxidizes (R)-4 and enzyme B specifically oxidizes (S)-4.
In this case, V3, =0, K% (=K}, Vo =0, K}, ,=K?, where
Kj is the inhibition constant (see the Experimental Section).

Therefore,

4b and 4c. Bioconversions were per-
formed with a 200-uL solution containing
buffer, substrate, NAD(P)*, and enzyme
in a deep well microtiter plate and the
UV absorption at 340 nm of the produced
NAD(P)H was measured for 5 min. The kinetic data for the
enzyme-catalyzed oxidation of (S)-4 and (R)-4 were estab-
lished for each enzyme in separate experiments and are
summarized in Table 1.

The measurement of the eevalue of 4a is a typical
example of an analysis using two enantioselective but not
enantiospecific enzymes. In total, 54 samples with 37 different
ee values and 22 different concentrations (0.4-3.5 mMm) were
analyzed in a microtiter plate by treatment with LKADH and
TBADH, respectively. The results are shown in Figure 1, in
which each point represents the average of two independent
measurements. Figure 1a is a plot of the measured versus
actual ee values. In every case (from —100 % to 100 % ee) but
one (0% ee), the measured value falls within 9% ee of the
true value. The analysis of the ee values is independent of
sample concentration; nearly the same ee values were
measured for samples with identical actual ee values but
different concentrations.

The concentrations (C = [R] + [S]) of alcohol 4a were also
calculated from the results of the same experiments by using
Equations (3) and (4). As shown in Figure 1b, the measured
concentrations corresponded well to the actual concentra-

Chemie

Vmaxs™ La_v‘“‘“—""v_L Table 1: Kinetic data for the oxidation of enantiopure secondary alcohols 4a—c catalyzed by
RI-S) _ Kne K Kawr K
ee = RTE = v m,S o ! (6)  alcohol dehydrogenases LKADH, TBADH, and READH.
+ V) | Z4Np—"
% % + ngx.R - % Substrate  Enzymel! Enzyme conc. NADP* NAD* K., K Via
ms" I mR" I - -
s : (mgmL] [UmLP [mw]  [mw]  [um] [am]  [ummin ]
The kinetic constants V3, . Vo o Kb o Koo (R)-4a LKADH 0.0 1.0 365 19
V?naxR V‘:naxg K?nR Kl:ns K?, and KIID can be qulckly (S)-4a LKADH 0.10 1.0 663 5.4
- / "’ " s (R)-4a TBADH 0.015 1.0 900 37
established by separate oxidation of (R)-4, (S)-4, (5)-4a TBADH  0.015 10 1250 30
and mixtures of (R)- and (S)-4 in known ratios (g 4, LKADH  0.10 10 2600 20
with enzymes A and B, respectively. We used an  (5).4b LKADH  0.10 1.0 — 3070
enzyme preparation with a constant concentra-  (R)-4b READH 0.036 2.0 - 400
tion to establish the kinetic constants and analyze  (5)-4b READH 0.036 2.0 792 18
unknown samples. The ee values could then be  (R)-4¢c LKADH  0.050 1.0 136 14
calculated by applying Equation (5) or (6). The (5)-4¢ LKADH — 0.050 10 - 360
. . (R)-4c READH 0.036 2.0 - 2630
use of V.. is advantageous because this approach (S)-4c READH 0.036 20 326 27

does not require accurate determination of the
enzyme concentration in each experiment.

To illustrate this method, three commercially
available enzymes were used for the oxidations:
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[a] The enzymatic assays were carried out in tris(hydroxymethyl)aminomethane buffer (50 mm,
pH 7.5) at 25°C for LKADH and in potassium phosphate buffer (50 mm, pH 8.5) at 40°C and
25°C for TBADH and READH, respectively. [b] The specific activity U refers to the reduction of p-
chloroacetophenone.
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Figure 1. a) Plot of the actual ee values of 4a versus those measured
by using two enantioselective alcohol dehydrogenases, LKADH and
TBADH. b) Plot of the actual concentrations (c) of 4a versus those
measured by using two enantioselective alcohol dehydrogenases,
LKADH and TBADH.

tions from 0.4 to 2.0 mm, but large errors were observed at
higher concentrations. The measured oxidation rate may not
be very accurate when the concentration of 4a is much higher
than the value of K,,. According to Equations (3)—(5), small
errors in v* and V* create much bigger errors in the
concentration than in the ee value. Nevertheless, such con-
centration measurements could still be useful for qualitative
estimates of the extent of conversion for catalyst screening. In
the case of a high product concentration, the sample could be
diluted several fold for analysis.

As a representative example of the use of two enantio-
specific alcohol dehydrogenases for analysis of the ee value,
an experiment was carried out with LKADH and READH.
We tested 64 samples of 4b with 35 different ee values and 29
different concentrations (0.4-10 mm), as well as 83 samples of
4c with 51 different ee values and 33 different concentrations

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(0.2-5.0 mm). Figure 2 shows plots of the measured ee values
versus the actual values for 4b and 4¢. For 4b, each point
represents the average of three independent measurements
and demonstrates the accuracy of the method: 60 of the 64
measured values show an error of less than 5% ee of the true

a)
100 -
80 -
60 -

| 40 4

20

ee measured
! % 1

-20 | i
40 A
—-60 4

—80 4

-100 T T T T T T T T |
—-100 -80 -60 —-40 -20 O
eel% =—>»

b)
100 -
80

60 e
T 40 {

20 4
ee measured
1% 0+

-20 4
—40
—60

—80 4

-0+ .
-100 =80 -60 —40 -20 O 20 40 60 80 100
ee | % —

Figure 2. Plots of the actual ee values of 4b (a) and 4c (b) versus the
ee values measured by using two enantiospecific alcohol dehydrogen-
ases, LKADH and READH.

value, and the other four values have errors of 5-7 % ee. For
4¢, only one measurement was made at each ee value. Of the
83 measured ee values, 79 are within 10 % ee of the true value,
and four results have an error of 10-12% ee.

Our method for the fast determination of the enantio-
meric excess of secondary alcohols by using two alcohol
dehydrogenases has several distinctive features: 1) The ee can
be determined with satisfactory accuracy, independent of the
concentration. 2) The enzymes do not have to be specific to,
or highly active towards the alcohol. A large number of
alcohol dehydrogenases with broad substrate ranges are now
available and it is thus easy to find appropriate alcohol
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dehydrogenases for analysis of the ee value of a given alcohol.
3) The analysis method is very sensitive. The technique can be
used to determine the ee value of a sample with a concen-
tration as low as 200 um and is therefore particularly useful for
biocatalyst screening, where product concentration is often
low. 4) The analysis is performed with UV spectroscopy; no
special instrument is required. 5) Experiments are performed
in a 96-well microtiter plate, which allows analysis of the
ee values of 48 samples within 5 min. Given a preparation
time of 5 min, about 288 samples can be analyzed in an hour,
which is a high enough throughput for most practical
applications. 6) The method can be extended to measure the
ee values of other types of compounds. Two enzymes of
another type may be applied, coupled with detection by UV
spectroscopy, MS, or even HPLC or GC for short analysis
times. 7) The method also provides the possibility to measure
concentration. For high concentrations, samples may be
diluted and then analyzed, which makes the method useful
for screening catalyst activities.

Further investigations will focus on the application of this
method to the discovery of enantioselective biological and/or
chemical catalysts. The scope and possible limitations of the
method will also be explored.

Experimental Section

Enzymes: LKADH was obtained from Fluka as a lyophilized powder
with an activity of 0.4 Umg™' for the reduction of acetophenone.
TBADH was purchased from Aldrich as a lyophilized powder with an
activity of 4.7 Umg ' for the oxidation of 2-propanol. READH was
obtained from Juelich Fine Chemicals as a solution with an activity of
144 UmL™" for the reduction of p-chloroacetophenone. The enzyme
stock solutions were freshly prepared each day, kept in aqueous
buffer at 4°C, and used for measurement of the kinetic data and for
the analysis of the ee value.

General procedure for measurement of the ee value: A mixture
of buffer, alcohol 4, NAD(P)", and enzyme with a total volume of
200 uL was pipetted into individual deep wells in a microtiter plate
and the absorption of the produced NAD(P)H at 340 nm was
measured for 5 minutes at 25 or 40°C on a Spectra Max Plus
photometer with an optical density resolution of 0.001. Data points
were recorded every 12's, which gave 26 points for every measure-
ment. The absorption data were used to calculate the NAD(P)H
concentration from a previously established standard curve. The
initial reaction velocity was calculated by linear regression as the
slope of a plot of [NAD(P)H] versus time.

The kinetic constants were quickly obtained by oxidizing (R)-4,
(S)-4, and mixtures of the enantiomers at various concentrations by
treatment with a single enzyme on a microtiter plate. The average
velocities calculated from three measurements and the alcohol
concentrations were used as input for the program Enzfit, which
was used to calculate the values of K,, and V.. To determine the
inhibition constant K;, Lineweaver-Burk (L-B) plots of v~! versus
[S]! were generated for various inhibitor concentrations. A graph of
the slopes of the L-B plots versus the inhibitor concentration was
created. The value of K; was determined by dividing the intercept by
the slope of this plot.

To measure the ee value, samples containing the two enantiomers
in various ratios and at a range of concentrations were prepared in
microtiter plates and separately oxidized with each of two enzymes.
The oxidation velocities were measured and used, together with
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kinetic data, to calculate the ee values from Equation (5) or (6). The
measured ee values were plotted against the actual values.

Received: October 10, 2003
Revised: January 8, 2004 [Z53055]

Keywords: alcohols - asymmetric catalysis - dehydrogenation -
enantioselectivity - high-throughput screening

www.angewandte.org

[1] a) Chirality in Industry: The Commercial Manufacture and
Applications of Optically Active Compounds (Eds.: A.N.
Collins, G. N. Sheldrake, J. Crosby), Wiley, Chichester, 1992;
b) Chirality in Industry II: Developments in the Commercial
Manufacture and Applications of Optically Active Compounds
(Eds.: A.N. Collins, G. N. Sheldrake, J. Crosby), Wiley, Chi-
chester, 1997; ¢) Chirality in Agrochemicals (Eds.: N. Kurihara, J.
Miyamoto), Wiley, Chichester, 1998; d) Chirality in Liquid
Crystals (Ed.: H.-S. Kitzerow), Springer, New York, 2001.

[2] For areview, see: a) A. Berkessel, Curr. Opin. Chem. Biol. 2003,

7, 409-419; b) J. P. Stambuli, J. F. Hartwig, Curr. Opin. Chem.

Biol. 2003, 7, 420-426; c) A. Hagemeyer, B. Jandeleit, Y. Liu,

D. M. Poojary, H. W. Turner, A. F. Volpe, Jr., W. H. Weinberg,

Appl. Catal. A 2001,221,23-43;d) K. W. Kuntz, M. L. Snapper,

A. H. Hoveyda, Curr. Opin. Chem. Biol. 1999, 3, 313-319.

For a review, see: a) M. T. Reetz, K.-E. Jaeger, Chem. Eur. J.

2000, 6, 407-412; b) K.-E. Jaeger, M. T. Reetz, Curr. Opin.

Chem. Biol. 2000, 4, 68—73; c) M. T. Reetz, Tetrahedron 2002,

58, 6595 -6602.

For examples, see: a) M. T. Reetz, A. Zonta, K. Schimossek, K.

Liebeton, K.-E. Jaeger, Angew. Chem. 1997, 109, 2961 —2963;

Angew. Chem. Int. Ed. Engl. 1997, 36, 2830-2832; b) M. T.

Reetz, S. Wilensek, D. Zha, K.-E. Jaeger, Angew. Chem. 2001,

113, 3701-3703; Angew. Chem. Int. Ed. 2001, 40, 3589 -3591;

c) D. Zha, S. Wilensek, M. Hermes, K.-E. Jaeger, M. T. Reetz,

Chem. Commun. 2001, 2664 -2665; d) E. Henke, T. Bornscheu-

er, Biol. Chem. 1999, 380, 1029-1033; e) O. May, P. T. Nguyen,

F. H. Arnold, Nat. Biotechnol. 2000, 18, 317-320.

[5] a) E. T. Farinas, T. Bulter, F. H. Arnold, Curr. Opin. Biotechnol.

2001, 72, 545-551; b) W. P. C. Stemmer, Proc. Natl. Acad. Sci.

USA 1994, 91, 10747-10751; c) W. P. C. Stemmer, Nature 1994,

370, 389-391.

For a review, see: a) M. T. Reetz, Angew. Chem. 2001, 113,292 —

320; Angew. Chem. Int. Ed. 2001, 40, 284-310; b) M. T. Reetz,

Angew. Chem. 2002, 114, 1391-1394; Angew. Chem. Int. Ed.

2002, 41, 1335-1338; c) D. Wahler, J.-L. Reymond, Curr. Opin.

Biotechnol. 2001, 12, 535-544; d) J. F. Traverse, M. L. Snapper,

Drug Discovery Today 2002, 7, 1002-1012; e) M. G. Finn,

Chirality 2002, 14, 534 —540.

[7] a) M. T. Reetz, A. Zonta, K. Schimossek, K. Liebeton, K.-E.
Jaeger, Angew. Chem. 1997, 109, 2961 -2963; Angew. Chem. Int.
Ed. Engl. 1997, 36, 2830-2832; b) M. T. Reetz, M. H. Becker,
K. M. Kuehling, A. Holzwarth, Angew. Chem. 1998, 110, 2792 -
2795; Angew. Chem. Int. Ed. 1998, 37,2647 -2649; c) L. E. Janes,
R.J. Kazlauskas, J. Org. Chem. 1997, 62, 4560-4561; d) G. Klein,
J-L. Reymond, Helv. Chim. Acta 1999, 82, 400-407; e) F.
Badalassi, D. Wahler, G. Klein, P. Crotti, J.-L. Reymond, Angew.
Chem. 2000, 112, 4233 -4236; Angew. Chem. Int. Ed. 2000, 39,
4067 -4070.

[8] a) M. T. Reetz, K. M. Kiihling, S. Wilensek, H. Husmann, U. W.
Hiusig, M, Hermes, Catal. Today 2001, 67, 389-396; b) K.
Ding, A. Ishii, K. Mikami, Angew. Chem. 1999, 111, 519-523;
Angew. Chem. Int. Ed. 1999, 38, 497-501; c) K. Mikami, R.
Angelaud, K. Ding, A. Ishii, A. Tanaka, N. Sawada, K. Kudo, M.
Senda, Chem. Eur. J. 2001, 7, 730-737; d) M. T. Reetz, K. M.
Kuehling, A. Deege, H. Hinrichs, D. Belder, Angew. Chem. 2000,
112, 4049-4052; Angew. Chem. Int. Ed. 2000, 39, 3891-3893;

3

[

(4

—_—

6

[t}

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

Chemie

1701


http://www.angewandte.org

Communications

1702

e) W. A. Tao, R. G. Cooks, Angew. Chem. 2001, 113, 779-782;
Angew. Chem. Int. Ed. 2001, 40, 757-760; f) R. A. van Delden,
B. L. Feringa, Angew. Chem. 2001, 113, 3298-3300; Angew.

Chem. Int. Ed. 2001, 40, 3198 -3200; g) F. Taran, C. Gauchet, B.

Mohar, S. Meunier, A. Valleix, P. Y. Renard, C. Creminon, J.

Grassi, A. Wagner, C. Mioskowski, Angew. Chem. 2002, 114,

132-135; Angew. Chem. Int. Ed. 2002, 41, 124-127.

a) A. Schoofs, A. Horeau, Tetrahedron Lett. 1977, 18, 3259 -

3262; b) J. Guo, J. Wu, G. Siuzdak, M. G. Finn, Angew. Chem.

1999, 7111, 1868—-1871; Angew. Chem. Int. Ed. 1999, 38, 1755—

1758; ¢) S. Yao, J.-C. Meng, G. Siuzdak, M. G. Finn, J. Org.

Chem. 2003, 68, 2540-2546; d) G. A. Korbel, G. Lalic, M. D.

Shair, J. Am. Chem. Soc. 2001, 123, 361 -362.

[10] a) M. T. Reetz, M. H. Becker, H. W. Klein, D. Stockigt, Angew.
Chem. 1999, 111, 1872-1875; Angew. Chem. Int. Ed. 1999, 38,
1758 -1761; b) W. Schrader, A. Eipper, D. J. Pugh, M. T. Reetz,
Can. J. Chem. 2002, 80, 626-632; c) M. T. Reetz, A. Eipper, P.
Tielmann, R. Mynott, Adv. Synth. Catal. 2002, 344, 1008 -1016;
d) M. A. Evans, J. P. Morken, J. Am. Chem. Soc. 2002, 124,9020—
9021.

[11] a) P. Abato, C. T. Seto, J. Am. Chem. Soc. 2001, 123, 92069207,
b) N. Millot, P. Borman, M. S. Anson, 1. B. Campbell, S.J. F.
Macdonald, M. Mahmoudian, Org. Process Res. Dev. 2002, 6,
463-470.

[12] H. Bisswanger, Enzyme Kinetics: Principles and Methods, Wiley-
VCH, Weinheim, 2002, pp. 106—-108.

[13] a) C. W. Bradshaw, W. Hummel, C. H. Wong, J. Org. Chem.
1992, 57, 1532-1536. b) E. Keinan, K. K. Seth, R.J. Lamed,
Ann. N. Y. Acad. Sci. 1987, 501, 130-150; c) J. Peters, T. Minuth,
M. R. Kula, Tetrahedron: Asymmetry 1993, 4, 1683 —1692.

[9

—

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

Angew. Chem. Int. Ed. 2004, 43, 1698 —1702


http://www.angewandte.org

Communications

1702

Stereoselective Synthesis

A Tandem Semipinacol Rearrangement/
Alkylation of a-Epoxy Alcohols: An Efficient
and Stereoselective Approach to Multifunctional
1,3-Diols**

Xiang-Dong Hu, Chun-An Fan, Fu-Min Zhang, and
Yong Qiang Tu*

Multifunctional 1,3-diols with an allyl or a propargyl group
and three consecutive stereocenters, two of which are
quaternary carbon atoms, form a class of important building
blocks that is required for the synthesis of many biologically
significant molecules, such as sieboldine A, furaquinocins,?
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and ingenol.”! The stereoselective construction of the quater-
nary carbon centers, in particular, has received considerable
attention .! However, efficient construction of adjacent
multiple stereocenters with two quaternary carbon atoms is
still a challenging area of study.”! During the past several
years, our studies on tandem reactions of a-heterocyclopro-
pane alcohols have resulted in the stereoselective construc-
tion of 2-quaternary 1,3-diheteroatom units by tandem
rearrangement/reduction reactions of a-heterocyclopropane
alcohols.”! However, the tandem rearrangement/alkylation
reactions of these alcohols, which would present an approach
to the construction of more synthetically important and
versatile 1,3-diheteroatom units, has not been accessed to
date. Recently, we successfully developed a novel tandem
reaction of o-epoxy alcohols with RB(OH), (R=allyl and
allenyl). The synthetically important features of this sequence
include the following: 1) smooth completion of the two
different chemical transformations—the stereospecific
boron-promoted semipinacol rearrangement of the a-epoxy
alcohol and the subsequent allylation or propargylation of the
intermediate B-hydroxy ketone; 2) diastereoselective con-
struction of the three consecutive stereogenic centers, two of
which are quaternary, with one allyl or propargyl group;
3) pivotal dual roles of RB(OH),: lewis acidity and alkylating
ability; it is generally assumed to act as an alkylating
reagent,l’! and to our knowledge, no report on the dual
nature of the RB(OH), has been published previously; 4) the
relative stereochemistry of Cl1 in the 1,3-diol product 2/2’,
which is independent of the relative configuration of C1 in the
substrate 1, can be tuned by the substituent R* on 1.
Consequently, this tandem transformation would offer exten-
sive application in organic synthesis. Herein, we present the
results of our investigation and its synthetic application.

We initially studied the tandem reaction of a-epoxy
alcohols with allylboronic acid (RB(OH),, R =allyl). The a-
epoxy alcohol substrates 1 were prepared in racemic forms by
epoxidation of the corresponding allylic alcohols with m-
chloroperbenzoic acid (mCPBA) or tBuO,H/[VO(acac),]
(acac = acetylacetonoate) according to literature proce-
dures.® A solution of the substrate 1 (1.0 equiv) and the
freshly prepared allylboronic acid® (1.2 equiv) in CI(CH,),Cl
was stirred at ambient temperature in an argon atmosphere
for 6-18 h, during which time a diastereoselective tandem
semipinacol rearrangement/allylation proceeded smoothly to
generate the 1-allyl-1,3-diols 2 and/or 2’ in good yields
(Scheme 1). Solvent effects were also observed in this
reaction. For example, the reaction proceeded readily in

R! OH
Ro 1kOH rRA e
R? a > 1R o 1R
o LR
R* R* “OH R*" “OH
1 2 2'
R' R?=alkyl, aryl; R®=alkyl, C1-C2syn C1-C2 anti
a. R4=alkyl major minor
b. R*=H minor major

Scheme 1. The tandem semipinacol rearrangement/allylation of a-
epoxy alcohols 1. a) allylboronic acid, CI(CH,),Cl, room temperature
(RT).
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CI(CH,),Cl, CH,Cl, or toluene, but slowed down in Et,0, and
could not even be initiated in protic solvents such as EtOH.

As shown in Table 1, various substrates proved to be
suitable for this procedure; the migrating group R* could be

Table 1: Tandem semipinacol rearrangement/allylation of a-epoxy alcohols 1 with allylboronic acid.

Angewandte

was first observed in the tandem reactions of a-epoxy
alcohols. We also found that the nature of the migrating
group R? in the substrates had a significant influence on this
tandem reaction. For example, when R? was n-butyl (nBu) or
benzyl (Bn), the expected rear-
rangement/allylation could not

Entry Substrate Erythro:threo

Major product

R' Rz?H
S

OH
2
o3
mt

1 la:m=1, R'=Me, R?=Ph 70:30
2 1b: m=0, R', R*=Ph
3 1c: m=0, R'=Me, R?=2-thienyl 88:12
HO
Cﬁ,Gm
m(
1d: m=0,n=0
5 le:m=1,n=0
1f:m=1,n=1
1
R OH
\50<R2
7 1g: R'=Me, R?=cyclopropyl 78:22 2¢g
8 1h: R'=Me, R?=Ph 69:31 2h'

readily take place.

.97[b] i 74 |Gl
22 Yield [%] The above-mentioned multi-
functional 1,3-diols may be the
key building blocks for the syn-
thesis of some significant bioactive
>99: <1 75 terpenic natural products with pol-
>99:< 1 81 yeyclic rings and polyquaternary
>99:<1 69 centers, such as pentalenene,m] 5-
oxosilphiperfol-6-ene,™™ subergor-
gic acid," isocomene,™ crinipel-
line A, and others, which are still
71:29 >99 attracting considerable attention
85:15 80 £ . .
rom synthetic chemists. As an
>99: <1 91
example here, we have constructed
the unusual tricyclo[6.3.0.0] struc-
tural motif § from the multifunc-
31:60 - tional 1,3-diol 2d (Scheme 2) in an
: . o .
<1:>99 61 overall yield of 50% by just two

[a] The ratio of two C1 epimers in substrate 1; see ref. [8]. [b] The ratios were determined by 'H NMR

spectroscopy. [c] Yield of the isolated product.

aryl or alkyl, thus demonstrating its broad scope of applica-
tion. '"H NMR NOE experiments on the acetonide of the 1,3-
diols 2a indicated that when R? and R* formed a linker or R*
was an alkyl group (entries 1-6), the two adjacent stereo-
centers C2 and C3 had a trans relative configuration (namely,
C2—R? was trans to C3—OH) and the C1-OH group had
predominantly the o configuration.'” This stereochemistry
was derived from the highly stereospecific boron-promoted
semipinacol rearrangement as well as the subsequent diaster-
eoselective intramolecular allylation. Notably, a mixture of
two C1 epimers in the substrates 1 (entries 1, 3, 7, and 8), such
as is present in 1a and 1c, generated one diastereoisomeric
product 2a and 2e¢, respectively, which indicated that the
migration of R? from Cl1 to C2 was highly stereoselective
irrespective of the relative configuration of C1 in 1. In the
spirocyclic systems examined (entries 4-6 of Table 1), cis,-
trans-spirocyclo-1,3-diols 2d-2 f were obtained as the major
products, whose relative configuration was further deter-
mined unambiguously by the X-ray crystallographic analysis
of 2£['Y The relative stereochemistry of the minor products
was determined by 'HNMR NOE experiments of the
benzylidene acetal of 2d’.1"!

When the substrate possessed nonlinked R* and
R* groups, and R* was hydrogen, an interesting inversion of
the configuration was found on CI—OH. For example in
entries 7 and 8, the major product 2’ was obtained in good
yield with a C1—OH group in a 3 configuration.!”l It is notable
that for entry 8, when the migrating group R? was the
favorable Ph group, the completely reversed Cl1 stereochem-
istry of 2h" was observed. This tunable stereoselectivity
arising from the structure of the substrate, to our knowledge,

Angew. Chem. Int. Ed. 2004, 43, 1702 -1705
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steps (PDC oxidation and the ster-
eocontrolled cyclization under
SmI,)!" wherein the diastereose-
lectivity demonstrated was in
accordance with the transition state 4 from the previously
proposed mechanism for the SmI,-mediated cyclization.!'"
This tricyclic skeleton § would act as the key and general
intermediate for the synthesis of the above natural products if
suitable substrates were used.

HO

5

Scheme 2. Synthesis of 5. a) PDC, CH,Cl, and b) Sml,, HMPA, tBuOH,
THF, 50% over two steps. PDC = pyridinium dichromate.

To further expand the scope of this tandem reaction we
considered the use of the more versatile propargylic sys-
tems."® Further investigation was, therefore, aimed at the
tandem reaction of a-epoxy alcohols with allenylboronic acid
(RB(OH),, R =allenyl),* and the cyclic substrates (1a, 1f,
and 1k R*=alkyl) and the acyclic one (1h, R*=H) were
subjected to the reaction sequence. The 1-progargyl-2-qua-
ternary-1,3-diols were obtained in moderate yields. From
Table 2 (entries 1-3) it can be seen that the diastereoselec-
tivity exhibited in the construction of the three adjacent
stereocenters in this reaction is the same as that of entries 1-6
in Table 1, which was further confirmed by '"H NMR NOE
experiments of the acetonide of 3a.'"! Partial reversion of the
C1 stereochemistry was also observed (entry 4 of Table 2).

On the basis of the above experimental results and the
process of semipinacol rearrangement/alkylation of a-epoxy

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2: Tandem reaction of a-epoxy alcohols 1 promoted by allenylboronic acid.

process. In this step, the relative stereo-

R' ic aci 2OH 2OH chemistry of the C2 and C3 centers in the
R%g;i alglr(]gag)?gll,c;?d’ R% R%{‘RN final 1,3-diol products was perfectly con-
2 © -~ R trolled. On the basis of the distinct depend-
R R OH R OH .
1 3 3 ence of the Cl stereochemistry upon the
substrate structure, particularly on the
Entry Substrate Erythro:threol” Major product 3.3 Yield %9 T nature of R* in 1, the chelated bicyclic
o phoH transition states 9/10 for allylation and 11/12
(jﬂ,h 2 X for progargylation were proposed, where 9/
1 © 70:30 o >99:<1 55 70 h 11 and 10/12 resulted from the boron-
1a coordinated P-hydroxy ketones 7 and 8,
3 respectively. When the substituent R* was
Phom EhQH < CH,, it could be seen that the steric
5 (:g;"h [P 2991 40 J8h hindrance between the axial alkyl R* and
OH ’ the axial allyl or propargyl groups, respec-
1k tively, clearly existed in 10 and 12, and the
HO subsequent allylation or progargylation
o process in this tandem reaction occurred
3 >99:<1 74 65h by means of the favorable intermediates 9
1f or 11 to yield the final 1,3-diol products with
on oh C1-OH group with an a configuration
\gg:h \f<\ (entries 1-6 of Table 1 and entries 1-3 of
4 o 69:31 on 1:1 48 4days  Table 2). However, when R* was hydrogen,
1h 3di3d’ the unfavorable steric effect of R* did not

exist in 10 and 12, which resulted in the

[a] The ratio of two C1 epimers in substrate 1; see ref. [8]. [b] The ratios were determined by '"H NMR

spectroscopy. [c] Yield of the isolated product.

alcohols, the mechanism for the generation of the stereo-
chemistry of the three contiguous stereocenters could be
explained (Scheme 3). In the first stage, the Lewis acidic
boron center readily promoted the semipinacol rearrange-
ment through coordination with the epoxy oxygen atom.
Cleavage of the activated C2—O bond of the epoxide then
occurred concomitantly with the stereospecific 1,2-migration
of R? in a transition-state geometry resembling an Sy2

inverse stereochemistry at C1. In the case of
entry 7 of Table 1 (R*=H, R*= cyclopro-
panyl), the bulky R? group was cis to the
allyl group in the transition state 9, and diols
2¢g’ was obtained as the major product with a C1-OH group
with a 3 configuration via the more favorable transition state
10. Complete inversion of the C1 stereochemistry was
observed in entry 8 of Table 1 (R*=H, R?=Ph), possibly
not only because of the favorable anti configuration between
the bulky R* (R? = Ph) and allyl groups in 10, but also because
of the preferred conformation of the axial phenyl group.””

In conclusion, we have successfully developed a novel
tandem semipinacol rearrangement/alkyl-
ation of a-epoxy alcohols. This reaction has
proved to be a general, efficient and short

H,0 HS;B;; method for construction of multifunctional
1+RB(OH), — | . 1,3-diols with three adjacent stereocenters,
R’} N R2 two of which are quaternary carbon atoms.
6 We believe that this tandem reaction will
l find extensive application in the synthesis
B of important complex organic compounds,
RN ¥ R ] :i;« ¥ especially those with polycycles and multi-

2 ~— HO’BJO'O,_QB}QZ D— HO’B\"'O;/ \ 2R1R2 — HO’BBO,‘Q/R2 — 3 ple stereocenters.

R R3 0™ RARS RRs
9 7
R=allyl R = allenyl Experimental Section

]l General procedure for the tandem reaction of a-
RZ % 1R2 rR2 ¢ epoxy alcohol with allylboronic acid or allenyl-
y 0w Ry R — o= R SRS Oss R RO 3 boronic af:id (Table 1, entry 1): A sglution of
Ho~3“cﬁ\ HO-g«0< HO~g=03 allylboronic acid (103.2 mg, 1.2 mmol) in dry 1,2-
s/ R4 R R? 27 R4 dichloroethane (20 mL) was added to a solution
10 8 12 of 1a (218 mg, 1 mmol) in dry 1,2-dichloroethane

Scheme 3. Proposed mechanism of the tandem semipinacol rearrangement/alkylation reaction of

a-epoxy alcohols.
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(20 mL) at room temperature in an argon atmos-
phere. The reaction mixture was stirred at room
temperature to ensure completion of the reac-
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tion. The 1,2-dichloroethane was removed under reduced pressure
and the residue dissolved in diethyl ether (30 mL) before oxidizing
with NaOH(2N)/H,0,(30%). The aqueous layer was added to
saturated brine (20 mL) and then extracted with ethyl acetate (5 x
30 mL). The combined organic extracts were dried over anhydrous
Na,SO,. Evaporation of the solvent and purification of the crude
product by column chromatography on silica gel (petroleum/ethyl
acetate 35/1—15/1) afforded 2a/2a’ (195 mg, 0.75 mmol, 75%).

5: A solution of 2d (100 mg, 0.5 mmol) in dichloromethane was
mixed with a solution of pyridinium dichromate (207 mg, 1.1 mmol)
in dichloromethane with stirring at room temperature. Reaction was
completed in 1 h and quenched with Et,O. The mixture was filtered
quickly through a short column of basic Al,O;, washed with saturated
brine, and dried over anhydrous Na,SO,. The product was labile to
column chromatography, so the 5-exo-cyclization was performed
directly on the crude product by using literature procedures."”” The
solvent was removed under reduced pressure. A solution of the
residue and rBuOH (741 mg, 1 mmol) in tetrahydrofuran (THF)
(20 mL) was added dropwise to the deep purple solution of SmL,?!!
(0.1m in THF, 15mL, 1.5 mmol) and hexamethylphosphoramide
(HMPA; 1.97 g, 11 mmol) in THF. Reaction was completed in 10 min
and was quenched with saturated NaHCO;. The aqueous phase was
extracted with ethyl acetate (4x30mL). The combined organic
extracts were dried over anhydrous Na,SO,. Evaporation of the
solvent and purification of the crude product by column chromatog-
raphy on silica gel (petroleum/ethyl acetate 35/1) afforded 5 (49 mg,
0.25 mmol, 50 % over two steps).
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Matrix Isolation

Infrared Spectra of Indium Hydrides in Solid
Hydrogen and of Solid Indane**

Lester Andrews* and Xuefeng Wang

The inherent weakness of the In—H bond might be useful for
the design of precursors for chemical vapor deposition (CVD)
to make indium-containing semiconductor devices. A few
interesting indium hydride complexes have been prepared
from InH;NMe; and LilnH,™ but the primary indium
hydride, indane (InHj;), has endured a controversial existence.
Claims for the early preparation of solid indane by Wiberg
et al.™ could not be reproduced.F! Mass spectroscopic inves-
tigation®® of the comparative stabilities of AlH;, GaHs, and
InH; also casts doubt on the stability of (InHj),. Reviews
continue to state that indane has not yet materialized” and
theoretical calculations suggest that solid indane lacks room-
temperature stability.®! However, bridging In—-H—In bonds
formed on indium-rich InP semiconductor surfaces are stable
at room temperature.”’

There is spectroscopic evidence for the intermediate InH,
InH,, and InH, molecules.'"') Recently Mitzel concluded
that the next question remaining to be answered concerns the
possible isolation of InH,."™ In contrast, thalium hydride
(TIH) has only been investigated in the gas phase,'” and there
is no experimental evidence to date for TIH, and TIHs.

We recently reported the preparation of dialane using the
reaction of laser-ablated aluminum with pure H, during
condensation at 3.5 K.' The reaction first formed AIH, UV
photolysis and annealing in solid hydrogen then gave AlH;
and Al H,. After evaporation of the H, matrix host, a solid
alane film remained on the Csl window until removed by
cleaning at room temperature. This film exhibited broad IR
absorptions at 1720 and 720 cm ™', which are almost identical
to the 1760 and 680 cm ™' bands reported for solid (AlHj),
samples containing only bridging AlI-H—Al linkages."*") We
report herein the first successful preparation of solid (InHj),
using this new cryogenic method, and its spectroscopic
characterization as being isostructural to solid (AlH;),. This
work refutes the Wiberg claim™ for the synthesis of (InHy),.

The laser-ablation experiment in conjunction with pure
hydrogen as a matrix at 3.5K has been described else-
where 7201 Clearly the ablation laser energy must be
limited or the heat load from material and radiation directed
to the cold window will prevent the deposition of solid
hydrogen.

[*] Prof. Dr. L. Andrews, Dr. X. Wang
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Indium (99.99 % ) was melted into a steel cup and the soild
indium sample was rotated to minimize local heating of the
target. A series of infrared spectra were recorded after matrix
sample preparation to form indium-hydride intermediate
species in a solid-hydrogen matrix at 3.5 K, and after various
subsequent treatments (Figure 1). Analogous experiments
with D, give the spectra shown in Figure 2.
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Figure 1. Infrared spectra in the 1900-1000 cm™' region for laser-
ablated indium codeposited with normal isotopic hydrogen at 3.5 K.
a) Pure H, and In deposited, b) after 193 nm irradiation for 3 min,
c) after 193 nm irradiation for 58 min (total), d) after annealing to
6.2 K, e) after annealing to 8 K and removing the H, matrix host,

f) spectrum recorded at 70-100 K, and g) spectrum recorded at

180-200 K.
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Figure 2. Infrared spectra in the 1400-700 cm™' region for laser-

ablated indium codeposited with deuterium at 3.5 K. a) Pure D, and In
deposited, b) after 193 nm irradiation for 20 min, c) after 193 nm irra-
diation for 40 min (total), d) after annealing to 9.0 K, e) spectrum
recorded at 30-60 K after removal of the D, matrix host, f) spectrum
recorded at 110-130 K, and g) spectrum recorded at 200-220 K.

Infrared spectra after 193 nm irradiation, Figure 1b and
Figure 2b, show the pronounced growth of new strong bands
at 1393.4 and 997.7 cm ™' respectively, which are between the
gas phase (1424.8 and 1023.5 cm )12 and solid argon

Angew. Chem. Int. Ed. 2004, 43, 17061709



(1387.4 and 995.9 cm ™)™ fundamentals for InH and InD,
respectively. The weaker 1628.9/1563.3cm™ and 1175.4/
1126.3cm™ band pairs are assigned to InH, and InD,,
respectively, as these bands are 13-15cm™ higher the
corresponding bands documented in argon matrix."®! Con-
tinued irradiation at 193 nm, Figure 1¢ and Figure 2c, max-
imizes the intensity of new absorptions at 1760.9 and
1266.2 cm™" (Table 1) which are assigned to InH; and InD,
in solid H, and solid D,, respectively, as they appear at slightly
higher wavenumbers than the 1754.5 and 1261.2 cm ™' argon-
matrix bands!".

Table 1: Infrared absorptions [cm™'] observed for indium and thallium
hydrides in solid hydrogen or deuterium at 3.5 K.

In, H, In, D, Tl, H, Tl, D, Hydride
1760.9 1266.2 1748.4 1254.6 MH,;
1628.9 1175.4 1520.0 1098.8 MH,
1563.3 1126.3 1390.2 1007.5 MH,
1407.7 1011.6 MH site
1393.4 997.7 1311 940 MH
979.6 709.9 909.7 652.9 M,H,
1460.01 1060.0% bl o (MH,),,

[a] Broad bands appeared after warming above 7(10) K to remove H,(D,)
and disappeared above 200-210 K. [b] Not observed for Tl.

Annealing the H, sample to 6.2 K increases the InH,
absorptions and sharpens the InH band with little effect on
the InH; absorption (Figure 3). Further annealing to higher
temperatures was carried out to search for the possible
formation of In,Hg: A neon “overcoat” enabled the solid H,
to be annealed above 7 K. The InH; monomer decreases and
the weak absorptions at 1820, 1803, 1297, and 1059 cm™
increase on annealing in the 7-8 K range. These absorptions,
labeled DI for diindane, increase together on annealing to
7.2 K (Figure 3d) and are joined by others in the lower region
at 718, 535 and 526 cm™" (not shown) These absorptions are
destroyed by 193 nm radiation, and regenerated in part by

0.12 AN
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’ In,H,
7 I @
0.091 A
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Figure 3. Infrared spectra in the 1840-1740 and 1340-940 cm™
regions for laser-ablated indium co-deposited with hydrogen at 3.5 K.
a) Pure H, and In deposited, b) after 193 nm irradiation for 15 min,
c) after annealing to 6.2 K, and d) after annealing to 7.2 K.
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further annealing to 7.0 K (not shown). Similar behavior was
found for deuterium: Weak new bands were observed at 1297,
1291, 943, and 767 cm ™' on annealing to 9-12 K.

The spectrum after removing the H, matrix host shows
that the sharp InH; product absorptions are replaced by a
broad (300 cm™' full-width at half-maximum) band centered
at 1460 £20 cm™' (Figure 1¢). Similar behavior is observed
for In and D,: the strong InD, band at 1266.2 cm ™' is replaced
by a broad (200 cm™' full-width at half-maximum) band
centered at 1060+20cm™' (Figure2e). Spectra were
recorded for both samples continuously as they warmed to
room temperature. The broad 1460 cm™! band in H, experi-
ments is observed in spectra recorded at 30-60 K and up to
160 K, is decreased in the 160-180 K range, and is absent
above 180 K (Figure 1g). The broad 1060 cm™' band in
spectra with D, at 30-60 K (Figure 2e) remains in the spectra
recorded up to 180-200 K and is absent above 200K
(Figure 2g). Indium metal is deposited on the window at
room temperature.

FElectronically excited indium hydride is formed very
efficiently in these experiments by activation with 193 nm
excitation® of In in an endothermic (46 kcalmol™!)!%
Equation (1). This electronically excited InH* reacts straight-
away with the hydrogen matrix cage to form InH; [Eq. (2)].

In + H,22"™InH* + H (1)
InH* + H, — InH, 2)
The In,H, (In,D,) product is detected at 979.6

(709.9) cm™!, which is slightly higher than the recently
reported argon-matrix counterparts,”?! as expected. Anneal-
ing to 6.5 K (Figure 3c¢) triples the intensity of the 979.6 cm™!
In,H, band and sharpens the InH absorption. Further
annealing to 7.2 K increases In,H, at the expense of InH
and decreases InH, and InH;, while the above seven bands
increase in intensity. Higher polymers of InH with In—-H—In
linkages should absorb near In,H, (or to lower wavenumber).
Hence, the broad 1460 and 1060 cm ™' bands can be assigned
to absorptions of solid (InHj;), and (InDj), (Figure 1 and 2).

The positions of the broad bands in the In/H, and In/D,
spectra define a H/D ratio 1460/1060 = 1.377 appropriate for
an In—H stretching vibration (InH,,; intermediates exhibit
H/D ratios ranging from 1.386 to 1.394). Solid alane exhibits a
broad band (AlH,;),/(InH;),, ratio (1720/1460 = 1.18), which is
comparable to the Al/In frequency ratios in solid hydrogen
for the MH (1.16), MH, (1.12, 1.15), and MH; (1.07)
molecules (M =metal), and for the calculated parallel ring-
stretching mode (bs,) frequency ratio for M,H,; molecules
(1483/1280 =1.16). This result demonstrates that the broad
bands in (AlH;), and (InH;), are due to fundamental Al-H—
Al and In—H—In stretching vibrational modes, respectively,
and implies that network solid (AlH;), and (InH;), have
similar structures although a different coordination environ-
ment of In cannot be excluded on this basis.

Solid gallane has an oligomer structure with both terminal
and bridging Ga—H bonds.”® The chemistry of Al, Ga, and In
is influenced by a d-orbital contraction for Ga, which makes
Ga atoms smaller and more electronegative. In contrast Al

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2: Calculated and observed infrared active vibrational modes for dibridged In,Hg (D,)-

and In are more electropositive, and better Lewis acids, and
stabilize the sixfold coordination network® with M—H-M
bridge bonds in solid (AlHj;), and in solid (InH,),.

We also find evidence for In,H molecules: This dimer is
produced during the later stages of the annealing at 6-8 K
before the solid film is formed, which suggests a small barrier
to dimerization. Although the amount of In,H, also increases
on annealing by dimerization reaction (2InH—In,H,), the
further addition of 2H, to form In,H¢ probably requires
substantial activation energy. The indane dimerization reac-
tion (2InH;—1In,Hj) is calculated to be exothermic by only
1 kcalmol ™.l The new 1820, 1803, 1297, 1059, 718, 535, and
526 cm™! absorptions are appropriate for dibridged In,Hj
based on comparisons with recent MP2 calculations!®
(Table 2) and the spectrum of ALHj in solid hydrogen.'*!”)
The two terminal In-H, modes at 1820 and 1803 cm™! are
higher than for InHj, as calculated and observed, and as found
for the aluminum analogs. The two In-H-In bridging modes at
1297 and 1059 cm ! are 35 cm ™' above and 30 cm ' below the

0.081

0.06 4

0.04 4
A )
0.02 4
H,0
0.00 4 o)
T T T T T
1800 1700 1600 1500 1400 1300

-~ V(emh

Figure 4. Infrared spectra in the 1800-1260 cm ' region for laser-

ablated thallium codeposited with hydrogen at 3.5 K. a) Pure H, and Tl
deposited, b) after 193 nm irradiation for 5 min, c) after 1 >240 nm
irradiation for 10 min, and d) after annealing to 8 K.

low yield of TIH,.[%*! Finally, this result casts

Symmetry

Calcd® Intensity!® Observed® Intensity®! Observed! H/D ratic doubt on the claimed synthesis of
[cm™] [cm™] [em™] (TIH;),.o27
1841 (139) 1820  (0.004) 1297  1.403 .
1262 (1372) 1297 (0.011) 943 1375 Received: October 31, 2003 [Z53216]
607 (834) 535 (0.034) - -
1089 (420) 1059 (0.005) 767 1.381 Keywords: hydrides - indium -
588 (259) 526 (0.008) - - IR spectroscopy - matrix isolation - thallium
1837 (522) 1803 (0.002) 1291 1.397
753 (261) 718 (0.005) - -
202 (10)

[a] Ref. B intensities (kmmol ™). [b] This work, observed in hydrogen matrix on annealing to 6-8 K:
Intensities (integrated absorbance). [c] This work, observed for In,Dg in deuterium matrix on warming to
9-12 K.
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calculated values, and of course below the observed values for
ALH;.

Similar experiments with laser-ablated thallium and
hydrogen (deuterium) give weak bands at 1311 (940) cm™,
which increased on ultraviolet irradiation and are slightly
lower than gas-phase TIH (TID) fundamentals'” of 1345.3
(963.7)cm™' and are due to diatomic thallium hydride
molecules in solid H, (D,). Weak absorptions are observed
at 1520.0 (1098.8) and at 1390.2 (1007.5) cm™" for the TIH,
(TID,) dihydrides and at 1748.4 (1254.6) cm™" for the TIH,
(TID;) trihydrides (see Table1). Our TIH; frequency is in
excellent agreement with the MP2 prediction.’! Thallium
hydride spectra are illustrated in Figure 4. In addition we
observe weak absorptions for the TL,H, (TL,D,) dimers at
909.7 (652.9) cm™, in spite of the fact that TL,H, was not
predicted to be stable.’! Our TIH; band absorbance is much
less intense than that observed for InH,, which in turn is
expected to be much less than that observed for GaH; and
AIH, 1172431 Byaporation of the H, (D,) matrix gave no
evidence of broad absorption bands in the 1500-700 cm™!
region that might be due to solid thallium hydride. Our failure
to observe (TIH;), at low temperature is due to the inherent
instability of the TI"™ hydride, which is also manifested in a

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

www.angewandte.org

[1] D.E. Hibbs, M. B. Hursthouse, C. Jones,
N. A. Smithies, Organometallics 1998, 17,
3108.

[2] C.Jones, Chem. Commun. 2001, 2293.

[3] S.I. Bakum, S. F. Kuznetsova, V. P. Tarasov,
Zh. Neorg. Khim. 1999, 44, 346.

[4] E. Wiberg, O. Dittmann, M. Z. Schmidt, Z.

Naturforsch. B 1957, 12, 57.
[5] M. J. Taylor, P.J. Brothers in Chemistry of Aluminum Gallium,
Indium, and Thallium (Ed.: A.J. Downs), Blackie, Glasgow,
1993.
[6] P.Breisacher, B. Siegel, J. Am. Chem. Soc. 1965, 87, 4255.
[7] a) A.J. Downs, C. R. Pulham, Chem. Soc. Rev. 1994, 23, 175;
b) S. Aldridge, A.J. Downs, Chem. Rev. 2001, 101, 3305.
[8] P. Hunt, P. Schwerdtfeger, Inorg. Chem. 1996, 35, 2085.
[9] K.Raghavachari, Q. Fu, G. Chen, L. Li, C. H.Li,D. C. Law,R. F.
Hicks, J. Am. Chem. Soc. 2002, 124, 15119.
[10] K. P. Huber, G. Herzberg, Constants of Diatomic Molecules,
Van Nostrand, Princeton, 1979.

[11] A.H.Bahnmaier, R. D. Urban, H. Jones, Chem. Phys. Lett. 1989,
155, 269.

[12] a) J. B. White, M. Dulick, P. F. Bernath, J. Mol. Spectrosc. 1995,
169, 410b) F. Tto, T. Nakanaga, H. Tako, J. Mol. Spectrosc. 1995,
169, 421.

[13] P. Pullumbi, C. Mijoule, L. Manceron, Y. Bouteiller, Chem. Phys.
1994, 185, 13.

[14] P. Pullumbi, Y. Bouteiller, L. Manceron, C. Mijoule, Chem. Phys.
1994, 185, 25.

[15] N. W. Mitzel, Angew. Chem. 2003, 115, 3984; Angew. Chem. Int.
Ed. 2003, 42, 3856.

[16] L. Andrews, X. Wang, Science 2003, 299, 2049.

Angew. Chem. Int. Ed. 2004, 43, 17061709


http://www.angewandte.org

[17] X. Wang, L. Andrews, S. Tam, M. E. DeRose, M. E. Fajardo, J.
Am. Chem. Soc. 2003, 125, 9218.

[18] J. W. Turley, H. W. Rinn, Inorg. Chem. 1969, 8, 18.

[19] W. E. Matzek, D.F. Musinski, US Patent 3,883,644, 1975;
[Chem. Abstr. 1975, 83, 45418].

[20] X. Wang, L. Andrews, J. Phys. Chem. A 2003, 107, 570.

[21] W. Schroeder, H.-H. Rotermund, H. Wiggenhauser, W. Schrit-
tenlacher, J. Hormes, W. Krebs, W. Laaser, Chem. Phys. 1986,
104, 435.

[22] H.-J. Himmel, L. Manceron, A.J. Downs, P. Pullumbi, J. Am.
Chem. Soc. 2002, 124, 4448.

[23] a) A.J. Downs, M. J. Goode, C. R. Pulham, J. Am. Chem. Soc.
1989, 111, 1936; b) C. R. Pullam, A.J. Downs, M. J. Goode,
D. W. H. Rankin, H. E. Robertson, J. Am. Chem. Soc. 1991, 113,
5149.

[24] X. Wang, L. Andrews, J. Phys. Chem. A 2003, 107, 11371.

[25] P. Schwerdtfeger, G. A. Heath, M. Dolg, M. A. Bennett, J. Am.
Chem. Soc. 1992, 114, 7518.

[26] E. Wiberg, O. Dittmann, H. N6th, M. Z. Schmidt, Z. Natur-
forsch. B 1957, 12, 61.

[27] E. Wiberg, E. Amberger, Hydrides of the Elements of Main
Groups I-1V, Elsevier, Amsterdam, 1971.

Angew. Chem. Int. Ed. 2004, 43, 17706 -1709 www.angewandte.org

Angewandte

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

Chemie

1709


http://www.angewandte.org

Inverse Crowns

Synthesis and Crystal Structure of [{nBuMg(u-
TMP)},] and of a Homometallic Inverse Crown
in Tetranuclear [{nBuMg,[u-N(H)Dipp],(ns-
OnBu)},]**

Eva Hevia, Alan R. Kennedy, Robert E. Mulvey,* and
Susan Weatherstone

Although the first substantial studies of organomagnesium
amides “RMgN(R")(R?)” took place in the 1960s through the
pioneering work of Coates et al.,l'! their impact on synthesis
since then has been almost invisible in comparison to that of
Grignard reagents or lithium organoamides. However, recent
communications by Eaton and co-workers thrusting “BuMg-
NiPr,” into the limelight as a new Brgnsted base for
regioselective deprotonation of cyclopropane and cyclobu-
tane carboxamides®® could mark a watershed in the appre-
ciation and utilization of these hitherto largely friendless
organometallics. “BuMgNiPr,” is now sold commercially in
the form of a THF solution by the chemical company Aldrich,
but not as a single, well-defined compound as it contains a
mixture of n-butyl and sec-butyl components.”! For the
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complete picture, it should be noted that predating the
paper by Eaton et al., “nBuMgNiPr,” was found to exhibit
high Cram selectivity as it adds to a-chiral 2-phenylpropanal
to form the nBu-substituted alcohol,®! while “#BuMgNiPr,”
and “sBuMgNiPr,” are mentioned in a patent!® to be useful in
the manufacture of catalysts employed in the polymerization
of rubber, although no details are presented. It struck us that
there was an urgent need for fundamental development of
this impoverished class of compound, a point reinforced by
three recent reports”® of the use of specialized chiral
organomagnesium amides in enantioselective methodology.
Thus, we begin this process here by describing a novel
synthetic strategy to alkylmagnesium amides, illustrated by
the synthesis of a new, potentially exciting reagent based on
the classical secondary amide ligand TMP, (2,2,6,6-tetrame-
thylpiperidide, (Me),CCH,CH,CH,C(Me),N"). The applica-
tion of this strategy to a primary-amide system unexpectedly
produced a remarkable trianionic (alkoxo-alkyl-amido)mag-
nesium complex. Discussion focuses on how this latter
complex is best viewed from the perspective of earlier work
on mixed-metal amide inverse crowns!” as the first homo-
metallic (magnesium-magnesium’) inverse crown.

Seeking to synthesize new alkylmagnesium amides with
classical utility ligands, we were surprised to learn that
“nBuMgTMP” (a “magnesium hybrid” of the important
commercial lithium reagents nBuLi and LiTMP) had hitherto
not been prepared in its own right though it may have “passed
by” during the twofold amination of dibutylmagnesium
(MgBu,) on the way to bis(amido) Mg(TMP),." Our
alternative approach of treating the Grignard reagent
nBuMgCl with NaTMP in ether solution readily produces
the target compound [{#nBuMg(u-TMP)},], 1, in an isolable,
pure crystalline, single-alkyl form, ideal for employment in
subsequent synthetic applications. The outstanding aspect of
this method is the cleavage of the ether-Mg dative bonds of
the starting Grignard reagent to leave 1 with wholly ether-free
Mg centers (thus giving 1 an immediate advantage over
Grignard reagents, as its solution chemistry is not limited to
donor solvents such as ethers or amines). Though no
precedent exists for this method of preparing alkylmagnesium
amides that involves a Grignard reagent, sodium amide, and
ether, Veith et al. reported the reaction of MeMgCl in ether
solution with the dilithium disilazide Li,L. (L = (BulN)(Me)-
Si(N#Bu),Si(Me)(NBu)) to afford L(MgMe),,''! while
Coates noted ether desolvation in forming [iPrMgN(iPr),]"!
by the standard route of hemiamination of the bis(alkyl)
(iPr),Mg. With a view to future deprotonation/magnesiation
utility, it is noteworthy that 1 does not carry hydrogen atoms
on its amido o-C atoms: hence reduction side reactions of the
Meerwein-Ponndorff-Verley typel*! cannot compete as they
can do with bases that contain N(iPr),. The molecular
structure of 1 (Figure 1) has bridging TMP and terminal
nBu ligands surrounding the Mg center in a non-centro-
symmetric, dimeric (MgN), planar-ring arrangement. Wide
exocyclic NMgC(Bu) bond angles (mean value 132.69°) mark
the highly distorted trigonal-planar primary coordination
sphere of the Mg center. The most interesting feature is the
presence of secondary contacts from each Mg atom to two Me
substituents on different TMP ligands (mean length to C
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Figure 1. Molecular structure of 1 with hydrogen atoms omitted for
clarity. Selected dimensions [A and °]: Mg(1)-C(19) 2.126(4), Mg(1)-

N(1) 2.121(4), Mg(1)-N(2) 2.117(4), Mg(1)-C(7) 2. 773(5) g(1)-C(18)
2.792(5), Mg(2)-C(23) 2.130(4), Mg(2)-N(1) 2.130(4), Mg(2)-N(2)
2.122(4), Mg(2)-C(16) 2.843(5), Mg(2)-C(9) 2.860(5), N(2)-Mg(1)-N(1)
94.50(14), N(2)-Mg(1)-C(19) 132.15(18), N(1)-Mg(1)-C(19) 133.02(18),
(1)-N(1)-Mg(2) 85.56(15), N(2)-Mg(2)-C(23) 131. 72(17) N(2
(

Mg(1) )-
Mg(2)-N(1) 94.08(14), C(23)-Mg(2)-N(1) 133.98(17), Mg(1)-N(2)-
Mg(2)

(2) 85.85(14).

atom, 2.817 A; compare with 2.128 A for primary Mg—C
bonds). These weaker interactions are accompanied by a
severe twisting of the hexagonal TMP rings from their
characteristic chair shape. Enveloped by this set of three
primary (C, N x2) and two secondary (C x 2)atoms, the Mg
coordination spheres have no space available for additional
ligands, hence the desolvation process observed during the
preparation of 1 must be sterically driven.

Replacing NaTMP by the primary amide NaN(H)Dipp
(Dipp =2,6-diisopropylphenyl) in Equation (1) fortuitously

nBuMgCl + NaTMPpleame/eter, , BuMgTMP + NaCl 1)

first led us to synthesize the novel trianionic complex
[{nBuMg,[u-N(H)Dipp],(1s-OnBu)},], 2

Compound 2 crystallized preferentially in low yield from
the reaction of impure nBuMgCl in ether solution with a
hydrocarbon suspension of NaN(H)Dipp. The presence of the
adventitious alkoxo ligand was traced unequivocally to the
starting Grignard reagent through a combination of Wittig—
Harborth double titrations! and '"H/®C NMR spectra.l'”]
Interpreting 2 as a composite of the amide-alkoxide nBu-
MgOnBu and the bis(amide) Mg[N(H)Dipp],, we then
reprepared it rationally in a much improved yield by mixing
together MgBu,, Mg[N(H)Dipp], and nBuOH in a 1:1:1
stoichiometry. The molecular structure of 2 (Figure 2 and
Figure 3)[') bears a close resemblance to that of alkoxide-
encapsulated inverse crowns, most pertinently the sodium—
magnesium-based complex [Na,Mg,(u-NiPr,),(us-OnBu),] "
3. In 2, an octagonal {(MgNMg'N),} cationic ring, us-capped
top and bottom by butoxo O atoms, is chair-shaped with the
Mg2 atoms displaced on either side of the plane defined by
NMgIN--NMglN. The angle between the NMg2N chair back
and this plane is 100.51(13). These features are shared by 3
(the corresponding interplane angle is 154.64°) with the

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Molecular structure of 2 without carbon-attached hydrogen
atoms and disorder components. Selected dimensions [A and °].

Mg(1)-N(1) 2.041(3), Mg(1)-O(1) 2.037(3), Mg(1)-N(2)® 2.037(3),
Mg(1)-0(1)% 2.068(2), Mg(2)-N(1) 2.168(4), Mg(2)-C(29) 2.109(5),
Mg(2)-0(1) 2.121(3), N(2)*>Mg(1)-O(1) 100.17(13), N(2)*-Mg(1)-N(1)

166.77(14), O(1)-Mg(1)-N(1) 90.86(13), N(2)-Mg(1)-O(1)* 90.29(12),
O(1)-Mg(1)-0(1)* 87.55(10), O(2)-Mg(2)-N(1) 85.24(11), N(2)-Mg(2)-
N(1) 104.46(15), C(29)-Mg(2)-N(1) 121.06(17), O(1)-Mg(2)-N(2)
85.44(11), C(29)-Mg(2)-N
127.58(17), Mg(1)-
92.42(10).

(2) 123.03(17), C(29)*-Mg(2)-O(1)
O(1)-Mg(1)* 92.45(10), Mg(1)-O

M-Mg(2)

Figure 3. Alternative view of 2 highlighting the elongated chair-shape
of the {MgNMgNMgNMgN} core.

significant distinction that the butyl-carrying Mg2 sites are
occupied by Na atoms free of exosubstituents. Noting that
(MgBu)t is isovalent with Na*, we regard 2 as an isovalent
analogue of 3 and thus may be considered the first homo-
metallic inverse crown. The structures are sterically compat-
ible because the extra steric hindrance created by the
introduction of the exo-Bu substituents in 2 is offset by the
reduced steric bulk of the amide (i.e., in switching from a
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secondary to a primary type). These amido H atoms (and
concomitantly the aryl substituents) lie transoid to each other
along the N1MgIN2? chair edge and across the chair seat (on
N1 and N1?).

I|3u
H ‘\\\l\/;g,,_N,Dipp Pro, . \\Ta, N‘,iPr
; “H “iPr
Dipp \J\\OR, / iPr \_“\OR,' /

Mg, Mg ’\//19,OR,M9
Ho.. N/ | }\l Dipp iPr,..N | }\l/iPr
Dipg” Mg™ " H P Na” iPr

|
Bu
2 3

With respect to the future, 1 is now readily available in a
convenient crystalline form for use/exploration by synthetic
chemists; the method used to synthesize it merits more
investigation as it may apply generally to ether-free organo-
magnesium amides with sterically demanding substituents,
and this first demonstration of the isovalent relationship in
inverse crown chemistry expands yet further the opportuni-
ties for development within this intriguing class of com-
pounds.

Experimental Section

Preparation of [{nBuMg(u-TMP)},] (1): NaBu (10 mmol, 0.8 g) was
suspended in hexane (20 mL) to which TMPH (10 mmol, 1.7 mL) was
added. The resulting pale yellow suspension was stirred at room
temperature for two hours. BuMgCl (10 mmol, 5 mL of a 2m solution
in ether) was then added. The reaction mixture was stirred at ambient
temperature overnight. This resulted in the formation of a white
suspension in an orange solution. The solid was removed by filtering
the mixture through celite. The filtrate was reduced in volume
in vacuo, then placed in the freezer at —28 °C. Overnight this solution
deposited a crop of colorless crystals. Yield (first batch): 0.57 g,26%.
Satisfactory elemental analyses (C, H, N) were obtained. '"H NMR
(400.16 MHz, [Dg]benzene solution; 25°C): 6 =1.91 (m, 2H, TMP),
1.72 (m, 2H, CH,, Bu), 1.51 (m, 4H, TMP), 1.32 (m, 2H, CH,, Bu),
1.29 (s,12H, CH3, TMP), 1.29 (t,3H, CH3, Bu), 0.05 ppm (m, 2H, Mg-
CHH', Bu). ®*C{HJNMR (100.61 MHz, [D4]benzene solution; 25°C):
0=53.41 (CMe,, TMP), 39.05(CH,, TMP), 36.10 (CH;, TMP), 33.20
(CH,, Bu), 32.63 (CH,, Bu), 17.86 (CH,, TMP), 15.03 (CH;, Bu),
13.04 ppm (MgCH,, Bu).

