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Introduction


Fluorescent labels are widely used as probes in biochemical
assays.[1] In the simplest assays, a fluorescent dye noncova-
lently binds to a specific target and a change in fluorescence
intensity or wavelength indicates that a biochemical event has
taken place. However, it is often necessary to be more
specific; in order to detect the binding of a specific moiety, a
fluorescent dye must be covalently linked to a biomolecule. It
is possible to achieve changes in fluorescence with singly-
labeled biomolecules though a choice of dye that is affected
by factors such as pH, hydrophobicity, or ionic strength.[2] For
instance, singly-labeled oligonucleotide probes can be de-
signed to take advantage of modest quenching between
fluorophores and nucleobases.[3, 4] Upon binding to a comple-
mentary oligonucleotide, the distance between the fluoro-
phore and neighboring nucleobases increases. This type of
approach has also been used for detection of specific double-
strand DNA sequences.[5] However, the sensitivity of assays
with such probes is limited and can vary because nucleobase ±
fluorophore quenching is sequence-dependent and gives only


modest increases of fluorescence intensity.[6] Some reporters
for oligonucleotides[7, 8] and peptides[9] undergo more dramat-
ic changes in fluorescence in hybridization and enzyme assays.
To improve upon the strategy of using singly-labeled


probes, quencher dyes have been developed that can be
paired with reporter dyes to augment the observable change
in fluorescence. Dual-labeled probes with both covalently
linked reporter and quencher moieties can have significant
advantages over singly-labeled probes. Using a dual-labeled
probe allows a greater selection of reporter dyes, including
infra-red-emitting fluorophores, and in many cases improves
sensitivity and specificity. In a typical biomolecular probe, the
closed (i.e., quenched) form has the reporter and quencher
close to each other in space, while the open (i.e., fluorescent)
form has the reporter and quencher spatially separated.
Fˆrster resonance energy transfer (FRET) is the mechanism
that is commonly cited as controlling fluorescence quenching
in such systems.[10] According to Fˆrster theory, the reporter
and quencher should be chosen such that the spectral overlap
between reporter fluorescence and quencher absorption is
maximized (Figure 1).
Until recently, quenchers have typically been a second


fluorescent dye, for example, fluorescein as the reporter and
rhodamine as the quencher. The fluorescence of the reporter


Figure 1. Reporter emission and quencher absorption with large spectral
overlap.
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can be monitored alone, or ratiometric measurements can be
made whereby both the increase in fluorescence of the
quencher and decrease in fluorescence of the reporter are
observed. Although FRET quenching may be very efficient in
these systems, there can be high background noise due to
overlap between quencher and reporter fluorescence spectra.
This limitation often necessitates the use of optical filters and
complex data analysis. Dark quenchers, that is, dyes with no
native fluorescence, offer a solution to this problem because
they do not occupy an emission bandwidth. Dark quenchers
also enable multiplexing, whereby two or more fluorophore ±
quencher probes are used in situ.[11]


Our initial concept for developing a series of dark
quenchers was that their utility would depend on their ability
to quench common reporter dyes through the FRET mech-
anism. Our quenchers, which we have whimsically named
™black hole quenchers∫ (BHQs), have a polyaromatic-azo
backbone, which makes the dyes nonfluorescent (Figure 2).


Figure 2. Hypothetical representation of an intramolecular Cy5 ±BHQ1
heterodimer.


The absorption maxima are tuned through appropriate choice
of electron-donating and -withdrawing substituents on the
aromatic rings. This methodology resulted in a series of
nonfluorescing dyes with absorption spectra that overlap with
the emission spectra of common reporter dyes and thereby
maximize FRET quenching. However, we found that an
alternative quenching mechanism can be extremely effective
in dual-labeled probes: dye ± quencher ground state complex
formation to form an intramolecular dimer.


Quenching Mechanisms


Energy can be nonradiatively transferred between two dyes, a
donor and an acceptor (quencher), through either dynamic or
static quenching.[1] Fˆrster[10] and Dexter[12] are dynamic
quenching mechanisms, because energy transfer occurs while
the donor is in the excited state (Figure 3). The Fˆrster (also
known as the Coulomb) mechanism is based on classical
dipole ± dipole interactions between the transition dipoles of
the donor and acceptor. Fˆrster quenching is extremely
dependent on the donor± acceptor distance (R), falling off at
a rate of 1/R6. FRET, which can occur up to distances of
100 ä, also depends on the spectral overlap of the donor
fluorescence and quencher absorption, and the relative


Figure 3. Comparison of static and dynamic quenching mechanisms.


orientation of the donor and acceptor transition dipole
moments.[13] Dexter (also known as exchange or collisional
energy transfer) is a short-range phenomenon that depends
on the spatial overlap of donor and quencher molecular
orbitals. The efficiency of Dexter transfer decreases with e�R


(R� donor± quencher distance). Because singlet ± singlet
transitions are involved in the vast majority of donor ±
quencher pairs, the Fˆrster mechanism will be more impor-
tant than the Dexter mechanism. The intrinsic properties of
the donor and quencher dyes, such as the shape of their
absorption and fluorescence spectra, are retained when
quenching occurs with both the Fˆrster and Dexter mecha-
nisms.
Static quenching occurs through formation of a ground


state complex. The donor and quencher moieties bind
together to form a ground state complex, an intramolecular
dimer, that has its own unique properties. Dye aggregation is
well-known and is often attributed to hydrophobic effects–
the dyes stack together to minimize contact with water. Steric
and electrostatic forces may also determine if, and how, dyes
aggregate.[14] In a ground-state complex, the excited-state
energy levels of the dyes couple. The electronic properties of
the dimer depend on the dipolar interaction and the relative
orientation of the reporter and quencher transition dipole
moments. In H-aggregates, absorption is allowed only to the
top area of the exciton band, absorption is blue-shifted, and
fluorescence is diminished. In J-aggregates, absorption is
allowed to the bottom area of the exciton band, absorption is
red-shifted, and fluorescence quantum yields are en-
hanced.[15, 16] In homodimers, in which two of the same dye
form a ground-state complex, it is possible for an H-type
dimer to be totally nonfluorescent if the dyes align such that
their identical transition dipole moments completely cancel.
However, in heterodimers, when both individual dyes are
fluorescent (e.g., rhodamine and fluorescein), the H-type
dimer will only have diminished fluorescence because it is
very unlikely for the transition dipole moments to completely
cancel. Nevertheless, in the case of a heterodimer between a
fluorophore and a dark quencher, coupling of the fluoro-







Intramolecular Dimers 3466±3471


Chem. Eur. J. 2003, 9, 3466 ± 3471 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3469


phore×s excitation to the quencher×s dark channel can make
the ground-state complex completely nonfluorescent.[17]


Other quenching mechanisms include exciplex (excited-
state complex) formation and electron transfer. Exciplex
formation involves aggregation after the reporter is in an
excited state. Therefore, quenching due to exciplex formation
occurs only if the reporter and quencher are in close proximity
or if the reporter has a long-lived excited state, which
increases the probability of reporter ± quencher encounters.[18]


Fluorescence quenching by electron transfer, rather than
energy transfer, often causes photobleaching, that is, irrever-
sible oxidation or reduction of the reporter dye.


Peptide Probes


Singly-labeled peptides can be effectively used in capture
assays, for example, receptor-targeted optical imaging uses
dye ± peptide conjugates that accumulate in tumor tissue.[19]


Fluorogenic peptides with fluorescent leaving groups have
limited utility, because the cleavage site often has diminished
substrate activity compared to the native peptide. Dual-
labeled peptides can improve sensitivity in a wide variety of in
vivo and in vitro assays. Depending on geometric determi-
nants and the physical properties of the dyes, they can interact
intramolecularly through static quenching, energy transfer,
dark quenching, or electron transfer.[20] Fluorescence increas-
es when the dual-labeled peptide is cleaved by a protease
(which has a cleavage site between the dyes), or when the
peptide is bound to an antibody (or other receptor site)
causing the dyes to separate. Dual-labeled peptides have also
been used to study secondary structure, for example, through
intramolecular end-to-end contact between the dyes. Fluo-
rescence lifetime measurements of dual-labeled peptides can
track both the kinetics of folding and the distribution of
differently folded peptides.[21]


There are many assays based on intramolecular resonance
energy transfer within profluorescent dual-labeled peptides,
including those with serine proteases (e.g., HIV-1),[22] signal
peptidases (e.g., streptococcus pneumaniae),[23] and casp-
ases.[24] Some assays that have been developed use dark
quenchers.[25] Other studies have noted that efficient quench-
ing can occur despite the fact that the absorption band of the
quencher does not overlap with the emission band of the
fluorophore–this indicates that a mechanism besides FRET
occurs.[26, 27] Packard and co-workers have systematically
investigated some aspects of quenching in homo-dual-labeled
peptides. They describe intramolecular homodimers in pro-
fluorescent protease substrates, structural characteristics of
fluorophores that promote homodimer formation (surpris-
ingly, hydrophobicity was not very important),[28] and how
length and conformation of the peptide plus linker controls
dimer formation.[29] However, systematic studies of intra-
molecular heterodimers within dual-labeled peptides, and
most notably, fluorophore ± dark-quencher heterodimers,
have not been found in the literature. Table 1 summarizes
three different studies with dual-labeled peptides that form
ground state complexes, including results with a rhodamine ±
dark-quencher heterodimer.[30]


A potential limitation with static quenching especially
applies to peptide probes. Enzyme activity and substrate
recognition are usually extremely sensitive to peptide con-
formation; if formation of the intramolecular dimer were to
change the shape of the peptide×s active site, the activity rate
could be dramatically decreased. If this is a problem, it may be
necessary to re-engineer the placement of dye labels and their
attachment, such that dimer formation will not alter peptide
secondary structure.


Oligonucleotide Probes


Fluorescent oligonucleotide probes have become indispens-
able tools for genetic analysis, and have enabled new path-
ways for modern drug discovery and pharmacogenetic-based
medicine.[31, 32] In particular, dual-labeled fluorescence-
quenched oligonucleotide probes have become fundamental-
ly important reagents in several commercial genetic assays,
most notably in quantitative PCR (polymerase chain reac-
tion), which measures the presence and copy number of
specific genes or expressed m-RNA.[33±35] Numerous assays
with dual-labeled oligomers that do not require PCR ther-
mocycling have also been developed by using oligomer
hybridization and/or cleavage to change the reporter ±
quencher distance.[36] Stem-loop structures, known as molec-
ular beacons, decrease background fluorescence by holding
the dye and quencher close together.[37] As a result, molecular
beacons typically have higher signal/noise ratios in FRET
assays than ™linear∫ probes, but there are some disadvantages
to molecular beacons; these include cost and difficulty in
purification due to secondary structure.
Quenching due to aggregation of dye labels is an unwanted


effect when multiple dye labels are used in order to amplify
fluorescence signal.[38] There have been a few references to
quenching in dual-labeled probes through non-FRET quench-
ing mechanisms, especially in situations whereby the dyes are
held close together through hybridization.[39, 40] Marras et al.
compared static and FRET quenching efficiencies for a wide
range of reporter ± quencher pairs by placing the dyes on
complementary oligonucleotides at 0, 5, or 10 bases apart.[41]


They found that melting temperatures of blunt-end hybrids of
the fluorophore ± quencher pairs correlated well with per-
centage quenching, showing that the dyes that bind more
strongly together in a dimer have higher quenching efficien-
cies.


Table 1. Fluorescence assays with dual-labeled peptides. Changes in
absorption spectra show that static quenching through intramolecular
dimers occurs in these systems.


Ref. Peptide Labels Assay Fluorescence
increase


[28] NorFES rhodamine ± serine 10:1
undecapeptide rhodamine protease


[27] decapeptide rhodamine ± malarial 30:1
rhodamine protease


[26] 13-residue fluorescein ± monoclonal 8:1 increase
peptide rhodamine antibody for rhodamine


[30] octapeptide rhodamine± BHQ2 Trypsin 100:1
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Recently, we reported that dual-labeled oligonucleotides
that do not have a stem structure can form intramolecular
dimers; the oligonucleotide presumably acts as a tether,
effectively increasing the relative dye concentration. In effect,
this is a stemless molecular beacon in which dye ± quencher
aggregation brings the 3� and 5� ends together.[17] Figure 4
shows the spectral changes before and after complementary
sequence is added to a Cy5 ±BHQ1 dual-labeled 25-mer
oligonucleotide probe without defined secondary structure.
The change in the shape of the absorption spectrum is
indicative of Cy5 ±BHQ1 intramolecular dimer formation
(Figure 4).


Figure 4. Hybridization assay with a 5�Cy5 ± �-actin ± 3�BHQ1 oligonu-
cleotide probe. The blue curves are absorption spectra, the red curves
fluorescence spectra. Solid lines are the probe alone, dashed lines are for
probe with excess complement. Cy5 and BHQ1 have limited spectral
overlap for FRET. Changes in fluorescence intensity and shape of the
absorption curves indicate quenching by means of an intramolecular
heterodimer.


A possible limitation to consider is that stability of
fluorophore ± quencher ground-state complexes is very tem-
perature dependent. It is reasonable to assume that intra-
molecular dimer formation is governed by an association
constant and a temperature-dependent equilibrium. Static
quenching within dual-labeled oligonucleotides is most likely
to be significant only in room temperature assays, or perhaps
at moderately elevated temperatures. Thus, in real-time PCR
oligonucleotide probes, for which the fluorescence intensity is
typically read at 60 �C, quenching through intramolecular
dimers may be less effective.


Outlook for Probes that use Intramolecular Dimers


Both for dual-labeled peptides and oligonucleotides, Fˆrster
energy transfer is the most often cited mechanism for
quenching. However, there have been a growing number of
references to static quenching. Static quenching between a
fluorophore and a dark quencher can virtually eliminate
fluorescence.[17, 41] To date, there have been some reports of
quenching by means of intramolecular homodimers, and a few
accounts of intramolecular heterodimers, most involving two
fluorophores.


Static quenching, as an alternative to FRET, has several
potential benefits. Pairing of dyes and quenchers for FRET is
dictated by reporter-emission/quencher-absorption spectral
overlap. Static quenching, on the other hand, depends on the
overlap of dye and quencher absorption spectra. The ability to
construct fluorescence-quenched probes without regard to
emission ± absorption spectral overlap reduces the constraints
on quenched probe design and expands the breadth of their
application and ease of their construction. Even existing
assays employing FRET might be significantly improved by
application of intramolecular dimer probe strategy.
For example, the application of fluorescence-quenched


probes as agents for medical imaging is an exciting new
prospect that could perhaps be further enabled by the
understanding of intramolecular dimers. The concept of cell-
specific-targeted fluorescent probes may be applied to a wide
range of biological targets specific to virtually any disease
state or cell type. For instance, recently a self-quenched
cyanine-labeled somatostatin analogue was employed as a
contrast media probe for optical imaging of mouse tumors
that over express a somatostatin protease.[42] Furthermore, it
may be possible to construct probes that enter targeted cells
within an organism and elicit signals based on the specific
internal biochemistry of the cell, a concept now known as
™molecular imaging∫.[43] For instance, a fluorescence-
quenched oligonucleotide probe could be designed to detect
the presence of expressed m-RNA specific to a disease
protein, such as HIV related protease.


Fluorescent reporters utilized for ™in vivo∫ imaging are
necessarily emitters in the near-infra red region (NIR, 750 ±
850 nm), because this band is absent of spurious biofluor-
escence. Furthermore, NIR can penetrate tissue to 5 ± 6 cm,
allowing efficient excitation and imaging. To date, cyanine
NIR dyes have been employed both as reporters and
quenchers, an arrangement that inherently limits performance
due to non-optimal FRET quenching and consequent high
background noise. We believe the field of optical contrast
media may have much to gain by investigating NIR-dye/dark-
quencher pairs designed by using static quenching principles.
The future of fluorescent probes based on static quenched


intramolecular fluorophore ± quencher strategies holds great
promise. Clearly, further investigation into the molecular
parameters that modulate heterodimer formation would seem
to be a ripe area for further research.
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Introduction


The rapidly growing research in the area of nanoscience has
created an increasing demand for complex block copolymer
architectures, that should be easily synthesized in a highly
reproducible way and with a perfect control of the molecular
architecture. For polymer chemists, sequential ™controlled∫
and ™living∫ copolymerisation techniques are the tools in
order to obtain block copolymers with such requirements. In
this respect, anionic,[1] cationic,[2] controlled radical,[3] group
transfer[4] and metathesis[5] polymerisation techniques as well
as their combination[6] have been widely used as synthetic
routes to block copolymers. However, all these techniques,
relying on the use of covalent bonds between all the sub-
structural units, do show limitations concerning the choice of
monomers that could be polymerised or the sequential order
of the different blocks as well as the accessible lengths.


A different synthetic strategy towards block copolymer
architectures relies on a combination of polymer and supra-
molecular chemistry. Supramolecular chemistry is generally
defined as the ™chemistry beyond the molecule∫ and relies on
the use of non-covalent interactions as tools to assemble
several individual molecules into a perfectly defined supra-
molecular structure.[7] As far as macromolecules are con-
cerned, the polymer chains can be end-functionalized with
specific moieties which are able to further self-assemble and
give rise to a supramolecular organization of macromolecules.
In this respect, hydrogen bonding,[8] ionic interactions[9] and
metal ± ligand complexes[10] have been used as non-covalent
interactions for the engineering of supramolecular polymers.
In order to construct supramolecular AB block copolymers,


the supramolecular interaction between the starting A and B
end-functionalized polymers must exclusively lead to an AB
™hetero-assembly∫ and not to AA and BB ™homo-assem-
blies∫. In principle, all known non-covalent interactions can
be utilized for this purpose; this is depicted in Figure 1 for


Figure 1. Different strategies to supramolecular AB diblock copolymers.
a) Ionic interactions between blocks bearing oppositely charged end-
groups. b) Complementary hydrogen bonding between purine- and thy-
mine-functionalized blocks. c) Metal ± ligand interaction in asymmetrical
bis-2,2�:6�,2��-terpyridine ± ruthenium(��) complex.
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hydrogen bonding, ionic and metal ± ligand based systems.
The use of ionic interactions to form supramolecular AB
block copolymers (see Figure 1a) is exemplified by the work
of Je¬ro√me et al.[9, 11] This strategy was aimed at compatibiliza-
tion of immiscible polymer blends, for example polystyrene
and polyisoprene. Indeed, the mixing of carboxylic acid end-
functionalized polystyrene with tertiary amine end-function-
alized poly(isoprene) resulted in materials that resemble to
the covalently-bonded poly(styrene) ± block-poly(isoprene)
analogue. The magnitude of the ionic interactions could be
rather high and easily modulated through the dielectric
constant. However, such ionic interactions are not directional
and not selective.
Hydrogen bonding in macromolecular architectures has


recently received significant attention due to the thermore-
versible and molecular recognition features of the resulting
self-assemblies.[12a,b, 13±15] Complementary multiple hydrogen
bonding units are good candidates to synthesize supramolec-
ular hydrogen-bonded AB copolymers. Heterocyclic base
pairing between adenine, guanine, thymine, uracil and tyro-
sine in DNA and RNA are well-known as tailored comple-
mentary hydrogen-bonded units in biological systems. Indeed,
these typical moieties can be incorporated in synthetic
polymers, as illustrated in Figure 1b for the purine ± thymine
pair and in the work recently published by Long et al.[16]


However, the strength of the hydrogen bonds is rather weak
compared with ionic or metal ± ligand interactions. Initial
systems based on complementary hydrogen-bonding motives
were reported by Lehn,[17] Fre¬chet[18] and Whitesides[19] and
focused on the formation of supermolecules from low
molecular weight complementary receptor ± substrate pairs.
Complementary hydrogen bonding was also used to promote
noncovalent interaction between functional polymers, as
exemplified by Stadler,[12c] Jiang[20] and Hogen-Esch.[21]


Finally, metal ± ligand complexes can be used as supra-
molecular linkers, as illustrated in Figure 1c for an asym-
metrical bis-2,2�:6�,2��-terpyridine ± ruthenium(��) complex.
This strategy has been previously successfully used to produce
asymmetrical bis-2,2�:6�,2��-terpyridine ± ruthenium complexes
from various organic molecules. Indeed, Newkome et al. have
utilized this principle to connect two independently prepared
dendrons in a process that mimicked a key and lock system.[22]


Following the same principle, stepwise self-assembly was used


by Mohler and co-workers to synthesize rigid rods containing
up to seven metal centers.[23] Other related examples based on
asymmetrical bis-2,2�:6�,2��-terpyridine ± ruthenium(��) com-
plexes have been reported by Rehahn et al.,[24] Ziessel et al.[25]


and are summarized in a recent review by Schubert and
Eschbaumer.[26]


Synthetic Strategy to Metallo-Supramolecular Block
Copolymers


Terpyridine ligands are known to form mono- and bis-
complexes with a wide variety of transition metal ions.[27]


The stability constants and the kinetics of formation of these
different complexes strongly depends on the nature of the
used metal ions.[28] In this respect, RuIII is known to form a
very stable mono-complex with one terpyridine ligand, while
RuII only forms a stable bis-complex with two terpyridine
ligands.[29] This peculiar character of ruthenium ions and the
possibility to easily functionalize the terpyridine ligand in the
4�-position[30] can be used for the synthesis of asymmetrical
bis-2,2�:6�,2��-terpyridine ± ruthenium(��) complexes containing
two terpyridine ligands bearing different polymeric substitu-
ents in the 4�-position.
Different synthetic strategies have been implemented to


introduce the terpyridine ligand into macromolecular archi-
tectures, that will be further self-assembled with the aid of the
process described above. Earlier work focused on the
incorporation of terpyridine in the side-chain. In this respect,
4-vinyl- and 4�-vinylterpyridine were homopolymerized and
copolymerized with styrene by free-radical (co)polymeriza-
tion.[31, 32] Hanabusa et al. prepared 4�-[4-(2-acryl-oyloxy-
ethoxy)phenyl]terpyridine and copolymerized this compound
with styrene and methylmethacrylate.[33] Homopolymeriza-
tion of 4�-(4-styrene)-terpyridine and its copolymerization
with styrene, vinyl acetate and acrylic acid was reported by the
same group[33] (for a recent example see ref. [34]). Recently,
Hofmeier and Schubert as well as Tew et al. reported the free-
radical copolymerization of methylmethacrylate with a ter-
pyridine-functionalized methacrylate.[35]


Terpyridine moieties have also been introduced as terminal
units of macromolecules. In that respect two different
strategies can be implemented, as illustrated in Figure 2.


Figure 2. Synthetic strategies towards metallo-supramolecular AB diblock copolymers. a) End-capping of �-functional polymer by a terpyridine ligand.
b) Polymerization initiated by a terpyridine-functionalized initiator.
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The terpyridine group can ei-
ther be reacted with a) a suit-
able polymer end-group or b) a
terpyridine-functionalized inia-
tor can be used for the polymer-
ization of the desired polymers.
Strategy b) has recently been
reviewed elsewhere[36] and will
not be further discussed herein.
However, this method has the
advantage to produce polymer
chains with a theoretical func-
tionalization degree of 1. The
reaction of 4�-chloro-2,2�:6�,2��-
terpyridine with polymer chains
bearing hydroxy end-groups
has recently proven to be a very
effective route regarding strat-
egy a).[37] This was successfully
applied to a variety of hydroxy-
functionalized polymers.[38±42] In
a following procedure the two-
step self-assembly process
based on RuIII/RuII chemistry
was then used for polymers
end-capped with the 2,2�:6�,2��-
terpyridine ligand. More pre-
cisely, the terpyridine-function-
alized polymers have been
complexed with RuCl3 to selec-
tively form a mono-complex
(see Figure 2). In a further step,
this mono-complex was reacted
under reducing conditions (methanol, N-ethylmorpholine)
with other uncomplexed 2,2�:6�,2��-terpyridine-terminated pol-
ymer blocks in order to form an asymmetrical AB rutheniu-
m(��) bis-complex (see Figure 2).
The high selectively of the self-assembly process was


demonstrated by using several analytical and spectrometric
methods such as 1H NMR, UV/Vis spectroscopy, MALDI-
TOF-MS, size-exclusion chromatography.[40, 41] Various linear
AB block copolymers were obtained utilizing this strategy
(Figure 3). A complete description of the synthetic method-
ology and the characterization of the accordingly obtained
metallo-supramolecular block copolymer is reported in a very
recent paper.[40] These compounds will be referred as ™metal-
lo-supramolecular block copolymers∫ and designated by the
acronym Ax-[Ru]-By, where A and B are the two different
polymer blocks, -[Ru]- stands for the bis-2,2�:6�,2��-terpyri-
dine ± ruthenium(��) linkage between the A and B blocks and x
and y represent the average degree of polymerization of the A
and B blocks, respectively. Compared with ™classical∫ cova-
lent block copolymers, metallo-supramolecular block copoly-
mers offer several advantages. A wide variety of polymeric
blocks can be combined, regardless of the chemical structure
and reactivity ratios of the constituting comonomers. Thus,
new and original block copolymers, that could not be
prepared by classical polymerization techniques, can be easily
obtained by using this strategy. The high stability of the bis-


2,2�:6�,2��-terpyridine ± ruthenium(��) complexes[43] allows the
integrity of accordingly formed block copolymers to be kept
in various environments, such as organic solvents or water,
even under extreme pH (the complex is stable for pH values
ranging from 0 to 14) and salt concentration.[44] Nevertheless,
the reversibility of the supramolecular bond allows in
principle the construction of ™smart materials∫ with tunable
properties. Moreover, the electrochemical and photochemical
properties of the utilized complexes can be engineered by
choosing the appropriate metal ion.[45]


Metallo-Supramolecular Micelles


Amphiphilic AB block copolymers are known to aggregate
into block copolymer micelles in aqueous media. Aqueous
polymeric micelles consist of a core formed by the insoluble
blocks, surrounded by a corona formed by the water-soluble
segments.[46] In a very recent set of papers, the synthesis and
characterization of metallo-supramolecular amphiphilic block
copolymers containing a hydrophilic poly(ethylene oxide)
(PEO) block linked to a hydrophobic poly(styrene) (PS) or
poly(ethylene-co-butylene) (PEB) block through a bis-
2,2�:6�,2��-terpyridine ± ruthenium(��) complex, have been de-
scribed.[40, 44, 47±50] These copolymers form the so-called ™met-
allo-supramolecular micelles∫ with a hydrophobic core and a


Figure 3. Structure of the isolated metallo-supramolecular block copolymers.
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PEO corona. The bis-2,2�:6�,2��-terpyridine ± ruthenium(��)
complexes are assumed to be located at the core ± corona
interface, as schematically depicted in Figure 4. The high
stability of the bis-2,2�:6�,2��-terpyridine ± ruthenium(��) com-
plex in various environments allows the integrity of the
amphiphilic copolymers to be kept intact. No exchange was
observed so far between the macromolecular ligand at a time-
scale of more than one year.


Figure 4. Structure of a metallo-supramolecular micelle. The central
hydrophobic core is surrounded by terpyridine (brackets) ± ruthenium
(�) bis-complexes; PEO chains are forming the corona.


Dynamic light scattering (DLS) studies on metallo-supra-
molecular micelles systematically revealed the presence of
two populations of aggregates/micelles. The population with
the smaller size (hydrodynamic diameters ranging from 30 to
70 nm, depending on the investigated copolymer) was attrib-
uted to individual micelles or small clusters of micelles while
the population with larger size was thought to result from the
clustering of a large numbers of micelles. The relative
proportion of clusters was increasing with time. This was
attributed to a lack of colloidal stability of the individual
micelles, most likely due to too short PEO blocks. A quasi-
equilibrium state between micelles and clusters was, however,
found for micelles containing a low glass transition PEB core.
Moreover, the hydrodynamic diameter of micelles containing
a PEB core (30 nm) was in the range of the value expected for
usual block copolymer micelles.[46]


TEM studies revealed that individual micelles and clusters
of micelles were coexisting in the aqueous solution. Because
clustering of micelles could be an artifact due to TEM sample
preparation (during the drying
process), several TEM techni-
ques were combined. TEM ob-
servations of dried non-con-
trasted metallo-supramolecular
micelles on Formvar-coated
TEM grid revealed spherical
micelles and aggregates of mi-
celles with a poor electronic
contrast, as a result of the
presence of ruthenium
ions.[47±50] However, these re-
sults did not show the internal
structure of the micelles and
aggregates. Cryo-TEM obser-
vations could successfully dem-


onstrate that the large aggregates were a result from cluster-
ing of individual micelles and visualize the core ± corona
internal organization of the metallo-supramolecular mi-
celles.[51] The characteristic features of micelles formed by
metallo-supramolecular copolymers have been compared to
the ones of ™classical∫ covalent block copolymers. This is
illustrated by the PS20-[Ru]-PEO70 and PS22-b-PEO70 copoly-
mers. DLS revealed hydrodynamic radii of 20 nm for the PS22-
b-PEO70 and 65 nm for the PS20-[Ru]-PEO70 sample.[44] More-
over, no aggregates were observed for the covalent micelles.
These findings were confirmed by cryo-TEM and showed that
covalent and individual metallo-supramolecular micelles have
PS cores of the same size.[51] However, metallo-supramolec-
ular micelles do form small clusters resulting from the
merging of a limited number (4 ± 6) of individual micelles,
coexisting with individual micelles and large clusters.
Metallo-supramolecular micelles were found to be strongly


sensitive to the ionic strength. This behavior was attributed to
the charged bis-2,2�:6�,2��-terpyridine ± ruthenium(��) com-
plexes, their associated counter-anions (PF6�) and to residual
salts interacting with PEO segments. The most striking
features observed upon salt addition was the sharp decrease
in the hydrodynamic diameter of the metallo-supramolecular
micelles (decrease from 65 to 25 nm). This was attributed to
reduce electrostatic repulsions among coronal chains that
initially resulted in the breaking of the small clusters into
individual micelles, in agreement with the hydrodynamic
diameter of 25 nm. At high salt concentration, aggregation
started again as a result of a decreased steric stabilization of
the micelles (PEO is no longer effective as stabilizing block at
high salt concentration).
Finally, ™covalent∫ and ™metallo-supramolecular∫ block


copolymers have been combined in a single macromolecular
structure. In this respect a terpyridine-functionalized poly-
styrene ± block-poly(2-vinylpyridine) has been complexed
with a terpyridine-functionalized PEO to lead to a PS32-b-
P2VP13-[Ru]-PEO70 ABC triblock copolymer (see structure in
Figure 3). This copolymer was further used to prepare core ±
shell ± corona micelles consisting of a PS core, a P2VP shell
and a PEO corona. This kind of micelle has the capability to
respond to pH via the protonation/deprotonation of the P2VP
shell, as illustrated in Figure 5.[42] The pH response of these
micelles can be advantageously used for the encapsulation or


Figure 5. Structure of PEO70-[Ru]-P2VP13-b-PS32 core-shell-corona aqueous micelles as a function of pH (central
PS core surrounded by a P2VP shell in black, bis-2,2�:6�,2��-terpyridine ± ruthenium(��) complexes as black dots,
outer PEO corona). Depending on pH, the P2VP shell is protonated and hydrophilic (pH� 5) or hydrophobic
and collapsed on the PS core (pH� 5).
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release of active species reversibly trapped in the P2VP shell.
Moreover, the P2VP shell can serve as a nanoreactor for the
production of metal nanocapsules.[52]


Reversibility of the Metallo-Supramolecular Bond


Although bis-2,2�:6�,2��-terpyridine ± ruthenium(��) complexes
have proven to be extremely stable in various environments,
some recent experiments have shown that the addition of a
large excess of a competing ligand (hydroxyethyl ethylene-
diaminetriacetic acid, trisodic salt) did allow the opening of
the initial bis-2,2�:6�,2��-terpyridine ± ruthenium(��) complex.
However, a very large excess of the competing ligand
(105 molar excess) was required and the sample needed to
be heated at 60 �C for a few hours. This experiment was
conducted directly on the aqueous micelles and resulted in the
formation of original nano-objects decorated at their surfaces
with terpyridine ligands (Figure 6). The opening of the
complex was directly seen macroscopically by the disappear-
ance of the characteristic orange color of the bis-2,2�:6�,2��-
terpyridine ± ruthenium(��) complex (Figure 6). A sharp de-
crease in micelle diameter was also observed by AFM and
DLS, as a proof of the breaking of the metal ± ligand


complexes, the release of the coronal chains and accordingly
the formation of nano-objects (see AFM pictures in Fig-
ure 6).[47] The excess of competing ligand and the released
coronal chains were then eliminated by dialysis against pure
water. That terpyridine ligands were still present at the
surface of these nano-objects was proven by observation of
the characteristic violet color of iron-terpyridine complexes
after addition of iron(��) acetate (see Figure 6). Current
investigations focus on the opening of the complexes via
redox chemistry.


Conclusion and Outlook


The new approach described here represents a valuable route
to the synthesis of novel block copolymers that can hardly be
obtained by classical sequential block copolymerisation.
Morevover, a great variety of block copolymers architectures
(linear, comblike, star-shaped etc.) can be obtained depending
on the location of the terpyridine ligand in the polymer chain.
Metallo-supramolecular block copolymers are therefore the
precursors of new smart nanomaterials.
In this concept paper, we focused on the use of low


molecular weight amphiphilic ™metallo-supramolecular block


Figure 6. Release of the coronal chains in metallo-supramolecular micelles. Left: Initial metallo-supramolecular micelles with bis-terpyridine ruthenium
(orange dots) complexes, orange-colored micellar solution on top, schematic structure of the micelles and AFM height image of the micelles (bottom).
Middle: Hydrophobic cores decorated with terpyridine ligands, after addition of a strong competing ligand, as evidenced macroscopically by the formation of
a colorless micellar solution (top), schematic structure of the core and AFM height image of the core (bottom). Right: Micellar cores have been isolated and
FeII ions have been added, resulting in a violet solution (top) in agreement with the formation of a mixture of mono- and bis-terpyridine-iron(��) complexes,
schematic picture of micellar core with mono-terpyridine iron(��) (violet) at their surface.
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copolymers∫ for the preparation of ™metallo-supramolecular
micelles∫. The characteristic features of these micelles have
thoroughly been characterized and compared to the covalent
counterparts. The most appealing feature of metallo-supra-
molecular micelles certainly lies in the reversibility of the bis-
2,2�:6�,2��-terpyridine ± ruthenium(��) complexes under certain
external stimuli. It allows not only an easy chemical mod-
ification of these nano-objects by for example exchanging
coronal chains, but also their potential manipulation by for
example a terpyridine-functionalized AFM tip as depicted in
Figure 7.
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Abstract: Shape-persistent macrocycles
based on the phenyl-ethynyl-butadienyl
backbone containing two extraannular
hydroxyl groups were prepared by the
oxidative coupling of the appropriate
phenylethynyl oligomers. Carbodiimide-
directed coupling with independently
synthesized polystyrene carboxylic acid
oligomers led to ABA coil ± ring ± coil
block copolymers in which the central
macrocycle serves as rigid and the poly-
styrene oligomers as flexible elements.


Depending on the size of the coil blocks,
these structures aggregate in cyclohex-
ane into supramolecular hollow cylin-
drical brushes in which the rigid core is
surrounded by the flexible matrix. How-
ever, in the solid state it is not possible to
identify a morphology in which isolated


channels based on aggregated macro-
cycles are embedded in a matrix of
polystyrene. Detailed X-ray and elec-
tron diffraction studies on samples pre-
pared from a solution in cyclohexane
under equilibrium conditions show that
the material adopts a lamellar morphol-
ogy in the solid state in which columns of
macrocycles are aggregated into layers
which are separated by polystyrene.


Keywords: macrocycles ¥
nanostructures ¥ polymers ¥
supramolecular chemistry


Introduction


The understanding of the design principles for molecular
building blocks that can self-assemble into well-defined
structures is the basis for the construction of aggregates with
a high degree of complexity. In the field of polymer science,
the synthesis, investigation, and theoretical description of
block copolymers composed of two or more flexible blocks
that phase separate into a variety of morphologies has made
significant progress over the last decades. It is the basis for
many materials used today.
During the last decade, the aggregation behavior of block


copolymers in which at least one block is more or less rigid
and another is rather flexible (rod ± coil block copolymers)
has attracted increasing attention. This provides an oppor-
tunity for the formation of supramolecular nanostructures


arising from the microphase separation of the rod and the coil
blocks.[1] The aggregation of the rigid segments into liquid-
crystalline domains that is observed even at relatively low
degrees of polymerization is a result of the high incompati-
bility of the different blocks. The kind of nanostructure that is
actually formed depends on the nature of the blocks, the total
molecular weight of the polymer and the volume fraction of
the rigid and the flexible blocks, respectively.[2]


Recently, we described a new class of rod ± coil block
copolymers in which the rigid segment is a nanometer-sized
shape-persistent macrocycle to which two polystyrene (PS)
blocks are covalently attached leading to coil ± ring ± coil
block copolymers (Figure 1).[3, 4]


Figure 1. Schematic presentation of coil ± ring ± coil block copolymers.


Due to its structure, the rigid part of the molecule can no
longer be described as one-imensional but has a similar
expansion in the second dimension. In contrast to disklike
molecules, these noncollapsed macrocycles have a nanoscale
hollow interior that allows the arrangement of functional
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groups in a convergent way.[5, 6] In addition, a columnar
arrangement of the macrocycles could lead to the formation
of supramolecular (intraannular functionalized) channel
structures.[7]


Owing to the attachment of the flexible side groups, the
solubility of the otherwise only moderately soluble rigid block
is largely enhanced. As reported previously, some of the coil ±
ring ± coil triblock copolymers 1 are even soluble in the non-
polar solvent cyclohexane, a�-solvent for polystyrene but not
for the rigid core.[8] Of course, the solubilizing influence of the
polystyrene block increases with increasing molecular
weight.[9]


While 1e is easily soluble in cyclohexane and the solution
shows no unusual viscosity or birefringence, 1a in warm
cyclohexane forms only a suspension. Of special interest is 1c
(Mw of each PS block �500 gmol�1) which dissolves well in
warm cyclohexane and upon cooling to room temperature
rapidly forms a very viscous solution. At the same time the
solution becomes strongly birefringent. These observations
were the starting point for a more detailed investigation into
solutions of 1c in cyclohexane. Scattering experiments in
solution as well as investigations on solid samples prepared
under ™nonequilibrium conditions∫ (i.e. by fast solvent
evaporation) revealed that the block copolymer aggregates
in solution into supramolecular hollow cylinderical brushes
with an external diameter of about 10 nm and a lumen of
about 2 nm. It can be assumed
that in solution the rigid core of
the brushes is isotropically sur-
rounded by the flexible PS co-
rona (Figure 2).
However, the solid-state


structure of samples of these
block copolymers prepared un-
der ™equilibrium conditions∫
(i.e. by slow solvent evapora-
tion) has not yet been investi-


gated. With reference to ™hairy rod molecules∫, in which the
central rod is bound covalently, models of the aggregation
behavior could either be tubes of aggregated macrocycles
formed by the supramolecular cylindrical aggregates within a
polystyrene matrix (model 1, Figure 3a), or layered structures
of planar regular arrays of tubes interchanging with layers of
amorphous polystyrene (model 2, Figure 3b).[10] Predictions
as to which model better describes the aggregation behavior
cannot be made easily.
Here we describe the synthesis of 1 and the detailed


investigation of the solid-state structure of samples of 1c
prepared under equilibrium conditions.


Results and Discussion


Synthesis : Over the past several years we have prepared a
variety of different shape-persistent macrocycles based on the
phenyl-ethynyl-butadienyl backbone.[11] The cyclization reac-
tion is the CuI/CuII-mediated Glaser coupling of rather rigid
bisacetylenic precursors (™half-rings∫).[12] Their structure is
designed in such a way that the coupling of only two
bisacetylenes gives the shape-persistent cyclic structure. This
is a compromise between the yield in the cyclization step and
the effort required in the preparation of the precursor. Their
preparation is routinely performed by a number of repetitive
Hagihara coupling and silyl-deprotecting steps of appropriate
monoprotected bisacetylenes. Synthesis of both the cycliza-
tion precursors and of the monoprotected bisacetylenes rely
on the combination of side selectivity in the palladium
catalyzed aryl ± acetylene coupling and the different depro-
tection kinetics of silyl groups of different bulk. Aromatic
bromoiodo compounds can first be selectively coupled with
terminal acetylenes at the iodo position. Subsequent addition
of a second acetylene will then lead to a coupling reaction at
the bromo position.[13] Furthermore, both coupling reactions
can be performed in a one-pot reaction to give unsymmetri-
cally substituted bisacetylenes in high yields. Since bisacety-
lenes protected with trimethylsilyl (TMS) or triethylsilyl
(TES) groups and triisopropylsilyl (TIPS) groups can be
selectively deprotected at the TMS or TES position, respec-
tively, monoprotected bisacetylenes are easily available from
bromoiodo compounds (Scheme 1).[14]


Scheme 2 illustrates the synthesis of the half rings and their
cyclization. Bromo-4-iodobenzene (2) was treated with TES-
acetylene at room temperature overnight, and for an addi-
tional hour at 50 �C. Subsequently, a slight excess of 1-ethynyl-
3-(2-triisopropylsilylethynyl)-5-tert-butylbenzene[11a] was add-
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Figure 2. Aggregation of the coil ± ring ± coil block copolymers into hollow cylindrical brushes.
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Scheme 1. Monoprotected bisacetylenes are prepared from the bromo-
iodo compounds.


ed, and the mixture was stirred for an additional four days at
the same temperature before workup. Deprotection of the
TES group of 3 was performed by stirring with potassium
carbonate in methanol/THF (1:1) for four days. Palladium-
catalyzed coupling of 4 with the diiodide 5, and desilylation of
6 by reaction with Bu4NF gave 7. CuCl/CuCl2-promoted
coupling of the half ring 7 was performed under pseudo-high-
dilution conditions at 55 �C and gave the macrocycle 8 in 50%


yield after chromatography. The purity of the macrocycle was
determined by NMR spectroscopy and mass spectrometry as
well as by gel permeation chromatography (GPC), and
showed the absence of trimers and higher oligomers. As we
have explored previously, this elevated cyclization temper-
ature is a compromise between the increased coupling rate
favoring the dimer formation and the decreased product
stability.[15] Base-catalyzed hydrolysis of the benzoate groups
generated the macrocyclic diol 9.
The synthesis of the polystyrene ± carboxylic acid oligomer


(PS-COOH) 10 was done by anionic polymerization of
styrene in cyclohexane and subsequently adding the oligo-
styrene anion solution to a large excess of CO2-saturated
THF.[16] The oligomeric crude product could be purified


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3481 ± 34913484


Figure 3. Possible aggregation of the cylindrical brushes in the solid state.


Scheme 2. a) 1. TES acetylene, Pd0 (cat.), CuI (cat.), piperidine; 2. ethynyl-3-(2-triisopropylsilylethynyl)-5-tert-butylbenzene, 91%; b) K2CO3, MeOH, THF,
83%; c) Pd0 (cat.), CuI (cat.), piperidine, 78%; d) Bu4NF, THF, 93%; e) CuCl, CuCl2, pyridine, 50%; f) KOH; H2O, THF, 87%; g) DMAP/p-TsOH,
diisopropyl carbodiimide, 32 ± 86%.
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easily by column chromatography. Eluting with toluene
removed all side products (mostly PS and di-PS ketone) and
the PS-COOH was obtained by changing the eluent to
THF.
Attachment of the PS-COOH to the macrocyclic diol was


performed by the 4-dimethylaminopyridine (DMAP)/p-tol-
uenesulfonic acid (p-TsOH)-catalyzed carbodiimide coupling
overnight and purification of the crude reaction product by
column chromatography.[17] The coupling could also be
performed by esterification of 9 with the corresponding PS-
carboxylic acid chloride or by reacting the macrocyclic diol
with PS-COOH using diethylazodicarboxylate (DEAD)/PPh3
(Mitsunobu conditions) as condensating reagents. However,
in the first case the yield of the desired copolymer was very
low (according to the GPC data, about 10%) and we were not
able to purify the material by column chromatography or
precipitation. In the latter case the copolymer was formed in
high yields but the material contained an impurity with double
the molecular weight as observed by GPC. Again, pure ester 1
could not be obtained by simple column chromatography.
Various amounts of a side product of similar molecular weight
were also observed (GPC data) when an aqueous workup was
carried out on the reaction mixture of the DMAP/p-TsOH-
catalyzed carbodiimide coupling prior to the chromatographic
purification. The nature and the origin of this side product
could not be discovered. Nevertheless, changing the workup
procedure solved this problem. After the carbodiimide
coupling reaction was performed, the reaction solvent
(CH2Cl2) was removed under reduced pressure and the solid
residue chromatographed over silica gel. This operation
turned out to be essential and gave the block copolymers 1
in reproducible purity.
All block copolymers 1 are readily soluble in chloroform,


dichloromethane, THF, and toluene and were characterized
by NMR spectroscopy, GPC, and matrix-assisted laser
desorption ionization time-of-flight spectroscopy (MALDI-
TOF). Figure 4 displays the GPC and MALDI-TOF data for
the block copolymer 1c. The distribution of molecular weights
is clearly a result of the anionic styrene polymerization and
the MALDI-TOF spectra show that even a polymer with a
polydispersity(PD)� 1.05 contains a variety of different
molecular species with molecular weights ranging from 5500
up to 8000 gmol�1 in this case.


Solid-state organization : Despite the superstructure forma-
tion of 1c in cyclohexane, we were not able to observe the
formation of any superstructure by thermal treatment of this
material (i.e. slow or fast cooling from the melt). However, if
solid samples of 1c were prepared by slow evaporation of a
cyclohexane solution (i.e. under equilibrium conditions),
superstructure formation could be observed on different
length scales. Figure 5a shows the optical micrograph of a thin
film of 1c taken in differential interference contrast (DIC)
indicating the formation of a ribbon-like structure. Trans-
mission electron microscopy (TEM) studies could not extend
our knowledge significantly. They showed that these extended
moieties are composed of bundles of ribbons slightly tilted
round the predominant direction (Figure 5b). In particular,
an aggregation of supramolecular cylinders such that isolated


Figure 4. GPC and MALDI-TOF data of 1c.


Figure 5. a) Optical micrograph of ribbon-like structures of 1c imaged by
differential interference contrast in reflected light. b) Electron micrograph
of a similar sample (image taken at an electron energy loss of 235 eV for
enhanced contrast).
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channels are formed within a PS matrix (Figure 3a, model 1)
could not be demonstrated by the TEM images.
Therefore, scattering experiments were conducted on


samples of 1c prepared under the same conditions (slow
solvent evaporation) to investigate the solid-state structure of
the material.
X-ray scattering of films (slow solvent evaporation) of 1c


performed in a powder diffractometer on a glass substrate
show very strong first- (n� 1) and second-order (n� 2)
reflections (Figure 6). Higher order reflections (n� 4, 6, 10)


Figure 6. X-ray scattering of films of 1c (the intensity scale of the
scattering curve beyond 3� (right) is magnified by a factor of 5).


are present with much lower intensity as well as a diffuse
reflection originating from both the amorphous PS matrix and
the glass substrate. Because the scattering curve is recorded in
reflection the occurring reflections can be assigned to a
periodic lattice of layers oriented parallel to the substrate. The
layer distance determined from these reflections is d� 71.6 ä.
Reflections for additional directions of beam incidence


were explored by complementary electron diffraction studies.
However, the proper preparation of the samples used for
electron diffraction turned out to be an essential task. During
the investigations it became evident that solvent was retained
in the samples and evaporated in the high vacuum of the
transmission electron microscope (TEM), a fact confirmed by
NMR spectroscopy (see below). The evaporating solvent left
a volume deficiency in the sample destroying any order in the
solid. Reproducible results were obtained only when the
samples were inserted into the high vacuum of the electron
microscope in a cryo-transfer holder at temperatures below
0 �C. The electron microscopic investigation was then carried
out at temperatures below �50 �C to avoid the escape of the
trapped solvent. With this technique a number of similar
electron diffraction patterns of samples cast from cyclohexane
could be obtained. As a common feature, an oriented set of
point reflections was observed, resembling on first sight fiber
diagrams consisting of an equator and a first layer line,
superimposed by a diffuse isotropic halo that originates from
the amorphous polystyrene. A typical diffraction pattern is
shown in Figure 7. In some cases additional reflections are
observed on a second layer line (Table 1).[18]


The meridian in the fiber-like diffraction patterns coincides
in all cases with the axial direction of oriented strands
recognizable in the corresponding electron micrographs.


Figure 7. Electron diffraction pattern at perpendicular beam incidence.


Although the reflections on the equator are less affected from
the superimposition by the amorphous halo their positions
cannot be measured with sufficient precision. The corre-
sponding data were therefore neglected for the data refine-
ment. Reflections on the layer lines are more distinct and
turned out to be appropriate for data evaluation.
For indexing the electron diffraction patterns it is assumed


that the reciprocal lattice vector a* is oriented along the
equator (ignoring an eventual superposition of several
adjacent reflections) and c* (equivalent to the repeat unit
along the oriented strands) along the meridian. In this system
of coordinates the X-ray reflections (Figure 6) have to be
indexed as 0k0. The predominant electron diffraction pattern
(Figure 7) therefore contains the h0l reflections. The sequence
of the reflections along a layer line point to a value in the
region of 45 ä for the a parameter.With this value in mind the
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Table 1. Observed and calculated reflections from X-ray data at room
temperature, electron diffraction data at T�� 50 �C.


h k l dobs [ä] dcalcd [ä] h k l dobs
[b] [ä] dcalcd [ä]


X-ray, powder diffraction electron diffraction, 1st layer line
0 1 0 71.0 71.60 0 0 1 6.22 6.20
0 2 0 35.7 35.80 2 0 1 5.99 5.99
0 4 0 17.8 17.90 4 0 1 5.51 5.46
0 6 0 11.9 11.93 5 0 1 5.15 5.15
0.10.0 7.2 7.16 0 1 1 6.18 6.18
electron diffraction, equator 2 1 1 5.94 5.97


4 1 1 5.46 5.45
2 0 0 23.1 5 1 1 5.10 5.13
2 1 0


�
present[a] 22.0 5 2 1 5.09 5.09


2 2 0 19.4 0 3 1 6.00 6.00
4 0 0 11.6 3 3 1 5.58 5.59
4 1 0


�
present[a] 11.4 6 3 1 4.72 4.73


4 2 0 11.0 7 3 1 4.45 4.44
6 0 0 7.71 8 3 1 4.18 4.16
6 1 0


�
present[a] 7.66 4 4 1 5.23 5.22


6 2 0 7.53 6 4 1 4.64 4.66
8 0 0 5.78 electron diffraction, 2nd layer line
8 1 0


�
present[a] 5.76 0 2 2 3.08 3.09


8 2 0 5.71 0 3 2 3.07 3.07
0 5 2 3.03 3.03


[a] d spacings from reflections on the equator cannot be evaluated with
sufficient precision owing to superposition. [b] Average value of the data
taken from various diffraction patterns.
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innermost equatorial reflection is the 200 reflection. The
position of the maximum of intensity may vary by super-
imposition of adjacent reflections.[19] Close inspection of the
electron diffraction patterns, in particular of the sequence of
reflections along the ™layer lines∫, shows that the diffraction
patterns differ from fiber diagrams. They are diffraction
patterns of single crystals with superimpositions of a varying
number of reflections of adjacent zones.
The position of the first layer line varies between 5.9 and


6.2 ä corresponding to the prevailing index k for the meri-
dional reflection. The d spacings from the X-ray diffractogram
and from the reflections on the first and second layer in the
electron diffraction patterns were used in a least-squares
analysis to refine the lattice parameters (Table 1). The
observed reflections are compatible with an orthorhombic
cell with the lattice constants


a� 46.1, b� 71.6, c� 6.2 ä, Z� 2 (V� 20465 ä3).


The d values calculated for the equatorial reflections show
that the observed maxima of intensity are superpositions of at
least three adjacent reflections with varying index k (and
unknown intensity ratio). With the assumption that the block
copolymer has an average molecular weight of 6500 Dalton
and that three molecules of cyclohexane are attributed to one
macrocycle, a density of 1.10 gcm�3 can be calculated for two
molecules present in the unit cell. The presence of cyclo-
hexane in the solid state structure is supported by the
observation that films of the block copolymer cast from
cyclohexane and stored for seven days at ambient conditions
contain between two and four molecules of cyclohexane per
coil ± ring ± coil block copolymer molecule, as determined by
proton NMR analysis. In addition, the single-crystal X-ray
analysis of several similar macrocycles show that the com-
pounds crystallize as solvates to fill the empty interior of the
rings.[7g,20]


In all electron diffraction patterns high intensity is observed
near reflections 3k1, 4k1, and 5k1 and the corresponding
reflections with the Miller index h≈ instead of h. This
observation suggests that the macrocycles form a herring-
bone-like packing in the crystalline layers of the material.
These crystalline layers are separated by amorphous layers
that contain the polystyrene substituents. The thickness of one
double layer consisting of one crystalline layer (rings) and one
amorphous layer (PS) is 72 ä. A model for the state of order
in the investigated samples is shown in Figure 8. It shows that
the coil ± ring ± coil block copolymer 1c in the solid state


forms a lamellar morphology and that in solution the initially
formed supramolecular cylindrical brushes do not form
isolated channels within the amorphous PS matrix. The ability
of the block copolymers to form a lamellar superstructure is a
result of the attachment of the PS side chains at only two
positions of the ring.
As shown previously, the rings in adjacent stacks are tilted


with respect to each other so that herringbone packing is the
result. This tilt is remarkable with respect to the solid-state
structures of rod ± coil block copolymers. In a solvent,
preferential to the coil block, the aggregation block copoly-
mer can lead to a tilt of the rod blocks with respect to the
interface separating the rod and the coil blocks.[21] This gives
the coil blocks a larger area per junction to the rod blocks and
leads to reduced chain stretching of the coil blocks. At the
same time the interface between the rod and the coil block is
increased by the tilt so that the experimentally observed tilt
angle is a minimum of the energetic penalties associated with
chain stretching and interface separating (Figure 9a).[22]


In case of the coil ± ring ± coil block copolymers described
here, the tilt of the macrocycles with respect to the stack axis
does not give the coil blocks a larger area per junction to the
ring blocks. The increased separation of the junctions along
the stacking axis (c axis) is accompanied by a decreased
separation of the junction points along the a axis (Figure 9b).
Therefore, the tilt is dominated by the crystallization of the
rigid parts of the block copolymer that try to minimize the
contact with the cyclohexane.[23]


The observation that upon evaporation of the cyclohexane
the periodicity of the columnar stacking is lost further
supports the assumption that the included cyclohexane
molecules are located in the crystalline layers. Again, this is
closely analogous to the crystal structures of various macro-
cycles. Moreover, the fact that the superstructure is formed
only in the presence of an appropriate solvent indicates that it
plays a crucial role not only for the aggregation of these
materials and the transition from the solution to the solid state
but also for the stabilization of the rigid parts of the block
copolymer in the crystalline state.


Conclusion


We have shown that the coil ± ring ± coil block copolymer 1c
aggregates by slow solvent evaporation under equilibrium
conditions into a (solvated) material with a lamellar morphol-


ogy. The rigid cyclic domains
crystallize and are separated by
amorphous PS layers. Driving
forces are the microphase sep-
aration of the rigid and the coil
blocks and the solvophobic ag-
gregation of the macrocyclic
segments into crystalline do-
mains. This morphology is dif-
ferent from the aggregate struc-
ture in solution where individ-
ual stacks are covered by the PS
shell. These results show that a
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Figure 8. Aggregation of supramolecular polymer brushes in the solid state into a lamellar superstructure.
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prediction of the solid state structure on the basis of the
solution structure and vice versa is not possible.
Ongoing investigations on coil ± ring ± coil block copoly-


mers with different numbers and kinds of coil segments will
show how these factors influence the superstructure of the
materials. Of special interest is the synthesis and investigation
of intraannular functionalized ring-coil block copolymers and
their aggregation to intraannular functionalized nanorods.


Experimental Section


General methods : Commercially available chemicals were used as
received. THF was distilled over potassium prior to use. Piperidine and
pyridine were distilled from CaH2 and stored under argon. Dichloro-
methane of quality ™water-free∫ was purchased and used as received.
4-(Dimethylamino)-pyridinium/p-toluenesulfonate (DMAP/p-TsOH) was
prepared by mixing equimolar amounts of the acid and the base in
dichloromethane and precipitation of the salt by the addition of diethyl
ether. After filtration and drying in vacuum the catalyst was used without
further purification. All other solvents (p.a. quality) and reagents were used
as received. Unless otherwise stated, acid, base, and salt solutions are
aqueous. 1H NMR and 13C NMR spectra were recorded on a Bruker AC-
300 (300 MHz for proton, 75.48 MHz for carbon). Thin-layer chromatog-
raphy was performed on aluminum plates pre-coated with Merck 5735
silica gel 60 F254 . Column chromatography was performed with Merck silica
gel 60 (230 ± 400 mesh). Radial chromatography was performed withMerck
silica gel 60 PF254 containing CaSO4. The gel permeation chromatograms
were measured in THF (flow rate 1 mLmin�1) at room temperature, using a
combination of three styragel columns (porosity 103, 105, and 106), an RI
detector and an UV detector operating at �� 254 nm. The molecular
weight was obtained from polystyrene-calibrated SEC columns. The
matrix-assisted laser desorption ionization time-of-flight measurements
were carried out on a Bruker reflex spectrometer (Bruker, Bremen),
incorporating a 337 nm nitrogen laser with a 3 ns pulse duration (106 ±
107 Wcm�1, 100 �m spot diameter). The instrument was operated in a linear
mode with an accelerating potential of 33.65 kV. The mass scale was
calibrated with polystyrene (Mp� 4700), using a number of resolved
oligomers. Samples were prepared by dissolving the macrocycle in THFat a
concentration of 10�4 molL�1. A 10 �L portion of this solution and 10 �L of
a 10�3 molL�1 silver trifluoroacetate (lithium trifluoroacetate, respectively)


solution were added to 10 �L of a 0.1 molL�1 matrix solution, dissolved in
THF. In all cases 1,8,9-trihydroxyanthracene (Aldrich, Steinheim) was used
as matrix. A 1 �L portion of this mixture was applied to the multistage
target and airdried.[24] Microanalysis was performed at the University of
Mainz. Melting points were measured with a Reichert hot stage apparatus
and are uncorrected.


Anionic polymerization : The anionic polymerizations were carried out in
cyclohexane under a nitrogen atmosphere in a glass ampoule. Cyclohexane
was purified by titration of diphenylethene using nBuLi until the color of
the solution turned red and was distilled under reduced pressure. Styrene
was purified by stirring with solid fluorenyllithium (from fluorene and
nBuLi and removal of the solvent) for several minutes at room temperature
and distilled under reduced pressure. sec-Butyllithium (1.3� solution in
cyclohexane/hexane 92/2 v/v) and CO2 were used as received.


X-ray scattering : X-ray scattering was performed on a Philips PW 1820
X-ray diffractometer in reflection mode (CuK� , 1.541 ä). Samples were
prepared by drop casting a solution of 1c in cyclohexane on a glass slide and
slow evaporation of the solvent in the presence of additional cyclohexane
(in a slightly covered desiccator).


Electron diffraction : Electron diffraction was performed on a LEO912
transmission electron microscope operated at high voltage (120 kV). The
instrument was equipped with an integrated electron energyloss spectrom-
eter. The width of the energy window was set to �E� 15 eV. The camera
length was calibrated by using a TlCl powder sample. Once it was evident
that solvent was retained in the samples which could escape in the high
vacuum of the TEM, the samples were cast onto carbon-coated glass slides.
Sample preparation was performed as described above. The carbon films
with the sample were floated off the glass and transferred onto copper
specimen grids. They were inserted into the high vacuum of the electron
microscope in a GATAN cryo-transfer holder, Model626, at temperatures
below 0 �C. The electron microscopic investigation was then carried out at
temperatures below �50 �C.


1-tert-Butyl-3-[2-{4-(2-triethylsilylethynyl)phenyl}ethynyl]-5-(2-triisopro-
pylsilylethynyl)benzene (3): 4-Bromoiodobenzene (10.0 g, 35.3 mmol) and
triphenylposphine (0.38 g) were dissolved in piperidine (245 mL) under
argon. The solution was cooled to 0 �C and 2-triethylsilylacetylene (5.44 g,
38.7 mmol), [PdCl2(PPh3)2] (0.38 g) and CuI (0.19 g) were added. The
mixture was stirred overnight at room temperature. The solution was then
heated to 50 �C for 1 h and 1-ethynyl-3-(2-triisopropylsilylethynyl)-5-tert-
butylbenzene[11a] (14.13 g, 41.72 mmol) was added and the solution stirred
at this temperature for four days. After the mixture was cooled to room
temperature, diethyl ether and water were added, the organic phase was
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Figure 9. a) In rod ± coil block copolymers the rod tilt increases the average separation between junctions (here ™�∫) (adapted from ref. [21]). b) In 1c the
ring tilt increases the distance between junctions within a stack (c axis) but the distance between junctions of adjacent stacks (a axis) is reduced.
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separated, and washed with water, 10% acetic acid, 10% sodium
hydroxide, and saturated NaCl solution. After the solution was dried over
MgSO4 and the solvent was evaporated, the crude product was purified by
column chromatography using petroleum ether as eluent (Rf� 0.38) to give
3 (17.5 g, 91%) as a white powder. 1H NMR (CDCl3): �� 0.66 (q, J�
7.99 Hz, 6H), 1.03 (t, J� 7.62 Hz, 9H), 1.13 (s, 21H), 1.31 (s, 9H), 7.40 ±
7.50 ppm (m, 7H); 13C NMR (CDCl3): �� 4.43, 7.47, 11.36, 31.10, 34.68,
88.96, 90.64, 90.97, 93.87, 105.92, 106.72, 122.82, 123.11, 123.25, 123.54,
128.79, 129.04, 131.40, 131.98, 132.39, 151.53 ppm; MS(FD): m/z : 552.7
[M�], 1105.1 [2M�]; elemental analysis calcd (%) for C37H52Si2 (552.98): C
80.36, H 9.48; found: C 80.31, H 9.59.


1-tert-Butyl-3-[2-(4-ethynylphenyl)ethynyl]-5-(2-triisopropylsilylethynyl)-
benzene (4): K2CO3 (18.6 g, 134 mmol) was added to a solution of 3
(17.55 g, 32 mmol) in THF/methanol (2:1) (250 mL) and stirred for four
days at room temperature. Diethyl ether and water were added, the organic
phase was separated and washed with water and saturated NaCl solution.
After the solution was dried over MgSO4 and the solvent was evaporated,
the crude product was purified by recrystallization from a mixture of
methanol/ethanol (3:1) to give 4 as a white powder (11.8 g, 83%). M.p.:
75 �C; 1H NMR (CDCl3): �� 1.13 (s, 21H), 1.31 (s, 9H), 3.16 (s, 1H), 7.40 ±
7.50 ppm (m, 7H); 13C NMR (CDCl3): �� 11.36, 18.69, 31.10, 34.69, 78.92,
88.71, 90.70, 91.12, 106.69, 121.99, 122.74, 123.56, 128.79, 129.12, 131.50,
132.08, 132.39, 151.56 ppm; MS (FD):m/z : 438.2 [M�], 879.3 [2M�], 1318.3
[3M�]; elemental analysis calcd (%) for C31H38Si (438.72): C 84.87, H 8.73;
found: C 84.88, H 8.69.


6-(3,5-Diiodophenoxy)hexyl benzoate (5): 3,5-Diiodophenol (5.28 g,
15.0 mmol), 6-bromo-1-hexanol (2.78 g, 15.0 mmol), and K2CO3 (4.26 g,
30.0 mmol) were stirred in DMF (30 mL) at 60 �C overnight under argon.
After the mixture was cooled to room temperature, diethyl ether and water
were added to the brown suspension and the organic phase was separated
and washed four times with water, and then saturated NaCl solution and
dried over MgSO4. After filtration of the solution and evaporation of the
solvent, the crude product was purified by column chromatography using
diethyl ether/petroleum ether (3:1) as eluent (Rf� 0.48). After evaporation
of the solvent and drying under vacuum, 6-(3,5-diiodophenoxy)-hexan-1-ol
was obtained as a white powder (6.5 g, 79%). M.p.: 46 �C; 1H NMR
(CDCl3): �� 1.34 ± 1.47 (m, 4H), 1.57 (m, 2H), 1.74 (m, 2H), 3.63 (t, J�
6.65 Hz, 2H), 3.86 (t, J� 6.65 Hz, 2H), 7.17 (d, J� 1.27 Hz, 2H), 7.58 ppm
(t, J� 1.27 Hz, 1H); 13C NMR (CDCl3): �� 25.42, 25.72, 28.95, 32.57, 62.79,
68.29, 94.54, 123.40, 137.30, 159.84 ppm; MS (FD): m/z : 445.6 [M�];
elemental analysis calcd (%) for C12H16I2O2 (446.06): C 32.31, H 3.62;
found: C 33.11, H 3.73.


6-(3,5-Diiodophenoxy)hexan-1-ol (6.49 g, 14.5 mmol) and benzoyl chloride
(2.1 g, 14.9 mmol) were dissolved in THF (20 mL) under argon. The
mixture was cooled to 0 �C and pyridine (1.5 g, 18.9 mmol) was slowly
added (accompanied with the formation of a white precipitate). After the
mixture was stirred overnight at room temperature, diethyl ether and water
were added and the organic phase was separated and washed with water,
10% acetic acid, 10% sodium hydroxide, and saturated NaCl solution. The
organic phase was dried over MgSO4 and after filtration and evaporation of
the solvent, the crude product was purified by column chromatography
using a mixture of dichloromethane/petroleum ether (1:1) as eluent (Rf�
0.36). After evaporation of the solvent and drying under vacuum, 5 was
obtained as a white powder (7.0 g, 88%). M.p.: 56 �C; 1H NMR (CDCl3):
�� 1.45 ± 1.55 (m, 4H), 1.70 ± 1.85 (m, 4H), 3.87 (t, J� 6.32 Hz, 2H), 4.32 (t,
J� 6.32 Hz, 2H), 7.16 (d, J� 1.25 Hz, 2H), 7.35 ± 7.45 (m, 2H), 7.50 ± 7.60
(m, 2H), 7.95 ± 8.05 ppm (m, 2H); 13C NMR (CDCl3): �� 25.63, 25.75,
28.60, 28.88, 64.82, 68.20, 94.56, 123.35, 128.31, 129.48, 130.38, 132.81,
137.29, 159.79, 166.59 ppm; MS (FD): m/z : 549.6 [M�]; elemental analysis
calcd (%) for C19H20I2O3 (549.8): C 41.48, H 3.66; found: C 41.32, H 3.83.


6-[3,5-Bis{2-(4-{2-[3-tert-butyl-5-(2-triisopropylsilylethynyl)]phenylethy-
nyl}phenylethynyl)}phenoxy]hexyl benzoate (6): [Pd2(dba)3] (85 mg;
dba�dibenzylideneacetone) and CuI (43 mg) were added to a solution
of 4 (2.9 g, 6.6 mmol), 5 (1.82 g, 3.3 mmol), and triphenylphosphine (85 mg)
in triethylamine (20 mL) and the mixture was stirred at room temperature
under argon for three days. Then, the solution was heated for an additional
hour to 50 �C. After the mixture was cooled to room temperature, diethyl
ether and water were added, and the organic phase was separated and
washed with water, 10% acetic acid, 10% sodium hydroxide, and saturated
NaCl solution. After the solution was dried over MgSO4 and the solvent
was evaporated, the crude product was purified by column chromatography


using petroleum ether/dichloromethane (2:1) as eluent (Rf� 0.53). After
evaporation of the solvent and drying under vacuum, 6 was obtained as an
almost white powder (3.0 g, 78%). M.p.: 72 �C; 1H NMR (CDCl3): �� 1.12
(s, 42H), 1.32 (s, 18H), 1.50 ± 1.60 (m, 4H), 1.75 ± 1.90 (m, 4H), 3.99 (t, J�
6.32 Hz, 2H), 4.34 (t, J� 6.62 Hz, 2H), 7.02 (d, J� 1.27 Hz, 2H), 7.29 (t, J�
1.25 Hz, 1H), 7.38 ± 7.55 (m, 17H), 8.03 ppm (m, 2H); 13C NMR (CDCl3):
�� 11.32, 18.67, 25.75, 25.84, 28.68, 29.04, 31.08, 34.67, 64.90, 68.09, 88.91,
89.42, 90.42, 90.65, 91.10, 106.65, 117.90, 122.74, 122.82, 123.18, 123.50,
124.29, 128.33, 128.79, 129.08, 129.52, 129.98, 131.59, 132.38, 132.83, 151.52,
152.29 ppm; MS (FD): m/z : 1169.8 [M�]; elemental analysis calcd (%) for
C81H94O3Si2 (1171.78): C 83.02, H 8.09; found: C 82.81, H 8.13.


6-[3,5-Bis(2-{4-[2-(3-tert-butyl-5-ethynyl)phenylethynyl]phenylethynyl})-
phenoxy]hexyl benzoate (7): A solution of Bu4NF in THF (1�, 5.5 mL,
5.5 mmol) was added to a solution of 6 (3.0 g, 2.57 mmol) in THF (10 mL).
After the mixture was stirred overnight at room temperature, diethyl ether
and water were added. The organic phase was separated and washed with
water and saturated NaCl solution, and then dried over MgSO4. After
evaporation of the solvent, the crude product was purified by column
chromatography using petroleum ether/dichloromethane (1:1) as eluent
(Rf� 0.55). After evaporation of the solvent and drying under vacuum, 7
was obtained as a white powder (2.03 g, 93%). M.p.: 52 �C; 1H NMR
(CDCl3): �� 1.31 (s, 18H), 1.50 ± 1.60 (m, 4H), 1.75 ± 1.90 (m, 4H), 3.06
(s.2H), 3.99 (t, J� 6.15 Hz, 2H), 4.33 (t, J� 6.47 Hz, 2H), 7.02 (d, J�
1.42 Hz, 2H), 7.29 (t, J� 1.42 Hz, 1H), 7.35 ± 7.55 (m, 17H), 8.00 ±
8.05 ppm (m, 2H); 13C NMR (CDCl3): �� 25.76, 25.84, 28.68, 29.04,
31.05, 34.69, 64.90, 68.09, 77.18, 89.07, 89.41, 90.47, 90.89, 117.92, 122.09,
122.91, 123.10, 124.29, 128.33, 129.26, 129.45, 131.60, 132.25, 132.83, 151.52,
158.79 ppm; MS (FD): m/z : 858.0 [M�]; elemental analysis calcd (%) for
C63H54O3 (859.10): C 88.08, H 6.34; found: C 88.06, H 6.28.


Macrocycle 8 : A solution of 7 (0.60 g, 0.64 mmol) in pyridine (15 mL) was
added to a suspension of CuCl (3.82 g) and CuCl2 (0.75 g) in pyridine
(120 mL) over 96 h at 55 �C. After completion of the addition, CH2Cl2 and
water were added and the organic phase was separated and washed with
water, 25% aqueous NH3 solution (until the aqueous phase remained
nearly colorless), 10% acetic acid, 10% sodium hydroxide, and saturated
NaCl solution, and dried over MgSO4. After evaporation of the solvent to
about 20 mL, the coupling products were precipitated by the addition of
methanol (100 mL) and collected by filtration. The crude product was
purified by double column chromatography. The first used a mixture of
petroleum ether/dichloromethane (1:3) as eluent (Rf� 0.83), the second
used a mixture of petroleum ether/dichloromethane (1:2) as eluent (Rf�
0.69). After evaporation of the solvent and drying under vacuum, pure 8
was obtained as a white powder (0.30 g, 50%). M.p.: �250 �C (decomp);
1H NMR (CDCl3): �� 1.32 (s, 36H), 1.50 ± 1.60 (m, 8H), 1.75 ± 1.90 (m,
8H), 3.99 (t, J� 6.15 Hz, 4H), 4.33 (t, J� 6.47 Hz, 4H), 7.01 (d, J� 1.40 Hz,
4H), 7.33 (t, J� 1.25 Hz, 2H), 7.33 ± 7.58 (m, 34H), 8.00 ± 8.08 ppm (m, 4H);
13C NMR (CDCl3): �� 25.78, 25.86, 28.71, 29.07, 31.07, 34.80, 64.92, 68.09,
73.93, 81.32, 89.39, 89.46, 90.53, 90.75, 117.71, 121.84, 123.07, 123.25, 124.34,
128.35, 129.55, 131.65, 132.83, 133.13, 151.92, 158.89 ppm; GPC: single peak
atMw� 2700; MS (FD):m/z : 1713.9 [M�]; elemental analysis calcd (%) for
C126H104O6 (1714.17): C 88.28, H 6.12; found: C 88.29, H 6.19.


Macrocycle 9 : 10% potassium hydroxide (3 mL) was added to a solution of
8 (0.4 g, 0.23 mmol) in THF (20 mL). The mixture was refluxed at 66 �C
overnight. The solvent volume was reduced to about 5 mL and the
macrocycle was precipitated by the addition of methanol. After filtration
and drying under vacuum, 9 was obtained as a white powder (0.3 g, 87%).
M.p.: �250 �C (decomp); 1H NMR (CDCl3): �� 1.32 (s, 36H), 1.35 ± 1.68
(m, 12H), 1.75 ± 1.88 (m, 4H), 3.66 (t, J� 6.3 Hz, 4H), 3.98 (t, J� 6.57 Hz,
4H), 7.01 (d, J� 1.35 Hz, 4H), 7.33 (t, J� 1.25 Hz, 2H), 7.51 (s, 20H), 7.52 ±
7.55 ppm (m, 8H); 13C NMR (CDCl3): �� 25.57, 25.90, 29.20, 31.10, 32.76,
34.82, 62.92, 68.37, 74.03, 81.40, 89.46, 89.51, 90.59, 90.81, 117.85, 121.97,
123.14, 123.39, 124.45, 127.97, 129.45, 131.68, 133.19, 152.01, 159.03 ppm;
GPC: single peak at Mw� 2200; MS (FD): m/z : 1504.4 [M�]; elemental
analysis calcd (%) for C112H96O4 (1506.08): C 89.33, H 6.43; found: C 88.78;
H 6.37.


PS-COOH (10): Cyclohexane (100 mL) and styrene (10 mL) were placed
in an ampoule and the appropriate amount of sec-butyllithium was added
through a syringe. After 3 h at room temperature, a small amount (�1 mL)
of the solution was quenched with methanol (10 mL) and the molecular
weight (peak molecular weight Mp is given here) and the polydispersity D
of the polystyrene was determined byGPC analysis. The rest of the solution
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was transferred into THF (500 mL) saturated with CO2 and the resulting
solution was acidified with methanolic HCl. After evaporation of the
solvent the PS-carboxylic acid was purified by column chromatography
using toluene as eluent to remove all impurities (Rf� 0.9). The free acid
was obtained by elution with THF and evaporation of the solvent (isolated
yields: 60 ± 80%). 1H NMR (CDCl3): �� 0.6 ± 0.8 (br,
CH3CH2CH(PS)CH3 , 6H), 0.8 ± 2.6 (br), 3.3 ± 3.5 (br, (PS)PhCH-COOH,
1H), 6.3 ± 7.5 ppm (br). From the MALDI-TOF data of the acid the degree
of polymerization (n) for the most intensive peak can be calculated.


10a : GPC (methanol-quenched anion): Mw� 1030 gmol�1; D� 1.19;
MS(MALDI-TOF) (PS-COOH, most intensive peak): m/z : 1145.2
[M�Ag�] (n� 9); elemental analysis calcd (%) for C77H82O2 (1039.59): C
88.96, H 7.97; found: C 88.05, H 8.14.


10b : GPC (methanol-quenched anion): Mw� 1580 gmol�1; D� 1.16;
MS(MALDI-TOF) (PS-COOH, most intensive peak): m/z : 1665.4
[M�Ag�] (n� 14); elemental analysis calcd (%) for C117H122O2 (1560.39):
C 90.05, H 7.90; found: C 88.89, H, 8.22.


10c : GPC (methanol-quenched anion): Mw� 2430 gmol�1; D� 1.06;
MS(MALDI-TOF) (PS-COOH, most intensive peak): m/z : 2607.5
[M�Ag�] (n� 23); elemental analysis calcd (%) for C189H194O2 (2497.83):
C 90.88, H 7.84, found: C 90.34, H 7.72.


10d : GPC (methanol-quenched anion): Mw� 3650 gmol�1; D� 1.10;
MS(MALDI-TOF) (PS-COOH, most intensive peak): m/z� 3543.6
[M�Ag�] (n� 32); elemental analysis calcd (%) for C261H266O2 (3435.27):
C 91.25, H 7.82; found: C 91.30, H 7.45.


10e : GPC (methanol-quenched anion): Mw� 5600 gmol�1; D� 1.03;
MS(MALDI-TOF) (PS-COOH, most intensive peak): m/z : 5319.5
[M�Li�] (n� 50); elemental analysis calcd (%) for C405H410O2 (5310.15):
C 91.60, H 7.80, found: C 91.24, H 7.94.


Block copolymers 1: Compounds 9 (50 mg, 0.0332 mmol), 10
(0.0731 mmol), and DMAP/p-TsOH (43 mg, 0.15 mmol) were dissolved
in dry CH2Cl2 (15 mL) by gentle warming. After the mixture was cooled to
room temperature, diisopropyl carbodiimide (18 mg, 0.15 mmol) was
added and the mixture stirred for three days. The solvent was evaporated
and the crude product was purified by column chromatography using
dichloromethane as eluent (Rf� 0.93). After evaporation of the solvent and
drying under vacuum, 1was obtained as a white powder. 1H NMR (CDCl3):
�� 0.6 ± 0.8 (br, CH3CH2CH(PS)CH3, 6H), 0.8 ± 2.6 (br), 1.32 (s, 36H)
3.0 ± 3.2 (br, (PS)PhCH-COOH, 1H), 3.7 ± 4.0 (br, Ar-O-CH2-; CH2-
OCO(PS)) 6.3 ± 7.4 (br), 7.33 (m, 2H), 7.51 (s, 20H), 7.54 ppm (m, 8H).
From the MALDI-TOF data the degree of polymerization (n�n) of the
styrene for the most intensive peak can be calculated.


1a : (32% yield) GPC: Mw� 4710 gmol�1; D� 1.05; MS(MALDI-TOF)
(most intensive peak): m/z : 3464 [M�Na�] (n�n� 17); elemental analysis
calcd (%) for C258H248O6 (3445.07): C 90.00, H 7.27; found: C 88.05, H 7.98.


1b : (86% yield) GPC: Mw� 5460 gmol�1; D� 1.09; MS(MALDI-TOF)
(most intensive peak): m/z : 4194 [M�Na�] (n�n� 27); elemental analysis
calcd (%) for C322H312O6 (4278.34): C 90.43, H 7.37; found: C 87.69, H 8.01.


1c : (84% yield) GPC: Mw� 8320 gmol�1; D� 1.05; MS(MALDI-TOF)
(most intensive peak): m/z : 6587 [M�Na�] (n�n� 47); elemental analysis
calcd (%) for C498H488O6 (6569.86): C 91.04, H 7.50; found: C 90.74, H 7.72.


1d : (64% yield) GPC: Mw� 10100 gmol�1; D� 1.04; MS(MALDI-TOF)
(most intensive peak): m/z : 8360 [M�Na�] (n�n� 64); elemental analysis
calcd (%) for C634H624O6 (8340,58): C 91.29, H 7.56; found: C 90.59, H 7.99.


1e : (39% yield) GPC: Mw� 13470 gmol�1; D� 1.06; MS(MALDI-TOF)
(most intensive peak):m/z : 11880 [M�Ag�] (n�n� 97); elemental analysis
calcd (%) for C898H888O6 (11777.86): C 91.57 H 7.62; found: C 91.32, H 7.88.
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The First Successful Crystallographic Characterization of a Cyclodextrin
Dimer: Efficient Synthesis and Molecular Geometry of a Doubly
Sulfur-Bridged �-Cyclodextrin**


De-Qi Yuan,[b] Stefan Immel,*[a] Katzutaka Koga,[b] Masatoshi Yamaguchi,[c] and
Kahee Fujita[b]


Abstract: �-Cyclodextrin is transannu-
larly disulfonylated at the 6A- and 6B-
positions, and then converted to the
corresponding 6A,6B-diiodide and 6A,6B-
dithiol. Cross-coupling of the latter two
species yields a single head-to-head-
coupled �-cyclodextrin dimer 5 with
two sulfur linkers at adjacent 6-methyl-
ene carbons. NMR and X-ray analysis


revealed the trans-type (™aversive∫)
linkage of both �-cyclodextrin units. In
the solid-state structure of 5 ¥ 5MeOH ¥
23H2O, the undistorted cyclodextrin


macrocycles feature almost parallel ring
planes pointing away from each other,
leaving 5 with a ™handcuff-like∫ appear-
ance of approximate C2 symmetry. This
work represents the first successful crys-
tallographic study on a cyclodextrin
dimer.


Keywords: cross-coupling ¥ cyclo-
dextrins ¥ molecular structure ¥
sulfide-bridges ¥ X-ray diffraction


Introduction


Exciting achievements have been witnessed with cyclodex-
trins (CDs) as artificial hosts in many of the most actively
pursued research fields, such as drug delivery systems,
molecular sensing technologies, biomimetic recognition, and
catalysis.[1] However, the recognition ability of native CDs is
greatly confined by their Cn symmetry and limitations in
cavity size, shape, flexibility, and hydrophobicity. Bridging two
or more CD units together provides a promising way to alter
both the binding ability and guest selectivity. In the pioneering
works, Tabushi synthesized a doubly bridged �-CD dimer with
two ethylenediamine spacers,[2] and Fujita found that the two
CDmoieties of disulfide-bridged �-CD could cooperate in the
binding of ethyl orange, yielding an association constant about


220 times that of �-CD.[3] Breslow et al. demonstrated that the
same CD dimer selectively bound appropriate ™ditopic
guests∫ almost as strongly as antigen ± antibody binding.[4]


Large varieties of CD dimers have been synthesized in which
two CD units are linked on either their primary or secondary
face by single or double linkers ranging from single atoms to
oligopeptide segments.[5] Heterodimers,[6] -trimers,[7] and
-tetramers[8] have also been reported. The cis forms of doubly
bridged CD dimers were found to bind appropriate guests
with very high affinities and shape selectivities.[9] Nolte et al.
demonstrated that, depending on the nature of linkers, CD
dimers can bind tetrakis(sulfophenyl)porphyrin to form 1:1
syn-, syn-/anti-, and 2:2 (crossed double-zigzag-type) com-
plexes.[10] CD dimers were found to have sequence-selective
binding ability toward peptides and to disrupt protein
aggregation.[11] Catalytic functionalities within the linker or
on the rims of a dimer may result in strong catalysis. For
example, the LaIII complex of a bipyridyl-bridged �-CD dimer
has been used to significantly enhance the hydrolysis of
phosphodiesters,[12] thiazolio-appended CD dimers were used
to promote benzoin condensation,[13] Se�Se-bridged CD
dimers were used to effect glutathione peroxidase-like
activity,[14] CD-sandwiched metalloporphyrin has been used
to catalyze the epoxidation of alkene,[15] metalloporphyrin-
based CD tetramers have been used to demonstrate site-
specific oxidation of steroids,[16] and �-carotene[17] and, quite
recently, EDTA�CeIV-bridged CD dimers have been used to
amplify luminol chemiluminescence,[18] among many others.
Undoubtedly, three-dimensional structural information on


the CD oligomers is very important for understanding the
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process of molecular recognition by CD dimers.[19] Unfortu-
nately, we know surprisingly little about the spatial structures
of CD oligomers in spite of the many efforts directed to their
synthesis and properties. We do not even have enough
knowledge to make a convincing judgment on the most
fundamental aspects of the large host molecules: do the two or
more CD cavities distort or not upon being bridged? How are
they spatially arranged? In the following we report a highly
efficient synthesis of a new �-CD dimer with two very short
sulfur linkers and its unequivocal structural characterization
through NMR analysis. Single-crystal X-ray-diffraction anal-
ysis was employed for the first time to obtain structural
information on a CD dimer and it successfully afforded a clear
image of the solid-state structure of the doubly sulfur-bridged
�-CD dimer.