Preparation of [{nBuMg,[p-N(H)Dipp],(1-OnBu)},] (2): MgBu,
(10 mmol, 10 mL of a 1m solution in heptane) was added to a
suspension of Mg(NHDipp), in heptane (prepared insitu by the
reaction of MgBu, (10 mmol) and NH,Dipp (20 mmol)). To the
resulting colorless solution #nBuOH (10 mmol, 0.9 mL) was added.
The solution was stirred for 30 minutes and concentrated by removing
some solvent in vacuo. Freezer cooling of the remaining solution at
—28°C produced a crop of colorless crystals of 2. Yield (first batch):
1.8 g, 35%. Compound 2 was also obtained serendipitously in the
reaction of BuMgCl with Na(NHDipp), in this case the yield was only
2%. Satisfactory elemental analyses (C, H, N) were obtained.
'HNMR (400.16 MHz, [Dg]benzene solution; 25°C): 6 =7.07 (m,
2H, Ar, Dipp), 6.91 (m, 2H, Ar, Dipp), 6.85 (m, 2H, Ar, Dipp), 4.35
(m, 2H, OCHH'CH,), 3.30 (septet, 2H, CHMeMe', Dipp), 3.19 (s,
broad, 2H, NH), 3.03 (septet, 2H, CHMeMe', Dipp), 2.16 (m, 2H,
OCHH'CH,), 1.42-1.34 (overlapping m's, 18H, CH,, Dipp), 1.21 (m,
2H, CH,, Bu), 1.01 (t, 3H, CHj3, Bu), 0.92-0.84 (overlapping m’s, 7H,
CH,;, Dipp and 2 CH,, Bu's), 0.66 (t, 3H, CH;, Bu), 0.26 ppm (m, 2H,
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MgCHH'CH,). “C{HJNMR (100.61 MHz, [D4]benzene solution;
25°C): 0 =146.13, 135.47, 134.37, 124.18, 123.97, 120.00 (Ar, Dipp),
67.39 (OCHH') 37.78 (OCHH'CH,), 31.87, 31.73 (CHMeMe', Dipp),
30.24, 29.75 (CH,'s, Bu's), 24.78, 24.54, 24.15, 23.59 (CH,'s, Dipp),
19.95 (CH,, Bu),14.83, 14.46 (CH;'s, Bu's), 7.61 ppm (MgCH,, Bu).
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Phosphane Ligands

Novel [60]Fullerene-Assisted ortho-
Phosphanation on a Tetrairidium Butterfly
Framework**

Bo Keun Park, M. Arzu Miah, Gaehang Lee,
Youn-Jaung Cho, Kwangyeol Lee, Sangwoo Park,
Moon-Gun Choi, and Joon T. Park*

The extensive use of [60]fullerene, the most abundant
member of the fullerene family, as a ligand in organometallic
chemistry has been attributed to its pivotal role in material
science owing to its unique electronic, optical, and magnetic
properties.'! In particular, the interaction of a carbon cluster
such as C4 with metal clusters has been a topic of great
interest in exohedral metallofullerene chemistry,[zl because
Cy—metal cluster complexes have a direct analogy to carbon
nanotubes decorated with metal nanoparticles.”) Further-
more, they exhibit very strong electronic communication
between Cg, and metal-cluster centers that can be fine-tuned
by ligands attached to the metal atoms.¥! As part of our
studies on the chemistry of Cq—metal cluster complexes, we
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examined the reaction between the phosphane-substituted
iridium carbonyl cluster [Ir,(CO)o(PPh;);] (1) and Cg,. We
demonstrated a new behavior of Cy, as a noninnocent ligand,
stemming from its multifunctionality, for the chemical trans-
formation of ligands on the cluster surface. Here we report a
novel Cg-induced formation of a P-(C),-P-(C),-P moiety by a
series of ortho-phosphanation and ortho-metalation reactions
of phosphanes on a tetrairidium butterfly framework
(Scheme 1).

i \ Ph
r
(0] I O PPh;
PPh;
1 3
Ph \llJh
0
b) & c)
—lr~_ Ph

Scheme 1. a) 2 equiv Cgp, CIC4Hs5, 132°C, 3 h, 36%; b) CIC¢Hs, 132°C,
40 min, 64%; c) 2 equiv Cg, CICsHs, 132°C, 3 h, 41 %.

Heating a mixture of 1 and 2 equiv of Cg in refluxing
chlorobenzene (CB) for 2h afforded [Ir,(CO)4{ps-PPhy(0-
C¢H,)P(0-C¢H,)PPh(n'-0-CeHy)} (Ms-n° m?1*-Cyp)] (3) in mod-
erate yield (36%). Thermolysis of 1 in refluxing CB gave
[Ir,(CO)s{p-PPhy(0-CeH,) PPh}{ps-PPhy(n'm?-0-CeH,)}] (2) in
64 % yield. Reaction of 2 with Cy, in refluxing CB produced 3
in 41 % yield, that is, 2 is indeed the reaction intermediate for
the final product 3 (see Scheme 1 and Experimental Section).
The formulas of 2 and 3 were established by microanalytical
data and molecular-ion isotope multiplets at m/z 1624 for 2
and 2210 for 3 in the positive-ion FAB mass spectra.

The molecular structures of 2 and 3 are shown in Figures 1
and 2, respectively. Both complexes exhibit a butterfly
geometry of four iridium atoms, in which the two wings are
nearly perpendicular to each other, as was observed in
previously reported wingtip-bridged Ir, butterfly complexes.?’
The P1 atom bearing two phenyl groups in 2 is coordinated to
the Ir4 center, and the two wingtip Ir atoms are almost
symmetrically bridged by the P2 atom. An o-phenylene group
bridges the P1 and P2 atoms in the bidentate diphosphane
moiety Ph,P(o-C¢H,)PPh, which in turn forms a five-mem-
bered metallacyclic P1-C301-C306-P2-Ir4 moiety on the
cluster. Another interesting structural feature of 2 is the
presence of a ps-PPh,(n'm?-0-C¢H,) ligand (a five-electron
donor), which is coordinated through P3 to the Ir3 atom by an
Ir—C(phenylene) o bond to the Ir2 center, and by an n?
interaction of the o-C,H, ring to the Irl atom. A similar
bonding mode was previously observed in [(p-H)-

Angew. Chem. Int. Ed. 2004, 43, 17121714



Figure 1. Molecular structure with atomic labeling scheme for 2.
Selected bond lengths [A] and angles [°]: Ir1—Ir2 2.6953(6), Ir1—Ir3
2.7170(7), Ir2—1r3 2.6689(6), Ir2—Ir4 2.7409(6), Ir3—Ir4 2.8054(6), Ir1—
C701 2.55(1), Ir1—C706 2.41(1), Ir2—C706 2.08(1); Ir1-Ir2-1r4 88.20(2),
Ir1-Ir3-Ir4 86.46(2).

Figure 2. Molecular structure with atomic labeling scheme for 3.
Selected bond lengths [A] and angles [°]: Ir1—Ir2 2.7598(8), Ir1—Ir3
2.7827(8), Ir2—1r3 2.8059(7), Ir2—Ir4 2.7401(9), Ir3—Ir4 2.8094(7), Ir2—
€502 2.089(8); Ir1-Ir2-Ir4 85.02(1), Irl-Ir3-Ird 83.30(2).
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Os5(CO)s{ps-PPhMe(n'm*-CaH )} and  [(p-H)Rus(CO);-
{-PPh(n'1P-CH,)(n-CsH,)Fe(n-CsH,PPh,)}]."" In 3, the
P1 atom bearing two phenyl groups is coordinated to the
Ir4 atom, and the P2 atom bridges the two wingtip Irl and Ir4
atoms similarly to 2. The phenyl group on the P2 atom has
been ortho-phosphanated by the P3 atom, and a phenyl group
on the P3 center underwent ortho-metalation to form five-
membered Ir1-P2-C401-C406-P3 and Irl-Ir2-C502-C501-P3
metallacycles, respectively. Overall, the three PPh; ligands in
1 are converted to a triphosphane ligand Ph,P(o-CsH,)P(0-
C¢H,)PPh(n'-0-C¢H,) in 3. The C—C bonds in the p;-n*:n>:1-
Cy ligand alternate in length, with an average long distance of
1.49(1) and an average short distance of 1.43(1) A. This face-
capping C4, bonding mode is well documented for a variety of
cluster frameworks.[*

A plausible reaction mechanism for 1-2—3 is proposed
in Scheme 2. The first step is an ortho-phosphanation in 1 to
form intermediate A. ortho-Metalation of a phenyl group on

Ph Ph ph _Ph ph _Ph
Pl P
1t q 1t I
a) | b)
\

I l_
é Ir2 m/}’h—’ Ir _P—Ph—> l\f\H\ P—Ph
— L4, Ir Ir Ir Ir
Ir|3 Irl Il’h Ph | H Ph \ Ph
f3Ph /};\@7 /P\’C>
ph Ph 1 Ph pp A Ph Ph B
1o
ph_Ph ph_Ph ph_Ph

I
\®P e) P d) | I
lr—\Q ~— e -— Ira \
lrQ w—7F Ir Ir H> Ir\ ‘\[r
WSS YR e 1 4
Ph P
D C 2

Scheme 2. a) —C¢Hg; b) ortho-metalation of a phenyl group on P3;
c) —C¢Hg, —CO; d) +Cgp; €) —C4Hs; f) —2CO.

the P3 atom in A results in rupture of the Ir1—Ir4 bond to
form the hydrido butterfly intermediate B (62 valence
electrons). Binuclear reductive elimination of C;H, and the
loss of a carbonyl ligand in B induces coordination of the P2
atom to the Ir4 center and = coordination of the ortho-
metalated phenyl ring to form an n'm*-0-C;H, moiety in 2.
The next step is cleavage of the Ir3—P3 bond and subsequent
coordination of 1’-Cq, to produce intermediate C. Another
ortho-phosphanation reaction in C takes place to form a
triphosphane moiety, and the i interaction in the n':1n*-0-CsH,
ligand is replaced by coordination of the P3 atom to the Irl
center to give intermediate D. The final product 3 is produced
by the loss of two carbonyl ligands and face-capping of the Cy,
ligand in the p;-n?m?m? fashion.
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In the transformation 1—2—3, three PPh; ligands are
converted to the diphosphane p,-Ph,P(o-C4H,)PPh and in
turn to the triphosphane p;-PPh,(0-C4H,)P(0-C,H,)PPh(n'-o0-
C¢H,) on the Ir, cluster framework by successive ortho-
phosphanation and ortho-metalation processes, as described
in Scheme 2. Synthesis of phosphane ligands with P-(C),-P
and P-(C),-P-(C),-P donor sequences is of special interest,
because of their ability to bridge metal-metal bonds and thus
to stabilize oligometallic or metal cluster complexes. Such
phosphane ligands have usually been prepared by tedious
multistep organic synthesis.”®! We have now demonstrated that
facile ortho-phosphanation and ortho-metalation can take
place on an Ir, framework and, more importantly, the
multifunctional Cq, ligand can assist the ortho-phosphanation
step, as in the conversion of 2 to 3. To the best of our
knowledge, this is the first example not only of facile ortho-
phosphanation on transition metals but also of the Cg,
molecule acting as a noninnocent ligand that assists unusual
phosphane-transformation reactions.

We are currently investigating the detailed mechanistic
pathways of 1—-2—3 and trying to develop facile synthetic
methods for multifunctional phosphanes from coupling
reactions of phosphanes on Ir, carbonyl clusters in the
presence of C4, and dihydrogen.

Experimental Section

Details on the synthesis as well as a full spectroscopic characterization
of 2 and 3 and the conversion of 2 to 3 are given in the Supporting
Information. X-ray structural data were collected on a CCD
diffractometer with Moy, radiation (1=0.71073 A) using o scans.
CCDC-221530 (2) and CCDC-221531 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB21EZ, UK; fax: (4 44)1223-336-033; or deposit@ccdc.cam.
ac.uk).

2: Elemental analysis (%) caled for CsgHssIr,OgP5: C 36.99, H
2.05; found: C 36.76, H 2.19; IR (C¢Hy,): #(CO) =2062 (w), 2049 (s),
2029 (vs), 2011 (vs), 1993 (vs), 1956 (m), 1946 cm™' (m); '"H NMR
(400 MHz, CDCl;, 298K): 0=8.44 (dd, 1H, Jpy=8.0Hz, Jpy=
2.5Hz), 7.89 (m, 1H), 7.63 (m, 4H), 7.46-6.88 (m, 24H), 6.62 (m,
2H), 6.51 ppm (t, 1H, Jpy=7.6 Hz) (all C;Hs5+ CH,); C NMR
(100 MHz, CDCl;,298 K): 0 =186.8 (5,1 CO), 185.7 (s, 1 CO), 179.6 (s,
1CO), 176.4 (s, 1 CO), 166.4(s, 1 CO), 165.7 (s, 1 CO), 165.5 (d, 1 CO,
%Jep=3.5Hz), 163.7 (d, 1 CO, *Jp =4 Hz), 153.2-124.3 (42C, C;H;+
CoH,); *'P{H} NMR (122 MHz, CDCl;, 298 K): 6 =24.2 (d, 1P, */pp =
22.1 Hz), 16.4 (s, 1P), —42.9 (d, 1P, *Jpp =22.1 Hz); MS (FAB*): m/z:
1624 [M*].

X-ray crystal data for 2: Orange crystals were obtained by slow
diffusion of methanol into a solution of 2 in CH,Cl, at room
temperature. The crystal used for data collection contained no solvent
molecules (Cs,H3;P;Oglr, M, =1623.47): triclinic, space group P1,
Z=2, Paea=2256gcm>, a=11.087(1), b=11472(1), c=
21.576(2) A, a=91.925(2), B=101.719(2), y=116.070(1)°, V=
2390.1(4) A% The structure was solved by direct methods and refined
by full-matrix least-squares analysis to give R=0.0576 and R,=
0.1476 (based on F?) for 586 parameters and 10924 unique reflections
with I>20(I) and 1.95<6<28.02°. Data was collected at T=
293(2) K.

3: Elemental analysis (%) calcd for C,,,HyIr,O4P5: C 55.43, H
1.23; found: C 55.64, H 1.42. IR (CH,CL): #(CO)=2045 (vs), 2016
(vs), 1998 (s), 1985 (sh), 1970 cm™' (m); '"H NMR (400 MHz, CDCl,,
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298 K): 6 =7.14-8.07 (m, 24H); 6.78-6.93 ppm (m, 3H) (all C;Hs+
C¢H,); ®C NMR (100 MHz, C4D,Cl,, 298 K): 6 = 188.4 (d, 1 CO, Jpc =
2.5Hz), 187.3 (d, 1CO, Jpc=3.2 Hz), 179.9 (s, 1CO), 173.3 (t, 1CO,
Joc=3.9Hz), 172.4 (d, 1CO, Jpc=12.2 Hz), 161.2 (dd, 1CO, Jpc=
51.2 Hz, Jpc = 5.5 Hz), 158.9-143.6 (54 C, Cq, sp” region), 79.1 (d, 1C,
Jpc=6.3 Hz, Cy sp® m-bonded C) 68.0 (t, 1C, Jpc = 4.9 Hz, Cg, sp® n-
bonded C), 64.1 (d, 1 C, Joc = 2.4 Hz, Cy, sp® m-bonded C), 62.7 (s, 1 C,
Cq sp® m-bonded C), 61.2 (d, 1C, Jpc =4.5 Hz, Cq sp® m-bonded C),
60.6 ppm (dd, 1C, Jpc=13.8 Hz, Jpc=2.3 Hz, Cg, sp® n-bonded C);
P{H} NMR (122 MHz, CSy/ext. CD,Cl,, 298 K): §=31.2 (d, 1P,
=128 Hz), —163 (dd, 1P, *Jpp=128Hz, °Jpp=4.0Hz),
—21.5 ppm (d, 1P, *Jpp =4.0 Hz); MS (FABY): m/z: 2210 [M*].

X-ray crystal data for 3: Greenish black crystals were obtained by
slow diffusion of heptane into a solution of 3 in CS, at room
temperature. The crystal used for data collection contained four
molecules of CS, (C,,H,;P;O4lr44CS,, M,=2210.09): monoclinic,
space group P2/c, Z=4, paea=2.141gem>, a=17.472(5), b=
20.071(6), c =22.639(6) A, f =100.739(5)°, V =7800(4) A> The struc-
ture was solved by direct methods and refined by full-matrix least-
squares analysis to give R =0.0422 and R,, = 0.0859 (based on F?) for
1144 parameters and 14530 unique reflections with />20(f) and
1.69 < 6 < 25.52°. Data was collected at 7=293(2) K.
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A Water-Soluble Tetranuclear Zr"¥ Compound
Supported by the Kliui Tripodal Ligand: A Model
of Zr"V in Aqueous Media**

Qian-Feng Zhang, Tony C. H. Lam, Eddie Y. Y. Chan,
Samuel M. F. Lo, lan D. Williams, and Wa-Hung
Leung*

The aqueous chemistry of metal ions!! is of significance owing
to its relevance to metal-catalyzed organic reactions in water
and the important roles of metal ions in biological systems.?!
We are particularly interested in the Zr'V(aq) species that was
found to be capable of hydrolyzing both activated and non-
activated phosphodiesters in weakly acidic solutions with
efficiency similar to that of Ce'v.P! The Zr"V-based hydrolysis
of phosphodiesters is potentially useful in molecular biology
because unlike Ce', Zr' is not redox active. In addition, the
hydrolysis chemistry of Zr" is relevant to aqueous nuclear-
fuel processing of tetravalent ions of the heavier metals.*! In
acidic solutions, depending upon pH and concentration, Zr"
is known to exist in the forms of hydroxo-bridged trinuclear,
tetranuclear, and octanuclear species!™¥l The tetranuclear
core [Zr,(OH)g(H,0),,]** 1 (Scheme 1) has been character-

H 8+
o)
(OH2)4Zr<O>Zr(H20)4

HO OHﬁHo OH
\

(OH2)4Zr<8>Zr(H20)4
H

1

Scheme 1. Structure of 1.

ized spectroscopically in solutions® and observed in the solid-
state structure of ZrOClL,-8 H,0.! To better understand the
chemistry of Zr' in water, we seek to synthesize models of
Zr"(aq) based on the Kliui tripodal oxygen ligand [CpCo{-
P(O)(OR),}5]” (denoted as Log~, R=alkyl or aryl)
(Scheme 2).1" [(Lor)ZrCl;] and [(Log),Zr]** were synthesized
by treating NaLqg (R = Et, Ph) with [CpZrCl;] and ZrCl,, in
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Scheme 2. Structure of [CpCo{P(O) (OR),}s]™ (Lor)-

non-aqueous media.”! Previously, we demonstrated that in
aqueous solutions, the zirconyl species could be trapped by
Lo, and the resulting Zr"V-Lq, species reacted with HBF, to
give [LogZ1rF;].) Herein, we report on the crystal structure of
a water-soluble tetranuclear Zr"-L,g, compound isolated
from the reaction of zirconyl nitrate with NaL g, in water, and
its reactions with phosphodiesters.

Treatment of a solution of zirconyl nitrate (ca. 1.0 mm) in
dilute HNO; (pH 2.1) with 1 equivalent of NaLg, gave a

yellow solution, from which amixture (ca. 1:1) of
[(LopdaZra(us-0),(u-OH),(H,0),][NOs], 2 and
H<1
=13 o+ s
zirconyl NaLot pH<1 || pH4
nitrate HNO. 4+
? HOm gy —OH | INO:l,
pH 2.1 AANE
.3+ HZO-ZI’\—O\ /O—er'OHg
HO™Zr~QH
2 Zr=loeZr
-ROH
H,Ol/acetone
R=4-NOZCGH4
) Q0
O R—o—zr"
o\\O\Q ol

Scheme 3. Syntheses of 2-5.

[(Log),Zr(NO3)][NOs] 3 were isolated (Scheme 3). At
lower pH (< 1), the same reaction yielded a mixture (ca.
2:3) of 3 and [LogZr(NOs);] 4. A pure sample of 3 was
obtained in good yield by treating zirconyl nitrate with excess
NaL g, in dilute HNO;. The tetranuclear core of 2 is stable in
both aqueous (at pH between 1 and 6, see below) and non-
aqueous solutions, as evidenced by NMR spectroscopy and
ESI mass spectrometry. The "H NMR spectrum of 2 exhibits
two resonance signals for the Cp protons, consistent with its
solid-state structure (see below). Compounds 2—4 could be
identified by *P NMR spectroscopy (in [DgJacetone: & =
121.3, 120.9, and 123.8 ppm; in D,0, 6 =121.9, 127.0, and
124.0 ppm]. In aqueous solutions at pH>2, 4 hydrolyzed
cleanly to give 2 according to *'P NMR spectroscopy. As the
pH of the resulting solution was gradually lowered to about 1,
the *'P resonance attributable to 4 started to appear, thus
demonstrating the interconversion between mononuclear and
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tetranuclear Zr-Lqg, species in acidic solutions. However, a
further decrease in pH resulted in precipitation of 4, which
has a low solubility in the HNO; solution.

o /9]
a)
Q Q 9

B Co2
(O P4 PS o O
" 8
Q <) N
9 & 024 Q
021& %) £027 &
O Zr2 25 O
9, ¢ N P7 AR O
%, \Z: Q O
v 2017 =
o—(3 R Lo /'
R ¢
"\ # - G >, T 0 % )‘A.
‘. A P8 Co3
Lo P 06 0
O Oo—0 S > S, A
© o A G ST b—0
&) a4 £
Q & » 4
a J Q044 0 74
3 o P2 < J) -
$ Pt 3&{Co4

Figure 1. Molecular structure of [(Log)sZrs(15-O)(1-OH),(H,0),]** in
2: a) top view; b) side view. Selected bond lengths [A]: Zr-O(Log,)
2.122(8)-2.175(7), Zr-OH, 2.211(7)-2.203(7), Zr-u-OH 2.097(6)—
2.157(7), Zr-ps-O 2.077(7)-2.096(7).

The solid-state structures of 2—4 have been established by
X-ray crystallography.'>!") The Zr, core in 2 (Figure 1) is
similar to that in 1 except that it contains both 7- and 8-
coordinated Zr centers and two ps-oxo ligands. The core
structure of 2 can be described as bowl-shaped (Figure 1b)
consisting of a {Zr,(us-O),} diamond base that contains 7-
coordinated Zr centers linked to two 8-coordinated Zr centers
through p;-oxo and p-hydroxo bridges. The average Zr—pu-OH
and Zr—OH, bond lengths of 2.140(7) and 2.207(7) A,
respectively, are comparable to those in 1% but longer than
the Zr—us-O bond length (2.088(7) A). It seems reasonable to

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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assume that the ps-oxo bridges in 2 were formed by
condensation of hydroxo bridges in 1 present in the zirconyl
nitrate solution. The cation in mononuclear 3 consists of an 8-
coordinated Zr center, two fac-ks-Log, and one x*-NO;~
ligand with an average Zr—O(NO;) bond length of
2.363(4) A. Similar mononuclear Zr' bis-tripodal complexes
have been previously reported.’! The Zr atom in 4 is 9-
coordinated containing one fac-ix;-Log,~ and three unsym-
metrically bonded x,-NO;"~ ligands with average longer and
shorter Zr—O(NO,) distances of 2.361(2) and 2.277(2) A,
respectively.'!

The similarity of the core structure in 2 and 1 led us to
investigate the reaction of 2 with the phosphodiester (4-
NO,C¢H,0),P(O)OH (BNPP), which is commonly used to
probe the activity of metal ions towards phosphodiester
hydrolysis.) The reaction between 2 and BNPP was moni-
tored by NMR spectroscopy. The addition of BNPP to 2 in
D,0-[D¢]acetone (1:3) led to formation of an intermediate
(*'P NMR 6= —19 ppm), presumably a BNPP adduct of 2.
Gradually, the intensity of the signal at 6=—19 ppm
(*'P NMR) dropped and signals due to a new Zr phosphate
compound, 5, (*'P NMR 6 = —23.7, 122.8 ppm) appeared as
well as those of 4-nitrophenol in the 'H NMR spectrum. The
hydrolysis of BNPP was completed in about 2.5 h, and § was
isolated as the major zirconium product. Compound 4 reacted
with Ph,P(O)OH to yield 5 and phenol, but no evidence of a
reaction between 4 and (MeO),P(O)OH was found. Com-

A
2713

Figure 2. Molecular structure of [(Log)4Zr4(1s-PO3)4] 5. Selected bond
lengths [A]: Zr-O(Log) 2.109(9)-2.165(9), Zr-O(PO,) 1.957(9)-2.040(9).

pound 5 was identified as the cubane cluster [(Log),Zr,(Hs-
PO,),] by X-ray diffraction (Figure2)."” Although Zr'"
phosphates synthesized hydrothermally are well docu-
mented,"” to our knowledge, 5 is the first structurally
characterized Zr" phosphate cubane cluster compound.!"”
The core of § is made up of four Zr and four P atoms at the
corners of a cube, with the O atoms roughly located at the
middle of the edges. The volume of the cavity of the cage is

Angew. Chem. Int. Ed. 2004, 43, 1715-1718
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about 41 A®. The average Zr—O(phosphate) distance in 5 of
2.071(6) A is comparable to those determined by powder
diffraction (2.084(3) A)."Y To gain further insight into the
mechanism of formation of 5, the reaction between zirconyl
nitrate and Na;PO, was studied. Treatment of a about 1 mm
solution of zirconyl nitrate in dilute HNO; with 0.5 equivalent
of Naj;PO, led to the isolation of the trinuclear cluster

{ )é 7" Nos
NaLOEt i/

. Zr
0.5 equiv. NazPO, HO6~ '-)}OH
HNO,

78R
H
6

Zr(NOg)y

Scheme 4. Synthesis of 6.

compound  [(Log)sZrs(ps-O)(n-OH)3(us-POL)J[NOs], 6
(Scheme 4), which was characterized by single-crystal X-ray
diffraction studies.'”! The cationic fragment in 6 consists of a

Figure 3. Molecular structure of the cation [(Log)sZrs(s-O) (W-OH); (1s-
PO,)* in 6. Selected bond lengths [A]: Zr-O(Log) 2.133(6)-2.199(7),
Zr-pw-OH 2.164(6)-2.186(6), Zr-,-O 2.078(3), Zr-O(PO,) 2.071(6).

[(LogZr);(u-OH);]** core that is capped by one p,-O* and
one p;-PO,*" ligand (Figure 3). Therefore, it seems likely that
the BNPP first coordinates to Zr" and is then hydrolyzed to
give PO,*~, which replaces the oxo and hydroxo ligands in 2
successively until the cubane cluster 5 is formed at the
reaction ended. A preliminary result showed that [(Log,),-
Ce(NOs),] prepared from [NH,],[Ce(NO;)s] and NaLgg, is
not capable of hydrolyzing BNPP. Treatment of [(Log),-
Ce(NO;),] with BNPP gave a structurally characterized bis-
BNPP adduct [(Log,),Ce{OP(O)(OCH,NO, -4),},].["

In conclusion, we have developed a new model for Zr** in
water based on a water-soluble tetranuclear Zr'"V—Lqg, com-
pound that can hydrolyze BNPP to give 4-nitrophenol and a
Zr" phosphate cubane cluster. pH-dependent interconver-
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sion between monomeric and tetrameric LogZr" species in
aqueous media has been demonstrated. This modeling study
offers an opportunity to better understand some reactions of
Zr"V in water that are otherwise difficult to follow by
spectroscopic means. The investigation of structures and
reactivities of polynuclear hydroxo/oxo-bridged Lyg,Zr com-
plexes in aqueous and non-aqueous media provides new
insight into the complex aqueous chemistry of Group 4 metal
ions.

Experimental Section

2: A mixture of zirconyl nitrate (0.674 mL of a 3.5 wt % solution in
HNO,, Aldrich, 0.102 mmol) and NaLgg, (51 mg, 0.092 mmol) in
water (12mL) was stirred at room temperature for 30 min and
filtered. The filtrate was extracted with CH,Cl, (2 x 10 mL) and dried
with anhydrous Na,SO,. The solvent was removed in vacuo to give a
yellow solid (yield: 65%). "H NMR spectroscopy indicated that the
crude product contained a mixture (ca. 1:1) of 2 and 3 that could be
separated by fractional recrystallization. Single crystals of 2 were
grown from acetone/hexane. 'H NMR (300 MHz, [Dg]acetone, 25°C,
TMS): 6 =1.46 (t, *J(H,H) =7 Hz, 72H; CH,), 4.28-4.38 (m, 48H;
OCH,), 5.41 (s, 10H; Cp), 5.46 ppm (s, 10H; Cp). *'P{'"H} NMR
(121.5 MHz, [Dglacetone, 25°C, H;PO,): 6 =121.3 ppm (m). Ele-
mental analysis (%) calcd for CeH;4sN,Co,05P1,Zr,: C 28.3, H 5.16,
N 1.94; found: C 28.6, H 5.41, N 1.69. MS (ESI): m/z 866.9721
([M—2H,0—-4NO;—-3HJ*").

5: BNPP (15 mg, 0.11 mmol) was added to a solution of 2 (35 mg,
0.043 mmol) in a mixture of acetone/water (3:1, 12mL) and the
solution was stirred at room temperature overnight. The volatile
fractions were removed under vacuum, and the residue extracted into
CH,Cl,. The solvent was removed under vacuum and the residue
washed with water (3x2mL) to give a yellow solid (yield: 80%).
Recrystallization from acetone/hexane afforded X-ray quality yellow
blocks. "H NMR (300 MHz, [Dglacetone, 25°C, TMS): 6 =1.40 (t,
3J(H,H) =6.9 Hz, 72H; CH,;), 4.35 (m, 48H; OCH,), 5.35 ppm (s,
20H; Cp) and resonance signals due to co-crystallized 4-nitrophenol
and BNPP. *'P{'H} NMR (121.5 MHz, [D¢lacetone, 25°C, H;PO,):
0=-23.7 (m, PO,), 122.8 ppm (m).
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Reversible Self-Assembly in Water

Aqueous Supramolecular Polymer Formed from
an Amphiphilic Perylene Derivative**

Alix Arnaud, Joél Belleney, Frangois Boué,
Laurent Bouteiller,* Géraldine Carrot, and
Véronique Wintgens

Supramolecular polymers are reversible one-dimensional
assemblies that are formed by dynamic noncovalent inter-
molecular interactions.'!. With the exception of biological
systems, such self-assemblies are mostly formed in organic
and nonpolar solvents and rely on hydrogen-bonding or
metal-ligand interactions. Interesting material properties
have been demonstrated in the case of specific monomers,
such as ureidopyrimidones and bisureas,® which can self-
organize in very long chains. These materials combine the
properties of conventional polymers with reversibility and
responsiveness. It is a challenging objective to expand this
innovative theme to aqueous media. The main drawback of
relying on hydrogen bonds is their limited strength in polar
solvents, particularly in water; therefore, other noncovalent
interactions should be considered for aqueous media. So far,
only a few synthetic supramolecular polymers have been
prepared in water, and most have relied on aromatic and/or
hydrophobic interactions.””! Moreover, their syntheses are
not well-suited for large-scale preparation and their proper-
ties as materials (such as rheology) have never been reported.
We thus designed amphiphilic perylene derivative 1 which
contains a large hydrophobic aromatic core surrounded by
four hydrophilic arms and which can be prepared on a large
scale by an easy synthetic route with facile purification
(Scheme 1). Such a design should provide a one-dimensional
assembly in water through intermolecular m-stacking and/or
hydrophobic interactions. The four hydrophilic arms are
expected to hinder the possible aggregation of such assem-
blies and to ensure their water solubility. Herein, we detail the
synthesis and the characterization of the supramolecular
polymer formed by the association of monomer 1 in water.
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The hydrophobic aromatic core is derived from 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCA, Scheme 1), and
treatment with an excess of (methoxyethoxy)ethyl iodide and
(methoxyethoxy)ethanol, as adapted from a literature

a) b)

— \O/\/O\/\l

SNV T NN O

1 1
+ = < =
K, K K

Scheme 1. Synthesis and association of 1. a) CH;C¢H,SO,Cl/NaOH /water/THF, 0-5°C,
96 %; b) Nal/acetone, RT, 73 %,; c) K,COs, 70°C, 47 %. Ts =toluene-4-sulfonyl.

method,®! affords 1 as an orange wax (47% yield, not
optimized). Extensive molecular analysis is in full agreement
with the structure shown (see the Supporting Information).

Compound 1 does not aggregate in chloroform, as
concluded from the concentration independence of the
absorption and fluorescence spectra (data not shown). How-
ever, in more polar solvents, such as ethanol and water, the
UV spectra are shifted and their resolution decline with the
polarity of the solvent (Figure 1). This phenomenon is

6

)

e/
10‘mM"cm™

350 400 450 500 550
A /mm —>»

Figure 1. Normalized UV/Vis spectra of solutions of 1 (107*m) in sev-
eral solvents. The arrows indicate the direction of change with increas-
ing solvent polarity (——: chloroform, A: ethanol, o: water).
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maximized in water, as expected. Figure 2 illustrates there is
a clear dependence of the fluorescence spectra obtained in
water on the concentration: the band at 480 nm, which can be
assigned to the free monomer, disappears and a broader red-
shifted band appears when the concentra-
tion is increased. These results indicate that
self-assembly of 1 occurs in water.

A 'H NMR spectroscopic analysis is in
total agreement with these observations.
Spectra of compound 1 (at 10> mol L") are
well-resolved in deuterated DMSO and
chloroform; however, an upfield shift and
a large broadening of the aromatic signals
are observed at the same concentration in
deuterated methanol. This phenomenon is
probably related to self-association through
aromatic stacking. The effect is even more
pronounced in water as demonstrated in the
NMR spectra obtained of 1 at increasing
concentrations in deuterated water (see the
Supporting Information). The inner protons
(B) are most affected by the self-association:
their chemical shifts vary from of=
7.76 ppm at 1.4x10°m to 5.81 ppm at
5.0 x 107> (Figure 3).

The relative viscosity of aqueous solu-
tions also increases with increasing concen-
tration of 1 (see the Supporting Informa-
tion). This observation agrees with a typical
polymeric behavior of 1 in water on a
macroscopic scale.

Compound 1 was designed to self-
assemble in water in one-dimensional col-
umns by m-it cofacial overlap and hydrophobic interactions.
This model had already been proposed but not proved for the
self-association of similar perylene derivatives in chloro-
form.”) We studied solutions of 1 in deuterated water at 25°C
using small-angle neutron scattering (SANS) to demonstrate
that the expected monomolecular column structure forms in
water. Figure 4 shows the product of the intensity / and the

450 500 550 600 650 700 750
A/om —>

Figure 2. Fluorescence spectra of 1 in water, at 25°C (——: 4x1077 ™,
0:107°m, +: 107*Mm, o: 1072 m). Excitation wavelength: 425 nm. The
arrows indicate the direction of change with increasing concentration.
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Figure 3. "H NMR chemical shifts of 1 in D,0O at 25°C versus concen-
tration. O: aromatic protons a; x: aromatic protons 3 (see Scheme 1).
Curves were calculated according to Equation (5), with the values of
the association constants reported in Table 1 and 6 =9.27 ppm,

oF =5.76 ppm, 6¢=8.19 ppm, and 6% =6.47 ppm.
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/A'cm™!
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scattering vector g/ A= ——>

B S

Figure 4. SANS data for solutions of compound 1 in D,0 at 0.5% (0),
1% (4), and 2% (0) at 25°C. Curves were fitted according to Equa-
tion (1). Insert: I/c versus g for the three concentrations.

scattering vector g versus ¢ for three concentrations in a log—
log plot. The insert shows that the scattered intensity is
proportional to the concentration for the three concentrations
studied. Therefore, it is reasonable to assume that no
interobject interactions occur: the signal is proportional to
the signal of one single object in this g range. The g I product
at intermediate scattering vectors is constant and illustrates
there is a g ' dependence; this feature is a well-known
characteristic of rodlike objects. However, the g/ product
increases when ¢ tends towards zero, thus showing there is a
stronger dependence of g on /. This result is attributed to the
formation of larger additional aggregates.

A model of infinite rigid rods with circular cross-sections
and a uniform scattering length density profile was used to
describe the results.'” Fitting the scattering curves to
Equations (1) and (2) provides the characteristics of the
fibrillar objects:

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1:%@2%[2%}2 (1)
(@ha=anve(-5F) @

c is the rod concentration (gcm™?), M, is the mass per unit
length of the rod (g A™'), Ab is its specific contrast (that is, the
difference in the density of the scattering length between 1
and the solvent D,0), r is the radius of the cross-section, and
Ji is the Bessel function of the first kind.

Figure 4 shows satisfying fits for g >0.01 A, thus estab-
lishing there is a constant rod diameter (2r=24 A) over this
concentration range. A 24-A diameter corresponds to the
largest dimension of compound 1 (29 A, estimated with
Chem3D software), which confirms that the rod is a one-
dimensional assembly of stacked molecules of 1, that is, a
supramolecular polymer of monomer 1 in water.

A model involving an infinite number of equilibria
(Scheme 1) can be used to describe the formation of long
supramolecular chains. It is reasonable to suppose that the
association constant is not influenced by the length of
oligomers larger than dimers."!! The concentration of the
free monomer (M;) can be numerically calculated from the
mass balance equation [Eq. (3)]:

CO:M1<1+%<W—1>> 3)

where c, is the total concentration and K, and K are the
dimerization and multimerization constants, respectively.
These association constants were determined by NMR and
fluorescence spectroscopy.

The upfield shift of the aromatic protons was monitored
over a wide concentration range by 'H NMR spectroscopy
(co=107°-10""m, Figure 3). In the stacking model we assign
£1(01), f.(0.), and f;(9;) as the mole fractions (and the chemical
shifts) of free monomer, molecules at the ends of the stack,
and molecules within a stack, respectively. Moreover, we
assume that , = (6, +0,)/2.1"! The observed chemical shift is
then given by Equation (4):

0=1f01 +f (01 +0,)/2+f; (6) 4)

According to the two-constant model, and after some
mathematical manipulations, we can derive Equation (5):

K, KM}

0= e 1-K M,)

2
ZZI ot2 Co (1K—211<V1/1\/11)2 © ;6') 7 0; )
In addition, we monitored the intensity of the band at
480 nm (normalized by the concentration, I,,) by fluores-
cence spectroscopy and determined the fraction of free
monomer present in highly dilute solutions (c,=107%-
107°m) by using Equation (6).

fl = 1480/10 (6>
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1, is the normalized fluorescence intensity of the monomer
(see the Supporting Information for more details).

We then fitted the experimental chemical shifts (d) of the
aromatic protons and the experimental values of f; (deter-
mined by fluorescence measurements) with Equations (5)
and (6), respectively. The six adjustable parameters were K,,
K, of, 67, 6?, and 6?. The satisfactory fitting curves are shown
in Figures 3 and 5, with the determined constants listed in
Table 1.

1.0
0.8
0.6

0.4

0.24
1

0.0 v

1x107°

11077 11078
¢, /mol L' ——>

1x107°

Figure 5. Fraction of free monomer 1 (f;) versus concentration in water
at 25°C. The experimental fluorescence (¢) and NMR (0) data were
fitted simultaneously with a two-constant model (—). The values of
the constants are reported in Table 1.

Table 1: Characteristics of association of monomer 1 in water at room
temperature.

K Kl
6(£1.5)x10°

K/K KK

8(+£1)x10° 0.13+£0.03 1(£0.1)x10°

[a] Dimerization (K;) and multimerization (K) constants in Lmol™".
[b] Measure of the cooperativity along the supramolecular chain.
[c] Association constant between oligomers in Lmol~".['

The large K, value illustrates the importance of the
hydrophobicity of 1. Unfortunately, the low K/K, value
demonstrates an anticooperative association process: oligo-
merization is disfavored over dimerization. This anticooper-
ativity could be the result of electronic effects and/or the
steric bulk of the hydrophilic side chains. The association
constant between two oligomers (K%K, =10° Lmol™") can be
considered as the most relevant parameter for the strength of
the association.’?! Knowledge of the association constants
makes it possible to compute the degree of polymerization of
the supramolecular polymer versus concentration (see the
Supporting Information). For example, the number average
degree of polymerization (DP,) at a concentration of 20 gL ™!
is DP, = 60. This significant, but modest, value is in agreement
with the viscosity measured (see Supporting Information).

In summary, we have described the facile synthesis of an
amphiphilic monomer and its ability to self-associate. Inves-
tigations of both the structure and the strength of these
assemblies have shown that the design of the monomer is
well-suited for self-association in polar and protic solvents,

Angew. Chem. Int. Ed. 2004, 43, 1718 -1721
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especially in water. These assemblies are long monomolecular
wires, that is, aqueous supramolecular polymers. However,
the association exhibits an anticooperative feature, which
unfortunately limits the material properties of the resulting
polymer at present. Therefore, improving the association
strength is the next stage.

Experimental Section
Synthesis: see the Supporting Information.

Self-assembly: Measurements of the self-association were
recorded on a Bruker ARX 500 MHz instrument, and very dilute
solutions (10~°m and 10~°M) were analyzed on a Varian 600 MHz
Innova spectrometer with a cryoprobe. UV/Vis spectra were recorded
on a Varian Cary 1G spectrometer and fluorescence measurements
were carried out on a LSM Aminco 8100 fluorimeter (LRP, Thiais,
France). SANS experiments were performed on PACE and PAXY
instruments at the LLB (Saclay, France).

Received: December 1, 2003 [Z53434]
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Carbon Inclusion Compounds

Onion-Type Complexation Based on Carbon
Nanorings and a Buckminsterfullerene**

Takeshi Kawase,* Kenji Tanaka, Nami Shiono,
Yohko Seirai, and Masaji Oda*

The construction of onion-type structures, reminiscent of
Russian Matrioshka dolls, is a fascinating subject in supra-
molecular chemistry.?) Although several double-inclusion
complexes composed of two host molecules and a metal ion
have been described,”! no examples of double-inclusion
complexes composed of three synthetic molecules have
been realized to date. Electron microscopy images have
proved the existence of various layered carbon networks with
curled and closed structures, such as carbon nanotubes and
Bucky onions.”) The spontaneous formation of such new
carbon materials with onion-type structures suggests that host
molecules with curved conjugated systems would be promis-
ing components for the formation of the novel supramolec-
ular structures.! Here we report onion-type supramolecular
structures based on carbon nanorings and a Cg,core in
nonpolar organic solvents.

Recently we reported the synthesis of cyclic [6]- to
[9]paraphenyleneacetylenes ([6]- to [9]CPPA) 1-4. These
compounds have smooth belt-shaped structures similar to a
cut piece of carbon nanotube, and thus may be termed
“carbon nanorings”.” Moreover, we have found that
[6]CPPA (1) with a 1.32-nm diameter forms unusually stable
inclusion complexes with fullerenes (Figure 1).5°! A theoret-
ical calculation predicts that [9]CPPA (4) composed of nine
para-phenyleneacetylene units has a 0.67-nm larger diameter
(1.98 nm) than that of 1. When the van der Waals distance
between sp” hybridized carbon atoms are taken into account
(0.34 nm), 4 is almost perfect complementarity to 1.

The carbon nanoring 47 and its tribenzo derivative 601"
were prepared as mixtures with 1 and §, respectively, by the
reported procedure.””'"! These carbon nanorings can be
separated by gel permeation chromatography. We found
during the purification that the complexes 451 and 6D5
precipitated as yellow solids from a hexane-dichloromethane
or benzene solution of the compounds. Both solids are
reasonably soluble in chloroform (CHCl;) and dichloro-
methane (CH,Cl,), but poorly soluble in benzene and other
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O,

Figure 1. Molecular structures: a) 4512Cq, b) CPPAs: 1: n=1, 2:
n=2,3:n=3,4:n=4,¢)5:n=0,6:n=1.

solvents. The stoichiometry of these complexes was proved to
be 1:1 based on the integration of 'H NMR spectra recorded
in CDCl;. Moreover, the chemical shifts of the protons of each
compound in the mixtures resonated at higher magnetic fields
than those of the pure forms, and varied according to the
concentration and ratio of the compounds (Figure 2). The

Figure 2. "H NMR spectra of a) 5, c) 6, and b) their 1:1 complex in
CDCl; at 30°C. @ represents the signals of 5 and m represents the
signals of 6.

signals of 5 became broadened below 0°C, while those of 6
broadened at —60°. The complex 65 exists as an equilibrium
mixture of stereoisomers, and the interconversion, probably
by rotation of the aromatic rings, occurs slower than the NMR
time scale below these temperatures. These results clearly
indicate that inclusion complexes are formed in chloroform
solutions. On the other hand, the NMR spectrum of a mixture
of [6]-, [7]-, and [8]CPPAs (1-3) exhibits little spectral
changes from their original ones, thus indicating the impor-
tance of complementarity in the complexation.

Angew. Chem. Int. Ed. 2004, 43, 17221724



It was regrettable that the precise K, values of the
complex 401 were undeterminable except at —60°C (340 +
45 Lmol™") because of the relatively low solubility and low
K, values."” However, titration experiments with 625 in
which the variation of the chemical shifts of 6 was monitored
enabled the K, values to be determined at various temper-
atures (Table 1). The larger K, values of 6>5 compared

Table 1: Association constants (K,)¥ of 625 at various temperatures.”

Trd K,

30 47080

0 1180140
-30 31004200
—60 110001400

[a] Lmol™". [b] In CDCl;.

to those of 401 result from the increase in the contact area.
The thermodynamic parameters are calculated from the
K, values. The negative enthalpy and entropy values (AH =
—4.5kcalmol ™, AS=—2.4calmol'K™") indicate that sub-
stantial attractive forces would drive the host-guest complex-
ation.

No phenylacetylene macrocycles without electron-with-
drawing substituents on their aromatic rings have so far
shown such aggregation in nonpolar solvents.® The reason
for this is that m-m stacking interactions between planar
aromatic hydrocarbons causes an electrostatically repulsive
force."*"”] The present results thus show there are substantial
differences in the electronic properties between planar and
curved conjugated systems. Recent theoretical studies have
predicted that the anisotropic distribution of m electrons
causes a substantial segregation of electrostatic charge
between concave and convex w surfaces."*?!! The electro-
statically attractive forces as well as dispersion forces would
be operative between curved conjugated systems. The drastic

a)

Angewandte

decrease in the association constants from the fullerene
complexes to the nanoring complexes can be attributed to the
decrease in the curvature of the corresponding s systems.

The exceptionally high stability of the complexes formed
between the carbon nanorings and Cy, suggests that there is a
high probability that double-inclusion complexes (onion-type
supramolecular structures) would form. The '"H NMR spectra
of 605 in the presence of excess Cq, showed that the signals of
5 and 6 broadened at higher temperatures (5 at about 30°C
and 6 at 0°C) than those in the absence of C, (Figure 3a),
which clearly indicates the formation of the onion-type
complex 6O5DC,. The presence of a C4 molecule in the
cavity of 5 would restrict the interconversion between the
stereoisomers (Figure 3b). Regrettably, the determination of
the K, values by titration experiments of 6 with 5O5Cg, by
NMR spectroscopy failed because of the extensive broad-
ening of all the signals as the amount of the complex
increased. Similar titration experiments of 4 with 1DC,, at
—60°C enabled the K, value of 4D(1DCy) to be successfully
determined as 410480 Lmol™!, if it is assumed that 1
complexes nearly perfectly with C, under the reaction
conditions.”) Thus, the K,value of 45(10Cy) is almost
identical to that of 4O1 and suggests that the complexation
of a fullerene has little effect on the electronic and structual
properties of the host 1.

The attractive interactions would also play an important
role in the spontaneous formation of fullerene peapods® and
other new materials based on carbon nanotubes.”®! Further
experimental and theoretical studies on these complexes and
related substances will deepen the understanding on the novel
nature of fullerenes and other curved m-electron systems.
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Figure 3. a) Temperature-dependent '"H NMR spectra of 5 and 6 (1:1) in the presence of excess Cg in CDCl;. b) A molecular structure of the
6>5>C,, complex. The complex should exist as an equilibrium mixture of stereoisomers.

Angew. Chem. Int. Ed. 2004, 43, 17221724

www.angewandte.org

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

Chemie

1723


http://www.angewandte.org

Communications

1724

[1] Encapsulation of complexes of ions with molecular hosts: A.

Liitzen, A.R. Renslo, C.A. Schalley, B.M. O'Leary, J.

Rebek,Jr., J. Am. Chem. Soc. 1999, 121, 7455-7456; T.N.

Parac, M. Scherer, K. N. Raymond, Angew. Chem. 2000, 112,

1288 -1291; Angew. Chem. Int. Ed. 2000, 39, 1239-1242; B. M.

O'Leary, T. Szabo, N. Svenstrup, C. A. Schalley, A. Liitzen, M.

Schifer, J. Rebek,Jr., J. Am. Chem. Soc. 2001, 123, 11519

11533; F. Hof, S. L. Craig, C. Nuckolls, J. Rebek, Jr., Angew.

Chem. 2002, 114, 1556—1578; Angew. Chem. Int. Ed. 2002, 41,

1490-1508.

Macrocycles within macrocycles: S.-H. Chiu, A. R. Pease, J. F.

Stoddart, A. J. P. White, D. Williams, Angew. Chem. 2002, 114,

280-284; Angew. Chem. Int. Ed. 2002, 41, 270-274; A. 1. Day,

R.J. Blanch, R. J. Arnold, G. R. Lewis, I. Dance, Angew. Chem.

2002, 714, 285-287; Angew. Chem. Int. Ed. 2002, 41, 275-277,

J. C. Loren, M. Yoshizawa, R. F. Haldimann, A. Linden, J. S.

Siegel, Angew. Chem. 2003, 115, 5880—5883; Angew. Chem. Int.

Ed. 2003, 42, 5702 -5705.

[3] Ion-molecular complexes within macrocycles: S. Kamitori, K.
Hirotsu, T. Higuchi, J. Am. Chem. Soc. 1987, 109, 2409 -2414; S.-
Y. Kim, L.-S. Jung, E. Lee, J. Kim. , S. Sakamoto, K. Yamaguchi,
K. Kim, Angew. Chem. 2001, 113,2177-2179; Angew. Chem. Int.
Ed. 2001, 40, 2119-2121.

[4] S. Lijima, Nature 1991, 354, 56— 58.

[5] H. W. Kroto, K. G. Mckay, Nature 1988, 331, 328 -331; S. Iijima,
J. Cryst. Growth 1989, 50, 675 -683; D. Ugarte, Nature 1992, 359,
707-709.

[6] L. T. Scott, Angew. Chem. 2003, 115, 4265—-4267; Angew. Chem.
Int. Ed. 2003, 42, 4133 -4135, and references therein.

[7] T. Kawase, N. Ueda, K. Tanaka, Y. Seirai, M. Oda, Tetrahedron
Lett. 2001, 42, 5509-5511.

[8] T. Kawase, Y. Seirai, H. R. Darabi, M. Oda, Y. Sarakai, K.
Tashiro, Angew. Chem. 2003, 115,1659-1662; Angew. Chem. Int.
Ed. 2003, 42, 1621 -1624.

[9] T. Kawase, K. Tanaka, N. Fujiwara, H. R. Darabi, M. Oda,
Angew. Chem. 2003, 115, 1662—-1666; Angew. Chem. Int. Ed.
2003, 42, 1624 -1628.

[10] 6: Yellow fine crystals, m.p. >210°C (decomp under a nitrogen
atmosphere); MS (FAB): m/z =1050 [M*]; IR (KBr): #=2185
(C=C, w), 1512 cm™! (C=Cs); '"H NMR (270 MHz, CDCl,): 6 =
7.45 (AA'BB, J,5=8.4Hz, 12H), 7.52 (AA'BB’, J,5 =8.4 Hz,
12H), 7.62 (m, naphthyl, 6H), 7.64 (s, 6H), 838 ppm (m,
naphthyl, 6H); *C NMR (100 MHz, CDCl;): 6 =93.11, 94.28,
98.08, 122.02, 123.59, 123.72, 126.55, 127.34, 129.83, 131.39
(overlap), 132.99 ppm: UV (cyclohexane): A, [nm] (log &)=
246 (5.05), 385(5.31), 419(4.94); fluorescence (cyclohexane):
Amax [nM] =446, 475.

[11] T. Kawase, K. Tanaka, Y. Seirai, N. Shiono, M. Oda, Angew.
Chem. 2003, 115, 5755-5758; Angew. Chem. Int. Ed. 2003, 42,
5597 -5600.

[12] K. Hirose, J. Inclusion Phenom. Macrocyclic Chem. 2001, 39,
193-209.

[13] Y. Tobe, N. Utsumi, K. Kawabata, A. Nagano, K. Adachi, S.
Araki, M. Sonoda, K. Hirose, K. Naemura, J. Am. Chem. Soc.
2002, 124, 5350-5364; D. Zhao, J. S. Moore, Chem. Commun.
2003, 807 —818, and references therein.

[14] M. Nishio, M. Hirota, Y. Umezawa, The CH/n Interaction.
Evidence, Nature and Consequences, Wiley-VCH, New York,
1998.

[15] C. A. Hunter, K. R. Lawson, J. Perkins, C. J. Urch, J. Chem. Soc.
Perkin Trans. 2 2001, 651 -669.

[16] M. Kamieth, F.-G. Klérner, F. Diederich, Angew. Chem. 1998,
110, 3497-3500; Angew. Chem. Int. Ed. 1998, 37, 3303 -3306;

[17] L. T. Scott, H. E. Bronstein, D. V. Preda, R. B. M. Ansems, M. S.
Bratcher, S. Hagen, Pure Appl. Chem. 1999, 71,209 -219.

2

—_—

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

www.angewandte.org

[18] K. K. Baldridge, J. S. Siegel, J. Am. Chem. Soc. 1999, 121, 5332 -
5333.

[19] E. A. Meyer, R. K. Castellano, F. Diederich, Angew. Chem.
2003, 715, 1244-1287; Angew. Chem. Int. Ed. 2003, 42, 1210-
1250.

[20] E-G. Klérner, J. Panitzky, D. Preda, L. T. Scott, J. Molec. Mod.
2000, 6, 318-327.

[21] H. Suezawa, T. Yoshida, S. Ishihara, Y. Umezawa, M. Nishio,
CrystEngComm 2003, 5(93), 514-518.

[22] B. W. Smith, M. Monthioux, D. E. Luzzi, Nature 1998, 396, 323.

[23] J. Sloan, A. I. Kirkland, J. L. Hutchison, M. L. H. Green, Chem.
Commun. 2002, 1319-1332.

Angew. Chem. Int. Ed. 2004, 43, 17221724


http://www.angewandte.org

Communications

1724

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

Natural Products Synthesis

Total Synthesis of Natural Myriaporones

Marta Pérez, Carlos del Pozo, Fernando Reyes,
Alberto Rodriguez, Andrés Francesch,
Antonio M. Echavarren,* and Carmen Cuevas*

Myriaporones 1-4 (1-4, respectively) are a new class of
cytotoxic marine polyketide-derived compounds that exhibit
significant cytotoxic activity against L1210 cells. These com-
pounds 1-4 were isolated by Rinehart and co-workers in 1995
from the bryozoan Myriapora truncata."! The most active
constituents, 3 and 4, were isolated as a mixture of cyclic and
open-chain isomers. The myriaporones are structurally
related to the C10-C23 region of the macrocycles tedanolide
(5)? and deoxytedanolide (6),** although the configuration
at C5 of 1 and 2 and at C5 and C6 of 3 and 4 were not
unequivocally determined. Additionally, the absolute config-
uration of the myriaporones was unknown. The functionality
that flanks the C7 carbonyl group confers significant lability
to the myriaporones, which makes these densely functional-
ized structures challenging synthetic targets.

Taylor et al. described progress toward the preparation of
myriaporone 1 (1) by a strategy based on an homoallenylbo-
ration and a nitrile oxide cycloaddition.”! Furthermore,
Yonemitsu and co-workers reported the synthesis of
advanced intermediates from D-glucose.’! On the other

[¥] Prof. Dr. A. M. Echavarren
Departamento de Quimica Orgénica
Universidad Auténoma de Madrid
Cantoblanco, 28049 Madrid (Spain)
Fax: (4) 34-91-497-3966
E-mail: anton.echavarren@uam.es
Dr. M. Pérez, Dr. C. del Pozo, Dr. F. Reyes, Dr. A. Rodriguez,
Dr. A. Francesch, Dr. C. Cuevas
PharmaMar, S.A.

28770 Colmenar Viejo, Madrid (Spain)
Fax: (+) 34-91-846-6001
E-mail: ccuevas@pharmamar.com

@ Supporting information for this article is available on the WWW

under http://www.angewandte.org or from the author.

DOI: 1o.1ooz/anie.200353313 Angew. Chem. Int. Ed. 2004, 43, 1724-1727



5R=0H
6R=H

hand, several syntheses of the C10-C23 region of § and 6 have
been described*™ as part of synthetic efforts directed
towards the total synthesis of the macrolides. However, a
total synthesis of any member of the myriaporone family has
not yet been described. Herein we report the total synthesis of
myriaporones 1, 3-4, which allowed the confirmation of their
structure and the determination of the absolute configuration.

Our retrosynthetic approach to the myriaporones is
outlined in Scheme 1, and was based on the assumption that
the configurations of C5 and C6 were identical to those of
tedanolide (5). We planned to introduce the ethyl side chain
and the Z alkene from Weinreb amide 7, itself available by an
aldol reaction of 8 with acetamide 9. For the key stereo-
selective C—C formation, we relied on an Evans aldol
reaction!'"”? between aldehyde 10 and chiral oxazolidinone
11." To avoid epimerization, as well as retro-aldol and

4 7
\/_\fﬁ))\ H
PMBO o ~cHo
OTBS

Scheme 1. Retrosynthetic analysis for the synthesis of myriaporone 4 (4). TBS =tert-butyl-

dimethylsilyl, PMB = p-methoxybenzyl.
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elimination reactions, oxidation to the keto group at C7 was
postponed until the final steps of the synthesis.

Aldehyde 10 was prepared from 12, readily available in
nine steps from methyl (S)-(4)-3-hydroxy-2-methylpropio-
nate by the procedure described by Roush and Lane.”
Protection of the primary alcohol of 12 as the TBS ether
and oxidative cleavage of the olefin furnished aldehyde 10
(Scheme 2). Reaction of the boron enolate of chiral crotonate

©o

Scheme 2. a) TBSCI, imidazole, CH,Cl,, 23°C, 90%; b) O, CH,Cl,; Ph;P, —78°C,
70%; ) (R)-11, nBu,BOTF, Et;N, CH,Cl,, —78°C; 10, CH,Cl,, —30°C, 90%;

d) LiBH,, THF/H,0, 0—23°C; H,0,, Et,0, 0°C, 95%; €) TBSCI, imidazole,
CH,Cl,, 23°C, 92%; f) O, CH,Cl,; Ph;P, —78°C, 82%. Tf=trifluoromethane-
sulfonyl.

imide (R)-11"! with 10 furnished aldol 13 with excellent
stereoselectivity (>99:1).1% Although the secondary alcohol
generated in the aldol reaction will ulti-
mately be oxidized to a ketone, we found that
the aldol product with the opposite config-
uration at C7 (myriaporone numbering)
rearranged quantitatively under acidic con-
ditions to the corresponding tetrahydrofuran
derivative through an intramolecular epox-
ide-opening reaction. Reduction of the acyl
oxazolidinone with LiBH,!"? gave 14, whose
primary alcohol group was protected as a
TBS ether. Oxidative cleavage of the termi-
nal double bond provided 8, the central core
| of the myriaporones, in good overall yield
(41 % from 12, six steps).

Although pure aldehyde 8 can be stored
at —30°C for several months, an intramo-
9 lecular epoxide-opening reaction" occurs
quantitatively under acidic conditions at
room temperature to give tetrahydrofuran
15 (Scheme 3). A similar cyclization of 14,
followed by the formation of the p-methoxy-
benzylidene derivative, gave tetrahydrofuran

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1725
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16. Analysis of 'H-'H coupling constants
and NOESY correlations of 16 allowed the
assignment of the configurations of C8-C12
of 8. A relative anti configuration at C6—-C7
was determined from the small value of
the coupling constant (Jysy;=1.2 Hz)
observed in acetonide 17, prepared from

14 (Scheme 3). ) TBSO

For the next stage, the aldol reaction
between aldehyde 8 and Weinreb acet-

amide 9 proceed readily in the presence of TBS”

LDA as base to give 18a and 18b* in good
yield but low stereoselectivity (1:2.5),
which were chromatographically separated
(Scheme 4). The use of lithium hexame-
thyldisilazide provided 18a and 18bin a 1:3
ratio, whereas the sodium or potassium
enolates of 9 furnished almost exclusively
anti-18b. The latter could be partially
recycled to 18a by oxidation of the secon-
dary alcohol with Dess—Martin periodi-
nane™ followed by reduction of the result-
ing ketone with NaBH, in MeOH to afford
18a and 18b in a 1:1 ratio (62 % yield, two
steps).

Selective protection of the less-hin-
dered secondary alcohol of 18a with
TBSOTS and lutidine, followed by oxida-
tion of the alcohol at C7 with DMP and
oxidative removal of the PMB group gave
19 (Scheme 4). Based on literature prece-
dent,”™ the Z olefin was constructed by
oxidation with DMP followed by Wittig
ethylidenation of the resulting aldehyde to
give 20. Chemoselective addition of ethyl-

OH OH O

18a

magnesium bromide to the Weinreb amide Scheme 4. a) 9 + LDA, THF, —78°C, 91%, 18a,b (1:2.5); b) TBSOTf, 2,6-lutidine, CH,Cl,,
of 20 afforded ethyl ketone 2119 in sat- 0°C, 81%; c) DMP, CH,Cl,, 23°C; d) DDQ, THF/H,0, 23°C, 51 %, two steps; ) DMP,

isfactory yield on a gram scale. Deprotec-

CH,Cl,, 23°C; f) Ph;PCH,CH;Br, KiBuO, toluene, —78°C, 60%, two steps; g) EtMgBr, THF,
23°C, 68%,; h) TBAF, HOAc, DMF, 23°C, 35%; i) TBAF, HOAc, THF, 23°C, 80%. LDA=

tion of the Sﬂ}_ll_ethers of 21 with TBAF led  jyiym diisopropylamide; DMP = Dess—Martin periodinane; DDQ =2,3-dichloro-5,6-
to decomposition. However, the use of  dicyano-1,4-benzoquinone; TBAF =tetra-n-butylammonium fluoride.

TBSO, OTBS
~SOTBS
PMBO Do

6H CHO

8 15

b)

Ar 16 Ar = pMeOCgH, 17

Scheme 3. a) Acid-catalyzed cyclization of epoxyaldehyde 8. b) Derivatives 16
and 17 prepared from alcohol 14 for the determination of the relative
configurations. The arrows indicate NOE correlations.