Results and Discussion


The synthetic approach to the doubly bridged CD dimer is
depicted in Scheme 1. �-CD was selectively activated by
employing the ™looper×s walk∫ method.[20] Treatment of �-CD
with 4,6-dimethoxy-1,3-benzenedisulfonyl chloride in dry
pyridine afforded the 6A,6B-capped CD 1,[21] whose yield is
clearly dependent on the molar ratio of capping reagent to
CD. Utilization of the capping reagent in 50% excess ensured
a good yield of the capped product 1, usually ranging from 30
to 40%. Compound 1 was converted to the corresponding
6A,6B-diiodide 2 by stirring a mixture of 1 and KI in DMF at
80 �C. Treatment of 1 with thiourea in DMF gave the


thiouronium salt 3 in 79% yield. This was treated with
0.25� aqueous NaOH, and the generated 6A,6B-dithiol 4 was
collected by precipitation with acetone. The crude 6A,6B


dithiol 4 was used in the following reaction without further
purification. Reaction of the dithiol 4 and diiodide 2 was
carried out in DMF in the presence of Cs2CO3 at room
temperature and under an argon atmosphere. Reversed-phase
chromatography of the reaction mixture afforded the doubly
bridged �-CD dimer 5 in 19% yield. The FAB-MS spectrum
showed the molecular peak [M�] at m/z� 2266.1, consistent
with the expected structure of a doubly bridged �-CD dimer
with two sulfur linkers (calcd C84H136O66S2� : 2266.2).
In principal, two isomeric head-to-head �-CD dimers may


be formed in the course of the cross-coupling reaction, with
either a cis-type linkage across the glucose 6A,6B�- and 6B,6A�-
positions, or alternatively a trans connection of the 6A,6A� and
6B,6B� type. Both isomers retain C2 symmetry, yet differ
substantially in their molecular shapes: the cis isomer is
expected to adopt a compact, occlusive geometry (™clam-
shell∫),[9] whereas the trans compound should be character-
ized by an extended, aversive appearance (™loveseat∫).[9]


However, NMR spectra of the isolated product indicate the
presence of only a single isomer, the alternative form was not
recognized from the fractions of column chromatography.
Both the 1H and 13C NMR spectra of 5 (Figure 1) maintain


the basic pattern of �-CD, the weaker signals shifted out from
the normal ones are related to the modified sugar residues.
Partial assignment of the spectra based on 2D COSY experi-
ment reveals only two sorts of functional glucosides; this
confirms the C2 symmetry of the dimer. Both of them


demonstrated significant up-
field shifts for their methylene
geminal protons (up to the
range of 2.75 ± 3.25 ppm), a
moderate upfield shift for H-4
and small to moderate down-
field shifts for H-5, but trivial
shifts for H-1, H-2and H-3. The
13C NMR spectrum demonstrat-
ed remarkable upfield shifts for
C-6, small upfield shifts for C-5,
and downfield shifts for C-4 of
the modified sugar units. This
chemical shift pattern is in good
agreement with the replace-
ment of the primary hydroxyl
groups by alkyl thiols. Apart
from the modified units, no
other glucosides showed mean-
ingful shifts. These observations
suggest that no apparent distor-
tion should have occurred in the
hydrophobic cavities of the
doubly bridged CD dimer.
The assignment of the bridg-


ing mode (cis- or trans- with
respect to the ring containing
both linkers) of the dimer is
attempted by using NMR tech-
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Scheme 1. Synthesis of the doubly bridged �-CD dimer 5. a) 1.5 equiv 4,6-dimethoxy-1,3-benzenedisulfonyl
chloride, dry pyridine, 40 �C, 2.5 h. b) KI, DMF, 80 �C, 4.5 h. c) Thiourea, DMF, 90 �C, 20 h. d) 0.25� aqueous
NaOH, 90 �C, 10 min; NaBH4, RT, 10 min. e) Cs2CO3, DMF, Ar gas, RT, 66 h.
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niques. In the cis structure, each sulfur atom bridges the ™A∫
glucoside of one CD moiety and ™B∫ glucoside of another,
that is, the two sorts of modified sugar residues are correlated
by one sulfur atom. This correlation is expected to be probed
by the HMBC (heteronuclear multiple bond correlation)
method.[22] In the trans isomer, each sulfur connects one pair
of equivalent sugar residues, thus no HMBC signals are
expected to appear between the two sorts of modified sugar
residues. As shown in Figure 2, no cross-signals were observed
between the two sorts of modified methylene groups; this
suggests a trans structure for dimer 5. This assignment is
confirmed by the result of single-crystal X-ray diffraction.


Figure 2. HMQC and HMBC spectra of 5 (only the modified methylene
part is shown for clarity). No HMBC crossed islands appeared between 6a
and 6b; this suggests a trans-structure for 5.


Solid-state structure analysis of 5 : Single crystals of 5 were
obtained after chromatographic purification as described
above. Low-temperature X-ray analysis revealed a crystal
composition of 5 ¥ 5MeOH ¥ 23H2O, the molecular and crystal
structures are displayed in Figure 3, unequivocally establish-
ing the trans-type linkage of the �-CD moieties and the
approximate C2 symmetry of 5. The �-CD dimers are packed
in a herringbone-like fashion forming individual cavities that are
blocked by adjacent CD rings and thus do not form tube-like
channels. The �-CD cavities are partially filled with four and
five water molecules of crystallization, the other water
molecules and methanol fill interstitial positions between


the macrocycles. All hydroxyl
groups and oxygen atoms par-
ticipate in the formation of a
three-dimensional hydrogen-
bonding network in the crystal
lattice.
For the dimeric �-CD unit a


few relevant geometry descrip-
tors are listed in Table 1, a
comprehensive list of atomic
coordinates and all bond length
and angles–all of which are
within standard ranges for or-
ganic compounds–may be ob-
tained from the data deposited
with the Cambridge Crystallo-
graphic Data Centre (see Ex-


perimental Section). The molecular geometry of 5 is charac-
terized by an almost coplanar alignment of the C6A-S-C6A�


and C6B-S-C6B� fragments within the sulfur linkages, with the
shape of an elongated planar hexagon. Within this linkage, the
O6-C5-C6-S dihedral angles invariably adopt (�)-gauche
arrangements, yet the calculated values for the C5-C6-S-C6�
torsion angles differ significantly at both positions (approx.
75� and �130�, cf. Table 1).


Both linked �-CD-rings feature almost parallel mean ring
planes with a relative inclination of only 2.9� ; the centers of
the two cavities being 13.6 ä apart. The geometries of the �-
CD units are within the usual ranges observed for these
compounds and their complexes[24, 25] (tilt angles �[25] of the
glucose residues in relation to the macroring of approx. 105�,
ring diameters of about 9.9 ä). As evidenced by their
Cremer± Pople parameters[26] Q, �, and �, all glucose units
adopt standard 4C1 chair conformations (Q� 0.563� 0.018 ä,
�� 4� 2�, � is not significant). Out of the total of ten
6-CH2OH groups six adopt gauche ± trans (gt) arrangements
with O5-C5-C6-O6-torsion angles of ��� 60�, the remaining
four are in gauche ± gauche (gg) orientations (��� 60�) and
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Figure 1. 1H and 13C NMR spectra of �-CD dimer 5 (D2O, CH3CN int.).


Table 1. Selected geometry parameters for the dimeric �-CD unit as
calculated from the solid-structure of 5 ¥ 5MeOH ¥ 23H2O.


Linkage A±A� B±B�


torsion angles [�] O5-C5-C6-S � 45.7 � 68.9
C5-C6-S-C6� � 128.1 75.5
C6-S-C6�-C5� � 133.6 76.1
S-C6�-C5�-O5� � 44.5 � 67.2


CD unit I II
tilt angle[a] � [�] 103� 8 104� 9
ring diameter[b] r [ä] 9.86� 0.26 9.85� 0.47
ring puckering[c] d [ä] 0.12� 0.06 0.06� 0.03
inclination[d] [�] 2.9 2.9


[a] Angle between the least-squares best-fit mean plane of the macrocycle
(defined by all intersaccharidic O4 atoms) and the mean plane of the
pyranose rings (atoms O5 and C1�C5); values of �� 90� indicate outward
tilting of the C2 and C3 side of the glucoses; parameter averaged over all
glucose residues. [b] Average O4�O4��� separations within the CD macro-
cycles. [c] Average deviation of all O4�atoms of the CD macrocycles from
planarity. [d] Angle between the least-squares best-fit mean ring planes (all
O4 atoms) of both linked �-CD units.
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no disorder was observed. The linked CDmacrocycles feature
almost identical over-all shapes, their backbones being super-
imposable with an average deviation of only 0.22 ä in their
atomic positions (non-hydrogen atoms except for all O6
atoms).


Conclusion


A short and efficient synthesis of a new �-CD dimer has been
presented, in which two �-CD units are connected in a head-
to-head fashion with a very short sulfur linker. Of the two
isomers expected to emerge from the cross-coupling reaction,
only the trans-type compound was isolated while the cis-type
compound was not detected. X-ray analysis unequivocally
established the trans-type linkage of the CD moieties of 5 in a
zigzag shape. The molecular geometry of 5 is characterized by


an almost parallel arrangement of the mean ring planes of the
two undistorted CD rings fused together through an elon-
gated planar hexagon consisting of the C6A-S-C6A� and C6B-S-
C6B� fragments within the sulfur linkages. The trans dimer
opens up the possibility of specifically forming inclusion
complexes with potential guest molecules of 1:2 stoichiom-
etry. Moreover, the rather rigid linkage and the ™handcuff-
like∫ shape of the dimeric host molecule with two separated
cavities may allow included guest molecules and their long-
range interactions at well-defined distances to be studied.


Experimental Section


General : �-CD was obtained from the Japan Maize Products Co. Ltd. and
used without further purification. 4,6-Dimethoxy-1,3-benzenedisulfonyl
chloride was synthesized by chlorosulfonation of 1,3-dimethoxybenzene.[27]
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Figure 3. Solid-state structure of 5 ¥ 5MeOH ¥ 23H2O. Top left: Molecular geometry and anisotropic 50% probability ellipsoids for the non-hydrogen atoms
of the asymmetric unit; for clarity the water oxygen atoms are colored blue. Top right: Front- and side-view ball-and-stick-type models displaying the sulfur
linker between the two �-CD units. The ribbon model (the black edge of which corresponds to the side of the CDs carrying the secondary 2- and 3-OH groups,
while the yellow rim corresponds to the primary 6-CH2OH groups) clearly shows the trans-relationship between both CD rings. Bottom left: As represented
by their yellow contact-surfaces,[23] the �-CD-dimers are stacked in the crystal lattice in a herringbone-like fashion (1 ¥ 3 ¥ 1 unit cells, viewed down the c-axis).
Bottom right: The stacks of CDs are arranged in layers as indicated by alternating red and yellow surfaces (2 ¥ 1 ¥ 2 unit cells, view down the b-axis); each �-CD
cavity is occupied by four or five water molecules, the rest of the waters of crystallization and the methanol molecules occupy interstitial positions between
the macrocycles; water molecules (blue spheres) and methanol are represented as CPK-type solid spheres.
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Pyridine and DMF were dried over 4 ä molecular sieves. Other solvents
and chemicals were of reagent grade and used as received from commercial
sources. Reversed-phase column chromatography was performed on a
Merck prepacked Lobar column (LiChroprep¾ RP-18, Size B or C). NMR
spectra were recorded on a Varian Unity plus 500 spectrometer, and D2O
was used as solvent. Chemical shifts were referenced to acetonitrile
(internal standard, �H� 1.98 ppm, �C� 1.70 ppm). FAB-MS spectra were
recorded on a JEOL JMS-HX110 spectrometer.


6A,6B-(4,6-dimethoxy-1,3-benzenedisulfonyl)-�-cyclodextrin (1): 4,6-Di-
methoxy-1,3-benzenedisulfonyl chloride (2.50 g, 9.23 mmol) was added to
a solution of �-CD (6.33 g, 5.58 mmol) in dry pyridine (500 mL). The
mixture was stirred at 40 �C for 2.5 h. After the reaction had been quenched
by adding water (5 mL), the solvent was removed in vacuo. The residue was
taken into 10% aqueous MeOH solution (1 L) and filtered, and the filtrate
was then subjected to reversed-phase Lobar column chromatography with
gradient elution from 10 ± 40% aqueous methanol (1 L for each). The
20 mL fractions containing the capped CD were combined and evaporated.
Lyophilization of the residue afforded the desired product 1 (2.52 g, 32%).


6A,6A�:6B,6B�-bis(thia)-bis(6A,6B-dideoxy-�-cyclodextrin) (5): KI (3.90 g,
23.5 mmol) was added to a solution of the capped CD 1 (3.19 g, 2.29 mmol)
in dry DMF, and the resultant mixture was stirred at 80 �C for 4.5 h. After
removal of the solvent in vacuo, the residue was taken into 35% aqueous
MeOH solution and filtered. Chromatography of the filtrate on a reversed-
phase Lobar column with gradient elution from 10 ± 40% aqueous
methanol (1 L for each) gave 6A,6B-diiodo-�-CD 2 (2.31 g, 75%).


Alternatively, the capped CD 1 (0.5 g, 0.36 mmol) was treated with
thiourea (0.55 g, 7.2 mmol) in DMF at 90 �C for 20 h. The product was
precipitated with acetone (0.2 L) and purified by Lobar column chroma-
tography. Eluting the column with a gradient from 100% H2O± 10%
aqueous MeOH (1 L for each) yielded the 6A,6B-dithiouronium salt 3
(0.44 g, 79%). This (0.15 g, 0.10 mmol) was dissolved in aqueous NaOH
solution (0.25�, 2.5 mL) and stirred at 90 �C for 10 min. The solution was
cooled down to RT, and NaBH4 (25 mg, 0.66 mmol) was added. Ten
minutes later, the reaction solution was acidified to pH 3 with 1�HCl while
being cooled with ice-water bath, then acetone (300 mL) was added to
precipitate the dithiol 4. The crude dithiol 4 was dried in vacuo, taken into
DMF (6 mL), and filtered. Diiodide 2 (0.15 g, 0.11 mmol) and cesium
carbonate (0.13 g, 0.4 mmol) were added to the filtrate. The mixture was
degassed, stirred at RT for 66 h under argon, neutralized with 1� HCl
followed by addition of acetone (300 mL) to precipitate the CD species.
Chromatography of the precipitate on a reversed-phase Lobar column
(gradient elution from 100% H2O to 40% aqueous MeOH, 1 L for each)
gave the pure CD dimer 5 (41 mg, 19% based on engaged dithiouronium
salt 3 or 16% based on the capped CD 1). FAB-MS: m/z : 2266.1 [M�]
(calcd 2266.2 for C84H136O66S2�). 1H and 13C NMR are given in Figure 1.
Cooling the NMR sample solution (30 mg in 0.6 mL D2O, CH3CN as
internal standard) to 5 �C yielded single crystals suitable for X-ray
diffraction.


Solid-state structure of 5 ¥ 5MeOH ¥ 23H2O : A suitable single crystal of 5
with dimensions 0.52� 0.24� 0.16 mm was sealed in a tube and subjected
to X-ray analysis on a Siemens CCD three-circle diffractometer with
graphite-monochromated radiation MoK� (�� 0.71073 ä) at low temper-
ature T� 100(2) K. The electron density of the solvent in the crystal lattice
was approximated through molecules of water and methanol. Analysis of
the structure and the hydrogen-bonding network in the crystal lattice
yielded 23 additional water molecules and five molecules of methanol
(presumably from chromatographic purification) per dimeric �-CD unit.
Structure parameters were determined as follows: Mr� 2840.61 gmol�1
(C84H136O66S2 ¥ 5CH3OH ¥ 23H2O), monoclinic, space group C2, a�
35.557(2), b� 12.3387(5), c� 31.543(2) ä, �� 115.272(4), V�
12514.3(12) ä3, Z� 4, �� 1.508 gcm�1, 	(MoK�)� 0.167mm�1, F(000)�
5888, � range 0.71 ± 25.31�, with limiting indices �42�h� 42, �14�k�
14, and �37� l� 37. Of the 72505 reflections collected 22474 were
independent (Rint� 0.0740). The structure was solved by direct methods
(SHELXS-97)[28] and successive Fourier synthesis. Refinement (on F2) was
performed by the full-matrix least-squares method with SHELXL-97.[28]


R(F)� 0.0823 for 18524 reflections with I� 2�(I), �R(F 2)� 0.2382 for all
22474 reflections (�� 1/[
2(F 2o� � (0.1670P)2 � 23.4030P)]; in which P�
(F 2o � 2F 2c �/3). All non-hydrogen atoms (except for one methanol oxygen
atom) were refined anisotropically (reflections 22474/parameters 1663/


restraints 6). Hydrogen atoms were considered in calculated positions with
the 1.2Ueq value of the corresponding bound atom.


CCDC-190090 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 CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).


Molecular graphics were generated by using the MolArch� program.[30]


Acknowledgement


The authors are grateful to Prof. F. W. Lichtenthaler and Prof. H. J. Lindner
for lucid discussions and to Sabine Foro for collecting the crystallographic
data.


[1] A special issue on cyclodextrins: Chem. Rev. 1998, 98(5).
[2] I. Tabushi, Y. Kuroda, K. Shimokawa, J. Am. Chem. Soc. 1979, 101,


1614 ± 1615.
[3] a) K. Fujita, S. Ejima, T. Imoto, J. Chem. Soc. Chem. Commun. 1984,


1277 ± 1278; b) Chem. Lett. 1985, 11 ± 14.
[4] R. Breslow, N. Greenspoon, T. Guo, R. Zarzycki, J. Am. Chem. Soc.


1989, 111, 8296 ± 8297.
[5] a) D.-Q. Yuan, Y. Okabe, K. Fujita, Chin. Chem. Lett. 1997, 8, 475 ±


476; b) Y. Ishimaru, T. Masuda, T. Iida, Tetrahedron Lett. 1997, 38,
3743 ± 3744; c) B. Brady, R. Darcy, Carbohydr. Res. 1998, 309, 237 ±
241; d) F. Charbonnier, A. Marsura, I. Pinte¬r, Tetrahedron Lett. 1999,
40, 6581 ± 6583; e) J. Yan, R. Watanabe, M. Yamaguchi, D.-Q. Yuan,
K. Fujita, Tetrahedron Lett. 1999, 40, 1513 ± 1514; f) J. Yan, R.
Breslow, Tetrahedron Lett. 2000, 41, 2059 ± 2062; g) S.-H. Chiu, D. C.
Myles, R. L. Garrell, J. F. Stoddart, J. Org. Chem. 2000, 65, 2792 ±
2796; h) M. R. de Jong, J. F. J. Engbersen, J. Huskens, D. N. Rein-
houdt, Chem. Eur. J. 2000, 6, 4034 ± 4040; i) K. J. C. van Bommel,
M. R. de Jong, G. A. Metselaar, W. Verboom, J. Huskens, R. Hulst, H.
Kooijman, A. L. Spek, D. N. Reinhoudt, Chem. Eur. J. 2001, 7, 3603 ±
3615; j) Y. Liu, Y. Chen, L. Li, G. Huang, C.-C. You, H.-Y. Zhang, T.
Wada, Y. Inoue, J. Org. Chem. 2001, 66, 7209 ± 7215; k) Y. Liu, B. Li,
C.-C. You, T. Wada, Y. Inoue, J. Org. Chem. 2001, 66, 225 ± 232.


[6] a) Y. Wang, A. Ueno, F. Toda, Chem. Lett. 1994, 167; b) F. Venema,
C. M. Baselier, M. C. Feiters, R. J. M. Nolte, Tetrahedron Lett. 1994,
35, 8661 ± 8664; c) Y. Okabe, M. Yamamura, K. Obe, K. Ohta, M.
Kawai, K. Fujita, J. Chem. Soc. Chem. Commun. 1995, 581 ± 582;
d) D.-Q. Yuan, K. Fujita, H. Mizushima, M. Yamaguchi, J. Chem. Soc.
Perkin Trans. 1 1997, 3135 ± 3136.


[7] a) M. Luo, W. Chen, D.-Q. Yuan, R. Xie, Synth. Commun. 1998, 28,
3845 ± 3848; b) D. K. Leung, J. H. Atkins, R. Breslow, Tetrahedron
Lett. 2001, 42, 6255 ± 6258; c) K. Sasaki, M. Nagasaka, Y. Kuroda,
Chem. Commun. 2001.


[8] a) T. Jiang, M. Li, D. S. Lawrence, J. Org. Chem. 1995, 60, 7293 ± 7297;
b) R. Breslow, X. Zhang, R. Xu, M. Maletic, R. Merger, J. Am. Chem.
Soc. 1996, 118, 11678 ± 11679.


[9] R. Breslow, S. Sung, J. Am. Chem. Soc. 1990, 112, 9659 ± 9660.
[10] a) F. Venema, A. E. Rowan, R. J. M. Nolte, J. Am. Chem. Soc. 1996,


118, 257 ± 258; b) F. Venema, P. Berthault, R. J. M. Nolte, Chem. Eur.
J. 1998, 4, 2237 ± 2250.


[11] a) R. Breslow, B. Zhang, J. Am. Chem. Soc. 1992, 114, 5882 ± 5883;
b) R. Breslow, B. Zhang, J. Am. Chem. Soc. 1994, 116, 7893 ± 7894;
c) B. Zhang, R. Breslow, J. Am. Chem. Soc. 1997, 119, 1676 ± 1681.


[12] a) R. Breslow, Z. Yang, R. Ching, G. Trojandt, F. Odobel, J. Am.
Chem. Soc. 1998, 120, 3536 ± 3537; b) D. K. Leung, Z. Yang, R.
Breslow, Proc. Natl. Acad. Sci. USA 2000, 97, 5050 ± 5053.


[13] H. Ikeda, Y. Horimoto, M. Nakata, A. Ueno, Tetrahedron Lett. 2000,
41, 6483 ± 6487.


[14] J. Liu, G. Luo, X. Ren, Y. Mu, Y. Bai, J. Shen, Biochim. Biophys. Acta
2000, 1481, 222 ± 228.


[15] a) Y. Kuroda, T. Hiroshige, T. Sera, Y. Shiroiwa, H. Tanaka, H.
Ogoshi, J. Am. Chem. Soc. 1989, 111, 1921; b) Y. Kuroda, M. Ito, T.
Sera, H. Ogoshi, J. Am. Chem. Soc. 1993, 115, 7003 ± 7004.


Chem. Eur. J. 2003, 9, 3501 ± 3506 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3505







FULL PAPER S. Immel et al.


[16] a) R. Breslow, Y. Huang, J. Yang, Proc. Natl. Acad. Sci. USA 1997, 94,
11156 ± 11158; b) J. Yang, R. Breslow, Angew. Chem. 2000, 112,
2804 ± 2806; Angew. Chem. Int. Ed. 2000, 39, 2692 ± 2694.


[17] a) R. R. French, P. Holzer, M. G. Leuenberger, W.-D. Woggon,
Angew. Chem. 2000, 112, 1321 ± 1323; Angew. Chem. Int. Ed. 2000,
39, 1267 ± 1269; b) R. R. French, W.-D. Woggon, J. Wirz, Helv. Chim.
Acta 1998, 81, 1521 ± 1527.


[18] D.-Q. Yuan, J.-Z. Lu, M. Atsumi, A. Izuka, M. Kai, K. Fujita, Chem.
Commun. 2002, 730 ± 731.


[19] R. Breslow, S. Halfon, B. Zhang, Tetrahedron 1995, 51, 377 ± 388.
[20] a) I. Tabushi, K. Shimokawa, N. Shimizu, H. Shirakata, K. Fujita, J.


Am. Chem. Soc. 1976, 98, 7855 ± 7856; b) I. Tabushi, Y. Kuroda, K.
Yokota, L. C. Yuan, J. Am. Chem. Soc. 1981, 103, 711 ± 712; c) I.
Tabushi, K. Yamamura, T. Nabeshima, J. Am. Chem. Soc. 1984, 106,
5267 ± 5270.


[21] R. Breslow, J. W. Canary, M. Verney, S. T. Waddell, D. Yang, J. Am.
Chem. Soc. 1990, 112, 5212 ± 5219.


[22] Two-Dimensional NMR Spectroscopy (Eds.: W. R. Croasmun,
R. M. K. Carlson), VCH, Weinheim, 1994.


[23] a) M. L. Connolly, J. Appl. Crystallogr. 1983, 16, 548 ± 558; b) M. L.
Connolly, Science 1983, 221, 709 ± 713.


[24] K. B. Lipkowitz, K. Green, J. A. Yang, Chirality 1992, 4, 205 ± 215.
[25] F. W. Lichtenthaler, S. Immel, Liebigs Ann. 1996, 27 ± 37.
[26] a) D. Cremer, J. A. Pople, J. Am. Chem. Soc. 1975, 97, 1354 ± 1358;


b) G. A. Jeffrey, J. H. Yates, Carbohydr. Res. 1979, 74, 319 ± 322.
[27] M. Sekine, J. Matsuzaki, T. Hata, Tetrahedron 1985, 41, 5279 ± 5288.
[28] Sheldrick, G. M. SHELXS-97 and SHELXL-97 Programs for Crystal


Structure Solution and Refinement, University of Gˆttingen, Germany,
1997.


[29] a) F. H. Allen, S. Bellard, M. D. Brice, B. A. Cartwright, A. Double-
day, H. Higgs, T. Hummelink, B. G. Hummelink-Peters, O. Kennard,
W. D. S. Motherwell, J. R. Rodgers, D. G. Watson, Acta Crystallogr.
Sect. B 1979, 35, 2331 ± 2339; b) F. H. Allen, O. Kennard, R. Taylor,
Acc. Chem. Res. 1983, 16, 146 ± 153.


[30] S. Immel, MolArch�, MOLecular ARCHitecture Modeling Program
V7.05, Technical University of Darmstadt, 2002.


Received: August 2, 2002
Revised: March 8, 2003 [F4310]


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3501 ± 35063506








¹ 2003 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim DOI: 10.1002/chem.200304851 Chem. Eur. J. 2003, 9, 3492 ± 35003492


Characteristics of Organic Transformations in a Confined Dendritic Core:
Studies on the AIBN-Initiated Reaction of Dendrimer Cobalt(��) Porphyrins
with Alkynes**


Makoto Uyemura[a, b] and Takuzo Aida*[a, b]


Abstract: Cobalt(��) complexes of poly-
(aryl ester) dendrimer porphyrins
[(m-[Gn]TPP)CoII] (generation number
n� 0 ± 4), in the presence of azobisiso-
butyronitrile (AIBN) at 60 �C, under-
went alkenylation with several alkynes
at the metal center. A complete inhib-
ition of double-bond migration (secon-
dary transformation) was observed for
[(m-[Gn]TPP)CoII] (n� 3 and 4), which
gave [(m-[Gn]TPP)CoIII�C(�CH2)R]
(n� 3 and 4) exclusively. Overall reac-
tion rates for [(m-[Gn]TPP)CoII] (n�


0 ± 3) were hardly dependent on the size
of the dendritic substituents, while a
notable retardation was observed for the
largest dendrimer, [(m-[G4]TPP)CoII].
Mechanistic studies on double-bond
migration with pure [(m-[Gn]TPP)-
CoIII�C(�CH2)Bu] (n� 0 ± 4) demon-
strated that the secondary transforma-


tion involves participation of [(m-
[Gn]TPP)CoIIIH] (n� 0 ± 4), derived
from [(m-[Gn]TPP)CoII] and AIBN,
rather than [(m-[Gn]TPP)CoII] alone.
Crossover experiments using [(m-
[Gn]TPP)CoIII�C(�CH2)Bu] (n� 2 ± 4),
in combination with nondendritic
[(m-[G0]TPP)CoII] and AIBN, indicated
a high level of steric protection of the
active center by a robust [G4]-dendritic
cage, as suggested by a 1H NMR pulse
relaxation time profile of m-
[G4]TPPH2.


Keywords: alkenylation ¥ cobalt ¥
coenzymes ¥ dendrimers ¥ porphyr-
inoids


Introduction


Dendrimers are well-defined hyperbranched macromolecules
with predictable three-dimensional shapes and are potential
artificial substitutes for globular proteins.[1] Core-shell archi-
tectures of spherical dendrimers have also motivated chemists
to explore the possibility of spatial reactivity control of active
species encapsulated within such unique three-dimensional
cages.[2] In 1996, we reported the first example of an iron(��)
porphyrin complex encapsulated within a poly(benzyl ether)
dendrimer cage as a mimic of O2-carrying hemoproteins, in
which a large dendrimer framework around the binding site
inhibits �-oxo dimer formation and enables reversible O2


uptake.[3] Collman and Diederich et al. have reported a
similar dendrimer effect on the O2-binding reaction of an


iron(��) porphyrin complex within an ether-amide dendrimer,
for which a large affinity of the metal center toward O2 has
been highlighted.[4] In 1999, we extended these observations
to the chemistry of nonheme metalloproteins, in which a
highly labile bis(�-oxo)dicopper(���) species is considerably
stabilized by a large dendrimer cage.[5] From a synthetic point
of view, in 1996 Suslick and co-workers reported shape-
selective oxidation of olefins by means of a manganese
porphyrin complex encapsulated within a poly(aryl ester)
dendrimer framework.[6] More recently, Fre¬chet and co-
workers reported an accelerated [4�2] cycloaddition of
singlet oxygen to cyclopentadiene by using a benzophenone
derivative encapsulated within an amphiphilic polyester
dendrimer as a photosensitizer.[7]


In a previous paper,[8] we reported that a cobalt(��)
porphyrin complex encapsulated within a large poly(aryl
ester) dendrimer framework ([(m-[G3]TPP)CoII]; Scheme 1d)
undergoes highly chemoselective azobisisobutyronitri-
le(AIBN)-initiated alkenylation of the metal center by an
alkyne such as propargyl alcohol (Scheme 2). Cobalt(��)
porphyrin-mediated organic transformations involving free-
radical species have been extensively studied from a bio-
logical as well as a synthetic point of view,[9, 10] because of their
relevance to biological carbon-skeleton rearrangements
mediated by coenzyme B12.[11] In view of these studies, one
of the challenges is to explore how to realize high chemo- and
stereoselectivities in these organic transformations, as the
selectivities with artificial model systems are usually much
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inferior to those of biological systems.[10] For example, AIBN-
initiated alkenylation of cobalt(��) porphyrins 1 involves
addition of cobalt(���) hydride 2 to alkynes (Scheme 3A).[8, 12]


However, in general, the products are not simple but rather
complicated mixtures of different isomers, owing to the
concomitant occurrence of double-bond migration. The
participation of cobalt(���) hydride or cobalt(��) species has
been considered to be responsible for this secondary trans-
formation (Scheme 3B and 3C). On the other hand, in
biological systems, structural aspects of the natural holoen-
zymes suggest that the steric isolation of the active species by
the large protein matrices is important for highly selective
transformations.[13] We have proposed a similar steric regu-
lation for the selective alkenylation of large [(m-


[G3]TPP)CoII] with propargyl
alcohol in the presence of
AIBN.[8]


Herein, the AIBN-initiated
transformation was further in-
vestigated by using a series of
dendrimer-appended cobalt(��)
porphyrin complexes with dif-
ferent generation numbers, in-


cluding very large [(m-[G4]TPP)CoII] (MW� 18900; Sche-
me 1e). Here, we would like to focus attention on the range of
alkynes for the chemoselective transformation of the metal
center, the mechanism of the isomerization using authentic
terminal alkenylcobalt(���) species 3, and a discussion of the
characteristics of dendritic nano cages for the molecular
design of core-active dendritic reagents and catalysts.


Results and Discussion


Synthesis and characterization of dendrimer cobalt(��) por-
phyrins [(m-[Gn]TPP)CoII] (n� 1 ± 4) and nondendritic ref-


Scheme 1. Schematic structures of cobalt(��) porphyrins: a) [(m-[G0]TPP)CoII]; b) [(m-[G1]TPP)CoII]; c) [(m-[G2]TPP)CoII]; d) [(m-[G3]TPP)CoII];
e) [(m-[G4]TPP)CoII].


Initiator
CN
R'


CoII


CN


R'


H
CoIII


R


CoIII


R


CoIII


3 41 2


R


Scheme 2. Proposed reaction scheme for AIBN-initiated alkenylation of a cobalt(II) porphyrin complex
encapsulated in a dendrimer framework [(m-[G3]TPP)CoII].
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Scheme 3. Proposed mechanism for the AIBN-initiated alkenylation of 1.


erence [(m-[G0]TPP)CoII]: In a manner similar to that
reported previously,[8] free-base porphyrinm-[G4]TPPH2 with
a large dendrimer framework (Scheme 1e) was newly synthe-
sized by a dicyclohexylcarbodiimide(DCC)-mediated cou-
pling of a carboxylic acid terminated poly(aryl ester) dendron
with 5,10,15,20-tetrakis(3�,5�-dihydroxyphenyl)porphine. It
was unambiguously characterized by means of MALDI-
TOF mass spectrometry, 1H and 13C NMR spectroscopy, and
electronic absorption spectroscopy. Dendrimer cobalt(��)
porphyrin [(m-[G4]TPP)CoII] was prepared by the reaction
of m-[G4]TPPH2 with anhydrous Co(OAc)2 in CHCl3/EtOH,
in a manner similar to that reported for other dendrimer
cobalt(��) porphyrins [(m-[Gn]TPP)CoII] (n� 1 ± 3) (Sche-
me 1b ± 1d) and nondendritic reference [(m-[G0]TPP)CoII]
(Scheme 1a).[8] Similar to the parent free-base porphyrins, all
of these cobalt(��) porphyrins were unambiguously character-
ized spectroscopically.


Figure 1 shows the CPK models of the largest dendrimer
[(m-[G4]TPP)CoII] and that of one generation lower [(m-
[G3]TPP)CoII] for comparison. Evidently, the densely packed
dendritic building units of [(m-[G4]TPP)CoII] appear to
provide a highly confined environment with regard to the
cobalt(��) porphyrin moiety, while [(m-[G3]TPP)CoII] still
shows an open space around the metal center that allows
access of small molecules. Figure 2 shows 1H NMR pulse
relaxation times (T1) in CDCl3 of the porphyrin pyrrole-� and
dendritic aromatic protons (p-H) in free-base dendrimer
porphyrins such as m-[Gn]TPPH2 (n� 2 ± 4) at 20 �C. The T1


value of the pyrrole-� protons of the porphyrin macrocycle is
longer when the generation number of the dendritic frame-
work is larger, indicating a spatial suppression of the
porphyrin functionality in large m-[G4]TPPH2 from, for
example, collision with solvent molecules. On the other hand,


Figure 1. CPK models of dendrimer cobalt(��) porphyrins: a) [(m-
[G3]TPP)CoII]; b) [(m-[G4]TPP)CoII].


Figure 2. 1H NMR pulse relaxation times (T1) of pyrrole-� (porphyrin) and
aromatic protons (dendritic Ar, p-H) of dendrimer free-base porphyrinsm-
[Gn]TPPH2 (n� 2 ± 4) in CDCl3 at 20 �C.


the T1 value of the aromatic protons in the outer layer of the
dendrimer framework becomes shorter as the generation
number increases, suggesting a dense packing of the building
units on the exterior surface ofm-[G4]TPPH2.[14] These trends
most likely reflect the structural characteristics of m-
[G4]TPPH2, in which the interior core of m-[G4]TPPH2 in
the CPK model (Figure 1b) is hardly visible owing to the
complete cagelike architecture of the large dendrimer frame-
work.


AIBN-initiated transformation of dendrimer cobalt(��) por-
phyrins [(m-[Gn]TPP)CoII] (n� 0 ± 4) with alkynes : The
AIBN-initiated alkenylation of cobalt(��) porphyrin 1 with
alkynes (Scheme 2)[12] involves the transient formation of the
adduct [(porphinato)CoIIICMe2CN] with a tertiary radical
( .CMe2CN), originating from AIBN, which immediately
undergoes �-hydride abstraction to generate the [(porphina-
to)CoIIIH] compound 2 with elimination of methacrylonitrile.
Compound 2 subsequently undergoes addition of alkynes to
give terminal alkenylcobalt(���) species 3, which gradually
isomerizes to internal alkenylcobalt(���) species 4. As descri-
bed in the introduction, the reaction of [(m-[G3]TPP)CoII]
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with AIBN and propargyl alcohol takes place chemoselec-
tively, without any retardation, to give exclusively the
corresponding terminal alkenylcobalt(���) species 3.[8] To
investigate the scope and limitation of this selective trans-
formation, cobalt(��) porphyrins of varying steric bulk, such as
[(m-[G0]TPP)CoII] and [(m-[G3]TPP)CoII], were treated
with alkynes such as 1-hexyne, 1-phenyl-2-propyne, and
3-butyne-1-ol in the presence of AIBN, under identical
conditions to those for propargyl alcohol. As summarized in
Table 1, the use of nondendritic [(m-[G0]TPP)CoII] as the
substrate resulted in the formation of isomerized products 4 as
well as terminal alkenyl compounds 3. In sharp contrast, large
[(m-[G3]TPP)CoII] was selectively converted to compounds 3
in excellent yields (85 ± 97%). Thus, the steric regulation
observed for [(m-[G3]TPP)CoII] in the reaction with prop-
argyl alcohol[8] is generally operative for other alkynes.


We further investigated the AIBN-initiated transformation
of cobalt(��) porphyrins by selecting 1-hexyne as the substrate
(Figure 3d ± 3 f ), first because it is nonpolar and thus different
from the previously studied propargyl alcohol, and second
because the product selectivities of [(m-[G0]TPP)CoII] and


Table 1. Reaction of cobalt(��) porphyrins [(m-[Gn]TPP)CoII] (n� 0 and 3)
with alkynes in the presence of AIBN.[a]


Entry[b] R group in RCH2CCH[c] m-[G0][d] m-[G3][d]


3 [%][c] 4 [%][c] 3 [%][d] 4 [%][c]


1 -C3H7 20 76 97 0
2 -CH2OH 37 27 88 0
3 -OH 39 11 91 0
4 -Ph 75 5 85 0


[a] See Scheme 2. [b] in the presence of AIBN (40 �mol) in CDCl3 (0.5 mL)
at 60 �C. [c] 400 �mol. [d] 4.7 �mol. [e] 1H NMR spectral yield in 200 min.


Figure 3. Time-courses of the reaction of cobalt(��) porphyrins [(m-[Gn]TPP)CoII] (n� 0 and 3; 4.7 �mol) with alkynes (450 �mol) in the presence of AIBN
(40 �mol) in CDCl3 (0.5 mL) at 60 �C: a), d) cobalt(��) porphyrin 1; b), e) terminal-alkenylcobalt(���) porphyrin 3; c), f) isomerized products.
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[(m-[G3]TPP)CoII] with this alkyne are very different from
each other (Table 1). Thus, 1H NMR studies were conducted
on a mixture of [(m-[Gn]TPP)CoII] (n� 0 ± 4) (4.7 �mol),
AIBN (40 �mol), and 1-hexyne (450 �mol) in CDCl3 (0.5 mL)
at 60 �C. When nondendritic [(m-[G0]TPP)CoII] was used, a
1H NMR signal, initially observed at �� 8.9 ppm and due to p-
H of the meso-Ar groups on the porphyrin macrocycle,
gradually disappeared (�, Figure 3d) to give a new signal at
�� 8.7 ppm, assignable to pyrrole-�-H of a diamagnetic
cobalt(���) porphyrin species. At the same time, a new set of
signals appeared in an upfield region (�� 0 to �4 ppm) at ��
�3.74 (dt, J� 1.6, 7.6 Hz; �-CH2), �2.58 (d, J� 4.6 Hz; cis-H
to cobalt), �1.45 (tt, J� 7.3, 7.3 Hz; �-CH2), �0.68 (dt, J� 1.6,
4.6 Hz; trans-H to cobalt), �0.44 (tq, J� 7.3, 7.3 Hz; �-CH2),
and �0.10 ppm (t, J� 7.3 Hz; �-CH3), which are due to the
axial hexenyl group of compound 3 (�, Figure 3e). The
spectral yield of 3 increased to 85% within the first 120 min,
and then rapidly dropped to 20% in the following 180 min.
The 1H NMR spectrum of the reaction mixture also showed
another set of signals at ���3.83 (d, J� 1.6 Hz; �-CH3),
�2.83 (dt, J� 1.6, 7.3 Hz; cis-H to cobalt), and �0.3 (m,
C3H7), which are assignable to isomerized compound 4 (�, J,
Figure 3 f). The spectral change profile related to these
characteristic signals indicated that the yield of 4 starts to
increase rapidly in 100 min and reaches 78% in 300 min. Thus,
in contrast with the case of propargyl alcohol as the substrate,
in which nonisomerized 3 remains a major product through-
out the reaction (Figure 3b and 3c), the transformation of
[(m-[G0]TPP)CoII] with 1-hexyne is accompanied by consid-
erable double-bond migration of the terminal alkenyl com-
pound 3, to give 4 as a major product in the final stage
(Figure 3e and 3 f).


Having this trend in mind, the reaction of the cobalt(��)
center with 1-hexyne in the presence of AIBN was inves-
tigated for dendrimer cobalt(��) porphyrins [(m-
[Gn]TPP)CoII] (n� 1 ± 3) under identical conditions to those
for nondendritic [(m-[G0]TPP)CoII] (Figure 3d ± 3 f and Fig-
ure 4). Similarly to the case with propargyl alcohol as the
substrate, [(m-[Gn]TPP)CoII] (n� 1 ± 3) reacted with 1-hex-
yne at rates comparable to that for nondendritic [(m-
[G0]TPP)CoII] (Figure 3a). Although the lower-generation


Figure 4. Reaction of cobalt(��) porphyrins [(m-[Gn]TPP)CoII] (n� 0 ± 4;
4.7 �mol) with 1-hexyne (450 �mol) in the presence of AIBN (40 �mol) in
CDCl3 (0.5 mL) at 60 �C. Selectivities for nonisomerized 3 in 300 min, as
determined by 1H NMR.


dendrimer [(m-[G1]TPP)CoII] (�, Figure 3e) had an even
high chemoselectivity for 3 (85% selectivity in 300 min),
complete exclusion of the double-bond migration again
required a larger dendrimer framework, where [(m-
[G2]TPP)CoII] (�) and [(m-[G3]TPP)CoII] (�) were selec-
tively transformed into 3 in �96% spectral yield.