TBAF and HOAc in THF led to the selective removal of
three of the protecting groups to give a mixture of 22 and 23 in
good yield. Global deprotection of 21 with TBAF and HOAc
in DMF gave myriaporones 3,4 (1:1). The myriaporones 3,4
in CD;0D were identical in all respects (‘H and “C NMR,
HRMS, HPLC, and TLC) to an authentic sample, which
allowed the assignment of their relative configurations as
those shown. The cytotoxic activity of synthetic and natural
myriaporones 3—4 was found to be the same. The myriapor-
ones 3—4 undergo partial dehydration on silica gel. Accord-
ingly, acetylation (Ac,O, Et;N, CHCL;) of the crude dehy-
dration products obtained after column chromatography gave
1 (30% yield over two steps).

The C5 epimers 24-25 of 3-4 were also prepared from 18b
by the same reaction sequence.!'”! Similarly, the aldol reaction
of 10 and the boron enolate of imide (S)-11 led to the series
with the non-natural configuration at C6 or C5-C6

1726 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org Angew. Chem. Int. Ed. 2004, 43, 1724-1727
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(Scheme 5, 26-29).1"81 The NMR spectra of compounds 24—
29 were clearly distinct from those of the natural myriapor-
ones 3—4.

28 29

Scheme 5. The C5 epimers 24 and 25 of 4 and 3, respectively, as well
the series with the non-natural configuration at C6 or C5-C6, 26-29
(see the Supporting Information for details on the synthesis).

In summary, the total synthesis of the myriaporones 1, 3,
and 4 (1, 3-4) was based on two consecutive aldol reactions.!"”
The ethyl ketone was introduced in a straightforward manner
by the addition of an ethyl Grignard reagent to the highly
functionalized Weinreb amide 20 bearing keto and epoxide
functions. The simplicity of this approach is promising for the
preparation of new derivatives from this key intermediate.
Additionally, this route allows the synthesis of a variety of
stereoisomers of 1, 3-4 and other derivatives for further
biological testing. This work allowed the unambiguous
determination of the relative and absolute configurations of
these cytotoxic compounds to be those shown in formulae 1,
3-4.

Received: November 13, 2003 [Z53313]
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Total Synthesis and Stereochemical Assignment of
Myriaporones 1, 3, and 4**

Kristen N. Fleming and Richard E. Taylor*

The natural products tedanolide (1a) and 13-deoxytedanolide
(1b), which were isolated by Schmitz et al.'! and Fusetani

OHO R O

1a: tedanolide (R = OH)
1b: 13-deoxytedanolide (R = H)

OAc

‘0

OH O OH O

OH OAc
2b: myriaporone 2

2a: myriaporone 1

OH _O OH OH

O 0 on O
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et al. @ respectively, exhibit picomolar activity against a range
of cancer cell lines. Their biological activity coupled with their
scarcity has prompted considerable synthetic attention.’! Our
interest in these compounds stems from the isolation of a
related class of natural products, the myriaporones (2a-d),
reported by Rinehart et al. in 1995."° The myriaporones are
nearly identical structurally to the C10-C23 portion of
tedanolide (1a); it is therefore possible that these two classes
of compounds share the same biological receptor and have
similar modes of action. As a result of their limited
availability, the biology of both classes remains a mystery.
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studies and, herein, we report the total synthesis of myriapor-
ones 1, 3, and 4 (2a,¢,d) and the unambiguous assignment of
their previously undetermined stereogenic configurations at
C5 and Cé.

Recently, we reported the completion of the carbon
skeleton of myriaporone 1 (2a) through a stereoselective
homoallenylboration and a nitrile oxide cycloaddition.’
Construction of myriaporone 4 (2d) began with known
alcohol 3P (Scheme 1). Oxidation with IBX®! was followed

o o
/\)LN’QO Oy Xc
: R :
PMBOV\)\/OH ab T\ PMBO._~ N8~
78
3 =
4 OH
o o
/\)LNJ(

TBSO,

. _OTBS
N =
TBSO OH TBSO OH
6 7
TBSO OTBS
k 4 I-n
—— PMBO = 5 _—
H 6 /
T8SO OH O—-N
8: 1:1 mixture
of diastereomers
TBSO TBSO _OTBS

_/OTBS

N B / =z /
T8SO OH O—N TBSO OH O—N
9a 9b

Scheme 1. Synthesis of C5-epimeric isoxazolines 9a and 9b. Reagents
and conditions: a) IBX, 95%; b) Bu,BOTf, Et;N, 93 %; c) TBSOTf,
85%; d) LiBH,; e) TBSCI, 89% (two steps); f) OsO,, NMO, 95%;

g) NalO,, 84%; h) Bu,BOTf, Et;N, 99%; i) LiBH,; j) TBSCI, 92% (two
steps); k) PrNO,, PhNCO, 64 %,; |) DDQ, 88%; m) IBX; n) Ph;P=
CHCH;, 63% (two steps). IBX=o-iodoxybenzoic acid; Tf=trifluorome-
thanesulfonyl; TBS =tert-butyldimethylsilyl; NMO = N-methylmorpho-
line-N-oxide; DDQ =2,3-dichloro-5,6-dicyano-1,4-benzoquinone.

by an Evans aldol” reaction to set the C8 and C9 stereo-
centers in high yield and excellent diastereoselectivity. During
the course of that work, incorporation of the epoxide at an
early stage limited the scope of reaction conditions that
subsequent intermediates could withstand and ultimately
prevented completion of the total synthesis. Since then, Loh
and Feng®! and Smith IIT et al.®™ reported highly selective
late-stage epoxidations in their efforts toward tedanolide.
With these results as precedence, our focus switched to the
incorporation of this particularly sensitive functional group in
the penultimate step of the synthesis.

Angew. Chem. Int. Ed. 2004, 43, 17281730



The aldol product 4 was converted efficiently into bis(TBS
ether) 5 by protection, reductive cleavage of the chiral
auxiliary, and a second protection step. Oxidative cleavage of
the terminal olefin was followed by a second Evans aldol
reaction to form the C6—~C7 bond and to provide 6 in nearly
quantitative yield. The appropriate oxazolidinone was chosen
to generate the R configuration at C6, an assumption based on
the corresponding stereogenic center C14 in tedanolide (1a).
Once again, the chiral auxiliary was removed reductively and
the primary hydroxy was protected with TBSCI to provide
compound 7 in excellent yield for the 10-step conversion from
3. Regioselective nitrile oxide cycloaddition led to the
formation of isoxazoline 8 as an inseparable mixture of
diastereomers at C5."® The lack of selectivity of this reaction
was desired because of the uncertain relative stereochemical
configuration of the target molecule. Removal of the PMB
protecting group was followed by oxidation to the aldehyde
and olefination to give 9a and 9b. Upon installation of the
C13-C14 cis double bond, the two diastereomers were easily
separated by column chromatography and each taken on
independently. The configuration of the CS5 stereogenic center
of each diastereomer was assigned upon completion of the
synthesis (see below).

The less-polar diastereomer 9a was converted into
myriaporones 3 and 4 (2¢,d) by the sequence outlined in
Scheme 2. Dess—Martin periodinane! was used to oxidize the
secondary hydroxy group to the corresponding ketone.
Subsequent global silyl deprotection and reprotection pro-
vided 10a. Reduction of the isoxazoline group with Mo(CO);
successfully unmasked the PB-hydroxyketone!'” and set the
stage for the key epoxidation reaction. It was necessary to use
slightly less than one equivalent of MCPBA and to maintain
the reaction temperature at — 50°C to prevent overoxidation.
Under the optimized conditions, only the desired epoxide (as
a single diastereomer) and unreacted starting material were
obtained. The final step, deprotection of the primary hydroxy
groups with TAS-F"!I resulted in the formation of the desired
product, myriaporone 4 (2d) as an equilibrium mixture with

OH_OH

’O

OH O OH O OH O OH

2d: myriaporone 4 2c: myriaporone 3

Scheme 2. Completion of the synthesis of myriaporones 3 and 4. Reagents
and conditions: a) DMP, 98 %; b) HF-Et;N, 83 %; c) TBSCI, 81%; d) Mo(CO)s,

65%; e) MCPBA, 62%,; f) TAS-F, 70%. DMP = Dess—Martin periodinane;
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myriaporone 3 (2¢). The 'HNMR spectrum of the final
deprotected product from diastereomer 9a was identical to
that of an authentic sample of the natural product (see
Supporting Information) and showed the presence of an
equilibrating mixture of myriaporones 3 and 4. Diastereomer
9b was converted into 5-epi-myriaporone 4 (2d) by an
identical sequence (full details included in the Supporting
Information).

The stereochemical configuration at C5 was determined
by 'HNMR spectroscopic analysis of myriaporone 3 (2¢).
Vicinal coupling constants account for the fact that C5-OH
and 6-H are both axial (Figure 1). Thus we have unambigu-

H=—J=143,3.3Hz

J=115,4525Hz —

J=12.0,45Hz— H H<—J=14.3,33Hz

J=120120Hz —H R gy

Figure 1. "H NMR spectroscopic analysis of myriaporone 3 (C1-C7) for
the assignment of the relative stereochemistry of C5 and C6.

ously determined the stereochemistry of the myriaporone
class of polyketides to correspond identically to the stereo-
chemical pattern of the macrolide tedanolide (1a).

The use of acetate protecting groups instead of TBS ethers
led to an unexpected reaction (Scheme 3). An attempted mild
deprotection of 12a, prepared from diasteromer 9a, induced
selective elimination to form myriaporone 1 (2a). In fact, this

OAc

OAC_0Ac

“0

o OH O OH O

2a: myriaporone 1

OH O OH O
12a

Scheme 3. Selective elimination for the synthesis of myriaporone 1.
Reagents and conditions: a) KCN, 66 %.

elimination is quite facile and 12a proved difficult to
handle upon preparation. The propensity for this group
to eliminate suggests that the compound designated
myriaporone 1 (2a) may actually be a product of
isolation rather than a direct product of polyketide
biosynthesis. Not surprisingly, the C5 stereogenic
center of 2a was determined to have the identical
configuration to that of the corresponding center in
myriaporones 3 and 4 (2¢,d).

An important phase of this research has been
completed. The efficiency of the synthetic route
presented herein has enabled the preparation of
significant quantities of these interesting marine natu-
ral products as well as analogues.'” Studies currently
underway will seek to identify the biological receptor
and mode of action of the myriaporones. Furthermore,
modified routes may provide access to compounds
more closely related to tedanolide.

MCPBA = m-chloroperoxybenzoic acid; TAS-F = tris(dimethylamino)sulfur (tri-

methylsilyl)difluoride.
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Antitumor Agents

Iron-Containing Nucleoside Analogues with
Pronounced Apoptosis-Inducing A ctivity**

Daniel Schlawe, André Majdalani, Juraj Velcicky,
Erik Hefler, Thomas Wieder,* Aram Prokop,* and
Hans-Giinther Schmalz*

We have previously demonstrated that n*-butadiene-Fe(CO);,
complexes of type 1 undergo highly selective substitution
reactions at the acetal center via Fe(CO);-stabilized cationic
intermediates of type 2. As an example, the SnCl,-catalyzed
reaction of complex 1 (R=H) with a silylated uracil
derivative® afforded the nucleoside analog 3 with greater
95 % diastereoselectivity in high yield (Scheme 1).
Encouraged by the high efficiency of this transformation
and the growing importance of bio-organometallic chemis-
try,®! we felt challenged to apply this methodology to the
stereoselective synthesis of iron-containing nucleoside ana-
logs of type 4 or 5 (NB =nucleobase) also possessing a 5'-
CH,OR’ substituent. Such compounds could exhibit useful
biological activities, since nucleoside analogs in general have
a great pharmacological potential (e.g. as anti-viral and anti-
tumoral drugs)¥ and transition-metal carbonyl complexes
offer some unique new opportunities for drug development.®!
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Scheme 1. Diastereoselective nucleoside formation via an iron-stabi-
lized cationic intermediate.

Herein, we disclose the discovery of new iron-containing
nucleoside analogs, which surprisingly exhibit strong apopto-
sis-inducing properties.[’! The synthesis of complexes 10 and
12 (Scheme 2) as precursors for nucleoside analogs of type 4

O
HO ove  TPSO OMe
HO. TDSO —
. 0O a-c _ d
—_— — \
. OHC
HO Y OMe
OH
6 7 R=H: 8
R=CO,Et 9
TDSO tpso._ &0k
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_ . . _; e
~_ OMe ~. OMe
R R
Fe(CO), |
R=H: 10 R=H: 1 TDS= H‘Sli'l’
R=CO,Et: 12 R=CO,Et: 13

Scheme 2. a) TDSCI, pyridine, RT, 16 h (98 %); b) DEAD, PPh;, ben-
zene, 80°C, 4 h (81%); c) LiBr, tetramethylurea, toluene, reflux, 2.5 h
(689%) d) H,C=PPh,, THF, —78°C —RT (86%); or Ph,P=C(H)CO,Et,
THF, reflux, 1 h (95%); e) [Fe,(CO)4] Et,O, reflux, 18 h (for R=H,
72%,10:11=3.3:1) or 3 h (for R=CO,Et, 77%, 12:13=4.3:1);
DEAD =diethylazodicarboxylate.

started with commercial a-methylglucopyranoside (6), which
was first converted into the aldehyde 7 by silylation of the
primary hydroxyl group (TDS = thexyldimethylsilyl), Mitsu-
nobu epoxide formation, and subsequent LiBr-induced rear-
rangement/ring contraction.”! Complexation of the dienes 8
and 9, obtained from 7 by Wittig olefination, with [Fe,(CO);]
in refluxing Et,O proceeded with significant diastereoselec-
tivity!® to preferentially give the endo-complexes 10 and 12,
respectively. While chromatographic separation of the mix-
tures (10/11 and 12/13) was possible only by preparative
HPLC, the corresponding primary alcohols, obtained by

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tetrabutylammonium fluoride (TBAF) induced desilylation,
were readily separable by simple flash chromatography and
could be resilylated in high yield."!

For the synthesis of nucleoside analogs of type 5, complex
19 was synthesized starting from commercially available
ribonolactone 14 (Scheme 3). Selective trityl protection of the

o
o TO ° 10 o0
HO O b _
_ab_ _c 5 = __
oT
HO  OH Y
16

14 15
TDSO
}% }5 |
Fe(CO Fe CO),
19 17 —

70 Fe(CO),

e

18

Scheme 3. a) TrCl, pyridine, 55°C, 16 h (67 %); b) Tf,O, pyridine,
CH,Cl,, —78°C——15°C, 2 h (85%); c) Bu,SnCH=CH,, 3.5 mol %
Ph;As, 0.5 mol % [Pd,(dba);], LiCl, THF, RT, 2 h (87%); d) [Fe,(CO)s]
EtOAc, RT—reflux over 4 h (69%, 17:18 =1.4:1); then chromatogra-
phy; e) DIBAH, toluene, —78°C, 2 h (92%); f) HC(OMe)s, cat. TsOH,
MeOH, RT, 5 h (99%); g) TDSCI, imidazol, CH,Cl,, RT, 16 h (96 %);
TrCl =tritylchloride, Tf,O =trifluoro methanesulfonic anhydride,
dba=1,5-diphenyl-1,4-pentadiene-3-one, DIBAH = didsobutylalumi-
numhydride, TsSOH =4-methyl benzenesulfonic acid

primary hydroxy group, formation of the enol triflate 15, and
subsequent Stille coupling with tributylvinylstannane
afforded diene 16 in 50% total yield.'”! Complexation of 16
proved to be more difficult than that of dienes 8 or 9. Best
results were obtained on treatment of 16 with four equiva-
lents of [Fe,(CO),] in ethyl acetate, slowly heating the mixture
from ambient to reflux temperature. The resulting 1.4:1
mixture of complexes 17 and 18 was easily separated by flash
chromatography.”) Conversion of 17 into 19 proceeded
smoothly through DIBAH reduction, acidic methanolysis,
and silylation.

The synthesis of nucleoside analogs of type 4 and § was
accomplished (in analogy to Scheme 1) by treating complexes
10, 12, and 19 with silylated nucleobases (Figure 1) under
Vorbriiggen-type conditions (Table 1).>'" In the case of
uracile (U), 5-bromouracile (BrU) and thymine (T), an
excess of SnCl, was used as a Lewis acid to give the desired
N'-substituted products. In contrast, TMSOTf (instead of
SnCl,) had to be used for cytosine (C) to avoid formation of
the regioisomeric N*-substituted products.'”

Starting from complexes 10 and 12 gave the naturally
configured nucleosides 4 together with varying amounts of
their epimeric counterparts (epi-4).'”) Remarkably, complex
19 reacted with complete diastereoselectivity under the same
conditions to yield exclusively nucleoside analogs of type 5 in

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Silylated nucleobases (NB%*) used for the synthesis of iron-
containing nucleoside analogs (see Figure 2 and Table 1); TMS =tri-
methyl silane.

Table 1: Synthesis of iron-containing nucleoside analogs and some
cytotoxicity data.

Starting NB* Conditions®™ Product Yield [%]® d.rld  LDgy [uM]“!
material

10 us A 4a 79 5.6:1 n.d.
10 T* A 4b 82 1.6:1 n.d.
10 C* B 4c 96 2.3:1 30
12 U= A 4d 84 6.6:1 n.d.
12 T* A 4e 81 2.4 >100
12 BrU* A 4f 72 4.5:1 >100
12 C* B 4g 83 3.6:1 20
19 U= B 5a 76 >50:1 >100
19 T B 5b 75 >50:1 ~100
19 BrU* B 5¢c 60 >50:1 ~100
19 C* B 5d 84 >50:1 ~30
19 Clp* B S5e 79 >50:1 n.d.
19 BzA* B 5f 23 >50:1 n.d.
Se - @ 5g 56 - n.d.
5f - D 5g 78 - n.d.
4g - E 4h 37 - >100
4g - F 21 74 - >100

[a] Reaction conditions: A) 3.0-5.0 equivalents NB* (see Figure2) in
refluxing CH,Cl,, 3.0-5.5 equivalent SnCl, as 1M solution in heptane
added over 2 h by perfusion, then H,O; B) 4 equivalents NB*, 6 equiv-
alents TMSOTf, CH,Cl,, RT, 2-8 h, then H,0O; C) 1 atm. NH;, DMAP,
dioxane/MeOH (20:1), RT, 3 weeks; D) 7m NH; in MeOH, RT, 20 h;
E) 1.5 equivalents TBAF, H,O, THF, RT, 3 h; F) 6 equivalents TMANO,
toluene, RT, 1.5 h. [b] Yields of isolated separated epimers. [c] Diastereo-
meric ratio (4/epi-4 or 5/epi-5, respectively), [d] Cytotoxicity of the
products as measured by LDH release of cultivated BJAB mock cells
48 h after treatment (n.d. = not determined). Owing to the steep increase
of the biological activity beyond a certain threshold concentration, LDy,
values are given instead of LDs.

high yield (Figure2). The introduction of adenine as a
nucleobase was achieved in a two step sequence starting
from 19 using the silylated reagents CIP* or BzA* (see
Figure 1). From the resulting products (5e and 5f, respec-
tively) the adenosine derivative 5g was then obtained in good
yield by ammonolysis (Table 1).

For comparison purposes in the biological assays (see
below), the iron-free nucleoside 20 was prepared by oxidative
decomplexation of 4g with trimethylamine-N-oxide
(TMANO). Also, the desilylated cytosine derivative 4h was
obtained from 4g by reaction with TBAF (Scheme 4).

Angew. Chem. Int. Ed. 2004, 43, 17311734
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Figure 2. Various iron-containing nucleoside analogues prepared (see Table 1).

Scheme 4. Reagents and conditions: a) TMANO, toluene, 0°C—RT
(749%); b) TBAF, H,0, THF, RT, 3 h (37%).

While preliminary tests for anti-HIV activity gave only
disappointing results," some of the iron-containing nucleo-
side analogs exhibit pronounced cytotoxic activities against
tumor cells (Table 1). While both regioisomer series (4 and 5)
show activity, a significant influence of the nucleobase was
observed, the cytosine derivatives 4¢, 4g, and 5d (Figure 2)
being the most potent compounds. Decomplexation of 4g to
20 led to a sharp drop of activity, which indicates the essential

Angew. Chem. Int. Ed. 2004, 43, 17311734
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role of the metal-carbonyl fragment for the biological
function. However, any general (unspecific) activity of the
diene-Fe(CO); unit could be excluded because the close
analogs 4e, 4f and Sa, as well as the iron-containing
precursor compounds of type 10 and 12 did not exhibit any
activity. Also the desilylated product 4h (derived from 4g)
was found to be inactive.

In further experiments we were able to show that the
cytotoxic effect of the active compounds results from the
induction of apoptosis. This process, the programmed cell
death, which is one the most fundamental processes in cell
biology,'” has become a key concept in modern cancer
therapy.'®

The first evidence that iron-containing nucleosides can
induce apoptosis came from the observation of typical
morphological changes!™™! (blebbing) after treatment of cul-
tured tumor cells (BJAB cells)'? with compound 4g
(Figure 3).

D

Figure 3. Treatment of cultured BJAB tumor cells (left) with 4g
(20 pmol L") leads to the induction of apoptosis after 24 h (right) as
indicated by typical morphological changes (blebbing).

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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As well as inducing apoptosis, many cytostatic substances
cause (undesired) concentration-dependent membrane-
damage leading to cell death by necrosis. By determination
of lactate dehydrogenase (LDH) release into the culture
medium we could show that 4g does not significantly reduce
the viability of BJAB cells after 4h of incubation at
concentrations <100 um (Figure 4a). This result indicates

a)120 l{f@/@\g b) 120
100 b 100 1
T [

80 80
60 1 60
Vi% Nap/%
40 1 40
20 7 20
0 T T T T v 0
0 25 50 75 100 125 0 25 50 75 100 125

c(49)/ um c(49)/ um

Figure 4. Influence of compound 4g on a) the viability after 4 h and
b) the apoptosis of BJAB cells after 48 h. Viability was determined by
the LDH release assay''® and is expressed as percentage of the value
measured in the control experiment £SD (n=3). Apoptosis was
measured by flow cytometric analysis and is expressed as percentage
of cells with hypodiploid DNA £SD (n=3).' See the Supporting
Information for experimental details.

that such a necrosis-like, lytic mechanism is not responsible
for the cytotoxicity of compound 4g. In contrast, 4g very
potently induces DNA fragmentation after 48 h of treatment
in up to 80% of the cells. Apoptosis induction was concen-
tration-dependent (ECs, of 30 um; Figure 4b).

We also tested the antileukemic potency of the new
nucleosides. Compound 4g very efficiently induced apoptosis
in an exvivo DNA-fragmentation assay using primary,
leukemic lymphoblasts of patients suffering from childhood
acute lymphoblastic leukemia (ALL).”

In conclusion, we have shown that iron-containing nucleo-
side analogs of type 4 and 5 are easily prepared and represent
a new class of cytostatic, apoptosis-inducing agents. Current
investigations are focusing on the mechanism of action
(including the specific role of the metal carbonyl group) and
the development of compounds with improved pharmaco-
logical properties.
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Citric Acid Cycle

Fluorescent Imaging of Citrate and Other
Intermediates in the Citric Acid Cycle**

Zhihong Lin, Meng Wu, Michael Schiiferling, and
Otto S. Wolfbeis*

Citrate is an important intermediate in the citric acid cycle,!
which is the central metabolic hub in the cell for harvesting
chemical energy and building many biomolecules. Citrate is a
chelating agent that assists in the elimination of heavy-metal
ions (which are taken up and biotransformed by bacteria),” it
is used as an anticoagulant® to prevent blood clotting, and it
is an additive in the food and pharmaceutical industry.” In
addition, the concentration of citrate in urine can be
diagnostic for certain diseases.”

Fluorescent imaging is a powerful means for visualizing
the distribution of species in a sample, but is it possible only if
one the following prerequisites is met: 1) If the species of
interest has a fluorescence of its own (such as NADH, many
flavins, and porphyrins);® 2) if the species of interest can be
rendered fluorescent by attaching a label;” or 3) if probes are
available for the species of interest (e.g. pH, oxygen concen-
tration).®! Unfortunately, citrate and the other intermediates
in the citric acid cycle do not have significant physical and
chemical properties suitable for direct determination, so that
for detection they must be transformed by enzymes into
“visible products” or recognized by synthetic receptors.””! The
development of a sensitive fluorescent probe (sensor) for
citrate would be an elegant alternative.

We report here on a europium(iin) complex that serves as a
fluorescence sensor for citrate. The visualization of citrate and
other intermediates in the citric acid cycle is based on the
finding that the weakly fluorescent europium(ii) tetracycline
complex (EuTc) reversibly associates with citrate to form the
strongly fluorescent europium-—tetracycline—citrate complex
(EuTec-Cit). Both EuTc and EuTc-Cit have the typical merits
of europium complexes,'” namely, a large Stokes' shift (~
210 nm), a linelike emission band, a decay time in the ps
range, and an excitation wavelength that is compatible with
the blue diode laser (405 nm). In addition, it is simple to
prepare and photostable both in solution and in the solid
state.

The fluorescence properties of EuTc have been described
previously,""! including its application for the detection of
hydrogen peroxide." The absorbance of EuTc-Cit peaks at
A =381 to 408 nm, similar to that of EuTc.'*! In contrast, the
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fluorescence intensity of the 615-nm band of EuTc-Cit is 22
times stronger than that of EuTc. The linelike main emission
band of EuTc-Cit is due to the *D,—F, electronic transition.
Side bands are found at A =580, 590, 651, and 697 nm.

The stoichiometry of EuTc-Cit is 1:1:2 (Eu:Tc:Cit) as
determined by both the continuous variation (Job's) method
and the mole-ratio method,"¥ and is thus similar to that of
other tetracycline/metal ion complexes.''*'! Citrate, a poly-
dentate ligand, can chelate the Eu** ion through the oxygen
atoms of the carboxy and hydroxy groups.®*® It is assumed
that citrate displaces water molecules that occupy the eight to
nine coordination sites of the Eu®* ion and quench its
fluorescence. We estimated the dissociation constants of the
(EuTc)(citrate), system based on Benesi-Hildebrand-type
equations!' and obtained pK values in the range of 4.2-4.9.

Fluorescence quantum yields (QYs) were determined!”
to be 0.4% for EuTc and increased to 3.2% for EuTc-Cit
(Table 1). This indicates that the total quantum yield does not

Table 1: Average luminescence decay times t,, [us] and quantum yields
QY of EuTc-L complexes.?!

Ligand L 7, QYM Ligand L 7, QYb
EuTc 44 0.004 EuTc succinate 38 0.004
EuTc citrate 83 0.032  EuTc fumarate 63  0.005
EuTc isocitrate 66 0.007 EuTc malate 77 0.008
EuTc ketoglutarate 37 0.004  EuTc oxalacetate 56  0.014

[a] L is the respective intermediate in the citric acid cycle, which is here
the ligand in the Eu" complex. EuTc: 50 pmolL™', L: 150 umol L™". It
should be noted that at this concentration of ligands L, EuTc is fully
complexes by citrate only, but not by the other ligands. [b] Quantum yield
relative to that of ruthenium(ii) tris(2,2'-dipyridyl) dichloride hexahy-
drate.'?

increase as much as the intensity of the emission at 1=
615nm. All the Eu** complexes have long fluorescence
decay times (Table 1). The decay profile data can be fitted to a
three-component model, in which the average decay times are
83 us for EuTc-Cit and 44 ps for EuTec. This large difference in
average decay times was exploited in the time-resolved
detection and imaging methods described here.

Unlike Tc, EuTc, and other ternary tetracycline com-
plexes whose emission is sensitive to pH,!'"™'*! the fluores-
cence of the EuTc-Cit system is pH-independent between
pH7.4 and 92. The best results were obtained with
10 mmolL™' HEPES buffer at pH8.0. We also studied
possible interferences by about 40 common cations, anions,
gases, and some biomolecules occurring in biological fluids.
Most of them affect the emission of EuTc-Cit by <10%.
However, Ni**, Co®*, Cu**, phosphate, and ATP do interfere
when their concentrations exceed 16 (Ni, Co), 2 (Cu), 280
(phosphate), and 8 (ATP)umolL™'. The interference by
phosphate is particularly annoying since phosphate is present
in many biofluids and is often used as a buffer.

It is noted that hydrogen peroxide, which is the analyte in
fluorescence studies with the EuTc (3:1) complex,!""! does not
notably affect the fluorescence of EuTc-Cit. This can be
explained by the much weaker coordinating ability of H,O, to
Eu’* and the different stoichiometry of the EuTc-Cit system.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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By using time-resolved detection (using a lag time of
100 us), we could detect citrate in a concentration range
between 1.6x1077 and 5.6 x 10> molL"!, with a detection
limit (3o/slope) as low as 6.0 x 10~* mol L"."¥! The long decay
time of the EuTc-Cit system facilitates not only gated optical
sensing of citrate but also imaging."’ Among the methods
known to be useful for fluorescence imaging, we have
preferably  applied fluorescence lifetime  imaging
(FLIM)B*=12 gince it has advantages in terms of signal
generation and suppression of artifacts such as local inhomo-
geneities. Specifically, we employed rapid lifetime imaging
(RLI)™ to obtain the images shown in Figure 1a. The steady-
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Figure 1. Fluorescence imaging of citrate in a 96-well microtiter plate
with EuTc as the fluorescent probe. a) Rapid lifetime imaging of
increasing concentrations of citrate. b) Intensity-based fluorescence
images of increasing concentrations of citrate. The concentration of
EuTc is 50 pmol L™ throughout, citrate concentrations (from left to
right) are 0, 0.16, 0.4, 1.0, 1.6, 4.0, 10.0, 16.0, 20.0, 40.0, 60.0 and
80.0 umol L™,

state (intensity-based) images in Figure 1b are included for
comparison. The latter, in contrast to RLI, display substantial
heterogeneity due to fluctuations of the light source and light
scattering.

We also studied other intermediates in the citric acid
cycle—isocitrate, o-ketoglutarate, succinate, fumarate, L-
malate, and oxaloacetate. The large differences in fluores-
cence intensity on addition of EuTc is apparent in Figure 2 a.
These intermediates can act as polydentate ligands similar to
citrate and form ternary complexes with EuTc.™ As a-
ketoglutarate and succinate cannot effectively coordinate
with Eu**, significant fluorescence enhancement was not
expected nor indeed observed.

The fluorescence decay profiles and the quantum yields of
these complexes are summarized in Table 1. Furthermore, by
choosing different lag times for “gated” detections, we could
detect different intermediates in different time windows.
Gating obviously can be used to fine-tune between selectivity
and sensitivity. However, on increasing the gating time from 0
to 100 ps, the normalized intensity [defined as (F—F,)/F,] of
all species except o-ketoglutarate is increased (Figure 2b).
On increasing the gating time to 250 ps, the signal of
oxaloacetate is almost completely suppressed and that of
citrate is reduced by 40 %, while the signal intensities of
isocitrate, fumarate, and malate are much less affected.
Obviously, L-malate and oxaloacetate, and citrate and iso-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Two-dimensional fluorescence images of intermediates of
the citric acid cycle; b) relative fluorescence intensities of the EuTe-L
complexes at different lag times. EuTc: 50 pmol L™, L (citrate, isoci-
trate, a-ketoglutarate, succinate, fumarate, L-malate, and oxaloacetate):
150 umol L™". F, and F are the fluorescence intensities of EuTc and the
EuTc-L complex, respectively.

citrate can be nicely discerned by means of different delay
times.

It should be emphasized that this scheme does not require
enzymes or multienzyme systems. However, in assays for
other intermediates in the citric acid cycles, the samples
should not contain citrate. The application, specificity, and
reversibility of the EuTc-Cit system can be best exemplified
by the stepwise EuTc-based visualization of oxaloacetate, L-
malate, and fumarate, which are formed in the enzymatic
reactions (1)—(3). In these reactions CL stands for citrate

citrate-"=oxaloacetate + acetate 1)
MDH

oxaloacetate + NADH + H" ==1-malate + NAD" (2)

L-malate ™ fumarate + H,O (3)

lyase, MDH for malic dehydrogenase, and FM for fumar-
ase.”!

Figure 3 depicts the resulting stepwise changes in the
fluorescence of the EuTc system. The fluorescence of a blank
solution, composed of EuTc and NADH only, is stable over
time. After addition of citrate, fluorescence increases due to

Angew. Chem. Int. Ed. 2004, 43, 17351738
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Figure 3. Kinetics of the formation and stepwise decomposition of the
EuTc-Cit. The blank solution: 200 pL EuTc (0.5 mmolL™"), and 60 pL
NADH (4.8 mmolL™") in 1.7 mL of HEPES buffer. Then, 40 pL citrate
solution (2 mmolL™"), 70 L citrate lyase (CL) solution (3.4 UmL™),
50 uL malate dehydrogenase (MDH) solution (1588 UmL™"), and

80 uL (618 UmL™") fumarase (FM) solution (1588 UmL™") were
added, and the time course of fluorescence recorded.

formation of the EuTc-Cit complex. Then, CL, MDH, and
FM were added consecutively. The signal intensity decreases
stepwise, thereby indicating the complete consumption of
citrate and formation of EuTc-oxaloacetate, EuTc-malate,
and EuTc-fumarate, respectively, complexes with different
fluorescence intensities. This experiment clearly shows that
EuTc-Cit is formed in a reversible manner and that EuTc can
be used to probe the sequence of reactions.

In conclusion, we have demonstrated both the direct
sensing and the time-resolved imaging of citrate and other
intermediates in the citric acid cycle. The EuTc has great
potential as a fluorescent probe for monitoring citrate-based
bioprocesses in vitro and in vivo.
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electron from a remote modified thymine base through DNA occurs in a multistep
hopping process. When the electron meets a thymine dimer, which is generated by s
photocycloaddition of adjacent thymine residues, the two thymine bases are repaired — SR
through a retro-cyclization reaction, while the electron continues along the DNA.
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Cyanation Reactions
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Recent Developments in the Catalytic Ph O\\ /(\33‘-/90—) "3
Asymmetric Cyanation of Ketimines C qud\NC o ) HO
O : CN ]
0 ™S Bu 0COtBu
TMS
1 2
Contrasting styles: The two catalysts generality. The metal-free catalyst 2 was

shown are both effective for the cyanation  designed by a combination of random
of ketimines. The metal-based catalyst 1,  screening and mechanism-based
developed by a standard approach, dis- optimization.

plays a very broad scope and substrate

Electron donation from substituents is the NN R\N/“\R- R\p/“\R'
principal mechanism of stabilizing singlet R__R R R
W. Kirmse* _____ 1767-1769 carbenes. Two amino groups are optimal A B c
(A). With additional steric protection, one
. . . . . R, R' = alkyl, R = (cyclo)alkyl R = NR3, tBu
Stable Singlet Carbenes—Plentiful and amino group is sufficient (B). The effect of  cycloalkyl, aryl ~ R'=aryl, RO, RS, R’ = SiMes, RF
Versatile phosphanyl groups is enhanced by an PR:

electron acceptor as the second
substituent (C).
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Must chemistry stink and go bang? The
laboratory as a forbidding setting, as a
workshop of extraordinary obscurantists
whose sole unholy purpose is to produce
all manner of poisons and acids, is a fond

Co Ti

The use of aqueous emulsions as the
media when conducting cross-coupling
reactions, instead of homogeneous solu-
tions, produces covalently cross-linked
conjugated polymer particles (see pic-
ture). The size of the spherical particles
can easily be tuned over a wide range
(mm to nm) by modification of the
reaction conditions. The resulting materi-
als are processable in the form of a
suspension and promise to have
interesting electronic properties.
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Breaking into cells: A new family of
peptides based on the amphipathic

For the USA and Canada:
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by Wiley-VCH PO Box 191161, D 69451 Wein-
heim, Germany. Air freight and mailing in the
USA by Publications Expediting Inc. 200 Mea-
cham Ave., Elmont, NY 11003. Periodicals
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stereotype in literary fiction. Realistic
descriptions are reserved exclusively for
chemist writers. A foray through the
literature shows that chemistry some-
times has a sinister public image.

Bonding concepts: Agostic interactions in
early-transition-metal alkyl complexes are
reviewed, and shown to arise from delocal-
ization of the M—C bond rather than
through M---H—C bonding: charge-density
analysis (see picture) reveals intimate
aspects of the phenomenon and shows
how the agostic interaction competes
with other ligand-induced effects at the
metal center.

proline-rich sequence (VXLPPP),, where
n=1-3 and X=His, Lys, or Arg, has been
designed (see picture). Their nonviral
origin, absence of toxicity at high con-
centrations, and high solubility in water
make this new series very promising for
use in drug delivery.
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Cluster Compounds

S. T. Onions, S. L. Heath, D. ). Price,
R. W. Harrington, W. Clegg,
C. J. Matthews* 1814-1817
Self-Assembly of a Spin-Coupled Octa-
nuclear Copper(i1) Circular Array from a
Single-Stranded Ligand

Dawson Clusters

D.-L. Long, P. Kégerler,
L. Cronin* 1817-1820
Old Clusters with New Tricks: Engineering
S-S Interactions and Novel Physical
Properties in Sulfite-Based Dawson
Clusters

Polymerization Catalysts

D. H. Camacho, E. V. Salo, J. W. Ziller,
Z. Guan* 1821-1825

Cyclophane-Based Highly Active Late-
Transition-Metal Catalysts for Ethylene
Polymerization

Nanomaterials

R. Harada, Y. Matsuda, H. Okawa,
T. Kojima* 1825-1828

A Porphyrin Nanotube: Size-Selective
Inclusion of Tetranuclear Molybdenum-—
Oxo Clusters

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

_|16+

Q =cu

Unprecedented 18-molybdosulfite
Dawson clusters encapsulate two pyra-
midal sulfite ions as templates, and
exhibit a short S---S interaction between
the two ions, which was characterized by
DFT calculations. The [M0,305,(SO5),]*~
ion is the first discrete thermochromic
polyoxometalate cluster: its color varies
from pale yellow at 77 K to deep red at
500 K (see picture).
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Mo takes the tube: A saddle-distorted
MoY—porphyrin complex forms a tubular
assembly through intermolecular -
interactions, which has an internal
diameter of 1 nm (see picture). Within
such tubes, tetranuclear Mo"'-oxo
clusters could be size-selectively included
through intermolecular hydrogen-bonding
interactions.
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You’re round and bound: A bowed
arrangement of bridging bidentate bind-
ing sites on a ligand framework precludes
a linear arrangement of metal ions. This
conformation allows a spin-coupled octa-
nuclear copper(i1) circular array to be
formed from a single-stranded ligand (see
picture); this circular array displays weak
ferromagnetic exchange between metal
centers and is a rare example of such an
array containing more than six centers.

Better by design: Exploitation of the
macrocyclic architecture of a cyclophane-
based ligand provides new highly active
catalysts with improved thermal stability
for ethylene polymerization. The strategic
positioning of the metal center at the core
of the cyclophane-based ligand is the key
to the observed high activity and thermal
stability, and to the high molecular weight
of the polyethylene (see picture; red: Pd,
green: Cl, blue: N, gray: C).

Angew. Chem. Int. Ed. 2004, 43, 1750-1757
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A cluster-forming ligand, p-tert-butylsul-
fonylcalix[4]arene (H,L), allows the for-
mation of lanthanide wheels whose clus-
ter cores contain eight lanthanide ions
(Gd", Sm", Nd", or Pr''; shown in green
in the picture) connected by L*~ ions,
which act as both a tetradentate and a
bisbidentate y,-ligand, and eight bridging
acetate groups. The wheels form by a
“step-by-step” process via the mono-
nuclear subunit {Ln(L)}".
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Holey magnets: A pure organic nano-
porous material (POROF-2) exhibiting
astonishing thermal stability, hydrophilic
one-dimensional channels (see struc-
ture), and a long-range ferromagnetic
ordering is prepared. This zeolite-like
material is the first example of a purely
organic robust open-framework magnet.

Nest building: a method to create a rigid
hydrogen-bond receptor through the
simultaneous binding of three thiol
substituent groups to a gold surface is
reported (see picture: red=0, gray=C,
blue=N, yellow=S, purple =Au surface
atom). These receptors are able to dis-
tinguish and select for  surfaces with a
complementary size, shape, and hydro-
gen-bonding code.

Better molecular wires could result from
an improved understanding of the effects
of nucleotide sequence on the efficiency of
excess electron transfer in DNA. Negative
charge migrates in duplex DNA from a
photoexcited aromatic amine residue (D;
see figure) to 5-bromo-2’-deoxyuridine
(®U) in a sequence- and orientation-
dependent manner.

www.angewandte.org
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Electrons in DNA
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Electron Transfer in DNA

C. Haas, K. Kréling, M. Cichon, N. Rahe,
T. Carell* 1842-1844

Excess Electron Transfer Driven DNA
Does Not Depend on the Transfer
Direction

Electron Transfer in DNA

N. Amann, R. Huber,

H.-A. Wagenknecht* 1845-1847

Phenanthridinium as an Artificial Base
and Charge Donor in DNA

Electron Transfer in DNA

B. Giese,* B. Carl, T. Carl, T. Carell,*
C. Behrens, U. Hennecke, O. Schiemann,*
E. Feresin 1848 - 1851

Excess Electron Transport Through DNA:

A Single Electron Repairs More than One
UV-Induced Lesion

Coordination Networks

D.-L. Long, R. . Hill, A. J. Blake,

N. R. Champness,* P. Hubberstey,*
D. M. Proserpio, C. Wilson,
M. Schréder* 1851-1854
Non-Natural Eight-Connected Solid-State
Materials: A New Coordination Chemistry
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DNA is a two-way street: Excess electron
transfer in DNA over distances of 3.4—
23.8 A does not depend on the transfer
direction, as shown by probing DNA:PNA
hybrid double strands containing a
cyclobutane pyrimidine dimer (T=T) and
flavin (Fl; see figure).

A tool for time-resolved studies: The
phenanthridinium unit of ethidium was
incorporated into oligonucleotides (see
scheme) as an artificial DNA base. The
resulting duplexes can be used to study
electron-transfer processes by spectro-
scopic techniques and to compare the
rates of reductive electron transfer and
oxidative hole transfer.

J\,ﬁ/\uwfﬂ"

o™
deoxyribose 1(Tx)

DNA 5'—T—7 T T T 3
T A A A A A T=T
A R T T T T A A

PNA L L L L 1 1

.

DNA S—— S
T—=T A A A A A A

PNA A A T T T 1|7

5' X—X—X"E~X—X-X"X-X 3'
3 X—X—X—X—X—X-X-X-X 5'

)

+N—

YT O

|
deoxyribose

IF~GCGEGCGCGTAAA AAAMA ATTCGCGCGC—8 3
5—GCGCAT, T TeaT T TemT A AGCGC—13

Site-selective injection of a single electron
into thymine (yellow) through the
modified nucleoside 1 (1—2) was used to
examine the dependence of excess
electron transfer in DNA on distance. The

Non-CsCl topologies for eight-connected
solid-state materials have been observed
for the first time in three networks based
on lanthanide cations and 4,4"-bipyridine-
N,N’-dioxide ligands. The structure of the
{[Yb(L)4](CF;SOs)}.. network is depicted.

www.angewandte.org

DNA was cleaved upon arrival of the
electron at a thymine dimer (red). This
assay showed that one electron can repair
more than one UV-induced lesion in DNA
3.

Angew. Chem. Int. Ed. 2004, 43, 1750-1757


http://www.angewandte.org

Fs in rings: A cyclic multidentate Lewis
acidic receptor is coordinated by a weakly
bonded fluoride ion in 1 (see picture).
This host—guest system has properties
such as air- and moisture-stability, solu-
bility in common organic solvents, and
utility as a source for “naked” fluoride
ions generated in situ.
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o

Polymers from carbenoid intermediates: A
new approach to the synthesis of cyclo-
propane- and alkene-containing polymers
that contain both a carbenoid donor and
acceptor is described. The polymers can

R#H H
g
ﬁ Rh cat
%/\"/ Hzo
R R

A highly active, cationic, phosphane-
ligand-free rhodium species is formed in
an aqueous anionic micellar system
(see scheme). The combination of
[{RhCl(nbd)},]-sodium dodecyl sulfate

receiving channel

nanoflmdic membriane

Reactant mixing is implemented in struc-
tures with characteristic length scales of
nanometers (see picture). Mixing occurs
within micron distances rather than the

Angew. Chem. Int. Ed. 2004, 43, 1750—1757

source channel

be effectively obtained from enyne
ketones via carbenoid intermediates in
the presence of a [{Rh(OAc),},] catalyst
(see scheme).

————(3 =nC;H;:080;

acts as an effective catalyst for the intra-
molecular [4+2] annulation of 2,4-dienyl
propargyl ethers in water (nbd =norbor-
nadiene).

cross section

centimeters that are often needed for
laminar microflows. The application of the
nanocapillary mixer to detect Ca** ions
demonstrates its potential use in sensors.

www.angewandte.org
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“Naked” Fluoride

M. ). Bayer, S. S. Jalisatgi, B. Smart,
A. Herzog, C. B. Knobler,
M. F. Hawthorne* 1854 -1857
B-Octamethyl-[12]Mercuracarborand-4 as
Host for “Naked” Fluoride lons

Step-Growth Polymerization

K. Miki, Y. Washitake, K. Ohe,*
S. Uemura* 1857 -1860

Polyaddition and Polycondensation
Reactions of (2-Furyl)carbenoid as Step-
Growth Polymerization Strategies:
Synthesis of Furylcyclopropane- and
Furfurylidene-Containing Polymers

Cycloadditions

D. Motoda, H. Kinoshita, H. Shinokubo,*
K. Oshima* 1860-1862

Phosphane-Free Rhodium Catalyst in
an Anionic Micellar System for
[442] Annulation of Dienynes

Microreactors

T.-C. Kuo, H.-K. Kim, D. M. Cannon, Jr.,
M. A. Shannon, J. V. Sweedler,*
P. W. Bohn* 1862-1865

Nanocapillary Arrays Effect Mixing and
Reaction in Multilayer Fluidic Structures
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Sigmatropic Rearrangement

E.E. Lee, R.A. Batey* _____ 1865-1868

Palladium-Catalyzed [3,3] Sigmatropic
Rearrangement of (Allyloxy)iminodiaza-
phospholidines: Allylic Transposition of
C—0 and C—N Functionality

Bond Cleavage

D. Catone, A. G. Guidoni, A. Paladini,
S. Piccirillo, F. Rondino, M. Satta,
D. Scuderi, M. Speranza* _ 18681871

Homolytic C,—C; Bond Cleavage in a

Chiral Alkylarene Radical Cation: Effects of
Asymmetric Microsolvation

Coupling Catalyst

S. D. Walker, T. E. Barder, J. R. Martinelli,
S. L. Buchwald* 1871-1876

A Rationally Designed Universal Catalyst
for Suzuki—Miyaura Coupling Processes

H, Activation Mechanism

D. Sellmann, R. Prakash,*
F. W. Heinemann, M. Moll,

M. Klimowicz 1877 -1880

Heterolytic Cleavage of H, at a Sulfur-
Bridged Dinuclear Ruthenium Center
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[PACl(MeCN),] (5 mol%

e
N, NR!
[N,P\o/\/"hﬂ
Me

1a R'=P(0)(OPh),
ib R'=Ts

CH,Cly

A P'=N to P'=O0 interconversion is the
thermodynamic driving force for the title
reaction. Iminodiazaphospholidines 1
give phosphoramides 2, which are sub-

CoHg
H 4
H={=0H"""solv; +CoHg
e H" sy, 5
el g

!

E

B

C~C bond length —

Unprecedented scope, reactivity, and sta-
bility are displayed by a new catalyst
system. This was demonstrated with
general and efficient syntheses of
sterically hindered (hetero)biaryls (see
examples shown), mild coupling reactions
of alkyl boron derivatives, and rapid
coupling reactions of aryl chlorides at
room temperature.

Incoming molecular hydrogen breaks the
Ru—S bridges in the diruthenium complex
[Ru(py*S) ], (py™S it =2,6-bis (2-sul-
fanyl-3,5-di-tert-butylphenylthio)dimethyl-
pyridine(2—)) shown, and the H—H bond
is cleaved to give H* and H~ in the
resulting thiol-protonated hydride

[Ru(H) (py*”S4-H)]. The proposed
mechanism of the heterolytic cleavage
of H, at the Ru—S centers is intriguing
and possibly relevant to the activation

of H, by hydrogenases.

www.angewandte.org

) N® o R i
Ny HCI
I: IP\N)\/ HNJ\/
N R! i
Me R
2a R'=P(0)(OPh), 3aR'=H-HCI
2b R'=Ts 3bR'=Ts

sequently hydrolyzed under mild acidic
conditions to yield primary or tosylamines
3. R=alkyl, phenyl; Ts = p-toluenesul-
fonyl.

Fragmentation of the (R)-(+)-1-phenyl-1-
propanol radical cation ([(BZC,Hs)q]") is
markedly affected by asymmetric micro-
solvation (see picture). The C,—Cg bond
cleavage in the heterochiral
[(BZC,Hs)gBDg]* cluster is more efficient
than in the homochiral [ (BZC,Hs) g’ BDgg] -
The difference is ascribed to structural
factors that make BDs a better H-bond
acceptor than BDgg in their adducts with
[(BZC,Hs)J*. BZ=PhCHOH, BD=2,3-
butanediol.

Angew. Chem. Int. Ed. 2004, 43, 1750-1757
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NMP, base, 160 °C, 6 Vield: 83 % S.S. Prockl, W, Kleist, M. A. Gruber,
(E Isomer) K. Kéhler _______ 1881-1882

Needing a leach: Optimized palladium/ scheme). The dissolution of palladium In Situ Generation of Highly Active
metal oxide systems are highly active (leaching) from the surface of the support, Dissolved Palladium Species from Solid
heterogeneous catalysts for the Heck its redeposition, and the control of these  Catalysts—A Concept for the Activation
reaction. Non-activated and deactivated equilibria are found to be crucial for the  of Aryl Chlorides in the Heck Reaction
aryl chlorides can be converted by success of the reaction.

palladium/zeolite (NaY) catalysts (see

Chemical Constituents of Fungi

M. Winner, A. Giménez, H. Schmidt,
B. Sontag, B. Steffan,
W. Steglich= _________ 1883-1886

What do some fungi have in common with
chemists? Common earthballs (see pic-
ture) and peppery boletes are true artists
in natural product synthesis. In few bio-
synthetic steps they assemble structurally
fascinating alicyclic pigments from simple
aromatic precursors.
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Unusual Pulvinic Acid Dimers from the
Common Fungi Scleroderma citrinum
(Common Earthball) and Chalciporus
piperatus (Peppery Bolete)

On the way to life, the formation of amino Prebiotic Chemistry
acids on the primordial earth was one of
the essential prerequisites. To date, this
formation could only be explained
assuming a reducing atmosphere, which
according to contemporary geochemistry
could not have existed. Simulating a
neutral primitive CO,/N,/H,0 atmos-
phere above liquid water with frequent
electric discharges (see picture) provides
a model for the formation of peptides, and
thus proteins and ultimately life.

K. Plankensteiner, H. Reiner, B. Schranz,
B.M.Rode* _____ 1886-1888

Prebiotic Formation of Amino Acids in a
Neutral Atmosphere by Electric Discharge

)
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Fulvio Cacace (1931-2003):
Structure and Mechanism in
Gas-Phase Chemistry and Its
Relevance to the Condensed State

Fulvio Cacace, Professor of General and
Inorganic Chemistry at the Faculty of
Pharmacy of the university “La Sapien-
za” in Rome (Italy),
died on December 1,
2003 at the age of 72.
Cacace graduated in
chemistry in 1954; in
1956 he became assistant
professor and in 1971
full professor in Rome.
He held this position
until his death. He was
director of the Nuclear
Chemistry Institute of
the Consiglio Nazionale delle Ricerche
(National Research Council, CNR)
from 1968 to 1974, and later president
of its scientific committee. He was the
national coordinator of the strategic
project “Advanced Technologies and
Methodologies for Radiochemistry” of
the CNR. He also carried out research
at the G. Werner Institute of Nuclear
Chemistry in Uppsala (Sweden, 1960),
the Brookhaven National Laboratory

(USA, 1961-62, 1968, 1977, 1980,
1982),  the Kernforschungsanlage
(KFA) in Jilich (Germany, 1972,

1979), and the University of California
in Irvine (USA, 1968). In 2002 he was
elected as a member of the prestigious
Academia Nazionale dei Lincei.

Cacace’s research into certain fun-
damental aspects of chemistry and
their applications had significant multi-
disciplinary impact. His interests span-
ned from the chemistry of ions in the
gas phase to nuclear chemistry, inor-
ganic chemistry, and, in recent years,
atmospheric chemistry. His results were
reported in over 250 scientific publica-
tions.

His earlier research activities
included the chemical effects of nuclear
transformations, reactions of nucleo-
genic atoms at high energies, isotopic
exchange reactions, and the synthesis

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

of isotope-labeled molecules and their
applications as tracers in chemical, bio-
chemical, and clinical studies. His
research interests then switched to the
investigation of the structure, stability,
and reactivity of ions in the gas phase.
In this field he developed and success-
fully applied the “decay” technique to
the preparation of otherwise inaccessi-
ble species, the structural and stereo-
chemical characterization of many ions
in the gas phase, and the study of their
reactivity in different media, thus allow-
ing direct comparison between liquid
and gaseous systems. This technique,
based on the decay of tritium and
other radioactive atoms located in suita-
ble positions in the molecules under
investigation, is an example of Cacace’s
original approach to scientific problems,
which could often not be solved by con-
ventional methods.[!l The use of positron
emitters, such as ''C, BN, and '8F, paved
the way for the development of positron
emission tomography (PET).

Cacace studied the chemistry of ions
in the gas phase by an integrated
approach based on mass spectrometry
and radiolytic techniques. He studied
particularly important reaction classes,
such as aromatic alkylation and nitra-
tion. The combination of theoretical cal-
culations, applicable to isolated species
in the gas phase, with this integrated
approach allowed the interpretation of
results from studies in the condensed
phase, and conferred to ion chemistry a
central role in the interpretation of
chemical reactivity.

Through studies of the structure, sta-
bility, and reactivity of inorganic mole-
cules by theoretical calculations and
mass spectrometric techniques, he was
able to detect and characterize different
protomers of nitrous and nitric acid,
evaluate their proton affinities, and con-
struct extended scales for the binding
energy of NO* and NO,* with a large
number of nucleophiles.

This research was extended to
atmospheric chemistry and the exten-
sive investigation of the reactivity of
ozone in ionized mixtures containing
several compounds present in the

DOI: 10.1002/anie.200420086

atmosphere in trace amounts, such as
freons, COS, O,, N,, CO,, and CO. The
results obtained were relevant to the
chemical investigation of the ionization
of the atmosphere by natural (lightning,
coronas of thunderstorm clouds, solar
and radioactive radiation) or anthropo-
genic phenomena (power-line coronas).

Research focused on two areas cen-
tral to atmospheric science and model-
ing led to the discovery and detection
of new neutral and/or charged transient
species that play key roles, for example,
as catalysts or intermediates in terres-
trial, planetary, and satellite atmos-
pheres. Through a combination of theo-
retical and mass spectrometric techni-
ques he discovered new neutral and
exotic species (in particular O, N,
new N, C, and S oxides) of great signifi-
cance for fundamental research and
because of their possible role in the
atmosphere.]

Cacace was an excellent teacher,
with a gift for making difficult problems
simple. He was able to transmit to his
students and co-workers his enthusiasm
for and endless curiosity about chemis-
try. He devoted his whole life to scien-
tific research. He is survived by his
wife Gabriella, son Filippo, and daugh-
ter Marina, and will always be remem-
bered by his many students and friends,
who had the privilege of working with
him for many wonderful years.

Fulvio Cacace was a truly excep-
tional chemist, a devoted teacher, and
also a dear personal friend. He made
major contributions to chemistry, which
will serve as a lasting memory and inspi-
ration for future generations.

George A. Olah
University of Southern California
Los Angeles (USA)
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Cyanation Reaction

Recent Developments in the Catalytic Asymmetric
Cyanation of Ketimines

Claude Spino*
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I n several research groups o,a-dialky-
lated amino acids (a,0-DAAs) are cur-
rently a subject of intense investigation
from both biologicall and synthesis
standpoints.”! Several desirable features
of a,a-DAAs have attracted the atten-
tion of the pharmaceutical industry.
Their incorporation into peptides and
proteins might affect the secondary or
tertiary structure and confer unusual
and interesting biological properties.”)
The quaternary center in an a,0-DAA
preserves its stereochemical integrity
and often imparts increased metabolic
stability to the peptide. Also, many o,a-
DA As are powerful enzyme inhibitors.™!

The cyanation of imines, the second
step in the Strecker synthesis, offers a
short route to amino acids. Efforts have
recently culminated in efficient catalysts
for the cyanation of aldimines affording
o-amino acids of high enantiomeric
purity.”) In principle, the same strategy
could be applied to ketimines to afford
a,0-DAAs. In practice, the enantiotopic
faces of ketimines are not as easily
discriminated as those of aldimines, but
recent advances indicate that a solution
is at hand.

The gadolinium complex of D-glu-
cose-derived ligand 1 developed by
Shibasaki etal. is able to effect the
cyanation of N-diphenylphosphanoyl
ketimines with a high degree of enan-
tioselectivity (Scheme 1).! The reac-
tions of methyl phenyl, methyl naphthyl,
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Département de Chimie
Université de Sherbrooke
2500 Boulevard Université
Sherbrooke, QC JTK2R1 (Canada)
Fax: (+1)819-821-8017
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and other aryl methyl ketimines all gave
the corresponding amino nitriles in
89-98% ee. The real breakthrough,
however, is the broad substrate general-
ity. Prior to this report, only aryl methyl
ketimines and fert-butyl methyl ket-
imine were known to undergo a highly
enantioselective catalytic cyanide addi-
tion. Catalyst 2 (believed to be a 3:2
complex of ligand 1 and Gd*, see
Scheme 1) effected the cyanation of
the alkyl methyl ketimines 4 and 5§ with
moderate to good enantioselectivity

(Figure 1). Phenyl ethyl ketimine 3 was
also reported to afford the correspond-
ing amino nitrile in 85 % ee.
Importantly, vinyl methyl ketimines
6-8, in which the vinyl moiety is di- or
trisubstituted, also gave good results.
The significance of this result rests in the
versatility of the alkene in further trans-
formations. For example, simple hydro-
genation of the double bond in the final
amino acid provides an efficient alter-
native to the cyanation of the corre-
sponding saturated alkyl methyl ket-

o Gd(0iPr); (10 mol %) %
_b<Ph  ligand 1 (20 mol %) .p<Ph
N~ "Ph NG HN" "Ph
A s TMSCN (1.5 equiv) A s
R R R R
CH4CH,CN, —40 °C
F
F
Ph, o O
Ph™ O
O/O\ilj 3:2 complex Ph:P\ o .0 O’>
Ph™ O P
|l| O F \ /GIC!\-..O
X 0
- o
0
HO F & ™S
1 L2
™S

Scheme 1. Catalytic asymmetric cyanation of a ketimine and the proposed structure (2) of the
cyanation catalyst Gd/1. TMSCN =trimethylsilyl cyanide.

\-POPh,

©)|VMe

3 (85% ee)

\-POPh,
|
Ph/\)\M

6 (83% ee)

e

Figure 1.
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\-POPh;
| |
Ph/\)\ Me n-C5H11)\ Me

4(89% ee)

NG P(O)Ph,

5 (72% ee)

.P(O)Ph
N POIPh, NP (OPh,

|
|
Me
n-CsHﬁ/\)\Me @2\

7 (88% ee)

8 (90% ee)

Ketimines that underwent cyanation with Gd/1 to give aminonitriles.
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MeOH Me0,C HN Ph Pd/C, H, MeO,C HNJ\Ph
SOCl, n-CsHaj Me EtOAc n-C;His~ Me

Scheme 2. Vinyl ketimines as equivalents of alkyl ketimines. BzCl=

dimethoxy-2-phenylacetophenone, py = pyridine.

imine, which usually occurs with lower
selectivity (Scheme 2). Moreover, dihy-
droxylation, electrophilic  addition,
metathesis, and a myriad other possible
reactions will render this type of sub-
strates very useful for the synthesis of
more complex a,0-DAAs.

Although the precise mechanistic
details of this reaction are not known
yet, closely related complexes were used
to achieve the cyanation of ketones.”
Mechanistic studies for the latter led the
authors to propose a rationale for the
enantioselectivity. Structures 9 and 10 in
Figure 2 are based on their proposed
structure for the cyanation of ketones.["
Note that in both cases (ketones and
ketimines), a ligand-to-metal ratio of 2:1
is optimum. It is therefore plausible that
the structures of the active catalysts are
analogous, and thus that the author's
proposed transition state for the cyana-
tion of ketones may apply to the ket-
imine case as well (cf. 10 in Figure 2).
One notable difference, however, is the
presence of the diphenylphosphanoyl
substituent at the imine nitrogen atom.
This substituent was shown to play an

})Q

O""Gd"“o&

O—\ “\CN '
- Gd O Q F
// f SiMe,
Ph,P n F

0" o

!
Me,Si E

9

benzyl chloride, DMPA=2,2-

important role.”! Tt was speculated that
chelation of the phosphanoyl oxygen
atom to the lanthanide center was
important for the enantioselectivity.

Catalyst 2 and its analogues are
new members of a family of bimet-
allic complexes developed by the
Shibasaki group. These catalysts
are thought to exert their action
much like enzymes by coordinating
both the substrate and the reactant
(in this case a nucleophile) and
bringing them into proximity.")
Vallée and co-workers have also
tested one such bimetallic com-
plex for the asymmetric cyanation
of ketimines with moderate suc-
cess.)