The above observations prompted us to investigate the
largest [(m-[G4]TPP)CoII] (�) in the AIBN-initiated reaction
with 1-hexyne and propargyl alcohol. With 1-hexyne as the
substrate, the reaction was highly chemoselective for 3, but
proceeded rather sluggishly relative to the lower-generation
homologues. For example, in 180 min, compound 3 was
formed in 87% yield from [(m-[G4]TPP)CoII] (�, Figure 3e),
whereas [(m-[G3]TPP)CoII] was transformed into 3 in 96%
yield (�, Figure 3e). On the other hand, in the reaction with
propargyl alcohol, we found that the consumption of [(m-
[G4]TPP)CoII] is considerably retarded, such that 17% of
starting [(m-[G4]TPP)CoII] remained unreacted even in
300 min, whereas the lower generation homologues were
completely consumed under identical conditions (�, Fig-
ure 3a). Although the reaction of [(m-[G4]TPP)CoII] pro-
ceeded without any indication of isomerization, the yield of 3
in 300 min was only 67% (�, Figure 3b). Considering the low
conformational change activity of the dendrimer framework,
as suggested by the 1H NMR T1 profile of m-[G4]TPPH2


(Figure 2), such a notable retardation of the overall reaction
indicates that the four [G4]-poly(aryl ester) dendrons, at-
tached to the cobalt(��) porphyrin moiety of [(m-
[G4]TPP)CoII] cooperatively form a cagelike architecture,
and suppress not only the secondary transformation of 3
involving another cobalt porphyrin species, but also the access
of even small molecules such as AIBN and propargyl alcohol
to the interior metal center. Since 1) one generation lower
[(m-[G3]TPP)CoII] hardly shows any retardation in the
reaction with propargyl alcohol (Figure 3a and 3b)[8] and 2)
the retardation is less explicit even for [(m-[G4]TPP)CoII] in
the reaction with 1-hexyne (Figure 3d and 3e), it is likely that
a complete dendritic cage, as indicated for the largest [(m-
[G4]TPP)CoII], may exhibit polarity-sensitive guest inclusion
activity, which possibly affects the rate-determining step of
the reaction.[2a±e, 15] This may be important for the molecular
design of core-active dendritic reagents and catalysts.


Mechanistic aspects of isomerization : For the isomerization of
terminal alkenylcobalt(���) species 3, formed by hydride
addition to alkynes, participation of another cobalt porphyrin
complex, such as cobalt(��) or cobalt(���) hydride species, has
been considered responsible (Scheme 3B and 3C).[8, 12] To
determine which cobalt species is actually involved in this
secondary transformation, a nondendritic terminal alkenyl-
cobalt(���) porphyrin [(m-[G0]TPP)CoIII�C(�CH2)Bu] (3,
2.3 �mol), synthesized according to a literature method using
1-hexyne and NaBH4,[16] was heated in CDCl3 (0.5 mL) at
60 �C in the presence of either [(m-[G0]TPP)CoII] (0.46 �mol,
5 mol%) alone or with AIBN (40 �mol). In the absence of
AIBN, no 1H NMR signals assignable to isomerized product 4
were detected throughout an observation period of 200 min.
The same was true for the reaction in the presence of AIBN
(40 �mol) without any cobalt(��) species. In sharp contrast,
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when [(m-[G0]TPP)CoIII�C(�CH2)Bu] (2.3 �mol) was heated
with both [(m-[G0]TPP)CoII] (0.46 �mol, 5 mol%) and AIBN
(40 �mol) under the same conditions as above, the 1H NMR
spectrum of the reaction mixture clearly showed the forma-
tion of isomerized compound 4, whose spectral yield reached
38% in 300 min (Figure 5a). Therefore, it is clear that a
cobalt(���) hydride species (Scheme 3C), rather than a cobal-
t(��) species (Scheme 3B), is responsible for the secondary
transformation.


Figure 5. Reaction of hexenylcobalt(���) porphyrins [(m-
[Gn]TPP)CoIII�C(�CH2)Bu] (3 ; n� 0 ± 4; 2.3 �mol) with cobalt(��) por-
phyrins [(m-[Gn]TPP)CoII] (n� 0 ± 4; 5 mol%) in the presence of AIBN
(40 �mol) in CDCl3 (0.5 mL) at 60 �C. Yields of isomerized 4 in 200 min, as
determined by 1H NMR.


By means of the above method, double-bond migration
activities of dendritic [(m-[Gn]TPP)CoIII�C(�CH2)Bu] (3,
n� 1 ± 4)[12] were investigated in the presence of [(m-
[Gn]TPP)CoII] (n� 1 ± 4) and AIBN. For example, when a
mixture of [(m-[G4]TPP)CoIII�C(�CH2)Bu] (2.3 �mol), [(m-
[G4]TPP)CoII] (0.46 �mol, 5 mol%), and AIBN (40 �mol)
was heated in CDCl3 (0.5 mL) at 60 �C, the 1H NMR spectrum
did not show any indication of isomerization (Figure 5a). In
contrast, one generation lower [(m-[G3]TPP)CoIII�C(�CH2)-
Bu], in the presence of [(m-[G3]TPP)CoII] and AIBN,
underwent isomerization to give 4 in 5% spectral yield in
200 min. As expected, [(m-[G2]TPP)CoIII�C(�CH2)Bu], [(m-
[G1]TPP)CoIII�C(�CH2)Bu], and nondendritic [(m-
[G0]TPP)CoIII�C(�CH2)Bu], in the presence of [(m-
[G2]TPP)CoII], [(m-[G1]TPP)CoII], and [(m-[G0]TPP)CoII],
respectively, isomerized to a greater extent, forming com-
pounds 4 in 16, 30, and 38% spectral yield after 200 min
(Figure 5a). Thus, the steric effect of the dendrimer frame-
work is again clear in this model secondary transformation.
However, as already described, the dendrimer effect is less
explicit than that observed for the transformation starting
from [(m-[Gn]TPP)CoII] (Figure 3 f), where nondendritic
[(m-[G0]TPP)CoII] is transformed with 1-hexyne to give
isomerized compound 4 in 78% spectral yield, while no
isomerization takes place for the lower-generation compound
[(m-[G2]TPP)CoII]. In relation to these observations, we
found that the isomerization rate is sensitive to the concen-
tration of cobalt(��) species 1, that is, cobalt(���) hydride species


2, which is determined by a balance between the rate of the
reaction of 1 with AIBN and that of the resulting hydride 2
with 1-hexyne (Scheme 2). Although the overall reaction
profiles in Figure 3 are hardly informative of this competitive
situation, it is not surprising that the dendrimer framework
around the cobalt center can affect the relative rates of
elementary reaction steps involved in the transformation.[6, 7]


Along the lines of the above study, some crossover experi-
ments were conducted under identical conditions, using
dendritic terminal alkenylcobalt(���) porphyrins 3 such as
[(m-[Gn]TPP)CoIII�C(�CH2)Bu] (n� 2 ± 4) in combination
with nondendritic [(m-[G0]TPP)CoII] (Figure 5b). In the
presence of AIBN, 1H NMR spectroscopy showed isomer-
ization of both [(m-[G2]TPP)CoIII�C(�CH2)Bu] and [(m-
[G3]TPP)CoIII�C(�CH2)Bu], to give compounds 4 in 26 and
11% spectral yield, respectively, upon heating for 200 min at
60 �C. The observed yields of compounds 4 are clearly higher
than those for [(m-[G2]TPP)CoIII�C(�CH2)Bu] and [(m-
[G3]TPP)CoIII�C(�CH2)Bu], in conjunction with [(m-
[G2]TPP)CoII] (16%) and [(m-[G3]TPP)CoII] (5%), respec-
tively. In sharp contrast, the largest [(m-
[G4]TPP)CoIII�C(�CH2)Bu] hardly underwent isomerization
even with nondendritic [(m-[G0]TPP)CoII] and AIBN, again
indicating high-level steric protection of the interior active
site by a robust cagelike dendritic architecture.


Conclusions


Herein, we have demonstrated a highly chemoselective
AIBN-initiated organic transformation of dendrimer-append-
ed cobalt(��) porphyrins with various alkynes such as 1-hexyne,
1-phenyl-2-propyne, 3-butyne-1-ol, and propargyl alcohol.[8]


Such novel core-active dendrimers, when they carry optimum-
sized dendritic frameworks, are rapidly and highly chemo-
selectively alkenylated by reaction with AIBN followed by
alkynes. In contrast, when the dendrimer framework is too
large, the overall reaction is clearly retarded owing to the
limited access of even small molecules such as AIBN and
alkynes to the interior active site. The fact that such
retardation is more explicit for the transformation with
propargyl alcohol bearing a hydroxyl functionality than with
a nonpolar alkyne such as 1-hexyne (Figure 3) suggests an
interesting molecular recognition ability of the highly con-
fined dendritic core. These observations provide a new aspect
for molecular design and utilization of core-active dendrimers
for designer catalyses and artificial enzymes.


Experimental Section


General : 1H NMR spectra were measured in CDCl3 using a JEOL GSX-
270 spectrometer and a JEOL EXcalibur-500 spectrometer operating at
270.05 MHz and 500.00 MHz, respectively. The chemical shifts were
determined with respect to CHCl3 (�� 7.24 ppm) as internal standard.
13C NMR spectroscopy was performed in CDCl3 using a JEOL EXcalibur-
500 spectrometer operating at 125.65 MHz. The chemical shifts were
determined with respect to CDCl3 (�� 77.00 ppm) as internal standard.
MALDI-TOF-MS spectra were recorded on an Applied Biosystems model
Voyager DE STR. Preparative size-exclusion chromatography (SEC) was







FULL PAPER T. Aida and M. Uyemura


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3492 ± 35003498


performed at room temperature on a Japan Analytical Industry model
LC-918 recycling preparative HPLC, equipped with a JASCO model MD-
1510 multichannel photodiode array detector, using CHCl3 as eluent at a
flow rate of 3.5 mLmin�1. The column set consisted of two Polystyragel
columns (20 (i.d.)� 600 mm (L)) of JAIGEL-1H (exclusion limit 1� 103)/
JAIGEL-2H (5� 103) or JAIGEL-2H/JAIGEL-3H (3� 104). Electronic
absorption spectra were recorded on a JASCO model V-570 spectro-
photometer. Fluorescence spectra were recorded on a JASCO model
FP-777W spectrofluorometer.


Materials : CH2Cl2 was washed successively with concentrated H2SO4,
water, and aqueous NaHCO3, was dried over CaCl2, and then distilled over
CaH2 under argon. THF was distilled under argon over sodium benzophe-
none ketyl just before use. MeOH was distilled over Mg coupled with
iodine under argon. CDCl3 was passed through alumina just before use. All
alkynes were distilled before use. 4-(Dimethylamino)pyridinium 4-tolue-
nesulfonate (DPTS) and 2�,2�,2�-trichloroethyl 3,5-dihydroxybenzoate were
synthesized according to literature methods.[6] 2,2�-Azobis(isobutyronitrile)
(AIBN) and 2,2�-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70) were
purchased from Wako Chemicals and used as received. 4-(Dimethylami-
no)pyridine (DMAP), 1,3-dicyclohexylcarbodiimide (DCC), and NaBH4


were purchased from Tokyo Chemical Industry and used as received.
Anhydrous cobalt(��) acetate (Co(OAc)2) was purchased from Nakalai
Tesque and used as received. Cobalt(��) complexes of poly(aryl ester)
dendrimer porphyrins [(m-[Gn]TPP)CoII] (n� 1 ± 3) and nondendritic
reference [(m-[G0]TPP)CoII] were prepared as previously reported.[8]


[G3]Poly(aryl ester)-CO2CH2CCl3 dendron : DCC (2.45 g, 12.0 mmol) was
added to a solution of [G2]poly(aryl ester)-CO2H dendron (10.8 g,
10.0 mmol), 2�,2�,2�-trichloroethyl 3,5-dihydroxybenzoate (1.40 g,
4.90 mmol), and DPTS (333 mg, 1.13 mmol) in distilled CH2Cl2 (30 mL)
under argon at room temperature. After stirring overnight at room
temperature, the reaction mixture was filtered through celite, washed with
water (200 mL), and extracted with AcOEt and Et2O. The combined
extracts were dried over anhydrous MgSO4 and evaporated to dryness
under reduced pressure at room temperature. The residue was then
chromatographed on silica gel with CH2Cl2 as eluent. After evaporation,
2�,2�,2�-trichloroethyl 3,5-bis{3�,5�-bis[3��,5��-bis(3���,5���-dimethoxybenzoylox-
y)benzoyloxy]benzoyloxy}benzoate ([G3]poly(aryl ester)-CO2CH2CCl3
dendron) was obtained quantitatively as a white powder (11.9 g).
1H NMR (500 MHz, CDCl3, 25 �C): �� 3.84 (s, 48H), 4.97 (s, 2H), 6.71
(t, 8H, J� 2.5 Hz), 7.32 (d, 16H, J� 2.5 Hz), 7.49 (m, 1H), 7.50 (t, 4H, J�
2.5 Hz), 7.54 (t, 2H, J� 2.5 Hz), 7.92 (d, 2H, J� 2.5 Hz), 8.00 (d, 8H, J�
2.5 Hz), 8.02 ppm (d, 4H, J� 2.5 Hz); 13C NMR (126 MHz, CDCl3, 25 �C):
�� 55.7, 74.7, 94.6, 106.8, 107.7, 120.9, 121.0, 121.1, 121.1, 121.2, 121.5, 130.3,
130.7, 130.9, 131.0, 150.9, 151.0, 151.3, 160.6, 162.4, 162.6, 162.8, 164.0 ppm;
MS (MALDI-TOF, HABA): calcd for C123H95Cl3NaO46 ([M�Na]�)
2435.41, found 2434.95.


[G3]Poly(aryl ester)-CO2H dendron : Zinc powder (1.0 g) was slowly added
to a THF/AcOH solution (10:9 mL) of [G3]poly(aryl ester)-CO2CH2CCl3
dendron (2.90 g, 1.2 mmol) under argon at room temperature. After 15 min
of vigorous stirring at 60 �C, the reaction mixture was filtered through celite
to remove insoluble substances and extracted with AcOEt and Et2O. The
combined extract was evaporated to dryness under reduced pressure at
room temperature, and the residue was dissolved in CHCl3, washed with
water (500 mL), and evaporated to dryness under reduced pressure at room
temperature. The residue was dissolved in CHCl3/2-PrOH (10%) and
recrystallized upon addition of hexane to give 3,5-bis{3�,5�-bis[3��,5��-
bis(3���,5���-dimethoxy-benzoyloxy)benzoyloxy]benzoyloxy}benzoic acid
([G3]poly(aryl ester)-CO2H dendron) as a white powder in 82% yield
(2.25 g). 1H NMR (500 MHz, CDCl3, 45 �C): �� 3.83 (s, 48H), 6.71 (t, 8H,
J� 2.5 Hz), 7.32 (d, 16H, J� 2.5 Hz), 7.50 ± 7.51 (m, 5H), 7.56 (t, 2H, J�
2.5 Hz), 7.90 (d, 2H, J� 2.5 Hz), 7.99 (d, 4H, J� 2.5 Hz), 8.02 ppm (d, 2H,
J� 2.5 Hz); 13C NMR (126 MHz, CDCl3, 45 �C): �� 55.7, 106.9, 107.8,
120.6, 121.0, 121.0, 121.4, 130.5, 130.9, 131.2, 131.6, 150.9, 151.1, 151.4, 158.1,
160.7, 160.9, 162.4, 162.6, 164.0, 167.2 ppm; MS (MALDI-TOF, HABA):
calcd for C121H94NaO46 ([M�Na]�) 2305.49, found 2305.22.


m-[G4]TPPH2 : DCC (110 mg, 533 �mol) was added to a mixture of
[G3]poly(aryl ester)-CO2H dendron (1.14 g, 500 �mol), 5,10,15,20-tetra-
kis(3�,5�-dihydroxyphenyl)-21H,23H-porphine (33.3 mg, 44.7 �mol), and
DMAP (8.1 mg, 67 �mol) in distilled THF (5 mL) under argon at room
temperature. The reaction mixture was stirred for 60 min at 60 �C, and then
evaporated to dryness under reduced pressure at room temperature. The


residue was chromatographed on silica gel with CH2Cl2 as eluent, and
subjected to SEC with CHCl3 as eluent. A fraction containing the desired
product was isolated and evaporated to dryness under reduced pressure at
room temperature, and the residue was dissolved in CHCl3/2-PrOH (10%)
and recrystallized upon addition of hexane to give 5,10,15,20-tetrakis[3�,5�-
bis(3��,5��-bis{3���,5���-bis[3����,5����-bis(3�����,5�����-dimethoxybenzoyloxy)benzoyl-
oxy]benzoyloxy}benzoyloxy)phenyl]-21H,23H-porphine (m-[G4]TPPH2)
as a purple powder in 70% yield (593 mg). 1H NMR (500 MHz, CDCl3,
20 �C): ���2.96 (s, 2H), 3.70 (s, 384H), 6.57 (s, 64H), 7.18 (s, 128H), 7.42
(s, 32H), 7.50 (s, 24H), 7.72 (s, 4H), 7.87 (s, 64H), 7.91 (s, 32H), 8.06 (s,
24H), 9.12 ppm (s, 8H); 13C NMR (126 MHz, CDCl3, 45 �C): �� 55.5,
106.7, 107.7, 114.9, 118.3, 120.7 ± 120.9 (brm), 121.2, 126.1, 128.2, 130.4,
131.0, 131.5, 143.8, 149.5, 151.1, 151.3, 160.6, 160.8, 162.4, 162.5, 162.9,
163.9 ppm; UV/vis (CHCl3): �max� 423, 518, 553, 593, 649 nm; MS
(MALDI-TOF, dithranol): calcd for C1012H766N4O368 ([M � H]�)
18871.72, found 18876.55.


[(m-[G4]TPP)CoII]: A saturated solution of anhydrous Co(OAc)2 in EtOH
(3 mL) was added to a solution of m-[G4]TPPH2 (200 mg, 10.6 �mol) in
CHCl3 (10 mL) and the mixture was stirred at room temperature until it
became nonfluorescent. Then, the reaction mixture was evaporated to
dryness under reduced pressure at room temperature, and the residue was
chromatographed on silica gel with CHCl3 as eluent. A fraction containing
the desired product was isolated and evaporated to dryness under reduced
pressure at room temperature. The residue was dissolved in CHCl3 and
recrystallized upon addition of 2-PrOH, to give {5,10,15,20-tetrakis[3�,5�-
bis(3��,5��-bis{3���,5���-bis[3����,5����-bis(3�����,5�����-dimethoxybenzoyloxy)benzoyl-
oxy]benzoyloxy}benzoyloxy)phenyl]porphinato}cobalt(��) ([(m-[G4]TPP)-
CoII]) as a dark purple powder in 82% yield (165 mg). 1H NMR (270 MHz,
CDCl3, 20 �C): �� 3.70 (s, 384H), 6.56 (br s, 64H), 7.17 (br s, 160H), 7.40
(br s, 32H), 7.57 (br s, 16H), 7.92 (d, J� 1.4 Hz, 64H), 9.40 (br s, 12H), 12.90
(br s, 8H), 15.89 (br s, 8H); UV/Vis (CHCl3): �max� 415, 532 nm; MS
(MALDI-TOF, dithranol): calcd for C1012H764CoN4O368 ([M�]) 18927.63,
found 18927.31.


Reaction of cobalt(��) porphyrins with alkynes in the presence of AIBN : A
solution of a mixture of cobalt(��) porphyrin (4.7 �mol), alkyne (450 �mol),
and AIBN (6.57 mg, 40 �mol) in CDCl3 (0.5 mL) was transferred to an
NMR tube. After three freeze-pump-thaw cycles, the NMR tube was sealed
off under reduced pressure. The mixture was then heated to 60 �C, and the
reaction was monitored by 1H NMR spectroscopy. After a designated time,
the reaction mixture was evaporated to dryness under reduced pressure at
room temperature, and the residue was subjected to SEC with CHCl3 as
eluent. A fraction containing the desired product was isolated and
evaporated to dryness under reduced pressure at room temperature.


3-(1-Hydroxy-3-butenyl)[5,10,15,20-tetrakis(3�,5�-bis{3��,5��-bis[3���,5���-bis-
(3����,5����-dimethoxy-benzoyloxy)benzoyloxy]benzoyloxy}phenyl)porphina-
to]cobalt(���) ([(m-[G3]TPP)CoIII�C(�CH2)CH2CH2OH]): The use of
1-hydroxy-3-butyne and [(m-[G3]TPP)CoII] for the reaction gave [(m-
[G3]TPP)CoIII�C(�CH2)CH2CH2OH] as a dark purple powder. 1H NMR
(270 MHz, CDCl3, 60 �C): ���3.56 (t, J� 5.9 Hz, 2H), �2.57 (d, J�
2.7 Hz, 1H), �0.69 (d, J� 2.7 Hz, 1H), 0.32 (t, J� 5.9 Hz, 1H), 0.82 (t,
J� 6.8 Hz, 1H), 3.68 (s, 192H), 6.54 (t, J� 2.2 Hz, 32H), 7.14 (d, J� 2.2 Hz,
64H), 7.36 (t, J� 2.2 Hz, 16H), 7.42 (t, J� 2.2 Hz, 8H), 7.62 (t, J� 2.2 Hz,
4H), 7.83 (br s, 32H), 7.99 (m, 24H), 9.01 ppm (s, 8H).


2-(1-Phenyl-2-propenyl)[5,10,15,20-tetrakis(3�,5�-bis{3��,5��-bis[3���,5���-bis-
(3����,5����-dimethoxy-benzoyloxy)benzoyloxy]benzoyloxy}phenyl)porphina-
to]cobalt(���) ([(m-[G3]TPP)CoIII�C(�CH2)CH2Ph]): The use of 1-phenyl-
2-propyne and [(m-[G3]TPP)CoII] for the reaction gave [(m-
[G3]TPP)CoIII�C(�CH2)CH2Ph] as a dark purple powder. 1H NMR
(270 MHz, CDCl3, 60 �C): ���2.55 (br s, 2H), �2.41 (br s, 1H), �0.92
(br s, 1H), 3.67 (s, 192H), 4.61 (d, J� 7.3 Hz, 2H), 6.24 ± 6.38 (m, 3H), 6.55
(t, J� 2.2 Hz, 32H), 7.21 (d, J� 2.2 Hz, 64H), 7.38 (t, J� 2.2 Hz, 16H), 7.44
(t, J� 2.2 Hz, 8H), 7.63 (t, J� 2.2 Hz, 4H), 7.86 (br s, 32H), 8.00 (m, 24H),
9.01 ppm (s, 8H).


2-(1-Hexenyl)(5,10,15,20-tetrakis{3�,5�-bis[3��,5��-bis(3���,5���-dimethoxyben-
zoyloxy)benzoyloxy]benzoyloxy}porphinato)cobalt(���) ([(m-[G2]TPP)-
CoIII�C(�CH2)Bu]): The use of 1-hexyne and [(m-[G2]TPP)CoII] for the
reaction gave [(m-[G2]TPP)CoIII�C(�CH2)Bu)] as a dark purple powder.
1H NMR (270 MHz, CDCl3, 60 �C): ���3.81 (t, J� 7.0 Hz, 2H), �2.70 (d,
J� 4.9 Hz, 1H), �1.43 (tt, J� 7.0, 7.0 Hz, 2H), �0.83 (brd, J� 4.9 Hz, 1H),
�0.56 (qt, J� 7.3, 7.0 Hz, 2H), �0.18 (t, J� 7.3 Hz, 3H), 3.75 (s, 192H),
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6.62 (t, J� 2.2 Hz, 32H), 7.23 (d, J� 2.2 Hz, 64H), 7.45 (t, J� 2.2 Hz, 16H),
7.53 (t, J� 2.2 Hz, 8H), 7.72 (t, J� 2.2 Hz, 4H), 7.91 (br s, 32H), 8.07 (m,
24H), 9.06 ppm (s, 8H).


2-(1-Hexenyl)[5,10,15,20-tetrakis(3�,5�-bis{3��,5��-bis[3���,5���-bis(3����,5����-di-
methoxybenzoyloxy)benzoyloxy]benzoyloxy}phenyl)porphinato]cobalt(���)
([(m-[G3]TPP)CoIII�C(�CH2)Bu]): The use of 1-hexyne and [(m-
[G3]TPP)CoII] for the reaction gave [(m-[G3]TPP)CoIII�C(�CH2)Bu] as
a dark purple powder. 1H NMR (270 MHz, CDCl3, 60 �C): ���3.91 (t, J�
7.0 Hz, 2H),�2.78 (d, J� 4.9 Hz, 1H),�1.57 (tt, J� 7.0, 7.0 Hz, 2H),�0.96
(brd, J� 4.9 Hz, 1H), �0.67 (qt, J� 7.3, 7.0 Hz, 2H), �0.29 (t, J� 7.3 Hz,
3H), 3.75 (s, 192H), 6.62 (t, J� 2.2 Hz, 32H), 7.23 (d, J� 2.2 Hz, 64H), 7.45
(t, J� 2.2 Hz, 16H), 7.53 (t, J� 2.2 Hz, 8H), 7.72 (t, J� 2.2 Hz, 4H), 7.91
(br s, 32H), 8.07 (m, 24H), 9.06 ppm (s, 8H).


2-(1-Hexenyl){5,10,15,20-tetrakis[3�,5�-bis(3��,5��-bis{3���,5���-bis[3����,5����-bis-
(3�����,5�����-dimethoxybenzoyloxy)benzoyloxy]benzoyloxy}benzoyloxy)phe-
nyl]porphinato}cobalt(���) ([(m-[G4]TPP)CoIII�C(�CH2)Bu]): The use of
1-hexyne and [(m-[G4]TPP)CoII] for the reaction gave [(m-
[G4]TPP)CoIII�C(�CH2)Bu] as a dark purple powder. 1H NMR
(270 MHz, CDCl3, 60 �C): ���3.88 (br s, 2H), �2.75 (br s, 1H), �1.55
(br s, 2H), �0.97 (br s, 1H), �0.64 (br s, 2H), �0.29 (t, J� 7.0 Hz, 3H), 3.71
(s, 384H), 6.58 (br s, 64H), 7.19 (br s, 128H), 7.31 (br s, 8H), 7.44 (br s, 32H),
7.53 (br s, 16H), 7.61 (br s, 4H), 7.88 (br s, 64H), 7.92 (br s, 32H), 8.05 (m,
24H), 9.04 ppm (s, 8H).


2-(1-Hydroxy-2-propenyl){5,10,15,20-tetrakis[3�,5�-bis(3��,5��-bis{3���,5���-bis-
[3����,5����-bis(3�����,5�����-dimethoxybenzoyloxy)benzoyloxy]benzoyloxy}ben-
zoyloxy)phenyl]porphinato}cobalt(���) ([(m-[G4]TPP)CoIII�C(�CH2)-
CH2OH]): The use of 1-hexyne and [(m-[G4]TPP)CoII] for the reaction
gave [(m-[G4]TPP)CoIII�C(�CH2)CH2OH] as a dark purple powder.
1H NMR (270 MHz, CDCl3, 60 �C): ���2.43 (br s, 1H), �1.92 (br s,
2H), �1.79 (br s, 1H), �0.29 (br s, 1H), 3.71 (s, 384H), 6.59 (br s, 64H), 7.19
(br s, 128H), 7.32 (t, J� 2.4 Hz, 8H), 7.43 (br s, 32H), 7.52 (br s, 16H), 7.62
(br s, 4H), 7.87 (br s, 64H), 7.92 (br s, 32H), 8.04 (m, 24H), 9.07 ppm (s, 8H).


2-(1-Hexenyl){5,10,15,20-tetrakis(3�,5�-dimethoxyphenyl)-porphinato}co-
balt(���) ([(m-[G0]TPP)CoIII�C(�CH2)Bu]): Argon was briefly bubbled
through a round-bottom flask containing a mixture of [(m-[G0]TPP)CoII]
(20 mg, 22.0 �mol), 1-hexyne (51.7 �L, 450 �mol), and NaBH4 (30 mg,
0.8 mmol) in C6H6/MeOH (30:1, 20 mL). The reaction mixture was stirred
at room temperature for 12 h and then evaporated to dryness under
reduced pressure at room temperature. Hexane (30 mL) was added to a
solution of the residue in CHCl3 (0.5 mL), and the resulting dark purple
precipitate was isolated, washed with hexane, and dried under reduced
pressure at room temperature to give [(m-[G0]TPP)CoIII�C(�CH2)Bu] as a
dark purple powder in 89% yield (19.4 mg). 1H NMR (270 MHz, CDCl3,
60 �C): ���3.74 (dt, J� 1.6, 7.6 Hz; �-CH2), �2.58 (d, J� 4.6 Hz; cis-H to
cobalt), �1.45 (tt, J� 7.3, 7.3 Hz; �-CH2), �0.68 (dt, J� 1.6, 4.6 Hz; trans-H
to cobalt atom), �0.44 (tq, J� 7.3, 7.3 Hz; �-CH2), �0.10 (t, J� 7.3 Hz; �-
CH3), 3.92 (s, 24H), 6.84 (t, J� 2.2 Hz, 4H), 7.23 (d, J� 2.2 Hz, 8H),
8.88 ppm (s, 8H).


Reaction of cobalt(��) porphyrins with 1-hexyne in the presence of V-70 :
Typically, a degassed CHCl3 solution (0.5 mL) of a mixture of cobalt(��)
porphyrin (4.7 �mol), 1-hexyne (450 �mol), and V-70 (10.02 mg, 40 �mol)
was stirred for 5 h at room temperature and the reaction mixture was
evaporated to dryness under reduced pressure at room temperature. The
residue was subjected to SEC with CHCl3 as eluent and a fraction
containing the desired product was isolated and evaporated to dryness
under reduced pressure at room temperature.


2-(1-Hexenyl)(5,10,15,20-tetrakis[3�,5�-bis{3��,5��-bis(3���,5���-dimethoxyben-
zoyloxy)benzoyloxy}phenyl]-porphinato)cobalt(���) ([(m-[G1]TPP)-
CoIII�C(�CH2)Bu]): The use of 1-hexyne and [(m-[G1]TPP)CoII]
(9.93 mg, 4.7 �mol) for the reaction gave [(m-[G1]TPP)CoIII�C(�CH2)Bu])
as a dark purple powder quantitatively (10.3 mg). 1H NMR (270 MHz,
CDCl3, 60 �C): ���3.81 (t, J� 7.0 Hz, 2H), �2.69 (d, J� 5.1 Hz, 1H),
�1.43 (tt, J� 7.0, 7.0 Hz, 2H), �0.83 (brd, J� 5.1 Hz, 1H), �0.55 (qt, J�
7.3, 7.0 Hz, 2H), �0.17 (t, J� 7.0 Hz, 3H), 3.75 (s, 48H), 6.69 (t, J� 2.2 Hz,
8H), 7.39 (d, J� 2.2 Hz, 16H), 7.63 (t, J� 2.2 Hz, 4H), 7.92 (d, J� 2.2 Hz,
8H), 9.08 ppm (s, 8H).


2-(1-Hexenyl)(5,10,15,20-tetrakis{3�,5�-bis[3��,5��-bis(3���,5���-dimethoxyben-
zoyloxy)benzoyloxy]benzoyloxy}porphinato)cobalt(���) ([(m-[G2]TPP)-
CoIII�C(�CH2)Bu]): The use of 1-hexyne and [(m-[G2]TPP)CoII]


(21.6 mg, 4.7 �mol) for the reaction quantitatively gave [(m-
[G2]TPP)CoIII�C(�CH2)Bu] as a dark purple powder (21.6 mg).


2-(1-Hexenyl)[5,10,15,20-tetrakis(3�,5�-bis{3��,5��-bis[3���,5���-bis(3����,5����-di-
methoxybenzoyloxy)-benzoyloxy]benzoyloxy}phenyl)porphinato]cobalt(���)
([(m-[G3]TPP)CoIII�C(�CH2)Bu]): The use of 1-hexyne and [(m-
[G3]TPP)CoII] (43.7 mg, 4.7 �mol) for the reaction gave [(m-
[G3]TPP)CoIII�C(�CH2)Bu]) as a dark purple powder in 98% yield
(43.3 mg).


2-(1-Hexenyl){5,10,15,20-tetrakis[3�,5�-bis(3��,5��-bis{3���,5���-bis[3����,5����-bis-
(3�����,5�����-dimethoxybenzoyloxy)benzoyloxy]benzoyloxy}benzoyloxy)phe-
nyl]porphinato}cobalt(���) ([(m-[G4]TPP)CoIII�C(�CH2)Bu]): The use of
1-hexyne and [(m-[G4]TPP)CoII] (89.0 mg, 4.7 �mol) for the reaction gave
[(m-[G4]TPP)CoIII�C(�CH2)Bu]) as a dark purple powder in 98% yield
(88.0 mg).


Reaction of [(m-[Gn]TPP)CoIII�C(�CH2)Bu] (n� 0 ± 4) with [(m-
[Gn]TPP)CoII] (n� 0 ± 4) in the presence of AIBN : Typically, a solution
of a mixture of [(m-[Gn]TPP)CoIII�C(�CH2)Bu] (n� 0 ± 4) (2.3 �mol),
5 mol% of [(m-[Gn]TPP)CoII] (n� 0 ± 4), and AIBN (6.57 mg, 40 �mol) in
CDCl3 (0.5 mL) was transferred to an NMR tube. After three freeze-pump-
thaw cycles, the NMR tube was sealed off under reduced pressure, and
subjected to 1H NMR spectroscopy at 60 �C.
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Abstract: The readily available in gram
quantities tris(allyloxy)knot of the
amide-type 5 (knotane) can be com-
pletely and partially deprotected with
nBu3SnH in the presence of a palladium
catalyst resulting in hydroxyknotanes
7 ± 9. These, in turn, react with diethyl-
chlorophosphate giving rise to knotanes
equipped with between one and three
phosphoryl groups. Sulfonylation of bi-
s(allyloxy)monohydroxyknotane 8 with
p-toluenesulfonyl chloride and, follow-
ing removal of one or two allyl groups
from the intermediate monosulfonate
13, give rise to sulfonyloxy-allyloxy-
hydroxy- and sulfonyloxy-dihydroxy-
knotanes 15 and 14, respectively. This
provides a convenient method for the
preparation of knotanes with any sub-
stitution pattern. All new knotanes have


been isolated in preparative amounts
and as highly pure substances with an
exception of allyloxy-dihydroxyknotane
9. This compound could only be ob-
tained as a mixture with the correspond-
ing monohydroxy-derivative 8. The
structures of all synthesized compounds
were established by means of FAB and
MALDI TOF mass spectrometry, 1H
and 31P NMR spectroscopy. The triphos-
phorylated knotane 10 exhibits high
solubility in alcohols, allowing its com-
plete enantiomeric resolution with a
commercially available chiral HPLC


column. 1H,1H DQF-COSY correlation
spectroscopy along with H/D exchange
experiments and ab initio calculations
provided the first detailed 1H NMR
signal assignments of knotanes in
[D6]DMSO solution. The combination
of variable temperature 1H and 31P
NMR spectroscopy and molecular mod-
eling has been applied to study the
conformational behavior of the new
knotanes in different solvents. It has
been shown that in DMSO solution at
room temperature knotanes exist in a
relatively rigid nonsymmetrical confor-
mation similar to that found in the solid
state while faster conformational ex-
change leading to the average D3 sym-
metrical structure was detected in a
number of other solvents.


Keywords: conformation analysis ¥
enantiomer separation ¥ molecular
knots ¥ supramolecular chemistry ¥
topological chirality


Introduction


The synthesis of mechanically interlocked and intertwined
molecules such as catenanes, rotaxanes and knots[1] had been


considered for a long time to be of purely theoretical
interest[2] until the development of templating[3] techniques
made their large-scale preparation possible. Nowadays such
species are prophesied to be relevant for the construction of
molecular machines[4] and fabrication of a variety of sensors
and switches. They also have potential as molecular devices[5]


involving large amplitude motions of mechanically-bound
molecular components of catenanes or rotaxanes upon
(electro)chemical or photochemical stimuli.[6±8] Despite the
fact that topologically chiral molecular knots are promising
units that could possibly be used in designing molecular
machines[4] and remarkable achievements have been reached
in their synthesis,[9±13] there are still no examples of molecular
devices composed of knotted molecules. This is due to the
difficulties that have been encountered during the prepara-
tive-scale synthesis, purification and especially derivatization
of molecular knots. Analysis of the literature shows that
beyond molecular biology techniques[1b, 9] molecular knots
could be assembled: a) by metal-ion ligation of elongated
phenanthrolines[10] or bipyridines;[11] b) by the interaction
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between �-electron rich and �-electron deficient components
of preorganized molecular chains[12] and folding assisted by
intramolecular hydrogen bonding of oligoamides.[13] The
latter synthesis seems attractive due to the ease of the one-
pot procedure, reasonable yields and unique possibilities for
further derivatizations. Recently synthesized dendroknots [14]


containing one to three dendritic wedges on the knot
periphery and a topologically chiral molecular dumbbell[15]


composed of two knotanes connected by a spacer unit
perfectly illustrate the synthetic potential of the amide-based
molecular knots. Evidently, the development of reliable
methods for laboratory scale preparation of knotted building
blocks is of importance for future developments. Little is
known about the conformational behavior of knotanes
in solution, since only a small number of the knotane samples
have to date been available for NMR studies. Investigation
of the conformational properties in large molecules such
as knotanes seems of great interest in view of their potential
role in the construction of molecular switches where con-
trolled conformational transitions play the key role. The
present work addresses therefore the questions regarding
general methods for knotane functionalization and their
solvent- and temperature-dependent conformational equili-
brium. Here we also explore possibilities for the construc-


tion of knotane-based molecular devices in the foreseeable
future.


Results and Discussion


Synthesis : From our previous experience in knotane synthesis
we thought that the yields of the amide-based knots could be
increased by manipulating the kinetics of the amine acylation
reaction since amide bond formation under the given
conditions is irreversible. Scheme 1 illustrates the yield ranges
of macrocycles 3, 4, and the knot 5 exerted by the variation of
the reagent concentration. A 3 mM concentration of the
reagents 1 and 2 provides a 5% yield of the desired knotane
and has been found to be suitable for its gram scale
preparation. Higher concentrations result in polymer forma-
tion. The speed of the synchronous addition of 1 and 2 has also
been found to be of importance. For instance, the yields of 3 ±
5 do not change significantly when the reagents are added in
the time window of 2 ± 17 hours, however, shortening of the
reagent addition time to 0.5 ± 1 hours gives rise to a hitherto
unknown octameric macrocycle, 6 the structure of which
(macromonocycle, large catenane composed of two tetramers
4 or a large knotane) remains unclear. Attempts to grow a
single crystal of 6 have not been successful as yet.
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Mild reduction with Bu3SnH in the presence of 1%
[PdCl2(PPh3)2] allows for the complete and partial removal
of the allyl groups of 5 resulting in trihydroxy- and mono-
hydroxy-knotanes 7 and 8, respectively.[15] We have not found
satisfying conditions for the preparation of the pure dihy-
droxy-knot 9 because of difficulties with separation and have
isolated it only as a 1:1 mixture with 8 so far.
As mentioned in the Introduction, we succeeded previously


in the alkylation of a mixture of hydroxy-knotanes obtained
by debenzylation of tris(benzyloxy)knotane.[14] Only acylation
with arylsulfonyl chloride could be performed with monohy-
droxy-knotane 8[15] due to the intolerance of the allyl groups
under the former conditions.[16] Therefore, only acylation
could be used for functionalization of knotanes 8 and 9
bearing both allyl and hydroxyl groups. Introduction of
biologically relevant phosphoryl groups offers great advan-
tages in this respect since it has been shown to modify the
stability, solubility and binding properties of synthetic molec-
ular hosts such as crown ethers, cryptands, calixarenes and
dendrimers.[17] It also allows for the analysis of conformation
and dynamics in solution by means of 31P NMR spectroscopy
as exemplified by numerous studies of DNA- and protein ±
DNA complexes.[18] Consequently, we have introduced dieth-
oxyphosphoryl groups by treating knotanes 7 ± 9 with an
excess of diethylchlorophosphate in the presence of triethyl-
amine in acetone. The reaction proceeds with yields of 60 ±
70% giving rise to tri-, di-, andmonophosphorylated knotanes
10 ± 12. It is of note that compound 11 was synthesized from


the unseparated mixture of mono- and dihydroxy-knotanes
followed by chromatographic separation of the phosphory-
lated products on silica gel. The phosphorylated knotanes can
be converted to the parent hydroxy-derivatives after keeping
them on silica gel for three days or by hydrolysis in ethanolic
NaOH solution. Diethoxyphosphoryl groups have also been
shown to be unstable under the conditions of the allyl group
removal with Bu3SnH. Possibilities for further knotane
modifications are therefore limited. The latter difficulty can
be overcome by using more chemically stable arylsulfonyl
substituents. Sulfonylation of bis(allyloxy)hydroxyknotane 8
with p-toluenesulfonyl chloride in the presence of triethyl-
amine in acetonitrile proceeds smoothly, giving monosulfo-
nate 13 in 95% yield. Allyl groups, in turn, can be completely
or selectively removed from the periphery of 13 (see
Experimental Section) resulting in dihydroxy- and monohy-
droxy-knotanes 14 and 15, respectively. The preparation of
the knotanes 14 and 15 constitutes a remarkable synthetic
breakthrough since knotanes bearing two hydroxyl functions
(e.g. 9) or three different substituents at the loop edges have
not been isolated in the pure form previously. Thus, the
sulfonylation with following allyl group splitting allows for the
preparation of knotanes with any substitution pattern
and opens up unique opportunities for further synthetic
variations.


Enantiomer separation : So far all reported chiral knotane
separations[13b, 14, 15] have been performed in Japan on non-
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commercial Chiralpak AD HPLC columns.[19] Our efforts to
use commercial chiral HPLC columns for the separation of 5
and the molecular dumbbell[15] have been unsuccessful,
seemingly due to problems with solubility. Unlike its pre-
cursors, triphosphate 10 exhibits excellent solubility in almost
all organic solvents, the crucial property that allowed us to
carry out its complete HPLC enantiomer separation using a
commercial noncovalent Chiralcel OD material.[20] A mixture
of hexane/isopropanol (50:50) applied as a mobile phase
showed a record-breaking separation factor �� 4.04 for the
enantiomeric resolution of 10. Moreover, the separations
showed reasonably short retention times (less than 50 min)
and have been carried out at room temperature making the
whole process essentially less expensive. One milligram of
each enantiomer of 10 has been collected under the latter
conditions. The pronounced, mirror symmetrical circular
dichroisms of the enantiomers of 10 displayed in Figure 1
confirm the purity of the compound and of the enantiomers. It
should be stressed that the availability of 10 combined with its
routine preparative chiral separation and the possibility of
further removal of phosphoryl groups may be used in future
for the synthesis of optically active knotanes which cannot be
separated into enantiomers by other means.