A good understanding of the
reaction mechanism is necessary
for the rational design of a truly
better catalyst. The Jacobsen group
achieved this with catalyst 12,/
which was rationally derived from
its predecessor 11, itself discovered
by combinatorial screening (Figure 3).
Catalyst 11 gave good enantioselectivity
for the cyanation of aldimines and aryl

W

Ph;

(0]

N""Gd““o

o\ \.\CN :

_—Gd ~3 o E

SiMe,
F‘h2

Me3S| F

10

Figure 2. Proposed transition state structures for the cyanation of ketones and ketimines with 2.
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methyl ketimines.''!' A working model
for catalyst 11 was proposed with the
help of multidimensional NMR
spectroscopy, high-level calculations,
and kinetic experiments."” It was estab-
lished that the minor Z isomer of the
ketimine was preferentially bound by
the formation of hydrogen bonds be-
tween the imine nitrogen and the two
urea hydrogen atoms (Figure 3). High-
level calculations favored a bridged
structure with two hydrogen bonds
rather than rapidly equilibrating struc-
tures each having a single hydrogen
bond."” In addition, there was no sig-
nificant conformational change induced
in the catalyst upon binding of the imine.

RoN
(e} N
11 R,;N=BnHN,x=0 HO
12 R,;N=Me,N, X =S
Bu OCOtBu
RL
. _
R/CN Bn\N)\RS
L = i =
u — UNL
HeAN< N H NNm
N=CAr “ k2
BnHN(O)C X By N
BnHN oX

Figure 3. Catalysts 11 and 12 and their proposed
mechanism of action.

The imine is oriented such that the
smaller group (Me in the case of methyl
ketimines) points “inside” the U-shaped
catalyst. This probably explains the ob-
servation that the catalyst coordinates
only Z imines, since E imines would
have the larger group (R") pointing
“inside” the catalyst's framework. At-
tack then takes place from the least
hindered right-hand side of the complex
as drawn. Conceptually, this mode of
action imposes a limitation on the
reactivity and selectivity achievable by
this system. Because the imine's smaller
substituent is pointing directly toward
the catalyst, its maximum size can be
determined by the available space in the
catalyst's optimum conformation. Larg-
er groups could disrupt this conforma-
tion and cause a decrease in enantio-
selectivity. Indeed, it was found that

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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imines with large groups were poorer
substrates.!]

The solid understanding of the
mechanistic details in the case of cata-
lyst 11 enabled the Jacobsen group to
devise yet a better catalyst. They rea-
soned that a bulkier group on the left-
hand side (the fragment derived from
the amino acid) and tuning of the
electronic properties of the critical urea
moiety should augment the efficacy of
the catalyst. The increase in observed
enantioselectivities achieved with cata-
lyst 12 was indeed remarkable and
underscores the power of rational de-
sign. At the same time, rational design
alone would likely not have delivered
the initial key catalyst 11 as efficiently as
combinatorial screening did. This com-
bination of random screening followed
by rational optimization could mark the
future of catalyst design.['”

At present, the bulk of the results
reported for catalyst 12 concerns the
cyanation of aldimines. Only two ket-
imines were included in the study,
namely N-benzyl fert-butyl methyl ket-
imine (86 % ee) and N-(p-bromobenzyl)
methyl phenyl ketimine (96 % ee). Nev-
ertheless, catalyst 12 and, particularly,
catalyst 2 offer good performances in a
very difficult arena. There is still room
for improvement in the Strecker syn-
thesis of a,a-DAAs besides obtaining
higher enantioselectivities and achiev-

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

ing a broader scope. For example, the
requirement for an auxiliary group on
the imine implies steps to put it on
(unless the amine is readily available)
and selective removal at the end, which
is not always straightforward. The cost
and time involved in synthesizing the
catalysts still impinges on the method.
Chiral ligand 1 requires 12 steps starting
from D-glucose. Catalysts 11 and 12
require only five steps to put the four
fragments together, but their syntheses
involve the costly chiral cyclohexyldi-
amine and fert-leucine portions. Solid-
phase versions of the catalysts with
similar effectiveness would render their
recovery and reuse particularly easy.
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Stable Singlet Carbenes—Plentiful and Versatile

Wolfgang Kirmse*

Carbenes are neutral, divalent deriva-
tives of carbon.!! The nonbonding elec-
trons of the carbene carbon can be spin-
paired (singlet state, 1) or unpaired
(triplet state). The majority of carbenes
are short-lived, reactive intermediates.
The first “bottleable” carbenes were
reported around 1990. Since then, stable
carbenes have grown substantially in
number and importance. Applications in
coordination chemistry and catalysis are
developing rapidly.

In the ground state of a singlet
carbene, the paired electrons occupy
an in-plane o orbital, leaving a p orbital
vacant. Singlet carbenes are stabilized
by electron donation from substituents
D into the vacant p orbital (2). In terms
of resonance, the contribution of an
ylide structure 2" is implied. Push—pull
stabilization (3) is also conceivable
(Scheme 1).

These principles were invoked early
on to explain the electro- or nucleophi-
licity and reactivity of carbenes.”) More
recently, amino groups were found to be

2 oy :
"Fri' %“‘Y "’8?3 ; <D —<P
2 ot A a -—
X = D D D
1 2 2 2
{
&
ol
ol
3

Scheme 1. Stabilization of singlet carbenes.
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particularly efficient as donor substitu-
ents.l’l The first stable crystalline diami-
nocarbene, 5a, was reported by Ardu-
engo et al. in 1991."1 As is evident in 5b
and 6, steric protection is not required
for this type of carbene (Scheme 2).

Keywords:

carbenes - phosphanes - steric hindrance -

substituent effects

by 5 or 7 in order to enhance the
reactivity and tolerance of functional
groups.”’

The phosphanyl(silyl)carbene 10,
which Bertrand et al. prepared by pho-
tolysis of the diazo precursor 9, was the

first and most disputed stable

H - ) carbene  (Scheme 3).  Al-

B: A A though the authors advocated

R\N')i\‘N‘R B R\N\z/N’R -~ R\N\;}\FR the c%lrbene structure 10,1 the
4 HB" 5a Retodamemy 5 “carbene community” was re-

b ptolyl Y luctant to adopt this notion.

Compound 10 does not react

P Y /< Py >\ with simple alkenes but adds to
TNONT R\N\_/N’R N" N polar C=C bonds (A=CO,R,
H — A~ RY, Ar)l*™ and C=0 groups./**
6 a ;=mesityl 8 The cyclopropanation of A-

b tert-butyl CH=CH, to give 11 is highly

Scheme 2. Stable diaminocarbenes.

syn selective (with respect to
the phosphanyl group) and ster-

However, imidazolidin-2-yli-
denes 7 and acyclic diaminocar- fszN\P_CI . J<N2 . iPer\P N, L
benes without bulky substitu- PrN SiMe, PN SiMe,
ents dimerize slowly. The X-ray 9
crystal structures showed that
the C-N bonds of 5§ are longer | RN, RN _ RN
than those of the cationic pre- RZN'P SiMe:_' RL’Pi SiMe3H RZN'PTS'M63
cursors 4 (from which the car- 10 10 10"
benes were prepared by depro-
tonation with non-nucleophilic )/:A ltBu-Ncwea
bases, such as KH, lithium di-
?sopropylamide (LDA),'anq li'th- RN j> RN —/N_'B“ RN ;Mes
ium tetramethylpiperidine :p 9 :p 4 :p—<—
(LiTMP)). The N-C-N bond an- R.N  SiMe; RN SiMe, RN SiMe,
gles of the carbenes are smaller 11 12 13
than those of the precursor imi-
nium ions, even for 8 (121° vs. oh D Ph D 186 pm
133°). Therefore, a major con- \=/ e Bu o CH30H
tribution of the carbene struc- 10 : 14S'Mea Me Si/N\P siT?
ture to 5-8 (and many of their a W T \179(3;43
analogues) is without question. \D* Ph{_ D Bu 153 pm
Diaminocarbenes are valuable —

Ph RP” “SiMe, 15

ligands for transition metals. In
catalytically active complexes,
phosphanes have been replaced

DOI: 10.1002/anie.200301729

14b

Scheme 3. Stable phosphanyl(silyl)carbenes.
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eospecific (the cyclopropanation of (Z)-
and (E)-2-pD-styrene yields 14a and 14b,
respectively).”! Clearly, 10 behaves as a
nucleophile toward t bonds and isoni-
triles (—12).1% The reaction with phos-
phanes, 10—13, on the other hand,
indicates the presence of a vacant orbi-
tal at the carbene center.’! After many
unsuccessful attempts an X-ray crystal
structure was obtained, not of 10 but of
the close analogue 15.'! The P-C-Si
angle of 152.6° as well as the short C—P
and C—Si bonds suggest a major contri-
bution of the ylide structure 10', in
accordance with computational re-
sults.!

Regardless of its “true” nature, 10
served as a starting point for fascinating
developments. The silyl group of 10 was
replaced with aryl and alkyl groups in
order to correlate structure and stability
of phosphanylcarbenes (Scheme 4).1'2
Clearly, steric protection of the divalent
carbon is an important factor (cf. 17a/
17b, 17d/17e, and 17/17g). Trifluoro-
methyl-substituted compounds are more

nium salts 19 (Scheme 5).!% Tt is most
informative to compare the molecular
structure of 20a with that of the phos-
phanylcarbene 17a. The carbene-aryl
bond of 20a (145.3 pm) is longer than
that of 17a (139.0 pm), and the bond
angle at the divalent carbon of 20a

FsC F.,C
KH
H.C+ —» HC
N= e N
R R
CF, CF,
19 20

22 21

F.C F.C F.C
- .. -
w0 = 0 - D
+ he RX
CF, CF, CF,

23a 23b

Scheme 5. Stable amino(aryl)carbenes.

1 week

_ FC
— /N\
R

23c

both phosphanyl and amino groups to a
divalent carbon. Deprotonation of the
phosphanyliminium salts 24 with (Me;.
Si),NLi provided a series of amino-
(phosphanyl)carbenes 25 (Scheme 6).M%
The thermal stability of 25a,b is limited
by intramolecular C-H insertion (—26,
> —20°C), and that of 25d by
elimination of propene (40°C).
The long C—P bond (185 pm)
and the short C-N bond
(129 pm) of 25a indicate that
electron donation to the divalent
carbon occurs predominantly, if
not exclusively, from nitrogen.
As a consequence, the carbenes
25 behave as difunctional mole-
CFs cules. Hard Lewis acids (BF;)
interact with the divalent car-
bon, whereas softer Lewis acids
(BHs;, S) bind to phosphorus (see
28). Alkylation of 25d with
methyl triflate afforded the
phosphonium salt 27, which is
stable in the solid state at room
temperature.””  Nucleophiles
were found to displace the phos-
phonium group of 27 to form

T

RN J\J‘\z by RNL L Ay nr, (121°)is smaller than that of 17a  amino(oxy)carbene 30a and amino-
TPTR = PR P 162°). It appears that the push— (thio)carbene 30b. This approach is
RN~FZ R pPp p pp
NR. NR, : pull resonance structure 23¢ remarkable for its flexibility: a single
16 R=iPr 17 18 does not make a signifi-
cant contribution to 20a, o
: istent : istent .
R el R beowee in contrast to 17a. The >¥ >7 PR
C-N bond of 20a RR +—_ B RR b PN
CF; H,C CHs . . >= X I -—N ¢ Ph
a 80 d 40 (128.3 pm) is appreciably H )_ )_ q Bu
)8 shorter than that ob-
CFs ’ oH served for diaminocar- 24 25ab ) d25 254
3 ' 5
b ©/\CF3 " e ©/\ o benes (7: 135pm, 8: >-20<::/ MeOTfl \‘BHs
136 pm). Hence the -
f C(CHy)s 50 bonding in 20 is reason- RN NP e i
. P H Bu,P* >* Bu,P* >*
¢ CF -30 ] CH, -85 ably approximated by the e N N
Scheme 4. Stability of aryl- and alkyl(phosphanyl)- resonance structure 2_'3 a. R g TiO )7 )_
carbenes. Nevertheless, the diva-
lent carbon atom of 20 26 7 28
(PCNMR: 0=299- l A
persistent than their methyl analogues, 303 ppm) is deshielded relative
which can be interpreted in terms of to that of diaminocarbenes (7a: R B: R ~o
push—pull stabilization. The reactivity of 6 =245 ppm, 7b: 6 =238 ppm, 8: Q - Qi -.kN
17 is similar to that of 10, cyclopropa- ¢ =256 ppm). The short C-N XL N R Xk
nation being limited to electron-poor bond of 20 does not fully com- RY SR, "'NR,
alkenes. 1,2-Shifts of R,N, 17—18, were pensate for the lack of a second 29 30 31

found to proceed both thermally (with
17£g)!*! and photochemically (with
17a).1%9 1 2-F shifts predominated with
17, while 1,2-H and 1,2-R,N shifts
competed in the case of 17g.!'"*"!

Stable amino(aryl)carbenes 20 are
accessible by deprotonation of the imi-

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

amino group. The lifetime of 20 is
limited by intramolecular cycli-
zation to give 22, presumably by
way of the azomethine ylide
21'[13b]

Inspired by these results, Ber-
trand and co-workers attached

www.angewandte.org
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Scheme 6. Stable amino(phosphanyl)carbenes,
amino (oxy)carbenes, and amino(thio)carbenes.
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precursor, 27, gives rise to a variety of
carbenes 30. Some of these carbenes are
also accessible from iminium salts 29, as
demonstrated by Alder et al. for 30b—
e’ Even the purely aliphatic amino-
(oxy)carbene 31 has been obtained by
the deprotonation route.

Applications of these novel carbenes
as ligands for transition-metal com-
plexes are still in their infancy. Rhodium
complexes of the aryl(phosphanyl)car-
bene 17a have been reported,’” but
their catalytic activity has not been
disclosed. Many potential carbene li-
gands are now available, including bi-
dentate species, in which the electronic
and steric effects at the carbene center
vary widely. Recent DFT studies of Rh'
carbene complexes emphasize the struc-
tural versatility of phosphanylcarbenes
over aminocarbenes.'® Excellent oppor-
tunities for the design of selective cata-
lysts can be envisaged.
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«
...You study chemistry! Chemistry,

chemistry and more chemistry! It is a
quite exceptional science. ... It is the eye
which sees all. Its sharp, intrepid vision
penetrates the fiery mass of the sun and
the dark crust of the earth; ... and the
secret structure of stone and the silent
life of trees. It investigates everything and
everywhere it discovers harmony—and
thus it seeks untiringly for the origin of
life. And it will find it.”

Maxim Gorkij, Kinder der Sonne!!

«

... there is no department of science,
the history of which is more interesting
and instructive, in reference both to its
origin and to its development, than
chemistry.”

Justus von Liebig, Letters on Chemistry!

[22]

Introduction

In the third of his “Letters on
Chemistry” Justus von Liebig (1803-
1873) gives his readers an impression of
the overwhelming fire of enthusiasm
that resides in the soul of the successful
chemist:®™ “In order to attain that
knowledge of chemistry which we now
possess, it was necessary that thousands
of men,”” armed with all the science of
their respective periods, and inspired
with an unconquerable ardour, with a
passion for knowledge, which, in its
violence, bordered on madness, should
devote life, fortune, and their whole
faculties, to the task of exploring the
earth in all directions. It was necessary
that, with indefatigable perseverance and
constancy, these men should bring into

[*¥] Prof. Dr. O. Kritz
Alter Berg 19
82319 Starnberg (Germany)
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contact all known substances, organic
and inorganic; it was necessary that these
labours should be continued for fifteen
centuries.”

The most remarkable feature of this
observation by Liebig is that he did not
consider his laboratory as a place that
existed beyond nature, but as a temple
crowning human compulsion for re-
search, where the geologists and biolo-
gists “exploring” outside in nature were
to offer up their discoveries for conclud-
ing chemical investigation. With full
emphasis he continued:™ “There was,
finally, a mighty, an irresistible charm,
which urged men to devote themselves
with an amount of patience and perse-
verance altogether unexampled in histo-
ry—to labours which did not tend to
supply any want peculiar to the time in
which they lived. This mighty impulse
was nothing else than the desire for
earthly happiness.” According to Liebig
this “earthly happiness” lay in immate-
rial aims, such as the “philosopher’s
stone”, but especially in the intellectual
pleasure which chemistry guarantees
all who approach it with affection and
awe.

The question is, however, do others,
nonchemists, all those who are not
imbued by this “ardour ... border[ing]
on madness”, also regard chemistry in
this way? Do they really see the chem-
ical laboratory as the cathedral of na-
ture, which crowns all human endeavors
for knowledge, or is their reaction to the
“exploration” of natural scientists rather
one of a lack of comprehension, perhaps
even one of apprehension? Does all of
Liebig’s chemical zeal amount in fact to
lofty aims? Let us consider the concep-
tions that nonchemists have of chemists
and laboratories, as well as the self-
image of chemists. We will soon recog-
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A peculiar setting and the people who
populate it, as mirrored in the literature

nize that not everyone who works in a
laboratory is a “Liebig”!

As is almost always the case, every-
thing can be found in Goethe. His stage
directions for the scene “Laboratory” in
the second act of Faust II, written in
about 1800, runs tersely:¥ “After the
style of the Middle Ages: extensive,
unwieldy apparatus, for fantastical pur-
poses.”

In 2001, about two hundred years
later, C. von Aster formulates the fol-
lowing, highly depressing for us chem-
ists, in his “Horror Lexikon”:®! “Labo-
ratory: A ... classical site of horror,
where the overmotivated scientist—see
mad scientist—carries out his experi-
ments toward some dubious objective
or other. The furnishings of the labora-
tory were influenced significantly by
early Frankenstein films ... it is filled
with countless flashing coils, lights, ...
glass cylinders, and levers, which serve
only for the destruction of more or less
everything, something which to this day
has not really changed. Important in the
furnishing of the laboratory is merely the
impression it has on the spectator or
reader as a whole. Any explanation of
individual apparatus would be mis-
placed.”

Thus, the effect of laboratories on
nonscientists has changed but little in
this two-hundred-year period. As before
“extensive apparatus, for fantastical pur-
poses” dominate this usually somber
scene. This is to be illustrated and
scrutinized herein with selected exam-
ples of literary fiction, but also on the
basis of biographies, autobiographies,
and correspondence.
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The Bizarre and the Noisy as
Advertisement
«
Professors at universities should hang
out signs like innkeepers.”
Georg  Christoph

[62]

Lichtenberg, Sudel-

biicher!

Since the earliest of times laborato-
ries have attracted the attention of
contemporaries more through catastro-
phes, such as fires and explosions, than
through intellectual success.!®® Unfortu-
nately chemists are not entirely blame-
less in this respect. One delightful
source is provided by the writings of
Georg Christoph Lichtenberg
(1742-1799), who taught physics—at
that time a combination of chemistry
and physics—at the Universitdt Gottin-
gen. At that time professors had to
finance their lessons themselves, even
the hire of lecture theatres. Thus, Lich-
tenberg was forced to also use his
lecture theatre as a laboratory. Academ-
ic teaching was far more demanding
than it is today. A university lecturer
lived from the fees of his students. If
they stayed away, utter hardship existed
at the professorial hearth and home:*
“I have so terribly much to do to be able
to provide bread for my wife and chil-
dren that sometimes 1 know as little
where my head is as where my wife and
children are.” As a result, Lichtenberg—
a great master of the short essay and
sharp epigram—recorded in his “Sudel-
biicher” the idea of a “lecture of the
professor to the empty benches” ™ a
work that was unfortunately never per-
formed. Fortunately for his not incon-
siderable horde of children it did not
come to this, for his lectures attracted
such large audiences that the humidity
of the overfilled lecture theatre severely
disturbed electrical experiments. This
abundance Lichtenberg attributed to
the view that successful chemical pre-
sentations are in the end those which we
would nowadays call “scientific show
business™:*! “an ... experiment which
goes bang is of far greater value than one
which is silent, thus one cannot pray
enough to heaven that if it wishes for
someone to discover something to please
let it be something that will bang; it
resounds into eternity.”

Consequently Lichtenberg prefer-
red—as a stage director striving for
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optimal effect—the most impressive ex-
periments. For their money the audience
also expected a professor to wittily
round off the performance in the best
possible spirits in the style of a confér-
encier:®! “Phosphorus is only danger-
ous in the form in which it is sold in
apothecaries, when dissolved in a fat it is,
without losing its luminescent properties,
neither corrosive nor combustible. Dis-
solved in oil of cloves one can besmear
oneself with it completely, as I do, at least
my hands, every half year (that is, in each
semester!). In Paris a luminous pomade
pour les Dames is even prepared, for the
ladies receive visits in the dark, some-
thing which to my knowledge is quite
unheard of in this country.”

Incidentally, Lichtenberg’s prayer
was answered. As luck would have it
he was able to further develop an
experiment introduced by Jan Ingen-
housz (1730-1799)—the burning of iron
wire in an oxygen atmosphere by using
steel watch springs—in a most impres-
sive and noisy way. In June 1782 Lich-
tenberg wrote to a friend:* “Try to
ignite a watch spring in dephlogistated
air, and then combustible phosphorus. It
is the most magnificent performance one
can observe. I have yet to meet anyone,
expert or not, who would not be im-
pressed by it.”

As almost always in life, it pays to
show off with enthusiasm. During the
winter semester of 1786/87 Lindenberg
counted well over 100 students: “This
winter 1 have three royal princes and
Knights of the Garter, one Prince of
Anhalt.”

However, there is a price to pay for
everything, for the theatrical thunder
presented offered the nonchemical pub-
lic an image of chemistry as something
amazing, but also sinister and disturbing,
which is an image we will often encoun-
ter in the following!

Much Literary on the Life History
of a Fictitious Chemist

«
... he was cold-hearted, narrow-mind-

ed, and moreover, a chemist ...”

Gustave Flaubert, Passion et vertu

For the fun of it let us follow, some-
what eclectically, the fictitious life his-

tory—with branches and parallel path-
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ways—of a conceptual, that is to say a
“fully synthetic” chemist, based on cita-
tions from totally different epochs, and
in this way study the eternal fascination
of the laboratory.

It is immediately noticeable that
thoroughly interesting problems are
rarely, if ever, pursued. This applies
particularly to the question of the social
status of the chemist. As we will discuss
later, it was completely “fashionable”
within upper social circles to work in the
“drawing room” with well-equipped,
portable experimental boxes for one’s
own amusement.®) The amateur and
dandy chemist became a standard fig-
ure. But it was in no way “gentleman-
like” to build a chemical facility, even
one’s own! The question of social ad-
vancement was discussed rather coyly in
novels, even in autobiographies, and
more often than not only allusively.”’
One rare example comes from Wilkie
Collins (1824-1889) in his crime novel
“The Haunted Hotel”. It is said of an
especially disagreeable murderer who
possessed a well-equipped laboratory
and who used his chemical knowledge
to dispose of the cadaver of a lucrative
victim:!" “This noble personality has
begun life with a single-minded devotion
to the science of experimental chemistry,
very surprising in a young and handsome
man with a brilliant future before him.”
Otherwise the reader is well advised at
this point to get used to the idea that the
chemist in the literature is frequently
featured as a scoundrel.

Guidelines for “ball mothers” con-
firm that in invitations to dancers who
would ensure the social advancement of
marriageable debutants, aristocratic
lieutenants were always preferable to
young academics. That the guards and
cavalry were more highly valued than
the infantry, these more than lawyers
and merchants, is obvious. Young aca-
demics from the natural sciences were
ranked at the bottom, and chemists did
not even appear on the lists. They were
clearly not considered honorable bounty
in the hunt by better circles for present-
able son-in-laws.

One is not born a chemist. We shall
overlook alchemical procreative rites, as
handed down to us by E. A. F. Klinge-
mann (1777-1831) in his romantic poem
“Nachtwachen von Bonaventura”,""! as
being a little too direct. It is true that
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toward the end of our observations we
will be made aware of how one can leave
this world “chemically” in style, but we
want to begin our fictional tale with the
fate of a child entitled to the most
beautiful of expectations.

But how do children come under the
spell of chemistry? A significant role
was always played by instructions pub-
lished for self-experimentation and by
commercial experiment boxes.”? In
1779, Johann Christian Wiegleb publish-
ed a revision of the “Natiirlichen Mag-
ie” by Johann Nicolaus Martius,"
which was to have great significance
for the later works of the poet E. T. A.
Hoffmann (1766-1823). Hoffmann’s
boyhood friend Theodor von Hippel
wrote in his “Erinnerungen” in
1822:1"4 “The winter again brought forth
new games. Wiegleb’s natural magic
produced much material. At the time of
aeronautics the friends [that is, Hoff-
mann and Hippel himself] were partic-
ularly diligent in their endeavors to raise
into the air a silken air balloon of several
feet in diameter, very neatly sewn by the
aunt. A couple of drops of hydrochloric
acid applied accidentally during the fill-
ing of the balloon gave the event a
tragicomical ending.” During his initial
period in Weimar Goethe also attempt-
ed the preparation of hydrogen to fill a
small balloon—and the same misfortune
befell him.!"”!

Another of Hoffmann’s boyhood
friends, Franz von Holbein, wrotel'*"
that in the winter of 1798/99 they both
attempted the staging of an “apparition”
in the presence of the author Jean Paul,
but that this failed. It was a simple
optical chemical trick from Wiegleb’s
“Magie”, according to which with a
magic lantern one could project images
onto a screen made of a mist of ammo-
nium chloride crystals floating in the air,
which were formed from concentrated
hydrochloric acid and concentrated am-
monia solution. Presumably the two
young experimentalists did not have
enough pocket money for a sufficient
quantity of chemicals of suitable quality,
and their apparitions remained invisible
in the absent mist.

However, other experiments suc-
ceeded, in fact very well. Wilhelm von
Chézy described in his “Erinnerungen
aus meinem Leben”!' a soirée his
mother, the author and librettist Helmi-
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na von Chézy, held in Berlin in 1817.
E. T. A. Hoffmann persuaded Helmina’s
guests to dress themselves as the de-
ceased in white napkins for “shrouds”
and frightened them with the burning of
“salty spirit of wine”, described by
Wiegleb as an experiment for the colo-
ration of flames. Helmina herself re-
members in her work “Unvergesse-
nes”:'% “As everybody knows, the most
highly colored faces look like corpses
when they are illuminated with this
mixture. I cried out with horror.” As
can been seen, thrilling chemical experi-
ments from experimentation books en-
riched social events and produced not
inconsiderable effects—even in the
works of Hoffmann, for example, in
the alchemistic story of “The Golden
Pot”.'"! Hoffmann’s aunt had sewn the
balloon herself. With a somewhat larger
family budget it would have been pos-
sible to have bought it, as well as the
experiment with the apparitions in the
mist, together with basic equipment for
chemical experiments, at the company
Georg Hieronymus Bestelmeyer in Nur-
emberg, which was like one of the big
catalogue companies we know today."™

Let us now look at the role of the
experiment box in our time. In the
rather sad short story “The Salt Garden”
by Margaret Atwood (born 1939), a
crystallization experiment carried out in
childhood from the experiment box—
the “magical salt garden” itself—
achieves in retrospect a significance
loaded with symbolism for the main
female character:”
having been given a small chemistry set
as a child ... with its miniature test tubes
and the wire holder for them, the candle
for heating them, and the tiny corked
bottles, so appealingly like doll’s-house
glassware, with the mysterious substan-
ces in them: crystals, powders, solutions,
potions. ... it was alchemy, after all, and
that was how the instruction book pre-
sented it: magic. Astonish your friends.
Turn water to milk. Turn water to
blood.” On careful reading one recog-
nizes that almost all of the experiments
described were real “oldtimers”, such as
the conversion of water into milk, of
water into blood, or even the “salt
garden”. The instructions, the com-
pounds, and the apparatus—*“so appeal-
ingly like doll’s-house glassware”—for
all these experiments could have been

“Now she can recall
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obtained as early as 1800 at Bestelmey-
er. Thus, an old tradition of fascinating
but always identical experiments runs
through the literature throughout cen-
turies, and experiment boxes for chil-
dren and young people still have their
thrilling effect today.

Let us now continue with the life
story of our fictitious hero and let him
mature to adolescence. In Oliver Sacks’s
autobiography “Uncle Tungsten” there
is a charming description of how the
author equipped his first laboratory as a
young boy with the highly ambitious
justification, “I would live the history of
chemistry in myself” But even Sacks’s
description remains totally within the
framework of chemical tradition. In
particular, emphasis is placed on dan-
gers survived and the possibilities for
flight from the ground-level laborator-
y:B “Conveniently, this room let out to
the garden, so that if I concocted some-
thing that caught fire, or boiled over, or
emitted noxious fumes, I could rush
outside with it and fling it on the lawn.
The lawn soon developed charred and
discolored patches, but this, my parents
felt, was a small price to pay for my
safety—their own, too, perhaps.” It can
not be denied: Sacks, too, played with
danger; he, too, communicated to his
readers the endless excitement of dan-
gerous chemistry.

School days were frequently the
critical and at times also the most
problematic period of life for the future
chemist. The influence of teachers can
be critical for one's journey through life.
A particularly impressive example is
provided by Elias Canetti (1905-1994),
who won the Nobel Prize in Litera-
ture—an example of how a doctorate in
chemistry need not necessarily be harm-
ful. Canetti attended the Kohler-Real-
gymnasium in Frankfurt am Main dur-
ing the years 1921-1924. The chemistry
lessons there evoked in him such bad
memories that—with a certain amount
defiance—he studied chemistry at the
Universitdt Wien and gained his doctor-
ate on a topic in analytical chemistry in
1929.”! His baffling reasoning is recom-
mended to chemistry teachers as partic-
ularly soulful reading:®*" “Not much
more than the formulas for water and
sulfuric acid had remained with me from
his class, and I had been disgusted at his
movements during the few experiments

Angew. Chem. Int. Ed. 2004, 43, 1770-1780


http://www.angewandte.org

he performed for us. It was as though a
disguised sloth were sitting in front of us,
handling the apparatuses slower from
hour to hour. Thus, instead of a smatter-
ing of chemistry, I was left with a gap in
my knowledge. I now had to fill this gap,
which was so huge that I could allow
myself to study chemistry for this pur-
pose.”

Competition in experimental natural
science arrived relatively late in the
USA and then Europe. In the apparent-
ly humorous but, on closer reading,
exceedingly gloomy novel “The Correc-
tions” by Jonathan Franzen (born 1959)
the realistic description of a fraudulent
student who obtained the first prize in
chemistry by trickery is depicted. The
period of the novel is not given precisely,
but it certainly ends in our time and
follows the fate of a family in the last 50
years. The “hero” of our citation, the
second son of the family, must have been
about fifteen at the time of the compe-
tition, so it must have taken place about
three and a half decades ago:* “How
he’d built a controlled plywood environ-
ment for growing oats and had photo-
graphed the young seedlings meticulous-
ly and then ignored them for weeks, and
how, by the time he went to weigh the
seedlings and determine the effects of
gibberellic acid in concert with an un-
identified chemical factor, the oats were
dried-out blackish slime. How he’d gone
ahead anyway and plotted the experi-
ment’s ‘correct’ results on graph paper,
working backward to fabricate a list of
seedling weights with some artful ran-
dom scatter and then forward to make
sure that the fictional data produced the
‘correct’ results.”

It has to be admitted that this
description particularly moved the au-
thor of these lines, if not to say person-
ally affected. For many years he was
involved in such a competition as a
juror, and unlike his thoroughly benev-
olent co- and in part prominent senior
jurors, who happily mused about the joy
of association with youth usually apos-
trophized as “refreshing”, the dark sus-
picion of being the victim of not incon-
siderable fraud plagued him often. His
impression was that as juror one is
surprisingly often the object of steely
elbows of ripening but cunning young
geniuses and their families, and one
would do well to observe closely the
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participants preparing their stalls in the
days running up to the competition to
exclude all from the competition whose
fathers, uncles (or their secretaries or
drivers) supply the nowadays obligatory
computer, help in the design of the
experiments, and give pedagogic sup-
port in setting up critical experiments. It
gave a former juror particular pleasure
to find the student in Franzen's novel
honored with “a three-foot-tall silver-
plated Winged Victory”. He obtained
this first prize with the help of a “plant-
physiology paper both obscure enough
and simple enough to be mistaken for the
work of a brilliant eighth-grader”, which
he'd unearthed in the city library and
which he furnished with falsified exper-
imental data.[*?

Let us now follow our young syn-
thetic chemist to the university. Each of
us will remember the first discussions
with professors and the basic lectures
féted with a certain devotion. Profes-
sors, who appeared most advanced in
years to us novices, left and leave those
in the first semester with all kinds of
uplifting impressions of academic life—
aritual that is as beautiful as it is old. As
evidence is a comparatively long-estab-
lished citation: in “Frankenstein or The
Modern Prometheus” Professor Wald-
mann of the Universitdt Ingolstadt
taught the budding chemistry student
Viktor Frankenstein. In the third chap-
ter of this classic of lurid literature by
Mary Shelley (1797-1851) published in
1817, Viktor had not made the nameless
monster, the tragedy had not yet started
on its fateful course, everything could
still turn out for the best. Victor and we
readers learn from Professor Wald-
mann's lips only what is agreeable about
chemistry, golden words which have lost
nothing in their meaning over the last
two (!) centuries:! “Chemistry is that
branch of natural philosophy in which
the greatest improvements have been and
may be made.” Furthermore, Waldmann
gave advice which could still be valid
today:® “A man would make but a very
sorry chemist if he attended to that
department of human knowledge alone.
If your wish is to become really a man of
science and not merely a petty experi-
mentalist, I should advise you to apply to
every branch of natural philosophy,
including mathematics.” Significantly, it
was Viktor’s interest beyond chemistry
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for biology and electricity as well as
alchemical reminiscences that led to the
creation of the monster and thus to
catastrophe.

Let us take another step forward!
The author of these lines will never
forget how, during his first semester at
the Universitdt Miinchen, he entered
the elementary laboratory in the old
building of the Institute for Inorganic
Chemistry in the old Botanischer Gart-
en for first time, on a gloomy afternoon
in the winter of 1957/58. The fog of
ammonium chloride in the room robbed
one of almost all vision and irritated
breathing, and he was overcome with
the oppressive feeling that had entered a
particularly bleak scene of Dante’s In-
ferno by mistake. In her 1927 novel
“stud. chem. Helene Willfiler” Vicki
Baum (1888-1960) erected a poetically
somewhat exaggerated but in the final
analysis realistic and atmospheric monu-
ment to the apocalyptic bustle of basic
inorganic practical lessons:?! «...the air
is spider-web gray, dense, indescribable

There is boiling, hissing, puffing,
bubbling, and vapors formed green,
bluish, red... A fantastic vegetation of
glass grows from the benches: bottles,
flasks, standpipes, retorts, pipettes, titra-
tion flasks, test tubes, beakers.” The
novel, successful in its time (it is even
mentioned with affection in Karl Win-
nacker's autobiography®)), a love affair
between a student and an elderly pro-
fessor, struggles toward the truly exag-
gerated happy ending of a marriage
between chemists.

In his autobiographical work “The
Periodic Table”, one the finest books
ever published on chemistry, Primo Levi
(1919-1987) describes the mist-shroud-
ed scene of the beginner’s practical even
more vividly:®® “In this place, too, no-
body wasted many words teaching us
how to protect ourselves from acids,
caustics, fires, and explosions; it ap-
peared that the Institute’s rough and
ready morality counted on the process
of natural selection to pick out those
among us most qualified for physical and
professional survival. There were few
ventilation hoods; each student, follow-
ing his text’s prescriptions, in the course
of systematic analysis, conscientiously let
loose into the air a good dose of hydro-
chloric acid and ammonia, so that a
dense, hoary mist of ammonium chloride
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stagnated permanently in the lab, depos-
iting minute scintillating crystals on the
windowpanes. Into the hydrogen sulfide
room with its murderous atmosphere
withdrew couples seeking privacy ...”

That laboratories can be places of
erotic threat for chemistry students is
known by all. We learn of this, too, from
Elias Canetti’s autobiography. He meets
his future wife Veza Taubner-Calderon
during a series of literary lectures by
Karl Kraus. The developing relationship
could not be kept secret from Canetti’s
mother and she develops an almost
unearthly jealousy of her future daugh-
ter-in-law. Her son wrote that to mislead
his mother:®*" “I told her about other
things that were happening in Vienna,
discussions with the woman working
next to me in the laboratory, a Russian
émigré whom I liked very much.” The
mother, who clearly assumed erotic
student adventures in laboratories to
be likely, swallowed the bait. Canetti:
“This time I had been helped out by a
colleague, who happened to be working
next to me in the laboratory.” Canetti
had originally wanted to become a
doctor, but later did an about-turn, not
least through his mother's instiga-
tion:'! 1 “chose a vocation that was
nothing less than unselfish. Chemistry, as
she [the mother] could hear on all sides,
belonged to the future. It offered promis-
ing jobs in industry; it was useful, oh, so
useful. Anyone who settled in this field
would earn a good living, a very good
living...”

Not everyone was fortunate enough
to be able to conclude a full period of
study in the glow of academia. Many
pursued or studied chemistry on the side
and still became rich and famous
through it. In the middle of the 19th
century the ambitious son of an estate
manager sought a way upwards. At first
he believed to have found the way in the
shape of the career of a Prussian officer.
He believed he could use his natural-
science/technical talent in the artillery,
and pursued chemistry on the side,
particularly electrochemistry, then still
very young. When he was to be posted to
the provinces he impressed his strict
superiors with an improved recipe for
gun cotton. He became friendly with
Professor H. G. Magnus of the Univer-
sitdt Berlin and was allowed to share his
laboratory. This led to catastrophe. He
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placed a fresh sample of his gun cotton
in a drying cabinet, which was innocent-
ly heated by Magnus:?™! “As I returned
to the laboratory early one morning after
a short sleep I found the professor stand-
ing sadly amongst the ruins in the middle
of the room. When the drying cabinet
was heated the gun cotton had ignited
and destroyed the oven. One glance
revealed both this and the complete
success of my investigations. The profes-
sor, with whom I tried to dance with joy
around the room, at first appeared to
regard me as mentally disturbed. It took
a great deal of effort to calm him
down...”

Starting with the construction of
batteries, the young lieutenant soon
developed his telegraphy technology
and thus became the founder of an
international company still in existence
today. When Werner von Siemens
(1816-1892)—for it is he—became rich
and famous decades later it was a source
of considerable pleasure for him to
cultivate the fascination of dangerous
chemistry. His numerous explosions had
led to permanent injury to the ear drum
with corresponding damage to his hear-
ing. Even in his later years Siemens
entertained in intimate company with
the unusual trick of blowing cigar smoke
out of his ears.”””! Chemistry enthusiasts
cultivate their injuries just as lovingly as
corps students their scars! Anything for
toughness!

The Chemist at the Zenith of his
Existence

«
The genius differs from the charlatan

only in that he is proved right.”

Peter Bamm, C;3H,,0,. Die Geschichte

einer Entdeckung!

Let us assume that unfathomable
fate has chosen our young, fictional hero
to bloom and become one of the truly
great of the subject. Of course, the
actual experts are firmly convinced that
success is due solely to their own
abilities and in no way to a poorly
conceivable parameter such as fate.
Most of the successful people in this
world have always been of the unshak-
able opinion that one does not suffer
fate, but that it is there to be shaped. Let
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us therefore ask what is actually needed
on the way to the top.

Let us begin with a publication by
the 25-year-old Robert Bunsen (1811-
1899), a newly-appointed professor of
chemistry at the Universitdt Marburg. If
one sought a motto for his early pub-
lications, which spread astonishment
amongst his professional colleagues, it
would have to be: “Show courage and
talk about it.” Today we might call this
attitude “mega-coolness”.

Comments such as “A severe eye
injury that I incurred during the course of
this investigation prevented me from
following the subject further” at the end
of an epoch-making publication on ca-
codyl compounds,®! which were to
ensure Bunsen an enduring place in
the history of chemistry, have the same
aloof charm as droll stories of old
generals who tell in passing of limbs left
behind on the battlefields of magnificent
victories. One could believe that Bunsen
played the same trumps quite unwit-
tingly. However, a detailed study of his
publications shows quite the opposite.
The handling of cacodyl cyanide led in
an obvious manner to a most meticu-
lously described poisoning: “If one ex-
poses oneself to the atmosphere of a
room in which merely a few grains
vaporize at ambient temperature, sudden
numbing of the hands and feet, dizziness,
and intoxication occur, which can extend
to complete unconsciousness. These oc-
currences are but of short duration and
without after-effects if one removes one-
self from the effect of the substance in
good time.” That this was richly embel-
lished is revealed to us by Bunsen’s
biographer Georg Lockemann:*"! “The
intrepid researcher, who had not re-
moved himself ‘in good time’, lay ill for
several days; he hovered between life and
death.” The outcome of this incident:
the truly successful fighter is indeed
wounded on the battlefield and talks
about it, yet he does not fall!

Even today heroic acts in the labo-
ratory are generally admired. In his
work “The Billion-Dollar Molecule”,
Barry Werth described a young “intrepid
bench chemist”, who through clumsiness
dropped a bottle of benzene. The ben-
zene vapor ignited and the young man
fled the flames onto the window ledge:
““What 1 think bothered me about the
whole thing was the fact that I caused a
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fire,” he would recall, ‘and we used up all
the carbon dioxide extinguishers.” In
fact such misadventures are rarely de-
scribed, but the noble behavior of the
man who in no way considered his own
life but worried about the enormous
consumption of carbon dioxide by the
fire extinguishers justified an exception,
and actually: “Tishler excelled at Har-
vard” P!

Otherwise the problem of personal
safety during the experimental work of
chemists is happily hushed up and is
therefore seldom reflected in literature.
Communications such as “I carried out a
15-step preparation and at the final
stage I tripped over the doorstep” are
never found in the autobiographies of
chemists. In fact the author of these lines
knows of chemical institutes that have
installed panoramic mirrors at corridor
junctions in order to prevent collisions
between rushing postgraduates and
their substances. However, a sympathet-
ic silence covers up the chemist dramas
concealed behind such architectural
features. Broken fragments in the corri-
dor are simply not a topic for discussion.
The single citation on this topic is
provided by Erwin Chargaff (1905-
2002) in one of his always very readable
works. In his autobiography “Heracli-
tean Fire” he describes a colleague who
before each synthesis practiced even the
simplest of hand movements in the
smallest detail in order not to endanger
valuable compounds. Particularly de-
lightful:P! “An empty beaker was raised
and slowly and carefully emptied into an
empty separating funnel, the noncontents
of which, after being shaken, divided into
two layers of nonentity, separating noth-
ing from nothing.” One could make fun
of this pantomime—not so Chargaff,
who interpreted it understandingly as
part of the “great corpus mysticum of the
world”.

But what use is courage and dexter-
ity to a young chemist when the creative
act of imagination is lacking? Surpris-
ingly, this topic is usually also ignored. It
could be thought that for chemists and
the men of letters who write about them,
imagination is something suspect. The
origin of a new concept or a new theory
is readily depicted as if it had evolved in
crystalline clarity as an abstract, consis-
tent consequence of an absolutely logi-
cal derivation, and the supposedly com-
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pletely emotionally detached brain of
the researcher as an ice-cold functional
computer. Consequently, one of the
greatest autobiographies by a chemist,
“The Double Helix” (1968) by James D.
Watson (born 1928), encountered con-
siderable disapproval from colleagues.
Yet such a cheerful self-description is
seldom found twice. A postdoctoral
researcher on the threshold of the Nobel
Prize he fully intended to get—oh, how
immodest!!!—at the same time always
on the quest for sex and alcohol, is hard
for the scientific community of chemis-
try to tolerate. Thus, Watson rounds off
the description of a scientific conversa-
tion with the unique sentence: “Our
bottle of Chablis ... diminished my desire
for hard facts.” Watson experienced an
important intellectual breakthrough in
an unheated train when he doodled a
structural scheme in the margin of a
newspaper, to then come to the critical
realization, only after he had cycled to
the college and—because he was too
late—climbed over the gate: “... I had
decided to build two-chain models.”?
We should accept Watson’s subjective
text simply for what it is, subjective, and
reject the carping of his sometimes
prominent contemporaries, who had
perhaps only got a raw deal with the
Chablis and missed the true, the great
objectivity.

A further fundamental factor for
successful research is the availability of
adequate amounts of suitable starting
materials. What use is a good idea to our
young, fictional researcher when the
chemical compounds upon which he
could build are not available? In the
description of complicated chemical
compounds, particularly in older bio-
chemistry text books, there is often the
comment that no technically exploitable
total synthesis is available and that it is
therefore necessary to start from natural
products for large-scale preparation.
Their occurrence in nature is then
described sketchily and usually with
total indifference, with a Latin term.
Only in the rarest of cases would the real
meaning be evident to the reader, espe-
cially the student.

In October 1934 the engineer and
author Carlo Emilio Gadda (1893-1973)
published in the Gazzetta del Popolo the
poetically styled report “A Morning at
the Slaughter House”, in which he
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dedicated a long passage to the collec-
tion of certain animal organs by a special
butcher as a reservoir of biochemically
and pharmaceutically important sub-
stances. A “nimble thief ...: in a flash
he robbed the animals of their essential
glands”. Gadda reveled in the dreadful
mood and described dramatically the
“cutting of the tongue” and the blood-
stained, half-open leather bag in front of
the butcher's stomach, full of pineal and
adrenal glands. Gadda spins the thread
further in typical fashion. Instead of
being thankful to butchers, pharmacists,
and chemists he dramatizes the strange-
ness of the scene and fantasizes in eerie
alchemical clichés: “But a formula is
essential! After they have listened to the
opinion of the formula distillers the
opotherapists will distil from it miracle-
working phials; let their imaginative
decoctions bubble in their never-existing
pots. The three weird sisters will perform
the greatest witchcraft of life, and astride
a broom dance around the witches’
cauldron in an oxytonic rhythm of dev-
ils...” These “three weird sisters” from
Shakespeare’s Macbeth foretell—and
here Gadda’s whole ridicule culmi-
nates—impotent old men a large issue
thanks to the action of pharmacy and
chemistry.!

We remain with the problem of the
procurement of exotic starting materials
and also with a similar topic, whereby in
the title of the work to be discussed it is
more a matter of the prevention of
numerous progeny—but with retention
of full male virility. In 2001, in his partly
autobiographical reflections with the
title “This Man’s Pill”, Carl Djerassi
described an interview he held on Oc-
tober 3, 1979 with Russell Marker, a
legend of steroid chemistry.”* Marker
represents an extremely rare type of
chemist, the adventurer without his own
laboratory, who followed the yam
(which contained the substance he hotly
pursued, progesterone) into remote
areas of Mexico. He had the yams
chopped like potato chips in a small
coffee-drying plant, dried in the sun, and
then ground up in Mexico City. The
workup was carried out with borrowed
extraction apparatus, and the isolation
in a likewise borrowed laboratory.

Chemists do not often make them-
selves noticed through stormy political
dogma, but cultivate a quiet and upright
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conformity. Our fictional chemist is no
exception. Rarely, only very rarely, are
views on topical political events found in
the autobiographies of chemists. The
chronicler is all too painfully aware of
what a large role the talent for mixing
with the great and influential of state
and society can play for the career of a
chemist. The Nobel Prize winner Rich-
ard Willstatter (1872-1942) records one
of the rare descriptions of this delicate
topic in his autobiography “Aus meinem
Leben”. Following the description of a
laboratory inspection by Kaiser Wil-
helm II there comes a quite tragic de-
scription of how he and Fritz Haber
(1868-1934) practiced the correct court
behavior in Willstétter’s study should
the Kaiser summon them—two future
Nobel Prize winners for chemistry:*
“At that time we were threatened that any
evening we could be summoned to the
Palace for a lecture. One hardly trusted
oneself to wear slippers. Haber practiced
the required fine behavior in my spacious
study, especially the backwards exit,
which cost me a Copenhagen vase. But
it never happened, not for any natural
scientist.”

This story dates back about ninety
years, but with a closer look at the
history of German chemistry since, one
could be overcome by the feeling that
many representatives of our profession
have all too zealously practiced “exiting
backwards” in dealing with the powerful
of this world—perhaps even similar to
those English aristocrats who lead
Queen Elizabeth IT into the House of
Lords backwards.®

How did Goethe describe laborato-
ries: “extensive, unwieldy apparatus, for
fantastical purposes.” Such a brief, at-
mospheric description would not flow
from the pen of a chemist. The exotic/
uncanny was only ever seen by others.
Everyone is aware of the magic which
the mighty glass apparatus of a labora-
tory can unfold, but lyrical descriptions
of their own laboratory are apparently
not a topic for proper chemists. We
would therefore not expect it of our
fictional chemist either.

With all its literary qualities Justus
von Liebig's “Letters on Chemistry” is
no exception. It is true that his unending
enthusiasm for chemistry shines out
from every sentence, but nevertheless
the descriptions carry a certain measure
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of sobriety. He does himself not notice
the actual ambiance of a laboratory
when he also reflects upon the advances
in laboratory furnishing and the avail-
ability of new materials:*! “Without
glass, cork, platinum, and caoutchouc,
we should probably, at this day, have
advanced only half as far as we have
done. In the time of Lavoisier, only a few,
and those very rich persons, were able, on
account of the costliness of apparatus, to
make chemical researches.” For Liebig
the “modern” laboratory of his time is
no longer the “damp, cold, fireproof
vault ...
but “a light, warm, comfortable room”.
He underlined especially the great ad-
vance in heat sources and praised the
“odourless flame of gas, or of spirits of
wine ... To these simple means must be
added ‘The Balance,” and then we pos-
sess everything which is required for the
most extensive researches.” In this way
Liebig justified a tradition of restriction
to the simplest of aids in chemical
research. However, if one considers the
description of the lecture-theatre ex-
periments in his “Vorlesungsbuch”,*”!
he is in no way put off by complicated
experimental procedures, at least not in
front of an audience! The generation of
chemists that succeeded him followed
the ideal of simplicity in apparatus, at
least to such an extent that they attract-
ed the thinly veiled sarcasm of the next
generation of Liebig’s scientific de-
scendents. Liebig’s successor as profes-
sor at the Universitit Miinchen, Adolf
von Baeyer (1835-1917), felt so obligat-
ed to the Liebig ideal that he provoked
Willstétter’s terse derision: “I have seen
Baeyer spend three quarters of an hour
attentively activating magnesium with
iodine gently by hand in a test tube above
a flame for a difficult Grignard reaction.”
Willstitter found the simplicity of Baey-
er’s style of research plainly comical in
its lofty simplicity: “Baeyer’s apparatus
was simply the test tube.”

But times change. Just a few decades
later the emphatically simple style of
research of the Liebig/Baeyer era be-
longed forever to the past. Even Will-
stitter emphasized the further develop-
ments in equipment in his own time :*"
“Emil Fischer has introduced the vibrat-
ing bomb furnace into the laboratory,
Fritz Haber the high-pressure auto-
clave.” In 1993, Albert Hofmann de-
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scribed the unpretentious laboratories
at Sandoz in his famous autobiography
“LSD—My Problem Child”:P%! «“We
worked, three academics each with a
laboratory assistant, in the same room on
three different topics ... The laboratory
was equipped with two ‘chapels’—sec-
tions furnished with fume hoods, the
ventilation of which by gas flames was
really quite ineffective. When we asked
for these to be replaced by fans, the boss
refused on the grounds that in the Will-
stitter laboratory this type of ventilation
also sufficed.” Hofmann maintained re-
gretfully: « the working methods
which were available at the time, at the
beginning of the 1930s, were essentially
still the same as those used by Justus von
Liebig a hundred years earlier.” The
great advance in his own time he
regarded to be “the introduction of
microanalysis by B. Pregl”, but regretted
that “all the other physical chemical
methods available to the chemist today
did not yet” exist. During the course of
the decades it became important for an
ambitious young chemist to master as
perfectly as possible the most modern
working methods of his time. Thus, a
new requirement for the advancement
of young scientists in the scientific
community had taken shape, namely
the quest for the newest methodology.
It is therefore no wonder that Hofmann
highlighted column chromatography as
the decisive basis of his successful ergot
work.

However, chemistry and chemists
unfortunately do not escape their fate.
Albert Hofmann’s ergot work was also
exploited from a chemical pharmaceut-
ical aspect and was to have been a
blessing to humanity. But as the broom
escaped Goethe’s apprentice so Hof-
mann had to experience painfully how
his great discovery of LSD got out of his
control, and evolved a highly disturbing
self-existence. He responded with the
publication of his wonderful autobiog-
raphy and in it found the strength to
reflect upon the Janus-faced nature of
his great discovery, lysergic acid dieth-
ylamide, and its terrible development to
a cult drug. Against the background of
our question of why laboratories and
chemists come across as sinister to the
general public, an exceedingly unusual
partial aspect is examined more closely:
The zenith of Hofmann’s book is with-
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out question the reproduction of the
laboratory notebook of April 19, 1943
with its now legendary self-experiment
and the description of the subsequent,
initially depressive but finally exhilarat-
ing experience. Hofmann's description
of the two most important days—April
19 and 20—follows a simple scheme: 1.
The dry description of the investigation.
2. The catastrophe: “The neighbor’s
wife, who brought me milk, ... I no
longer recognized. It was no longer Mrs
R., but an evil, insidious witch with a
colored and distorted face ... All efforts
of my will to prevent the destruction of
the external world and the dissolution of
my ‘self’ appeared useless. A demon had
entered me...” 3. The remorseful phase:
“... the thought of having to give up,
unfinished, my work as a research chem-
ist, which meant so much to me, in the
middle of fruitful and promising devel-
opment, increased my fear and confu-
sion.” 4. The phase of elation: “Like a
kaleidoscope, varying, colorful, fantastic
images pressed upon me, in circles, in
spirals, opening and closing again, spray-
ing in colored fountains, rearranging and
crossing, in constant flow. Particularly
remarkable was how all acoustic experi-
ences such as the noise of a door handle
or a passing automobile changed into
optical phenomena. Every noise pro-
duced in form and color a living, chang-
ing picture.” 5. The happy return to
“normality”: “A sensation of well-being
and new life flowed through me.”*!
The literary quality of Hofmann’s
description becomes only fully evident
when one allows oneself the natural but
somewhat macabre amusement of com-
paring it with the more famous descrip-
tion by Robert Louis Stevenson of the
first change of Dr. Jekyll into Mr. Hyde.
This first metamorphosis of Dr. Jekyll is
one of the outstanding passages in
Stevenson’s work “Dr. Jekyll and Mr.
Hyde”, published in 1886—just four
decades before Hofmann’s work was
published. The English author (1850-
1894) describes his own experiences; he
was treated for tuberculosis with co-
caine. The narrative runs more rapidly
with Stevenson, the description is short-
er, but the structure is almost identical:
1. The experiment. 2. “Agonizing mortal
fear”: “... a grinding in the bones, deadly
nausea, and a horror of the spirit that
cannot be exceeded at the hour of birth or
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death”. Then the sequence changes in
comparison to Hofmann’s report. Next
Stevenson experiences a feeling of ex-
hilaration: “I felt younger, lighter, hap-
pier in body; within I was conscious of a
heady recklessness, a current of disor-
dered sensual images running like a mill
race in my fancy ...” Only in the fourth
section is there something like regret: “/
knew myself with the first breath of this
new life, to be more wicked, tenfold more
wicked, sold a slave to my original
evil. ")

The surprising and the truly disturb-
ing lies in the fact that both citations
may be read almost identically and are
therefore totally interchangeable. Only
a very observant chemist or pharmacist
would notice the exchange. That Hof-
mann’s text can be almost seamlessly
inserted into Stevenson’s horror classic
says something about the sinister aspect
of Hofmann’s work and emphasizes the
conflicting traits, the Janus-faced nature,
of his research. It could almost be said
that Stevenson’s work would benefit by
an exchange with citations from Hof-
mann. Hofmann also offers a more
competent description of the laboratory.
Stevenson, in contrast, uses the fre-
quently employed and rather worn-out
cliché: “... and late one accursed night, 1
compounded the elements, watched them
boil and smoke together in the glass ...”
As Goethe phrased it: “extensive, un-
wieldy apparatus, for fantastical purpos-
es.”

We now follow our fictional chemist
to the peak of his fame. This, too, is
rather seldom presented from an auto-
biographical perspective, and when it is,
then in a very restrained manner. There-
fore, an outstanding exception is depict-
ed in the following. In “This Man’s Pill”
Carl Djerassi describes, on the occasion
of a press conference, the successful
synthesis of cortisone starting from
Russell Marker’s diosgenin. The result-
ing two articles in Life and Harper’s
Magazine delighted Djerassi and his co-
workers: “one last blast of the bellows on
the flickering flame of our pride”. The
team shone “in immaculate white lab
coats”, and “Rosenkranz held a test tube,
filled almost to the brim with white
crystals—the chemist's equivalent of the
climber's flag on top of Mount Ever-
est.”B*®! Unfortunately the researchers
had only synthesized a few milligrams of
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the new compound, and the test tube
merely contained normal table salt.
Even at the summit all that glitters is
not gold. However, as so beautifully
expressed in Harper’s Magazine: “‘Big
minds rather than big research budgets
lead to big discoveries’”. Nevertheless,
experience shows that it is not at all
unfavorable when money and intellect
come together.

Swan Song

“No, I wouldn't trust anybody with that
formula ..”

Dorothy L. Sayers, The Man Who Knew
Howl!

We are now over the peak. It is all
downhill from now on for our fictional
hero, but also for us chemists. It is the
sad duty of the unhappy chronicler to
inform the patient reader that in our
midst, that is, among truly good chem-
ists, hides many a queer fish and many a
black sheep. A thorough study of histor-
ical work, as well as current daily news-
papers, reveals that it is not that un-
common for perverted idealists to strive
to influence the path of history in back-
room minilaboratories, not only by mix-
ing artificial fertilizer with diesel or even
by activating acetone with hydrogen
peroxide, no—they do not even flinch
from igniting these products for purpos-
es of political intent.

It all represents a rich reservoir of
motives for novelists. In particular the
use of explosives in novels allows an
abrupt change in the plot that is readily
understandable for every reader. Thus,
explosives appear with astonishing fre-
quency in belletristic literature.!! On
the other hand, meaningful literary ob-
servations on applied explosives chemis-
try from the pen of more- or less-
successful terrorists are rather rare; it
is a group of people who are not exactly
encouraged to write by the anxious
protectors of public order. For a rare
example we have to thank Boris Savin-
kov (1879-7?), whose “Memoirs of a
Terrorist” was published in 1917/18—
and posthumously in German by the
Biichergilde Gutenberg in 1929. Such
autobiographies are a matter of taste. At
least it can be learned from them that
the preparation of blasting gelatin is
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rather dangerous:** “On the night of
March 31 Pokotilov died in an explosion
in the Nordhotel as he prepared the
bombs for the second time. Our bombs
had chemical fuses: they were furnished
with small tubes arranged laterally, with
igniting and detonating sequences. The
first were made of small tubes and
balloons filled with sulfuric acid, with
lead weights attached. These lead weights
broke the glass tubes as the bomb was
dropped at the desired location; the
sulfuric acid, as it poured out, ignited a
mixture of potassium chlorate and sugar,
and only that caused an explosion of the
mercury fulminate, and then the dyna-
mite ... The unavoidable danger on
loading was that the glass tubes could
easily break in the hand.” The question
of whether the Biichergilde Gutenberg
would still publish an exact description
of functional chemical fuses for gre-
nades today can be dismissed as im-
probable.[*?"!

From the viewpoint of a normal
chemist passages such as the following
make exciting reading, but are disturb-
ing to a certain extent. Savinkov de-
scribes the impressions of a co-conspir-
ator during the assassination of the
Czar’s interior minister (July 15,
1904):4%1 “As he stood on the bridge,
the blood-spattered horses raced past,
dragging the remains of wheels behind
them. When he saw that only the wheels
remained of the coach, he realized that
Phlewe was dead.” Savinkov himself
observed the attack from some distance
and was moved to almost lyrical
lines:*Y “Suddenly a heavy and weighty,
unusual sound invaded the monotonous
noise of the streets. It was as if someone
had hit a cast-iron plate with a cast-iron
hammer. At the same moment the shat-
tered window panes clattered pitifully. 1
saw how a column of gray-yellow smoke,
almost black at the edges, rose from the
ground like a small whirlwind. The
column widened ever further and filled
the whole street at the height of the fifth
floor. It spread just as fast as it had risen.
It appeared to me that I saw some sort of
black debris in the smoke.” It can be
learned from Hemingway or Lawrence
of Arabia that the cold-blooded, prac-
ticed observer could identify the chem-
ical composition of the explosive from
the color of the smoke. Without pro-
found analysis it can be stated that such
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descriptions are not well-suited to re-
duce the general fear of chemistry.

Yet that is still not enough—the
impression that chemical laboratories
are in truth workshops of sinister activ-
ity goes even deeper. Hardened readers
are recommended the disturbing book
by Ilya Zbarsky, “Lenin’s Embalmers”,
which is equally thrilling as it is thought-
provoking. The candid story (the terror
of Stalinism makes it frightening) is soon
told: For decades Boris Iljitsch Zbarsky
and later his son Ilya, as biochemists
with leading positions in the laboratory
team, were in charge of the conservation
of Lenin's body. In 1924, to create a
state-supporting cult in the still-young
Soviet Union, Stalin ordered the perma-
nent conservation of Lenin’s mortal
remains, still intact to this day, after
eight decades—but note: a chemical
conservation, not a mummification!
The body was transferred into a spe-
cially made rubber trough, where he
“immersed in the viscous liquid
looked like some strange marine crea-
ture.” A large amount of potassium
acetate and chloroquinine as disinfec-
tant was added to a water/alcohol/glyc-
erol mixture. It was terribly difficult to
keep the body fresh: “If a patch of
wrinkling or discolouration occurred it
was treated with acetic acid diluted with
water. Hydrogen peroxide could be used
to restore the tissues’ original colouring.
Damp spots were removed by means of
disinfectants like quinine or carbolic
acid.” Over the decades the recipe
became ever more sophisticated, but
the success was there for all to see. In
1934, an American scientist asked the
question: “Can it be true he died ten
years ago ? Wasn't it only yesterday 2”1

“The year of the hundredth anniver-
sary of Lenin’s birth, 1970, marked an
important turning point in the history of
the mausoleum laboratory Every
scientist on the staff of the lab had a
corpse at his disposal on which to carry
out his own experiments; he was kept
completely ignorant of his identity. Even
today there is still a kind of ‘secret
museum’ of such nameless bodies in the
laboratory. Most are kept under glass
covers, but some have been forgotten for
years and lie in their ‘balsam’ bath, their
hair floating like seaweed. It is a sight
that can have few parallels anywhere in
the world.”1*
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The Russian biochemists were suc-
cessful in this remarkable if also absurd
deed, in conquering time and its accom-
panying natural decay. It is obvious that
already in the 1920s authors thought up
scenarios in which, by means of chemis-
try, the boundary between life and death
was blurred in such a way that man, as a
guinea pig in a sort of super-horror
laboratory, no longer recognized wheth-
er he was alive or already dead, or dead
and only apparently alive.

In 1924, Alfred Doblin used this
theme in his expressionist utopia “Berge
Meere und Giganten”. The scene in the
intricate and complex plot is picked out
in which the “Griinen” pursue the
“Violetten Mekis” “beyond death”, and
in underground cemetery laboratories
undertake biochemical research on their
organs in which—and this is the last
possible embellishment of the maca-
bre—they allow the apparently living
but actually dead Violetten to partici-
pate. The culmination of this brutal
research is represented by the test sub-
stances that for “scientific” purposes are
added to the “imaginary nutrition” of
the Violetten Mekis:*! “It mattered not
to the Griinen if someone died and lost
what one superficially ... called his Life.
Out of the dining rooms and laboratories
they climbed into the cemetery, measured
heat, withdrew liquids, added materials,
regulated gas input, applied electrical
currents, and drove rays through the
resting parts. The Violetten never knew
what was happening to them. They
believed they lived, ate, drank, and
breathed like the rest. They ate imaginary
foods, drank imaginary drinks, breathed
air in their rooms, in their well-segregat-
ed, sealed guest rooms, which were
saturated with secret substances.”

It is time to come to an end and to
take leave of our “synthetic” chemist
made up of many individual fates. Let us
prepare for him a dramatic end, true in
style, even if for obvious reasons no
autobiography is available for this con-
cluding reflection!

A scene from the short novel “The
Sandman” (1817) by E. T. A. Hoffmann
has been chosen as the dramatic final
tableau. The Sandman, or actually Cop-
pelius, visits the father of little Nathaniel
one more time to carry out chemical/
alchemical work with him. Secretly
Nathaniel observes them and describes
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a typical cupboard laboratory for mid-
dle-class circles in about 1800. It was a
tiny laboratory for hobby chemists or
alchemists, fitted with hoods and flue
connection, and hidden in a lockable
wall cupboard. Hoffmann describes the
laboratory furnishing somewhat super-
ficially, but for lay people absolutely
coherently:*¥ < g blue flame crackled
up from the hearth. All manner of
strange  instruments were standing
around ...” Apparently no more is
required to characterize the sinister
nature of chemistry, and an exact de-
scription of the laboratory certainly was
no use to Hoffmann, since he soon had it
blow up:** “It must already have been
midnight when a frightful crash was
heard, as though a cannon had been
fired ... I raced to my Father’s room; the
door was open, a cloud of suffocating
smoke billowed towards me, and the
maidservant shrieked: ‘Oh, the master!
the master!” On the floor in front of the
smoking fireplace my father was lying
dead, his face burnt black and hideously
contorted.”

The inclined reader is well advised
to be thankful to the author that he has
held back many notable works on fan-
tastic and artificial life! As a chemist
one may well be justifiably saddened by
the always one-sided and frequently
smelly and noisy portrayal of chemistry
in the literature, but one must admit that
it plays a definite suspense-enhancing
role, which is not easily replaced by
anything else.

Chemistry was and is a femme fatale,
threatening to its admirers, and even not
so infrequently fatal, but full of constant,
secret excitement. A beautiful woman
from whom it is difficult to keep a
distance, even if that were perhaps more
sensible!
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Agostic Interactions

The phenomenon of agostic interactions is reviewed and the
nature of the interaction is revisited. A historical perspective is
followed by an overview of experimental techniques used to
diagnose agostic behavior, and previous interpretations of agostic
bonding are presented. A series of simple metal alkyl complexes is
considered and a new model for the phenomenon in d’ systems is
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developed which sets them apart from agostic late-transition-
metal complexes. Factors such as the valence electron count and
coordination number of the metal center are revealed to be
unimportant in facilitating the interaction in most d’ systems. The

charge density distribution in several transition-metal alkyl

complexes is explored by experimental and theoretical techniques,

including the powerful “Atoms in Molecules” approach. Local

charge concentrations are shown to play an important role in the
agostic interaction. Finally, we demonstrate for the first time a
way to manipulate and control the magnitude and disposition of
such local charge concentrations, and hence the strength of

agostic interactions in d’ metal alkyl complexes.

1. Introduction

The strength, nonpolar nature, and low polarizability of
C—H bonds lead them generally to be considered chemically
inert. However, over half a century ago it was already being
contemplated that s- and p-block metals could form signifi-
cant interactions with the C—H bonds of o-bound alkyl
groups. Burawoy (1945) and Pitzer and Gutowsky (1946)
proposed the dimeric structure of Me;Al (1) to result from
Al-HC bridging.! Subsequently, in 1965, Craubner sug-
gested hexameric nBuLi (2) to be associated through Li--HC
interactions (Figure 1).”! This remarkable proposal was
prompted by the significant shielding of the o-H nuclei
shown in the '"H NMR spectrum, and supported by significant
lowering of the corresponding C,—H stretching modes in the
IR spectrum.? The first structural verification of such Li-HC
bridges was obtained in the 1970s, when Stucky et al.
determined the structure of the c¢C4H;;Li (3) hexamer by
single-crystal X-ray diffraction, and also identified reduced
frequencies for the C,—H stretching fundamentals.! A
subsequent combined X-ray and neutron diffraction study
of LiBMe, (4) identified doubly and triply bridged Li-CH;-B
moieties.””! Tronically, although Al,Me, (1) was recently shown
to exhibit no Al~HC contributions in the bridge bonding,
the original report of Pitzer and Gutowsky appears to have
seeded the idea in the minds of chemists.

Throughout the 1960s and 1970s, a growing body of
crystallographic and spectroscopic evidence was amassed,
which suggested that transition metals were also capable of
forming significant interactions with the C—H bonds of
appended ligands. The first such report came in 1965 from
La Placa and Ibers, with the close approach of an ortho-C—H
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Figure 1. Structural models of [{nBuLi}¢] (2), LiBMe, (4) [Mo{Et,B(pz),}(n
C,H,Ph) (CO),] (8), and trans-[Pd(CMeCMeCMeCMeH)Br(PPh,),] (9), which

show M---HC interactions. For 4, only a partial structural model is
represented.

bond of a triphenylphosphane ligand to the Ru" center in
[RuCL(PPh;),] (5).”1 However, the authors concluded that 5
“is a true five-coordinated d° complex” and that the
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calculated Ru—H separation “is about what is expected from
van der Waals radii”. This study was followed soon after by
the observation from Shaw et al. of a close M--H contact in
trans-[Pdl,(PMe,Ph),] (6).18 This time, the metal coordination
was described as “a distorted octahedron, the sixth co-
ordination being occupied by a hydrogen”. However, the
relevance of this new type of interaction in transition-metal
chemistry was realized towards the end of the 1960s by
Trofimenko, who reported “hydridic” character in the NMR
spectroscopic properties of the methylene group in a series of
transition-metal pyrazolylborato complexes,” and concluded
“hydrogens are intruding into a suitable empty metal
orbital”—a concept later developed and refined by Brookhart
and Green.™

Trofimenko subsequently played a pivotal role in the
investigation of these M--HC interactions in transition-metal
systems throughout the early 1970s, and provided samples of
[Ni{H,B(p2),},] (7; pz=C:N,H;) and [Mo{Et,B(pz),}(n’-
C;H,Ph)(CO),] (8, Figure 1) to Cotton and Echols, who
determined their structures by single-crystal X-ray diffraction
and NMR spectroscopy, and reported the presence of such
interactions in 8 and their absence in 7.1'*!!]

By analogy to bonding concepts in borane chemistry,
Cotton classified the interaction in 8 as “a three-center, two-
electron bond encompassing the C-~H--Mo atoms”!® and
drew comparisons with the concept in organolithium chemis-
try accounting for “three-center bonds of the form
C-H--Li”.™ Around the same time, Maitlis et al. discovered
an interaction between the palladium center and the 6-C—H
bond in trans-[Pd(CMeCMeCMeCMeH)Br(PPh;),] (9;
Figure 1) and concluded “This type of interaction has not
been observed before, though Trofimenko noted that the
methylene hydrogens of the ethyl groups in [Ni{Et,B(pz),},]
are shifted downfield”."” Hence, as early as 1972 a distinction
had been made between agostic interactions and so-called
three-center, four-electron (3c-4e) M-~HX bonds."’!

By the early 1980s an irrefutable body of evidence had
been gathered showing that alkyl ligands can coordinate to a
transition-metal center M in an n’-fashion, with the primary
M—-C bond being augmented by a significant secondary
interaction involving an unusually short M-+HC contact. In
1982, Green etal. reported what are now the textbook
examples of M-+-HC-a and -f interactions in the transition-
metal alkyl complexes [RTiCl;(dmpe)] (dmpe=
Me,PCH,CH,PMe,; R =Me 10 or Et 11).'Y Brookhart and
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Green recognized the importance of such an interaction to
fundamental organometallic transformations, such as C—H
activation and o- and (3-hydride elimination, and coined the
term “agostic” to describe the phenomenon.™ They also
introduced a “half arrow” convention to represent the
interaction.!'”!

According to the original definition, the term “agostic” is
“used to discuss the various manifestations of covalent
interactions between carbon-hydrogen groups and transition
metal centers in organometallic compounds, in which a
hydrogen atom is covalently bonded simultaneously to both
a carbon and to a transition metal atom”."”) Nowadays, this
original and precise definition of agostic interactions has been
widened to encompass noncovalent interactions between
main-group elements, such as Li, and polar H-X bonds (e.g.
X=Si, Ge ...). Hence, the meaning of the concept—a
hitherto rare interaction between “chemically inert” C—H
bonds and transition-metal centers—has been somewhat lost
through this current usage.

We therefore propose a general phenomenological defi-
nition: agostic interactions are characterized by the distortion
of an organometallic moiety which brings an appended C—H
bond into close proximity with the metal center. Such a
definition accommodates most of the reported examples, and
separates the nature of the phenomenon and the driving force
behind it from its observable chemical consequences.

Appreciation of this hitherto unperceived bond-type
prompted a profound reassessment of the chemical behavior
of saturated organic ligands, with important implications for
major processes such as hydroformylation, Ziegler—Natta
polymerization,'*'”! and the activation of C—H bonds.'! In
addition parallels were drawn with hydrosilylation and
dihydrogen activation processes, in which a Si—-H or H-H
bond, respectively, coordinates in an n>-manner to a metal
center in an intermolecular interaction.'*?)

A fundamental reaction of transition-metal alkyl com-
plexes is cyclometalation, a reversible process by which the
alkyl is converted into the corresponding metal alkene or
metal alkylidene hydride complex.”!! Such a situation is
represented in Scheme 1 for f-hydrogen elimination or its
reverse, alkene insertion into a M—H bond. This scenario was
first discussed for [EtTiCly(dmpe)] (11).'* Green et al.
concluded that in 11 “the ethyl group models a stage about
half-way along the reaction coordinate for a B-elimination
reaction”. However, the elimination product would be
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Scheme 1. (3-Hydrogen elimination in of transition-metal alkyl
complexes.

unstable “since the d° titanium center cannot formally back-
donate electrons to the ethylene ligand”, consistent with the
general absence of 3-hydrogen elimination in the chemistry of
d’ transition-metal alkyls.']

The realization that the intermediate II (Scheme 1) can
actually be the ground state under appropriate conditions
prompted a major shift in thinking in organometallic chemis-
try and catalysis."*!) Furthermore, at this early stage it was
already clear that agostic d° complexes should be distin-
guished from their later d" (n>2) counterparts, which are
able to back-donate electrons and thus support a nascent
alkene ligand. For example, there are many more examples of
alkene hydride complexes than of simple alkyls known for the
metals of groups 9 and 10; and dynamic equilibria between
the agostic (II) and alkene hydride species (III), Scheme 1,
have only been reported for late-transition-metal alkyl
complexes.’”) Hence, there is clearly a compelling need not
only to understand the true nature, origins, and consequences
of agostic bonding, but also to distinguish between the type of
agostic bonding displayed by Lewis acidic d° transition metals
and that of their electron-rich late-transition-metal counter-
parts.

Two comprehensive reviews appeared in 1983 and 1988,
documenting the initial discovery and interpretation of
agostic interactions in transition-metal systems.!"”) Brookhart
and Green initially proposed the bonding to consist of a three-
center, two-electron (3c-2e) covalent bond, with “donation of
C—H bonding electrons into a vacant atomic orbital on the
transition metal atom.” This concept was extended by
Kaufmann etal. to encompass nontransition-metals, with
the suggestion that “ocy-Li interaction is the organolithium
form of the agostic interaction”.’”” As Figure 2 shows,
however, interest and activity in the subject area has
expanded dramatically since the 1980s.

In this review the techniques which have been employed
to characterize agostic interactions are critically assessed, the
developments in the understanding of the phenomenon since

80 T
Aa A
60 T A ‘x
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Figure 2. Number of publications N with the keyword “agostic” which
appeared in the chemical literature between 1980 and 2000.
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the last review are outlined, and the current state of knowl-
edge concerning the nature of the bonding in agostic d’
transition-metal alkyl complexes (including Si-substituted
alkyl ligands and the alkyl moieties of appended donor
ligands) is described; we also discuss how these are related to
similar systems involving metals outside the d-block. Finally,
we show how an improved understanding of the nature and
origin of these agostic interactions may be exploited to
control and manipulate the phenomenon.

2. Characterization of Agostic Interactions

Despite their significance and importance in organome-
tallic chemistry and catalysis, agostic interactions have proved
remarkably difficult to pin down and characterize in many
alkyl systems. Although the location of a hydrogen atom close
to the metal center and the consequent reorganization of
bonding electron density should result in major structural and
spectroscopic changes in the M--HC moiety, characterization
of the interaction is often fraught with difficulty. Herein we
summarize and assess critically the main techniques which
have been used in this respect.*!

2.1. Diffraction Techniques
2.1.1. X-Ray and Neutron Diffraction

X-ray diffraction study of a single crystal represents by far
the most commonly used structural technique to reveal
agostic interactions. However, this method has significant
limitations originating mainly in the low scattering factor of
the hydrogen atom and the difficulties inherent in locating
hydrogen atoms in the vicinity of metal atoms of much higher
atomic number. In this case the relative X-ray scattering ratio
of Z /1 (Z )= atomic number of the metal) is unfavorable
since (at sin@/1 =0) the scattering factor is proportional to
the total electron density and thus to the atomic number Z.
Thus, it is remarkable to find reports of the precise location of
hydrogen atoms in the vicinity of heavy atoms. This success is
only possible by using advanced experimental techniques,
such as area detectors, low-temperature devices, short X-ray
wavelengths, and small crystals of high quality.*” In this
respect, experiments at multiple wavelengths or use of y-
radiation sources™ afford the possibility to minimize
absorption problems and to obtain extinction-free data by
extrapolation to zero wavelength.” However, discrepancies
of more than 0.1 A are still common between the M-H
separations from such reports and those from neutron
diffraction studies. Accordingly C—H and M—H distances
can be determined only approximately, even with the most
modern X-ray diffraction methods. Some further progress can
be made by modifying the spherical scattering factors for the
hydrogen atom using radial screening parameters.”® How-
ever, because of the strong correlation between these k-
parameters and the typically large thermal parameters of the
hydrogen atoms, even highly flexible multipole refinements
fail to locate hydrogen atoms precisely on the basis of X-ray
data alone.” Although -, y-, and higher types of interaction
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have been inferred from the geometry and disposition of the
carbon-atom framework of an alkyl ligand, a-agostic inter-
actions are near-impossible to characterize by X-ray diffrac-
tion alone.

For more accurate location of the hydrogen atoms,
however, neutron diffraction remains the technique of
choice for several reasons: 1) the nucleus acts as a point
scatterer for neutrons with a wavelength of A~1 A; 2) the
neutron scattering lengths, unlike the X-ray scattering factors,
are independent of the diffraction angle 0; 3) the scattering
length is a property of the nucleus and therefore different for
different isotopes of the same element; and 4)for most
elements the scattering length is wavelength-independent.*"
As a consequence, the neutron scattering ratio M versus H is
typically more favorable than in the X-ray case. However, the
long collection times and large single crystals required mean
that only a handful of agostic alkyl systems has been
characterized to date by this technique even though modern
methods® permit diffraction experiments for sample vol-
umes < 1 mm’. This is a rather unsatisfactory situation, since
several neutron studies have already demonstrated that
potential agostic model systems turn out to show no
significant C—H activation despite clear deformations in the
alkyl backbone. For example, the original study of
[CD;TiCly(dmpe)] (10) revealed the methyl group to be
canted with respect to the M—C bond, with one Ti-C-H angle
of 93.5(2)°; however, apart from this tilting the internal
geometry of the CD; moiety was more-or-less normal.l'*!
Investigation of the dimer of [MeTiCl;] (12), that is,
[{(CD5TiCL)(u*-Cl)},]by powder neutron diffraction found
no evidence for abnormality in the Ti—CD; geometry,*” in
contrast to an earlier report on the basis of a single-crystal X-
ray study.®!) A recent study of the complex [(CD;),Mo(2,6-
iPr,H;C,N),] (13) by Gibson et al. revealed the methyl ligands
each to be canted in a double agostic interaction with the Mo
center. Again, however, the internal CD; geometry was
remarkably normal.?

2.1.2. Gas Electron Diffraction

The gas phase offers the only medium for structural
analysis which is truly free from intermolecular forces that
perturb the equilibrium structure of the isolated molecule.
Unfortunately, though, studies of gaseous molecules are often
frustrated by problems of thermal stability, involatility, or
molecular complexity. Gas electron diffraction (GED) is the
mainstay of structural studies involving gaseous molecules.
However, the complicated diffraction pattern thus obtained
imposes severe limitations: it does not discriminate well
between interatomic distances that are comparable in magni-
tude, and the relatively weak scattering of hydrogen atoms
again tends to impair accurate location of the hydrogen
atoms.

To date, no compound has been shown unambiguously to
possess an agostic structure by GED. Although 12 was
originally reported to possess a significantly distorted methyl
group implying a triple o-agostic Ti--HC interaction,® a
reinvestigation found the Ti—CH; geometry to be normal.’*!
A subsequent study of [EtTiCl;] (14) showed a Ti-C-C angle
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of 116.6(11)° and Ti--H; separations of 3.24-3.97 A1
[Cp*TiMe;] (15; Cp* =1’-CsMes) was reported to have
flattened methyl groups with Ti-C-H angles of 103.8(1.2)°,
albeit with a normal Ti-H separation of 2.60 A.*® However,
the unsubstituted cyclopentadienyl congener [CpTiMe;] (16;
Cp =n>-CsHs) appears to be unremarkable in this respect
(X Ti-C-H 107(3)°; Ti--H=2.61 A).""

2.2. Spectroscopic Techniques
2.2.1. Solution NMR Spectroscopy

In principle, the redistribution of bonding electron density
on development of a M--HC interaction should be revealed
unambiguously by the NMR spectroscopic properties of the
system, with changes in chemical shifts and coupling constants
for the 'H, C, and possibly also the metal nuclei. This
assumption is beset by two difficulties, however, namely the
long timescale of the NMR experiment and the relatively
weak nature of the interaction, which render all but the
strongest agostic alkyl complexes fluxional. The fluxionality
averages the changes between two or more C—H bonds such
that the effect is obscured. All but the strongest agostic
interactions are characterized by barriers to C—H exchange of
about 10 kcalmol ™! or lower, which means that static spectra
are in the best case observable at low temperatures (e.g. —80
to —100°C)."”! These complications were highlighted in an
elegant study of the protonation product 17 of [Cp*Co(n’*
GC,H,),] (Figure3) by Green etalP® This product was

k i

R g H,G—GHa 0s(CO)s
HQC\/(!:’O\//CH2‘——‘H2?\/EQ|O\/CH2 tBuzF’—NI"-" (Co)a(')féH”'z,Os(CO)a
HaC—Fi CH, HaC Fi-CH, b8y, oC-H

17 18 19

Figure 3. Structural models of [Cp*Co-
(-C,H,)CH,CH,J* (17), [EtNi(dbpe)]* (18),
[054(CO)10(CH5) (H)] (19), and [Cp*'WMe,J* (20)
20 showing the M--H—C interactions in each case.

originally thought to be the alkene hydride [Cp*Co(n?-
GC,H,),(H)]*"; however closer scrutiny of the coupling con-
stants revealed 17 to be the P-agostic cation [Cp*Co(n’-
C,H,)CH,CH;]* in which proton exchange between the
proximal ethyl and ethene ligands is rapid and leads to an
averaged value for J¢ y of 33.5 Hz.

The literature contains very few examples of agostic alkyls
which exhibit static spectra, but a striking example is the
[-agostic complex [EtNi(dbpe)]* (18; dbpe =
tBu,PCH,CH,PrBu,) reported by Spencer et al. This complex
displays a single NMR resonance with an averaged 'H
chemical shift of 6 =—1.24 ppm for the (-methyl group at
ambient temperature; at —100°C this splits into normal
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methylene and agostic resonances at 6 =+ 1.1 and —5.8 ppm,
respectively.®”!

In 1978 Calvert and Shapley reported the NMR spectrum
of [Os;(CO),,(CH;)(H)] (19) and its CH,D and CHD,
isotopomers.*”! The 'H nuclei within the methyl group
exhibited NMR spectroscopic properties which were strongly
dependent on the isotopomer in question, with the magnitude
of both the chemical shift, §, and the coupling constant, 'J¢,
decreasing in the order CH; > CH,D > CHD,. Furthermore,
the chemical shifts and coupling constants of the CHj
isotopomer remained invariant whilst those of the CH,D
and CHD, versions exhibited a strong temperature depend-
ence. They ascribed these phenomena to the bridging nature
of the methyl group and the local chemical environment of
the '"H nuclei therein: they reasoned that the bridging
M:--H—C and M:+D—C bonds are longer and weaker than
the corresponding terminal C—H or C—D bonds, and hence
have a shallower potential well, which results in a smaller
zero-point energy difference between the bridging C—H and
C—D moieties than between the terminal ones. Hence the
C—D bonds are thermodynamically favored in terminal
positions, with the C—H bonds preferentially occupying the
bridging sites, and an isotopic perturbation of resonance
(IPR) results in the "H NMR spectrum. With the appreciation
of agostic interactions as a ubiquitous phenomenon in
organometallic chemistry,™ the IPR technique has been
applied to a wide variety of systems which are expected to
exhibit agostic interactions, or which have been shown by
other methods to be agostic.'* In general, the results of
such experiments have been at best inconclusive, with many
systems showing only a small or zero IPR effect, and others
which are unambiguously agostic in fact displaying an inverse
effect.[*”l The drawbacks and limitations of the technique have
been noted elsewhere.'” The most apparent success of the
IPR technique was reported for the cationic tungsten complex
[Cp*'WMe,]* (20; Cp* =n>-CsMe,Et).*] With an IPR of
magnitude similar to that observed originally for 19,*! this
was interpreted as evidence for an o-agostic interaction
involving one of the three methyl groups in the equatorial belt
of the trigonal-bipyramidally coordinated metal center (but
see Section 2.2.2).

An implicit assumption in the method is that the hydrogen
nucleus in the agostic position possesses a degree of hydride
character, or that it experiences a shielding effect from the
proximal electron density on the metal center. It is clear—at
least in early-transition-metal systems—that there is only a
modest contribution to the interaction from direct M—H
bonding; the main component of the interaction derives from
a redistribution of the electron density of the M—-C
bond.B>#%®! Fyrthermore, calculations in the case of d°
complexes with no nonbonding electron density associated
with the metal center have shown both the metal and the
agostic H atom to carry a net positive charge.”) Whilst factors
other than atomic charges play a role in determining chemical
shifts, the resulting repulsion between M and H will contrib-
ute to a deshielded H nucleus in the agostic site, and
consequently an inverse IPR effect will be observed: such a
situation has been shown to pertain for [EtTiCl;(dmpe)] (11),
the archetypal example of a B-agostic complex.[*”!
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2.2.2. Solid-State NMR Spectroscopy

The cationic tungsten complex 20 was proposed to have an
a-agostic interaction on the basis of the observed IPR.* A
subsequent single-crystal X-ray diffraction study of
[Cp*WMe,][PF] by Schrock et al. failed to locate the hydro-
gen-atom positions but inferred no agostic distortion from the
skeletal geometry deduced, and solid-state NMR experiments
employing 2H lineshape analysis and T, measurements
showed rotation of the axial methyl group to be actually
slower than that of the equatorial ones.*! These authors
suggested that the observed IPR may be attributable instead
to steric crowding of the ligands.

2.2.3. EPR Spectroscopy

EPR is a spectroscopic technique which has enjoyed
limited application in the investigation of agostic interactions.
However, an elegant study by Andersen et al. took in the [3-
agostic d' systems [Cp*,TiEt] (21) and [Cp*,TiN(Me)Ph]
(22). Variable-temperature EPR spectroscopy”! gave values
for the interaction of AH’~ —2 kcalmol™!, which is compa-
rable with those of similar -agostic systems determined by
NMR spectroscopic techniques.

2.2.4. Vibrational Spectroscopy

As early as the 1930s, Badger appreciated that a relation-
ship exists between the stretching frequency of a C—H bond
and its strength.*”! Coordination of a C—H bond to a metal
center should induce major changes in the vibrational
spectrum of the system. In particular, the C—H stretching
vibration, ¥(CH) of the agostic C—H bond should move to
lower frequency, and the lower energy vibrations involving
C—H deformation and rocking motions should likewise be
significantly perturbed. In the case of a strong interaction,
vibrations arising from stretching and deformation modes of
the M-H-C moiety should also appear in the spectrum.
Furthermore, the short timescale of vibrational transitions
permits the observation of distinct conformers of a particular
alkyl group, with the problems of time-averaging which beset
NMR spectroscopy arising only for very low-barrier rotors
(ca. 1 kcalmol ™).

A reduction in frequency for v(CH) is the most directly
observable of these changes, and the identification of a
feature in the region 2800-2000 cm™! has in many instances
been interpreted as diagnostic evidence of a M--H—C
interaction. Whilst vibrational evidence of this type is thin
on the ground for a-agostic interactions, possibly related to
the lack of significant perturbation of the C—H moiety in the
a-agostic case, a number of B-agostic alkyl complexes have
been characterized in this manner. Thus, for example,
absorptions in the IR spectrum of [Cp*,ScEt] (23) at 2593,
2503, and 2440 cm~";*"! and in that of [Cp,ZrEt(PMe;)]* (24;
Cp' =n’-CsH,Me) at 2395 and 2312 cm™' [* were assigned as
v(CH) modes of the M--H—Cg moiety.

Correlation of v(CH) with an agostic ground state is beset,
however, by several complications. First, the individual C—H
oscillators on a carbon atom couple to give symmetric and
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antisymmetric combinations and second, overtones of
deformation modes around 1400 cm™' fall close to the
region of interest. These overtones may mask a feature
resulting from v(CH), but more problematically, they can
couple in Fermi resonance with the v(CH) fundamentals,
which leads to hybrid features which are difficult to decon-
volute.

In the light of these drawbacks, McKean introduced the
ingenious procedure of partial deuteriation, whereby all but
one C—H bond in an alkyl group is substituted with
deuterium.*”) The »(CH) fundamentals are thus decoupled
from all other vibrations in the ligand, and the isolated modes,
v*(CH), thus obtained constitute a reliable and extremely
sensitive index of the strength of the C—H bond, this
correlates well with the spectroscopically determined bond
length r,(CH), as well as with the experimentally determined
bond dissociation enthalpy, Do(CH). The technique of partial
deuteriation has been shown to be a particularly powerful tool
for exploring steric and electronic effects and identifying
conformers and their relative stabilities in organic chemistry;
more recently it has been extended to investigate the bonding
in a series of titanium alkyls. Thus, [MeTiCl;] (12) and
[Me,TiCl,] (25) were each shown to have normal, symmetrical
Ti—CH; moieties,”*™l whereas [CpTiMe;] (16) displays a-
agostic interactions through a single C—H bond within each
CH; group.” Both [CpTiMeCl,] (26) and its ethyl congener
27 were found to have an a-agostic interaction.®™ The model
metallocene catalyst system [Cp,TiMe]*[MeB(CFs)s]~ (28)
also appears to display an a-agostic interaction in the
cation,” whereas the archetypal [-agostic complex
[EtTiCl;(dmpe)] (11) has a significantly perturbed -C—H
agostic bond, with v*(CH)=2585cm™!, a value some 8%
lower than that of any other v*(CH) reported to date.*

2.3. Topological Analysis of the Charge Density

The advent of quantum chemical methods and their
increasing use as a tool of importance in chemistry has been a
striking feature of the past decade. At the same time, the
emergence of Bader's “Atoms in Molecules” (AIM) theory as
a powerful method for analyzing problems of bonding has
been equally notable’® Combination of these two
approaches offers an attractive alternative method for study-
ing the nature of agostic interactions. Popelier and Logothetis
combined these techniques in a theoretical study of [RTiCl,]*
(R=Me, Et, and nPr) model systems 29-31.°") They con-
cluded that an agostic interaction is characterized by a bond
critical point (CP) with values of the electron density and its
Laplacian at this bond CP characteristic of an ionic, closed-
shell interaction. In a combined experimental and theoretical
study of 11 we found similar topological features to character-
ize the interaction, but without a significantly pronounced
bond CP for the Ti-Hy moiety (see Section 5.2.2).°* There-
fore, the presence of a M--H bond CP does not provide a
reliable indication of agostic bonding. Other notable features
arising from both studies are the characteristic curvature in
the Ti—C bond path, which is displaced outside the TiCCH
ring of 11, and the displacement of the agostic C—H bonds
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away from the metal center, with agostic C,-Cg-H angles
> 113° and endocyclic C;—H bond curvature.

3. The Agostic Bond as a Labile Ligand Interaction

With a bond strength on the order of 1-10 kcalmol™,1*"
the agostic bond falls within the regime of weak interactions,
such as hydrogen bonds and intermolecular solvation
effects.’” This property was elegantly demonstrated by
Kubas etal. in a study of the archetypal dihydrogen com-
plexes [(RsP),W(CO);(n*-H,)] (R=iPr (32), Cy (33);
Figure 4). These compounds were each shown to undergo

H i
] B, B,
Q /A%, 17,
i ano __GHo
0G,,.| WCO Phi HT e C \g)) — T\
W s Sy S-Hcpy
| Y v N Nb 2
° p|R3H NG 7 = “CMe, ™2 “CHMe
MeCZCPh MeC=CPh
32,33 34 35

Figure 4. Structural models of complexes [(R;P),W(CO);(n*H,)]
(R=1iPr (32) Cy (33)), [(RZPCZHAF’RZ)MH(CO)]+ (34), and

[Tp*Nb(Cl) (CHMe,) (PhCCMe)] (35) showing the M---H—C interactions
in each case.

facile loss of H, in solution to give [(R;P),W(CO)s], which
displays an agostic interaction with a C—H moiety of one of
the phosphane ligands.™” The reversible equilibrium between
1n>-H, and n’-CH has subsequently been demonstrated by
Kubas etal. to be a general phenomenon for a series of
complexes, such as [(R,PC,H,PR,)Mn(CO)]* (34), and the
1’-CH ligand in complexes appears to be reversibly displaced
by other weakly bound ligands, such as N,, C,H,, and SO,."!
That W-CH acts as a ligand at all in these systems is
remarkable. In such late-transition-metal complexes, back-
donation from the electron-rich metal center into the
0*(C—H) orbital serves to strengthen the agostic interaction
significantly relative to that which occurs for d° systems, which
allows it to coordinate at the metal center in competition with
more established, conventional ligands.

Another intriguing phenomenon in this regard is the
existence of complexes which exhibit an equilibrium between
o- and (3-agostic ligands. Etienne et al. reported such behavior
for the system [Tp*Nb(Cl)(CHMe,)(PhCCMe)] (35; Tp* =
hydridotris(3,5-dimethylpyrazolyl)borate ; Figure 4).? In the
crystal this complex displays a [3-agostic interaction between
the Nb center and the isopropyl ligand; however, in solution
an equilibrium is established between a- and [-agostic
rotamers. In contrast, n-alkyl complexes such as
[Tp*Nb(Cl)(CH,R)(PhCCMe)] (36) display only a-agostic
interactions.[”! The existence of two energetically close
rotamers for the isopropyl complex 35 was considered to
arise from hindered rotation caused by the steric bulk of the
Tp* ligand.
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This situation is particularly pertinent to the mechanism
of Ziegler—Natta alkene polymerization. The two mechanisms
currently favored for this reaction, the Cossee—Arlman
(CA),*™ and Modified Green-Rooney (MGR),['>*! differ in
the existence of an a-agostic interaction assisting alkene
insertion into the M—C bond. With the advent of homoge-
neous metallocene-based catalysts for alkene polymeriza-
tion,"”! the opportunity has arisen to study the mechanism of
this reaction in a systematic and repeatable manner. In an
elegantly conceived experiment, Krauledat and Brintzinger
and also Piers and Bercaw independently explored the
transition state for alkene insertion at the [Cp,ZrR]" center
by isotopic stereochemical techniques.®**”) Hence they each
found a significant kinetic isotope effect (ky/kp=1.3) asso-
ciated with the insertion of an a-alkene into the Zr-CHD-R
unit. This was taken to imply the presence of an a-agostic
interaction in the transition state of the reaction, which may
thus play a key role in controlling the tacticity of the growing
polymer chain. Numerous theoretical studies have been
carried out to explore the insertion stage for alkene polymer-
ization.®®*7"! Most concur with the experimental results
described above, that an a-agostic bond stabilizes the
transition state for C—C bond formation. These studies have
revealed also that - and, to a lesser extent, y-agostic
interactions stabilize the growing alkyl chain in the resting
state between periods of chain growth.

4. Theoretical Treatment of the Agostic Interaction

4.1. Previous Approaches
4.1.1. Initial Concepts

One of the first systematic theoretical studies of the
nature of agostic bonding was performed by Hoffmann et al.
on the hypothetical model [MeTaH,]"~ (37, n=2 or 4) using
the Extended Hiickel (EHMO) approach.” Hence it was
concluded that a methyl group could in principle distort like a
carbene group in classical tantalum alkylidene complexes. In
each case the deformation was considered to arise from “an
intramolecular electrophilic interaction of acceptor orbitals of
the metal with the carbene lone pair” of the alkylidene or fmcy,
orbital of the alkyl ligand, respectively. According to this
study “secondary interaction weakens the C—H, bond and
attracts the a-hydrogen to the metal”. After the discovery of
the textbook a-agostic example, [MeTiCl;(dmpe)] (10), 14!
Eisenstein et al.™ carried out an EHMO analysis of
[MeTiH;]*~ (38). This study suggested the presence of multi-
ple bonding between a d° transition-metal center and an -
methyl group which, through its occupied C—H orbitals of
nt symmetry, behaves like a weak st donor. It was also found
that a major component of the stabilization derives from
reorganization of the M—C bond. Direct C—H donation
to the metal plays a minor role according to this study, a
finding contrasting with that of a similar EHMO study
of the P-agostic model system [EtTiHs]*~ (39),” which
supported a significant M--HC interaction, as described by
Brookhart and Green in terms of a 3c-2e covalent M---HC
interaction.

Angew. Chem. Int. Ed. 2004, 43, 17782 -1806

www.angewandte.org

Angewandte

4.1.2. Method Dependence

After these pioneering EHMO calculations, agostic
interactions were often interpreted as “frozen transition
states” of the a- and (-elimination processes, which inspired
several theoretical studies to explore the parameters which
control the extent of agostic interactions. Nowadays, more
advanced computational techniques, such as full geometry
optimizations by density functional theory (DFT) and ab ini-
tio methods, are employed. In two important studies by
Morokuma et al.,”’>** and by Ahlrichs and co-workers,® it
became clear that the Hartree—Fock (HF) “approximation
shows the correct tendencies towards MP2 and experiment ...
but fails quantitatively” to describe the extent of geometrical
distortions resulting from agostic interactions. These authors
also stated that “electron correlation is essential for a
theoretical verification of agostic interactions”.® A similar
conclusion was arrived at by Ziegler etal.’™" in their
pioneering study on chain growth and termination steps in
alkene polymerization: agostic geometries could be predicted
for cationic metallocene species, such as [Cp,ZrMe]* (40) at
the DFT level of theory, whereas HF-SCF (SCF =self
consistent field) methods failed to describe agostic interac-
tions for similar model systems. "]

More recently, hybrid quantum mechanics/molecular
mechanics (QM/MM) methods have been successfully
employed to estimate the effects of steric influences on very
weak agostic interactions in the d° complexes
[Ir(H),(PR,Ph);]* (41; R =Bu, iPr, and Cy). As an advantage
of this approach, agostic C—H groups can be described by the
MM methods; thus “the C—H bonds in the vicinity of the
metal carry no electronic density”.’*! Hence bonding effects
may be better separated from steric effects when agostic C—H
groups are represented alternatively by alternating OM and
MM methods. As a side-effect of these studies, the B3LYP
DFT method was found to underestimate weak agostic
interactions in comparison with experiment and with ab initio
calculations at the MP2 level, in accord with related studies on
weak bonding interactions.["”

4.2. Why Does the Agostic Bonding Model Need Revision?

A valence-bond approach to describe the agostic inter-
action in terms of M«<—HC donation of electron density
requires the interaction to depend primarily on 1) the valence
electron (VE) count (<16 VE) of the transition metal M,
2) the Lewis acidity and charge of M, 3) the degree of steric
congestion at M, measured primarily by its coordination
number (CN); and 4) the presence of an available acceptor
orbital of suitable symmetry at M.['" Whilst such a valence-
bond approach is successful in accommodating the concept of
the agostic interaction within the wider framework of bonding
models for organometallic complexes, it suffers from poor
predictive power. Thus, whilst factors (1)-(4) may be desir-
able prerequisites, they are in no way sufficient as a reliable
basis for prediction of the phenomenon. In fact, the majority
of organometallic complexes which formally satisfy condi-
tions (1)—(4) show little or no evidence of agostic behavior.
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To add to the confusion, the well known experimental
difficulties posed by the precise location of hydrogen atoms
by X-ray and GED techniques (Section 2.1) have led to false
inferences in the past. A classic case is [MeTiCl;] (12), one of
the simplest examples of a transition-metal alkyl complex
(Figure 5). For a long time this molecule was considered to be

. 108.1(10)

_ 108.9(2)
' cl

2.047(6) #
105.6(2) 102.8(3) = 117.3(3]
Ti /
Y c : Jh
cl & o] LY cl
205.8(4) " 219.6(3)
113.0{2) 2.185(3)
12 25

Figure 5. Molecular structures of [MeTiCl;] (12) and [Me,TiCl;] (25) as
determined by gas electron diffraction, with symmetry C;, and G,
respectively; bond lengths [A], valence angles [°].

the archetypal a-agostic compound on account of its VE
count of only 8 and its low CN of 4.7l However, contrary to
earlier reports based on a variety of experimental and
theoretical techniques,***:3*-31»77+-01 12 has been unambigu-
ously shown to possess no agostic interactions of any
significance. Several attempts have sought to explain why
the complex [MeTiCl;(dmpe)] (10) is agostic whilst the base-
free molecule 12 shows no such behavior.[’*"!

However, the a-agostic interactions in 12 may be simply
too weak. Another line of reasoning assumes that the chloro
ligands are strong m donors and formally increase the VE
count in 12 from 8 to 18. However, this argument is made
ineffective by the congener [Me,TiCl,] (25), which also
displays undistorted methyl groups in the gas phase despite
a formal VE count <16 (Figure 5).%7*”] The situation in
the solid state is more complex, however: 12 forms a dimer in
the crystal, [{(MeTiClL,)(u*-C1)},]®" which displays a formal
CN of 6. On the basis of a single-crystal X-ray diffraction
study performed by Antipin et al.,*! strong agostic interac-
tions were inferred from the acute Ti-C-H valence angle of
66°. However, this value could not be confirmed by a
subsequent powder neutron diffraction study, which estab-
lished a rather normal methyl group geometry (X Ti-C-H1 =
108.3°).5% More highly alkylated [Me,TiCl,_,] species have
also been the subject of structural studies. Thus, a tetrameric
structure was reported by Seppelt et al. for [Me;TiCl] (42),
again with no significant methyl group deformation
(Figure 6).*1 The adducts [MeTiCl,]-OEt, (43),%" [Me,Ti-
Cl]-OEt, (44)®! [Me,Ti]-OEt, (45),® and [MeTiCl;] THF
(46) were likewise each found to be normal in this respect.

However, a quite different type of behavior occurs when
the chelating phosphane ligand dmpe is used to form the
adduct.'"" In the complex [MeTiCl;(dmpe)] (10), which has a
higher formal VE count (12 vs. 8) and a higher CN (6 vs. 4)
than 12, an agostic methyl configuration was confirmed by a
neutron diffraction study on a single crystal (Figure 6).¥
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Figure 6. Left: tetrameric structure of [Me;TiCl], (42) in the solid state.
The methyl and chloro ligands avoid opposing positions (X Me-Ti-
Cl=165.3(1)°). Right: molecular structure of [MeTiCl;(dmpe)] (10;
neutron diffraction study). Salient bond lengths [A] and angles [°].

However, no significant degree of C—H elongation is evident
from the structural or spectroscopic properties of the
complex,*! or from quantum mechanical calculations.”’*%!
According to the neutron diffraction study, a value of
1.095(3) A can be assigned to the length of the agostic C—H
bond. Thus, only the Ti-C-H bond angle of 93.5(2)° bears
witness to the distortion resulting from the agostic interaction.

In spite of the armory of sophisticated experimental
methods and the advances in computational techniques,
prediction and characterization of agostic interactions for
even simple systems remain elusive, as does an understanding
of their fundamental nature. We therefore decided to inves-
tigate the phenomenon of agostic interactions from first
principles with no preconceptions, and to focus our studies on
simple benchmark systems which allow a clear character-
ization of this type of chemical bonding. The salutary case of
[MeTiCl;] (12) demonstrates that even with such simple
systems, considerable care must be taken. In particular, a-
agostic interactions are extremely difficult to characterize by
experiment since the methyl group distortions are often
rather small, being accompanied in the most favorable cases
by a C—H bond elongation of typically less than 0.02 A. To
avoid experimental pitfalls we focused our studies mainly on
[-agostic compounds since 1) these agostic interactions are
generally stronger than their a- or y-counterparts; and 2) the
establishment of a [-agostic interaction is clearly and
sufficiently confirmed by an acute M-C-C angle, and thus is
not dependent on the precise location of hydrogen atoms.

In this respect, [EtTiCl;(dmpe)] (11) constitutes the
earliest recognized example of a complex exhibiting f-agostic
behavior," and remains the textbook example of the
phenomenon (Figure 7). The relative structural and spectro-
scopic simplicity of this complex and its base-free precursor
[EtTiCl;] (14) make it an excellent benchmark system to
explore the nature of the interaction by a variety of physical
and theoretical approaches.’> #3118 T seeking to explain
the paradox whereby 14, with 8 VE and CN =4 is clearly not
agostic, whilst the complex 11 (12 VE; CN=6) is agostic
(Figure 7), we have ultimately developed a revised bonding
concept to rationalize agostic interactions.
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Figure 7. The molecular structures of [EtTiCl;(dmpe)] (11) based on a
high resolution charge density study (sinf/A=1.097 A"; T=105 K)[""®
and the parent system [EtTiCl;] (14) studied by gas electron diffraction
at 293 K;** bond lengths [A] and angles [°]. Calculated values at the
B3LYP/AE-TZ level (AE-TZ: all-electron basis set of triple-¢ quality as
specified in ref. [118]) are listed below the experimental ones. Experi-
mental details concerning the determination of the “isolated” agostic
C—H stretching mode, v*(CH), are given in ref. [55b].

4.3 A Revised Bonding Model for Agostic Interactions in d° Metal
Alkyl Complexes

Our experience of the limitations of current concepts in
predicting, and accounting for the nature of, agostic inter-
actions has prompted us to propose a modified bonding
model for early transition-metal systems. The key proposals
of this new model are summarized below for the simplest
systems, that is, agostic d’ alkyl complexes. We have also
successfully extended these to encompass agostic behavior in
complexes of electropositive metals outside the d-block of the
Periodic Table. Examples and evidence in support of our
revised model are provided in Section 5.

4.3.1. Model

The agostic interaction is a phenomenon driven by
electron delocalization. It arises primarily from negative
hyperconjugative delocalization of the M—C bonding elec-
trons along the length of the alkyl moiety. This delocalization
causes a global bonding redistribution within the metal-alkyl
fragment, which is signaled by geometrical distortions and
significant changes in force constants.

The development of an agostic interaction is assisted by:
e asoftening of the M-C,-X (X = C or H) bending potential

and a flexible ML, coordination geometry, each of which

facilitates the canting of the alkyl group (see Section 5).
o the presence of sites of locally enhanced Lewis acidity in

the valence electron density distribution of the agostic

metal atom, which are disposed facing the agostic C—H

moiety (see Section 6).

In contrast to previous models we propose that:
@ Agostic interactions in d° transition-metal complexes do

not rely on the presence of 3c-2e interactions between the
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metal atom and C—H bonds. They can thus be clearly
distinguished from o-type complexes of electron-rich late-
transition-metals, which are found as intermediates in
many organometallic transformations, or have been iso-
lated for M--HSi and M--HB complexes. As a conse-
quence, significant C—H activation is often absent in
agostic d” complexes. The agostic interaction mainly arises
from delocalization of the M—C bond over the metal-alkyl
moiety.

e The bonding between the metal and an agostic alkyl group
is accomplished mainly by one bonding orbital and its
associated pair of electrons, and thus a VE count greater
than 16 does not preclude the establishment of an agostic
interaction. However, whilst electron-rich complexes,
such as [Me;ReO,] (47) with distorted alkyl groups have
been reported,®™ a VE count of 18 typically hinders the
development of pronounced sites of locally enhanced
Lewis acidity, and hence the formation of agostic inter-
actions.

e Accordingly, it is not the total but the local Lewis acidity
at the metal center which controls these agostic inter-
actions. In extreme cases, a positive charge on the metal
center has even been shown to hinder the establishment of
an interaction. For example, quantum chemical calcula-
tions predict a non-agostic structure (¥ V-C-C=117.4°)
for [EtVCL;]* (48), but a B-agostic ground state for its
neutral congener [EtVCl;] (49).148

5. Evidence for the Revised Bonding Model
5.1. Structural, Spectroscopic, and Theoretical Evidence

In this section, we summarize evidence from structural
and spectroscopic observations and quantum chemical calcu-
lations at the B3LYP/AE-TZ level™® on our benchmark
system [EtTiCl;(dmpe)] (11) to support our assertion that the
degree of direct M---HC interaction is rather modest.

5.1.1. DFT Calculations and Frontier Molecular Orbital Analysis

We analyzed the bonding in the benchmark molecule
[EtTiCl;] (14) by partitioning it into three separate stages.
Figure 8 depicts the HOMO of the [C,H;s]™ ion and LUMO of
the [TiCl;]* ion. The LUMO of [TiCl;]* (left) corresponds to a
nearly pure d. metal atom orbital, whilst the HOMO of
[C,Hs] (right) resembles an sp® lone pair orbital on C,,, albeit
considerably delocalized. This orbital has overall C—C anti-
bonding but C—H bonding character; accordingly in Figure 8
it is denoted the n” orbital of the ethyl ligand. The orbital
characteristics described above are preserved when 14 is
formed from its constituent metal and alkyl fragments—the
HOMO and LUMO of 14 are shown in the center of
Figure 8a. Thus, the HOMO corresponds to the Ti—C o-bond
orbital formed by combination of the Ti d_: orbital and the &t*
orbital of the ethyl group. The main bonding interaction is
between Ti and C,, with a slight antibonding interaction
between the metal atom and the Cg—Hjg moiety. The unusually
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Figure 8. a) Frontier orbital interaction diagram and shape of the HOMO and LUMO for
[EtTiCl5] (14)"4 b), c) HOMO and LUMO of [EtTiCl;(dmpe)] (11), respectively (Kohn-Sham
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orbitals based on B3LYP/AE-TZ calculations)."®
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wide M-C-C valence angle of 116.6(11)° hints at pronounced
carbanionic character of the a-C atom in 14.15>%!

Comparison of anagostic 14 with its agostic dmpe complex
11, (Figure 8b), clearly reveals the nature of the interaction.
In each case the HOMO represents the Ti—C, o-bonding
orbital as described above. However, owing to the increased
CN of the adduct, the dmpe ligand which binds trans to both
the C, atom of the ethyl group and the equatorial Cl ligand in
11, serves to lengthen the corresponding Ti—C, and Ti—Cl
bonds (by ca. 0.06 and 0.2 A, respectively; Figure 7), com-
pared with those in 14. As a consequence, the coordination
sphere around Ti is rendered more flexible and the ethyl
group is able to cant. This canting is then driven by a positive
bonding overlap between the torus of the Ti d_. orbital and the
C; atom.

The geometry of the metal-ethyl group is such that
bonding to both C, and C; is effected by the same orbital on
M. That two adjacent lobes of a metal-based d orbital are well
disposed to span a C, unit of an appended ligand is well
established, the classic example being the w-(back-donation)
component in the Dewar—Chatt-Duncanson description of
metal-alkene bonding.®”*! The interaction also stabilizes
deeper lying MOs; however, the dominant effects are seen in
the M—C bonding orbital.*?! Thus, a f-agostic alkyl group acts
as a two-electron ligand, and the total metal-alkyl bonding is
accommodated using a single metal orbital.™”

To summarize, the [-agostic interaction is a covalent
interaction which can be understood only in terms of a Ti—C,
bonding orbital that is delocalized over the entire alkyl group.
In the following section we will demonstrate that the apparent
contribution of the agostic f-H atom (Figure 8b) to the
bonding overlap between the metal and the 3-C atom will
turn out to be insignificant. The strength of the agostic
interaction may be estimated from calculations by subtracting
the energy of the agostic equilibrium structure from the total
energy of an optimized model with a staggered conformation
of the ethyl group and the Ti-C,-Cy valence angle fixed at
112°, a typical value for M-C-C moieties displaying no
interaction.”! This treatment gives an agostic stabilization
energy, denoted D,;,, of 4.4 kcalmol™! for 11 as a conse-
quence of the canting.””

Further support for our model comes from calculations on
11 which revealed that rotation of the f-methyl group by
approximately 60° about the C,—C; axis leads to a second
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agostic conformer on the potential energy surface
(PES), with a Ti-C,-C; angle of 101.3° and a
staggered conformation with respect to the
Ti—C bond. This conformer lies only around
3.8 kcalmol™! above the equilibrium structure,
and 0.6 kcalmol ™ below the optimized anagostic
model in which % Ti-C,-C; is constrained at
112°."1 Hence, B-agostic interactions do not neces-
sarily require an ethyl group in which a Cg—H bond
points towards the metal atom.*? This conclusion is
in conflict with the valence bond picture of a 3c-2e
M:--H—C interaction. Nevertheless, further evi-
dence from theory and experiment supports these
findings.”" In the eclipsed conformer the CyH;
bond is elongated only by a modest 0.03 A in
comparison with standard aliphatic C—H bond lengths of
about 1.10 A #**2%! which rules out a significant bonding
interaction between the C—H moiety and the metal center.

These DFT calculations revealed several important fea-
tures of the (-agostic interaction in early-transition-metal
complexes which had hitherto been unappreciated. Thus,
electron delocalization, rather than M<+<H—C donation,
appears to be the primary driving force of the interaction in
early-transition-metal d° complexes, and the VE count is not a
controlling factor. Whilst space is needed for the interaction
to occur, this factor is not reliably assessed by the CN of the
metal. Rather, is it the form and flexibility of the coordination
sphere that is crucial.

5.1.2. Spectroscopic Studies

We undertook a detailed analysis of the vibrational
properties of [EtTiCl;] (14) and its dmpe adduct 11 encom-
passing a series of isotopomers in which H was replaced by D
at strategic points in the ethyl ligand. A normal-coordinate
analysis of 11 revealed that the mode characterizing the
Cs—Hg; stretching vibration consists of a straight-line motion
almost perpendicular to the Ti-H, axis (Figure 7), with no
significant coupling to the in-plane C—H bending mode
0! (CH;).” Thus, the vibrational properties of the Ti-H—C
moiety are incompatible with a description in terms of a
bridging metal hydride. Analysis of the force constants
deduced for the internal modes of the ethyl ligand in 11 and
its base-free precursor 14 clearly reveals that the agostic
deformation of the ethyl group is accompanied by a global
bonding redistribution throughout the Ti—CH,—CH;
moiety.” We also carried out a series of NMR spectroscopic
studies on 11 and 14 to explore the changes wrought by the
transition from anagostic to agostic behavior. No significant
differences are observed in either 8y or 'J¢; for the B-methyl
group of 11 compared with 14 (but note the points in
Section 2.2.1). We also made use of the isotopic perturbation
of resonance (IPR) method of Shapley**-** by studying
the 'H spectrum of [(CH,DCH,)TiCly(dmpe)], [D;]-11. This
spectrum actually revealed a small negative isotope shift for
11,*? also implying an absence of any significant M--H
bonding in the agostic interaction.!

On the basis of all the accumulated experimental and
theoretical evidence, the Ti---Hj interaction in our benchmark
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system 11 makes no more than a modest contribution to the
total agostic bonding, and the striking deformation of the
alkyl group appears to arise mainly from cyclic delocalization
of the M—C bonding electrons. We sought to explore this
phenomenon in more detail by analyzing the topology of the
charge density in the agostic Ti-C,-Cg-Hg fragment.

5.2. Direct Analysis of the Electronic Structure of the f3-Agostic
Bond

Despite the fact that the wavefunction contains all salient
information relating to the electronic structure of a molecule,
MO analysis has to date proved rather disappointing in its
ability to predict agostic interactions. Hence, our intention
has been to explore the nature of agostic bonding on the basis
of directly observable features. The electron density distribu-
tion, p(r), constitutes the most direct, experimentally acces-
sible probe of electronic structure for our selected systems
and we outline in Section 6 a concept based on the inter-
pretation of the charge density which allows us to manipulate
the strength of agostic interaction in d° transition-metal alkyl
compounds. We will therefore continue by employing the
AIM theoryP® developed by Bader and others to analyze
the topology of the charge density, and to elucidate the
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Figure 9. a) Relief map of the total charge density p(r) in the Ti-C,-C-
Hg plane of [EtTiCly(dmpe)] (11).0"% The relative invariance of the
charge density in the region between the agostic Hy atom and Ti is
indicated by the clear spatial separation of the contour lines at 0.13
and 0.18 eA3. b) Corresponding map of the Laplacian, 7%0(r), in the
same plane. Two charge concentrations (CC1 and CC2)"® are revealed
in the valence shell of the C, atom. Default contour levels are drawn at
—0.001, +£2.0x10", +£4.0x10", +8.0x10" eA~°, where n=0, +3,
+2, £1; negative and positive values of /°0o(r) are marked by solid
and dashed lines, respectively.""® Extra contour lines at —15, —25,
—84, —105, —240, —280, —350 e A~° are drawn and the contour lines
at —80, —200, and —400 are left out to reveal the relative positions of
the CCs at the metal atom. The relative locations of the bonding CC
(BCC) and of the CC induced by the alkyl ligand (trans-LICCs) at the
metal atom are indicated by arrows (see Section 6 for a discussion of
the metal polarization).”® "

complex bonding situation in agostic d” complexes by
combined experimental and theoretical studies.

5.2.1. Analysis of the Total Charge Density
Figure 9 a shows a relief plot of the total experimental

charge density in the Ti-C,-Cs-Hg plane of 11. There is no
significant charge accumulation between Ti and the

Cg—Hg unit, as indicated by the clear separation of the
selected contour lines of 0.13 and 0.18 eA’3, which reveal
arather flat area of charge distribution. No saddle point is
evident in the charge density distribution in the Ti--H
bonding region, which would provide a clear indication of
a bonding Ti-H interaction."””)

5.2.2. Bond-Path Analysis

Figure 10 shows the contour map of the Laplacian of the
charge density, v/°p(r), in the Ti-C,-Cs-H; plane of 11. In
addition, the bond paths which follow the ridge of maximum
charge density between the bonded atoms in the Ti-C,-Cy-Hg
fragment are projected onto the /2o(r) map. Along the bond
paths so-called bond critical points (CPs), defined as saddle
points in p(r), are marked by filled circles. Note the good
agreement between theory (Figure 10a,b)!'" and experiment
(Figure 10c¢). The most significant difference between these
plots is revealed by the presence or absence of a Ti--H bond
path signaling a direct metal-to-hydrogen interaction. We will
show in the following account that the Ti---H bond path in (3-
agostic d’ alkyl complexes is typically not pronounced and its
presence or absence may depend on slight differences in the
level of theory employed in the calculations or on the
flexibility of the multipole model used in the experimental
charge-density studies.
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Figure 10. a) Theoretical bond paths and 7%o(r) contour map in the Ti-C,-Cg-Hj
plane of [EtTiCl;(dmpe)] (11). Bond CPs are denoted by filled circles and the ring CP
by a “m” symbol (B3LYP/AE-TZ//BPW91/AE-TZ level*®). b) Theoretical bond paths
and /°p(r) contour map for 11 (B3LYP/AE-TZ level)."® As in (c) the Ti--H; atomic
interaction line has vanished because of the merging of the ring and Ti---Hg bond CP.

[58,102,118]

1.5718 Contour values as

Indeed, this method-dependency of the agostic M--H
bond path is pleasingly illustrated by Figure 10b (full B3LYP/
AE-TZ geometry optimization of 11)1%!18 and Figure 10a
(single-point calculation at the same level but based on the
BPW91/AE-TZ optimized geometry).”*1°l Closer inspec-
tion of the gradient vector field of 11 (Figure 10a) indicates
that the Ti--Hg bond CP and the ring CP—which represents a
minimum of p(r) inside the Ti-C,-Cg-Hy ring fragment—are
proximal and not very pronounced. The electron densities
obtained for the Ti-+Hg bond CP and the ring CP within the
Ti-C,-Cy-Hg fragment in Figure 10a do not differ significantly
(Ap(r) <0.001 e A~3) 5819 Simultaneously, the negative cur-
vature (4,) at the bond CP associated with the axis directed to
the ring CP (major axis of curvature)!'™ almost vanishes.
Hence, the bond and ring CPs almost merge into a singularity
in p(r), a phenomenon characteristic of bond fission.%?! As a
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result, the bond path!™! between Ti and the proximal H
atoms vanishes. Under these conditions, small changes in the
level of theory may in fact force a bond catastrophe, as
demonstrated theoretically in Figure 10a,b.

Since the presence of a bond path between two atoms is a
necessary and sufficient condition for a bonding interaction
according to the AIM theory, it is tempting to interpret the
existence of a M---H—C bond path as a sufficient criterion for a
bonding interaction through the hydrogen atom.”” However,
our benchmark example 11 clearly exposes a M--H bond CP
as an unreliable criterion which may fail to reveal the
interaction even in established agostic systems.

On continuing with the analysis of the Ti-~-H atomic
interaction line, an unusual curvature is apparent (Fig-
ure 10a): between the metal center and the bond CP the
curve is exocyclic, which signals a degree of ring strain in the
formal Ti-C,-Cy-H; heterocycle."”! However, between the
bond CP and the agostic hydrogen atom the Ti--Hy inter-
action line displays endocyclic curvature, as seen for electron-
deficient systems, such as the 3c-2e B-H-B moieties in boron
hydrides.'"™ A similar curvature, which appears to be
characteristic of the [-agostic alkyls of early transition
metals, was found by Popelier and Logothetis in their
theoretical study of [EtTiCL]* (30).°” In this respect—if a
M--H bond path is present—the agostic Ti-+Hg interaction
can clearly be distinguished from classical hydrogen bonds,
which have been the subject of numerous theoretical and
experimental charge density studies,'”!%! with close-to-
linear bond paths being found in all cases.

We further note, that the agostic Cg—Hy bond in 11
appears to be bent away from the metal center rather than
attracted to it. Thus, the bond CP of the Cg—Hg bond is
displaced inside the formal Ti-C,-Csz-Hg ring, a result in
keeping with the calculated C,-Cyg-H;; angle of 113.8°,""®! that
is, several degrees wider than the normal tetrahedral value.
This finding is in accord with the structural and spectroscopic
conclusions summarized in Section 5.1, which reveal that the
M:--HC component plays only a minor role in the overall
interaction.!"””)

Hence, calculations on a-agostic benchmark systems, such
as [MeTiCL,]* (29) show a complete absence of an M--H bond
CPF" Even in [EtTiCL]* (30) and [EtNi(dhpe)]* (18'; dhpe =
H,PCH,CH,PH,),'"™ which represent model agostic alkyls of
early and late first-row transition metals, respectively, the
topological separation between the ring CP and the M--H
bond CP is not particularly pronounced.!'®® However, in 18’
the charge density at the Ni-~H bond CP is significantly
enhanced compared with that in early-transition-metal sys-
tems, such as 11 and 30, being close to the range of p(r) values
at the Mn--H bond CP displayed by classical and nonclassical
hydridic Mn—H bonds in [HMn(PMe;),(NO),] (50)"'*! and in
[Cp'Mn(CO),(n*-HSiFPh,)] (51; Figure 11).017

Figure 11 reveals a clear trend: in the case of the agostic
early-transition-metal alkyl 11, the M--H interaction is
marginal in comparison with the electron-rich, agostic late-
transition-metal alkyl 18', the hydride 50, and the o-complex
51. For 18’ the interaction incorporates a pronounced M:-H
component, whereas in 11 as a prototype for an agostic early-
transition-metal alkyl complex additional, secondary closed
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Figure 11. The model systems [EtTiCl;(dmpe)] (11; see Figure 10a),
[EtNi(dhpe)]* (18'), [HMn(PMe;),(NO),] (50), and [Cp'Mn(CO), (1
HSiFPh,)] (51). @ The proximal positions of the calculated M--H bond
CPs; corresponding topological values of p(r) fro 18', 50, and 51 at
BPW91/AE-TZ levels of theory are specified in e A=,

shell M--H interactions play a minor role in supporting the
overall agostic interaction (see Sections 5.2.3 and 5.3).'*]

5.2.3. Analysis of the Laplacian of the Charge Density

M---H bonding region: Figure 9b and 10 show relief and
contour maps of the theoretical and experimental Laplacian
of the charge density of 11. We note that the Laplacian,
v°p(r), is rather unpronounced and positive in the Ti-H
bonding region.” This situation is remarkable, since the
Laplacian usually reveals subtle features of the charge
density, such as the shell structure of an atom and even
local concentrations of charge density in the valence shell of
atoms.”