1H NMR signal assignments : In order to gain insights into the
solution behavior of knotanes, extensive NMR studies have
been undertaken. Our previous NMR characterization of
knotanes[13±15] consisted of an analytical description of the
resolved signals in their proton spectra in [D6]DMSO
solutions without giving assignments or discussion since on
one hand only a few milligrams of the pure substances were
available for the measurements, and on the other, the
corresponding knotanes were shown to be less soluble.
We have now carried out a partial signal


assignment of the 1H NMR spectra in
[D6]DMSO solution since our former in-
vestigations[13±15] revealed that, in contrast
to other solvents, the [D6]DMSO proton
spectra of knotanes consist of well-resolved
signals at room temperature. Most of the
aromatic proton signals could be assigned
using 1H,1H DQF-COSY experiments. Be-
cause of the similarity of the 1H NMR
spectra of knotanes 5, 7 and 10 in
[D6]DMSO solutions only the sample of 5
was analyzed by the DQF-COSY technique
in view of its larger availability, resulting in
the assignments given in Figure 2. As shown
in Figure 2 most of the aromatic protons in
the knotane structure are not equivalent.
The most remarkable differences in chem-
ical shifts were found for the aromatic
protons of the three internal isophthaloyl
diamide moieties, all of which could be
discerned in the spectrum. Protons from
positions 4 and 5 of two different isophtha-
loyl diamide rings experience the strongest
shielding, making them appear at �� 5.83
and 4.99, respectively. Protons of the iso-


Figure 1. Circular dichroism spectra of the enantiomers of triphosphory-
lated knotane 10 (in methanol; concentration of each enantiomer is 6.68�
10�5�).


phthaloyl diamide rings located at positions 4 and 6 appear as
pairs of different doublets. The latter observation is also
supported by the signal integration in the 1H NMR spectrum
depicted in Figure 2. Signals pertaining to six protons of the
outer 2,6-pyridindicarbamide units lie in a smaller spectral
window but can still be seen as six separate signals (Figure 2).
Several signals in the aromatic region show strong overlap.
This is related mostly to the protons of the 2,6-dimethylaniline
fragments from which 14 peaks could be found instead of the
expected 24. One of these protons is substantially shifted to
high field, overlapping with an olefinic multiplet at approx-
imately �� 5.30. This could only be deduced from the DQF-
COSY spectrum. It should also be pointed out that the latter
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Figure 2. Signal assignments and relative integral intensities in the aromatic region of 1H NMR
spectrum of 5 ; in and pn refer to isophthaloyl diamide and 2,6-pyridinedicarbamide units,
respectively. Proton signals of 2,6-dimethylaniline residues are marked with asterisks.
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signal can easily be observed in the corresponding 1H NMR
spectrum of 10 lacking allyl groups. Three doublets from the
isophthaloyl diamide ring protons of 5 are also partially
overlapped with the signals of the 2,6-pyridindicarbamide
units. Some ambiguity remains in assigning the 2-isophthaloyl
diamide protons. The signal at �� 7.56 seems to be common
for all three protons located at position 2 in the isophthaloyl
diamide fragments since it has four cross peaks with
isophthaloyl diamide doublets at �� 5.83, 6.64, 7.41 and 7.91.
A good correspondence of the assigned signals with their
relative integral intensities leaves no doubt about the assign-
ment. The deficiency of equivalent protons of the knotane in
its 1H NMR spectra indicates that, similar to its solid-state
conformation, the knotane structure lacks symmetry and
retains the relative rigidity in DMSO solution. Figure 3
schematically represents the conceivable rigid C1 knotane
conformation, kinetically stable on the NMR timescale, and
the D3 symmetrical average structure that could be expected
assuming fast conformational transitions.


Figure 3. Cartoon representation of knotane conformations: a) rigid non-
symmetrical C1; and b) the average D3 .


Behind the aromatic proton signals only a few other peaks
can be unambiguously assigned in the knotane spectra. These
include sharp multiplets pertaining to the protons of allyl and/
or diethoxyphosphoryl substituents as well as three signals
from the methyl groups of 2,6-dimethylaniline residues at
around �� 0.06, 0.87 and 0.96. Significant shielding of the
latter nuclei implies an anchored location of the correspond-
ing groups in the interior of the knotane.
H/D exchange experiments performed for knotanes 5, 7


and 10 in 85:15 [D6]DMSO/CD3OD show that during 72 h
twelve signals disappear in the region of �� 8.2 ± 11.0 reveal-
ing amide protons. Lack of equivalent amide proton signals
proves additionally the nonsymmetrical and relatively robust
knotane conformation in solution.
Room temperature 1H NMR spectra of the knotanes 8, 11 ±


14 bearing two different substituents at their 2,6-pyridindi-
carbamide edges show a subtle splitting of the signals that is
not present in the spectra of the knotanes with three identical
substituents such as 5, 7 and 10. The corresponding spectrum
of knotane 15 owning three different peripheral groups
reveals even more refined splittings. As shown in Figure 4,
knotanes 5, 7 and 10 bearing one type of the substituents on
the loop edges have, as mentioned before, twelve amide
proton signals while knotanes 8, 11 ± 12 and 15 possessing two
or three different substituents exhibit considerable splitting.
Assuming the stiff knotane structure, these features may
originate from the different equally populated kinetically
stable (in DMSO solution) knotane conformations depicted
in Figure 5. Thus, for knotanes owning identical substituents


Figure 4. Amide proton regions of [D6]DMSO 1H NMR spectra of
knotanes 5, 7, 8, 10 ± 12, 15.


(R1�R2�R3), as in 5, 7 and 10, all distortedC1 configurations
should be degenerate and only one could be detected by
1H NMR. Figure 5 also indicates that three different con-
formers can be anticipated in case of knotanes 8, 11 ± 12 (i.e.,
R1�R2�R3) while six dissimilar combinations are possible
for knotane 15 containing three different substituents
(R1�R2�R3). The proposed model of the conformational


Figure 5. Schematic representation of conformational exchange in kno-
tanes as derived from 1H NMR and 31P measurements.
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equilibrium of knotanes in Figure 5 provides a good inter-
pretation of the observed splitting of the peaks in the 1HNMR
(Figure 4) and, as will be shown below, 31P NMR spectra.
Among the amide proton signals shown in Figure 4, only


four low field signals show noticeable chemical shift alteration
upon O-substituent exchange in 2,6-pyridindicarbamide rings.
It would be reasonable to assume that these signals arise from
the amide protons of the latter fragments.
On the basis of NOE measurements of amide-based


macrocycles incorporating 2,6-pyridindicarbamide and iso-
phthaloyl diamide fragments Hunter[21] has shown that amide
proton signals belonging to the 2,6-pyridindicarbamide in-
deed appear in the lower field compared with amide protons
of isophthaloyl diamide. The results obtained by ab initio
calculations of the chemical shifts for model compounds
carried out at the B3LYP/6-31G(d,p) level of theory (Fig-
ure 6) are in qualitative agreement with the experimental


Figure 6. Amide proton chemical shifts in model compounds calculated at
the B3LYP/6-31G(d, p) level of theory.


findings. Moreover, as shown in Figure 6 the calculations
predict a chemical shift variation of the amide proton signals
of 2,6-pyridindicarbamide upon substituent exchange. Com-
parison of the amide proton area in the 1H NMR spectra of 5
and 7 (Figure 4) displays, in agreement with the theory,
noticeable high field shifts of 2,6-pyridindicarbamide signals
in the latter knotane. Triphosphorylated knotane 10 exhibits
however low field shifts of the corresponding protons (Fig-
ure 4) that contradicts the theoretical prediction depicted in
Figure 6. The discrepancy between the experimental and
theoretical trends can be attributed to solvent effects since the
calculations have been performed for the structures in a
vacuum. Use of low-polar CDCl3 instead of [D6]DMSO shows
that in model macrocycles 4 and 16 the proton signals of the
controversial 4-allyloxy- and 4-phosphoryloxy-2,6-pyridindi-
carbamides appear at �� 8.95 and 8.82, respectively, in good
accord with the calculations.
Interestingly, the H/D exchange experiments described


above show that the amide protons of the 2,6-pyridindicarba-
mide moieties in all investigated knotanes are exchanged with
deuterium in [D6]DMSO/CD3OD over 24 hours while it takes
a longer time for the remaining protons of isophthaloyl
diamides to exchange. Similar exchange experiments carried
out with cyclic dimer 3 and tetramer 4 demonstrated the
opposite exchange rate with isophthaloyl diamide protons
signals disappearing first. This observation seems to indicate
that similar to the solid state structure,[13a, 15] isophthaloyl
diamide fragments remain hidden inside the rigid knot core
also in DMSO solution whereas outer pyridindicarbamide
units are freely exposed to the solvent.


31P NMR spectra : Additional evidence for the relatively rigid
nonsymmetrical knotane structure (Figure 3a) in DMSO
solutions comes from 31P NMR measurements of phospho-
rus-containing knotanes. The room temperature 31P NMR
spectra of 10 ± 12 dissolved in [D6]DMSO exhibits three
signals of equal intensity indicating the conformational
rigidity of the knotane structure in solution on the NMR
timescale. The fact that knotanes 10 ± 12 give identical 31P
NMR spectra independently of the number of phosphoryl
groups on the knotane periphery is consistent with the model
depicted in Figure 5, suggested on the basis of the 1H NMR of
knotanes. Moreover, heating the DMSO solutions of 10± 12
up to 80 �C results in coalescence of the three signals in their
31P NMR spectra and reveals higher conformational mobility
of the knotanes at elevated temperatures. The activation
energy of approximately 16 kcalmol�1 can be estimated on
the basis of coalescence temperature[22] for the gross-process
of conformational exchange in knotanes in DMSO. The latter
observation proposing the equivalence of three knotane loops
at higher temperatures (i.e., average D3 symmetry of the
knotane skeleton) is also in line with the scheme of conforma-
tional equilibrium of knotanes illustrated in Figure 5. Notably,
the 31P NMR spectrum of the phosphorylated macrocycle 16
shows only one signal in DMSO solution at room temperature
proving that the splitting observed in room temperature 31P
NMR spectra of 10 ± 12 do not originate from hindered
rotations of the bulky phosphoryl groups.


Solvent and temperature effects as revealed by NMR
spectroscopy and molecular modeling simulations : The influ-
ence of the nature of the solvent on the conformational
mobility of the knotanes seems to be of critical importance.
As shown in Figure 7, the 1H NMR spectrum of 5 recorded in
CDCl3 consists of a few broad signals and delivers no
structural information, pointing merely to a slow (on the
NMR timescale) conformational exchange. The spectrum of 5
recorded in CD2Cl2 (Figure 7) is more detailed, exhibiting
several resolved multiplets in the aromatic region and amide
proton area while, as discussed above, the [D6]DMSO proton
spectrum of the latter knotane consists of a number of sharp
signals. Cooling the CDCl3 and CD2Cl2 solutions of 5 down to
223 K results in 1H NMR spectra that are very similar to the
corresponding room temperature spectrum of 5 in
[D6]DMSO. It should also be mentioned that 1H NMR spectra
of the different knotanes recorded in [D6]DMSO at elevated
temperatures are not very revealing. For instance, amide
proton signals disappear at 80 �C. This is most probably due to
their fast (on the NMR timescale) exchange with water
present in the solvent while the rest of the spectrum, except of
the signals of allyl or diethoxyphosphoryl groups, is repre-
sented by a few extremely broad lines (see Supporting
Information). Thus, the 1H NMR spectra as those depicted
in Figure 7 can be used as an indication of the relative rigidity
of the knotane conformation in solution.
Room temperature 1H NMR spectra of 5 dissolved in C6D6,


[D5]pyridine and [D18]HMPA consist of a few broad lines
resembling the spectrum in CDCl3 and pointing to remarkable
conformational transitions slowly occurring on the NMR
timescale that lead to the average D3 knotane symmetry. 31P
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Figure 7. Room temperature 600 MHz 1H NMR spectra of 5 in
[D6]DMSO, CD2Cl2 and CDCl3.


spectra of 10 in the previously mentioned solvents as well as in
CDCl3 and CD2Cl2 show only one signal, also reflecting its
average D3 symmetry in these solutions.
The phosphorylated knotanes 10 ± 12 could additionally be


dissolved in CD3OD and shown to exhibit the same very
broad lines in their 1H and one signal in the corresponding 31P
NMR spectra. Moreover, immediate exchange of the amide
protons with deuterium occurring for 10 ± 12 in pure CD3OD
reveals a noticeably high conformational freedom of the
knotanes in this solvent.
Interestingly, an addition of only 10% of [D6]DMSO to the


solution of 5 in CDCl3 considerably restricts conformational
motion, as reflected by the appearance of the characteristic
amide proton signals and sharpening of all other signals in the
1H NMR spectrum. Similar but less remarkable spectral
manifestations are observed when [D6]acetone is added to the
CDCl3 solution of 5. The fact that the conformation of
knotanes can be retained or instantly released upon the
addition of solvent (i.e. , by an external chemical stimulus) has
much in common with the processes that puts molecular
shuttles in motion.[23] Knotanes are thus thrown into the field
of molecular switches.


Molecular dynamics simulations (see Experimental Sec-
tion) carried out in a vacuum at 300 and 400 K show that
knotanes can undergo significant local conformational tran-
sitions such as half-circle rotations of the internal isophthaloyl
diamides. These transitions cause substantial distortions in the
knot architecture leading to openings in the knot shell. Such
an opening in the central part of the knotane can be seen in
Figure 8 representing a high-energy structure snapshot taken
from the 400 K molecular dynamics simulation trajectory.


Figure 8. Solvent-accessible area of a high energy structure of a knotane.
The snapshot is taken from a 400 K molecular dynamics trajectory.


Methanol molecules can easily access the internal isophtha-
loyl diamide protons in the latter structure, in full agreement
with the experimentally observed H/D exchange described
above. As follows from the molecular dynamics trajectory, the
global movements in the knotane are limited to noticeable
shape and size variations of the knot loops. This limitation is
due to a substantial steric crowding caused mainly by outer
bis(2,6-dimethylacetanilidyl)cyclohexane units prohibiting
the ™worm-like∫ dynamics in knotanes that should lead to
the loop exchange observed for a demetalated phenanthro-
line-type knot by Sauvage et al.[24]


The fact that DMSO and acetone affect the conformation
of knotanes while other polar solvents such as pyridine,
HMPA and methanol show no such effect suggests that the
former solvent molecules fit better within the knotane loops,
forming, at the same time, hydrogen bonds to the amide
protons of outer 2,6-pyridindicarbamides. Molecular mechan-
ics calculations with an MMX force field support this
suggestion showing a perfect accommodation of two DMSO
molecules in the larger loops of the knotane as pictured in
Figure 9. Stabilization energy of such a complex calculated
from the sum of MMX total energies of the knotane and two
DMSO molecules and the corresponding value of the com-
plex is equal to 42 kcalmol�1. Two acetone molecules were
also shown to stabilize the complex by 35 kcalmol�1. Molec-
ular mechanics analysis of the other solvents reveals that the
particle size is either too large (HMPA, pyridine, benzene,
CHCl3) or too small (CH3OH) to be efficiently hosted in the


Chem. Eur. J. 2003, 9, 3507 ± 3517 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3513







FULL PAPER F. Vˆgtle et al.


Figure 9. Solvent accessible areas a) in a minimized structure of a knotane;
and b) in an energy-minimized structure of a complex composed of a
knotane with two DMSO molecules located in its cavity-shaped loops.


knotane loops. Calculations also show that molecules of
CH2Cl2 exhibit a surprisingly good fit to the knotane cavities
lacking, however, hydrogen bonding to the amide protons that
makes this complex less stable (the corresponding stabiliza-
tion energy equals to 27 kcalmol�1).


Conclusions


New methods for the complete and partial derivatization of
knotanes combining removal of outer allyl groups with
phosphorylation or sulfonylation have been developed. In-
troduction of the biologically relevant phosphoryl groups into
the knotane structure have been shown to be advantageous
since the solubility is improved, expanding the possibilities for
chiral separation. Moreover, phosphorus-marked knotanes
can be analyzed by the means of 31P NMR spectroscopy,
which proves to be very insightful. Partial deprotection of
chemically stable monosulfonylated bis(allyloxy)knotane 13
resulted in the unique knotane bearing three different
substituents at the loop edges. Complete removal of allyl
groups from the monosulfonate yielded a knotane having two
hydroxyl groups that could not be obtained from the parent
tris(allyloxy)knotane 5 in the pure form. For the first time,
signals in the 1H NMR spectra of knotanes have been
interpreted on the basis of the two-dimensional 1H,1H DQF-
COSY technique, H/D exchange experiments and ab initio
calculations. The conformational behavior of the knotanes has
been studied by means of 1H and 31P NMR spectroscopy in


different solvents. Molecular dynamics simulations carried
out in a vacuum show that the rigid nonsymmetrical structure
found in the solid state is retained also in DMSO solutions at
room temperature while certain conformational flexibility
occurs in other solvents. Moreover, the conformation of
knotanes can be rigidified by the addition of small amounts of
DMSO into a chloroform solution of a knotane thus exhibit-
ing chemically-induced molecular switching which should also
affect the chiroptical properties of the knotane.
On the basis of the results reported in this paper several


realistic prospects can be suggested. For instance, as the X-ray
and NMR results reveal, the knot looks like a three-bladed
propeller with all its different blades pointing in the same
direction. This is somehow reminiscent of the rotating Wankel
motor central part. One can think of future unidirectional[25]


movements for example after fixing chromophores at each
propeller blade with following irradiating. Alternatively,
enantiomerically pure, selectively monosubstituted knotanes,
such as 8, could be immobilized onto a surface (e.g. silica gel,
which has been recently reported for calixarenes[26]) and set in
the unidirectional motion via gas flow as theoretically
proposed for an achiral molecular rotor in a box.[27]


Experimental Section


General remarks : All starting materials were purchased from commercial
sources or prepared using known literature procedures. The preparation of
trihydroxy-knotane 7 and bis(allyloxy)hydroxy-knotane 8 has been descri-
bed in our preliminary communication.[15] The solvents were dried using
standard techniques. Where possible, reactions were monitored by thin-
layer chromatography using DC silica gel 60F254 (Merck) aluminium plates.
Compounds were detected by UV light (254 nm). MPLC was done using a
B¸chi pump. Melting points were determined in a Reichert Thermovar
microscope and are uncorrected. 1H and 13C NMR spectra were recorded
using 300, 400, 500 and 600 MHz Bruker instruments; the solvent signals
were used for internal calibration. The 1H-1H DQF-COSY spectrum was
recorded on a 500 MHz Bruker spectrometer. Mass spectra were recorded
using a Concept1H from Kratos Analytical Ltd., Manchester, GB (FAB),
MALDI-TofSpec-E from MICROMASS, GB (MALDI) and Voyager-DE
from PE Biosystems (MALDI).


Chiral HPLC separations : The enantioseparation was performed at 25 �C
on a line consisting of an analytical pump model590 (Waters), a Rheodyne
injector7125 and a LCD2084 UV detector (Techlab). The separation was
achieved on a 10 �m semipreparative Chiralcel OD column (Daicel). The
mobile phase was a mixture of hexane/isopropanol 50:50 eluting at a flow
rate of 0.5 mLmin�1.


Ab initio calculations : The molecular geometries of the model substances
shown in Figure 6 have been fully optimized with no symmetry restrictions
using density functional theory (DFT) with B3LYP functionals.[28] Vibra-
tional frequencies calculated for the optimized structures were found to be
real. The corresponding NMR spectra have been calculated using GIAO
method. The standard 6-31G(d,p) basis set was used in all calculations.
Literature analysis[29] shows that the geometries, relative stabilities and
frequencies of the structures calculated at this level are in a good accord
with experimental data. The Gaussian [30] package of programs was used in
the calculations.


Molecular mechanics calculations and molecular dynamics simulations :
Molecular mechanics calculations were performed using the MMX force
field as implemented in PCMODEL5.13.[31] Geometry optimization was
accomplished with conjugate gradient procedure. A root-mean-square
(rms) gradient of 0.01 kcalmol�1 or less was assumed as a condition of
energy convergence. A value of 1.5D was assumed for the dielectric
constant. The coordinates of the solid-state structure of 5 determined by
single crystal X-ray analysis[15] were used to generate the initial structure
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for the calculations. For the sake of simplicity the solvent found in the
crystal and the allyl groups attached to 2,6-pyridindicarbamides were
moved and the resulting structure was minimized. The solvent molecules
were also optimized and docked into the knotane loops followed by the
energy minimization of the entire complexes. The interaction energies of
the complex counterparts were estimated as the energy difference between
the complex and the isolated components.


Molecular dynamics (MD) simulations were carried out using the CVFF
force field as implemented in the Insight II (Discover2.9.5) program
package.[32] A value of 1.5 D was assumed for the dielectric constant. The
minimized structures were used as starting points for MD simulations. The
structures had been equilibrated for 100 ps in all cases before the main
simulations were started. The time step in all MD simulations performed
was 1 fs. MD simulations were carried out at 300 and 400 K for 1 ns.


General procedure for the synthesis of cyclic dimer 3, cyclic tetramer 4,
knot (hexamer) 5, and octamer 6 : A solution of 4-allyloxy-2,6-pyridinedi-
carbonyl chloride (0.53 g, 2.06 mmol) in dry dichloromethane (200 mL) and
a solution of N,N�-bis{4-[1-(4-amino-3,5-dimethyl-phenyl)cyclohexyl] 2,6-
dimethyl-phenyl}isophthalamide (1.60 g, 2.06 mmol) in dry dichlorome-
thane (200 mL) with Et3N (1.5 mL) were added simultaneously into a
stirred flask containing dry dichloromethane (400 mL). After 2 h the
addition was complete and the reaction mixture was stirred for a further
3 h. The solvent was removed under reduced pressure and the products
were purified by chromatography on silica gel with different eluents. First
CH2Cl2/acetone (20:1) was used to elute a mixture of cyclic dimer, knotane
and an octamer followed by the fraction of pure tetramer. In the next step a
mixture of knotane and an octamer along with pure cyclic dimer were
eluted with CH2Cl2/ethyl acetate (5:1). Finally the mixture of knotane and
an octamer was separated using CHCl3/ethyl acetate (5:1) as an eluent.
Yields: cyclic dimer: 540 mg (29%), cyclic tetramer: 290 mg (15%), knot:
90 mg (5%), octamer: 8 mg (�1%).


Cyclic dimer 3 : M.p. �300 �C; 1H NMR (400 MHz, CDCl3): �� 1.53 (m,
4H; CH2 cyhx), 1.64 (m, 8H; CH2 cyhx), 2.20 (s, 24H; ArCH3), 2.30 (m,
8H; CH2 cyhx), 4.79 (m, 2H; OCH2), 5.37 ± 5.51 (m, 2H; CH2�CH), 6.07
(m, 1H; CH�CH2), 6.97 (s, 4H; ArH), 7.00 (s, 4H; ArH), 7.26 (s, 2H; NH),
7.71 (t, J� 7.5 Hz, 1H; ArH), 8.00 (s, 2H; ArH), 8.18 (s, 1H; ArH), 8.22 (dd,
J� 7.5, 1.5 Hz, 2H; ArH), 8.95 (s, 2H; NH); FAB MS: m/z : calcd for
C62H67N5O5: 962.2; found: 962.5 [M�].


Cyclic tetramer 4 : M.p. �300 �C; 1H NMR (400 MHz, [D6]DMSO): ��
1.54 (br, 24H; CH2), 2.05 (s, 24H; CH3), 2.16 (s, 24H; CH3), 2.22 (br, 8H;
CH2), 2.40 (br, 8H; CH2), 4.40 (m, 4H; OCH2), 5.32 ± 5.48 (m, 4H;
CH2�CH), 6.08 (m, 2H; CH�CH2), 7.00 (s, 8H; ArH), 7.14 (s, 8H; ArH),
7.31 (t, J� 8Hz, 2H; ArH), 7.79 (s, 4H; ArH), 7.87 (dd, J� 8, J� 1.5 Hz,
4H; ArH), 8.40 (br s, 2H; ArH), 9.61 (s, 4H; NH), 10.50 (s, 4H; NH); FAB
MS: m/z : calcd for C124H134N10O10: 1924.5; found: 1925.0 [M�].


Tris(allyloxy)knotane 5 : M.p. �300 �C. The NMR data are discussed in
detail in the main text; only well resolved signals are referenced below.
1H NMR (400 MHz, [D6]DMSO): �� {0.06, 0.87, 0.96, 1.24, 1.29, 1.31, 1.33,
1.37, 1.49, 1.52, 1.54, 1.57, 1.60 (br), 1.82 (br), 1.99, 2.15, 2.19, 2.25, 2.28, 2.32}
(132H; CH2 cyhx and ArCH3), 4.90 (m, 6H; OCH2), 4.99 (t, J� 7 Hz, 1H;
ArH), 5.32 ± 5.48 (m, 6H; CH2�CH), 5.84 (d, J� 7 Hz, 1H; ArH), 6.08 (m,
3H; CH�CH2), {6.41, 6.45, 6.52, 6.63, 6.65, 6.81 (br), 6.90, 6.96, 6.99, 7.17,
7.20, 7.36, 7.44, 7.50, 7.52, 7.54, 7.56, 7.59, 7.76, 7.77, 7.80, 7.82, 7.86, 7.87, 7.90
(br), 7.92 (br)} (39H; ArH), {8.28, 8.58, 9.05, 9.13, 9.36, 9.57, 9.79, 10.21,
10.49, 10.52, 10.99, 11.00} (12H; NH); FABMS:m/z : 2886.7 [M�]; MALDI
TOF: m/z : calcd for C186H201N15O15: 2886.7; found: 2887.0 [M�], 2909.8
[M�Na�].
Tris(diethoxyphosphoryloxy)knotane 10 : Diethylchlorophosphate (0.3 g,
1.7 mmol) was added to a stirred solution of trihydroxy-knotane 7 (40 mg,
0.015 mmol) and triethylamine (0.2 g, 2 mmol) in absolute acetone. The
reaction mixture was stirred under reflux for 2 h and the solvent removed
under reduced pressure. The crude product was purified by column
chromatography on silica gel (CH2Cl2/ethyl acetate 3:1) to yield the title
compound (27 mg, 60%). M.p. 220 �C; 1H NMR (400 MHz, [D6]DMSO):
�� 0.06, 0.86, (br s overlapped with a triplet at 0.88 (6H; ArCH3)), 0.88 (t,
18H; CH2CH3), {0.96, 1.09, 1.11, 1.13, 1.14, 1.24, 1.28, 1.29, 1.30, 1.31, 1.32,
1.34, 1.37, 1.49, 1.56, 1.57, 1.58, 1.60, 1.62, 1.64, 1.82 (br), 1.99, 2.15, 2.20 (br),
2.25, 2.29, 2.32} (CH2 and ArCH3), 4.26 (m, 12H; OCH2), {4.98 (t, J� 7 Hz,
1H; ArH), 5.33 (s, 1H; ArH), 5.84 (d, J� 7 Hz, 1H; ArH), 6.43 (s, 1H;
ArH), 6.46 (s, 1H; ArH), 6.51 (s, 1H; ArH), 6.64 (d, J� 7Hz, 1H; ArH),


6.83, 6.90, 6.96, 7.00, 7.17, 7.20, 7.34, 7.36, 7.40, 7.43, 7.45, 7.52 (t, J� 7.5 Hz),
7.56, 7.58, 7.79 (d, J� 7.5 Hz, 1H; ArH), 7.90 (t, J� 7.5 Hz, 2H; ArH), 8.07,
8.09, 8.10, 8.12, 8.19}, {8.26, 8.61, 9.07, 9.14, 9.35, 9.53, 9.79, 10.22, 10.54,
10.59, 11.05, 11.08} (12H; NH); 31P NMR (162 MHz, [D6]DMSO): ��
�4.72, �4.62, �4.57; 31P NMR (162 MHz, CD3OD): ���4.75; FAB
MS: m/z : 3174.5 [M�]; MALDI TOF: m/z : calcd for C189H216N15O24P3:
3174.8; found: 3175.3 [M�], 3198.3 [M�Na�].
Di- and monophosphorylated knotanes 11 and 12 : Diethylchlorophosphate
(0.3 g, 1.7 mmol) was added to a stirred solution of 1:1 mixture of
monohydroxy- and dihydroxy-knotanes (compounds 8 and 9) (40 mg, ca.
0.015 mmol) and triethylamine (0.2 g, 2 mmol) in absolute acetone. The
reaction mixture was stirred under reflux for 2 h and the solvent removed
under reduced pressure. The products were purified by chromatography on
silica gel (CH2Cl2/ethyl acetate 3:1).


Bis(diethoxyphosphoryloxy)allyloxyknotane 11: Yield 12 mg; M.p. 250 �C;
1H NMR (400 MHz, [D6]DMSO): �� 0.06 (br s, 3H; ArCH3), 0.86 (br s
overlapped with multiplet at 0.88, 6H; ArCH3), 0.88 (m, 12H; CH2CH3),
0.96 (br s, 6H; ArCH3), {1.24, 1.27, 1.29, 1.30, 1.31, 1.32, 1.34, 1.37, 1.46 (br),
1.48, 1.57, 1.60 (br), 1.82 (br), 1.99, 2.15, 2.20 (br), 2.25, 2.29, 2.32} (CH2 and
ArCH3), 4.27 (m, 8H; OCH2), 4.89 (m, 2H; OCH2), 4.99 (t, J� 7 Hz, 1H;
ArH), 5.32 ± 5.48 (m, 2H; CH2�CH), 5.84 (d, J� 7 Hz, 1H; ArH), 6.07 (m,
1H; CH�CH2), {6.41, 6.43, 6.45, 6.51, 6.63, 6.65, 6.81, 6.82, 6.90, 6.96, 7.00,
7.04, 7.17, 7.33, 7.36, 7.39, 7.41, 7.45, 7.50, 7.52, 7.54, 7.56, 7.58, 7.76, 7.78, 7.80,
7.82, 7.87, 7.90, 7.92, 8.07, 8.09, 8.10, 8.12, 8.19} (ArH), {8.27, 8.58, 8.60, 9.06,
9.14, 9.35, 9.37, 9.53, 9.57, 9.77, 9.79, 10.21, 10.23, 10.49, 10.52, 10.54, 10.59,
10.99, 11.00, 11.05, 11.08} (NH); 31P NMR (162 MHz, [D6]DMSO): ��
�4.72, �4.62, �4.57; FAB MS: m/z : 3078.0 [M�]; MALDI TOF: m/z :
calcd for C188H211N15O21P2: 3078.7; found: 3178.2 [M�], 3100.5 [M�Na�].
Diethoxyphosphoryloxy-bis(allyloxy)knotane 12 : Yield 10 mg; M.p.
272 �C; 1H NMR (400 MHz, [D6]DMSO): �� 0.05, 0.86 (br s overlapped
with a multiplet at 0.88), 0.88 (m, 6H; CH2CH3), 0.96, 1.24, 1.27, 1.29, 1.30,
1.31, 1.32, 1.34, 1.37, 1.46 (br), 1.48, 1.57, 1.61 (br), 1.82 (br), 1.99, 2.15, 2.19,
2.25, 2.28, 2.32, 4.27 (m, 4H; POCH2), 4.89 (m, 4H; OCH2), 4.99 (t, J�
7 Hz, 1H; ArH), 5.32 ± 5.48 (m, 4H; CH2�CH), 5.84 (d, J� 7 Hz, 1H;
ArH), 6.07 (m, 2H; CH�CH2), {6.41, 6.45, 6.51, 6.63, 6.64, 6.81, 6.90, 6.96,
7.00, 7.04, 7.17, 7.33, 7.35, 7.38, 7.41, 7.44, 7.50, 7.52, 7.56, 7.76, 7.78, 7.80, 7.82,
7.87, 7.90, 7.92, 8.07, 8.09, 8.10, 8.12, 8.19} (ArH), {8.27, 8.58, 8.60, 9.06, 9.14,
9.37, 9.53, 9.57, 9.77, 9.79, 10.21, 10.23, 10.49, 10.52, 10.54, 10.59, 10.99, 11.00,
11.05, 11.08} (NH); 31P NMR (162 MHz, [D6]DMSO): ���4.72, �4.62,
�4.57; FAB MS: m/z : 2981.8 [M�]; MALDI TOF: m/z : calcd for
C187H206N15O18P: 2982.7; found: 2981.2 [M�], 3004.1 [M�Na�].
p-Toluenesulfonyloxy-bis(allyloxy)knotane 13 : p-toluenesulfonyl chloride
(8 mg, 0.042 mmol) dissolved in dry dichloromethane (2 mL) was added to
a stirred suspension containing bis(allyloxy)monohydroxy-knotane 8
(60 mg, 0.021 mmol) and triethylamine (0.1 mL, 0.7 mmol) in dry acetoni-
trile (10 mL). The reaction mixture was stirred under reflux for 2 h and the
solvent removed under reduced pressure. The crude product was purified
by column chromatography on silica gel (CH2Cl2/ethyl acetate 10:1) to
yield the title compound (60 mg, 95%). M.p.�300 �C; 1H NMR (400 MHz,
[D6]DMSO): �� {0.05, 0.86, 0.96, 1.24, 1.36, 1.47, 1.48, 1.57, 1.60, 1.82 (br),
1.99, 2.18, 2.25 2.26, 2.28, 2.32, 2.44} (CH2 and ArCH3), 4.89 (m, 4H;
OCH2), 4.99 (t, J� 7 Hz, 1H; ArH), 5.32 ± 5.48 (m, 4H; CH2�CH), 5.84 (d,
J� 7 Hz, 1H; ArH), 6.07 (m, 2H; CH�CH2), {6.41, 6.44, 6.51, 6.64, 6.81,
6.90, 6.96, 6.99, 7.16, 7.20, 7.33, 7.35, 7.44, 7.50, 7.52, 7.53, 7.54, 7.55, 7.56, 7.58,
7.76, 7.77, 7.79, 7.80, 7.81, 7.82, 7.86, 7.87, 7.88, 7.90, 7.92, 7.93, 7.94, 7.95, 7.96,
7.97, 7.98, 7.99, 8.02 (d, J� 8 Hz;2H), 8.05 (d, J� 8 Hz; 2H)} (ArH), {8.27,
8.58, 9.05, 9.13, 9.33, 9.36, 9.47, 9.57, 9.79, 10.19, 10.21, 10.48, 10.52, 10.57,
10.99, 11.00, 11.03, 11.06} (NH); FABMS:m/z : 3000.4 [M�]; MALDI TOF:
m/z : calcd for C190H203N15O17S: 3000.9; found: 2999.8 [M�], 3022.5
[M�Na�].
p-Toluenesulfonyloxydihydroxyknotane 14 : Bu3SnH (0.3 g, 1 mmol) was
added to a vigorously stirred solution of p-toluenesulfonyloxy-bis(allyloxy)-
knotane 13 (30 mg, 0.01 mmol) and [PdCl2(PPh3)2] (1.0 mg) in wet
dichloromethane (20 mL) and the reaction mixture was allowed to stir
for 6 h at room temperature. The solution was evaporated to volume of
2 mL, triturated with pentane (20 mL) and the resulting precipitate was
filtered through filter paper, washed with 10 mL of pentane and chromato-
graphed on silica gel (CH2Cl2/CH3OH 10:1) to yield the title compound
(23 mg, 79%). M.p. �300 �C; 1H NMR (400 MHz, [D6]DMSO): �� {0.06,
0.86, 0.95, 1.23, 1.37, 1.48, 1.56, 1.60, 1.82 (br), 1.98, 2.18, 2.24, 2.27, 2.32, 2.44}
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(CH2 and ArCH3), 4.99 (t, J� 7 Hz, 1H; ArH), 5.33 (s, 1H; ArH), {5.84 br,
6.41, 6.44, 6.51, 6.64, 6.79, 6.90, 6.95, 6.97, 7.16, 7.20, 7.32, 7.35, 7.39, 7.44, 7.50,
7.51, 7.52, 7.53, 7.54, 7.55, 7.56, 7.57, 7.59, 7.60, 7.61, 7.62, 7.63, 7.64, 7.65, 7.67,
7.71, 7.73, 7.78, 7.80, 7.82, 7.84, 7.90, 7.92, 7.94, 7.95, 7.96, 7.97, 7.98, 7.99, 8.02 (d,
J� 8 Hz, 2H), 8.05 (d, J� 8 Hz, 2H)} (ArH), {8.27, 8.58, 9.06, 9.13, 9.33,
9.37, 9.47, 9.55, 9.58, 9.79, 10.18, 10.22, 10.43, 10.47, 10.53, 10.59, 10.94, 11.03,
11.06} (NH), {11.39, 11.49, 11.58} (OH); FAB MS: m/z : 2920.7 [M�];
MALDI TOF: m/z : calcd for C184H195N15O17S: 2920.8; found: 2920.0 [M�],
2942.8 [M�Na�].
p-Toluenesulfonyloxyallyloxyhydroxyknotane 15 : Bu3SnH (3 mg,
0.01 mmol) was injected with a micro syringe into a vigorously stirred
solution of of p-toluenesulfonyloxy-bis(allyloxy)knotane 13 (50 mg,
0.017 mmol) and [PdCl2(PPh3)2] (1 mg) in wet dichloromethane (15 mL)
and the reaction mixture was allowed to stir for 6 h at room temperature.
The solvent was removed under reduced pressure and the crude product
was purified by chromatography on silica gel (CH2Cl2/CH3OH/Et3N
20:1:0.1) yielding the starting knotane 13 (28 mg) and the title product
(17 mg, 77%). M.p. �300 �C; 1H NMR (400 MHz, [D6]DMSO): �� {0.05,
0.86, 0.96, 1.24, 1.37, 1.47, 1.48, 1.56, 1.60, 1.82 (br), 1.98, 2.18, 2.24, 2.27, 2.32,
2.44} (CH2 and ArCH3), 4.89 (m, 2H; OCH2), 4.99 (t, J� 7 Hz, 1H; ArH),
5.32 ± 5.48 (m, 2H; CH2�CH), 5.84 (d, J� 7 Hz, 1H; ArH), 6.07 (m, 1H;
CH�CH2), {6.41, 6.44, 6.51, 6.64, 6.80, 6.90, 6.96, 6.98, 7.16, 7.20, 7.33, 7.35,
7.38, 7.44, 7.50, 7.52, 7.53, 7.55, 7.59, 7.63, 7.67, 7.69, 7.73, 7.77, 7.79, 7.82, 7.87,
7.90, 7.92, 7.93, 7.94, 7.95, 7.96, 7.97, 7.98, 7.99, 8.02 (d, J� 8 Hz, 2H), 8.05 (d,
J� 8 Hz, 2H)} (ArH), {8.27, 8.58, 9.06, 9.13, 9.33, 9.37, 9.45, 9.55, 9.57, 9.79,
10.18, 10.21, 10.43, 10.47, 10.48, 10.53, 10.58, 10.94, 10.99, 11.00, 11.03, 11.06}
(NH), {11.39, 11.49, 11.58} (OH); FAB MS: m/z : 2960.6 [M�]; MALDI
TOF: m/z : calcd for C187H199N15O17S: 2960.8; found: 2960.0 [M�], 2983.0
[M�Na�].
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Comparison of Side-On and End-On Coordination of E2 Ligands in
Complexes [W(CO)5E2] (E�N, P, As, Sb, Bi, Si�, Ge�, Sn�, Pb�)**
Catharine Esterhuysen*[a, b] and Gernot Frenking*[a]


Dedicated to Professor Helmut Schwarz on the occasion of his 60th birthday


Abstract: Complexes of W(CO)5 with
neutral diatomic pnictogen ligands N2,
P2, As2, Sb2, and Bi2 and anionic Group
14 ligands Si22�, Ge22�, Sn22�, and Pb22�


coordinated in both side-on and end-on
fashion have been optimized by using
density functional theory at the BP86
level with valence sets of TZP quality.
The calculated bond energies have been
used to compare the preferential bind-
ing modes of each respective ligand. The
results were interpreted by analyzing the
nature of the interaction between the
ligands and the metal fragment using an
energy partitioning method. This yields


quantitative information regarding the
strength of covalent and electrostatic
interactions between the metal and
ligand, as well as the contributions by
orbitals of different symmetry to the
covalent bonding. Results show that all
the ligands studied bind preferentially in
a side-on coordination mode, with the
exception of N2, which prefers to coor-


dinate in an end-on mode. The prefer-
ence of the heavier homologues P2 ±Bi2
for binding in a side-on mode over the
end-on mode in the neutral complexes
[(CO)5WE2] comes mainly from the
much stronger electrostatic attraction
in the former species. The energy differ-
ence between the side-on and end-on
isomers of the negatively charged com-
plexes with the ligands Si22�, Ge22�,
Sn22�, and Pb22� is much less and it
cannot be ascribed to a particular bond-
ing component.


Keywords: bonding analysis ¥ coor-
dination modes ¥ density functional
calculations ¥ Group 14 elements ¥
pnicogens


Introduction


Heavier element homologues of dinitrogen, that is P2, As2,
Sb2, and Bi2 are only found as free molecules at high
temperatures in the gas phase.[1] These molecules can,
however, be stabilized by coordination to two or more
organometallic species, typically metal carbonyl compounds,
in a variety of different ways.[2] The diatomic ligands, in
particular As2, are able to act formally as four-, six-, or even
eight-electron donor species,[2d] primarily by side-on coordi-
nation to metal species. The bonding behavior of the heavier
homologues is substantially different to that of N2 which
preferentially binds in an end-on manner to a single metal
center,[3] although a number of examples of two metal


fragments both coordinating end-on have been reported.[4]


Side-on coordination of N2 to a single organometallic frag-
ment has been postulated for transition states in intramolec-
ular N exchanges,[5] however only one example of a photo-
induced metastable complex with N2 coordinated in a side-on
manner has been structurally characterized.[6] A few com-
plexes containing N2 coordinated side-on to two organo-
metallic fragments have also been characterized by X-ray
crystallography.[4c, 7]


Despite the fact that the ligands P2 ±Bi2 serve many-
electron donors in numerous complexes, the P ±P, As ±As,
Sb ± Sb, and Bi ±Bi separations are still considerably shorter
than in the respective single bonds. In the case of As2 this
short bond length has been attributed to a high degree of
multiple-bond character,[8] where it is assumed that the
electron donation and back-bonding interactions result in a
decrease in bond order from 3 (in the free state) to 2 in the
complex. This was proposed to result from a decrease in the �-
bonding order from 2 to 1, by (a) electron donation from filled
� orbitals on As2 to metal orbitals and (b) back-donation of
electron density from the metal center to empty �* orbitals on
As2. It was thus concluded that both processes occur
synergistically, yielding no net charge-transfer. It has also
been suggested[2a] that in the complex [Co2(CO)6As2] the
Co(CO)3 groups can be regarded as ™electron sinks∫, remov-
ing electron density from the diarsenic fragment. The result-
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ing reduction in electron pair repulsions within the As2 ligand
then yield the significantly shorter As�As bonds observed.
Campana et al.[9] reached a similar conclusion when study-


ing the isostructural and isoelectronic [Co2(CO)5{P(C6H5)3}P2]
complex. In this example, a bond length to valence bond order
curve was available for P2, which was employed to determine
a bond order of 2 for the diphosphorus ligand in the complex.
A reduction in � bond order was determined to be the reason
for this. It has been proposed that in ™star-type∫ complexes, in
which three W(CO)5 fragments coordinate to As2, Sb2, or Bi2
(which thus act as six-electron donors), electron donation
takes place not only from the � orbitals, but also from the �


orbitals.[2d] A theoretical calculation of the bond situation in
[W(CO)5As2] by using extended H¸ckel theory[2e] showed that
the good �-acceptor ability of the As2 molecule assists the
complex formation, since the presence of a weak As�As �


bond results in a low-energy �* orbital, which can easily
overlap with the d orbitals on tungsten. The As�As � bond
was also found to be weak, with a correspondingly high energy
level, thus allowing bonding to the metal fragment. The
Dewar±Chatt ±Duncanson model was therefore not utilized
for describing the bonding in [{W(CO)5}3As2].
The behavior of the Group 15 diatomic molecules E2 (E�


P ±Bi) as ligands in transition-metal complexes is also found
for the isoelectronic Group 14 diatomic dianions E2


2� (E�
Si ± Pb). For example, the recent synthesis of a complex which
is analogous to [{W(CO)5}3As2] containing the valence
isoelectronic Pb22� fragment coordinated to four W(CO)5
fragments (three side-on coordinated fragments in star-type
coordination mode and one end-on coordinated fragment)
leads to a structure whose Pb�Pb bond length is also very
short, despite the Pb22� ligand acting as an eight-electron
donor.[10]


The experimental observations pose important questions
about the bonding situation in complexes of diatomic ligands
of Group 14 and Group 15 elements, which have not been
answered with modern quantum-chemical methods. What is
the reason that N2 bonds preferentially in an end-on manner,
while the heavier homologues P2 ±Bi2 prefer side-on coordi-
nation? What is the difference in the bonding situation
between the Group 15 ligands and the isoelectronic Group 14
dianions in transition-metal complexes? What is the nature of
the metal ±E2 interactions in terms of covalent and electro-
static bonding and which orbitals are involved? What is the
theoretically predicted bond dissociation energy of the
ligands? What is the strength of the metal�E2 donation
and the metal�E2 back-donation? An additional interesting
point is that star-type complexes containing lighter homo-
logues of As2 and Pb22� have not yet been observed
experimentally.
To answer these questions, it was decided to first study how


one W(CO)5 fragment interacts with neutral dinitrogen (1),
diphosphorus (2), diarsenic (3), diantimony (4), and dibis-
muth (5) ligands, in both the side-on (1s ± 5s) and end-on
(1e ± 5e) coordinated modes. For comparison the uncoordi-
nated E2 molecules (1 ± 5) were also calculated. Furthermore,
calculations were also performed on complexes containing the
isoelectronic homologues of 1 ± 5 : dianionic carbon (6),
disilicon (7), digermanium (8), ditin (9), and dilead (10).


However, for the dicarbon homologue it proved impossible to
obtain stable minima with the same side-on and end-on
structures as the remainder of the complexes. The calculated
structures of [(CO)5W(C2)]2� will be reported in a separate
paper. A discussion of 6, 6s, and 6ewill thus not be included in
this work. This work lays the foundation for an understanding
of the metal ± ligand bonding of the ligands E2 (E�N±Bi)
and E2


2� (E� Si ± Pb) in mononuclear complexes
[(CO)5W(E2)] and [(CO)5W(E2)]2�. Our work is the first
quantum-chemical investigation at the DFT or ab initio level
of theory of the molecules, except for the dinitrogen species 1s
and 1e which have been reported before.[11] In a future study
we will report the oligonuclear complexes [{W(CO)5}nE2] and
[{W(CO)5}nE2]2� (n� 2 ± 5).


Computational Methods


The calculations were performed at the nonlocal DFT level of theory using
the exchange functional of Becke[12] and the correlation functional of
Perdew[13] (BP86). Calculations were performed with the programs
Gaussian98[14] and/or ADF-2000.02.[15] The reason for choosing two
programs is that Gaussian98 has analytical second derivatives that make
the calculation of the vibrational frequencies much more efficient than with
ADF which has only numerical second derivatives. On the other hand, the
energy decomposition analysis can only be carried out with ADF.
In the Gaussian calculations the basis sets used for C and O were 6-31G(d)
for neutral complexes, and 6-31�G(d) for the anionic complexes.
LANL2DZ[16] was used for W. Stuttgart basis sets[17] with effective core
potentials and one polarization function (Huzinaga[18] where available;[19]


for N (�� 0.853), P (�� 0.380), and Si (�� 0.276) the exponents of the
polarization functions were optimized by using numerical interpolation of
the calculated atomic energies at CISD level, according to the method of
Hˆllwarth et al.[20]) were used for N, P, As, Sb, Bi, Si, Ge, Sn, and Pb. One
set of diffuse s and p functions were added to Si (�s� 0.02899; �p� 0.02383),
Ge (�s� 0.02134; �p� 0.0204), Sn (�s� 0.02484; �p� 0.01566), and Pb (�s�
0.0238; �p� 0.01635); the exponents (�diffuse) were determined following the
method suggested by Lee and Schaefer[21] [Eq. (1)], where L, L� 1, and
L� 2 are the last, second last, and third last exponents of the primitive set
respectively. This level of theory is denoted as BP86/LANL2DZ(�).


�diffuse� 1³2
L


L� 1
� L � 1


L � 2


� �
L (1)


In ADF triple-� basis sets augmented with one polarization function were
used for all atoms. Relativistic effects were included by using the ZORA
formalism.[22] One set of diffuse s and p functions were added for anionic
complexes to C, O, Si, Ge, Sn, and Pb; diffuse coefficients for C and O were
taken from Guan et al. ,[23] diffuse coefficients for Si (�s� 0.75; �p� 0.50),
Ge (�s� 0.7875; �p� 0.4668), Sn (�s� 0.887; �p� 0.527), and Pb (�s� 1.033;
�p� 0.572) were added to the existing basis set in an even-tempered way,
similar to that described above. This level of theory is denoted as BP86/
TZP. The values in the paper refer to calculations at BP86/TZP unless
otherwise specified.
Geometry optimizations were performed with both Gaussian 98[14] and
ADF-2000.02.[15] Vibrational frequency calculations at BP86/
LANL2DZ(�) were used to confirm that minimum energy conformations
had been achieved, natural bond orbital (NBO) analysis (as implemented
in Gaussian98)[24] yielded atomic charges and bond orders. The bonding
interactions between the E ±E molecules and the W(CO)5 fragment were
determined using the energy decomposition method in ADF.[20a] In this
method the instantaneous interaction energy (�Eint) between the two
fragments can be divided into three components [Eq (2)], where �Eelstat


�E��Eelstat � �EPauli � �Eorb (2)


gives the electrostatic interaction energy between the fragments, calculated
with a frozen electron density distribution in the geometry of the complex.
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�EPauli gives the repulsive four-electron interactions between occupied
orbitals and �Eorb gives the stabilizing orbital interactions. Since �Eorb can
be considered as an estimate of the covalent contributions to the bonding
the ratio of �Eelstat/�Eorb indicates the electrostatic or covalent nature of
the bond. Furthermore, the contributions of � and � bonding to a covalent
multiple bond can be determined by partitioning the �Eorb term into the
contributions by orbitals that belong to different irreducible representa-
tions of the interacting system.
The bond dissociation energy �Ee can be determined from �Eint and the
fragment preparation energy �Eprep, which is the energy necessary to
promote fragments from their equilibrium geometry and electronic ground
state to the geometry and electronic state of the optimized structure [Eq.
(3)].


�Ee��Eprep � �Eint (3)


Results and Discussion


Neutral molecules (1 s ± 5s, 1e ± 5e, 1u ± 5u): Geometry
optimization of the W(CO)5 complexes with neutral E2


ligands revealed that the minimum energy conformation for
side-on coordination has an eclipsed C2v symmetry, whereas
complexes containing E2 fragments in the end-on coordina-
tion mode have C4v symmetry minimum energy conforma-
tions (Figure 1). Selected geometrical parameters from the
optimization of the side-on (1s ± 5s) and end-on (1e ± 5e)
coordination modes, as well as for the uncoordinated mole-
cules (1 ± 5), are listed in Table 1.
The E�E bond lengths in the neutral free molecules


compare quite well with available experimental values


Figure 1. Schematic representation of the W(CO)5 complexes with neutral
and anionic ligands showing the C2v symmetry of the side-on coordination
mode and the C4v symmetry of the end-on coordination mode.


(N�N: 1.098 ä;[25] P�P: 1.893 ä;[25] As�As: 2.103 ä;[25] Sb�Sb:
2.48 ä;[26] Bi�Bi: 2.660 ä[25]), and previously calculated the-
oretical results (N�N: 1.106 ä;[27] P�P: 1.894 ä;[28] As�As:
2.164 ä;[29] Sb�Sb: 2.58 ä;[29] Bi�Bi: 2.79 ä[29]). The calcu-
lated values of the heavier species As2, Sb2, and Bi2 at BP86/
LANL2DZ(�) agree better with the experimental data than
BP86/TZP but both methods predict very similar changes of
the interatomic distances E�E in the complexes The only
calculated E�E bond lengths in complexes that can be
compared to experimental results are the N�N distances in
1s and 1e. In 1s this distance is calculated with both methods
as 1.129 ä, which is longer than the only experimentally
determined side-on coordinated N�N bond length of
1.058(30) ä in the complex Os(NH3)5(�2-N2).[6] However,
the authors of this paper point out that the observed
shortening is not significant, considering the large estimated
standard deviation of the bond length, and the fact that the
bond is between two light atoms in the close proximity of the
heavy Os atom. Furthermore, their reported DFT calculations
predicted that a lengthening of the N�N bond (by 0.02 ä)
should be observed, which also agreed with the observed IR
spectrum, where the N±N stretching vibration was down-
shifted from that of the end-on coordinated N2.
The 1.120 ä N�N separation calculated for 1e compares


well with the average N�N bond length of 1.11(7) ä
determined from 76 experimental structures reported in the
Cambridge Structural Database.[30] The bond lengths in
complexes 2s ± 5s and 2e ± 5e can only be compared to those
in structures containing P2, As2, Sb2, and Bi2 coordinated to
more than one metal fragment. In complexes containing two
metal fragments coordinating in a side-on fashion the average
E�E bond lengths are 2.08(5), 2.28(3), 2.678 (only one
example[31]) and 2.84(3) ä for P�P, As�As, Sb�Sb, and Bi�Bi,
respectively.[30] Despite the fact that these structures involve
coordination of the ligand to an extra metal center the
distances compare very well to the calculated separations
listed in Table 1. In addition, E�E separations in complexes
containing two side-on coordinated metal fragments and one
or two end-on coordinated metal fragments do not differ
significantly from these values either (P2 coordinated to three
metal fragments: 2.07(2) ä; P2 coordinated to four metal
fragments: 2.08(2) ä; As2 coordinated to four metal frag-
ments: 2.30(2) ä).[30] Thus, surprisingly, it appears that the
E�E ligand is not significantly affected by the addition of
metal fragments. This statement echoes that of Huttner


Table 1. Selected bond lengths [ä] and angles [�] of neutral [W(CO)5(E2)] complexes and free ligands calculated at BP86/TZP. Values at BP86/
LANL2DZ(�) are given in parentheses.


E� N (1) P (2) As (3) Sb (4) Bi (5)


free ligand bond length 1.104 (1.107) 1.935 (1.937) 2.161 (2.124) 2.579 (2.506) 2.728 (2.665)


side-on bond length E�E 1.129 (1.129) 2.001 (2.007) 2.250 (2.204) 2.674 (2.592) 2.824 (2.752)
coordination bond lengths E�W 2.474 (2.519) 2.683 (2.695) 2.815 (2.791) 3.020 (2.995) 3.129 (3.064)


W�C(trans) 1.979(1.981) 2.016 (2.021) 2.010 (2.019) 2.005 (2.014) 1.999 (2.010)
average W�C(cis) 2.059 (2.051) 2.065 (2.067) 2.063 (2.066) 2.061 (2.064) 2.059 (2.063)
bond angle W-E-E 76.81 (77.05) 68.11 (68.14) 66.44 (66.75) 63.72 (64.36) 63.18 (63.32)


end-on bond length E�E 1.120 (1.121) 1.934 (1.938) 2.161 (2.121) 2.564 (2.496) 2.714 (2.651)
coordination bond length E�W 2.117 (2.124) 2.434 (2.449) 2.585 (2.556) 2.779 (2.757) 2.913 (2.840)


W�C(trans) 2.019 (2.022) 2.027 (2.029) 2.010 (2.019) 2.002 (2.012) 1.990 (2.003)
W�C(cis) 2.060 (2.062) 2.062 (2.064) 2.061 (2.064) 2.059 (2.062) 2.058 (2.061)
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et al. ,[2d] who noted that the two extra Cr(CO)5 fragments in
[{Mo(CO)2Cp}2{Cr(CO)5}2As2] did not have an obvious influ-
ence on the core geometry of [{Mo(CO)2Cp}2As2].
Comparison of the calculated values in Table 1 shows that


upon side-on coordination the E�E bond becomes increas-
ingly lengthened from that in the uncoordinated molecule
along the series 1s ± 5s (0.022 ä for 1s to 0.096 ä for 5s). In
the case of the end-on coordinated ligands (1e ± 5e), however,
only the N�N bond lengthens by 0.013 ä upon metal
coordination. The P�P (in 2e) and As�As (in 3e) bonds
remain unaffected by coordination, while the Sb�Sb (in 4e)
and Bi�Bi (in 5e) bonds are even shortened (by 0.015 and
0.014 ä, respectively).
The absolute energies, bond dissociation energies (De), and


zero-point corrected energies (D0) of the various neutral
complexes are given in Table 2. The theoretically predicted
trend in the bond dissociation energies is shown in Figure 2.
Since the respective BP86/TZP and BP86/LANL2DZ(�)
results agree very well, the discussion will compare results in
terms of the values obtained at BP86/TZP only.
The theoretically predicted bond dissociation energies


indicate that the end-on bonded N2 ligand in 1e is much
more strongly bound (De� 24.9 kcalmol�1) than the side-on
bonded ligand in 1s (De� 8.3 kcalmol�1). In contrast to the N2


ligand, the heavier ligands P2 ±Bi2 are clearly more strongly
bonded in the side-on mode than in the end-on mode. The
bond dissociation energies of 2s ± 5s are much higher (De�


37.9� 39.0 kcalmol�1) than the De value of 1s. Note that the
De values of the former complexes do not vary very much for
the different ligands P2 ±Bi2. In the end-on bonded com-
plexes, 1e-5e, the phosphorous and arsenic ligands are slightly
more strongly bonded than N2, but Sb2 and Bi2 are more
weakly bonded than N2. The different trends in the bond
dissociation energies of the side-on and end-on complexes are
displayed in Figure 2. What is the explanation for the strong
increase in theDe value from 1s to 2s ± 5s, while the change in
the bond dissociation energy from 1e to 2e ± 5e is much less?
In the following discussion we will analyze the metal ± ligand
interaction to address this question, first looking at the results
of the electronic structure analysis and then at the energy
decomposition analysis. The quantitative bonding analysis
will be carried out in conjunction with the qualitative bonding
model which is adapted from the Dewar±Chatt ±Duncanson
orbital scheme for olefins.[32] The relevant orbital interactions
of the side-on complexes are shown in Figure 3. The metal ±
ligand interactions are discussed in terms of a) � donation
from the in-plane � orbital of the ligand (which has �


symmetry in the complex) to empty orbitals of the metal and
b) in-plane � back-donation (��) from the filled d(�) AO of
the metal into the empty �* orbital of E2. The ligands with a
formal triple bond E�E may also c) donate from the out-of-
plane �� orbital into the empty d(�) AO of the metal. Finally,
there may also be d) out-of-plane back-donation from
occupied d(�) AOs of the metal into the empty �* orbital of


Table 2. Absolute energies, bond dissociation energies De, zero-point corrected bond energies Do of the neutral [W(CO)5(E2)] molecules calculated at BP86/TZP.
Values at BP86/LANL2DZ(�) are given in parentheses. The energy difference between the end-on and side-on coordination modes �Ecoord is also given.


E� N (1) P (2) As (3) Sb (4) Bi (5)


free ligand energy (a. u.) � 0.60644 (�19.95899) � 0.31418 (�13.13543) � 0.26074 (�12.50531) � 0.20031 (�10.96672) � 0.18382 (�10.90759)
side-on energy (a. u.) � 3.83795 (�654.64015) � 3.59457 (�647.86455) � 3.53949 (�647.23646) � 3.48060 (�645.70029) � 3.46245 (�645.64391)
coordination De (kcalmol�1) � 8.3 (�9.2) � 39.0 (�39.3) � 38.0 (�40.6) � 38.9 (�42.1) � 37.9 (�43.8)


Do (kcalmol�1) � 7.4 (�8.2) � 38.0 (�38.4) � 37.3 (�39.9) � 38.3 (�41.5) � 37.4 (43.3)


end-on energy (a. u.) � 3.86440 (�654.66809) � 3.58314 (�647.85349) � 3.51952 (�647.21758) � 3.45804 (�645.67679) � 3.43349 (�645.61269)
coordination De (kcalmol�1) � 24.9 (�26.7) � 31.8 (32.6) � 25.4 (�28.7) � 24.8 (27.4) � 19.7 (�24.2)


Do (kcalmol�1) � 23.3 (�25.2) � 30.9 (�31.4) � 24.8 (�28.1) � 24.3 (�26.9) � 19.2 (�23.7)
�Ecoord (kcalmol�1) � 16.6 (�17.5) � 7.2 (�6.9) � 12.5 (�11.8) � 14.2 (�14.8) � 18.2 (�19.6)


Figure 2. Bond dissociation energies (De) of neutral and anionic [W(CO)5(E�E)] complexes at BP86/TZP in kcalmol�1.
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E2. Figure 3 shows that the four types of orbital interactions
can be distinguished in molecules with C2v symmetry because
the orbitals have a1, b2, b1, and a2 symmetry, respectively.
Results from the natural bond orbital (NBO) analysis,


including the E�E and E�WWiberg bond indices (WBI) and
NBO charges on E and W, are listed in Table 3. The WBI
values for the E�E bonds in the complexes (1s ± 5s and 1e ±
5e) are lower (between 2.76 for both 1s and 1e and 2.13 and
2.61 for 5s and 5e, respectively) than the value of 3.0 found in
1 ± 5. This agrees with the previous proposals that the bond
order should decrease.[3, 4] Furthermore, there is a significant
difference between the dinitrogen complexes 1s/1e and the
heavier homologues 2s/2e ± 5s/5e. The former species have
identical WBI values (2.76), while the side-on complexes 2s ±
5s have significantly smaller WBI values (2.13 ± 2.25) than the
end-on isomers 2e ± 5e (2.61 ± 2.68). There is very little charge
donation from the N2 �� orbital into the W(CO)5 acceptor
orbital in 1s (0.08 e), but there is significant charge donation
from the E2 �� orbital of the heavier homologues in 2s ± 5s
(0.43 ± 0.61 e). The charge donation from the E2 �� orbital in
2s ± 5s is negligible. At the same time, the charge acceptance
of the �* orbital of the N2 ligand in 1s (0.17 e) is clearly less
than the acceptance of the �* orbital of the E2 ligands in


2s ± 5s (0.31 ± 0.36 e), while the
�* acceptance of the end-on
coordinated ligands in 1e ± 5e
remains small for the heavier
ligands as well (0.09 ± 0.12 e).
The charge donation from the �
lone pair orbital of the ligands
in the latter complexes 1e ± 5e
is much larger (0.26 ± 0.59 e),
but its influence on the bond
order is small because the �


HOMO of E2 is only weakly
bonding. TheWBI values of the
E�W bond in the end-on com-
plexes 1e ± 5e are higher
(0.48 ± 0.62) than in the side-on
complexes 1s ± 5s (0.23 ± 0.42),
however in the former species


there is only one E�W bond, while in the latter there are two.
The significant difference between the dinitrogen com-


plexes 1s/1e and the heavier homologues 2s/2e ± 5s/5e also
comes to the fore through the calculated total charge
exchange between the E2 ligands and the W(CO)5 fragment.
Table 3 shows that the ligands E2 always carry a positive
charge, whereas the partial charge of the N2 ligand in 1s
(0.02 e) and 1e (0.03 e) is very small. The partial charges of E2


in the side-on complexes 2s ± 5s (0.18 ± 0.40 e) and end-on
complexes 2e ± 5e (0.18 ± 0.28 e) are clearly higher. In
summary, the analysis of the electronic structure of 1s ± 5s
and 1e ± 5e shows significant differences between the dini-
trogen species 1s/1e and the heavier homologues 2s/2e ± 5s/
5e. The WBI bond indices and the charge distribution suggest
that the metal ± ligand interactions in the side-on coordinated
species 2s ± 5s clearly become stronger than in 1s, while the
differences betwen 1e and 2e ± 5e appear to not be very large.
From the data it is not obvious, however, why N2 clearly
prefers end-on coordination over side-on coordination. The
influence of electrostatic interactions on the metal ± ligand
bonding in the side-on and end-on complexes also remains
unclear. A more detailed insight, that also gives a quantitative
estimate of the energy contributions of the covalent and


Figure 3. Schematic representation of the bonding models for the side-on coordination of E2 to W(CO)5,
showing donor± acceptor interactions in the a1(a), a2 (b), b1 (c), and b2 (d) representations.


Table 3. Wiberg bond indices (WBI) and atomic partial charges on E and W (q(E) and q(W)) of neutral [W(CO)5(E2)] molecules from NBO analysis
calculated at BP86/LANL2DZ(�).


E� N (1) P (2) As (3) Sb (4) Bi (5)


free ligand WBI 3.02 3.00 3.00 3.00 3.00
charge 0 0 0 0 0


side-on
coordination


WBI E�E 2.76 2.25 2.21 2.15 2.13
WBI E�W 0.23 0.42 0.41 0.40 0.38
q (E) 0.01 0.09 0.12 0.17 0.20
q (W) � 0.59 � 0.79 � 0.80 � 0.82 � 0.80
no. electrons donated from E�E �� orbital 0.08 0.43 0.48 0.57 0.61
no. electrons donated from E�E �� orbital 0.01 0.05 0.05 0.06 0.07
no. of electrons accepted into E�E �* orbital 0.17 0.36 0.35 0.33 0.31


end-on WBI E�E 2.76 2.68 2.66 2.66 2.61
coordination WBI E�W 0.50, 0.16 0.62, 0.15 0.57, 0.15 0.53, 0.14 0.48, 0.16


q(E coordinated, E terminal) � 0.05, 0.08 0.12, 0.06 0.13, 0.08 0.18, 0.09 0.17, 0.11
q(W) � 0.57 � 0.83 � 0.83 � 0.83 � 0.81
no. electrons donated from E lone pair orbital 0.26 0.41 0.34 0.59 0.25
no. of electrons accepted into E�E �* orbital 0.12 0.13 0.12 0.11 0.09
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electrostatic interactions, is giv-
en by the energy decomposition
analysis (EDA), whose results
are presented in the following
section.
Table 4 gives the EDA results


for the side-on complexes 1s ±
5s and the end-on complexes
1e ± 5e. It becomes obvious
that the calculated metal ± li-
gand interaction energies �Eint


show the same trend as the
bond dissociation energies De.
It follows that the different
bonding behavior of the E2


ligands is indeed caused by the
intrinsic bonding interactions
and not by relaxation effects.
The trends of the different en-
ergy terms of the metal ± ligand
interaction energies are dis-
played in Figure 4 and Figure 5.
We begin with the side-on


coordinated complexes 1s ± 5s.
Table 4 shows that the
(CO)5W±N2 interactions in 1s
are approximately two thirds
covalent (�Eorb� 66.0%) and
one third electrostatic
(�Eelstat� 34.0%). The bonding
in the heavier homologues 2s ±
5s has a uniformly higher de-
gree of electrostatic character
(�Eelstat� 46.6 ± 48.4%) which
suggests that the bonding in
the latter compounds is approx-
imately half covalent and half
electrostatic. The breakdown of
the �Eorb term into orbital con-


Table 4. Energy decomposition analysis of the neutral [W(CO)5(E2)] molecules calculated at BP86/TZP. The symmetry point group for the side-on
coordination mode is C2v and C4v for the end-on coordination mode. All values are in kcalmol�1.


E� N (1) P (2) As (3) Sb (4) Bi (5)


side-on �Eint � 10.1 � 43.7 � 43.1 � 44.0 � 42.4
coordination �EPauli 43.5 128.2 117.4 116.3 110.0


�EElstat � 18.2 (33.9%) � 88.6 (51.5%) � 83.7 (52.1%) � 81.9 (51.0%) � 81.3 (53.3%)
�EOrb � 35.4 (66.0%) � 83.4 (48.4%) � 76.8 (47.8%) � 78.4 (48.9%) � 71.1 (46.6%)
a1 (�) � 14.4 (40.5%) � 35.3 (42.3%) � 35.8 (46.5%) � 42.4 (54.2%) � 42.4 (59.7%)
a2 (�) � 1.1 (3.1%) � 3.6 (4.4%) � 3.0 (3.9%) � 2.4 (3.1%) � 1.8 (2.5%)
b1 (��) � 1.5 (4.3%) � 4.9 (5.9%) � 3.7 (4.8%) � 3.6 (4.6%) � 3.1 (4.4%)
b2 (��) � 18.4 (52.0%) � 39.5 (47.4%) � 34.4 (44.8%) � 29.9 (38.1%) � 23.8 (33.5%)


end-on �Eint � 27.1 � 33.8 � 26.8 � 25.9 � 20.4
coordination �EPauli 68.2 79.5 61.1 58.6 45.9


�EElstat � 43.8 (45.9%) � 47.5 (41.8%) � 37.6 (42.7%) � 40.5 (47.9%) � 30.2 (45.5%)
�EOrb � 51.4 (54.0%) � 65.9 (58.1%) � 50.3 (57.2%) � 44.0 (52.0%) � 36.1 (54.4%)
a1 (�) � 23.8 (46.3%) � 34.7 (52.8%) � 30.2 (60.1%) � 29.8 (67.7%) � 27.0 (74.7%)
a2 0 0 0 0 0
b1 � 0.1 (0.1%) � 0.2 (0.2%) � 0.1 (0.1%) 0.0 (0.0%) 0.0 (0.1%)
b2 0.0 (0.1%) � 0.2 (0.2%) � 0.1 (0.2%) 0.0 (0.1%) 0.0 (0.1%)
e1 (�) � 27.5 (53.5%) � 30.8 (46.8%) � 19.9 (39.6%) � 14.2 (32.3%) � 9.1 (25.2%)


Figure 4. Comparison of electrostatic and orbital interactions for W(CO)5 complexes containing neutral and
anionic E2 ligands coordinated in side-on and end-on modes.


Figure 5. Comparison of � and � interactions for W(CO)5 complexes containing neutral and anionic E2 ligands
coordinated in side-on and end-on modes.
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tributions of different symmetry reveals that, in the dinitrogen
complex 1s, the � interactions are stronger than the �


interactions. The a1(�) interactions increase continuously
from 1s (40.5%) to 5s (59.7%). Note that the charge
donation of the ligand out-of-plane �� orbital (b1 orbital in
the complex) and the out-of-plane back-donation from
occupied d(�) AOs of the metal (a2 orbital in the complex)
contribute very little to the covalent bonding in all complexes
(Table 4).
The largest difference between the EDA results of the end-


on bonded dinitrogen complex 1e and the side-on bonded
isomer 1s is the significantly higher degree of electrostatic
attraction in the former species (�Eelstat� 46.0%) as com-
pared to the latter (�Eelstat� 34.0%). This is in agreement
with the conclusion of Sakaki et al. ,[33] which they drew from
their ab initio study of [RhCl(PH3)2(N2)]. The authors
suggested that one of the reasons for the greater stability of
the end-on coordination mode is that it receives greater
stabilization from the electrostatic interactions. While the
end-on bonded dinitrogen complex 1e has a higher degree of
electrostatic bonding than the side-on bonded isomer 1s, the
bonding in the heavier homologues 2e ± 5e exhibits less
electrostatic character than in 2s ± 5s. The EDA results in
Table 4 indicate that the relative contributions of covalent and
electrostatic bonding in 1e are not very different from the
heavier homologues 2e ± 5e. The � contribution to the �Eorb


term increases smoothly from 1e (46.3%) to 5e (74.7%) and
thus, it exhibits the same trend as for the side-on bonded
species. The increase in the � contribution to �Eorb in the end-
on and side-on complexes is displayed in Figure 5. The
dominant influence of the �Eelstat term becomes visible from
Figure 4, which shows the trends of the electrostatic and
covalent contributions to the metal ± ligand interactions in the
end-on and side-on complexes. The curves of the �Eelstat term
of the two isomeric forms cross from nitrogen to phosphorus,
while the curves of the �Eelstat term change less. The most
important conclusion that can be drawn from the energy
decomposition analysis is as follows: The preference of the
heavier homologues, P2 ±Bi2, for binding in a side-on mode
over the end-on mode in the complexes (CO)5W�E2, which is
opposite to the behavior of N2, comes mainly from the much
stronger electrostatic attraction in 2s ± 5s.
It is interesting to compare the results of the NBO analysis


(Table 3) with the results of the EDA calculations (Table 4).
Some trends in the charge analysis are in agreement with the
calculated energy contributions to the bonding interactions.
For example, the theoretically predicted � donation in the
side-on bonded complex 1s, which comes from the occupied �


orbital[32] of N2 (0.08 e), is less than the calculated acceptor
charge of the �* orbital (0.17 e), which is in agreement with
the larger energy contribution to �Eorb by the b2 orbitals than
the a1 orbitals. The calculated charge donation from the �


orbital and the charged acceptance of the �* orbital is higher
for the heavier E2 ligands in 2s ± 5s than in 1s (Table 3) which
agrees with the larger contributions by the a1 and b2 orbitals to
�Eorb (Table 4). The small amount of charge donation from
the �� orbitals in 1e ± 5e are also in agreement with the low
energy contributions of the b1 orbitals. However, the charge
acceptance of the �* orbitals calculated for the end-on


complexes 1e ± 5e is very small (0.09 ± 0.13 e), which is at
variance with the substantial energy contribution by the e1
orbital, which is particularly large in 1e and 2e (Table 4). In
addition, the small differences between the calculated �*
acceptor charges do not agree with the substantially different
energy contributions by the e1 orbitals. Note that the
electronic charge is donated into the �* orbitals of E2, which
are built from the n(p�) AOs, where n changes from 2 (E�N)
to 6 (E�Bi). The energy levels of the orbitals are very
different but the energetic effect of the charge donation is not
apparaent from the occupation number. It is important to
recognize that although charge partitioning methods are
useful for gaining insight into the electronic structure of a
molecule, it is difficult to obtain information about the energy
contributions to the interatomic interactions from a charge
analysis.
The lengthening of the E�E distance upon side-on coordi-


nation in the complexes 1s ± 5s can be explained by the
metal ±E2 orbital interactions that weaken the E�E bonding
through charge donation from the E2 � bonding orbital and
charge acceptance into the �* orbital. This model is quanti-
tatively supported by the calculated energy values of the a1
and b2 orbital contributions to the �Eelstat term that are given
in Table 4. But what about the E�E distance in the end-on
coordinated complexes 1e ± 5e, which is only slightly longer
or even shorter than in the free ligands? Sakaki et al.[33] also
noted in their theoretical study of [RhCl(PH3)N2] that the N2


separation did not lengthen as much as expected upon
coordination and ascribed this to attractive electrostatic
interactions between the two N atoms as a result of the
opposite charge of the nitrogen atoms in the complex. In our
study the N�N bond length in 1e is also not lengthened as
much as in 1s. However, 2e to 5e do not exhibit a charge
difference, and yet show less lengthening or even shortening
of the bond upon end-on coordination, as described above. To
understand this effect and in order to gain insight into the
change in the E�E bonding situation between the free ligand
E2 and the end-on coordinated complexes we analyzed the
E�E bonding between W(CO)5E and E and compared it to
the bonding in E�E. The results of this analysis are shown in
Table 5.
The values in Table 5 shows that the attractive interactions


in E2 have a significant electrostatic character. The electro-
static contributions to the E�E bonding in the free ligands E2


increases from 30.0% in N2 to 57.6% in Bi2. Thus, there is a
significant electrostatic attraction in E2, to the extent that it
becomes the largest contributor to the bonding interaction in
Sb2 and Bi2. This result seems surprising since standard
textbook knowledge teaches that unpolar bonds are purely
covalent. However, a theoretical analysis by Spackman and
Maslen of the interatomic electrostatic interactions between
two spherical atoms showed already that the electrostatic
attraction in homoatomic species E2 is larger than the total
bonding energy with the notable exception of H2.[34] The
results in Table 5 are in agreement with the data of Spackman
and Maslen, with the absolute values of the �Eelstat term
always being larger than �Eint . Another surprising result,
which contradicts common knowledge, is the relative strength
of the � bonding contribution in E2. It is well known that
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molecules containing � bonds between elements of the first
octal row are stable, while unsaturated homologues of heavier
elements are difficult to produce. This is usually explained by
the weakness of the � bond between the heavier elements.
Table 5 shows that the percentage contribution of the � bonds
of P2 ±Bi2 (34.3 ± 40.0%) to the covalent bonding is higher
than in N2 (34.2%). The difficulty in preparing stable
compounds with multiple bonds of heavier elements is not
caused by the intrinsically weak � bonding but by the
comparatively high energy gain by the latter molecules in
reactions, which leads to molecules with single bonds.
Here our interest focuses on the change in the E�E


interactions upon coordination with W(CO)5. Table 5 shows
rather uniform alterations in 1e ± 5e. The interaction energy
�Eint becomes continuously higher, which means that, in the
complexes, there is stronger E�E interatomic attraction. Note
that the increase in the�Eint values does not correlate with the
change in the E�E bond lengths (Table 1). In the complexes,
the N�N distance becomes longer than in free N2, the P�P
and As�As distances remain nearly the same, while the Sb�Sb
and Bi�Bi bonds become longer than in free E2. Table 5
shows that the E�E bonds in the complexes always have a
higher covalent character (51.6 ± 71.3%) than in free E2


(42.3 ± 69.9%). The covalent bonding in 1e ± 5e has a slightly
higher contribution from � bonding (36.0 ± 42.7%) than in E2


(34.2 ± 40.0%).
In their study of end-on coordinated [RhCl(PH3)N2] Sakaki


et al.[33] found that the N2 separation did not lengthen as much
as expected upon coordination and ascribed this to attractive
electrostatic interactions, since the charge on the coordinated
N atom was negative, while the other N atom was positive.
Opposite charges at the nitrogen atoms are also calculated for
1e (Table 2). However, the EDA results show that the
electrostatic attraction between the nitrogen atoms of 1e is
weaker than in N2 (Table 5). It has already been pointed out
by us that atomic partial charges are not a reliable probe for
electrostatic interactions because the electron density distri-
bution of an atom in a molecule is in most cases anisotropic.[35]


Anionic complexes : The complexes containing anionic group-
14 E2 ligands coordinated in side-on and end-on modes have
similar geometries to their neutral Group 15 counterparts.
Table 6 lists selected bond lengths and angles for complexes
7s ± 10s and 7e ± 10e, as well as the free anions 7 ± 10.
No comparable structures have been reported for com-


plexes containing the anionic ligands, other than the star-type


Table 5. Energy decomposition analysis of the neutral [(W(CO)5E)�E] and E�Emolecules calculated at BP86/TZP. The symmetry point group isC4v for the
end-on coordination mode. All values are in kcalmol�1.


E� N (1) P (2) As (3) Sb (4) Bi (5)


free ligand �Eint � 237.8 � 113.9 � 88.2 � 62.0 � 55.5
�EPauli 794.8 298.8 247.5 182.5 168.5
�EElstat � 310.6 (30.1%) � 176.8 (42.8%) � 162.4 (48.4%) � 134.1 (54.8%) � 129.2 (57.7%)
�EOrb � 721.9 (69.9%) � 235.9 (57.2%) � 173.3 (51.6%) � 110.5 (45.2%) � 94.8 (42.3%)
a1 (�) � 474.6 (65.7%) � 141.5 (60.0%) � 106.8 (61.6%) � 71.3 (64.5%) � 62.2 (65.6%)
a2 0 0 0 0 0
b1 0 0 0 0 0
b2 0 0 0 0 0
e1 (�) � 247.3 (34.3%) � 94.4 (40.0%) � 66.4 (38.4%) � 39.2 (35.5%) � 32.6 (34.4%)


end-on �Eint � 241.2 � 130.0 � 101.0 � 75.5 � 65.1
coordination �EPauli 716.3 257.8 208.3 154.8 138.6


�EElstat � 274.1 (28.6%) � 143.5 (37.0%) � 128.6 (41.6%) � 107.7 (46.7%) � 98.4 (48.3%)
�EOrb � 683.4 (71.4%) � 244.3 (63.0%) � 180.7 (58.4%) � 122.7 (53.3%) � 105.3 (51.7%)
a1 (�) � 437.3 (63.9%) � 139.8 (57.2%) � 107.7 (59.6%) � 76.6 (62.4%) � 66.8 (63.4%)
a2 0 0 0 0 0
b1 � 0.2 (0.1%) 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
b2 � 0.1 (0.0%) � 0.1 (0.1%) 0.0 (0.0%) 0.0 (0.0%) 0.0 (0.0%)
e1 (�) � 245.8 (36.0%) � 104.5 (42.7%) � 73.0 (40.4%) � 46.0 (37.6%) � 38.4 (36.6%)


Table 6. Selected bond lengths [ä] and angles [�] of anionic [W(CO)5(E2)]2� complexes and free ligands calculated at BP86/TZP. Values at BP86/
LANL2DZ(�) are given in parentheses.


E� Si� (7) Ge� (8) Sn� (9) Pb� (10)


free ligand bond length 2.270 (2.204) 2.357 (2.329) 2.717 (2.701) 2.886 (2.794)


side-on bond length E�E 2.227 (2.239) 2.396 (2.371) 2.769 (2.743) 2.908 (2.838)
coordination bond lengths E�W 2.886 (2.903) 3.036 (2.995) 3.218 (3.197) 3.346 (3.298)


W�C(trans) 1.973 (1.979) 1.964 (1.975) 1.961 (1.968) 1.957 (1.964)
average W�C(cis) 2.052 (2.054) 2.051 (2.054) 2.052 (2.052) 2.051 (2.053)
bond angle W-E-E 67.31 (67.32) 66.76 (66.68) 64.51 (64.59) 64.24 (64.51)


end-on bond length E�E 2.143 (2.154) 2.286 (2.273) 2.647 (2.631) 2.782 (2.719)
coordination bond length E�W 2.716 (2.719) 2.836 (2.800) 3.001 (2.983) 3.130 (3.077)


W�C(trans) 1.982 (1.985) 1.973 (1.980) 1.970 (1.976) 1.965 (1.972)
W�C(cis) 2.045 (2.045) 2.044 (2.045) 2.044 (2.045) 2.043 (2.045)







FULL PAPER G. Frenking and C. Esterhuysen


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3518 ± 35293526


complex, [{W(CO)5}4Pb2]2� (Pb�Pb bond length
2.806(8) ä).[5] The experimental Pb�Pb bond length in
[{W(CO)5}4Pb2]2� is in between the values calculated for 10s
and 10e. This suggests that, since coordination of a single
metal fragment in side-on coordination mode results in a
lengthening of the E�E bond, while end-on coordination has
the opposite effect, the presence of metal fragments in both
side-on and end-on coordination modes in [{W(CO)5}4Pb2]2�


results in an intermediate length. The E�E bond lengths
follow a similar trend to those in the complexes with neutral
ligands–side-on coordination of the complexes results in a
lengthening of the E�E bond relative to the value in the free
dianion, whereas in the end-on coordination mode the E�E
bond is shortened.
The absolute energies, dissociation energies (De) and zero-


point corrected energies (D0) of the various anionic com-
plexes are listed in Table 7, with the bond energies in
comparison to those of the neutral ligands graphically
represented in Figure 2. The results show that the anionic
ligands are far more strongly bonded than in the case of the
neutral ligands, irrespective of whether the coordination is
side-on or end-on (De� 78.0 ± 93.5 kcalmol�1). As with the
corresponding neutral complexes the E2 ligands are more
strongly bonded in the side-on coordination mode than the
end-on mode (difference in De� 1.2 ± 3.3 kcalmol�1), al-
though the difference in energy of less than 3.3 kcalmol�1


indicates that the preference for side-on coordination is not as


great as for the neutral ligands. We will again analyze these
results by means of the electronic structure analysis and
energy decomposition analysis.
A list of E�E and E�WWiberg bond indices (WBI) and the


natural bond orbital (NBO) charges on E and W are given in
Table 8.
As with the neutral complexes the WBI values of the E�E


bonds in 7s ± 10s and 7e ± 10e are lower than the value of 3.0
found for 7 ± 10. The WBI values for 7s ± 10s are lower than
for the corresponding neutral complexes (1s ± 5s), and
indicate that the anionic ligands have double bond character
in the side-on coordinated complexes. These low values can be
correlated to the significant amount of charge donation from
the E2 in-plane ��-orbital,[32] which is substantially greater
(0.83 ± 0.93 e) than in 1s ± 5s. The donation from the �� orbital
of the ligands is always small in the latter complexes but larger
than in the neutral species. Note that the charge acceptance by
the �* orbital (0.11 ± 0.12) is less than for 1s ± 5s. In the end-on
coordinated complexes 7e ± 10e, however, the WBI values
(2.59 ± 2.79) are very similar to the values found for 1e ± 5e.
The charge donation from the � lone pair orbital (0.92 ±
1.27 e) is significantly larger than in 1e ± 5e, but as with the
neutral complexes the �HOMO of E2 is weakly bonding, thus
its influence on the bond order is small. The E�WWBI values
of 7s ± 10s (0.20 ± 0.23) and 7e ± 10e (0.29 ± 0.37) are lower
than those for the neutral ligands. The NBO charges show that
much of the charge is delocalized from the previously anionic


Table 7. Absolute energies, bond dissociation energies De, zero-point corrected bond energies Do of the anionic [W(CO)5(E2)]2� molecules calculated at
BP86/TZP. Values at BP86/LANL2DZ(�) are given in parentheses. The energy difference between the end-on and side-on coordinationmodes�Ecoord is also
given.