A similar topology was found in the Ti--H bonding region
for the agostic model [EtTiCL]" (30), studied by Popelier
et al.,b"l and was interpreted as evidence for an ionic, closed
shell Ti--Hg interaction. Even in the case of the late-
transition-metal complex 18’, which shows a pronounced -
agostic interaction, the Laplacian (v2p(r)=5.97 ¢A™)
remains positive despite significant accumulation of charge
density (o(r) =0.51 e A~%) at the Ni-~H bond CP.'® However,
Cremer and Kraka demonstrated that the analysis of /2o(r)
provides a more sensitive measure of the charge density
accumulation than does the deformation density, Ap(r), but it
is not always a sufficient criterion to distinguish between
covalent and closed-shell interactions.'"! Chemical bonding
can be described sufficiently only when both electrostatic and
energetic aspects are considered. Cremer and Kraka there-
fore proposed an analysis of the electronic kinetic-energy
density, G(r), and the electronic potential-energy density,
V(r), at the bond CP, since the magnitudes of both are related
to the Laplacian by an equation derived by Bader,**!"?
2G(n+ V() ="7p(D).

For covalent bonds it has been shown that the local energy
density H(r) = G(r) + V(r) is negative"'l and, in addition, the
ratio G(r)/o(r) should be less than unity.'"* In contrast, for
closed-shell interactions (ionic, hydrogen, or van der Waals
bonds), the ratio of G(r)/p(r) is greater than unity. In fact, the
local energy density H(r) at the M-+H bond CP becomes
negative in 18 whilst being positive in 11 (—0.14 and
+0.02 Hartree A3, respectively), indicating greater covalent
character for the Ni---H, than for the Ti--H bond (Figure 10a
and Figure 11).[108.114,115.118]
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M—C bond: For the Ti—C, bond of 11, the calculated local
energy density is clearly negative (H(r)=-0.217 Har-
tree A’3); however, in comparison with the parent system
[EtTiClLy] (14; H(r) = —0.355 Hartree A~) a reduction of the
covalent character is apparent. Thus, the Ti—C, bond of 14
clearly shows a pronounced bond CP (o(r)=0.84 ¢ A7),
whereas coordination by dmpe leads to significant reduction
in the bond order (0(r).q=066eA~> and PW)exp =
0.50(1) e A=), which is reflected in an increased, experimen-
tally determined, Ti—C, bond length in the complex 11
(2.1537(8) A versus 2.090(15) A in 14).1'"%

C—C bond: The bond CP of the C—C bond in 11 is
characterized by an electron density (0(F)eeq=1.607 ¢ A~%)
slightly higher than the corresponding value for the C—C bond
in 14, (1.576 e A3), but significantly lower than that for the
C=C bond in ethene (2.326eA %) at the same level of
theory.""™ Hence, the C—C bond order in 11 is only slightly
greater than that in 14. This result is in accord with the
experimental observation of shorter C—C bond lengths in 11
than 14 (Figure 7)."¥ However, we will demonstrate in
Section 5.3 that the ellipticity parameter (¢)!'"!! of the C—C
bond in 11 is a superior criterion with which to chart multiple
bond character (see Figure 12).

5.3. The Driving Force Behind Agostic Interactions in d° Metal
Alkyl Complexes: Hyperconjugative Delocalization of the
M—C Bonding Electrons

In this section we introduce a novel charge-density-based
concept, which provides a sensitive criterion to identify and
quantify electron delocalization as the driving force behind
agostic interactions in metal alkyl complexes. And we show
that this leads to a global bonding redistribution of p(r) within
the metal-alkyl moiety.’>*%127 We demonstrate that this
redistribution is a natural feature of delocalization of the
M—C bonding electrons, a fact which becomes evident when
the bond ellipticity is traced along the full C,—C; bond path.

According to the mathematical definition (Figure 12),1%!
bond ellipticity values, &, greater than zero indicate partial
n character in a bond, or electronic distortion away from
o symmetry along the bond path. Indeed, the calculated
ellipticity profile for 11 along the C,—C;; bond path reveals
significant ; character. However, this profile shows a rather
complex pattern in comparison with the standard C—C single
and double bonds in C,Hg and C,H,, respectively, or with the
metallacyclopropane species [(C,H,)TiCl,] (52) at the same
level of theory (Figure 12).''"" Whereas for C,H; ¢ is zero
along the full bond path, C,H, and 52 each show pronounced
ellipticities. C,H, exhibits a maximum ¢ value (&,,,,) of 0.34 at
the bond CP. In comparison with C,H,, the metallacycle 52
reveals a broader ellipticity profile with a pronounced double
maximum (&,,, = 0.31). This feature arises from differences in
the & bonding in C,H, and 52.1'""

In the case of 11, on the evidence of its ellipticity profile,
the m system is even more distorted;""® ¢, =0.17, and this
maximum is located closer to the a-carbon atom. At a first
glance, the 7 character of the C,—Cg bond in 11 appears more
pronounced in the vicinity of C,. At the bond CP a much
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Figure 12. Calculated bond ellipticity profiles along the C,—C;; bond
path of [EtTiCl;] (14) and of [EtTiCl;(dmpe)] (11) in comparison with
C,He, C,H,, and [(C,H,)TiCl,] (52; B3LYPAE-TZ level). The definition of
the bond ellipticity ¢ is illustrated by the p(r) contour map in the top
right-hand corner, which shows the charge density in the plane
perpendicular to the bond path at the C—C bond CP of C,H,. ¢ is thus
a measure of the nonspherical charge distribution of

o(r): e=2,/2,—1;1""" d=distance from the BCP.

lower value (¢=0.10) is found, and a second maximum is
evident close to Cj (&na=0.03). This second, smaller
maximum may arise from electronic distortion of the formally
sp>-hybridized B-carbon atom on account of the hypervalent
character induced by an additional Ti--C; interaction.'
Thus, the /?0(r) contour map of 11 (Figure 10) shows that
the agostic C; atom has a region in which charge is
concentrated (7%o(r) <0) and directed towards the metal
center, whereas the non-agostic C; atom in 14 has a region of
charge depletion facing the metal.l''¥!

The first maximum in the ellipticity profile of 11 clearly
derives, however, from the significant electronic distortion at
the a-carbon atom. This distortion is caused by the close-to-
merging situation of two local charge concentrations (CCs) in
the Ti-C,-C; plane of the valence shell of C,: the carbanionic
feature CC(1) and the CC(2) directed along the C,—Cy bond
(Figure 9b). Indeed, the angle enclosed by these two CCs and
the a-C atom obtained from B3LYP/AE-TZ calculations is
only 97.0°.1" 1t is also clear that CC(1) is rather depleted,
with a rather low calculated value of —/%o(r) of 15.6 e A~ in
comparison with CC(2) (17.7 ¢ A=) or with the remaining two
CCs situated on the C,—H bonds (25.5 and 25.8 e A~%).""% In
contrast to 11, in EtLi (53) which is our model for a true
carbanionic metal alkyl, a pronounced carbanionic CC
(=7%0(F)eatea = 18.9 € A~%) appears in the valence shell of the
C, atom facing the Li atom.®*'?"! The corresponding CC(2)
situated on the C,—Cg; bond has a value of —°p(r)=
163 eA, similar to that in 11. This result has been
interpreted as a reduced carbanionic character in 11 versus
53 owing to hyperconjugative delocalization (see Sec-
tion 5.4).51181271 However, the ellipticity profile of 11
(Figure 12) reveals that ¢, lies close to C,, which corre-
sponds to a degree of retained carbanion character at this
atom.

We conclude that the ellipticity profiles characterizing
C,—C; bonds may be used in a general manner to reveal
electronic distortion of the a-C or B-C atom caused by
delocalization of M—C bonding electron density into the
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C,—C; bonding region.”'”"! Thus, our new model for
agostic interactions in early-transition-metal alkyl com-
plexes is clearly supported by analysis of the charge
distribution of 11. The analysis of 11 relative to 14,
reveals the existence of a very weak closed-shell Ti--Hg
interaction, an increase in the C,—Cy bond order, and
weakening of the M—C, and C;—H; bonds by hyper-
conjugative electron delocalization.

In the following section we show that our concept
for the description of agostic d” transition-metal com-
pounds can be extended to systems involving main-
group metals. We focus our attention on two case
studies: 1) so-called Li-agostic interactions which rep-
resent the extreme case of agostic interactions since
C—H activation in these species is only weakly pro-
nounced, and 2)so-called polyagostic bimetallic sys-
tems involving a main-group metal and a transition-
metal component which are linked by bridging, agostic
alkyl groups.

W. Scherer and G. S. McGrady

Figure 13. a) Molecular structure of [{2-(Me,Si),CLiCsH,N},] (57) based on a
single-crystal neutron diffraction study at 20 K; thermal ellipsoids set at 50%
probability. Only relevant H atoms are shown. Atoms labeled with or without
an asterisk are related by a crystallographic inversion center at the midpoint
of the Li—Li* vector. The agostic alkyl group is located within the shaded area.
Selected bond lengths [A] and angles []: Li-C1 2.200(5), C1-Si2 1.859(2), Si2-

C7 1.898(2), Li--Si2 2.850(5), Li-~C7 2.658(5), Li--H7c 2.320(6), Li*--H3b
2.329(5), Li*--H3c 2.245(5), Li*--C3 2.496(4); ¥ (Li-C1-Si2) 88.8(2). b) Con-
tour map of the experimental 57%o(r) function in the Li-C1-Si2 plane of 57.

5.4. Extension of the Revised Bonding Model to
Nontransition-Metal Systems
5.4.1. Agostic Lithium Alkyl Compounds

The large and important field of agostic lithium complexes
was reviewed recently by Braga etal.™®! Organolithium
complexes!'?* 12 constitute some of the earliest examples of
compounds showing short inter- and intramolecular M--H
contacts, which are commonly referred to as agostic inter-
actions in the current literature.”>!?1?l The importance of
such Li---HC interactions was highlighted in early calculations
on the trimeric lithium amide complex [Li{u-N(CH,Ph),};]
(56),1'>! which indicated that they may account for as much as
40% of the valence electron density of the lithium atom.
Hence, according to Kaufmann et al.??! “o-Li interaction
(in oligomeric MeLli) is the organolithium form of the agostic
interaction.”

On the basis of a statistical analysis of organolithium
complexes with short Li--HC contacts, Braga et al.”"! con-
cluded that a strengthening of the Li--H agostic bond is
systematically accompanied by a weakening of the corre-
sponding C—H bond. Unfortunately, this conclusion was
drawn primarily from X-ray diffraction data, which yield only
imprecise locations for the hydrogen atoms. Accordingly, we
decided to analyze a typical Li-agostic benchmark system, [{2-
(Me;Si),CLiCsH,N},] (57),1%% which, as shown by a combined
high-resolution X-ray and neutron charge density study, has
clearly established inter- and intramolecular Li-+H con-
tacts.**1?"l Figure 13 indicates that in 57, which features a
formal CN of only 2 for Li, secondary interactions, which
include both close Li-Li"*! and Li--HC contacts, compensate
for the electron deficiency of the metal center. These
interactions are important in understanding not just the
structure adopted by the complex, but also the reactivity of
the species. Figure 13 shows the relevant agostic fragment of
57 (shaded area) based on precise neutron diffraction data
collected at 20 K.[%'?") This fragment displays a remarkably
acute Li-C1-Si2 angle of 88.8(2)°, which leads to short Li--Si2,
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Default contour values as specified in Figure 9b. The valence charge concen-
trations denoted CC(1) and CC(2) almost merge into each other.

Li-~C7, and Li--H7¢ contacts. In addition, two short inter-
molecular Li-+H contacts, (Li*--H3b and Li*--H3c), and a
rather short Li*--C3 contact are evident. All the Li-H
contacts are remarkably similar at around 2.3 A, some 0.7 A
less than the sum of the van der Waals radii (cf. the Li-~H
separation of 2.043(1) A in crystalline lithium hydride!"")—
tempting one to interpret them as agostic Li---H interactions.
However, the C—H bond lengths all appear more or less
normal. In fact, DFT calculations at the B3LYP/AE-TZ
level™ on several monomeric model systems, such as the
donor-free species LiCMe,SiMe; (58), show alkyl coordina-
tion geometries rather similar to that of the agostic alkyl
backbone Li-C1-8i2-C7-H7c¢ (Li-C,-Siz-C,-H,) in 57. Thus 57
appears to be an ideal benchmark system with which to
explore the nature of Li--H—C bonding in the Li-C,-Siz-C,-H,
fragment (Figure 13).

The topology of p(r) within this fragment highlights the
unusual electronic nature of the alkyl ligand. The absence of a
Li-~H, bond CP in p(r) indicates a lack of any significant
agostic interaction, in accord with the normal C,~H, bond
lengths (1.086(4)-1.089(4) A) deduced from the low-temper-
ature neutron diffraction study of 57.5'2") At this stage, the
origin of the deformation of the Li-C,-Siz-C,-H, fragment is
unclear. However, the Li-C,-Sig-C,-H, backbone of 57 con-
tains two significantly different C—Si bondos, with C,—Sig and
C,—Si; lengths of 1.859(2) and 1.898(2) A, respectively, as
shown by a combined X-ray and neutron diffraction study.!®l.
Whereas C,—Sij; is slightly elongated compared to a standard
C-Si single bond, C,—Sij is clearly shortened. Furthermore,
the discrepancy between these two Si—C bond lengths is
accompanied by significant differences in the nature of the
bonding, as revealed by the combined charge density study:
The value of p(r) at the bond CP for the C,—Si; bond of 57
(p(r) =0.86(2) e A=) is clearly larger than that for the C,~Sij
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bond (o(r) =0.72(2) e A~?), which implies a greater bond
order for the C,—Si; bond. A pronounced bond ellipticity at
the C,—Sig bond CP (Figure 14) supports this conclusion.
Tracing the bond ellipticity between C, and Si; along the bond

. A ! |
0.5 ';j;' = | Li:
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i pln : ! | W2oin
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CHy 8y = |
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£ o " 57 (theo)
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Figure 14. Experimental and calculated bond ellipticity profiles (g)
along the C,—Sig bond path of 57 (C, and Si; correspond to C1 and
Si2, respectively) in comparison with CH,—SiH;~, CH,=SiH,, and
CH;—SiH; (B3LYP/AE-TZ level). In the right-hand corner the corre-
sponding 5/%0(r) function at the BCP of CH,=SiH, is shown, which
reveals that charge is locally concentrated above and below the molec-
ular plane of CH;=SiH, as a result of the presence of mt-electron den-
sity; d=distance from the BCP.

path reveals the unusual nature of the bond in 57 in
comparison with the C—Si bond in CH;—SiH; and the C=Si
double bond in CH,=SiH, (Figure 14). Furthermore, the
Li—C, bond in 57, at 2.200(5) A, s significantly longer than
the corresponding distance in monomeric LiMe (59;
1.959 A)."™ The topological features of p(r) in the two
compounds also indicate a weaker, significantly more ellip-
tical Li—C bond in 57 than 59. This fact suggests that the
double-bond character of the C,—Sig bond might also be
associated with a delocalization of the Li—C, bonding
electrons into the C,—Si; bonding region, as revealed by the
contour map of /°p(r) in the Li-C,-Siy plane (Figure 13b).

Thus, agostic Li-+H interactions are not necessarily
associated with significant C—H bond elongation, in clear
contrast to claims in the recent literature!™?! based on rather
imprecise X-ray diffraction data. Accordingly, we refer
henceforth to closed-shell M:H contacts rather than 3c-2e
M--HC interactions!™™! when C—H elongation is not pro-
nounced and the nature of the M:H contacts seems to be
primarily electrostatic. Li-agostic interactions are an ideal
testbed for exploring the fundamental nature of the agostic
interaction, since in these systems the driving force for
structural and electronic deformations (that is, negative
hyperconjugation) is almost completely divorced from any
secondary M--H—C interactions."*

To summarize, our results clearly indicate that the Li--H
interactions in 57 are not responsible for the unusual alkyl
deformation: rather, this appears to result from delocalization
of the Li—C, bonding electrons over the entire alkyl ligand.
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The delocalization leads to a reduced Li-C,-Si; angle,
pronounced C,—Siz double bond character, and short
Li-Sig, Li~-C,, and Li--H, separations, thereby facilitating
charge transfer between the electron-deficient metal center
and the agostic C,-Sig-C,-H, backbone.

5.4.2. Lanthanide Metal Aluminates.

Polyagostic interactions: In Sections 5.3 and 5.4.1, we
showed that M--H—C interactions are a consequence of,
rather than the cause of agostic deformation of the alkyl
moiety in complexes of d° transition metals and of lithium. In
each case, elongation of the C—H bonds was slight or absent.
A similar situation appears to hold for agostic complexes of
lanthanides: neutron-diffraction studies of [Cp*Y(OCsHjt-
Bu,)CH(SiMe;),] (60) and [Cp*La{CH(SiMe;),},] (61) have
revealed rather normal C—H bond lengths."**! In both cases,
Ln--SiMe interactions were proposed to “clearly take prece-
dence over a-CH--Ln and y-CH--Ln interactions in stabiliz-
ing the lanthanide center”. However, as discussed for lithium
alkyl compounds in Section 5.4.1, negative hyperconjugation
appears again be the real driving force behind these
deformations,'**! and may extend to the case of bimetallic,
so-called polyagostic lanthanide aluminate complexes, such as
[Ln(AIR,),] (Ln=Sc, Sm,Nd forn=3 and Ln=Yb for n =2;
R =Me, Et, iBu). Polyagostic interactions were first proposed
for the homoleptic species [Nd(AIMe,);] (62) on the basis of a
neutron-diffraction study, which revealed acute Nd--C,-H,
angles of 80.3(4)° associated with the bridging H atoms.">¥
However, no significant perturbation of the C—H bonds was
evident, in spite of severe deformation of the alkyl groups in
these systems. We note that some polyagostic complexes
[Ln(AIR,),], such as [Yb(AIEt,),] (63), straddle the border-
line between monomeric and polymeric species, and thus may
no longer be accurately described as molecular compounds in
the solid state.”®! In 63 the aluminate bonding displays a
variety of intra- and intermolecular coordination modes
involving secondary Ln-+HC interactions,"*! which establish
a three-dimensional network similar to that in classical
lithium alkyl complexes."!

Analysis of polyagostic bonding: The structural variety of
lanthanide aluminate complexes has been discussed in detail
recently."* Herein we will focus on the driving force leading
to these polyagostic interactions. To understand better the
electronic structure of the u-n*bonded aluminate ligands, we
carried out a topological analysis of the electron density, using
DFT calculations based on the BPW91 method and AE basis
set of double-{ quality, denoted 'AE-DZ’ in the following, to
obtain the theoretical charge density for the monomeric Y™
model systems [Y(AlMe,);] (64) and [Y(AIEt,);] (65; Fig-
ure 15a).% These were chosen as the complexes are neutral,
have relatively high symmetry (C;), display a stable p,n>-
coordination of the aluminate, and possess o- and B-C—H
bonds which might compete for Ln--HC interactions
(Figure 15).

Figure 15b shows the contour map of /’o(r) for the
electron density of [Y(un*AlEt,);] (65) projected in the Y-
C,-Al plane. The bond paths connecting both bridging carbon
atoms (C,) with the Y and the Al metal centers clearly reveal
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Figure 15. a) Coordination of [Y (AlEt,);] (65) at the BPW91/AE-DZ level
of theory; C; symmetry imposed. Selected bond lengths [A] and
angles [°] (average values): Y-C, 2.570, C,-Al 2.137, C,-H,q 1.116; Y-C,-
Heq 733, Y-Co-Cy 175.4, Al-Ci-Heg 119.1, Al-C,-C; 101.4, Y-C,-Al 83.0,
Heq-Co-Heg 106.5, Heg-C,-Cy 104.3, 7(Y--Al-C,-Cy) 178.5. Complex 65 is
isostructural with the experimental model of the anionic fragment
[Yb(AIEt,)];~ of complex 63.°% b) Contour map of 7%o(r) for 65 pro-
jected onto the Y-C,-Al plane. The atomic boundaries, as determined
by the zero-flux surface condition,’® along with the bond paths in the
electron density, are also indicated. @ Bond CPs, m ring CP. Default
contour values as specified in Figure 9b.

the hypervalent character of the pentacoordinate bridging C
atoms. Furthermore, all bond paths are curved inwards, which
confirms the electron-deficient character of the Y-C,-Al
fragments.®® Somewhat surprisingly, the electron density at
the Y--C, bond CP is rather pronounced (o(r) =0.24 e A7),
and is not significantly reduced relative to the corresponding
AI-C, bond CPs (o(r)=0.38e¢A ).l Hence, a simple
description of these lanthanide aluminates in terms of
contacted ion pairs Y>*/AIR,” is inconsistent with the top-
ology of the charge density.

In comparison with the terminal Al—C bonds, the bridging
Al—-C bonds in 65 are weakened to accommodate significant
Y--C interactions. This weakening is indicated by a reduced
p(r) value of 0.38 e A at the Al-C, bond CPs and by an
elongation of 0.13 A of the bridging Al-C bonds relative to
the terminal Al-C bonds.* The low value of p(r), the large
AI-C, separation (2.14 A), and a positive value of %o(r)
(3.8 e A) might be taken to indicate a purely closed-shell
Al--C, bonding interaction. However, both kinetic- G(r) and
potential-energy densities V(r) at the bond CPs suggest a
degree of covalent character for the Al-C, bonds.* Along
the same line of argument, partially covalent Y--C, bonding
character is suggested for 64 and 65. The contour map of
7’o(r) shown in Figure 15b reveals significant polarization of
the valence electron density of the Y atom, also implying a
degree of covalency for the Y--C, bond. Coordination of the
aluminate ligand is thus strong enough even to polarize the
valence shell of the Y metal center.

Polyagostic Ln--H-C Bonding or Electron Delocalization:
As shown in Figures 16 and 15, the Y--CH,R-Al fragment
(R=H, Me) in 64 and 65 conforms closely to local C,
symmetry. The geometry of the bridging C atom is best
described as distorted trigonal bipyramidal, with two hydro-
gen atoms (H,,) and the Al atom constituting the equatorial
ligands. Both equatorial H atoms in 64 and 65 establish
remarkably short Y--H(av) contacts of 2.672 and 2.495 A,
respectively. However, as in the neutron-diffraction study of
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Carbanionic CC

Figure 16. a) p,n>-Bridging methyl groups in the [Y(AlMe,);] (64;
BPW91/AE-DZ level). Selected bond lengths [A] and angles [°] (average
values): Y-C 2.550, C-Al 2.126, C-H,, 1.110, C-H,, 1.106; Y-C-H,, 84.0,
Y-C-H,, 168.8, Al-C-H,, 124.1, A-C-H,, 86.9, Y-C-Al 82.4, H,-C-H,,
107.9, H-C-H,, 102.2, 7(Y---Al-C-H,,) 176.6. b) Isovalue surface plot of
—%0(r) =10 e A= showing the wn>bridging methyl group in 64.

[Nd(AlMe,);] (62), no significant C—H bond elongation is
associated with these short Y--H contacts. Despite the acute
Y-C-H,, angles, 84.0 and 73.3° in 64 and 65, respectively, no
Y--H bond CP can be identified. The significantly different Y-
C-H,, angles in 64 and 65 appear to be a consequence of the
different steric requirements of the alkyl ligands (Me versus
Et). However, the rather invariant H.,-C-R angles suggest
that the bridging CH,R groups are best described as
carbanions, with the charge density of the lone pair shared
almost equally between the electropositive Al and Y metal
centers (Figure 16b), in a manner reminiscent of the bridge
bonding in Al,Me (1).° Accordingly, this electron pair serves
to satisfy both Lewis acidic centers (Al, Y) and compensates
for their electron-deficient character, again stressing the
partially delocalized nature of the carbanion.

For this class of so-called polyagostic bimetallic com-
plexes, the marginal C—H bond elongation appears to be a
consequence purely of the coordination mode of the alkyl
groups, rather than the primary reason for the hypervalent
bonding displayed by the bridging C atoms. As with agostic
lithium complexes, these polyagostic interactions in alumi-
nate species are best considered as closed-shell M:-+-H—-C
interactions, rather than covalent 3c-2e bonds. Once again,
delocalization of the carbanion lone pair at the bridging
(hypervalent) carbon atoms is the driving force for the
unusual p,n’-coordination mode of the aluminate ligands.

6. Manipulation of Agostic Interactions: Metal
Polarization and the Extent of Delocalization

We have explored the nature of M—C bonding by
calculations at the B3LYP/AE-TZ level of theory on the
simple system [EtCa]* (66), which is the simplest model for a
B-agostic d° metal alkyl complex. This study has shown in
detail how formation of the M—C bond results in polarization
of the metal center by the ligand, and leads to the bonded
charge concentrations (BCCs) and ligand-induced CCs
(LICCs) cis- and trans- to the M—C bond.""® In this section,
we consider how the extent of electron delocalization in d°
metal alkyl complexes is dictated by the polarization of the
metal center, and present a scheme for introducing and
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manipulating sites of locally increased Lewis acidity at a metal
center.

We start with an analysis of the electronic structures of a
series of complexes [EtTiCL(L)]* where L is a strong -
acceptor (CO or PF;), a weak m-acceptor (PMe;), a o-donor
(H™, CH;™ or NMe;), or a mt-donor ligand (Cl~, F~ or OMe,).
Figure 17 outlines the main differences in the coordination

a)

ueeEy” =
frans-LICCIO)

C pansLicciol

67

b) Hg'

CII H _‘u
2.
s

trans-LICG(CI)

4 L~ LIEEL1)

M
trans-LICCIC) Cl

’ 0

Figure 17. DFT models for a) [EtTiCl,(PMe;)]* (67) and

b) [EtTiCl,(NMe;)]* (70) at the B3LYP/AE-TZ level showing the location
of salient CPs in 5/%0(r), marked by arrows and dots. Selected bond
lengths [A] and angles [°] for 67 and (70), respectively: Ti-C, 2.031
(2.013); C,-Cj 1.526 (1.528), Cy-H, 1.130 (1.095), Tie--Hy 2.092 (Ti--Hy
3.307); Ti-C,-Cj 85.5 (119.9), C,-Cy-H' 114.7 (109.8), C,-Ti-P(N) 89.1
(110.9), CI-Ti-Cl 127.1 (115.6), LICC(2)-Ti-BCC 88.0, LICC(1)-Ti-BCC
90.9, (79.6). Atoms in and out of the symmetry plane are denoted by
(') and ("), respectively.

modes of the various ligands. All m-acceptor ligands display
acute C,-Ti-L and BCC-Ti-cis-LICC(2) angles. Thus, the -
acceptor ligands face directly cis-LICC(2), which corresponds
to a site of locally reduced Lewis acidity. This site is avoided
by all o-donor or m-donor ligands, which prefer instead to
coordinate between cis-LICC(2) and trans-LICC, a site of
locally enhanced Lewis acidity at Ti. These different coordi-
nation modes are in accord with general chemical consid-
erations, such as the hard soft acid base (HSAB) principle.!*”

Coordination of the s-acceptor ligands to Ti causes the Cl-
Ti-Cl angle to widen relative to [EtTiCL]* (30; ¥ CI-Ti-Cl=
118.4°, Figure 17).1%¥ In addition, the magnitude of the charge
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concentration LICC(1) at the coordination site opposite L
decreases with increasing m-acceptor character of L, thus
assisting the (-agostic interaction: cis-LICC(1) has values of
309 (L=PMe;; 67), 282 (L=PF;; 68), and 299 (L=CO;
69) e A, with corresponding acute Ti-C-C angles of 85.5,
82.8, and 82.9° in [EtTiCL(L)]*."* In contrast, the o- and -
donor ligands induce an axial polarization of the metal center,
with the donor electron pair causing a depletion of charge on
the near (L) side of the metal and an increased CC opposite
the Ti—L bond, which results in a shift of LICC(1) towards
BCC. The angle between BCC and cis-LICC(1) decreases to
well below 90° (82.0° for L =NMe; 70 and 80.1° for L = OMe,
71), and the pronounced local Lewis acidity of the Ti site
facing Cy in [EtTiCL]* (denoted “CD” in Figure 18) is

trans- / - 294
LicG al [ 4
ey T 371

Figure 18. a), c) Isovalue surface plots of —7%o(r) =160 e A~° for the
Ti center in [EtTiCl,(PMe;)]* (67) and [EtTiCl,(NMe;)t (70), respec-
tively, at the B3LYP/AE-TZ level. The pronounced CD facing C; in 67 is
reduced in 70 owing to the presence of the o-donor ligand. b), d) Con-
tour maps of 5/%0(r) in the Ti-C,-Ci-Hj plane for 67 and 70, respec-
tively. Default contour values as specified in Figure 9b (additional con-
tour line at —200 eA~%).

correspondingly reduced: —/%o(r) =117, 185, and 183 e A™°
in 30, 70, and 71, respectively.'"”! As a consequence, the
agostic interaction is no longer favored in any of these
complexes, which display normal Ti-C,-Cg angles of 119.9 and
117.6° for 70 and 71, respectively (Figure 17).

Thus, m-acceptor ligands trans to the agostic f-CH frag-
ment in our benchmark system [EtTiCl,]* (30) support a -
agostic interaction, whereas o- and m-donor ligands in the
same position disfavor the interaction. In contrast to the
original suggestion by Brookhart and Green, it is not the
global Lewis acidity of the metal center, but the locally
induced sites of increased Lewis acidity and the flexibility of
the M-C,-C; unit which assist or inhibit the development of an
agostic interaction. This situation is perhaps best illustrated
by our model system [EtTiCl,(OMe,)]* (71), in which the
X C,-Ti-O angle is constrained at 180°. Here the O-donor
ligand faces the ligand-induced CC (trans-LICC) of the ethyl
ligand, a configuration which results in weakening of the
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Ti—C, bond relative to 71 (Ti-C, = 2.079 versus 2.016 A), and
also to an enforced Lewis acidic site at the metal atom (CD:
—7%p(r) =130 (71') and 183 ¢ A~* (71)), opposite the p-CH
fragment."*! A pronounced agostic ethyl conformation
(X Ti-C,-C;=82.9°; Ti--Hg=1977 A) thus arises in 71,
despite the presence of a o-donor ligand."* This result again
demonstrates that agostic interactions in d° transition-metal
alkyl complexes are controlled by local ligand effects which
dictate the polarization of the metal center. An in-depth
analysis of the nature of individual metal-ligand interactions,
and of the interplay between these at the metal center has
thus allowed us to reach a fuller understanding of the factors
involved in -agostic bonding, which leads to enhanced
predictive power.

7. A Note on Electron-Rich Agostic Complexes

It is worth noting that ellipticity profiles for [3-agostic ethyl
complexes of late transition metals resemble closely those of
alkene complexes, which indicates a much greater degree of
M—C electron delocalization in comparison with correspond-
ing early-transition-metal d° complexes. The profiles thus
accord with the classical picture that these systems are close to
B-hydride elimination, possessing a high degree of C=C and
M-H bond character (see Scheme 11II). In contrast to d°
transition-metal alkyl complexes, such species are better
described as o complexes between a transition-metal center
and a side on coordinated C—H group."® In common with
dihydrogen complexes—the archetypal o complexes—the
occupied C—H bonding orbital acts as a donor and the
empty o*(C—H) orbital acts as an acceptor. The possibility of
significant back-donation from the electron-rich transition-
metal center leads to C—H bond activation which is typically
much more pronounced (C—H elongation > 0.1 A) than in d°
transition-metal alkyl complexes. However, the interaction
between the metal center and the o-coordinated C—H group is
still weak in comparison with the interaction in corresponding
1’-(SiH) coordinated silane complexes.*! Hence no stable o-
type alkane complexes have been isolated to date, despite the
electronic similarities between n*-(HH), n’-(SiH), and n*
(CH) complexes of [Mo(CO)(Ph,PCH,CH,PPh,),] (54).0'*/

Furthermore, recent studies of nonclassical 1*-(SiH)
complexes, such as the dihydrosilyl derivatives of group 5
metallocenes, have produced refinements of bonding con-
cepts similar to those for agostic alkyl complexes. According
to Nikonov et al., the bonding in n*-(SiH) complexes of early
transition metals, such as [Cp,NbH(n>HSiMe,Cl] (55) is
described better in terms of 3c-4e interligand hypervalent
interactions (THT)!"*! than as a 6 complex or a M---HSi agostic
interaction."* In a similar vein, Brammer et al."** proposed
a distinction between a 3c-2e M---HC agostic interaction and a
3c-4e M--HX (X=C, N, O, or S) hydrogen bond in which the
transition-metal center acts as a hydrogen-bond acceptor. The
latter type of interaction may develop in an electronically
saturated metal complex with filled d orbitals. However,
while 3c-4e hydrogen bonding is generally accepted for d®
M:HX systems (X=N, O, S), the bonding situation in the
classical example of the d® square-planar complex, trans-
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[Pd(CMeCMeCMeCMeH)Br(PPh;),] (9; Figure 1), remains
a matter of debate.!'™")

8. Summary and Outlook

Agostic interactions have been considered hitherto to
arise from the donation of electron density formally located
on the alkyl substituent into a vacant orbital of the electron-
deficient metal atom, which results in a 3c-2e M:--H—C
moiety. We have investigated the concept in early d° transition
metal alkyl complexes by a variety of experimental and
theoretical techniques, and a clear and quite different picture
has emerged.

According to this new model, agostic stabilization in early
d’ transition-metal alkyl complexes has little or no depend-
ence on M«<HC clectron donation, but arises rather from
negative hyperconjugative delocalization of the M—C bond-
ing electrons in d’ complexes. Accordingly, the bonding
between the metal atom and the ethyl group is effectively
established by one electron pair/molecular orbital. This
situation is illustrated in Figure 8, which shows how the
M—-C, bonding molecular orbital (the HOMO in 11) is
delocalized over the entire ethyl group. Canting the ethyl
group to establish an agostic structure leads to an additional
bonding interaction between the C; atom and the metal
center M. Only in the case of late-transition-metal complexes
does M «—HC donation appear to play a significant role, which
is accompanied by characteristic features, such as significantly
elongated C—H bonds and the pronounced lability of such
complexes towards f-elimination. In such cases, the M---H—C
interaction may be viewed as a special class of o complex
formed between a transition-metal center and a side-on
coordinated C—H group.

We have successfully extended this model outside the d-
block, to encompass agostic alkyl complexes of lithium and of
bimetallic lanthanides. These systems show significant differ-
ences in the chemical and electronic nature of the metal
center as compared with transition-metal complexes. How-
ever, several features are common to all three classes of
complexes.

1. The metal is electropositive, with a significantly polar
M’*—C’~ bond. Thus, the potential for deformation
(canting) of the M-C-X angle is relatively flat.*?! This
potential represents the coordinate for development of an
agostic interaction, and distortion of the metal-alkyl
moiety is assisted by negative hyperconjugation.

2. Each of the three types of systems considered is formally
electron-deficient. As such, we may expect some elec-
tronic rearrangement to occur. However, the rearrange-
ment observed in each case involves C—H bonding
electron density only as a minor contribution. Instead,
the interaction occurs primarily to permit delocalization
of the M—C bonding electrons, in either an inter- or
intramolecular fashion. The rather modest M--H—C
interactions observed in each case are thus a consequence
of the agostic distortion rather than its primary cause.

3. In this respect, we can draw a distinction between the
agostic interactions in d° complexes of early transition
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metals, such as [EtTiCl;(dmpe)] (11), and electron-rich
complexes of late transition metals, such as [EtNi(dbpe)]*
(18),"“ in which P-hydride elimination is much more
developed, and an alkene-hydride representation is
probably more appropriate. Accordingly, -agostic inter-
actions in complexes such as 11 probably have more in
common with those observed for alkali-metal and lantha-
nide systems than with those of late-transition-metal
complexes, such as 18.

We have explored the charge-density distribution exper-
imentally in [EtTiCl;(dmpe)] (11), and by calculation for
[EtTiCL]* (30). Bond ellipticity (&) profiles have been
calculated for the C,—Cg bond in these systems, and compared
with those of related complexes. We have found these profiles
to be sensitive and reliable measures of agostic electron
delocalization. We have also identified charge concentrations
(CCs) at the carbon atoms which form the alkyl ligand, as well
as ligand-induced CCs (LICCs) at the transition-metal
center.''8! Both types of CCs are clearly revealed in the
Laplacian of the experimental charge density for 11, and the
concomitant charge depletions (CDs) at the metal center
correspond to sites of locally enhanced Lewis acidity. The
magnitude of the CCs at the a- and p-carbon atoms of the
ethyl ligand can be used to chart the extent of delocalization
of the M—C bonding electrons."® The cis LICCs and the CD
facing the f-methyl group in a d° metal ethyl complex play a
critical role in hindering or encouraging the development of a
B-agostic interaction in d° transition-metal alkyl complexes in
a manner that accords with our new model.

Analysis of CCs and of bond ellipticities provides a novel
and general method for quantifying the extent of electron
delocalization. These criteria benefit from the advantage of
being derived from the charge density of a molecular system,
and are thus physical observables that may be accessed both
from experiment and by calculation. Hence these simple
criteria offer new direct measures of electron delocalization,
and open up possibilities for the exploration of this phenom-
enon in a wide range of chemical situations. An understanding
of the way in which the ancillary ligands induce polarization
at the metal center, and of the interplay between these effects
and the metal-alkyl bonding, affords the possibility of
predicting—and hence controlling and manipulating—the
development of an agostic interaction with an alkyl ligand in a
particular situation. Such predictive power is unprecedented
in this area of chemistry. Detailed analysis of molecular
charge distribution thus offers the prospect of significant
advances in the design and chemical control of complexes
with central relevance to many reactions of academic and
commercial importance.
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Milli-, micro-, and nanoparticles of cross-linked conjugated polymers
can be synthesized by cross-coupling-polymerization reactions in
aqueous emulsions. Read more about these materials, which have
interesting electronic properties, in the Communication by C. Weder
and co-workers on the following pages.
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Polymer Nanoparticles

Synthesis and Characterization of Cross-Linked
Conjugated Polymer Milli-, Micro-, and
Nanoparticles**

Eric Hittinger, Akshay Kokil, and Christoph Weder*

Conjugated semiconducting polymers are attracting signifi-
cant interest, as these materials may combine the process-
ability and mechanical properties of polymers with the readily
tailored optoelectronic properties of organic molecules.!! The
development of conjugated polymers with unique property
profiles has been propelled by their (potential) use in light-
emitting diodes,” field-effect transistors,®! photovoltaic
cells, and other devices. Our group has recently embarked
on the exploration of well-defined conjugated polymer net-
works."” Our initial studies focused on organometallic
polymers based on linear conjugated macromolecules and
metallic cross-links."”) We demonstrated that such networks
exhibit substantially better charge-transport characteristics
than amorphous films of the linear parent polymers® and may
overcome the problems associated with interchain charge
transfer between individual macromolecules.®!

Extending the scope of this general approach, we herein
report the synthesis of conjugated polymer networks com-
prising covalent conjugated cross-links. Interestingly, materi-
als with this structural motif have hitherto received little
attention,””! possibly because of the difficulty of introducing
conjugated cross-links and retaining adequate processability.
We show here that this problem can be overcome by
synthesizing such polymers in the form of spherical particles,
which can be processed from (aqueous) dispersions. Applying
concepts employed for the preparation of dispersions of linear
conjugated polymers!'>'? and exploiting the fact that some
metal-catalyzed cross-coupling reactions are tolerant to the
presence of water,'”) we demonstrate that cross-linked
conjugated polymer particles can be conveniently produced
by polymerization in aqueous macro-, micro-, and miniemul-
sions. The size of the resulting particles can be readily tuned
over a wide range (mm to nm) by the detailed reaction
conditions, and it appears that the approach is universally
applicable for many polymer systems.

The present study was based on polymers synthesized by
the Pd-catalyzed cross-coupling of 2,5-diiodo-4-[(2-ethylhex-
yl)oxy|methoxybenzene (1) and 1,4-diethynyl-2,5-bis-(octyl-
oxy)benzene (2; Scheme 1). The linear poly(p-phenylene
ethynylene) (PPE) based on only 1 and 2" is highly soluble
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Scheme 1. Synthesis of cross-linked PPEs by the palladium-catalyzed
cross-coupling reaction of monomers 1, 2 and the trifunctional cross-
linker 3. R' =2-ethylhexyl, R?=n-octyl.

and its optoelectronic properties are representative for this
family of polymers."*' In all experiments described herein,
1,2,4-tribromobenzene (3) was employed as the cross-linker.
The reactivity of aryl bromides towards cross-coupling is
lower than that of aryl iodides,"™! and it was expected that the
reaction of 1, 2, and 3 would afford linear PPE segments of an
appreciable length before cross-linking would lead to the
gelation of the reaction mixture. While a systematic study
addressing the influence of cross-linker concentration is
currently underway, a stoichiometrically balanced molar
ratio of about 6:9:2 of monomers 1, 2, and 3 was chosen
here. The cross-link density should not be excessively high, as
this would lead to rigid particles, which stifle adequate film
formation. The reaction shown in Scheme 1 was first con-
ducted under standard conditions,'*% that is, under Pd"/Cu'
catalysis in a homogeneous toluene/iPr,NH mixture (method
A). Expectedly, the reaction mixture gelled after a short time
and after completion of the reaction and workup the target
polymer was obtained in rather large pieces. Coherent with
the targeted network structure, the product could not be
dissolved but swelled substantially (ca. 500% w/w) if
immersed in toluene or chloroform, which are good solvents
for the linear PPEs. Infrared spectra of this material, in its
swollen state quite elastic, are consistent with the expected
molecular structure, and elemental analysis confirms the
expected composition. The analytical data reveal the pres-
ence of remaining bromine groups, thus indicating that the
reaction ceases after a critical cross-link density is reached.

The polymerization was repeated but conducted in a
vigorously stirring mixture of water, toluene, and iPr,NH
(method B). Stabilized by shear forces, an “oil-in-water”
emulsion was formed. Over the course of the reaction, the
organic droplets adopted the characteristic color and photo-

Angew. Chem. Int. Ed. 2004, 43, 1808 -1811



luminescence (PL) of PPEs and solidified, thus suggesting
that the polymerization proceeded smoothly. The product was
obtained in the form of well-separated, millimeter-sized,
essentially spherical particles (Figure 1a), which exhibited
similar analytical data as the polymer produced by method A.

b)

<)

Figure 1. Photographs (a), optical micrographs (b), and scanning elec-
tron micrographs (c) of cross-linked conjugated milli- (a), micro- (b),
and nanoparticles (c) prepared by method B (milli), method C (micro),
and method D (nano). Pictures were taken in fluorescence mode when
excitated at 366 nm and transmission/reflection mode, with the
particles dispersed in toluene.
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The size of these particles may be too large to form useful
suspensions, but the experiment clearly demonstrates that the
Pd-catalyzed cross-coupling reaction proceeds smoothly in an
aqueous emulsion."”’ In a subsequent experiment sodium
dodecyl sulfate (SDS) was added as an auxiliary surfactant!"
to the otherwise unchanged reaction mixture (method C) to
better stabilize the droplets and to reduce the particle size.
The product was isolated as a dry powder but, as is evident
from Figure 1b, it could readily be redispersed in toluene by
ultrasonication into well-separated, micrometer-sized parti-
cles without further addition of surfactant. A detailed analysis
of optical micrographs of redispersed, toluene-swollen par-
ticles produced by method C shows that their size distribution
is relatively narrow with an average diameter of ~4.7 um
(Figure 2a). The chemical composition of the polymer was

a) 6O
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501

20+

o

400

800 1200 1600 2000
dinm ——

(=]

Figure 2. Size-distribution of cross-linked PPE micro- (a) and nanopar-
ticles (b) produced by methods C and D, respectively. The size of the
particles was determined from optical-microscopy (a) and scanning-
electron-microscopy (b) images. The particles evaluated in (a) were
swollen with toluene. N=number of particles, d=diameter.

comparable to the one of the materials described by
methods A and B, and elemental analysis revealed that the
SDS content in the final product was very low.

To further reduce the particle size, the polymerization was
conducted by using the conditions outlined above, but an
ultrasonic bath was employed for mixing (method D). The
yield of the isolated product was limited thus further
improvement of the protocol is required, but scanning-
electron-microscopy pictures of the redispersed product
confirm that cross-linked nanospheres with a diameter of
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50-400 nm and a relatively narrow size distribution can be
produced by this method (Figure 1c, 2b).

As is evident from Figure 1, the conjugated polymer
networks are highly luminescent if swollen with toluene but
similar to linear PPEs!" the luminescence is quenched in the
dry solid state. The PL spectra of toluene-swollen milli-,
micro-, and nanoparticles produced by methods B-D are
shown in Figure 3, together with a reference spectrum of a

A

1 1 1
400 450 500 550 600
Alnm —

650 700

Figure 3. Photoluminescence spectra of PPE milli (method B, dashed
line), micro- (method C, dotted line), and nanoparticles (method D,
dash-dotted line), suspended in toluene, and an linear PPE reference
solution in toluene (solid line).

linear reference polymer!™ dissolved in toluene. Gratifyingly,
all materials display very similar emission spectra, which
feature well-resolved phonon bands. This result suggests the
absence of significant amounts of structural defects and
impurities and indicates that neither the network structure,
nor the remaining bromine functions significantly disturb the
principal optoelectronic properties of the polymers.

In conclusion, we have shown that covalently cross-linked
spherical conjugated polymer particles can readily be pro-
duced by the introduction of adequate cross-linkers and
conducting cross-coupling reactions in aqueous macro-,
micro-, and miniemulsions. We have demonstrated that the
size of the polymer particles can easily be tuned over a wide
range (mm to nm) by modification of the reaction conditions.
The optoelectronic properties of the materials are similar to
those of the linear reference polymer synthesized under
conventional conditions, and confirm the absence of elec-
tronic defects. Detailed experiments focusing on the charge-
transport characteristics of this new class of materials are
currently underway.

Experimental Section

Monomers 1 and 2 were prepared as described before.'¥! Other
chemicals were of the highest available quality and used as received.
All reactions were conducted with degassed solvents under Ar
atmosphere. IR spectra were measured on KBr pellets on a Bomem
MB104 FTIR. Optical microscopy was carried out on an Olympus
BX-60 microscope with a spot insight digital camera. PL Spectra were
measured under excitation at 366 nm on a SPEX Fluorolog 3 as
described previously.' Polymers made by methods C and D were
redispersed by ultrasonicating the polymers for about 24 h in toluene

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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by using a Fisher Scientific FS-60 ultrasonic bath. SEM images were
acquired by using a Hitachi model S-4500.

Method A: 1 (68.0 mg, 0.139 mmol), 2 (71.5 mg, 0.184 mmol), 3
(9.9 mg, 0.031 mmol), [Pd(PPh;),] (7.5 mg, 0.006 mmol), and Cul
(1.0 mg, 0.005 mmol) were combined in a mixture of toluene (2.0 mL)
and iPr,NH (1.0 mL). The solution was heated to 70°C over 24 h. The
reaction mixture, which had turned into a fragile gel, was then
transferred into stirring toluene (50 mL). MeOH (300 mL) was added
at 20 min intervals over the course of 3 h. The product was collected
and dried overnight in vacuo at room temperature to yield a brown
solid (43.7 mg, 84%). FTIR: 3438 (m, broad), 3239 (w), 3192 (w),
2955 (s), 2929 (s), 2855 (s), 2738 (w), 2345 (w), 2207 (w, broad), 1870
(w), 1639 (m, broad), 1542 (m), 1508 (s), 1458 (s), 1420 (s), 1388 (s),
1272 (s), 1217 (s), 1150 (w), 1092 (m), 1035 (s), 976 (w), 865 (m),
809 cm™! (m). Elemental analysis caled: C 80.81%, H 9.33%, N
0.00%, Br 0.00%; found: C 78.66 %, H 9.93%, N 0.01 %, Br 1.78 %.

Method B: 1 (73.6 mg, 0.151 mmol), 2 (93.0 mg, 0.240 mmol), 3
(22.3 mg, 0.071 mmol), [Pd(PPh;),] (7.3 mg, 0.006 mmol), and Cul
(1.7 mg, 0.009 mmol) were combined in a mixture of toluene (2.2 mL)
and /Pr,NH (1 mL). The solution was stirred for 60 s, water (60 mL)
was added, and the mixture was heated to 70 °C and vigorously stirred
for 24 h. The reaction mixture, in which the organic phase had
solidified into many individual, millimeter-sized particles, was cooled
to room temperature. The product was isolated by filtration,
suspended in toluene (15 mL) and MeOH (100 mL) was added in
20 min intervals over the course of 3 h. The product was collected and
dried overnight in vacuo at room temperature to yield brown
spherical particles (127.3 mg, 95.6%). FTIR: 3452 (m, broad), 3056
(w), 2960 (m), 2924 (s), 2854 (s), 2743 (W), 2353 (W), 2208 (m, broad),
1511 (s), 1460 (s), 1420 (s), 1384 (s), 1263 (s), 1215 (s), 1088 (s), 1301
(s), 865 (m), 801 (s), 723cm™' (m). Elemental analysis caled: C
80.77%, H 9.40%, N 0%, Br 0%; found: C 76.17%, H 8.56%, N
0.06%, Br <1.76%.

Method C: 1 (135.8 mg, 0.278 mmol), 2 (144.1 mg, 0.372 mmol), 3
(19.4 mg, 0.061 mmol), [Pd(PPhs),] (15.0 mg, 0.013 mmol), and Cul
(2.3 mg, 0.012 mmol) were combined in a mixture of toluene (4.4 mL)
and (i-Pr),NH (2 mL). The solution was stirred for 60 s, an aqueous
solution (60 mL) of SDS (0.8 g) was added, and the mixture was
heated to 70°C and stirred vigorously for 24 h. The reaction mixture,
which had turned into an orange suspension, was cooled to room
temperature and the solvents were evaporated in vacuo. Toluene
(100 mL) was added, and the mixture was ultrasonicated for 1 h. The
solid content of the resulting suspension was separated by centrifu-
gation and the supernatant solution was discarded. This procedure
was repeated with toluene/MeOH mixtures (3:1, 1:1, and 1:3 v/v),
MeOH, and twice with toluene. The product was collected and dried
overnight in vacuo to yield a brown solid (189.8 mg, 89%). FTIR:
3440 (m, broad), 2963 (s), 2917 (s), 2854 (s), 2332 (w), 2187 (w), 1897
(w), 1638 (m, broad), 1514 (s), 1465 (s), 1420 (s), 1387 (s), 1278 (s),
1218 (s), 1094 (w), 1034 (s), 970 (W), 853 (m), 726 cm ™! (w). Elemental
analysis caled: C 80.77%, H 9.40%, N 0%, Br 0%, S 0%; found: C
76.91%, H 8.82%, N 0.12%, Br 0%, S 0.17 %.

Method D: 1 (108.0 mg, 0.221 mmol), 2 (114.9 mg, 0.296 mmol), 3
(152 mg, 0.048 mmol), [Pd(PPh;),] (14.2mg, 0.012mmol), Cul
(3.5 mg, 0.018 mmol), and SDS (24.3 mg) were combined in a mixture
of toluene (3.3 mL), iPr,NH (1.5 mL), and water (9 mL). The mixture
was heated to 70°C in an ultrasonic bath and kept at this temperature
for 24 h. The reaction mixture was cooled to room temperature,
macroscopic particles were removed by filtration, and the solvents
were evaporated in vacuo. Toluene (3 mL) was added to the remain-
ing solid, the mixture was placed into an ultrasonic bath for 24 h, and
the suspension was added dropwise into stirring MeOH (100 mL).
The solid fraction of the resulting suspension was separated by
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centrifugation and dried overnight in vacuo to yield a brown solid
(7.5 mg, 4.4%).
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Potential Peptide Carriers: Amphipathic Proline-
Rich Peptides Derived from the N-Terminal
Domain of y-Zein**

Jimena Ferndndez-Carneado, Marcelo J. Kogan,
Susanna Castel, and Ernest Giralt*

The ability of certain peptides to cross eukaryotic cell
membranes is clearly of interest in the drug delivery field.
In recent years, this interest has led to the rapid development
of peptide carriers for the delivery of antitumoral, antiviral, or
antibiotic drugs, which otherwise would be unable to cross the
cell membrane and reach their therapeutic target. Additional
advantages of the use of peptide carriers include their low
toxicity, accessible synthesis, and high flexibility for modifi-
cation when attaching peptides or small-molecule drugs as
cargoes.!'! The ability of a wide variety of short peptides to act
as carriers® for the delivery of peptides,® proteins® or
oligonucleotideslsl inside the cell has been demonstrated,
while recent studies have identified peptide vectors including:
human calcitonin (hCT)," fragments of protein-transduction
domains (VP22, Tat,”™ or Antp!™), arginine-rich peptides,'”
B-peptides,! peptoids,'? and loligomers."* Although little is
known about the mechanism that operates in a translocation
process of this nature, the amphipathicity of the carriers,
which determines self-assembly, appears to be crucial for the
interaction of the molecules with receptors (molecular
recognition) or with highly amphipathic environments.!!
The ability of proline-rich antibiotics to cross the cell
membrane has also been demonstrated!" and recently we
reported the surprising result that a peptide containing only
proline residues (Py,) crossed the cell membrane, albeit with
low efficiency."® Polyprolines adopt a well defined secondary
structure, polyproline II (PPII), in pure water but unlike the
o-helix, PPII is left-handed with 3.0 residues per turn. The
rules for transforming a PPII helix into an amphipathic helix
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are easily predicted. As we have demonstrated elsewhere,
50% of the proline content in the sequence is sufficient to
maintain the PPII structure.'”] Thus, it is possible to alternate
helix turns formed by three P residues with amphipathic helix
turns formed by polar residues X in positions i+ 1, i+7, i+
13... and hydrophobic residues Z in positions i/i + 2, i + 6/i +
8, i+12/i+14... in sequences (ZXZPPP),, (P=proline
residue; Figure 1a, b). Such structures appear in natural

SeLentielel @

A A'A AT AN

Figure 1. a) Schematic representation of a polyproline helix (PPII),

b) the amphipathic Pro-rich helix generated after exchange of Pro resi-
dues at the i4+1, i+7, i4+13 positions by polar residues (blue) and the
ifi+2,i+6/i+8, i+12/i+14 positions by hydrophobic residues (yel-
low), c) water accessible surface of (VRLPPP); modeled adopting a
PPII conformation using the Connolly algorithm implemented in
Insight 11v.98. The hydrophobic residues (Val and Leu) are yellow, polar
protonated Arg are blue, and neutral Pro residues pink, d) model pro-
posed for the interaction between the hydrophilic Arg residues (repre-
sented as the blue region in the circular head, the yellow region repre-
sents the hydrophobic residues of the peptide) and the polar heads of
the phospholipids located in outer part of the cell membrane (the fatty
diacylglycerol chain is schematically represented as a long alkyl chain).

protein domains as the N-terminal repetitive domain
(VHLPPP), (where n=_8) of maize y-zein. This and related
peptides interact with membranes and do not present anti-
biotic effects.!”:1¢!

Herein, we present the synthesis of amphipathic peptides
(VXLPPP), (with n =1-3 and X =His (H), Arg (R), Lys (K);
Figure 1c¢) and examine their ability to cross cell membranes.
Val (V) and Leu (L) were chosen by analogy with the
aforementioned y-zein domain. To favor the interaction
with phosphate diester anionic polar heads, the X residues
have lateral cationic chains (or partially cationic as His;
Figure 1d). The interface between a cell membrane and its
aqueous extracellular environment is an amphipathic ambi-
ent. We aimed to determine whether the transformation of a

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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polyproline helix into an amphipathic Pro-rich sequence
would generate a new family of peptide shuttles.

The synthesis of (VXLPPP), and P,,, where n=1, 2, and 3
and m=6, 12, and 18, was performed by solid-phase peptide
synthesis on a 2-chlorotrityl resin.'” The choice of this
support was particularly appropriate as it completely avoided
the PP diketopiperazine side reaction. 5(6)-carboxyfluores-
cein (CF) was used for the synthesis of the fluorescent labeled
peptides required in the cell uptake studies. A new optimized
method for the incorporation of the fluorescent label has been
achieved with the combined used of PYyAOP and HOAt (see
Figure 2).2

['l.")(LF'F'P}"- n=1-3

- "

L o

fa lb
L
CF-(VXLPFP) .- (WXLPPP),

b

¥
CF-(VXLPPP), CF

Figure 2. Scheme of synthesis and carboxyfluoresceination reaction on
solid support (Resin=2-chlorotrityl resin); a) 5(6)-carboxyfluorescein
(5 equiv), PyAOP (5 equiv), HOAt (5 equiv), DIEA (10 equiv), DMF,
90 min, RT, b) 95% TFA, 2.5% TIS, 2.5% water (15-90 min).

PyAOP = 7-azabenzotriazol-1-yloxytris (pyrrolidino) phosphonium hexa-
fluorophosphate, HOAt = 1-hydroxy-7-azabenzotriazole, DIEA= N,N-
diisopropylethylamine, TFA =trifluoroacetic acid, TIS =triisopropyl-
silane.

Once these series of labeled peptides had been synthe-
sized, their comparative properties for translocation through
the cell membrane were checked with HeLa human cell line.
First, the extent of the uptake of the monomers, dimers, and
trimers at 50-um concentration in HeLa cells was quantified
using a fluorescence microplate reader assay. After incubating
the peptides with the cells for 1-3 h, washing in phosphate
buffer saline (PBS) and the addition of a lysis buffer
containing 0.1 % Triton, the fluorescence emitted was mea-
sured in the microplate reader (see Supporting Information).
As shown in Figure 3 a, cells incubated with CF-(VRLPPP);
presented the highest fluorescence intensity. This result could
be attributed to the ability of guanidinium groups to interact
strongly with bidentate anions,*!! present here in the form of
phosphate diester in the outer part of the cell membranes
(Figure 1d) and, it is in agreement with several reported
examples.”?! A dose-response analysis was then undertaken,
by incubating HeLa cells with the peptides at different
concentrations. Again, the nature of the hydrophilic residues
and, specifically, the length of the peptide were shown to have
a pronounced effect on uptake (Figure 3b).

The cellular uptake of the new amphipathic Pro-rich
peptides was also studied by confocal laser scanning micro-
scopy (CLSM). HeLa cells were incubated for 3 h with each
carboxyfluoresceinated peptide (50 um). After washing with
PBS, the cells were fixed with paraformaldehyde, and
analyzed by confocal microscopy. As revealed by confocal
microscopy images, an intracellular vesicular distribution of
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Figure 3. a) Fluorescence emitted after incubating Hela cells for 3 h with CF-
(VXLPPP), with X=Arg, Lys, His and n=1-3 at 50 um concentration, b) compa-
rative representation of fluorescent emission obtained after incubation of Hela

cell line for 1 h at 37°C with several carboxyfluoresceinated peptides at
concentrations ranging from 5 um to 50 pm.

the fluorescent peptides was found after recording optical
sections that allowed the 3D cell reconstruction (Figure 4 a).
The carboxyfluoresceinated peptides were located inside the
cells and were not attached to the cell membrane. In addition,
we examined the influence of the fixation step with a 3%
paraformaldehyde solution, since recent papers have shown
that the fixation step prior to observation by microscopy leads
to the presence of artifacts on entry® or, otherwise changes
the localization of the carrier molecule.” As shown in
Figure 4b, a punctate cytoplasmic distribution outside the
nucleus was observed in vivo and in fixed cells. We conclude
that fixation with paraformaldehyde does not influence entry
in HeLa cells and nor does it modify the localization of these
carrier peptides.

Finally, cell viability assays with (3-4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium (MTT) were performed to check
the toxicity of the amphiphilic Pro-rich peptides. The most
promising peptide CF-(VRLPPP); was noncytotoxic after
incubation for 24 h with HeLa cells in concentrations up to
1000 pm, which highlights its potential as a carrier (see
Supporting Information). Comparative cytotoxic studies of
other well established cell-penetrating peptides have been
carried out. Thus, as already discussed in the literature CF-Tat
or CF-Antp were cytotoxic at relatively low concentrations.”
In our hands, at the concentration used for the internalization
studies, that is, 50 um, CF-Tat reduced the cell viability to
64 % and CF-Antp to 75 % (see Supporting Information). The
viability of HeLa cells was dramatically reduced in the
presence of CF-Tat or CF-Antp at higher concentrations (e.g.

Angew. Chem. Int. Ed. 2004, 43, 18111814
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Figure 4. a) CLSM images of Hela cells incubated for 3 h at 37°C with
50 um CF as negative control (CF) and CF-(VXLPPP); where X=Arg,
Lys, His; Image R=CF-(VRLPPP);-OH, H=CF-(VHLPPP);-OH, K=CF-
(VKLPPP);-OH; b) Hela cells were incubated with CF-(VRLPPP); at

20 um concentration for 3 h at 37°C in 5% CO, atmosphere. Cells
were washed with PBS and directly visualized (left) or fixed with para-
formaldehyde (right) before observation by fluorescence microscopy.
Scale bar=10 um.

different

to 40 and 11%, respectively, at 500 um concentration).
Measured against CF-Tat or CF-Antp, the degree of internal-
ization of CF-(VRLPPP); was found to be, respectively, 15- or
20-times lower, however, CF-(VRLPPP); showed the absence
of cytotoxicity.