E� Si� (7) Ge� (8) Sn� (9) Pb� (10)


free ligand energy (a. u.) � 0.16614 (�7.68339) � 0.15573 (�7.62374) � 0.13629 (�6.81074) � 0.11724 (�6.92549)
side-on energy (a. u.) � 3.54021 (�642.53392) � 3.52454 (�642.46653) � 3.49561 (�641.64077) � 3.47071 (�641.75222)
coordination De (kcalmol�1) � 93.5 (�101.6) � 90.2(�96.7) � 84.3 (�88.7) � 80.6 (�86.6)


Do (kcalmol�1) � 93.4 (�101.5) � 90.4 (�96.9) � 84.5 (�89.0) � 80.2 (�86.2)
end-on energy (a. u.) � 3.53831 (�642.52956) � 3.51934 (�642.46116) � 3.49260 (�641.63798) � 3.46649 (�641.74760)
coordination De (kcalmol�1) � 92.3 (�98.8) � 87.0 (�93.4) � 82.4 (�87.0) � 78.0 (�83.8)


Do (kcalmol�1) � 92.1 (�98.6) � 87.0 (�93.4) � 82.5 (�87.1) � 78.2 (�83.9)
�Ecoord (kcalmol�1) � 1.2 (�2.7) � 3.3 (�3.4) � 1.9 (�1.8) � 2.6 (�2.9)


Table 8. Wiberg bond indices (WBI) and atomic partial charges on E and W (q(E) and q(W)) of anionic [W(CO)5(E2)]2� molecules from NBO analysis
calculated at BP86/LANL2DZ(�).


E� Si� (7) Ge� (8) Sn� (9) Pb� (10)


free ligand WBI 3.02 3.01 3.00 3.01
charge � 1 � 1 � 1 � 1


side-on WBI E�E 2.03 2.00 1.97 2.00
coordination WBI E�W 0.23 0.22 0.22 0.20


q (E) � 0.42 � 0.43 � 0.42 � 0.44
q (W) � 0.69 � 0.67 � 0.65 � 0.6
no. electrons donated from E�E �� orbital 0.83 0.86 0.91 0.93
no. electrons donated from E�E �� orbital 0.17 0.15 0.15 0.13
no. of electrons accepted into E�E �* orbital 0.13 0.12 0.12 0.11


end-on WBI E�E 2.79 2.71 2.68 2.59
coordination WBI E�W 0.37, 0.05 0.34, 0.07 0.32, 0.08 0.29, 0.10


q(E coordinated, E terminal) � 0.41, �0.60 � 0.38, �0.63 � 0.29, �0.70 � 0.29, �0.71
q(W) � 0.71 � 0.68 � 0.67 � 0.64
no. electrons donated from E lone pair orbital 0.92 1.04 1.11 1.27
no. of electrons accepted into E�E �* orbital 0.16 0.24 0.25 0.32
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E2 ligand, with complexes 7s ± 10s exhibiting very similar
charges (�0.42 to �0.44). In complexes 7e ± 10e the NBO
charge on the coordinated atom decreases from �0.41 to
�0.29 along the series, with a concomitant increase in the
NBO charge on the other E atom (from �0.61 to �0.71).
The energy decomposition analysis results, shown in


Table 9 and Figure 4 and Figure 5, give a clearer picture of
the covalent and electrostatic interactions involved in the
formation of the anionic complexes. Note that the relative
strength of the �Eint values also predicts that the side-one
bonded complexes are slightly more stable than the end-on
bonded isomers.
First we will look at the results for the side-on coordinated


complexes 7s ± 10s. As might be expected the electrostatic
interactions between the anionic E2 ligand and the metal
fragment play a much greater role than in the neutral
complexes (�Eelstat��140.5 to �189.8 kcalmol�1), so that
despite an increase in the orbital interactions (�Eorb��102.0
to �131.4 kcalmol�1) the interactions are ~60% electrostatic
in character. The orbital contributions of different symmetries
to the �Eorb term shows that the � bonding is significantly
larger (78.0 ± 83.1%) than in the neutral complexes. The
ligand-out-of-plane �� orbital (b1 orbital in the complex) also
contributes more to the covalent bonding. This is in agree-
ment with the slightly larger charge donation of the �� orbital
given by the NBO analysis. The energy contribution of the
out-of-plane back-donation from occupied d(�) AOs of the
metal (a2 orbital in the complex) remains small, however.
In the end-on coordinated complexes, 7e ± 10e, the electro-


static interactions also play a larger role than in the neutral
complexes, so that the orbital interactions are about 60%
electrostatic. This value is similar to that for 7s ± 10s, despite
both electrostatic and orbital interactions being weaker in
7e ± 10e. The � bonding interactions, given by the breakdown
of the �Eorb term, are larger than in the neutral complexes,
contributing about 80% of the orbital interactions.
The �Eelstat and �Eorb terms are more negative for 7s ± 10s


when compared with 7e ± 10e. The stabilization of the side-on
coordination mode with respect to the end-on mode can thus
be ascribed to both the electrostatic and orbital energy terms.


This is different to the neutral complexes, where the �Eelstat


term could be identified as responsible for the lower energy of
2s ± 5s. The Pauli repulsion, on the other hand, is substantially
larger for 7s ± 10s (difference between �Eorb terms� 47.2 ±
56.7 kcalmol�1), with the result that the overall energy
difference between the side-on and end-on coordinated
complexes is small, but nevertheless favors the side-on
coordination mode. The conclusion is that the slightly lower
energy of the side-on bonded complexes 7s ± 10s can not be
ascribed to a particular energy component.
If we now return to the NBO analysis we can see that the


large charge donation from the �� orbitals predicted for 7s ±
10s (larger than for 1s ± 5s) agrees with the large � bonding
term calculated in the EDA results (also larger than for 1s ±
5s). The same is true for the large amount of charge donation
from the � lone pair orbital in 7e ± 10e, which agrees with the
large � bonding contribution predicted by the EDA. The small
contribution by the �-bonding in 7s ± 10s and 7e ± 10e to the
orbital interactions is echoed by the small amount of charge
acceptance by the E2 �* orbital. However, the EDA results
show that the strength of both the � and � bonding decreases
along the series 7s ± 10s and 7e ± 10e, whereas the NBO
analysis suggests that the reverse is true, for all except the
charge acceptance into the �* orbitals of 7s ± 10s.
Since the E�E bonds in 7e ± 10e showed an even greater


shortening upon end-on coordination than their neutral
counterparts the bonding was analysed as before by using
the W(CO)5E� and E� as fragments in the energy decom-
position analysis (Table 10). The results show that the bonding
in the complexes (52.5 ± 66.3%) has a slightly greater covalent
character than in the free anionic molecules (45.7 ± 66.5%).
The �-bonding contribution to the covalent bonding is slightly
larger (28.9 ± 34.1%) than in the free molecules (28.0 ±
29.7%), but is sufficient to explain the shortening in the bond.


Conclusion


The calculation of W(CO)5 with neutral diatomic ligands N2,
P2, As2, Sb2, and Bi2 and anionic ligands Si22�, Ge22�, Sn22�,


Table 9. Energy decomposition analysis of the anionic [W(CO)5(E2)]2� molecules calculated at BP86/TZP. The symmetry point group for the side-on
coordination mode is C2v and C4v for the end-on coordination mode. All values are in kcalmol�1.


E� Si� (7) Ge� (8) Sn� (9) Pb� (10)


side-on �Eint � 99.5 � 95.4 � 89.3 � 86.0
coordination �EPauli 221.7 175.8 172.0 156.5


�EElstat � 189.8 (59.1%) � 157.3 (58.0%) � 153.3 (58.7%) � 140.5 (57.9%)
�EOrb � 131.4 (40.9%) � 113.9 (42.0%) � 108.0 (41.3%) � 102.0 (42.1%)
a1 (�) � 102.5 (78.0%) � 90.0 (79.0%) � 87.1 (80.6%) � 84.8 (83.1)
a2 (�) � 1.5 (1.1%) � 1.2 (1.1%) � 1.1 (1.0%) � 0.9 (0.9%)
b1 (��) � 12.3 (9.4%) � 9.4 (8.3%) � 8.4 (7.8%) � 6.5 (6.3%)
b2 (��) � 15.1 (11.5%) � 13.2 (11.6%) � 11.4 (10.6%) � 9.9 (9.7%)


end-on �Eint � 99.1 � 91.3 � 86.3 � 82.2
coordination �EPauli 165.0 128.6 122.0 107.6


�EElstat � 164.1 (62.1%) � 130.1 (59.2%) � 121.2 (58.2%) � 107.5 (56.6%)
�EOrb � 100.0 (37.9%) � 89.8 (40.8%) � 87.2 (41.8%) � 82.3 (43.4%)
a1 (�) � 79.0 (79.0%) � 71.6 (79.7%) � 72.3 (82.9%) � 70.7 (85.9%)
a2 � 0.3 (0.3%) � 0.2 (0.2%) � 0.2 (0.2%) � 0.1 (0.2%)
b1 � 0.8 (0.8%) � 0.5 (0.6%) � 0.5 (0.6%) � 0.5 (0.6%)
b2 � 0.7 (0.7%) � 0.7 (0.8%) � 0.4 (0.5%) � 0.3 (0.4%)
e1 (�) � 19.2 (19.2%) � 16.8 (18.7%) � 13.8 (15.8%) � 10.6 (12.9%)
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and Pb22� coordinated in both side-on and end-on modes
using density functional methods was presented in this paper.
The calculations showed that the neutral ligands prefer side-
on coordination modes, with the exception of N2, which
coordinates preferentially in end-on mode, as indicated in the
literature. The anionic ligands show only a slight preference
for side-on coordination. Energy decomposition analysis
results indicate that the electrostatic interactions between
the ligand and the metal fragment play the decisive role in
deciding the coordination mode in the neutral complexes. In
the case of the N2 complex it is the weakness of the
electrostatic interactions in the side-on coordination mode
that destabilizes it relative to the end-on mode. For all other
ligands the electrostatic interactions between the metal and
ligand in side-on coordination mode are stronger than for
end-on. The electrostatic interactions between the neutral
ligands 2s ± 5s and the metal fragments in end-on mode are
particularly weak, resulting in the strong preference for side-
on coordination. The anionic ligands, not surprisingly, exhibit
much greater electrostatic interactions with the metal frag-
ments in both the side-on and end-on coordination modes,
however the difference in stabilization is smaller than for the
neutral ligands, with the effect that the preference for the side-
on coordination mode is not as pronounced.
This work thus shows that it should, in principle, be possible


to obtain complexes of P2, As2, Sb2, Bi2, Si22�, Ge22�, Sn22�,
and Pb22� coordinated to a single metal fragment in a side-on
coordination mode since the theoretically predicted binding
energies are rather high. The fact that none have been
structurally characterized suggests that coordination to 2 or
more metal fragments is even more stable. Calculations to
confirm this are currently in progress in our laboratory.
NBO and EDA results show that the bonding situation in


the complexes is similar for the neutral and anionic ligands.
The E�E WBI decreases from 3 in the free ligand to between
2 and 2.8 in all complexes. The NBO analysis shows that in the
side-on coordination mode charge donation from the neutral
ligands is lower than in the anionic ligands, thus the E�EWBI


values are higher. The E�E WBI values are less affected by
the amount of charge donation when the E2 ligands are
coordinated in an end-on mode, with the WBI values being
similar for all complexes. The E�E bond lengths in the end-on
coordinated complexes, 2e ± 10e, were found to be shortened
relative to the free ligands. This was ascribed to the �-bonding
involved in the E�E bonding strengthening upon coordina-
tion.
We are currently extending this work to look at complexes


where the E2 ligands coordinate to more than one metal
fragment.
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Synthesis and Properties of the First Stable Silylene ± Isocyanide Complexes


Nobuhiro Takeda,[a] Takashi Kajiwara,[a] Hiroyuki Suzuki,[b] Renji Okazaki,[b] and
Norihiro Tokitoh*[a]


Abstract: The first stable silylene ± iso-
cyanide complexes, [Tbt(Mes)SiCNAr]
(5c : Ar�Tip, 5d : Ar�Tbt, 5e : Ar�
Mes*; Tbt� 2,4,6-tris[bis(trimethylsi-
lyl)methyl]phenyl, Mes�mesityl,
Tip� 2,4,6-triisopropylphenyl, Mes*�
2,4,6-tri-tert-butylphenyl) were success-
fully synthesized by the reaction of a
kinetically stabilized disilene,
[Tbt(Mes)Si�Si(Mes)Tbt] (1), with bul-
ky isocyanides, ArNC (3c ± e). The spec-
troscopic data of 5c ± e and theoretical
calculations for a model molecule indi-
cated that 5c ± e are not classical cumu-
lative compounds but the first stable
silylene ± Lewis base complexes. The
reactions of 5c ± e with triethylsilane
and 1,3-dienes gave the corresponding
silylene adducts, and they underwent
isocyanide-exchange reactions in the


presence of another isocyanide at room
temperature. These results indicate dis-
sociation of complexes 5c ± e to the
corresponding silylene 2 and isocyanides
3c ± e under very mild conditions. The
reaction of 5c with methanol gave the
MeOH adduct 16, [Tbt(Mes)SiHC(O-
Me)NTip], which has a hydrogen atom
on the silicon atom. This regioselectivity
can be explained in terms of the con-
tribution of zwitterionic resonance
structuresD and E, which have an anion
on the silicon atom. This result indicates
that 5c is not a classical cumulene
having Si�C double bonds that should


react with methanol to give adducts
bearing a methoxyl group on the silicon
atom. Although the reactions of 5c ± e
with electrophilic reagents such as meth-
anol, hydrogen chloride, and methyl
iodide gave the formal silylene adducts,
the studies on the reaction mechanism
by trapping experiments and the obser-
vation of the intermediate suggested
that the reaction mainly or partially
proceeds by initial nucleophilic attack
of the silicon atom, as is the case in the
formation of 16 in the reaction of 5c
with methanol. It was revealed that
5c ± e show the nucleophilicity of the
silicon atom, most likely resulting from
the contribution of the zwitterionic res-
onance structures D and E.


Keywords: isocyanides ¥ Lewis
bases ¥ silylenes ¥ silacumulenes ¥
silicon


Introduction


Recently, various types of compounds containing a stable
double bond to silicon have been synthesized by taking
advantage of the steric protection of bulky substituents.[1±4] On
the other hand, the chemistry of compounds containing silicon
as part of a cumulated double-bond system has been explored
less, and only 1-silaallene has been structurally characterized
as a stable compound.[5±7]


As for silaketenes, we can depict their structures as linear
cumulenesA having two classical double bonds and nonlinear
Lewis acid ± base complexes B, where a Lewis base (CO)
interacts with the vacant p orbital of a singlet silylene


(Scheme 1). Silylene complexes with Lewis bases have also
attracted much interest, however, they are too unstable to
exist at ambient temperature and can be observed spectro-
scopically only in low-temperature matrices.[8] Since the


Scheme 1. Structure of R1R2SiCX (X�O, NR3).


chemistry of silaketenes contains many interesting subjects,
the theoretical and experimental studies on their chemistry
have been extensively performed. Ab initio calculations for
H2SiCO have predicted that the most stable structure is a
nonlinear Lewis acid ± base complex B (H2Si�CO) rather
than a linear cumulene A (H2Si�C�O).[9±11] Very recently,
theoretical calculations at a much higher level of theory
indicated that in structure C, partial � character in the Si�C
bond may be a more appropriate description for H2SiCO.[12]


Experimentally, the reactions of silylenes, R1R2Si :, with
carbon monoxide in low-temperature matrices have been
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investigated by some groups.[13±15] It has been reported that the
wavenumbers for the CO stretching vibration in the IR
spectra of Me2SiCO[14] and (C5H5)2SiCO[13] are more consis-
tent with the calculated wavenumbers for the linear structure
A (AM1 or MNDO calculations) than those for the bent
structure B (ab initio calculations with a 3 ± 21G basis set). In
contrast, West et al. have concluded that silylene ± CO
adducts such as Me2SiCO and MesRSiCO (Mes�mesityl;
R�Mes, tBu, 2,6-iPr2C6H3O) are the Lewis acid ± base
complexes B with the pyramidal silicon atom, based on their
UV/Vis spectra and chemical behavior.[15] In addition, Maier
et al. have recently postulated that H2SiCO has a pyramidal
structure B on the basis of the comparison of experimental
and calculated IR spectra.[9]


Although silaketenimines, which are isoelectronic with
silaketenes, also attract much interest from the similar
viewpoint to silaketenes, there have been only few examples
of theoretical and experimental studies on silaketenimines.
Very recently, Bharatam et al. carried out theoretical calcu-
lations on H2SiCNH indicating a strong contribution from
structure C in the resonance hybrid.[12] Experimentally, some
transient silaketenimines have been proposed as an inter-
mediate in the reactions of di-tbutylsilylene with some
isocyanides.[16, 17] The spectroscopic data for silaketenimines
had not been fully understood until we started studying the
kinetically stabilized systems. As for the tin analogues of
silaketenimines, a stannnaketenimine, [{2,4,6-(CF3)3C6H2}2-
SnCNMes], has been isolated as a stable compound, and its
X-ray structural analysis revealed that it has a bent SnCN
structure bearing a pyramidally coordinated tin atom.[18] It has
been proposed that the Sn�C bond in the SnCN structure,
which was found to be longer than an Sn�C single bond, may
be described as a double �-donor ± acceptor interaction.
Recently, Escudie¬ et al. have reported the spectroscopic
observation of two new species having an �MCE- (M�
Group 14 element; E�Group 15 element) structure, for
example, 1-phospha-3-silaallene [Tip(Ph)Si�C�PMes*]
(Tip� 2,4,6-(iPr)3C6H2; Mes*� 2,4,6-(tBu)3C6H2)[19] and
1-phospha-3-germaallene [Mes2Ge�C�PMes*].[20] These
compounds have been found to represent allenic character
in contrast to the stannaketenimine.


On the other hand, we have succeeded in synthesizing
various low-coordination compounds containing heavier
main-group elements[21] by taking advantage of an efficient
steric protection group, 2,4,6-tris[bis(trimethylsilyl)methyl]-
phenyl (denoted Tbt hereafter).[22, 23] Recently, we reported


the synthesis of the first stable silylene ± isocyanide com-
plexes, which are also the first stable Lewis-base complexes of
a silylene, by the reaction of a disilene bearing Tbt groups and


bulky isocyanides[24] and their reactions.[25±27] In these papers,
we concluded that the silylene ± isocyanide complexes have
structure B based on their spectroscopic data and reactivity.
Herein, we present the details of the synthesis and properties
of the silylene ± isocyanide complexes.


Results and Discussion


We have synthesized a hindered disilene 1 bearing Tbt and
mesityl (Mes) groups and found that 1 is kinetically very
stable but thermally labile, giving the corresponding silylene 2
under mild conditions (Scheme 2).[28±30] We investigated the
synthesis of the desired silylene ± isocyanide adducts by the
reaction of 1 with some isocyanides bearing a bulky substitu-
ent, such as tBu, Mes, 2,4,6-triisopropylphenyl (Tip), Tbt, and
2,4,6-tri-tert-butylphenyl (Mes*) groups.


Scheme 2. The equilibrium between disilene 1 and silylene 2.


Reaction of disilene 1 with isocyanides : The thermal reaction
of disilene 1 with tert-butyl isocyanide (3a) at 70 �C resulted in
the formation of cyanosilane 4 (81%) together with isobutene
(Scheme 3). The formation of 4 can be explained by the initial
formation of silaylide 5a�, followed by the proton-migration of
the tBu group accompanied with elimination of isobutene.


Scheme 3. Reaction of disilene 1 with tBuNC (3a).


Reaction of disilene 1 with mesityl isocyanide (3b),[31]


which does not have a good leaving group such as isobutene,
proceeded in a different way. When the suspended orange
mixture of 1 and 3b in THF was heated at 70 �C for 5 min, the
reaction mixture turned dark green although the orange
precipitates of bearly soluble disilene 1 still remained. Further
heating for 30 min resulted in the color change of the solution
to yellow, and the additional heating at 70 �C for 10 h finally
afforded compound 6b in 55 % yield (Scheme 4). The
structure of 6b was determined by NMR spectroscopy, high-
resolution mass spectrometry, elemental analysis, and X-ray
crystallographic analysis (Figure 1). The formation of 6b was
rationalized by the explanation described below. The initially
formed silylene ± isocyanide complex 5b undergoes nucleo
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Scheme 4. Reaction of disilene 1 with MesNC (3b).


Figure 1. Structure of 6b (ORTEP drawing with thermal ellipsoid plots,
30% probability for non-hydrogen atoms; hydrogen atoms omitted for
clarity).


philic attack of the silicon atom at the o-position of the mesityl
group and the successive migration of the mesityl and methyl
groups to afford 6b (Scheme 5).


To confirm the formation of 5b, the reaction of 1 with 3b in
C6D6 was monitored by NMR spectroscopy. When the
reaction mixture was heated at 60 �C for 30 min, a blue
suspension was obtained. The 29Si and 13C NMR spectra of the
reaction mixture showed signals at ���69.2 and 200.1 ppm,
respectively, together with those of 1. These characteristic
signals in the 29Si and 13C NMR spectra arise from the
corresponding silylene ± isocyanide complex 5b. Detailed
discussion about the NMR chemical shifts of the silylene ±
isocyanide complexes 5 will be described later. Further
heating led to the disappearance of the signals for 5b and
the appearance of those for compound 6b.


In the reaction of disilene 1 with isocyanide 3b, the
intermediate 5b is considered to undergo gradual conversion
into 6b because the nucleophilic silicon atom of 5b readily
attacks the o-carbon atom of the mesityl group under the


conditions of this reaction. To prevent this attack of the silicon
atom, we examined the reactions of 1 with some isocyanides
bearing a bulky substituent such as Tip, Tbt, and Mes*.


Tbt-substituted isocyanide 3d was synthesized by dehydra-
tion of the corresponding formamide (TbtNHCHO) (7) with
phosphorus oxychloride and diisopropylamine in CH2Cl2 as in
the case of TipNC (3c).[32] Formamide 7 was synthesized by
the treatment of aniline (TbtNH2)[22] with a mixed anhydride
prepared from formic acid and acetic anhydride. The structure
of 3d was definitively determined by X-ray structural analysis
(Figure 2). The structural analysis showed the linear structure


Figure 2. Structure of 3d (ORTEP drawing with thermal ellipsoid plots,
50% probability for non-hydrogen atoms; hydrogen atoms omitted for
clarity). Selected bond lengths [ä] and angles [�]; C1�N2 1.158(3), N2�C3
1.404(2); C1-N2-C3 178.6(2).


of the C1-N2-C3 unit (178.6(2)�) and the C1�N2 bond with a
high bond order close to a triple bond, and suggested the sp
hybridization of the C1 and N2 atoms. These values are
similar to those of reported isocyanides.[33±36]


When a THF or C6D6 suspension of disilene 1 and an
isocyanide substituted by Tip (3c),[32] Tbt (3d), or Mes*
(3e)[37] was heated in a sealed tube at 60 �C for several
minutes, the original orange suspension changed into a bluish
green (5c), greenish blue (5d) or deep blue (5e) solution,
respectively. Further heating at the same temperature for 2 h
(5c) or for 6 h (5d and 5e) resulted in the almost quantitative


formation of the corresponding
silylene ± isocyanide adducts
5c ± e, which were fully charac-
terized by their 1H, 13C, and 29Si
NMR spectra (Scheme 6). Slow
evaporation of the solvent from
the reaction solution gave bluish
green (5c), greenish blue (5d) or
deep blue (5e) powders, but
crystals of 5c ± e suitable for
X-ray crystallographic analysis
have not been obtained so far.
These adducts 5c ± e are stable
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Scheme 5. Plausible mechanism for the formation of 6b.
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Scheme 6. Synthesis of silylene ± isocyanide complexes 5c ± e.


in solution at 60 �C for several hours under an argon
atmosphere, although they are extremely sensitive to mois-
ture.


Spectral features of silylene ± isocyanide complexes 5c ± e :
The 29Si NMR spectra of 5c ± e showed signals at much higher
field (���53.6 for 5c, �57.4 for 5d, and �48.6 ppm for 5e)
(Table 1) than those of silaallene (�� 48.4 ppm),[6] 1-phospha-


3-silaallene (�� 75.7 ppm),[19] and silenes (�� 41 ± 144 ppm)
having an sp2 silicon,[1] indicating that the Si�C bonds of the
SiCN units in 5c ± e are electronically very different from
other low-coordinate silicon species. It is strongly suggested
that the Si�C bonds of the SiCN units are not double bonds,
although we can not rule out the possibility that the Si�C
bonds are a novel type of double bond such as in structure C.
Moreover, almost the same 29Si chemical shifts in THF as
those in C6D6 (Table 1) strongly suggest the absence of any
interaction between 5c ± e and THF.


The 13C NMR signals of 5c ± e appeared at slightly lower or
similar field (�� 209.2 for 5c, 196.6 for 5d, and 178.5 ppm for
5e in C6D6) compared with those of the corresponding free
isocyanides (�� 171.7 for 3c, 170.0 for 3d, and 178.6 ppm for
3e in C6D6).


To determine the 1JC,Si couplings accurately, we examined
the synthesis of 13C-labeled isocyanides. A 13C nucleus was
introduced by using commercially available formic acid with
99 % 13C enrichment in the preparation of 13C-labeled
formamides ArNH13CHO (13C-6c : Ar�Tip; 13C-6d : Ar�
Tbt; 13C-6e : Ar�Mes*).[38] 13C-Labeled isocyanides 13C-3c ±
e were prepared from 13C-6c ± e by a method similar to that
used in the synthesis of unlabeled 3c ± e. The coupling
constants for the Si�C bonds of the SiCN unit, 1JSi,C, could
be determined by the 29Si NMR spectra of the 13C-labeled
silylene ± isocyanide complexes 13C-5c ± e. These were pre-
pared by the reaction of 1 with the 13C-labeled isocyanides 13C
3c ± e in C6D6. The 1JSi,C values for 5c ± e (Table 1) with the


order of 5c� 5d� 5e are smaller than the coupling constants
for the Si�C single bonds (50 Hz for Me4Si)[39, 40] and the Si�C
double bonds (83 ± 85 Hz).[41] The small 1JSi,C values are known
to indicate long Si�C bond lengths and/or the small s
character of the Si�C bond, both of which lead to weak Si�C
bonds. Therefore, these results strongly suggest that the Si�C
bonds of the SiCN units are considerably weak and their
strength decreases in the order 5c� 5d� 5e with increasing
bulkiness of the substituents.


In the UV/Vis spectra of 5c ± e, the absorption maxima
were observed around 600 to 670 nm (Table 1) as in the case
of a silylene ± ketone complex.[42] These results suggest that
5c ± e are not cumulenes A but silylene ± isocyanide com-
plexes B.


Raman spectra of 5c ± e showed absorption bands at 2002
(5c), 1919 (5d), and 1996 cm�1 (5e), respectively, which are
assigned to the C�N stretches of the SiCN units. These values
are smaller than those for the corresponding isocyanides
(2113 cm�1 for 3c, 2108 cm�1 for 3d, and 2119 cm�1 for 3e).


Thus, it can be concluded that 5c ± e are not classical
cumulenes but silylene ± isocyanide complexes based on their
29Si NMR chemical shifts, 1JSi,C values, and the absorption
maxima in the UV/Vis spectra. In addition, 5c ± e can be
represented as Lewis acid (silylene 2) ± Lewis base (isocya-
nide) complexes. Silylene ± Lewis base complexes have been
known to dissociate readily into the corresponding free
silylenes by annealing the matrices, giving the disilene or
oligosilane,[8] therefore, it is notable that 5c ± e are the first
examples for silylene ± Lewis base complexes stable at room
temperature.


Theoretical calculation for a silylene ± isocyanide complex :
The results of spectroscopic studies described above are
further supported by the theoretical calculations[43] of
[(Dmp)2SiCN(Dmp)] (5 f) (Dmp� 2,6-dimethylphenyl) as
well as the theoretical calculation for Ph2SiCNPh[24] . The
structural optimization at the B3LYP/6 ± 31G(d) level clearly
showed that 5 f is a silylene ± Lewis base complex with a bent
Si1�C2�N3 bond (159.3�) and a pyramidal structure around
the central silicon atom (Figure 3). The Si1�C2 length
(1.867 ä) is comparable to a Si�C single bond length (typical


Figure 3. Optimized structure of 5 f at the B3LYP/6 ± 31G(d) level.
Selective bond lengths [ä] and bond angles [�]: Si1�C2 1.867, Si1�C4
1.945, Si1�C5 1.918, C2�N3 1.184, N3�C6 1.373; Si1-C2-N3 159.35, C2-Si1-
C4 94.12, C2-Si1-C5 110.43, C4-Si1-C5 111.41, C2-N3-C6 175.00.
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Table 1. 29Si and 13C NMR (for the SiCN Unit) and UV/Vis spectra of 5c ± e.


29Si NMR [�] 13C NMR [�] 1JSi,C [Hz] UV/Vis [nm] (�)
C6D6 THF C6D6 C6D6 THF


5c : Ar�Tip � 53.6 � 55.7 209.2 38.6 596 (400)
5d : Ar�Tbt � 57.4 � 57.9 196.6 22.1 397 (3000)


632 (100)
5e : Ar�Mes* � 48.6 � 48.9 178.5 1.0 390 (2000)


671 (200)
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values for Si�Csp, Si�Car, and Si�Csp3 lengths: 1.837, 1.868, and
1.863 ä),[44] and the C2�N3 length (1.184 ä) is almost the
same as the calculated C�N bond length of DmpNC
(1.182 ä). The chemical shifts of the Si and C atoms in the
SiCN unit calculated at the GIAO-B3LYP level (6 ± 311G(3d)
for Si and 6 ± 311G(d) for C, N, and H) were ���78.9 and
186.5 ppm, respectively. These values are comparable with
those of the observed values shown in Table 1. Moreover, the
calculated vibrational frequency of 5 f assigned to the C�N
stretching vibration (2078 cm�1, computed at the B3LYP/6 ±
31G(d) level and scaled by 0.96)[45] is smaller than the
calculated value for the C�N stretching of DmpNC
(2110 cm�1). This tendency is consistent with that of the
experimental values for the Raman shifts of 5c ± e described
above. The fact that the results obtained by theoretical
calculations are in good agreement with the experimental
data suggests that the structures of 5c ± e might be similar to
the calculated structure for [(Dmp)2SiCN(Dmp)].


Reactions with triethylsilane : The silylene ± isocyanide com-
plexes 5c ± e reacted with triethylsilane at room temperature
to give the silylene adduct 8 in the yields of 66, 86, and 69 %,
respectively, along with the corresponding isocyanides 3c ± e
(Scheme 7).


Scheme 7. Reaction of silylene ± isocyanide complexes 5c ± e with Et3SiH.


These results clearly indicate that 5c ± e dissociate into 2
and 3c ± e in solution and an equilibrium exists between them.
Gr¸tzmacher et al. have reported[18] that a stannaketenimine
dissociates into the corresponding stannylene and isocyanide
and that the variable-temperature 117Sn NMR experiments
show a downfield shift with increasing temperature owing to
an increase of the ratio of the stannylene in the equilibrium
mixture. This result suggests rapid interconversion between
the stannaketenimine and the stannylene plus isocyanide. In
contrast, the 29Si and 13C chemical shifts of 5c ± e at 7, 25, and
60 �C were almost the same (Table 2). Moreover, the reaction
of 1 with an excess amount of 5c ± e resulted in the
observation of separate signals of 3c ± e and 5c ± e in the 1H
and 13C NMR spectra at room temperature. These findings
indicate that the rate of interconversion between 5c ± e and 2
plus 3c ± e is very slow on the NMR time scale and that the


ratio of 2 in the equilibrium mixture is too small to be
observed by NMR spectroscopy.


In the above trapping reactions with triethylsilane, the
reaction rates became larger in the order 5c� 5d� 5e with
increasing bulkiness of the substituents. This tendency can be
explained by the fact that the larger the substituent, the larger
the steric repulsion between it and the Tbt group, thus
increasing the rate of the dissociation of 5c ± e into silylene 2.
This result is consistent with the correlation between con-
gestion of the substituents and strength of the Si�C bond
suggested by the 1JSi,C values of the SiCN unit.


Isocyanide exchange reaction : To obtain further evidence for
the equilibrium between silylene ± isocyanide complexes 5c ±
e and silylene 2 plus isocyanides 3c ± e, we examined the
isocyanide exchange reactions of 5c ± e. When a C6D6 solution
of Mes*-substituted silylene ± isocyanide complex 5e was
added to Tbt-substituted isocyanide 3d at room temperature,
the original deep blue solution quickly turned greenish blue.
The 1H and 29Si NMR spectra showed the formation of Tbt-
substituted silylene ± isocyanide complex 5d with a ratio of
5e :5d� 1:5 together with a free isocyanide 3e (Scheme 8).


Scheme 8. Isocyanide-exchange reaction.


The mechanism of the isocyanide exchange reaction was
interpreted reasonably in terms of the initial dissociation of 5e
into 2 and 3e and the subsequent complexation of 2 with 3d
giving 5d.


In addition, the reaction of 5d with Tip-substituted
isocyanide 3c in C6D6 at room temperature was examined.
The color of the solution changed from greenish blue to bluish
green, and the 1H and 29Si NMR spectra indicated the
formation of 5c with the ratio of 5d :5c� 1:5 (Scheme 8).


These results clearly indicate the equilibrium between
5c ± e and 2 plus 3c ± e. Moreover, the equilibrium ratio of
5c ± e to 3c ± e are consistent with the spectral and structural
features described in the previous sections, that is, the strength
of the coordination of an isocyanide in a silylene ± isocyanide
complex increases in the order 5e� 5d� 5c with decreasing
bulkiness of the substituents.


The results described here indicate the possibility of
synthesizing less hindered silylene ± Lewis base complexes
even at room temperature by utilizing this Lewis base
exchange reaction. By the use of this method we examined
the synthesis of Mes-substituted silylene ± isocyanide complex
5b, which is unstable at 60 �C (vide supra). When a C6D6


solution of 5ewas added to 3b, the original deep blue solution
turned green. The 29Si and 13C NMR spectra showed
characteristic peaks at ���69.2 and 200.1 ppm, respectively,
which are identical to those observed in the reaction of 1 with
3b. These chemical shifts are close to those of other silylene ±
isocyanide complexes 5c ± e, and assigned to those of 5b. The
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Table 2. 29Si and 13C NMR (for the SiCN Unit) chemical shifts [�] of 5c ± e
in C6D6.


5c : Ar�Tip 5d : Ar�Tbt 5e : Ar�Mes*
29Si NMR 13C NMR 29Si NMR 13C NMR 29Si NMR 13C NMR


7 �C � 53.9 209.1 � 57.8 196.5 � 49.0 177.5
25 �C � 53.6 209.2 � 57.4 196.6 � 48.6 178.5
60 �C � 53.2 209.3 � 56.5 196.6 � 47.9 179.1
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UV/Vis absorption spectrum of 5b in THF showed the
absorption maximum at 599 nm as in the case of other
silylene ± isocyanide complexes 5c ± e. Although the forma-
tion of a marginally stable silylene ± isocyanide complex 5b
was confirmed, the full assignment of the NMR spectra could
not be achieved due to the gradual decomposition of 5b into a
complicated mixture even at room temperature.


Thermolysis : When complex 5c was heated at 80 �C for 22 h,
the bluish green color of 5c disappeared to give compound 6c
(37 %) together with a small amount of isocyanide 3c (3 %)
(Scheme 9). The structure of 6c was determined by 1H, 13C,


Scheme 9. Thermolysis of silylene ± isocyanide complexes 5c ± e.


and 29Si NMR spectra and a high-resolution FAB mass
spectrum, and the assignment of the NMR spectra was
performed by the use of 2D NMR technique. Compound 6c is
considered to be formed by the same mechanism as that for
6b in the reaction of silylene 2 with mesityl isocyanide 3b
(Scheme 5).


In contrast, thermolysis of complexes 5d and 5e at 100 �C
gave benzo-1-silacyclobutene 9 in yields of 65 % (5d) and
78 % (5e) together with the corresponding isocyanides 3d
(85 %) and 3e (94 %), respectively (Scheme 9). Since com-
pound 9 has been reported to be formed in the thermolysis of
disilene 1 by means of intermediary silylene 2 in the absence
of a trapping reagent,[28, 29] 5d and 5e probably undergo the
dissociation to silylene 2 in this reaction. In contrast to the less
hindered system 5c, the extremely bulky Tbt and Mes* groups
in 5d and 5emay prevent the nucleophilic attack of the silicon
atom to the o-positions of the Tbt and Mes* groups and
accelerate the dissociation of 5d and 5e to 2 plus 3d and 3e.


Reactions with 2,3-dimethyl-1,3-butadiene : Reaction of 5c ± e
with 2,3-dimethyl-1,3-butadiene gave the [1�4] cycloadduct
10with silylene 2 (c : 49 %, d : 33 %, e : 34 %) and compound 11
(c : 15 %, d : 39 %, e : 47 %) together with the corresponding
isocyanides 3c ± e (c : 58 %, d : 92 %, e : 100 %) (Scheme 10).
Since the reaction of disilene 1 with 2,3-dimethyl-1,3-buta-
diene also gives 10 and 11, passing through silylene 2,[28] it is
considered that these reactions also proceed by dissociation to
silylene 2 and the corresponding free isocyanides 3c ± e. The
formation of 11 is probably interpreted in terms of hydrolysis
of the [1�2] cycloadduct 12 during separation (Scheme 11),
and this mechanism was supported by the reaction of 5e with
isoprene giving the corresponding vinylsilirane 13 (89 %),
which was fully characterized by NMR spectroscopy[26]


(Scheme 11). The reaction rates increased in the order of


Scheme 10. Reaction of silylene ± isocyanide complexes 5c ± e with 2,3-
dimethyl-1,4-butadiene.


Scheme 11. Mechanism for the reaction of silylene ± isocyanide complexes
5c ± e with dienes.


5c� 5d� 5e, which can be rationalized by an explanation
similar to that for the reaction with triethylsilane; the reaction
is accelerated by the introduction of the bulkier substituent
which leads to the easier dissociation of 5c ± e into 2 and 3c ± e.


To investigate the mechanism for the reaction of complexes
5c ± e with 2,3-dimethyl-1,3-butadiene, the reaction of 5e was
monitored by 29Si NMR spectroscopy.[26] When complex 5e
was allowed to react with 2,3-dimethyl-1,3-butadiene in C6D6


in a sealed tube at room temperature for 2.5 h, the deep blue
solution of 5e turned greenish yellow. The 29Si NMR spectrum
showed three peaks (���76.3, �72.9, and �5.3 ppm with
the peak height ratio of approximately 2:6:3) besides the
peaks for trimethylsilyl groups. The peak at ���5.3 was
assigned to that for the [1�4] cycloadduct 10, and the peaks at
���76.3, �72.9 ppm were attributed to the geometric
isomers of [1�2] cycloadducts 12. After heating the reaction
mixture at 50 �C for 7 h, no change was observed in the 29Si
NMR spectrum. Further heating at 100 �C for 5 h led to the
disappearance of the signals for 12, only 10 (60%, isolated
yield) being observed. This result suggests that silylene 2
undergoes both the [1�2] and [1�4] cycloaddition to 2,3-
dimethyl-1,3-butadiene at the initial stage of this reaction.


In contrast to this result, the formation of a silolene by the
reaction of dimethylsilylene with 1,3-dienes is considered to
proceed by an initial 1,2-addition forming a vinylsilirane
followed by its non-concerted rearrangement.[46, 47] Silolene 14
in fact was formed in good yields by thermolysis of the
vinylsilirane 13 obtained by the above-mentioned reaction of
5e with isoprene.[26]


The occurrence of the direct [1�4] cycloaddition in the
reaction of 5c ± e with 2,3-dimethyl-1,3-butadiene is most
likely due to the severe steric repulsion between the methyl
group of the butadiene and the bulky substituents on the
silicon of 5c ± e, which hinders the [1�2] cycloaddition and
hence favors the direct [1�4] cycloaddition.


Reaction with methanol : When methanol was added to a THF
solution of the silylene ± isocyanide complex 5c at room
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temperature, the bluish green color of the solution disap-
peared immediately to give 15 (70 %) and 16c (7 %) along
with 3c (54 %) (Scheme 12). The reaction at low temperature
afforded 16c (40 %) as the main product together with 15
(10 %) and 3c (20 %).


Scheme 12. Reaction of silylene ± isocyanide complexes 5c ± e with
MeOH.


Interestingly, the 1,2-adduct 16c has a methoxyl group on
the carbon atom. This regioselectivity is in a sharp contrast to
that of the 1,2-addition of methanol to the Si�C double bonds
of silenes, a metastable 1-phospha-3-silaallene, and transient
1-silaallenes, where a methoxyl group was attached to the
silicon atom.[1, 19] This selectivity is similar to that in keteni-
mines, and it seems that 5c has a Si�C double bond with
™reversed polarity∫.[6, 48, 49] However, this reactivity can be
reasonably explained in terms of the contribution of the
zwitterionic resonance structures D and E, which have an
anion on the silicon atom as shown in Scheme 13. Such an
interpretation is consistent with the spectroscopic data of 5c
such as an upfield shift in the 29Si NMR and the small 1JSi,C


values.


Scheme 13. Resonance structures of R1R2SiCNR3.


The formation of 15 and 16c in the reaction of 5c with
methanol can be interpreted in terms of the initial protonation
of the silicon atom of 5c by methanol followed by an attack of
MeO� (or MeOH) on the carbon (path a) or silicon (path b)
atom in the SiCN unit (Scheme 14). Path a leads to the
production of 16c, while path b results in the formation of 15,
which is likely to be partially formed also by the reaction of


Scheme 14. Plausible mechanism for the reaction of silylene ± isocyanide
complexes 5c ± e with methanol.


methanol with silylene 2 generated by dissociation of 5c. The
higher yield of 15 in the reaction at room temperature
compared with the reaction at low temperature is probably
due to the increase in the equilibrium ratio of 2 at the higher
temperature.