In conclusion, (VXLPPP), is a new family of peptides that
can translocate human cell membranes. Compared with other
carrier peptides, this new family presents several advantages
including its nonviral origin, amphipathic character, solubility
in water, and the absence of a cytotoxic effect at high
concentrations. In terms of their synthesis, we report a new
and efficient method for labeling resin-bound peptides with
5(6)-carboxyfluorescein marker. We are currently undertak-
ing studies to gain further insight into the translocation
process of Pro-rich amphipathic peptides as well as their use
in the delivery of plasmid DNA.
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Self-Assembly of a Spin-Coupled Octanuclear
Copper(@) Circular Array from a Single-Stranded
Ligand™**

Stuart T. Onions, Sarah L. Heath, Daniel J. Price,
Ross W. Harrington, William Clegg, and
Craig J. Matthews*

Cyclic metal arrays containing multiples of spin-coupled
paramagnetic metal centers are frequently synthesized from a
large number of components in an uncontrolled assembly
process that employs relatively simple bridging ligands in
conjunction with smaller bridging fragments, such as hydrox-
ide, oxide, halide, and methoxide.! A controlled approach
that excludes these extraneous bridging fragments can be
adopted when designed polytopic ligands are employed, as
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then a self-assembly process proceeds through an algorithm
defined by the coordination preferences of the metal ion and
the steric information contained within the ligand structure.?
Cyclic metal arrays formed using this latter approach are a
relatively rare class of supramolecular coordination com-
pound.”! Consequently, they have yet to offer the high
nuclearities, the variety of metal centers, or the attractive
magnetic phenomena that are associated with those formed
from simple bridging ligands.! One route to bridge the gap
between these two extremes is to use flexible polytopic
bridging ligands that exclude the need for extraneous bridging
fragments whilst maintaining enough flexibility to explore the
potential-energy hypersurface of a system before the forma-
tion of a thermodynamically stable metal array. Polytopic
diazine ligands with alternating sequences of rigid and flexible
bridging groups, previously employed in self-assembly pro-
cesses,”! can be readily synthesized to meet these criteria, as
exemplified by the recent isolation of a unique Cu,, picture-
frame assembly.’! We describe herein the preparation and
characterization of the first spin-coupled circular array to be
formed from a single-stranded ligand.

The circular motif is formed through the self-assembly of
the polytopic diazine ligand L with each of Cu(ClO,),-6 H,O

| SN NH, NH, NZ |
~ NS
= /N\NWN/N\ X
NH, NN NH,

Cu(BF,),-6 H,0, and Cu(CF;SO;), in high yields to give
[CugL,(H,0)5](X): X=ClO,~ (1), BF,™ (2), and CF;SO;~
(3) respectively. Ligand L (for its preparation see the
Supporting Information) is structurally comparable to a
pyridazine analogue that has been successfully employed to
generate a series of spin-coupled [M,L;] tetranuclear triple
helicates.”” However, substitution of the pyridazine for the
pyrimidine heterocycle confers a bowed arrangement of
bridging bidentate binding sites on the ligand framework.
This conformation precludes a linear arrangement of metal
ions, as illustrated in the structure® of the cation in 2
(Figure 1). The circular array possesses an S, axis and can be
best described as a circular single-stranded side-by-side
complex” or as a circular single-stranded mesocate.'”! It
holds eight copper(i1) centers in a bowl-shaped, octagonal
array that is composed of two bowed pairs of parallel ligands
and eight coordinated water molecules; it has an external
dimension of approximately 20 A and a central cavity with a
4-5 A diameter. The cavity has a sheath of hydrogen-bonding
donors appropriate for the encapsulation of anions and/or
solvent molecules, which is quite common for structures of
this type.'!l In this particular case, an anion lies at the center
of the cavity, and two others above and below this; further
anions and uncoordinated water molecules are hydrogen
bonded to other NH, groups of the cation. Each ligand L
coordinates four adjacent copper centers through the con-
tiguous bridging bidentate binding sites (N-Ngi,ine and N-
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Figure 1. POV-Ray representation of the X-ray structure of the
[Cus(L)4(H,0)s]'*" ion in 2 (hydrogen atoms are omitted for clarity).
Gray C, red O, blue N, green [Cu"].

Npyrimidgine)> t0 give Cu--Cu separations of 3.742 A and 6.594 A,
respectively. Each copper ion is coordinated by two chelating
subunits, one terminal N-Ngi. (py=pyridine) and one
central N ine-Npyrimigines D€longing to two different ligand
strands. This arrangement of ligands forms four equivalent
dinuclear double-helical units located at the corners of the
cyclic octagonal array that are related to each other through
fourfold inversion-rotation symmetry (S, or 4). The ligands
experience a significant amount of twist (Figure 2) within the

Figure 2. Displacement ellipsoid plot (ellipsoids set at 50% probabil-

ity) of the dinuclear asymmetric unit in 2. Selected bond lengths [A]:
Cu(1)-N(1) 1.977(5), Cu(1)-N(3) 1.992(4), Cu(1)-N(7A) 2.253(4),
Cu(1)-N(9A) 1.998(4), Cu(1)-O(1) 1.970(5), Cu(2)-N(4) 1.999(4),
Cu(2)-N(6) 2.269(4), Cu(2)-N(10A) 1.994(4), Cu(2)-N(12A) 1.985(5),
Cu(2)-0(2) 1.996(4).

dinuclear unit, as defined by the two Cu-N-N-Cu torsion
angles of 47.0° and 46.3°, which orients the pyridine rings
almost perpendicular to the central rigid pyrimidine ring.
These rigid rings form the sides of the octagon and bridge the
dinuclear units generating the cyclic array, with adjacent
essentially coplanar N-N w4 bridged Cu centers. Each
copper(11) center adopts a square-based pyramidal geometry
with the basal sites occupied by a diazine and pyridine
nitrogen pair from one ligand, a pyridine nitrogen from a
second ligand, and an oxygen donor atom from a coordinated
water molecule; the in-plane bond lengths are short (< 2.0 A).
Longer axial bonds (2.253 and 2.269 A) to pyrimidine nitro-
gen atoms complete the five-coordinate environment.
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The structure of 2 could be determined successfully only
with the use of synchrotron radiation facilities, because of the
small crystal size and the weak scattering resulting from a high
degree of disorder of the anions and solvent molecules. Data
were also obtained for the perchlorate analogue 1, with a
rotating-anode X-ray source, but the diffraction pattern was
much weaker, leading to a structure of low precision. The
results, however, are sufficient to indicate that the two
structures are isomorphous, that the octanuclear cation is
essentially identical, and that the packing and hydrogen-bond
arrangement is very similar.

Variable-temperature magnetic susceptibility data (Sup-
porting Information) were collected on a single polycrystal-
line sample of 1 over the range 2-290 K and a fit of these data
to the Curie-Weiss law gave y =0.510(2) cm*Kmol ™' and 6 =
+0.273(9) K, suggestive of a weak ferromagnetic interaction
between Cu' centers. Structurally we may expect the
behavior of 1 to approximate that of simple exchange-coupled
dimers. Fitting the data to the Bleaney-Bowers equation?!
gave a good fit with g=2.15(1) and —2J = —6.6(2) cm . This
ferromagnetic exchange interaction is in broad agreement
with other structures that possess two and three Cu-N-N-Cu
linkages with dihedral angles below approximately 80°.1*6!

The formation of the circular array is quite remarkable as
it requires four octadentate ligands and the inclusion of eight
solvent molecules to satisfy the coordination algorithm of the
eight five-coordinate copper(i1) centers. Compounds 1-3 also
represent a rare example of a polynuclear copper(i1) circular
array containing more than six copper(i) centers."”’ Exami-
nation of a solution of redissolved crystals of 1 and 2 in
acetonitrile by electrospray mass spectroscopy, at various
cone voltages, displayed four sets of peaks that correspond to
the species [CugLy(X),]'*™" (X=ClO,”, BF,”; n=10-13)
together with their acetonitrile adducts. No other discernible
peaks were observed; this suggests that, once the circular
motif is formed, it is preserved in solution. A similar
breakdown pattern was observed for the triflate analogue 3
and implies the formation of the circular motif is dominated
by metal-ligand interactions" and not templated about a
central anion, in contrast to some circular systems.'”) The
isolation of 1-3 in high yields opens up exciting opportunities
to build larger arrays through the substitution of the labile
water or other solvent molecules with coordination com-
plexes bearing suitable bridging units.

Experimental Section
L: See Supporting Information.

1: Reaction of L with Cu(ClO,),6H,0 (1:2) in aqueous
acetonitrile gave a green precipitate in 70-75% yield when the
solution was left to stand for one week. Elemental analysis (%) calcd
for [Cug(CisH sN1,)4(H,0)5](C10,),¢6 H,O-CH,;CN: C 22.2, H 2.6, N
17.2; found (vacuum-dried sample): C 21.9, H 2.7, N 17.5; IR (nujol
mull): 7=3425 (vy,), 3344, 3177 (vau,), 1679 (vco), 1656 (ven),
1062 cm ™. Crystals suitable for X-ray diffraction were grown by slow
evaporation of a concentrated solution of the precipitate in aqueous
acetonitrile. 2 and 3 were obtained in similar yields using the same
experimental conditions as 1.

Magnetic susceptibility measurements were made on 1 using a
Quantum Design MPMS SQUID magnetometer between 2-290 K in

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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an applied field of 200 G. A diamagnetic correction of —226x
107° cm®mol ! was estimated from Pascal's constants."]
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Dawson Clusters

Old Clusters with New Tricks: Engineering S---S
Interactions and Novel Physical Properties in
Sulfite-Based Dawson Clusters**
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Polyoxometalates (POMs) have been subjected to a vast
number of studies due to attractive electronic and molecular
properties that give rise to a variety of applications, for
example, in catalysis,! medicine,” and materials science.” A
notable subset of POM-based clusters are those of the very
stable Dawson structural type [M;30s4(X0,),]"~ (M =Mo, W,
X = main-group element), first discovered fifty years ago and
since then the subject of many hundreds of papers.”! The
conventional Dawson structure incorporates two tetrahedral
anions such as PO/~ AsO0/ P 5O or ClO,~."
Surprisingly, there are only a few examples of {Mi}
Dawson-like clusters that host nontetrahedral anions; exam-
ples thereof include a single pyramidal anion (BiO,*" or
AsO;*") in each cluster, presumably due to size restric-
tions,*? or a ditetrahedral anion (P,O,*"; two tetrahedra
sharing one corner).!'"!
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We are interested in the design of new nonconventional
Dawson clusters incorporating two pyramidal anions, as such
clusters may exhibit unprecedented properties arising from
the intramolecular electronic interactions between the encap-
sulated anions, and thus provide a novel route to manipulate
the physical properties of {Mo,s} Dawson-type clusters. In the
light of previous work®'% it appears that the sulfite anion, due
to its size and charge, could be a realistic candidate for
templating a {Mo;s} Dawson cage. However, structurally
characterized molybdosulfites are rare; some examples
include  (NH,),[Mo0sO,5(SO;),]-4H,0,11  (NH,)s[Mo0,0,-
(SO,)s]2H,0"™  and  the  framework  structures
(NH4)20[M012024(SO3)16]~4HZO[IZ] and (NH,);5{Na[MogO;;s-
(S0O5).],}-5H,0.l% In addition, the biological relevance of
molybdenum sulfite chemistry makes access to POM-based
sulfite architectures an attractive goal.™

By extending our previous work using bulky, “shrink-
wrapping” cations!™! we were able to isolate an unprece-
dented 18-molybdosulfite based on a Dawson-type {Mo}
cage using protonated triethanolamine (TEAH). The result-
ing compound 1 contains the twofold-reduced Dawson anion

(TEAH)([Mo0,505,(S05),] - 4H,0 1

a-[MoYMo,}05,(SO;5),]°" (1a),™! which incorporates the
targeted two pyramidal sulfite (SO,*7) ions as the central
cluster templates (Figure 1a).

Figure 1. A representation of the structures of the sulfite-based
Dawson clusters: a) a-[MoyMo)1Os,(SO;),]°" (1a),

b) B-[M0)40s4(SOs),]*™ (3a), and c) a comparison with the conven-
tional a-type sulfate-based Dawson anion [Mo,3054(SO,),]*",1¥ whereby
the central anion templates are shown in a space-filling mode (S:
yellow, O: red, capping Mo: blue, “belt” Mo: green).

Anion 1a has an overall approximate D, symmetry, with
a mirror plane dividing the cage into two equal parts linked
together by six equatorial oxo ligands (Figure 1a). The
distinctive peanutlike shape of the {Mo;Os,} framework
was also observed for {W;Os} cages in the Dawson-
type compounds  (Bu,N)¢[W,;305,(OH);(BiO3)|®  and
(H,N),[W1505,(0)(OH),(AsO;)].”! Furthermore, the Mo-O
framework of 1a, as well as the B-type coordination of the
heteroatoms within the cage, is very similar to that of
18-molybdopyrophosphate  [Mo,30s4(P,0;)]*", previously
reported in (BuyN),[Mo,505,(P,0,)],'") although in this case
connection of the two phosphorus centers by an oxo ligand
leads to slight expansion of the O4 equator compared to 1a. In
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conventional Dawson clusters, one of the four oxygen atoms
of the tetrahedral XO, moiety coordinates to the three
capping M centers, and the remaining three p;-oxo ligands
each bridge two of the six remaining M centers of the “belt”
part (Figure 1¢). However, in 1a the p,-oxo ligands of SO;
moieties each individually bridge three molybdenum centers,
one from the cap and two from the belt. As such, this
fundamental difference between the coordination modes of
the discrete XO, and XO; moieties restricts the possible
isomers of sulfite-based Dawson clusters to o and  types.['”

Compound 1 contains the first Dawson {M,g} cluster
incorporating the pyramidal sulfite anion, and the first that
includes two such pyramidal anions in the same {M,;} cage. By
employing Na,S,0, as a reducing agent, and thus as the source
of SO;*", 1 was synthesized in the presence of an excess of
triethanolamine (TEA) at pH 4.0 in a yield of about 34 %.11°!
It was characterized by single-crystal X-ray structure analy-
sis,'”! elemental analysis, IR and UV/Vis spectroscopy, and
the oxidation state was additionally confirmed by bond
valence sum (BVS) calculations and redox titrations.¥!

To understand the consequences of encapsulating sulfite
anions, a synthetic procedure to isolate the unreduced
analogue of 1a was devised, based on the method reported
by Hori et al.,™ which employs an acetonitrile/water solvent
mixture for synthesis of the clusters at elevated temperatures
and yields the products as Bu,N* salts.'”] This resulted in two
new compounds, 2 and 3.

(CisH36N)$[M015054(SO;),][M0gO1o] 2

(Ci6H36N)4[M0;3054(SO;),] - GH;N 3

Compound 2 contains the sulfite-based Dawson anion o-
[Mo0}7054(SO3),]*™ (2a) and the Lindqvist anion [Mo; Oy,]*",
as revealed by single-crystal X-ray analysis.!'"”! Anion 2ais a
structurally almost identical, but fully oxidized, analogue of
1a (see Figure 1a). Compound 3 is also unreduced, but
contains the fB-type Dawson anion B-[Mo);Os,(SO5),]*" (3a)
with a staggered arrangement of the SO; moieties (in contrast
to the eclipsed arrangements in 1a and 2a) and approximate
D;, symmetry (see Figure 1b).%

A novel aspect of this work, common to all sulfite Dawson
cluster anions presented here (la-3a), is the short S-S
contact resulting from the incorporation and relative orien-
tation of the two sulfite ions within the {Mo,s} cage. The S-S
distances of 3.301(2) (1a), 3.229(2) (2a), and 3.271(5) A (3a)
are all much shorter than the sum of the van der Waals radii of
two sulfur atoms (ca. 3.6 A).

Dawson anions are already known to show interesting
physical (e.g., electrochemical®)) properties. Thus, we
expected that the incorporation of nontetrahedral sulfite
ions in 1-3 could further extend their versatility, as the sulfite
anions (at least theoretically) can undergo redox processes
involving their oxidation to dithionate S,04* ions [Eq. (1)]
(note: sulfur is the only main group element to form X,0¢"~
ions with X—X single bonds)."!

2805 — S,07 +2e” (1)
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Thus, engineering an intramolecular S--S interaction
within the Dawson {Mo);} matrix (as is found in 2 and 3)
results in several intriguing possibilities. For instance, if it
were possible to encourage the formation of a dithionate
anion, this process could supply two electrons to reduce the
surrounding polyoxomolybdate shell to the mixed-valence
reduction state {Mo};Moy}, as present in 1la, with its
characteristic blue color. Yet the formation of a S—S single
bond within the systems presented here appears to be
restricted by the large geometrical changes required of the
{Mo,g} framework, since the S—S distance would have to
decrease from about 3.25 to about 2.15 A. Furthermore,
preliminary electrochemical studies?!! showed a difference in
properties between sulfite-based Dawson clusters 2a and 3a
and sulfate analogues.””! Although the precise nature of the
process is not yet understood, it does not clearly indicate the
formation of an S—S bond within 2a or 3a.*!! However, in
preliminary studies we observed striking thermochromic
behavior of 2 and 3 between 77 and 500 K (Figure 2),

a) b) c)

Figure 2. Photographs of crystalline powder samples of compound 3 at
a) liquid-nitrogen temperature (77 K), b) at room temperature (298 K),
and c) at 500 K.

which, to the best of our knowledge, represents the first
observation of such behavior for discrete polyoxometalate
clusters.”” These initial investigations also show that the color
changes are gradual and are completely reversible between
pale yellow (77 K) and deep red (500 K).!

To explain this observation, and to more generally
characterize the electronic structure of this novel family of
unreduced and reduced o- and B-type Dawson anions, DFT
calculations were performed.? These calculations allowed an
analysis of the frontier orbitals, which showed that for the
unreduced anions 2a and 3a, the HOMO is mostly localized
on the S and O positions of the sulfite groups, while the
LUMO and the following MOs (and the HOMO in the
reduced species 1a and the hypothetical twofold reduced {3-
type anion, which we have not yet isolated experimentally)
are delocalized over all Mo centers (Figure 3). Also, the sum
of the Lowdin atomic net charges over the SO; groups
remains nearly constant on reduction (2a/3a: 0.02, 1a: 0.00).
Interestingly, despite their relatively wide separation, the two
S positions interact electronically: a Mulliken analysis shows
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Figure 3. Composition of the HOMO of unreduced 2a (a) and reduced
1a (b) a-Dawson anions resulting from DFT calculations superim-
posed on the molecular geometry (Mo: blue, O: gray, S: yellow; isosur-
face density value: 0.018). In a) the HOMO is mostly centered on the
sulfite positions and antibonding with respect to the S---S contact. On
twofold reduction, the HOMO in b) is delocalized over the molybde-
num positions, has predominantly Mo(4d) character, and gives rise to
the intense charge-transfer absorption band typical of Robin-Day

class Il polyoxomolybdates.

significant antibonding overlap between orbitals centered on
the S positions, and the overlap decreases on reduction of the
cluster by a factor of about 0.5, while the net atomic charges
on the S atoms remain nearly constant.

If the structural changes due to the geometry optimization
calculations are compared to molecular “breathing” vibra-
tions (large amplitudes are observed for the lighter O
positions, and small amplitudes for the heavy Mo positions),
the shift that is observed with increasing temperature can be
understood on the basis of a decreasing HOMO-LUMO gap
following optimization, and in the case of the unreduced (3-
Dawson anion this gap is reduced from 1.63 eV (initial) to
1.40 eV (equilibrated). This change is due to a decrease in
energy of the unpopulated molecular orbitals, while the
energies of the highest, SO;-centered populated molecular
orbitals remain mostly unchanged.

In summary, a new family of Dawson-type 18-molybdo-
sulfites 1-3 that encapsulate two sulfite SO, ions which
exhibit interesting supramolecular S-S interactions has been
presented. The discovery of these new clusters, in the jubilee
year of the discovery of the first Dawson cluster (1953), is
particularly exciting because it may provide a new route by
which the physical properties of the Dawson-type {M;s} cage
can be manipulated, as well as presenting unprecedented
physical properties for Dawson-type cages. Thus, the promise
of harnessing the versatile electronic properties associated
with Mo-based POMs for use in electron-storage devices and
molecular switches has moved a step closer to reality.

Experimental Section

1: Triethanolamine (11.0g, 73.8 mmol) was dissolved in water
(100 mL). Hydrochloric acid (37 %, 10 mL) was added while stirring,
followed by the simultaneous addition of Na,MoO,2H,0 (10.0 g,
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41.6 mmol) and Na,S,0, (1.10 g, 6.3 mmol) with stirring and adjust-
ment of the pH value of the solution to 4.0 with dilute hydrochloric
acid. The solution was then stirred for 1 h and filtered, and the filtrate
was stored in a refrigerator for 3 days, after which dark-blue crystals
of 1 were isolated (yield: 2.90 g, 33.9%). IR (KBr disk): #=3355,
1619, 1446, 1377, 1251, 1188, 1093, 1046, 965, 928, 875, 735 cm™’;
elemental analysis (% ) calcd for C3sH,(sM0,5N¢Og,S,: C 11.61, H2.81,
N 2.26; found: C 11.09, H 2.59, N 2.37.

2 and 3: A solution of Na,MoO,2H,0 (4.8 g, 20 mmol) and
Na,SO; (0.30 g, 2.4 mmol) in H,O (20 mL) was mixed with acetoni-
trile (80 mL), and then HCI (37 %, 10 mL) was added. The resulting
mixture was refluxed for 2 h and, after cooling, the lower aqueous
layer was discarded and the upper layer was treated with Bu,NBr
(2.5 g) in water (50 mL). A yellow sticky solid and pale yellow powder
were obtained, and these were collected, washed with water, and
dried. Recrystallization of the solid from acetonitrile afforded yellow
crystals of 3 (yield: 45 mg, 1.1%), then light brown crystals of 2
(1.10 g, 26.1 %), and pale yellow crystals of (Bu,N),[MosO,] as the
remaining product, which were separated mechanically. Although the
a- and -Dawson anions found in 2 and 3 form in the same reaction
system, they can be separated by recrystallization. 2: IR (KBr disk):
7=3438, 2961, 2872, 1470, 1379, 963, 904, 785cm™'; elemental
analysis (%) caled for CogH, (M0, NgO4oS,: C 22.67, H 4.28, N 1.65;
found: C 21.66, H 4.18, N 1.82. 3: IR (KBr disk): 7=3440, 1479, 969,
904, 786 cm™'; elemental analysis (%) calcd for CeH,,;M0;sN5Og,S,:
C21.07, H 3.94, N 1.86; found: C 20.91, H 3.85, N 1.54. The purity of
the bulk phases of 1-3 was confirmed by X-ray powder diffraction,
and the oxidation state of the cluster anions was confirmed by a
combination of BVS calculations, redox titrations, UV/Vis spectros-
copy, and elemental analysis.

Received: September 17, 2003 [Z52896]
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The sulfite-based Dawson cluster isomers are designated o and 3
in accordance with current literature (see, for example, M. T.
Pope, Inorg. Chem. 1976, 15, 2008; there are additional isomers
for conventional Dawson clusters that incorporate two tetrahe-
dral anions). The Dj,-symmetric o (1a and 2a) and the Ds,-
symmetric 3 (3a) types of the sulfite-based Dawson clusters are
distinguished both by their polyoxometalate framework and by
the relative orientation of the two SO; moieties, which are
eclipsed in the o type and staggered in the {§ type. In addition to
the arrangement of the anions in the cages, the o and f§ isomers
also differ by the relative linkage of the two {SMoy} half units,
which are either mirrored (o) or rotated by 60° with respect to
each other (). DFT calculations on symmetry-idealized geo-
metries for the a and the f§ isomers revealed the o isomer to be
more stable (AE=350kJmol'). A further difference in the
electronic structure between the oxidized o and {3 analogues, 2a
and 3a, concerns the overlap population between the O posi-
tions of the sulfite groups and the Mo centers to which they
coordinate: despite the only slightly longer (S)O—Mo distances
(o 2.50-2.54 A, B: 2.49-2.52 A) the mean (S)O—Mo overlap is
significantly reduced (Mulliken overlap integrals: a.: 0.013, 3:
0.031), hence the sulfite groups in the o isomer have a more
isolated character.

Attempts to produce unreduced analogues of la by using
Na,SO; instead of Na,S,0, were unsuccessful.

Crystal data and structure refinement for 1: C;sH;(;M0,;sN¢Og,S,,
M,=372429 gmol™; a lath-shaped crystal (0.42x0.26 x
0.15mm®) was analyzed with a Kappa CCD diffractometer
using Moy, radiation (A=0.71073 A) at 160(2) K. Triclinic,
space group PI, a=13.84970(10), b=14.44420(10), c=
27.4121(2) A, a=97.0253(2), f=95.2007(2), y =117.4308(3)°,
V=476291(6) A%, Z=2, paa=2.597gem>, u(Moy,)=
2.449 cm™!, F(000)=3612, 142000 reflections measured, of
which 21780 were independent, 1273 refined parameters,
R1=0.0300, wR2=0.0799. 2: CyH,;sM0,N;O,S,, M,=
5085.43 gmol'; crystal dimensions: 0.42 x 0.20 x 0.19 mm. Mon-
oclinic, space group P2,/n, a=22.08540(10), b=30.09770(10),
¢ =24.03100(10) A, f =90.6952(2)°, V=15972.71(11) A3, Z =4,
Peatca=2-115gem ™3, u(Mog,)=1.928 cm™',  F(000) = 10024,
250139 reflections measured, of which 36021 were independent,
1881 refined parameters, R1=0.0239, wR2=0.0519. 3:
CesH,4sM0gN5OgS,, M,=3761.93 gmol™!; crystal dimensions:
0.14x0.14x0.14 mm®. Monoclinic, space group P2,/n, a=
14.3782(2), b=22.4971(3), c=18.4127(3) A, 5 =91.2590(10)°,
V=595448(15) A, Z=2, pawa=2.098gcm > u(Moy,)=
1.947 cm™', F(000)=3692, 46135 reflections measured, of
which 11678 were independent, 814 refined parameters, R1 =
0.0652, wR2 =0.1422. CCDC 219454 (1), 219455 (2), and 219456
(3) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cam-

(18]

(19]

[20]

(21]

[22]

(23]

[24]

www.angewandte.org

bridge CB21EZ, UK; fax: (+444)1223-336-033; or deposit@
ccde.cam.ac.uk).

Compound 1 has an intense blue color, characteristic of reduced
mixed-valence POMs, and this is also supported by the UV/Vis
spectrum of 1 (4,,,=768 nm (shoulder), 314 nm (peak) and
238 nm (peak)).

T. Hori, S. Himeno, Chem. Lett. 1987, 53.

A search of the CSD revealed that there are over one hundred
structures reported for dithionate S,04’ ions, but none of the
X,0¢" analogues for other main group elements.

Preliminary electrochemical studies show basic electrochemical
processes of the {Moys} shell in acetonitrile for 2a and 3a similar
to those of sulfate Dawson {Mo,s} clusters.!

In a separate study we have also examined the analogous sulfate-
based (C;¢H3N),[M0,5054(SO,),] and discovered that this also
displays a similar thermochromic behavior, but over a narrower
temperature range and with a less pronounced color change.
Surprisingly this has not been reported before.
Variable-temperature crystallographic studies confirmed the
absence of phase transitions over the range 150-500 K, but
heating the compounds to temperatures above 500 K leads to an
interesting irreversible color change to dark blue-green, which
indicates possible reduction of the cluster; more details will be
reported later.

DFT calculations (including Léwdin and Mulliken population
analysis) using the TURBOMOLE package (O. Treutler, R.
Ahlrichs, J. Chem. Phys. 1995, 102, 346) employed TZVP basis
sets and the Becke —Perdew (BP86) exchange-correlation func-
tional. Equilibrated structures (C, symmetry) were obtained
from free geometry optimizations starting with crystallographic
data; these structures were found to be slightly expanded (due to
coulombic repulsion), comparable to vibrational breathing
modes. The mean shifts of atomic positions between the initial
and equilibrated structures were highest for the equatorial p,-O
(0.28 A) centers and the p,-O (0.22 A) positions of the Mo;O;
caps, while the O and S sulfite positions remained constant. For a
recent review on ab initio calculations on POMs, see also J. M.
Poblet, X. Lopez, C. Bo, Chem. Soc. Rev. 2003, 32, 297.
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Polymerization Catalysts

Cyclophane-Based Highly Active Late-
Transition-Metal Catalysts for Ethylene
Polymerization**

Drexel H. Camacho, Eric V. Salo, Joseph W. Ziller, and
Zhibin Guan*

Cyclophane chemistry has evolved into an exciting research
area stemming from simple curiosity of the syntheses and
structures to the exploitation of physical properties of cyclo-
phanes for various applications including molecular recog-
nition, supramolecular chemistry, and biomimics."! A ple-
thora of literature describing cyclophane-metal host—guest
chemistry indicates the potential application of cyclophanes
as ligands in metal-catalyzed transformations.!!l One major
research effort in our group is to explore the use of cyclo-
phanes as ligands for olefin polymerization catalysis. In our
ligand design, we strategically position metal binding sites at
the core of cyclophanes to chelate transition metals. The
cyclophane framework shields all directions of the catalytic
metal center except leaving two cis coordination sites open in
the front: one for monomer coordination and the other for the
growing polymer chain. The well-defined cavity and sterically
hindered microenvironment of cyclophanes should offer great
opportunities for fine-tuning the catalytic properties. The
rigid cyclophane framework may also enhance the stability of
transition-metal complexes. Despite these promises, however,
the use of cyclophanes as ligands for transition-metal
polymerization catalysis remains mostly unexplored.”!
Herein, we report the first cyclophane-based late-transition-
metal catalyst that shows high activity and thermal stability
for ethylene polymerization.

Late-transition-metal olefin polymerization catalysts have
received much attention recently because they can produce
polyolefins with interesting new branching topologies and
have better tolerance to functional groups.”! One noteworthy
example is the Ni"- and Pd"-a-diimine complexes reported by
Brookhart and co-workers.[*l The Ni" systems were shown to
have comparable activities to those of the early-transition-
metal catalysts in polymerizing ethylene into high molecular
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weight (MW) polyethylenes (PEs) and the Pd" systems were
shown to be able tolerate and incorporate polar olefins such
as methyl acrylate.) The branching topology of the PEs
formed by the Pd"-o-diimine catalysts can easily be tuned
from linear to hyperbranched to dendritic by simply varying
ethylene pressure.”’ Whereas these catalysts exhibit excellent
properties as described, one limitation is their relatively high
sensitivity to temperature. The catalysts decompose rapidly at
50°C for Pd"-a-diiminel® and at 70°C for Ni"-a-diimine
systems.”] The MW of the PEs formed by Ni" catalysts also
decreases precipitously as the temperature of polymerization
is raised.”’ These issues hindered the commercialization of
these catalysts since gas-phase olefin polymerizations typi-
cally operate at temperatures as high as 80-100°C.® Herein,
we report novel Pd" and Ni"-a-diimine catalysts containing a
cyclophane ligand moiety that demonstrate improved thermal
stability and produce high MW PEs at temperature ranges
suitable for industrial gas-phase olefin polymerization.

In the acyclic catalyst A (Figure 1), the aryl groups are
roughly perpendicular to the coordination plane so the

— ethylene associative o
) chain transfer L
R Y
{ e = i
{ VENT SN T SN )
— s I""Fi 'y __I\ ey N1=-..P W
—
> ~
= A
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Figure 1. Comparison of the acyclic (A) with cyclophane-based (B)
Ni"—a-diimine complexes.

isopropyl substitutents on the aryls are positioned at the
axial directions to retard associative chain transfer or chain
transfer to ethylene monomer.”! At elevated temperature,
however, the aryl groups may freely rotate away from the
perpendicular orientation, resulting in increased associative
chain transfer or chain transfer to monomer and a resulting
decrease in MW of the PE formed by the acyclic catalyst A.["
Moreover, as the aryl groups rotate towards the coordination
plane, the isopropyl substituents on the aryl rings reach within
close proximity of the metal center giving it an opportunity to
react with the C—H bonds (C—H activation) to form metal-
lacycles, which was proposed as one potential deactivation
pathway for this family of catalysts.! In our cyclophane-based
complex B, the metal center is positioned at the core of the
ligand so that the macrocycle completely blocks the axial
faces of the metal leaving only two cis-coordination sites for
monomer entry and polymer growth. The rigid framework of
the ligand prohibits free rotation of the aryl-nitrogen bonds,
which should allow the catalyst to make high MW polymers at
elevated temperature. The lack of rotational flexibility
contributes to the retardation of the C—H activation of the
ortho subsitutents, hence, should prevent this potential
catalyst-deactivation pathway from being available. In addi-
tion, it has been observed for other systems that rigid
macrocyclic ligands enhance the coordination stability for
metal complexes.® Based on these considerations, we

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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designed the cyclophane-based o-diimine
ligand to address the critical thermal sensi-
tivity of the acyclic a-diimine systems. In
more general terms, we envision cyclo-
phanes to be a new family of ligand frame-
works to be used in the design of metal
complexes for polymerization catalysis.

The synthesis of the cyclophane ligand
(Scheme 1) began with the Suzuki coupling
of commercially available 2,6-dibromo-4-
methylaniline (4) with 4-formylphenylbor-
onic acid (5) followed by the conversion of
the dialdehyde into divinyl by using the
Wittig reaction to give the product 6 in 64 %
total yield. Condensation of 6 with ace-
naphthenequinone gave the o-diimine 7.
Molecular modeling shows that in o-di-
imine 7 the styryl phenyl rings are perpen-
dicular to the aniline phenyl rings, render-
ing the right conformation for ring closing
metathesis (RCM)!'! to close the ring.
Indeed, the RCM proceeded very efficiently to form the
cyclophane 8 in 80 % yield."!! Compound 8 was hydrogenated
to give the cyclophane a-diimine 9.

(97%).

Scheme 1. Synthesis of the cyclophane-based ligand. Reaction conditions:
a) [Pd(PPh;),], 2M Na,CO;, 1,4-dioxane, reflux, (85%); b) Ph;PMeBr, THF,
KOtBu, (75%); c) acenaphthenequinone, benzene, PTSA, azeotrope 5 days,
(79%); d) Grubbs generation 2 catalyst, CH,Cl,, 50°C, (80%); e) Pd/C, H,,
CH,Cl,-MeOH, (77%).

Both Ni" and Pd" complexes with the cyclophane o-
diimine ligand 9 were synthesized and characterized."”
Complexation of 9 with [NiBr,(dme)] (dme = dimethoxy-
ethane) in dicholoromethane (Scheme 2) afforded the NiBr,
complex 1 as the precatalyst for the ethylene polymerization
studies. For the synthesis of the Pd complex, the ligand 8 was
complexed with Pd(Me)Cl generated in situ!™ (Scheme 2)
followed by hydrogenation to provide 2, which was reacted
with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(NaBAF) and methyl acrylate (MA) to give the preactivated
cationic Pd" complex 3.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthesis of the cyclophane-based Ni" and Pd" complexes. Reaction conditions:
a) [NiBr,(dme)], CH,Cl,, 18 h, (95%); b) SnMe,, CH,Cl,, —35°C, 3 h; ) 8, —35°C to RT,
6 h (81%); d) Pd/C, H,, CH,Cl,-MeOH, (99%); e) methyl acrylate, NaBAF, CH,Cl,, RT, 12 h

High quality single crystals suitable for X-ray analysis for
the Pd" complex 2 was obtained by carefully layering a
slightly concentrated dichloromethane solution of 2 with n-
decane.™ X-ray crystal structure of complex 2
(Figure 2) shows that the active Pd" center is in the
core of the cyclophane ligand, as we initially envi-
sioned. The bond angles and distances in the Pd"
coordination plane are very similar to the values of an
acyclic a-diimine-PdMeCl complex reported by
Brookhart and co-workers.!! The resulting angles of
the planes that run through the aniline moiety
(C13-C18) and the adjacent phenyl groups
(C49-C54) and (C20-C25) are 72.0° and 122.8°,
respectively. The planes that run through the aniline
moiety on the opposite side (C34-C39) and the
adjacent phenyl groups (C41-C46) and (C28-C33)
are 52.1° and 128.6°, respectively. The large difference
in the torsion angles between aryl rings (52.1° for
C34-C46/C41-C46 verses 72.0° for C13-C18/
C49-C54) is presumably caused by the different
sizes of the chloride and methyl groups. The angles
between the five-membered palladacyclic coordina-
tion plane (Pd1-N2-C2-C1-N1) and the two aniline-
derived phenyl planes (C13-C18) and C34-C39) are
91.5° and 91.3°, respectively. A view from the top of
the space filling model of 2 indicates that the axial
sites for the metal center are completely blocked by
the alkane bridge on cyclophane ring, which plays a
critical role in obtaining high-molecular-weight polymers at
elevated temperatures (see below).

Exposure of the complex 1 to moderated methylalumox-
ane (MMAO) in toluene generated a highly active catalyst for
ethylene polymerization. The activated catalyst had polymer-
ization activities similar to the most active early-transition-
metal metallocene catalysts!™® and late-transition-metal cata-
lysts+719 with a turnover frequency (TOF) of 1.50 x 10° h~!
(productivity of 42000 kg of PE mol* of Nih™). To the best
of our knowledge, this is the first reported cyclophane-based
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Figure 2. a) X-ray crystal structure of complex 2. b) Top view space fill-
ing model of 2 (red=Pd; green =Cl; black=C; blue=N). ORTEP view
of 2 showing important atoms labeled (50% thermal ellipsoids; the
fragment of solvated dichloromethane and 1,2-dichloroethane was
omitted for clarity). Selected interatomic distances [A]: Pd1-
C55=2.018(3), Pd1-N1=2.053(2), Pd1-N2=2218(2), Pd1-
Cl1=2.3149(8), N1-C1=1.285(4), N1-C13 =1.440(4), N2-
C2=1.279(4), N2-C35=1.443(4), C1-C2=1.507(4). Selected bond
angles [°]: C55-Pd1-N1=92.93(12), C55-Pd1-N2=171.67(11), N1-Pd1-
N2 =78.99(9), C55-Pd1-Cl1=88.15(10), N1-Pd1-Cl1 =178.60(7), N2-
Pd1-Cl1 =99.90(6), C1-N1-C13=121.5(2), C2-N2-C35=117.4(2), N1-
C1-C2. Selected torsion angles (deg): N1-C1-C2-N2=—2.8(4), C2-N2-
€35-C36=—82.2(3), C1-N1-C13-C14=90.5(3), C1-N1-C13-
C18=-99.1(3).

highly active catalyst for olefin polymerization. The polymer-
ization was run at temperatures of 30-90°C to probe its
thermal stability. At each temperature, the polymerization
ran at three different time periods ranging from 5 to 15 min to
test the catalyst lifetime. The catalyst remained highly active
at temperatures up to 90°C, as evident by consistent catalyst
TOFs. More specifically, as the temperature was increased
from 30 to 70°C, the observed TOF decreased only by 10%.
At even 90°C, the reduction of TOF for polymerization of
10 min is less than 30 %. This is in contrast to the acyclic Ni"-
o-diimine counterparts (e.g., complex 4g in reference [7]),

Angew. Chem. Int. Ed. 2004, 43, 18211825
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which generally show a significantly lower productivity at
elevated temperatures.”! The calculated TOFs for polymer-
ization at constant temperature but different periods of time
indicate that the active catalyst remained active for a period
of time. At temperatures below 70°C, the catalyst maintained
almost constant productivity over 15 minutes. For polymer-
izations at 70 and 90°C, the productivity was constant in the
first 10 minutes and then started to decrease, thus suggesting
that the active species starts to decompose with longer periods
of time at higher temperatures (see Table 1).

Besides the high activity and thermal stability, the MWs of
the PEs obtained by using complex 1 did not drop as the
temperature was raised. Even at 90°C, the MWs of PEs are
still in the range of 300000 gmol ™. This again contrasts to the
acyclic Ni"-a-diimine systems, for which MWs of PEs usually
decrease rapidly with increasing temperature.”) We attribute
the constant MWs at elevated temperatures to the unique
cyclophane ligand that keeps the axial sites for the metal
center fully blocked even at elevated temperatures (see
above). The observed relatively narrow polydispersity indices
(PDI) clearly indicate the single-site nature of the catalyst and
are suggestive of some living character for the polymer-
ization. The PEs formed contain short chain branches with
most being simple methyl branches as revealed by *C NMR.
The branching density increases as the polymerization
temperature increases, which are consistent with the acyclic
Ni''_a-diimine systems.”! One interesting observation is that
the branching density is considerably higher than the values
for the PEs produced by a very similar acyclic Ni"~a-diimine
system reported by Rieger and co-workers," which suggests
that the cyclophane ligand environment significantly influen-
ces the catalytic properties of the complex. The branching was
presumably produced by the chain-walking mechanism pro-
posed by Brookhart!! and Fink.l'”! The significantly increased
branching density may result from enhanced chain-walking
processes caused by the unique cyclophane ligand environ-
ment.

Polymerization of ethylene with the preactivated Pd"
complex 3 was also carried out." The preactivated Pd"
complex 3 showed much higher thermal stability for ethylene
polymerization than the acyclic Pd"-o-diimine analogues
reported previously."! The complex 3 has a half life of more
than three hours for ethylene polymerization at 70°C."*! In
contrast, the acyclic analogues decomposed within minutes
even at room temperature.'® The branching density of the
PEs formed by complex 3 at room temperature is around 110
branches/1000 carbons, which is significantly higher than the
values for PEs formed by the acyclic Pd"—a-diimine catalysts
as estimated from the melting temperatures reported for their
PEs.'"1 The contrast in both the catalyst thermal stability and
the PE microstructures between the cyclophane and acyclic
Pd" catalysts once again suggests that the unique cyclophane
ligand environment significantly influences the catalytic
properties of the complexes. While it has been reported that
the introduction of aryl substituents onto a different ligand
improved the thermal stability for Ni" complexes in ethylene
polymerization in the presence of hydrogen,” the big
contrast in thermal stability and PE branching density
between our cyclophane Ni' and Pd" systems with open

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1: Summary of ethylene polymerization data with the Ni complex.”!

K. K. Baldridge, R. B. English, D. M. Ho,

Angew. Chem. 1995, 107, 2870-2873;

Entr Moles of T[°C] t[min] Yield TOF®! M, PDI  Branches per

’ catalyst Hd i . [x10° h7'] [xn1 0*h™] 1000 C atcE)ms[d] Angew.  Chem. Int. Ed. Engl 1995, 34,
(x10] 2657-2660; ¢) C. D. Gutsche, Calixarenes,
Royal Society of Chemistry, Cambridge,
1 1 30 5 3.48 1491 320 1.29 66 1989; f) D.J. Cram, Angew. Chem. 1986,
2 1 30 10 6.70 1436 288 130 73 98,1041 -1060; Angew. Chem. Int. Ed. Engl.
3 1 30 15 9.25 1321 294 131 67 1986, 25, 1039-1057; g) C. Seel, F. Vogtle,
4 1 50 5 3.20 1371 248 1.23 80 Angew. Chem. 1992, 104, 542—-563; Angew.

5 1 50 10 6.85 1468 652 1.28 84 Chem. Int. Ed. Engl. 1992, 31, 528 —549.
6 1 50 15 9.00 1286 342 123 85 [2] a) R. Uhrhammer, D. G. Black, T. G. Gard-
7 1 70 5 3.11 1333 323 145 91 ner, J. D. Olsen, R. F. Jordan, J. Am. Chem.
8 1 70 10 6.10 1307 619 143 89 Soc. 1993, 115, 8493 -8494; b) M. V. Baker,
9 1 70 15 7.35 1050 429 1.41 91 B. W. Skelton, A. H. White, C. C. Williams,
10 1 90 5 2.50 1071 252 172 97 J. Chem. Soc. Dalton Trans. 2001, 111-120;
1 1 90 10 4.70 1007 462 164 96 ¢)B.L. Small, Ph.D. thesis, University of
12 1 90 15 4.62 660 292 140 96 North Carolina Chapel Hill, 1998, chap. 2,

[a] Experimental conditions: in 200 mL of toluene, cocatalyst MMAO (Al:Ni ~3000), 200 psi ethylene
pressure. [b] TOF =turnover frequency, which was calculated as the moles of ethylene per mole of
catalyst per hour. [c] M,, number-average molecular weight measured by gel-permeation chromatog-
raphy with polystyrene standards. [d] Branching determined from '"H NMR spectroscopy.
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chain analogues containing aryl substituents!'! clearly indi-
cates that the cyclophane ligand environment has a significant
impact on the catalytic properties.

In summary, we report here the first cyclophane-based
late-transition-metal catalyst that shows high activity and
thermal stability for ethylene polymerization. An efficient
route was developed for the synthesis of a novel cyclophane-
based a-diimine ligand. The Ni"" and Pd"-o-diimine com-
plexes with the cyclophane ligand were successfully synthe-
sized and characterized. The Ni" complex exhibits excellent
activity for ethylene polymerization with a productivity of
42000 kg of PEmol ~' of Nih™'. Both the Ni" and Pd"
catalysts show significantly higher thermal stability than the
acyclic analogs. The cyclophane catalysts also form PEs with
significantly higher branching density as compared to the
similar acyclic counterparts.'! All these data suggest the
novel cyclophane ligand change the catalytic properties
significantly for the Ni" and Pd" complexes. It should be
noted that the Ni"" complex 1 has sufficiently high productivity
and thermal stability at temperature ranges suitable for gas-
phase olefin-polymerization processes. The MWs of the PEs
formed by complex 1 are also high and rather constant with
polymerization temperature. Encouraged by these results, we
are currently exploring a family of new cyclophane-based
ligands and investigating the polymerization properties of a
family of their transition-metal complexes.

Received: November 3, 2003 [Z53226]
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largest difference peak and hole 0.549 and —0.862 ¢ A=, The
intensity data were collected on Bruker CCD platform diffrac-
tometer. The structure was solved by direct methods
(SHELXTL) and refined on F* by full-matrix least-squares
techniques. Hydrogen atoms were included by using a riding
model. There was one molecule of dichloromethane solvent
present per formula unit. There was another solvent present and
was assigned as dichloroethane. This solvent was disordered and

(5]
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(15]

located about an inversion center. CCDC-222192 contains the
supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+
44)1223-336-033; or deposit@ccdc.cam.ac.uk).

For examples of early metallocene catalysts, see: a) G. Fink, R.
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1995;b) H. G. Alt, A. Koeppl, Chem. Rev. 2000, 100, 1205 -1221;
c) G. W. Coates, R. M. Waymouth, Science 1995, 267, 217-219;
d) X. Yang, C. L. Stern, T. J. Marks, J. Am. Chem. Soc. 1994, 116,
10015-10031; e) R. W. Barnhart, G. C. Bazan, J. Am. Chem.
Soc. 1998, 120, 1082 -1083.
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A Porphyrin Nanotube: Size-Selective Inclusion
of Tetranuclear Molybdenum-Oxo Clusters**

Ryosuke Harada, Yoshihisa Matsuda, Hisashi Okawa,
and Takahiko Kojima*

Nanotubes, and in particular carbon nanotubes, are important
functional materials for technological innovations.! Nano-
tubular structures can be formed by the self-assembly of
organic compounds® and biological materials such as the
tobacco mosaic virus coat protein,” and cyclic D,L-peptides
such as gramicidin A and its analogues.!” Inorganic coordi-
nation compounds have also been known to generate tubular
supramolecules by self-assembly through the coordination of
bridging ligands to metal complexes as building blocks.” The
inclusion of atoms and molecules into nanotubes has been an
important issue in adding certain functionalities, such as the
modulation of bandgaps in carbon nanotubes.[!

As a molecular segment of those nanoscaled assemblies,
porphyrins and metalloporphyrins have been attractive
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candidates for light-harvesting complexes in bacteriochloro-
phylls.”! Porphyrins are known to be useful and robust
molecules with many chemical and physical properties that
exhibit functionality by virtue of their photochemical and
optical properties.®] The aggregation and self-assembly of
porphyrins and their metal complexes has gained much
attention and many assemblies have been reported. Repre-
sentative strategies for those assemblies of porphyrin com-
plexes include: 1) Utilization of intermolecular m—st interac-
tions between planar porphyrin surfaces,” 2) axial coordina-
tion of bridging ligands to link metal components,'” 3) intro-
duction of functional groups to form intermolecular hydrogen
bonds,'Y and 4) hydrogen bonding of axial ligands with each
other or other bridging entities.'? In the development of
synthetic materials, porphyrin aggregates have been utilized
to perform electron/lithium-ion transport in the solid state.!*”
However, these aggregates consist of planar porphyrin arrays,
which limit the shape of the porphyrin assemblies obtained.
The use of highly distorted porphyrins as building blocks to
construct self-assembled supramolecular structures will pro-
vide a novel category of porphyrin aggregates (Scheme 1) as a

N

| ‘ Seli-assembly
Curved surface
A tube

Scheme 1. Conceptual description of the self-assembly of molecules
with curved surfaces.

result of their curved surfaces; such aggregates cannot be
prepared from planar porphyrins. We adopted dodecaphe-
nylporphyrin (H,DPP) as a ligand" and succeeded in the
formation of a novel porphyrin nanotube by the self-assembly
of its Mo" complex. The nanotube was found to include three
kinds of tetranuclear Mo""—oxo clusters that have unprece-
dented structures.

Crystals of the tubular assembly were obtained by
recrystallization from a solution of the precursor complex
[Mo(DPP)(O)(OCHj;)] (1) in toluene by the diffusion of
methanol vapor. The composition of the crystals was revealed
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to  be [{Mo(O)(OH,)(DPP)}{Mo0,0,,H,}4{M0,0:3H,}o1]-
‘H,0:0.5C,Hs;CH; (2), which included dianions of Mo-oxo
clusters as counterions.”! X-ray crystallography of 2 revealed
a tubular structure for the crystalline assembly.

The molecular structure of the [Mo(DPP)(O)(H,O)]* ion
in 2 is depicted in Figure 1. The ion exhibits a severely

R I;-/ )
AR X
A N =
E‘\)\) \\ ! s (/ \_\\//\
N\ Yy (,\.;‘ . P
i~z N,

J
— /7 /

. N p,
( /,)— (g

Figure 1. An ORTEP drawing of the [Mo(DPP)(O) (OH,)]* ion in 2 with
50% probability thermal ellipsoids. Selected bond lengths [A] and
angles [°]: Mo1-O1 1.672(2), Mo1-02 2.340(2), Mo1-N1 2.092(3),
Mo1-N2 2.087(3), Mo1-N3 2.101(3), Mo1-N4 2.078(3); O1-Mo1-02
179.0(1), O1-Mo1-N1 101.0(1), O1-Mo1-N2 99.6 (1), O1-Mo1-N3
99.9(1), O1-Mo1-N4 100.4(1).

distorted structure, which results in a curved surface. The
Mo=0 bond length (Mo1-O1) was 1.672(2) A and that of the
Mo-OH, bond (Mo1-O2) was 2.340(2) A. The displacement
of each atom in the equatorial mean plane of [Mo(D-
PP)(O)(H,O)]" suggested a saddle distortion of the DPP*~
ligand, in which four pyrrole rings are directed upward and
downward alternatively (Supporting Information). The dis-
tortion of the porphyrin ring was also reflected in its EPR
spectrum in CH,Cl,, which exhibits a reduced superhyperfine
coupling constant (g=1.966, Ay=1.910x 10" cm™) for the
four nitrogen atoms of the DPP?~ ligand."! This is due to a
weakened o interaction between the Mo" center and the four
nitrogen atoms through their sp*-hybridized lone-pair orbi-
tals.

In the crystal of 2, [Mo(DPP)(O)(H,O)]* ions were shown
to form a novel tubular assembly having an inner space of
1 nm diameter, by the virtue of intermolecular m—x inter-
actions of alternately inserted peripheral phenyl groups. The
ring-ring distances are in the range of 3.46-3.74 A. Figure 2a
shows a side view of the tube with tetranuclear Mo clusters
included, which are clearly derived from the decomposition of
1 during crystallization (see Supporting Information). The
figure shows that a hydrophilic nanosized space exists
between the hydrophobic porphyrin surfaces, which can
include the Mo—-oxo along the crystallographic c direction.
Figure 2b displays a view along the nanotube, which shows
the included tetranuclear Mo-oxo clusters and water mole-
cules of crystallization (peripheral phenyl groups are omitted
for clarity). The Mo-oxo clusters interact through hydrogen
bonding with the [Mo(DPP)(O)(OH,)]* ions and with water
molecules of crystallization to form a network inside the tube.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Structure of tubular assembly of 2 in the crystal (toluene mol-
ecules of crystallization were omitted for clarity): a) Side view of the
[Mo(DPP) (O) (OH,)]" nanotube (wire frame) with tetranuclear Mo—oxo
clusters inside(O red, Mo purple); b) view along the nanotube show-
ing the Mo—oxo clusters and the water molecules of crystallization
(peripheral phenyl groups are removed for clarity; Mo purple, O red, N
blue, C gray); c) Top view of the nanotube surface (peripheral phenyl
groups and included species are omitted for clarity; colors for atoms
are the same as in b). Crystallographic symmetry elements: Mo1?
(1=x,y, 1/2—2); Mo1® (1/2—x, 1/2—y, —2); Mo1® (1/24x, 1/2—y,
1/242).

A top view of the nanotube without the included species is
depicted in Figure 2c¢ to clarify the size and the hydrophilic
environment in the tube. Direct interactions between the
nanotubes were not observed, however, toluene molecules of
crystallization served to associate the tubes through m—x and
CH/m interactions. The tubes aligned to be perpendicular to
the b axis and formed an ordered channel structure in the

Angew. Chem. Int. Ed. 2004, 43, 1825-1828
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Figure 3. The crystal packing of 2.

crystal (Figure 3), similar to those observed for inorganic
zeolites.!""]

Three kinds of tetranuclear Mo—-oxo cluster were found in
the tube (Figure 4; see also Supporting Information). The
estimated occupancies of those clusters were 0.8 for C1, 0.1
for C2, and 0.1 for C2', respectively. All the clusters possess
unprecedented discrete structural motifs with only oxo and
hydroxo bridges and terminal oxo groups without any organic
moieties. In the case of Cl1, two p-hydroxo and four p-oxo
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Figure 4. Schematic descriptions of Mo—oxo clusters: a) C1; b) C2;
c) C2', with selected bond lengths [A].
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bridges link two octahedral and two tetrahedral Mo"” centers.
No metal-metal interaction was recognized based on inter-
atomic distances (>3 A). This structural motif has been found
in Mo-oxo clusters with hydrazido and diazenido groups
instead of the terminal oxo moieties, as reported by Zubieta
and co-workers."" Clusters C2 and C2’ were revealed to have
two terminal hydroxo and one p-oxo groups. Short Mo=0 and
Mo—OH bond lengths and the lack of a Mo--Mo bonding
interaction suggests that all the four Mo centers are Mo"’, as
in C1, rather than in a mixed-valent state. In sharp contrast to
C1, two tetrahedral and two pseudo-square-pyramidal geo-
metries were observed for the C2 and C2’ clusters. Thus, the
clusters C2 and C2’' are probably neutral species and one of
two water molecules of crystallization shown in Figure S2 of
the Supporting Information could be formally a hydroxide
ion. C2 and C2' can be intermediates for larger Mo-oxo
aggregates but they are stabilized and protected by shielding
of the hydrophobic porphyrin nanotube. The included Mo""-
oxo clusters are all tetranuclear because they are favorable in
size so as to be included within the tube of 1 nm diameter. We
assume that those tetranuclear clusters could be formed in
accordance with the porphyrin aggregation in the hydrophilic
cavity and they could also act as templates for the tube to be
stabilized.

In conclusion, we have demonstrated a new strategy to
form a porphyrin nanotube with a saddle-distorted metal-
loporphyrin complex by virtue of ensemble of noncovalent
interactions, such as m—m interactions and hydrogen bonding.
The hydrophobic porphyrin nanotube runs along one direc-
tion (perpendicular to the b axis) and a hydrophilic inner
space can include fairly large molecules such as tetranuclear
Mo-oxo clusters. The distorted and curved porphyrin surfaces
can allow us to access new frontiers in functional materials.

Experimental Section

1: H,DPP (0.100 g, 0.082 mmol) was heated with [Mo(O),(acac),]
(0.134 g, 0.410 mmol) in PhOH (0.5 g) at 240°C under nitrogen for
2 h. After the removal of PhOH under reduced pressure, the residue
was purified by chromatography on an alumina column using CH,Cl,/
MeOH (10:1) and a silica gel column using CH,ClL,/MeOH (1:1) as
the eluent. A green fraction was collected from which a green powder
(0.047 g, 41%) was obtained. Elemental analysis (%) calcd for
Cy;HesMoN,O,-CH;OH: C 80.85, H 4.84, N 4.01; found: C 80.45, H
4.67, N 4.00. Green crystals of the porphyrin nanotube
([Mo(O)(OH,)(DPP)][(M0,0,,H,)]o5-H,0-0.5C;Hy; 2) were pre-
pared by the diffusion of methanol vapor into a solution of 1 in
toluene for one week. FElemental analysis (%) caled for
Cip2.sH77N,OgMos: C 67.92, H 4.28, N 3.09; found: C 68.36, H 4.44,
N 3.38.

Received: November 14, 2003 [Z53325]

Keywords: inclusion compounds - molybdenum - nanotubes -
noncovalent interactions - self-assembly
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Magnetic Materials

A Robust Purely Organic Nanoporous Magnet**

Daniel Maspoch, Neus Domingo, Daniel Ruiz-Molina,
Klaus Wurst, Gavin Vaughan, Javier Tejada,
Concepcié Rovira, and Jaume Veciana*

In the last few years, the construction of purely organic-
molecule-based magnetic materials has become a topic of
interest.l'! Since the first organic ferromagnet was discovered
in 1991, a number of other purely organic radicals exhibiting
bulk ferromagnetic ordering at very low temperatures (gen-
erally below 1.5 K) have been found.® For this property to be
achieved, synthetic tailoring of open-shell building blocks that
allow both a proper control over their supramolecular
assembly and the establishment of correct magnetic inter-
actions, are required. Crystal engineering through hydrogen-
bonding interactions is a powerful method for achieving both
conditions. From a structural point of view, the directional and
often predictive nature of hydrogen bonds may allow control
of the long-range supramolecular order in solid state.!
Besides their structural control, hydrogen bonds have also
been shown to favor magnetic exchange interactions between
bound radical molecules of a-nitronyl nitroxides, a-imino
nitroxide, or fert-butyl nitroxide derivatives.”! For instance,
attempts to control packing, and therefore magnetic ordering,
in phenyl nitronyl aminoxyl radicals substituted by one or two
OH groups have been carried out.!”! However, even though
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efforts on this direction have been undertaken by different
groups, the ultimate design of high-level structures with a
ferromagnetic macroscopic behavior must be left in most
cases to serendipity, as additional, undesirable intermolecular
interactions compete in the solid state.

To circumvent such inconvenience, we have initiated an
approach based on the synthesis and study of perchlorotri-
phenylmethyl (PTM) radicals functionalized with carboxylic
groups. PTM radicals, in addition to eminent thermal and
chemical stabilities,[”! are bulky molecules which minimize
additional through-space intermolecular magnetic interac-
tions.

We have already described the supramolecular arrange-
ment of the monocarboxylic radical 1. In the solid state
radical 1 formed hydrogen-bonded dimers that promoted the
transmission of a weak ferromagnetic interaction. Herein we
report the supramolecular arrangement and magnetic char-
acterization of the new radical 2 (PTMTC), which offers a
rational mechanism to expand the structural, and hence, the
magnetic dimensionality of the supramolecular architecture
owing to the presence of three carboxylic groups, which are
able to form hydrogen bonds. Furthermore, from a strict
structural point of view, radical 2, by analogy with trimesic
acid,”) is expected to generate an open-framework nano-
porous structure, a goal within the crystal-engineering
field."“' An example of purely organic-radical open-frame-
work (POROF-1), with dominant antiferromagnetic interac-
tions has been obtained by the self-assembly of the dicarbox-
ylic radical 3."” The hydrogen-bonded assembly (named
POROF-2) generated from radical 2 has the advantages
associated with both mono- and biscarboxylic PTM radicals, it
has a robust porous extended network and an architecture
that not only combines the presence of highly polar nano-

tubular channels but also magnetic ordering at low temper-
atures.

Hexagonal single-crystals of POROF-2 suitable for X-ray
diffraction were grown from a mixture of dichloromethane
and n-hexane. Radical 2 crystallizes on a trigonal P3c1 space
group with four molecules of 2 packed in the unit cell."™ The
high molecular symmetry of the crystal lattice is reflected by
the presence of a C; symmetry axis that passes through the
central carbon (C8) of the radical (see Figure 1a) Thus, the
three polychlorinated aromatic rings of radical 2 are identical.
Owing to the steric hindrance of the chlorine atoms in ortho
positions of the phenyl groups, the carboxylic group is twisted
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Figure 1. Crystal structure of POROF-2. a) ORTEP plot, thermal ellip-
soids set at 50% probability, and b) hydrogen-bonded hexamer.

by 87° with respect to the
plane of the phenyl group to
which it is bonded.

The molecular arrange-
ment of such crystalline rad-
ical building blocks creates a
primary structure consisting
of two-dimensional hydro-
gen-bonded layers along the
ab plane. As shown in Fig-
ure 1b, the repeating unit
consists of a nontypical hex-
americ R%(24) hydrogen-
bonded motif formed by six molecules of 2 with alternating
plus and minus helicities in their three-bladed propeller-like
substructures (Figure 1b). In this motif, each radical is
hydrogen-bonded to two neighboring radicals through one
carboxylic group, with bond lengths of 1.70 A and bond angles
of 169°. Since every radical unit contains three carboxylic
groups, each PTMTC molecule participates in the construc-
tion of three identical hexameric units that propagate along
the ab plane (see Figure 2a).

Several chlorine—chlorine contacts (twelve per molecule)
between neighboring layers have significant implications for
the rigidity of this porous framework, in particular for the
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stability is remarkable since most nanoporous organic
materials reported to date incorporate guest solvent
molecules, that once eliminated, induce a collapse of the
crystalline material. To our knowledge, there are only a
few previous examples of nanoporous organic hydro-
gen-bonded networks that remain ordered even when
most of the guest molecules are removed.['”]
Variable-temperature magnetic-susceptibility data
for a crystalline sample of POROF-2 was obtained on a
SQUID susceptometer, under a temperature range of
2-300 K and an applied magnetic field of 200 Oe (see
inset Figure 3). The y T value is 0.38 emuKmol ™" at
300 K, which is in agreement with the theoretical value
expected for a noninteracting S=1/2 spin in each
molecule. Upon cooling, the y T value remains constant
down to 5K, whereupon the %7 value increases
according with the presence of weak ferromagnetic
interactions. This behavior was fitted to the Curie—Weiss
law with a Weiss constant of § =+ 0.2 K. To investigate
the existence of magnetic ordering at very low temper-
atures, variable temperature magnetic susceptibility
experiments down to 0.07 K were performed in a
dilution cryostat (see Figure 3). A considerable increase
of the y T value up to a maximum around 0.110 K was
observed on cooling down below 2 K, which shows a

Figure 2. Crystal packing of POROF-2. a) Open-framework network in ab plane, b) tubu-
lar nanochannel, c) pore view along the ¢ axis, the large yellow sphere indicates the
dimensions of the tublular channels, and d) pore view along the a axis, showing the
tubular channels. Cviolet or orange; O red; Cl green; H yellow. In (a)—(c) the carbon

atoms in orange have most of the spin density of radical 2.

1830

secondary structure of POROF-2 that consists of the stacking
of different layers with an ABAB alternation along the
c axis.'"¥ Surprisingly, the stacking of layers along the c axis
generates a three-dimensional structure that has tubular
channels, into which a sphere 5.2 A in diameter can fit (see
Figure 2b,c). In addition, such nanochannels are surrounded
by a second set of small pores with a diameter of 3.3 A. The
combination of both sets of channels gives solvent-accessible
voids in the crystal structure that amount to up to 15%
(450 A® per unit cell) of the total volume.” The significant
steric congestion caused by the large number of bulky
chlorine atoms, can be ascribed as the main reason for
obtaining this noncatenated crystal packing.[')

As can be observed more in detail in Figure 2b, the
location of carboxylic groups at the inner walls of the largest
channels furnish these pores with a highly polar and hydro-
philic environment. This arrangement may account for the
lack of guest solvent molecules (n-hexane and/or CH,Cl,)
within the nanochannels, a situation confirmed not only by X-
ray crystallography but also by thermogravimetric studies and
elemental analysis. Thermogravimetric analysis of a few
single crystals of radical 2 showed no weight loss in the
temperature range 25-300°C, in fact POROF-2 remains
crystalline and stable up to 300°C. Indeed, the powder X-
ray diffraction pattern of a sample that was heated up to
300°C shows that the positions and intensities of all lines
remain unchanged when compared with the powder X-ray
diffraction pattern of an as-synthesized sample. A further
increase of the temperature above 300°C reveals a decom-
position of POROF-2, as confirmed by combined powder X-
ray diffraction and FT-IR characterization. Such a thermal

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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transition to a ferromagnetic ordered state at very low
temperatures. The intensity of the peak decreases

25
| 2018,
e 7 15 ¢
20 % emu)-[K~moI“ E
l % 10] %
¢
Z-T/ 1.5‘ % 05 \Q' CD I T TR
—1
emu-K-mol A 00¢ 1 o 100
1.0- K=
0.5- b o
0.1 0.2 0.3

/K —

Figure 3. T as a function of temperature for different applied mag-
netic fields H: (0) H=200 Oe, (a) H=500 Oe, and (g) H=1000 Oe.
The inset shows the logarithmic dependence of T function on the
temperature up to 200 K, measured with an applied magnetic field of
200 Oe.

whereas its maximum shifts slightly to higher temperatures
on increasing the external applied magnetic field. For
instance, for an applied magnetic field of 200 Oe a value of
2.2 emuK mol ™' was obtained, whereas for an external field of
500 Oe the value is reduced to 1.4 emuKmol ™. This behavior
originates in the saturation of magnetization for fields of few
hundred Oe. Magnetization curves were measured above and
below the critical temperature and are illustrated in Figure 4.
At 1.35 K, POROF-2 remains in the paramagnetic region and
therefore the magnetization curve has a slight gradient. On
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the contrary, the curve at 0.80 K, even if it is very close to the
critical temperature, traces a hysteretic loop characteristic of
a soft ferromagnet. The magnetization is almost saturated at
about 400 Oe, and though the coercitive force is of the order
of 50 Oe (see inset of Figure 4), the remnant magnetization at
zero field is of about 35 % of the saturation value.

5. /'/
_9-0-0
10 /.’.n ......“ 00
T 7
54 -5 c/
m/ r_
3 mol- 300 0 300 )
10° emu-mol HIOe — _5-0-0 o-0-0
0 n-000
-5 °
7
_®
-10 P B L
T T T T T T T
-4000 -2000 0 2000 4000

H/Oe —

Figure 4. Magnetization curves as a function of the applied magnetic
field, measured at different temperatures. (@) 0.08 K, (o) 1.35 K. The
inset shows the detail of the curve at 0.08 K around zero field.

In conclusion, we have reported the first example of a
supramolecular, nanoporous purely organic, “zeolite-like”
material exhibiting an unusual thermal stability, a hydrophilic
nanoporous architecture, and a long-range ferromagnetic
ordering. Nanoporous materials exhibit a wide range of
applications, such as molecular sieves, catalysis, separation,
and sensors. Such properties, along with the magnetic proper-
ties of the organic framework, may open a new avenue to the
development of new multifunctional materials.

Experimental Section

Radical 2: A mixture of tris(2,3,5,6-tetrachlorophenyl)methane!'!
(1.70 g, 2.58 mmol), chloroform (30 mL), and aluminum chloride
(0.40 g, 3.00 mmol) was heated at 160°C for 8 h in a glass pressure
vessel. The mixture was then poured onto ice/IN hydrochloric acid
and extracted with chloroform. The white solid collected was mixed in
20% oleum (100 mL) and heated at 150°C for 12 h. The final solution
was cooled and poured into cracked ice. The solid was washed with
water, dissolved in Et,O, extracted with aqueous sodium hydrogen
carbonate, acidified, extracted with Et,O, and dried in vacuo. A
solution of the resultant white precipitate in DMSO was shaken with
an excess of powdered NaOH for 72 h. The mixture was filtered and
immediately a stoichiometric amount of iodine was added to the
filtrate. The solution was left undisturbed in the dark (45 min),
washed with an aqueous solution of sodium hydrogen sulfite (39 %,
50 mL), and treated with Et,O (100 mL). Radical 2 was extracted with
aqueous sodium hydrogen carbonate, and this aqueous layer was
acidified and extracted with Et,0. The extracted solid was recrystal-
lized from Et,O/n-pentane to give radical 2 as red powder. IR (KBr):
7=3500-2500, 1740, 1694, 1662, 1537, 1441, 1408, 1352, 1326, 1290,
1251, 1226, 1040, 931, 752, 722, 665, 574, 522, 462 cm™'. Elemental
analysis (%) calcd: C 33.50, H 0.38; found C 33.65, H 0.32. Crystals
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suitable for X-ray diffraction were grown from a mixture of dichloro-
methane and n-hexane.
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Wheel Complexes

Octalanthanide Wheels Supported by p-tert-
Butylsulfonylcalix[4]arene**

Takashi Kajiwara,* Hashen Wu, Tasuku Ito,*
Nobuhiko Iki,* and Sotaro Miyano

Based on a bottom-up approach,!! functionalized and struc-
turally unique metal clusters with high nuclearity have been
synthesized. Wheel-shaped clusters are one of the most highly
symmetric architectures,” which often consist of first-row
transition-metal ions.***! Lanthanide complexes have
attracted considerable attention due to their practical proper-
ties® However, multi-lanthanide complexes are rather
rare.”™¥ Thus our goal was to develop a new and rational
synthetic method to realize lanthanide cluster complexes. As
a cluster-forming ligand, we employed a sulfonylcalix[4]arene
(H,L) (Scheme 1). We have already shown that thiacalixar-
enes and their derivatives act as multinucleating®® or cluster-
forming ligands.®! Since lanthanides show strong affinity
towards oxygen donors,”) H,L can act as a multidentate,
multinucleating ligand via many oxygen sites.”) Herein we
report the syntheses, structures, and magnetic properties of
lanthanide wheels, [Lng(L),(AcO)s(EtOH),(H,0),] (Ln=Gd

(8] () HO
I DHS{E i UI’H\ [1}
~f Ot

a*=

Bu e f‘Bul :

= '@ ,_f S

Ln3+
{LniL)}-

Scheme 1. Step-by-step formation of a lanthanide wheel via a mono-
nuclear subunit {Ln(L)}".

[*] Dr. T. Kajiwara, Prof. H. Wu, Prof. T. Ito
Department of Chemistry, Graduate School of Science
Tohoku University, Aramaki Aoba-ku, Sendai 980-8578 (Japan)
Fax: (+81)22-217-6548
E-mail: kajiwara@agnus.chem.tohoku.ac.jp

ito@agnus.chem.tohoku.ac.jp

Prof. N. Iki, Prof. S. Miyano
Department of Biomolecular Engineering, Graduate School of
Engineering
Tohoku University, Aramaki Aoba-ku, Sendai 980-8579 (Japan)
Fax: (4-81) 22-217-7293
E-mail: iki@orgsynth.che.tohoku.ac.jp

‘] This work was supported by a Grant-in-Aid for Scientific Research
(Nos. 10149102 and 14342023) from the Ministry of Education,
Culture, Science, Sports, and Technology, Japan, as well as by |]SPS
Research for the Future Program.

3%
S

DOI: 10.1002/anie.200353449 Angew. Chem. Int. Ed. 2004, 43, 18321835



(1), Sm (1)) and [Lny(L),(AcO)s(MeOH),(H,0)s] (Ln’=
Nd(2), Pr(2)).

Reaction of Gd(AcO);4H,0 and H,L in a 2:1 ratio in
EtOH/CHCI; gave crystals of 1 in good yield (87 %). The
complex (Figure 1) possesses a wheel-like core involving eight
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Figure 1. Crystal structure of 1. The molecule has a crystallographic
twofold axis and half of the molecule is independent. a) Top view and
b) side view of the molecule, where two crystallographically independ-
ent L*~ units are depicted in white and blue (Gd green, O red, C gray);
c) ORTEP drawing of the Gdg core with thermal ellipsoids at 40%
probability. Oxygen atoms from phenoxo and sulfonyl groups, ethanol,
and water molecules are signified as O,, O,, O,, and O,, respectively.
Selected atomic distances [A]: Gd1-0, 2.230(3)-2.436(2), Gd1-013
2.533(3), Gd1-O15 2.454(3), Gd1-O34* 2.384(3), Gd2-O, 2.354(2) and
2.377(3), Gd2-O13 2.483(3), Gd2-O14 2.454(2), Gd2-O15 2.434(3),
Gd2-016 2.384(3), Gd3-0, 2.227(2)-2.441(2), Gd3-O14 2.388(2), Gd3-
031 2.444(2), Gd3-033 2.587(2), Gd4-O, 2.354(2) and 2.362(2), Gd4-
031 2.468(2), Gd4-032 2.374(3), Gd4-033 2.462(3), Gd4-034
2.452(3), Gd1-Gd2 3.6826(5), Gd1-Gd4* 4.0120(5), Gd2-Gd3
3.9987(5), Gd3-Gd4 3.6960(5), Gd-Gd* 9.5006(12)—9.8539(9).
Symmetry transformation (x): —x+1,y, —z+1/2.
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Gd™ ions supported by four L*" and eight AcO~ groups. The
diameter of the Gds cluster core (Gd1-+-Gd1%) is ~9.8 A. The
L*~ groups bridge three Gd™ ions, thus acting as a tetraden-
tate ligand for Gd1 and Gd3 via four O,penox, atoms, and also
acting as a bisbidentate chelating ligand for Gd2 and Gd4 via
an Ophenoxo and an Oyygony atom (Figure 2). The wheel involves

SOw O,
Fa bt

Q[\—Gcﬂal—p ['\—Gld:}..bQ d4
O e~
l.'.
5
\O/ \O/ 0
0
S
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Figure 2. Schematic diagrams of the bisbidentate/tetradentate
chelation of L*” in a) 1 and in b) 2.

two kinds of AcO~ ions, which both chelate to Gd2; one
AcO~ ion bridges Gd1/Gd2 via O15 in a p,-x'O; ¥*0,0’
manner, and the other bridges Gd1/Gd2/Gd3 via O13 and
Ol14in a u;-x'0; K*0,0’; k'O’ manner. The situation is similar
at the Gd4 site. As a result, Gd" ions in sets of Gd1/Gd2 and
Gd3/Gd4 are triply connected, whereas Gd2/Gd3 and Gd4/
Gd1* are doubly connected. The Gd™ octagon is slightly bent
(Figure 1b) giving deviations from the ideal plane of —0.97 A
for Gd2 and 0.98 A for Gd4. Gd1 and Gd3 are octacoordi-
nated and Gd2 and Gd4 are nonacoordinated, with each
coordination sphere completed by terminal ligands such as
EtOH and H,O. Using Sm(AcO);-4H,O instead of Gd(Ac-
0);4H,0, a Smg wheel 1’ was also obtained (95% yield)
which is isostructural to 1 (Sm—Oenor =2.255(3)-
2.509(3) A).

A similar reaction of Nd(AcO);4H,0 and H,L in 2:1
ratio in EtOH/CHCI; followed by recrystallization from
MeOH/CHCIl;  gave  crystals of  [Ndg(L)4(AcO)s
(MeOH),(H,0);] (2). The structure of 2 is similar to 1
(Figure 3) except that 2 crystallized in a tetragonal crystal
system and only 1/8 of the molecule is crystallographically
independent. The L*" ion acts as a tetradentate ligand for Nd1
via four Oppenoxo linkages, and also acts as a bisbidentate ligand
for Nd2 and Nd2* via an Openxo atom and an Oy, atom
(Figure 2). The Nd, cluster core is completed by eight acetate
groups in either a w,-x'0; k'O’ or a ps-x'0; ¥*0,0'; k'O’
manner. The diameter of the Ndg core is ~10.5 A. In 2, the
Nd, core is flatter than the Gds core in 1 (Figure 3), with a
deviation from the ideal plane of 0.2296(2) A for Nd1. A Pr;
wheel 2’ was also obtained by the use of Pr(AcO);-4,0 (32 %
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Figure 3. Crystal structure of 2. a) Top view and b) side view of the
molecule where adjoining L*~ ligands are discriminated in white and
blue; c) ORTEP drawing of the Ndj core with thermal ellipsoids at
40% probability. Oxygen atoms from acetate, phenoxo, and sulfonyl
groups, methanol, and water molecules are signified as O,, O,, O,
O,, and O,, respectively. Selected atomic distances [A]: Nd1-O,
2.3274(16) and 2.4699(14), Nd1-O, 2.460(2) and 2.4860(17), Nd2-O,
2.4824(15), Nd2-O, 2.464(2) and 2.5879(17), Nd1-Nd2 4.0713(3),
Nd1---Nd1” 9.9269(8), Nd2---Nd2” 11.1205(9). Symmetry transforma-
tions: * y+4+1/2, —x, —z+1/2, " x+1/2, —y—1/2, z.

yield), which is isostructural to 2 (Pr—Ojenox0 = 2.334(2) and
2.4835(18) A).1

Complexes 1 and 2 showed slight differences in their core
structures mainly because of the coordination distances
between the phenoxo oxygen atoms and a lanthanide ion
(Gd2, Gd4, or Nd2). Since the heavier Gd™ is slightly smaller
than Nd" in terms of atomic radius, shorter Gd—Oenoxo
bonds (2.354(2)-2.377(3) A) make the cluster core crowded,
and thus the core is bent to avoid close contact of methyl
groups and ps-bonded acetate groups. On the other hand,

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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longer Nd—Openoo bonds (2.4824(15) A) permit the flatter
wheel core found in 2.

Scheme 1 shows a proposed mechanism for the formation
of the lanthanide wheels. The wheels appear to form by a
“step-by-step” complexation process. Since a calix[4]arene
acts as a tetradentate ligand toward the large metal ions via
four phenoxo oxygen atoms,” the reaction of a lanthanide
with H,L will give first a cone-shaped mononuclear subunit,
{Ln(L)}~, which can act as a “metal-involving ligand” via
phenoxo and sulfonyl oxygen atoms, which are directed
outwards from the cone. Reaction with another equivalent of
ametal ion results in the formation of the cyclic tetramer L*".
In this cyclization process, sulfonyl oxygen atoms bond to a
second Ln ion in a {Ln(L)}~ subunit. The presence of a Gd™
subunit in the reaction solution was confirmed by the ESI
mass spectrometry, which showed a parent peak centered
around m/z 1001.6, which corresponds to {Gd(L)}~. More-
over, the subunit was isolated as a less-soluble dimer,
(Bu,N),[{Gd(L)(H,0),},] (3, Figure 4).1 In 3, L*" is tetra-
dentate, and two Ojpenoy, atoms bridge adjoining Gd™ ions to
form a dimer. The subunits act as a “metal-involving ligand”
via an Oppenoxo atom and an Oyyygeny atom.

Figure 4. Crystal structure of [{Gd (L) (H,0),},]*". Symmetry transfor-
mation: * —x+2, —y, —z.

The magnetic properties of the wheel clusters were briefly
examined (Figure 5). The y,, T value of 2 shows a continuous
decrease when the temperature is lowered, which is mainly
due to spin—orbit interactions!"”! and are difficult to analyze.
On the other hand, 1 shows a simple temperature dependence
indicating weak antiferromagnetic interactions among Gd™
ions. The system is too large to handle with the Heisenberg
model, hence the magnitude of the interaction was estimated
based on the Curie—-Weiss model, and was found to be
—2.1(1) K.'" Each of the adjoining Gd" ions are doubly or
triply connected by oxygen atoms, and the slight overlap of
magnetic orbitals causes the weak antiferromagnetic inter-
action.

We have presented a novel and rational synthetic method
for the synthesis of lanthanide wheels using sulfonylcalix[4]-
arene as a cluster-forming ligand. The introduction of sulfonyl
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Figure 5. Plots of ,, T versus T for 1 (2) and 2 (0).

groups on the calix[4]arene rim makes it possible to form the
lanthanide wheels. The structures of the four wheels are
similar, and other lanthanide ions can be expected to form
similar wheel structures. Reactions with other lanthanide ions
are currently being explored as well as the synthesis of mixed-
metal clusters.

Experimental Section

1. H,L (425mg, 0.05mmol) and Gd(AcO);3H,0 (40.0 mg,
0.1 mmol) in EtOH/CHCI; (1:1 (v/v), 20mL) were refluxed for
15 min and then the solution was evaporated to dryness. The resulting
white residue was then recrystallized from the same solvent, and
colorless blocks of 1-:8 EtOH-4 H,O were obtained over several days
(87%).

2: H,L (42.5mg, 0.05mmol) and Nd(AcO);3H,0 (40.0 mg,
0.1 mmol) in EtOH/CHCl; (1:1 (v/v), 20mL) were refluxed for
15 min and then the solution was evaporated to dryness. The resulting
white residue was recrystallized from MeOH/CHCI; (1:1 v/v), and
colorless blocks of 2-4 MeOH-24H,0 were obtained (40 % ).

Crystal data for 1 (Cy0H,5sGdgOg,S1s; M, =5807.26): colorless
prism, orthorhombic, space group Pbcn, a=38.918(5), b =16.013(2),
c=43.692(6) A, V=27228(6) A%, Z=4, T=200K, pau=
1.417 gem ™, F(000) =11712, w(Mog,)=2.117 mm . Crystal data
for 2 (C,g4Hy6NdgO14S6; M, =5839.09): colorless prism, tetragonal,
space group Ph/nnm, a=29.043(2), c=19.5892)A, V=
16523(3) A, Z=2, T=240K, peuea=1.174 gem™3, F(000) = 5936,
w(Moy,) =1.402 mm™". Data were collected on a Bruker SMART
CCD diffractometer (Mo, 4=0.71073 A). Complete hemispheres
of data were collected using w-scans. Integrated intensities were
obtained with SAINT 4 "2l and SADABS!"? was used for absorption
correction. The structures were solved by direct methods using
SHELXS-97!"% and refined by least-squares on F2, SHELXL-97,'"” to
give for 1: using 1364 parameters, wR,=0.2070 (23414 unique
reflections), R, =0.0781 (15153 reflections with I>20(l)); for 2:
using 368 parameters, wR, =0.1945 (9791 unique reflections), R, =
0.0544 (6400 reflections with 7> 20(I)). CCDC-225414 and -225415
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(444)1223-336-033; or deposit@ccdc.cam.ac.uk).
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Assembling Dimeric t Stacks on Gold Surfaces by
Using Three-Dimensional Lock-and-Key
Receptors**

George S. Tulevski, Mark L. Bushey, Jenna L. Kosky,
Shane J. T. Ruter, and Colin Nuckolls*

The study reported herein details a method to generate
through self-assembly the shortest of m stacks, only two
molecules high, which are covalently attached to gold
substrates. A rigid, surface-bound molecular receptor (Fig-
ure 1a) is first formed through the simultaneous attachment
of three surface-active groups to a metal. These receptors
bind molecules that have a complementary = surface and
hydrogen-bonding pattern to form dimeric 7 stacks. A lynch
pin for success in a number of emerging materials, such as
organic field-effect transistors,'! molecular rectifiers,>* and
single-molecule electronics™ is controlling and manipulating
the contacts between aromatic molecules and metal sur-
faces.l>®! Ultimate success in these materials will require the
development of self-assembly processes that operate at
molecular length scales as a means of gaining interfacial
control and programmed complexity. Herein, we demonstrate
that highly functionalized molecules (1b; Figure 1a) can be
programmed through steric interactions to present three
thiols on one face of an aromatic ring that bind strongly to
gold substrates. These surface structures have a C;-symmetric,
hydrogen-bonding receptor site (Figure 1c,d) nested at their
base that directs the recognition and assembly of cofacially
stacked m surfaces (Figure 1b).

[*] G.S. Tulevski, M. L. Bushey, J. L. Kosky, S. ). T. Ruter,

Prof. C. Nuckolls
Department of Chemistry and
The Nanoscience Center
Columbia University
New York, NY 10027 (USA)
Fax: (+1)212-932-1289
E-mail: cn37@columbia.edu

[**] We thank Dr. Thuc-Quyen Nguyen, Dr. Hayn Park, and Dr. Michael
Steigerwald for helpful discussions and Jennifer Klare for the
suggestion of the dansyl fluorophore. We acknowledge primary
financial support from the Chemical Sciences, Geosciences and
Biosciences Division, Office of Basic Energy Sciences, US D.O.E.
(No. DE-FG02-01ER15264), US National Science Foundation
CAREER award (No. DMR-02-37860), and the Nanoscale Science
and Engineering Initiative of the National Science Foundation under
NSF Award Number CHE-0117752 and by the New York State Office
of Science, Technology, and Academic Research (NYSTAR). C.N.
thanks the Beckman Young Investigator Program (2002), the
NYSTAR J. D. Watson Investigator Program (2003), The American
Chemical Society PRF type G (No. 39263-G7), and the Dupont
Young Investigator Program (2002) for support. M.L.B. thanks the
ACS Division of Organic Chemistry for a graduate fellowship
sponsored by Bristol-Myers Squibb. J.L.K. thanks the NSF-REU
program for a summer research fellowship (2003).

@ Supporting information for this article is available on the W\WW
under http://www.angewandte.org or from the author.

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

DOI: 10.1002/anie.200353476

The hexasubstituted aromatic (1a) was employed because
it was recently shown to stack in bulk through a synergy
between hydrogen bonds and m-stacking interactions to form
infinite columns.”” In addition, the optical properties of 1a
indicate this class of molecules has promise as a one-dimen-
sional electronic material.® High-coverage monolayers of
1b® were formed from solution by simultaneous deprotection
of the acetate protecting group and deposition onto gold
films.'” The surface conformation of 1b was analyzed by
surface spectroscopy™!™! and scanning tunneling micros-
copy (STM).™

The analysis of the monolayer shows that all three of the
sulfur atoms are simultaneously attached (as depicted in
Figure 1b-d). Infrared reflection absorption spectroscopy!™
measurements from the monolayer show the presence of
diagnostic signals for the core functional groups of 1b
including the alkane side chains and the amides!'® and the
complete loss of the acetate protecting group. The advancing
(75°) and receding (65°) contact angles for a water droplet on
these films are consistent with a surface that presents both
alkyl and carbonyl groups (Figure 1¢).*! X-ray photoelectron
spectroscopy (XPS; Figure 2b), probing the S,, core elec-
trons, reveals that all of the sulfur atoms are bound to gold[181
precluding the formation of disulfides and free thiols.'21317
The thickness of the layer measured by ellipsometry™ is
1.3 nm, in good agreement with the calculated thickness of
approximately 1.2 nm (Figure 1¢) with the 10-carbon sub-
stituent on the alkyne side chains extending upward.

This surface conformation can be imaged directly using
STM for samples of 1b prepared on atomically flat gold
samples,'”! shown in Figure 2a. The samples show high
coverage of molecular-scale disks with no apparent order of
these disks within the plane. Analysis of these images reveals
that the smallest detectible features have a height of
approximately 1.2 nm and a width of about 3 nm. These
values are consistent with the dimensions of the molecule
when bound to the surface (Figure 1b-d). Note that the gold
layer is apparently stabilized by the threefold symmetric
thiols. The characteristic pitting and restructuring observed
with relatively simple alkane thiols is absent in these
samples.”) This effect is probably a result of the extremely
low mobility of both the surface-bound molecules and the top
layer of gold as a result of this multipoint attachment.

Because the tethers on the amide side chains are very
short and the central core is sterically congested, the amount
of conformational flexibility imparted to these molecules is
minimal. Early studies on this core structure, revealed that the
amide is twisted out of the aromatic ring-plane by the
neighboring alkyne substituents at roughly a 45° angle.”
Simple conformational analysis®®” of the 2-thiolamidoethane
side chain of 1b reveals that this subunit should have a trans
arrangement of its sulfur and nitrogen atoms. Moreover, the
amide N—H unit and the amide carbonyl group should be
exclusively antiparallel to each other. Given these constraints,
there is only one torsional degree of freedom (between the
amide nitrogen atom and the first methylene unit) that
determines whether the carbonyl or the N—H group is on the
same face as the sulfur atom. From these models, it is not
possible to produce a monolayer that presents its N—H groups
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Figure 1. a) Crowded aromatics with both amide and alkyne substituents. b) Molecular model® of a dimer stack of 1b (red =oxygen, gray = car-
bon, blue =nitrogen, yellow =sulfur, purple =gold surface atom). The hydrogen atoms and the substituents on the alkynes have been removed
for clarity. c) Side-view of the model when bound to surface showing the nested receptor site. d) Top view showing three vertical levels of informa-
tion written into the molecular substructure. The lower level (blue triangle) defines the surface attachment that positions the amide carbonyls
away from the surface (red triangle) into a C;-symmetric hydrogen-bonding site. The gray triangle defines the hydrocarbon chains.
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Figure 2. a) STM image (150 pA, 500 mV) of 1b on gold revealing
molecular-scale disks attached to a gold surface; b) Sulfur XPS spec-
trum of 1b on gold shows the characteristic 2:1 ratio at 161.5 eV and
163 eV for sulfur atoms bound to gold. The the red, blue, and green
lines are curves fits to the data (black line).

away from the surface (i.e., opposite of the arrangement in
Figure 1b-d) because of the intervention of the carbonyl
group and the restrictive triple attachment. Therefore, the
films must form a template that has three hydrogen-bond
acceptor carbonyl groups at the surface (as in Figure 1).
Once bound to the surface, a receptor forms as shown in
Figure 1c. The groups defining this structure are depicted in
Figure 1d with three vertical levels of equilateral triangles
about the central aromatic ring. The vertices of the blue
triangle (1.3 nm apart) define the surface attachment of the
three thiols to the metal holding the aromatic ring approx-
imately 0.5 nm from the gold surface. The red triangle (side
0.6 nm) is defined by the threefold symmetric arrangement of
amide carbonyl groups that act as hydrogen-bond acceptors.
The large grey triangle (side 2.6 nm) is defined by the
hydrocarbon side chains providing a second Cs;-symmetric
mode of discrimination for guest binding. In concert, this
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orchestrated functionality provides a 3D receptor whose
nt surface is close to its van der Waals radii from the gold
surface. This surface conformation is similar to the one
deduced for the bulk material 1a.”") This situation implies that
there is little reorganization penalty for molecules to associate
with these receptors. To create a sensitive reporter molecule
for binding to these surface receptors, a fluorescent analog,
1c, was synthesized” that carries three pyrene chromophores
on alkyl tethers.”! 1¢ was found to self-associate in bulk into
1D nanostructures similar to what was observed for 1a.”

When the films of 1b were placed into solutions contain-
ing 1¢,? then removed, rinsed, and dried, ellipsometry
detected only a 0.5 nm increase in the layer thickness. This
value is consistent with the measured value from molecular
models, such as the one in Figure 1b, for the addition of a
single layer of molecules. Fluorescence spectroscopy shows
pyrene emission that is characteristic of the isolated pyrene
molecules lacking any detectible excimer emission (Fig-
ure 3a).*!l Moreover, the fluorescence intensity is consistent
with an incremental increase in the layer thickness. STM
images of these samples (Figure 3b) reveal a largely complete
second layer of molecules (measured to be ca. 0.6 nm above
the monolayer) associated with the original monolayer. Given
the uniform height of this second layer it must be tightly
bound. It is intriguing that the rinsed films show either
monolayer or bilayer and no higher stacks. The noncovalent
association with this first additional layer could be higher due
to the increased rigidification of the molecules upon binding
to the metal. In addition, stacks higher than dimers could be
disfavored by dipole—dipole repulsions between adjacent
columns.

To test if the surface receptors were selective for
particular a size, shape, and hydrogen-bonding pattern, 2
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Figure 3. a) Fluorescence (excitation 355 nm) from a monolayer film of
1b associated with fluorescent probe 1c¢ showing isolated pyrene emis-
sion. b) STM image (150 pA, 500 mV) of a similar sample showing
incomplete bilayer coverage.
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(Figure 4) was synthesized. It lacks the threefold symmetry of
the alkyne and amide side chains of 1a—c. The choice of the
dansyl fluorophore for 2 was critical because its excitation
wavelength is very close to that of pyrene but its fluorescence
emission is red-shifted to about 485 nm. Therefore, the
mixture on a surface is easily deduced from the emission
spectrum. As above, monolayers of 1b were immersed in an
equimolar mixture of 1¢ and 2. After removal and rinsing, the
resulting fluorescence spectrum (Figure 4b) is essentially
indistinguishable from the one in Figure 3a for 1b and 1¢
(that lacked the dansyl chromophore). As an additional
control experiment, the monolayers of 1b were incubated in
solutions of 2, removed and rinsed. These surfaces showed
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Figure 4. a) Molecule 2 is used to test for selectivity in competition
experiments with 1c for binding to monolayers of 1b. b) Fluorescence
spectrum (excitation: 355 nm) from a monolayer of 1b after immer-
sion in a equimolar (0.1 mm) mixture of Tc and 2.
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only a very small amount of dansyl emission. If the
fluorophores are switched, that is, putting the dansyl fluo-
rophore on the C;-symmetric core and the pyrene on the
bis(amide) core, the surface shows exclusively emission from
the dansyl fluorophore. Therefore, these surface-bound
molecules are able to select from solution between two
different molecules based on a complementary structure.

In conclusion, a new concept is advanced for creating
surface-bound molecular sockets capable of directing the
assembly of aromatic molecules at very short length scales.
One aspect that is critical for success is the use of pre-
organization where the molecule's bulk conformation is
similar to its surface-bound structure. The simultaneous
binding of three thiols creates a rigid surface structure
holding its mface close to the metal substrate. Steric
interactions in both the crowded aromatic core and the
short surface-active tethers of these highly functionalized
monolayers direct the hydrogen-bonding and hydrophobic
functional groups upwards. The C;-symmetric receptor site is
capable of discriminating between different aromatic mole-
cules from solution. For traditional m surfaces®! this type of
selection is not likely to occur because of the weak
interactions between aromatic molecules.” The dimeric
stacks formed here provide an unprecedented model system
to study electrical conductivity of m stacks on metallic
surfaces. In addition, the surface template should have a
dipole moment that increases as the molecules stack through
head-to-tail hydrogen bonds.” These dipolar dimers could
show rectification of electrical current™ and have properties
that are a consequence of their polar order.!
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Electron Transfer in DNA

Criteria for Efficient Transport of Excess
Electrons in DNA

Takeo Ito and Steven E. Rokita*

Extensive studies on charge transfer in DNAI' have
provided significant insight into the molecular mechanisms
of DNA damage induced by high- and low-energy radiation!”’
and by chemical oxidants.®l Appreciation of the conducting
properties of DNA has also inspired the development of new
nanoscale intelligent materials and chemical sensors.”
Results from both theoretical and experimental approaches
now seem to suggest that electron-deficient intermediates
generated from one-electron oxidation of DNA can undergo
hole transfer (HT) between guanine (G) residues by single-
step tunneling (G hopping), by multistep tunneling through
intervening adenine (A) residues (A hopping), and by
polaron-like hopping of delocalized radical cations.!) Much
less is known about the complementary process of excess
electron transfer (EET) in DNA.P® The results of early
experiments involving pulse radiolysis, EPR, and free nucleo-
tides suggested that excess electrons can associate with duplex
DNA and migrate between its bases.'” More recently, Sevilla
and co-workers observed that EET proceeds through single-
step tunneling at 77 K, but at higher temperatures (> 150 K)
thermally activated multistep hopping predominates.”! Cyto-
sine (C) and thymine (T) are most likely to serve as the
primary carriers for EET if reduction potentials alone are
considered. However, protonation, and consequent stabiliza-
tion, of the radical anion of C (C™) by water or a Watson—
Crick base-paired G residue to form the neutral radical (CH")
may inhibit migration.?3¢10-13]

Only limited information on the effects of context on EET
has so far been reported and many basic questions remain to
be addressed before a detailed understanding of the structural
dependence of this process can be established at a level
comparable to that previously reached for HT. Carell and co-
workers have driven the repair of thymine dimers by EET
from a reduced flavin alternately coupled by inter- and
intrastrand attachment.” In each case, efficient EET through
A/T base pairs was apparent and the dependence of the
transfer on distance was weak. Initial data on the dynamics of
EET and charge recombination have also begun to emerge
from a series of stilbene-capped hairpin DNA molecules and
pyrenyl-oligodeoxynucleotide (ODN) conjugates.”!

Our research group has developed a complementary
system based on ODN conjugates containing a derivative of
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Department of Chemistry and Biochemistry
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Figure 2. EET from an N,N,N’,N'-tetramethyl-1,5-diaminonaphthalene analogue (D) to

1 o electron H abstraction

H I H

N,N,N',N'-tetramethyl-1,5-diaminonaphthalene (TMDN) and
5-bromo-2'-deoxyuridine (®'U; Figure 1). Selective photo-
excitation of the donor TMDN (>335 nm, E} =ca. —2.8 V
versus a saturated calomel electrode) initiates EET, and the
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Figure 1. Oligodeoxynucleotide sequences and sensitizer structure.

subsequent reduction of the acceptor ®'U promotes decom-
position of its 5" neighbor. This decomposition in turn leads to
an easily detectable strand fragmentation after treatment with
hot piperidine (Figures 2 and 3)." The extent of fragmenta-
tion depends on the duration of UV exposure, as was
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5-bromo-2'-deoxyuridine (*U) in DNA.

1840

expected; irradiation alone does not induce comparable
fragmentation (Figure 3). Weak cleavage at ®'U is also
evident after piperidine treatment without irradiation but
this background reaction is independent of UV exposure. As
illustrated in Figure 3, the apparent efficiency of EET can
differ significantly between closely related duplexes (1 and 2).
A series of similar duplexes containing donor and acceptor
residues separated by a constant distance was examined for
sequence dependence and sensitivity of EET to 1) proton
transfer, 2) intra- and interstrand hopping, and 3) 3’ to 5’ or 5’
to 3’ directionality.

The initial rates of strand fragmentation generated by
irradiation at wavelengths above 335 nm were used to
compare the relative efficiency of EET from the attached
TMDN analogue to the ®'U residue in various DNA

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

(DO R

i
.4

www.angewandte.org

a) pipendine (-) piperidine (+) b) piperidine (-}  piperidine (+)

]

lJ_EILi'&-JD.hIE 510
12 13

a0s512 510 :\4:—_ Da51 2510 heimin g a5 1

1415 161718 19 20 21 22 23242526 lane 1 2 3456 789101

o«
|
W
w

- : -k e - E

- : : .

r 4 T - EA————
T _——— T

T. T

- G - G

T T

T T

e U T

s Tsesee C <~ et e

- : - x

5 5

Figure 3. Autoradiograms of 20% denaturing polyacrylamide gels
showing strand scission of DNA after UV irradiation (>335 nm,
around 10°C). Two 5'-*2P-labeled ODNs containing 5'U were examined:
a) DNA 1 and b) DNA 2 (1 mwm, 90 nCi) in sodium phosphate (10 mwm,
pH 7.0) and NaCl (90 mm). The ODNs were exposed to UV light for
the indicated periods and analyzed either directly (lanes 1-6 and 14—
19) or after subsequent treatment with 10% piperidine at 90°C for

30 min (lanes 8-13 and 21-26). The arrows highlight products formed
by EET.

molecules (Figure 4). Substitution of two intervening

A/T base pairs (3) with G/C pairs (4) suppressed EET

in H,O more than fourfold. This result is consistent
D with the hypothesis that T is the primary carrier of
charge.””! As mentioned above, any contribution by C
might be limited by preferential protonation of C™*
rather than T If proton transfer is indeed compet-
itive with EET, then the rate of strand fragmentation
as a result of EET should be enhanced through G/C,
but not through A/T base pairs when the solvent is
changed from H,O to D,0.P*! This enhancement was
confirmed by the observation of an inverse solvent
isotope effect for the G/C-containing DNA 4 (ky,o/
kp,0 = 0.68) and neglible such effects for the A/T- and
T/A-containing DNAs 3 and 5 (ky,0/kp,0=0.97 and
1.1, respectively; see Figure 4).

Additional parameters that affect EET were
identified simply by rearranging the U residue and
the two intervening A/T base pairs within an other-
wise common duplex structure (Figure 1). For example, by
switching the A/®"U base pair of 3 to give ""U/A (6), or
alternatively, switching AAA/TT®U in 3 to TT®"U/AAA (2),
we enforced a single crossover and interstrand capture of an
electron. In both examples, EET was greatly inhibited in the
interstrand systems compared to the intrastrand ones
(Figure 4). However, generalization of the effect of inter-
strand electron capture on EET is made difficult by the
implicit change in strand directionality involved, as illustrated
by DNAs 2 and 3. Little change in the efficiency of EET was
observed when 3’ to 5’ directionality was preserved (compare
1 and 3), which shows that a single crossover between strands
may modulate, but does not dominate, EET. Previous
experimental analysis of HT in a series of defined DNA
sequences revealed a preference for intrastrand arrangements
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Figure 4. EET in DNAs 1-7 as indicated by strand scission after UV
irradiation and piperidine treatment. Initial fragmantation rates (v)
were obtained by fitting cleavage curves (% scission product plotted
against total material) to first-order exponential curves (see the Sup-
porting Information). Each analysis was repeated at least three times.
Inset: Cleavage of DNA 1 (open circles) and DNA 2 (closed circles) as
a function of irradiation time.

of the donor, acceptor, and bridging residues, although
multiple crossovers were still possible.!"™

HT has been noted to be dependent on strand direction-
ality™ and EET also appears to be highly sensitive to this
aspect of the structure, as highlighted by a comparison of
DNAs 3 and 7. These two DNAs are nearly identical: both
contain the same donor and acceptor and two bridging
Tresidues, all within a single strand (Figure 1). However, a
change in the orientation of the acceptor and bridge from 5’ to
3’ with respect to the donor caused a dramatic decrease of
almost ninefold in EET efficiency. The bias in favor of EET in
a 3’ to 5’ direction was evident in DNA containing the donor
and acceptor on complementary strands (1 and 2) as well,
although the equivalent decrease in efficiency was around 4.5-
fold (Figures 3 and 4). HT favors migration in the opposite
direction (5’ to 3),l°" but this process also entails electron
migration in the 3’ to 5 direction. An asymmetry in the
HOMO overlap of nucleobases acting as charge carriers has
been proposed as an explanation for the directionality of
HT!"" and an equivalent proposal based on LUMO overlap
could be considered for EET. Variations in the electron
affinity of ®'U caused by changes in its flanking nucleotides
may also contribute to the observed transfer efficiencies but,
at least for DNAs 3 and 7, the difference between transfer
through 5-C®'UT and that with 5-T®'UC is predicted to be
insignificant.!'®!

In summary, the photochemical reactivity of DNAs 1-7
helped to delineate the major influence of DNA sequence on
EET. We suspect that protonation of C™* limits participation
of C and leaves T as the only major conduit. Strand crossing
and, particularly, orientation can also significantly influence
the efficiency of EET. Such information could be used to
refine designs of molecular wires that utilize DNA self-
assembly.
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Electron Transfer in DNA

Excess Electron Transfer Driven DNA Does Not
Depend on the Transfer Direction**

Clemens Haas, Katja Kriling, Michaela Cichon,
Nicole Rahe, and Thomas Carell*

The transport of electronic charge through DNA continues to
surprise the scientific community. A wealth of scientific data
has established the ability of DNA to transport a positive
charge over large distances.!! The charge movement is now
believed to occur by a hopping mechanism in which the hole
jumps between purine bases that act as temporary charge
carriers.”® Although guanine, the easiest base to oxidize,
functions as the most efficient charge transporter, it was
recently established that adenine residues, particularly in
homo A:T sequences, may also function as stepping stones
during the hole-hopping process.”! Data collected by the
Giese research group suggest that this hopping of a positive
charge between purine bases is possible because the compet-
ing reaction of the G and A radical cations with water is very
slow (ki ,0=10*s""). Nevertheless, the reaction with water
induces oxidative DNA lesions. It is not yet completely clear
how the hole transfer process is influenced by the direction of
electron transfer. Some researchers have observed differ-
ences in the efficiency of transfer in opposite directions and
have exploited these differences for the development of
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DNA-based analytical devices.”! Others see no directional
dependence of the electron-transfer efficiency.!”!

We and others have recently started to develop donor—
acceptor-modified DNA duplexes to investigate the transfer
of an extra electron, a negative charge, through DNA [ Tt
has been established that long-range processes involving
excess electron transfer also proceed by hopping.['>!* In the
reductive mode, however, the pyrimidines T and C function as
temporary charge carriers.'’l No efficient chemical reactions
leading to degradation of the pyrimidine radical anions are
known, therefore, transfer of a negative charge could proceed
without concomitant DNA degradation. In principle, this fact
makes such a mode of transfer perfectly suited for the design
of DNA-based analytical and electronic devices."!") Analysis
of how the DNA structure and donor/acceptor positions in the
duplex influence electron transfer through DNA is conse-
quently of great importance.

Herein we describe experiments performed with
DNA :PNA hybrid duplexes 1-8 (Table 1) designed to address

Table 1: DNA:PNA hybrid double-strands 1-8 used to study the direc-
tional and distance dependence of the excess electron transfer process.?!

Compound Name Sequence
1 DNA 5'-GCA-AAA-AAA-ATT-CGC-3’

PNA KK-CGT-TTT-TTT-FAA-GCG-KK-NH,
2 DNA 5'-GCA-AAA-AAA-ATT-CGC-3'

PNA KK-CGT-TTT-TFT-TAA-GCG-KK-NH,
3 DNA 5'-GCA-AAA-AAA-ATT-CGC-3’

PNA KK-CGT-TTF-TTT-TAA-GCG-KK-NH,
4 DNA 5'-GCA-AAA-AAA-ATT-CGC-3’

PNA KK-CGT-FTT-TTT-TAA-GCG-KK-NH,
5 DNA 5'-CGC-TTA-AAA-AAA-ACG-3’

PNA KK-GCG-AAF-TTT-TTT-TGC-KK-NH,
6 DNA 5'-CGC-TTA-AAA-AAA-ACG-3’

PNA KK-GCG-AAT-TFT-TTT-TGC-KK-NH,
7 DNA 5'-CGC-TTA-AAA-AAA-ACG-3'

PNA KK-GCG-AAT-TTT-FTT-TGC-KK-NH,
8 DNA 5'-CGC-TTA-AAA-AAA-ACG-3'

PNA KK-GCG-AAT-TTT-TTF-TGC-KK-NH,
9! DNA 5'-CGC-GTT-TTT-TTT-TGC-GCC-GC-3’

PNA KK-CGT-TTT-TFT-TAA-GCG-KK-NH,

[a] PNA bases are shown in italics. K=lysine; needed for solubility. F=
flavin. [b] A mixture of a DNA and a PNA strand that are unable to pair.

how excess electron transfer in DNA is influenced by the
direction of electron-transfer-driven of a thymine dimer DNA
lesion (5'—3" versus 3'—5'). The electron-transfer experi-
ments are based on the fact that a reduced, deprotonated
flavin such as 10, when embedded in a double helix, is capable
of light-induced injection of an electron into the base stack
(Scheme 1). This electron travels through the duplex until it
reaches the thymine dimer 11, which has an open backbone.”"!
This dimer cleaves upon reduction (rate of cleavage, kqy; ~
10°s7)," which induces a readily detectable strand break.

The eight DNA:PNA hybrid duplexes (1-8) contain the
thymidine dimer acceptor molecule 11 in the DNA strand and
the flavin electron donor 10 in the PNA strand. In the first
four DNA:PNA hybrids (1-4), the electron travels from the 5
to the 3’ end over distances of about 3.4 (1), 10.2 (2), 17.0 (3),
and 23.8 A (4). In the other four DNA:PNA hybrids (5-8),
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Scheme 1. Depiction of the dimer electron acceptor 11 and the flavin electron donor 10, which
induces cleavage of the DNA strand into two halves upon single-electron reduction.

electron transfer has to proceed in the opposite direction (3'—
5’) over the same distances. The base sequences between the
flavin donor 10 and the dimer acceptor 11 were kept the same
in 5-8 as in 1-4, respectively. Previous experiments showed
that the efficiency of the electron-transfer-driven dimer
opening is lower in double strands with a less-ordered
structure. We therefore used G:C-rich sequences at the ends
of the DNA:PNA duplexes to achieve the highest possible
duplex stability. Thermal denaturing studies with all eight
duplexes proved the high thermal stability of the duplex
structures; despite the presence of two perturbing unnatural
bases, all the DNA:PNA double strands were found to melt
between 60°C and 80°C, namely, well above room temper-
ature.

The electron-transfer measurements were made on indi-
vidual solutions of the DNA:PNA hybrid double strands 1-8
(cpna =20 pM, 0.01m H;PO,/Na,HPO,, pH 7.0, 0.01m NacCl)
in fluorescence spectroscopy cuvettes. The solutions were
purged with nitrogen to establish anaerobic conditions. A
standard dithionite solution was subsequently added to
reduce the flavin. The cuvettes containing the so-prepared
solutions were irradiated with a 1000-W Hg(Xe) lamp
equipped with a cooled 360-nm cut-off filter. The dimer
cleavage yield was analyzed as described previously."” In
short: The solutions were irradiated for a fixed time at 10°C,
well below the individual melting temperatures of the
duplexes. The solutions were then poured into Eppendorff
vials and shaken whilst being exposed to air for about 2 h to
reoxidize the flavin. The resulting solutions were analyzed by
ion-exchange chromatography. All data reported herein are
average values calculated from the results of at least three
fully independent experiments. The error in the measure-
ments made in these independent experiments was deter-
mined to be less than £20%.

Before we analyzed the directional dependence of the
electron transfer, we investigated whether the electron travels
from the flavin donor to the dimer acceptor intramolecularly
or whether an intermolecular electron transfer between
different duplexes can take place. In the first experiment,
we prepared the strand mixture 9, which contained a flavin—
PNA strand and a dimer-containing DNA strand. These
strands are unable to form a duplex, as was proven by
addition of the cyanine dye 3,3’-diethylthiadicarbocyanine
idodide (DiSC,(5)).’” The dye binds exclusively to PNA-
containing duplex structures, and results in the absorption
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maximum shifting from 650 to
540 nm. Figure 1 shows the UV
spectrum of mixture 9 after addi-
& /—<,: tion of the dye (blue line). The
absorption maximum at 650 nm
proves the absence of double
OH strands. Irradiation of this solution

o o»_ H after reduction of the flavin with
N_N o dithionite (no dye present) and
DNA-O" H CH, analysis of the irradiated solution

by ion-exchange chromatography
provided a chromatogram with a
sharp signal at 47 min that corre-
sponds to the DNA strand present
in mixture 9. No other DNA strand was detected, which shows
that dimer splitting did not take place in this solution (data
not shown). In a second experiment, we paired the PNA
strand of mixture 9 with a matching dimer-containing DNA
strand. A clear absorption shift to 540 nm was detected after
addition of the dye DISC,(5) (Figure 1, red line), which

0.3

op 014~

0.0 T T T ]
500 550 600 650 700

Alnm — -

Figure 1. UV spectra of PNA:DNA solutions (PNA, 3 um; DNA, 3 um;
NaCl, 10 mm; H;PO,/Na,HPO,, 10 mm, pH 7.0; 10°C). Red line:
PNA:DNA solution of a flavin-containing PNA strand and a dimer-con-
taining DNA strand that form a stable duplex (entry 2 in Table 1) after
addition of the dye DiSC,(5); blue line: PNA:DNA solution of a flavin-
containing PNA strand and a dimer-containing DNA strand that are
unable to form a stable duplex (entry 9 in Table 1) after addition of the
dye DiSG,(5); black line: PNA:DNA solutions before addition of the
dye DiSC,(5). OD, optical density.

indicates efficient formation of a duplex. Irradiation and
analysis of the solution by HPLC gave a chromatogram with a
sharp peak at 30 min resulting from the DNA strand. In this
experiment we clearly observed two sharp new signals at
21 min and 4 min which were caused by the two DNA
fragments expected to result from cleavage of the duplex.
These results show that cleavage of the dimer takes place in
this PNA:DNA double strand (data not shown). We con-
cluded that, under our conditions, duplex formation is a
prerequisite for efficient excess electron transfer from the
flavin donor to the dimer acceptor.

We studied the directional dependence of the excess
electron-transfer-driven repair reaction by irradiation of the
PNA:DNA duplexes 1-8. The yields for the cleavage
measured after irradiation for 20 min are listed in Table 2,
together with the melting points of the duplexes. The yields

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

1843


http://www.angewandte.org

Communications

1844

Table 2: Dimer cleavage yields after irradiation of the PNA:DNA double
strands 1-8 and mixture 9 for 20 min.”!

Compound ~ M.p. [°C]® Distance [A]?  Transfer  Yield [%]
direction

1 82 34 5 —3' 2245
2 67 10.2 5 -3 24+5
3 69 17.0 53 2345
4 70 23.8 5—3' 2545
5 77 3.4 35 30+6
6 e 10.2 35 1543
7 68 17.0 35 36+7
8 69 23.8 35 4619
9 not detectable  not defined 0

[a] Irradiation conditions: 1000-W Hg(Xe) lamp, 360-nm cut-off filter,
10°C.[b] 3 um DNA, 3 pm PNA, 10 mm NaCl, 10 mm H;PO,/Na,HPO,
(pH 7.0). [c] Separation of donor and acceptor assuming an ideal
B conformation. [d] Not measured.

show that dimer cleavage proceeds efficiently in all inves-
tigated DNA:PNA double strands 1-8, even when the
electron transfer occurs over a distance of about 24 A. We
observed that the cleavage of the dimer is not very distance-
dependent, an outcome in agreement with the results of
earlier studies. The DNA:PNA hybrids with the largest
flavin--thymine dimer separation consistently undergo
slightly faster dimer cleavage. In accordance with an earlier
report of ours, we believe that a larger separation of the two
unnatural bases allows the duplex to adopt a more-ordered
duplex structure between the two potentially disruptive
elements.['”

If we compare the cleavage data obtained with the
PNA:DNA series 1-4 (electron transfer in the 5'—3" direc-
tion) with that obtained for the series 5-8 (electron transfer
3'—5"), we observe no large difference in repair yield. This
result shows that the repair of a thymine dimer by a reduced
and deprotonated flavin is independent of the direction of
electron transfer, even for transfer over rather large distances
of around 24 A.

In summary, we have investigated how the direction of
excess electron transfer influences the transfer efficiency. We
first established that duplex formation is a prerequisite for
intramolecular interstrand electron transfer. Yields for the
cleavage were recorded for electron transfer in the 5—3" and
3'—5" directions over four different distances, with the same
sequence composition between the flavin donor and the
dimer acceptor for both transfer directions. Analysis of these
results showed that the yields of the cleavage are, within the
error limits of our analysis, the same for both transfer
directions. This result must be interpreted in the light of data
reported by others about the directional dependence of the
hole-transfer process, in which the reaction of the intermedi-
ate G and A radical cations with water (ke =6 x 10*s™!) is
rate determining. The charge equilibrates along the DNA
strand until the slow reaction with water finally eliminates the
positive charge to give an oxidative DNA lesion. The fact that
we observed no distance or directional dependence on the
yield of dimer cleavage must be analyzed with consideration
of the rate of dimer cleavage. This cleavage reaction is not
well defined but data from Yeh and Falvey point to a reaction
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rate of kg =10°s™ P! If the rates of electron transfer are
faster than this value then dimer splitting would become the
rate-determining step.” We can therefore conclude that the
rate of excess electron transfer through DNA over distances
of up to 24 A is similar in the two directions within the time
frame of our system, which is defined by the rate of dimer
cleavage (< 10°s™).
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Electron Transfer in DNA

Phenanthridinium as an Artificial Base and
Charge Donor in DNA **

Nicole Amann, Robert Huber, and
Hans-Achim Wagenknecht*

3,8-Diamino-5-ethyl-6-phenylphenanthridinium, known as
“ethidium”, has been widely used in fluorescence assays
with nucleic acids.!! Ethidium and its derivatives are also
potent trypanocidal drugs.? In addition, ethidium represents
an important donor for photoinduced charge transfer proc-
esses in DNA.F® Relative redox potentials indicate that
ethidium in the photoexcited state (Et**) is not able to
oxidize or reduce DNA to initiate hole or electron hopping,
respectively.”! Hence, a suitable charge acceptor has to be
provided. 7-Deazaguanine quenches the emission of ethidium
in DNADP! and has been applied as the acceptor in hole-
transfer studies.”® Remarkably, investigations of DNA
duplexes with ethidium covalently attached to the 5-end
through an alkyl linker found no dependence of the rate of
DNA-mediated oxidative hole transfer on the distance,
although the hopping model® cannot be applied in this case.

Site-specific intercalation of ethidium into DNA is crucial
for a detailed study of its binding interactions and charge
donor properties. We incorporated the phenanthridinium
heterocycle of ethidium as an artificial base at specific sites in
duplex DNA. The hydrolytic lability of the corresponding
ethidium 2'-deoxyribofuranoside!”! made it necessary to
replace the sugar moiety with an acyclic linker system
tethered to the N-5 position of the phenanthridinium hetero-
cycle (Scheme 1).

To synthesize the corresponding DNA building block 1,
we started with the protection of the two exocyclic amino
functions of 3,8-diamino-6-phenylphenanthridine (2) by treat-
ment with allyl chloroformate. The bisalloc-protected phen-
anthridine derivative 3 was then alkylated with 1,3-diiodo-
propane. THF is the best solvent for this reaction because the
starting material 3 is soluble in THF, whereas the alkylation
product 4 is not. Hence, 4 can be collected simply by filtration.
The phenanthridinium 4 was linked to DMT-protected 3-
amino-1,3-propanediol (5) under the typical conditions used
for a nucleophilic substitution. Compound § was synthesized
according to literature procedures and carries the DMT
protecting group necessary for automated oligonucleotide
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Scheme 1. Synthesis of DNA building block 1: a) allyl chloroformate
(10 equiv), CH,Cl,, RT, 24 h, 98 %,; b) 1,3-diiodopropane, THF, 65°C,

9 days, 82%; c) 5 (1.5 equiv), N,N-diisopropylethylamine (3 equiv),
dimethylformamide, RT, 55°C, 91%; d) Bu;SnH (3.2 equiv), [Pd(PPh;),]
(0.02 equiv), PPh, (0.2 equiv), CH,Cl,/H,O (300:1), RT, 90 min, 97%;
e) (CF;C0O),0 (6 equiv), CH,Cl,/pyridine (5:1), 0°C, 10 min, RT,

10 min, 59%; f) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite
(1.5 equiv), Et;N (3 equiv), CH,Cl,, RT, 2 h. alloc=allyloxycarbonyl;
THF =tetrahydrofuran; DMT = dimethoxytrityl.

coupling at a later stage.'!! After attachment of 5, the alloc
protecting groups were exchanged by trifluoroacetyl groups.
This procedure is necessary since trifluoroacetyl groups are
not stable enough to be used in the alkylation of the
phenanthridine heterocycle at N-51'7 but can be cleaved
under typical DNA workup conditions. This protecting-group
strategy has the additional advantage that the secondary
amino function of the alkyl linker is also protected. The
preparation of the phosphoramidite 1 was completed by using
standard procedures, and the product was used for the
automated preparation of phenanthridinium-modified oligo-
nucleotides. An extended coupling time (1 h instead of the
1.5 min used for standard couplings), a higher phosphorami-
dite concentration (0.2M instead of 0.067M), and three
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coupling cycles interrupted by washing steps were necessary
to achieve nearly quantitative coupling. The phenanthridi-
nium-containing oligonucleotides in DNA1l and DNA2
(Scheme 2) were identified by MALDI-TOF mass spectrom-

DNA1

---------- )

56T AE T ACGTACGTACGTS

DNA2 A S S U A H
3 C-ATT-X-A7T-G-C-A—T-G-C-A-T-G-C-A 5
)
DNA
DNA “, / "'L,O
O FN= o}
E= X=
HAN/\/
o) H 0}
DNA"JNr DNA:H

Scheme 2. Duplexes DNAT and DNA2.

etry, purified by semi-preparative HPLC, and quantified by
UV/Vis absorption spectroscopy.'® The DNA duplexes
DNA1 and DNA2 were prepared by slow cooling of the
appropriate phenanthridinium-modified oligonucleotide in
the presence of an excess (1.2 equiv) of the corresponding
complementary unmodified oligonucleotide strand to ensure
the quantitative formation of the modified duplex. An abasic
site analogue (X)"Y was incorporated into the counterstrands
to allow optimal intercalation of the phenanthridinium
heterocycle (E).

The sequences of DNA1 and DNAZ2 are identical except
for the bases adjacent to the phenanthridinium site (E). The
overall B-DNA conformation of the modified DNA duplexes
was confirmed by CD spectroscopy (see the Supporting
Information). Absorption and steady-state fluorescence
measurements were performed to verify that intercalation
of the phenanthridinium moiety had occurred and to show the
similarity of the structure to that of intercalated ethidium. At
10°C, the UV/Vis absorption spectra of DNA1 and DNA2
have maxima at 530 and 535 nm, respectively, peaks typical of
intercalated ethidium (Figure 1).*'*! The absorption spec-
trum of “free” ethidium in aqueous solution has its maximum
at approximately 480 nm."”! The absorption by DNA1 and
DNAZ2 increases slightly at higher temperatures and the
maxima shift to 503 and 515 nm, respectively, as a result of
dehybridization and interruption of the stacking interactions
between the phenanthridinium and the adjacent DNA bases.
Excitation of DNA1 and DNAZ2 at 520 nm results in emission
spectra with maxima at 626 and 623 nm (at 10°C), which are
again typical peaks for intercalated ethidium (Figure 2).1>1°
The emission of “free” ethidium in water has a maximum at
around 635 nm"”! and is significantly quenched by protona-
tion of the excited state.'" Temperature-dependent fluores-
cence measurements with DNA1 and DNA2 show the same
ethidium-type behavior. As the temperature is increased, the
excited-state phenanthridinium moiety becomes more and
more accessible to water because of dehybridization and
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Figure 1. Temperature-dependent UV/Vis absorption spectra of DNA1
(top) and DNA2 (bottom). 12.5 um duplex, 10 mm Na/phosphate
buffer, pH 7, AT=10°C.
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Figure 2. Temperature-dependent steady-state fluorescence spectra of
DNAT1 (top) and DNA2 (bottom). 12.5 um duplex, 10 mm Na/phos-
phate buffer, pH 7, AT=10°C.

interruption of base stacking. As a result, the maxima are
shifted to 637 and 635nm (at 80°) and the emission is
quenched to 20-25% of the duplex quantum yield at RT. In
conclusion, characterization of DNA1 and DNAZ2 by optical
spectroscopy shows clearly that the phenanthridinium hetero-
cycle of the artificial DNA base is intercalated in the duplex
DNA and exhibits similar properties to those of noncova-
lently bound, intercalated ethidium. Interestingly, the differ-
ence in the base pairs in the duplex environment immediately
surrounding the artificial base (A-Tin DNA1, G-C in DNA2)

Angew. Chem. Int. Ed. 2004, 43, 18451847
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does not significantly influence the absorption and emission
properties of the molecules.

Finally, the electron-donor properties of the artificial
phenanthridinium DNA base were elucidated by using
methyl viologen (MV) as a noncovalently bound electron
acceptor.['l The redox potentials indicate that an electron can
be transferred from the excited state of ethidium to methyl
viologen.['® The emission of DNA1 and DNA2 was quenched
significantly by MV as a result of this electron-transfer process
(Figure 3). This result shows clearly that the synthesized

104 o '/ mv?
—_— Win transfer
0.8 excitation | | fluorescence T T ——
/ B Imv
0.6+ [
E' My
0.4+
/.
int \A\A
0.2 . \. . A\A
— e
—eo—DNA1 —A—DNA2
0.0 T T T T

T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
[MV?*]/ equiv

Figure 3. Electron transfer experiments with DNA1 and DNA2. 12.5 pm
duplex, 10 mm Na/phosphate buffer, pH 7. Methyl viologen was added
in increasing amounts.

phenanthridinium—-DNA has the potential to allow spectro-
scopic investigation of electron transfer (not electron hop-
ping) in DNA. Use of this molecule will also make it possible
to compare the rate of reductive electron transfer with that of
oxidative hole transfer by using either methyl viologen or 7-
deazaguanine as the electron or hole acceptor, respectively.

Experimental Section

The details of the synthesis of DNA building block 1 will be published
separately."””! Experimental details of the preparation and spectro-
scopic characterization of DNA1 and DNAZ2 are described in the
Supporting Information.
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