In the reaction of 5d or 5e with methanol at room
temperature, 15 was obtained in the yield of 86 or 75 %,
respectively, together with 3 (d : 91 %, e : 98 %) without
production of 16d or 16e (Scheme 12). In addition, the
reaction of 5d at low temperature did not give 16d. These
reactions are also explained by the same mechanism as in the
case of 5c (Scheme 14). The sole formation of 15 is most likely
due to the higher congestion of Tbt and Mes* groups than the
Tip group attached to the nitrogen atom, which disturbs the
attack of MeO� (or MeOH) to the carbon atom in the SiCN
unit (path a) and makes the equilibrium between 5 and 2 plus
3 shift into the silylene side.


To confirm the above reaction mechanism shown in
Scheme 14, the reaction of 5e with sodium methoxide in
THF was monitored by 29Si NMR spectroscopy. In contrast to
the rapid reaction of 5e with methanol, when the reaction
mixture was left at room temperature for 6 h there was no
change in the 29Si NMR spectrum. This result strongly
suggests that the first step in the reaction of 5e with methanol
is not the attack of methoxide anion at the silicon or carbon
atom of 5e (Scheme 14).


Reaction with HCl : When the complexes 5c ± e were treated
at �78 �C with solution of hydrogen chloride in diethyl ether,
which is a very reactive electrophilic reagent, the color of 5c ±
e quickly disappeared to give chlorosilane 18 (c : 41 %, d :
75 %, e : 75 %) together with the corresponding isocyanides
3c ± e (c : 43 %, d : 92 %, e : 90 %) (Scheme 15). This rapid
formation of 18 and 3c ± e may also be explained by a
mechanism similar to that for the reaction with methanol
(Scheme 14).


Scheme 15. Reaction of silylene ± isocyanide complexes 5c ± e with HCl.


Reaction with methyl iodide : To investigate the nucleophilic
character of the complexes 5c ± e, the reactions of 5c ± e with
another electrophile were examined. When 5c ± e were
treated with methyl iodide at �78 �C and the mixture
gradually warmed, the color of 5c ± e disappeared at �40 �C
for 5c, at 25 �C for 5d, and at�20 �C for 5e. The separation of
the crude products after warming the reaction mixture to
room temperature afforded iodosilane 19 (a : 16 %, b : 29 %, c :
19 %) and silanol 20 (c : 20 %, d : 17 %, e : 18 %) along with the
corresponding isocyanides 3c ± e (c : 28 %, d : 98 %, e : 97 %)
(Scheme 16).
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Scheme 16. Reaction of silylene ± isocyanide complexes 5c ± e with MeI.


Since 19 is not sensitive to moisture and the 1H NMR
spectrum of the crude products showed the existence of 20
before the separation, the formation of 20 suggests the
reaction mechanism involving the ionic intermediates 22c ± e,
which are analogous to 17 in the reaction with methanol
(Scheme 14). Since the formation of 20 implies that the
intermediates 22c ± e have a lifetime long enough to be
trapped by H2O during separation (Scheme 17), the trapping


Scheme 17. Plausible mechanism for the reaction of silylene ± isocyanide
complexes 5c ± e with MeI.


experiments of 22c and 22e by methanol were examined.
When methyl iodide was added to a solution of the complex
5c in THF at �78 �C and the reaction mixture warmed to
�50 �C, the original bluish green solution turned orange.
Addition of methanol to this solution resulted in the
formation of 21 in 29 % yield together with 3c (13 %)
(Scheme 18). A similar trapping experiment in the reaction


Scheme 18. Trapping reaction of the intermediate in the reaction of
silylene ± isocyanide complexes 5c ± e with MeI.


of 5e with methyl iodide also gave 21 (18 %), 20 (14 %), and
3e (90 %). Since the reaction of iodosilane 19 with methanol
leading to 21 was found to be very slow under the conditions
similar to those for the trapping experiments, the formation of
21 in the trapping experiments is explained in terms of the
reaction of the intermediate 22c or 22e with methanol
(Scheme 17). Of course, 19 may be partially yielded by the
reaction of methyl iodide with silylene 2 generated by
dissociation of 5c ± e.


To observe the intermediate 22e, the reaction of 5e with
methyl iodide was monitored by NMR spectroscopy. The 29Si
NMR spectrum of the reaction mixture at �10 �C showed
signals that may be assigned to 22e at ���10.0 and
�9.8 ppm (the ratio of peak heights is ca. 7:3). The
observation of the two signals indicates the existence of two


rotational isomers probably due to the restricted rotation
involving the Si�C(Tbt) and/or Si�C(Mes) bonds at low
temperature. These signals disappeared on warming to room
temperature and iodosilane 19 and isocyanide 3e were
obtained in the yields of 42 and 94 %, respectively. Since the
13C NMR signals for 22e could not be assigned in the above
experiment, the reaction of a 13C-labeled complex 13C-5e with
methyl iodide was examined. The 13C NMR spectrum of this
reaction mixture at �10 �C exhibited two peaks at �� 132.9
and 133.2 ppm (the ratio of the peak heights is ca. 7:3) as the
only peaks for the labeled 13C besides that of isocyanide 5e.
The 29Si NMR spectrum showed two sets of characteristic
doublets at ���10.0 ppm (1JSi,C� 22 Hz) and at ��
�9.8 ppm (1JSi,C� 23 Hz), and these chemical shifts are the
same as those of nonlabeled 22e. These signals in the 13C and
29Si NMR spectra, which disappeared on warming to room
temperature, were assigned to those for the 13C-labeled
intermediate 13C-22e.


Since carbocations[50] and silyl cations[51] are known to show
downfield shifts in the 13C and 29Si NMR spectra, respectively,
a positive charge probably localizes neither on the carbon
atom nor on the silicon atom. Moreover, the 13C NMR
chemical shifts are close to those of reported [R3C�CNR]� ,[52]


which are depicted as structure F with a positive charge on the
nitrogen atom as shown in Scheme 19. It is therefore


Scheme 19. Resonance structures of [R1CNR2]� .


considered that resonance structure F makes a large contri-
bution to the structure of the intermediate 22e. The coupling
constants in the Si�C bond of the SiCN unit (22 ± 23 Hz) were
much larger than that of the corresponding silylene complex
5e (1.0 Hz), suggesting that the corresponding trivalent silicon
cation (silylium ion)[51] is more strongly coordinated by the
Lewis base, isocyanide 3e, than silylene 2.


Thus, the initial attack of the electrophilic center of methyl
iodide to the silicon atom of the complexes 5c ± e was
confirmed by the trapping experiments and observation of
the intermediate 13C-22e by 13C and 29Si NMR spectroscopy.


Conclusion


We succeeded in the synthesis of the first stable silylene ±
isocyanide complexes 5c ± e by taking advantage of an
effective steric protecting group, Tbt. Investigations of their
spectroscopic properties and theoretical calculations led to
the conclusion that 5c ± e are not classical cumulative com-
pounds A but the first stable silylene ± Lewis base complexes
B. The complexes 5c ± e dissociated into silylene 2 and the
corresponding isocyanides 3c ± e under mild conditions, such
as at room temperature. The reactions of 5c ± e with
triethylsilane and 1,3-dienes gave the corresponding silylene
adducts, and the isocyanide exchange reaction occurred at
room temperature. These reactivities indicate that 5c ± e
behaved as silylene equivalents. In addition, the high nucleo-
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philicity of the silicon atom was shown in the reaction with
methanol, hydrogen chloride, and methyl iodide. Especially,
the reaction of 5c with methanol gave the corresponding
adduct 16, which was probably formed by the initial proto-
nation of the silicon atom followed by the attack of methoxide
anion to the carbon atom of the SiCN moiety. This regiose-
lectivity is in sharp contrast to that in the addition of methanol
to the usual Si�C double bonds, which gives the adducts
bearing methoxyl group on the silicon atom. These facts can
be interpreted in terms of the contribution of zwitterionic
resonance structures D and E, which have an anion on the
silicon atom.


These properties of 5c ± e resemble those of the reported
stannaketenimine,[18] and indicate sharp contrasts to those of
1-phospha-3-silaallene[19] and 1-phospha-3-germaallene,[20]


which reportedly have cumulative-compound character.
In view of the unique reactivities of the complexes 5c ± e,


that is, 1) the high reactivity to electrophiles and 2) the
dissociation into a silylene under mild conditions, applications
of 5c ± e to the synthesis of new silicon containing species and
the investigations on the reaction mechanism are attractive
subjects in the future study.


Experimental Section


General procedure : All reactions were carried out under an argon
atmosphere, unless otherwise noted. All solvents were purified by reported
methods.[53] THF was purified by distillation from sodium diphenylketyl
before use. Preparative gel permeation liquid chromatography (GPLC)
was performed on an LC-908 instrument with JAI gel 1 H� 2 H columns
(Japan Analytical Industry) using chloroform or toluene as eluent. Dry
column chromatography (DCC) was carried out with ICN silica DCC 60A
(SiO2). Preparative thin-layer chromatography (PTLC) and flash column
chromatography (FCC) were performed with Merck Kieselgel 60 PF254
(Art. No. 7747) and Merck Silica Gel 60, respectively. The 1H NMR (500 or
300 MHz) and 13C NMR (125 or 75 MHz) spectra were measured in CDCl3,
C6D6, or C2D2Cl4 with a Bruker AM-500, JEOL �-500, or JEOL AL-300
spectrometer using CHCl3 (�� 7.25 ppm), C6HD5 (�� 7.15 ppm), or
C2HDCl4 (�� 5.94 ppm) as internal standards for 1H NMR spectroscopy,
and CDCl3 (�� 77.0 ppm), C6D6 (�� 128.0), or C2D2Cl4 (�� 75.5) as those
for 13C NMR spectroscopy. The 29Si NMR (99, 59, or 53 MHz) spectra were
measured in CDCl3 or C6D6 with a JEOL �-500 or a JEOL EX-270
spectrometer using tetramethylsilane as an external standard. High-
resolution mass spectral data were obtained on a JEOL SX-102 mass
spectrometer. The electronic spectra were recorded on a JASCO Ubest-50
UV/Vis or JASCO V-530 UV/Vis spectrometer. Infrared spectra were
obtained on a JASCO FT/IR-300 E spectrophotometer. Raman spectra
were measured at room temperature on a Raman spectrometer consisting
of a Spex 1877 Triplemate and an EG&G PARC 1421 intensified photo-
diode array detector. An NEC GLG 108 He ± Ne laser (632.8 nm) was used
for Raman excitation. All melting points were determined on a Yanaco
micro melting point apparatus and are uncorrected. Elemental analyses
were performed by the Microanalytical Laboratory of the Department of
Chemistry, Faculty of Science, The University of Tokyo.


Reaction of 1 with tert-butyl isocyanide (3a): A C6D6 (0.5 mL) solution of
(Z)-1,2-dimesityl-1,2-bis{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}disilene
1[30] (39 mg, 0.028 mmol) and tert-butyl isocyanide (3a) (0.02 mL,
0.18 mmol) was placed in a dry 5� NMR tube. After five freeze-pump-
thaw cycles, the tube was evacuated and sealed. The mixture was heated at
70 �C for 2 h, during which time the reaction was monitored by 1H NMR
spectroscopy and the formation of isobutene (�H� 1.59 (t, J� 1 Hz, 6H),
4.72 (sept, J� 1 Hz, 2H)) was observed. After removal of the solvent, the
residue was chromatographed (GPLC) to afford (cyano){2,4,6-tris[bis(tri-
methylsilyl)methyl]phenyl}(mesityl)silane (4) (33 mg, 81%). 4 : colorless
crystals, M.p. 198 ± 200 �C, 1H NMR (500 MHz, CDCl3): ���0.07 (s, 9H),


�0.02 (s, 9H), 0.01 (s, 9 H), 0.03 (s, 9H), 0.043 (s, 9 H), 0.045 (s, 9H), 1.34 (s,
1H), 2.09 (s, 1 H), 2.26 (s, 3H), 2.27 (s, 1 H), 2.49 (s, 6H), 5.44 (s, 1 H), 6.28
(s, 1H), 6.42 (s, 1 H), 6.85 ppm (s, 2 H); 13C NMR (125 MHz, CDCl3): ��
0.5 (q), 0.7 (q), 0.76 (q), 0.80 (q), 0.9 (q), 1.2 (q), 21.1 (q), 24.7 (q), 28.7 (d),
29.0 (d), 30.9 (d), 117.5 (s), 122.9 (d), 125.6 (s), 127.1 (d), 127.7 (d), 129.4 (d),
141.2 (s), 144.3 (s), 146.6 (s), 152.6 (s), 152.8 ppm (s); elemental analysis
calcd (%) for C37H71Si7 ¥ 0.5 H2O: C 60.42, H 9.87, N 1.90; found: C 60.36, H
9.58, N 2.23.


Reaction of 1 with mesityl isocyanide (3b): A THF (2 mL) suspension of 1
(165 mg, 0.12 mmol) and mesityl isocyanide (3b) (34 mg, 0.23 mmol) was
placed in a dry Pyrex 12� glass tube. After five freeze-pump-thaw cycles,
the tube was evacuated and sealed. The mixture was heated at 70 �C for
10 h. After removal of the solvent, the residue was chromatographed
(GPLC) to afford 3-{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}-2-mesityl-
3,5,7-trimethyl-3-sila-3H-benzopyrrole (6b) (111 mg, 55 %). 6b : colorless
crystals, M.p. 224 ± 226 �C; 1H NMR (500 MHz, CDCl3): ���0.15 (s, 9H),
�0.12 (s, 9H), �0.10 (s, 9 H), �0.04 (s, 9H), 0.051 (s, 9H), 0.054 (s, 9H),
0.82 (s, 3H), 1.31 (s, 1H), 1.96 (s, 1H), 2.09 (s, 1H), 2.24 (s, 3 H), 2.31 (s, 3H),
2.36 (s, 6 H), 2.56 (s, 3H), 6.20 (s, 1H), 6.36 (s, 1 H), 6.82 (s, 2H), 7.07 (s, 1H),
7.16 ppm (s, 1H); 13C NMR (125 MHz, CDCl3): �� 0.9 (q), 1.0 (q), 1.27
(q),1.31 (q), 1.5 (q), 8.6 (q), 17.9 (q), 20.9 (q), 21.3 (q), 24.1 (q), 28.2 (d), 28.4
(d), 30.4 (d), 121.9 (s), 123.1 (d), 128.6 (d), 130.0 (d), 130.8 (d), 132.9 (d),
133.3 (s), 133.7 (s), 136.5 (s), 137.0 (s), 137.3 (s), 138.1 (s), 145.1 (s), 153.1 (s),
153.5 (s), 153.6 (s), 188.9 ppm (s); 29Si NMR (53.5 MHz, CDCl3): ���9.30,
1.89, 1.96, 2.02, 2.26, 2.50 ppm; high-resolution FAB-MS: m/z : 844.4899
([M�H]�); calcd for C46H82NSi7: 844.4833; elemental analysis calcd (%) for
C46H81NSi7 ¥ 0.5 H2O: C 64.71, H 9.68, N 1.64; found: C 64.83, H 9.84, N 1.97.


Synthesis of 2,4,6-tris[bis(trimethylsilyl)methyl]phenylformamide (7): A
mixture of formic acid (2.5 mL, 65.6 mmol) and acetic anhydride (5.0 mL,
53.0 mmol) was heated at 50 �C for 2 h in the air, and 2,4,6-tris[bis(trime-
thylsilyl)methyl]aniline[22] (905 mg, 1.59 mmol) was added to the mixture.
The resulting white suspension was stirred at room temperature for one
day, and the reaction mixture was poured into water. After filtration, the
precipitates were washed with water and dissolved in CHCl3. The CHCl3


solution was dried with MgSO4 and the solvent was evaporated to give a
pure formamide 7 (913 mg, 1.53 mmol, 96 %). 7: white crystals; m.p. 279 ±
280 �C; 1H NMR (500 MHz, CDCl3): �� 0.01 (s, 36 H), 0.04 (s, 18H), 1.37
(s, 1 H), 1.84 (s, 1H), 1.91 (s, 1 H), 6.25 (d, 1 H, 3J� 12 Hz), 6.37 (s, 1 H), 6.50
(s, 1 H), 7.80 ppm (d, 1H, 3J� 12 Hz); 13C NMR (125 MHz, CDCl3): �� 0.5
(q), 0.6 (q), 23.2 (d� 2), 30.4 (d), 121.9 (d), 126.0 (s), 126.7 (d), 143.0 (s� 2),
143.5 (s), 166.2 ppm (d); elemental analysis calcd (%) for C28H61NOSi6: C
56.40, H 10.31, N 2.35; found: C 56.23, H 10.01, N 2.26.


Synthesis of 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl isocyanide (3d):
Phosphorus oxychloride (0.02 mL, 0.218 mmol) was added to a CH2Cl2


solution (1 mL) of TbtNHCHO (101 mg, 0.169 mmol) and diisopropyl-
amine (0.07 mL, 0.534 mmol) at 0 �C. The reaction mixture was stirred at
room temperature for 9 h, and an aqueous solution of Na2CO3 (ca. 2 mL,
17%) was added to the solution. After stirring for 1 h, the mixture was
extracted with CHCl3 and the organic layer was washed with water. The
solution was dried with MgSO4, and the solvent was evaporated under
reduced pressure. The residue was separated by DCC (SiO2/
hexane:CH2Cl2� 5:1) to afford isocyanide 3d (61.7 mg, 0.107 mmol,
63%) together with the starting material (27.4 mg, 0.046 mmol, 27%).
3d : white crystals; m.p. 153 ± 155 �C (decomp); 1H NMR (500 MHz,
CDCl3): �� 0.03 (s, 18 H), 0.04 (s, 36 H), 1.37 (s, 1 H), 2.07 (s, 1 H), 2.13 (s,
1H), 6.34 (s, 1H), 6.46 ppm (s, 1 H); 13C NMR (125 MHz, CDCl3): �� 0.2
(q), 0.3 (q), 0.5 (q), 25.1 (d� 2), 31.0 (d), 121.1 (d), 121.4 (d), 125.7 (s), 141.3
(s� 2), 144.2 (s), 165.9 ppm (s); elemental analysis calcd (%) for
C28H59NSi6: C 58.15, H 10.28, N 2.42; found: C 58.16, H 10.04, N 2.40.


Synthesis of mesityl{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}silylene(Si-
C�)2,4,6-triisopropylphenyl isocyanide (5c): An orange suspension of 1
(49.2 mg, 0.0352 mmol) and 2,4,6-triisopropylphenyl isocyanide (3c)[32]


(16.2 mg, 0.0706 mmol) in C6D6 (0.6 mL) was placed in a 5� NMR tube.
After five freeze-pump-thaw cycles, the tube was evacuated and sealed.
The mixture was heated at 60 �C for 2 h to afford the bluish green solution
of the corresponding silylene ± isocyanide complex 5c. The molar absorp-
tivity (�) in the UV/Vis spectrum was calculated by assuming the
quantitative generation of 5c. 5c : bluish green powder; 1H NMR
(500 MHz, C6D6): �� 0.19 (s, 18 H), 0.20 (s, 36H), 1,10 (d, 6H, 3J� 7 Hz),
1.16 (d, 12 H, 3J� 7 Hz), 1,49 (s, 1 H), 2.11 (s, 3H), 2.66 (sept, 1H, 3J�
7 Hz), 2.73 (s, 1 H), 2.80 (s, 6 H), 2.84 (s, 1 H), 3.59 (sept, 2H, 3J� 7 Hz), 6.56
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(s, 1 H), 6.69 (s, 1 H), 6.85 (s, 2 H), 7.01 ppm (s, 2 H); 13C NMR (125 MHz,
C6D6): �� 1.1 (q), 1.2 (q), 1.5 (q), 21.1 (q), 23.6 (q), 24.0 (q), 27.5 (q), 29.1
(d), 30.7 (d), 32.9 (d), 33.3 (d), 34.6 (d), 121.9 (d), 122.5 (d), 127.5 (d), 128.6
(d), 129.2 (s), 129.9 (s), 134.0 (s), 138.5 (s), 143.4 (s), 143.6 (s), 145.5(s),
149.4(s), 151.6 (s), 151.7 (s), 209.2 ppm (s); 29Si NMR (99 MHz, C6D6): ��
�53.6, 1.9, 2.4 ppm (1JC,Si� 38.6 Hz (SiCN)); 29Si NMR (99 MHz, THF):
���55.7, 1.5, 1.9 ppm; UV/Vis (THF): �max (�)� 596 nm (400).


Synthesis of mesityl{2,4,6-tris[bis(trimethylsilyl)-methyl]phenyl}silylene-
(Si-C�)2,4,6-tris[bis(trimethylsilyl)methyl]phenyl isocyanide (5d): An or-
ange suspension of disilene 1 (49.8 mg, 0.0356 mmol) and the Tbt-
substituted isocyanide 3d (40.0 mg, 0.0692 mmol) in C6D6 (0.6 mL) was
placed in a 5� NMR tube. After five freeze-pump-thaw cycles, the tube was
evacuated and sealed. The mixture was heated at 55 �C for 4 h to afford the
greenish blue solution of the corresponding silylene ± isocyanide complex
5d. The molar absorptivity (�) in the UV/Vis spectrum was calculated by
assuming the quantitative generation of 5d. 5d : greenish blue powder;
1H NMR (500 MHz, C6D6): �� 0.12 (s, 18H), 0.13 (s, 18H), 0.16 (s, 18H),
0.18 (s, 18H), 0.23 (s, 18 H), 0.25 (s, 18 H), 1.44 (s, 1 H), 1,49 (s, 1H), 2.15 (s,
3H), 2.32 (s, 1 H), 2.38 (s, 1 H), 2.72 (s, 6H), 3.25 (br s, 2H), 6.54 (s, 1 H), 6.60
(s, 1 H), 6.66 (s, 1 H), 6.73 (s, 1 H), 6.82 ppm (s, 2 H); 13C NMR (125 MHz,
C6D6): �� 0.78 (q), 0.82 (q), 1.0 (q), 1.2 (q), 1.6 (q), 1.9 (q), 21.1 (q), 23.4 (d),
23.8 (d), 28.5 (q), 30.9 (d), 31.2 (d), 32.4 (br d� 2), 122.6 (d), 122.8 (d), 126.4
(s), 127.4 (d), 128.0 (d), 128.3 (s), 129.1 (d), 135.6 (s), 137.5 (s), 140.8 (s),
140.9 (s), 143.8 (s), 144.21 (s), 144.25 (s), 153.6 (s� 2), 196.6 ppm (s); 29Si
NMR (99 MHz, C6D6): ���57.4, 1.9, 2.1, 2.3, 3.0 ppm (1JC,Si� 22.1 Hz
(SiCN)); 29Si NMR (99 MHz, THF): ���57.9 ppm (the peaks of TMS
region could not be assigned); UV/Vis (THF): �max (�)� 397 (3000), 632 nm
(100).


Synthesis of mesityl{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}silylene-
(Si-C�)2,4,6-tri-tert-butylphenyl isocyanide (5e): an orange suspension of
disilene 1 (52.7 mg, 0.0377 mmol) and 2,4,6-tri-tert-butylphenyl isocyanide
(3c)[37, 54, 55] (20.3 mg, 0.0748 mmol) in C6D6 (0.6 mL) was placed in a 5�
NMR tube. After five freeze-pump-thaw cycles, the tube was evacuated
and sealed. The mixture was heated at 55 �C for 5 h to afford the deep blue
solution of the corresponding silylene ± isocyanide complex 5e. The molar
absorptivity (�) in the UV/Vis spectrum was calculated by assuming the
quantitative generation of 5e. 5e : deep blue powder; 1H NMR (500 MHz,
C6D6): �� 0.23 (s, 18H), 0.25 (s, 36 H), 1.15 (s, 9 H), 1.37 (s, 18 H), 1.51 (s,
1H), 2.13 (s, 3 H), 2.31 (s, 1H), 2.44 (s, 1 H), 2.76 (s, 6H), 6.56 (s, 1 H), 6.68
(s, 1H), 6.84 (s, 2H), 7.41 ppm (s, 2 H); 13C NMR (125 MHz, C6D6): �� 1.20
(q), 1.73 (q), 1.95 (q), 21.2 (q), 28.0 (q), 30.5 (q), 31.0 (d), 31.1 (q), 32.0 (d),
32.3 (d), 35.3 (s), 36.2 (s), 122.5 (d), 122.8 (d), 124.3 (s), 127.8 (d), 128.7 (d),
134.2 (s), 135.9 (s), 137.9 (s), 141.4 (s), 146.4 (s), 147.3 (s), 149.5 (s), 149.9 (s),
152.2 (s), 178.5 ppm (s); 29Si NMR (99 MHz, C6D6): ���48.6, 1.8, 2.3 ppm
(1JC,Si� 1.0 Hz (SiCN)); 29Si NMR (99 MHz, THF): ���48.9, 1.3, 1.7 ppm;
UV/Vis (THF): �max (�)� 390 (2000), 671 nm (200).


Theoretical calculations : All theoretical calculations were carried out using
the Gaussian 98 program with density functional theory at the B3LYP level.
The structural optimization was performed at B3LYP/6 ± 31G(d) level and
the NMR chemical shifts were calculated at GIAO-B3LYP level (6 ±
311G(3d) for Si and 6 ± 311G(d) for C, N, and H). The vibrational
frequency was calculated at the B3LYP/6 ± 31G(d) level and scaled by 0.96.
Computation time was provided by the Supercomputer Laboratory,
Institute for Chemical Research, Kyoto University.


Typical procedure for preparation of 5c ± e : A suspension of disilene 1
(0.045 mmol) and isocyanides 3c ± e (0.095 mmol) in THF (1 mL) was
placed in a dry Pyrex 10� glass tube. After five freeze-pump-thaw cycles,
the tube was evacuated and sealed. The mixture was heated at 60 �C for 2 h
for 3c or for 7 h for 3d and 3e to afford the solution of the corresponding
silylene ± isocyanide complexes 5c ± e. The sealed tube was opened in a
glovebox, and the solution was transferred to another dry Pyrex tube or a
flask by using THF (ca. 0.5 mL). This solution was used for the following
reactions.


Reaction of silylene ± isocyanide complexes 5c ± e with triethylsilane


Reaction of 5c : A THF solution (ca. 1.5 mL) of the silylene ± isocyanide
complex 5c prepared from disilene 1 (65.9 mg, 0.0471 mmol) and isocya-
nide 3c (23.0 mg, 0.100 mmol) in THF (1 mL) was placed in a dry Pyrex
10� glass tube. Triethylsilane (0.10 mL, 0.629 mmol) was added to this
solution at room temperature. After five freeze-pump-thaw cycles, the tube
was evacuated and sealed. The bluish green solution was allowed to stand at


ambient temperature for 47 days, but no change could be observed in the
color of the solution. Heating at 50 �C for 28 h resulted in the disappearance
of the bluish green color and the sealed tube was opened. After removal of
the solvent under reduced pressure, the residue was chromatographed
(GPLC) and separated by PTLC (hexane:CH2Cl2� 10:1 and 2:1) to afford
1,1,1-triethyl-2-mesityl-2-{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}disilane
(8)[28] (51.0 mg, 0.0625 mmol, 66 %) together with isocyanide 3c (9.6 mg,
0.0419 mmol, 42 %).


Reaction of 5d : Silylene ± isocyanide complex 5d, prepared from 1
(74.4 mg, 0.0532 mmol) and 3d (64.3 mg, 0.111 mmol), was allowed to
react with triethylsilane (0.10 mL, 0.629 mmol) in THF (2 mL) at room
temperature for 17 days operating a procedure similar to that mentioned
above. The separation of the reaction mixture with DCC (SiO2/hexane)
afforded disilane 8 (74.4 mg, 0.0912 mmol, 86 %) together with isocyanide
3d (60.5 mg, 0.105 mmol, 94%).


Reaction of 5e : Silylene ± isocyanide complex 5e, prepared from disilene 1
(73.4 mg, 0.0525 mmol) and 3e (29.5 mg, 0.109 mmol), was allowed to react
with triethylsilane (0.10 mL, 0.629 mmol) in THF (2 mL) at room temper-
ature for 41 h operating the procedure similar to that mentioned above.
The separation of the reaction mixture with GPLC and PTLC
(hexane:CH2Cl2� 10:1) afforded disilane 8 (59.3 mg, 0.0727 mmol, 69%)
together with isocyanide 3e (29.0 mg, 0.107 mmol, 98%).


Isocyanide-exchange reaction


Reaction of 5e with 3d : A C6D6 solution (0.5 mL) of the silylene ± isocy-
anide complex 5e prepared from disilene 1 (22.0 mg, 15.7 �mol) and 3e
(8.9 mg, 33 �mol) in C6D6 (0.5 mL) was added to 3d (19.1 mg, 33.0 �mol)
and placed in a 5� NMR tube at room temperature. The color of the
resulting mixture changed from deep blue to greenish blue. After five
freeze-pump-thaw cycles, the tube was evacuated and sealed. The 1H and
29Si NMR spectra of this solution showed the formation of another
silylene ± isocyanide complex 5d and a free isocyanide 3e, though the
mixture could not be separated. The ratio of the two silylene ± isocyanide
complexes was 1:5 (5e :5d) as judged from the 1H NMR spectrum.


Reaction of 5d with 3c : Compound 5d, prepared from disilene 1 (22.2 mg,
15.9 �mol), and 3d (19.0 mg, 32.9 �mol) were allowed to react with 3c
(7.5 mg, 33 �mol) under the same reaction conditions as those described
above. The 1H and 29Si NMR spectra of the reaction mixture showed the
formation of 5c and a free isocyanide 3d, though the mixture could not be
separated. The ratio of two silylene ± isocyanide complexes was 1:5 (5d :5c)
as judged from the 1H NMR spectrum.


Reaction of 5e with 3b : Compound 5e, prepared from disilene 1 (51.8 mg,
37.0 �mol) and 3e (20.5 mg, 75.5 �mol), was allowed to react with 3b
(12.0 mg, 82.6 �mol) under the same reaction conditions as those described
above. The 1H, 13C and 29Si NMR for this mixture showed the formation of
5b and a free isocyanide 3e together with the disappearance of complex 5e.
However, NMR spectra of 5b could not be fully assigned due to its slow
decomposition at room temperature. 5b : 1H NMR (300 MHz, C6D6): ��
6.53 (s), 2.46 (s), 2.34 (s), 2.24 (s), 1.97 ppm (s), other peaks could not be
assigned; 13C NMR (75 MHz, C6D6): �� 200.1 ppm (other peaks could not
be assigned); 29Si NMR (59 MHz, C6D6): ���69.2 ppm (the peaks of TMS
region could not be assigned); UV/Vis (THF): �max� 599 nm.


Thermolysis of silylene ± isocyanide complexes 5c ± e :


Thermolysis of 5c : A suspension of disilene 1 (55.3 mg, 0.0395 mmol) and
isocyanide 3c (20.1 mg, 0.0876 mmol) in THF (1 mL) was placed in a dry
Pyrex 10� glass tube. After five freeze-pump-thaw cycles, the tube was
evacuated and sealed. The mixture was heated at 60 �C for 2 h to afford the
bluish green solution of the silylene ± isocyanide complex 5c. The solution
was heated at 80 �C for 22 h, during which time the bluish green color
disappeared. After removal of the solvent, the residue was chromato-
graphed (GPLC) and separated by PTLC (hexane:CH2Cl2� 2:1) to afford
compound 3,5,7-triisopropyl-2-mesityl-3-{2,4,6-tris[bis(trimethylsilyl)me-
thyl]phenyl}-3-sila-3H-benzopyrrole (6c) (26.8 mg, 0.0289 mmol, 37%)
together with isocyanide 3c (0.6 mg, 0.0026 mmol, 3%). 6c : pale yellow
powder; 1H NMR (500 MHz, C2D2Cl4, 100 �C): ���0.07 (s, 18 H; Me3Si),
0.02 (s, 18H; Me3Si), 0.10 (s, 18 H; Me3Si), 0.63 (d, 3 H; 3J� 7 Hz;
SiCHMe2), 0.94 (d, 3H, 3J� 7 Hz; SiCHMe2), 1.26 (d, 3H, 3J� 7 Hz;
CHMe2), 1.30 (d, 3 H, 3J� 7 Hz; CHMe2), 1.31 (d, 3H, 3J� 7 Hz; CHMe2),
1.33 (d, 3H, 3J� 7 Hz; CHMe2), 1.36 (s, 1 H; Tbt p-CH), 1.79 (sept, 1 H, 3J�
7 Hz; SiCHMe2), 2.15 (br s, 2H; Tbt o-CH), 2.26 (s, 3H; Mes p-Me), 2.41
(s, 6H; Mes o-Me), 2.93 (sept, 1H, 3J� 7 Hz; CHMe2), 4.06 (sept,
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1H;3J� 7 Hz; CHMe2), 6.40 (s, 2H; Tbt), 6.80 (s, 2H; Mes), 7.24 (s, 1H),
7.41 ppm (s, 1H); 13C NMR (125 MHz, C2D2Cl4, 100 �C): �� 2.6 (q; SiMe3),
3.4 (q; SiMe3), 3.5 (q; SiMe3), 17.3 (d; SiCHMe2), 20.7 (q; SiCHMe2), 22.20
(q; SiCHMe2), 22.25 (q; Mes p-Me), 24.9 (q; CHMe2), 25.1 (q; CHMe2),
25.6 (q; CHMe2), 26.1 (q; CHMe2), 26.9 (q; Mes o-Me), 29.4 (d; CHMe2),
29.6 (d; Tbt o-CH), 32.3 (d; Tbt p-CH), 35.8 (d; CHMe2), 126.7 (s), 127.2 (d;
Tip), 130.9 (s), 131.0 (d; Tip), 132.0 (d� 2; Mes�Tbt), 138.7 (s), 140.0 (s),
140.4 (s), 145.7 (s), 146.0 (s), 148.5 (s), 154.8 (s), 155.2 (s), 186.7 ppm (s); 29Si
NMR (99 MHz, C6D6): �� 0.2, 2.0 ppm; high-resolution FAB-MS: m/z :
928.5825; calcd for C52H94NSi7: 928.5771.


Thermolysis of 5d : A solution of 5d in THF (1 mL), prepared from disilene
1 (54.7 mg, 0.0390 mmol) and isocyanide 3d (48.5 mg, 0.0839 mmol), was
heated at 80 �C for two days and then at 100 �C for two days operating the
procedure similar to that mentioned above. The separation of the reaction
mixture with GPLC and DCC (SiO2/hexane) afforded 4,6-bis[bis(trime-
thylsilyl)methyl]-1-mesityl-2,2-bis(trimethylsilyl)benzo-1-silacyclobutene
(9)[28] (35.8 mg, 0.0512 mmol, 65%) together with isocyanide 3d (41.3 mg,
0.0714 mmol, 85 %).


Thermolysis of 5e : A solution of 5e in THF (1 mL), prepared from disilene
1 (61.5 mg, 0.0440 mmol) and isocyanide 3e (25.6 mg, 0.0943 mmol), was
heated at 80 �C for two days and then at 100 �C for 9 h operating the
procedure similar to that mentioned above. The separation of the reaction
mixture with DCC (SiO2/hexane) afforded 9 (48.1 mg, 0.0688 mmol, 78%)
together with isocyanide 3e (24.1 mg, 0.0888 mmol, 94 %).


Reaction of silylene ± isocyanide complexes 5c ± e with 2,3-dimethyl-1,3-
butadiene


Reaction of 5c : A solution of the silylene ± isocyanide complex 5c in THF
(ca. 1.5 mL), prepared from disilene 1 (63.9 mg, 0.0457 mmol) and
isocyanide 3c (22.0 mg, 0.0959 mmol) in THF (1 mL), was placed in a dry
Pyrex 10� glass tube, and 2,3-dimethyl-1,3-butadiene (0.10 mL,
0.884 mmol) was added at room temperature. After five freeze-pump-
thaw cycles, the tube was evacuated and sealed. The bluish green solution
was allowed to stand at ambient temperature for five days, but no change
could be observed in the color of the solution. Heating at 50 �C for 97 h
resulted in the disappearance of the bluish green color and the sealed tube
was opened. After removal of the solvent under reduced pressure, the
residue was chromatographed (GPLC) and separated by PTLC
(hexane:CH2Cl2� 20:1) to afford 2,5-dihydro-1-mesityl-3,4-dimethyl-1-
{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}silole (10)[28] (35.0 mg,
0.0448 mmol, 49%) and 1-(mesityl{2,4,6-tris[bis(trimethylsilyl)methyl]phe-
nyl}hydroxysilyl)-2,3-dimethylbut-2-ene (11)[28] (10.9 mg, 0.0136 mmol,
15%) together with isocyanide 3c (12.8 mg, 0.0558 mmol, 58 %).


Reaction of 5d : The silylene ± isocyanide complex 5d, prepared from
disilene 1 (62.5 mg, 0.0447 mmol) and isocyanide 3d (54.8 mg,
0.0948 mmol), was allowed to react with 2,3-dimethyl-1,3-butadiene
(0.10 mL, 0.884 mmol) in THF (ca. 1.5 mL) at room temperature for
106 h operating a procedure similar to that described above. The reaction
mixture was separated by PTLC (hexane:CH2Cl2� 10:1) to afford 10
(23.2 mg, 0.0297 mmol, 33%) and 11 (28.1 mg, 0.0351 mmol, 39%)
together with isocyanide 3d (50.2 mg, 0.0868 mmol, 92 %).


Reaction of 5e : The silylene ± isocyanide complex 5e, prepared from
disilene 1 (63.1 mg, 0.0451 mmol) and isocyanide 3e (25.8 mg,
0.0950 mmol), was allowed to react with 2,3-dimethyl-1,3-butadiene
(0.10 mL, 0.884 mmol) in THF (ca. 1.5 mL) at room temperature for 71 h
operating a procedure similar to that described above. The reaction
mixture was separated by PTLC (hexane:CH2Cl2� 10:1) to afford 10
(23.7 mg, 0.0303 mmol, 34%) and 11 (34.1 mg, 0.0426 mmol, 47%)
together with quantitative recovery of isocyanide 3e.


Observation of an intermediate in the reaction of 5e with 2,3-dimethyl-1,3-
butadiene : A solution of the silylene ± isocyanide complex 5e in C6D6 (ca.
1.0 mL), prepared from disilene 1 (50.8 mg, 0.0363 mmol) and isocyanide
3e (21.8 mg, 0.0803 mmol) in C6D6 (0.7 mL), was placed in a 5� NMR tube,
and 2,3-dimethyl-1,3-butadiene (0.10 mL, 0.884 mmol) was added at room
temperature. After three freeze-pump-thaw cycles, the tube was evacuated
and sealed. After standing at room temperature for 30 min, the 1H, 13C, and
29Si NMR spectra were observed at 25 �C over 2 h, during which time the
signals for 5e almost disappeared. The 29Si NMR spectrum showed three
peaks (���76.3, �72.9, and �5.3 ppm with the peak height ratio of
approximately 2:6:3) besides the peaks for trimethylsilyl groups. The peak
at ���5.3 ppm was assigned to 11, and those at ���76.3, and�72.9 ppm


were assigned to the geometric isomers of 2-isopropenyl-1-mesityl-2-
methyl-1-{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}silacyclopropane (12).
After standing at room temperature for a further 18 h, the mixture was
heated at 50 �C for 7 h. However, no change was observed by NMR
spectroscopy. The mixture was heated at 60 �C for 4 h, at 80 �C for 2 h, and
100 �C for 5 h, during which time the reaction was monitored by NMR
spectroscopy, and the peaks due to 12 disappeared. After further heating at
100 �C for 6.5 h, the sealed tube was opened and the solvent was
evaporated. The residue was separated by PTLC (hexane) to afford 10
(34.3 mg, 0.0439 mmol, 60%) together with isocyanide 3e (17.3 mg,
0.0637 mmol, 79 %).


Reaction of 5e with isoprene : Isoprene (0.08 mL, 0.8 mmol) was added at
room temperature to a solution of the silylene ± isocyanide complex 5e in
THF (ca. 1.5 mL), prepared from disilene 1 (56.1 mg, 0.040 mmol) and
isocyanide 3e (23.9 mg, 0.088 mmol) in THF (1 mL). Stirring of the deep
blue solution for 10 min at ambient temperature resulted in the disappear-
ance of the color. After further stirring for 2.5 h, the mixture was separated
by GPLC (solvent: toluene) to afford 13 (51.7 mg, 0.0673 mmol, 84%)
together with isocyanide 3e (23.2 mg, 0.0855 mmol, 97 %). 13 : colorless
powder, m.p. 172 ± 175 �C (decomp); 1H NMR (500 MHz, C6D6, 75 �C): ��
0.01 (s, 18H), 0.14 (s, 9 H), 0.15 (s, 9 H), 0.28 (s, 18H), 1.41 ± 1.49 (m, 3H),
1.86 (s, 3 H), 2.04 (s, 3H), 2.44 ± 2.47 (m, 1H), 2.67 (s, 6 H), 2.89 (br s, 2H),
4.32 (s, 1H), 4.43 (s, 1H), 6.57 (s, 2 H), 6.70 ppm (s, 2 H); 13C NMR
(125 MHz, C6D6, 75 �C): �� 1.0 (q), 1.2 (q), 2.1 (q), 11.9 (t), 21.0 (q), 25.0
(q), 26.5 (q), 29.3 (d), 29.9 (d), 31.3 (d), 103.7 (t), 125.8 (s), 128.3 (d), 128.6
(s), 128.7 (d), 139.6 (s), 145.4 (s), 145.6 (s), 145.7 (s), 153.5 ppm (s); 29Si
NMR (99 MHz, C6D6, 75 �C): ���88.5, 2.6 ppm; elemental analysis calcd
(%) for C41H78Si7 ¥ H2O: C 62.68, H 10.26; found: C 62.59, H 10.07.


Thermolysis of 13 : A C6D6 solution of 13 (25.2 mg, 0.0328 mmol) was
heated at 160 �C for 14 days in a sealed tube. The mixture was purified with
PTLC (hexane:CH2Cl2� 20:1) to give 2,5-dihydro-1-mesityl-3-methyl-1-
{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}silole (14) (22.1 mg,
0.0288 mmol, 88%). 14 : colorless powder, m.p. 159 ± 161 �C; 1H NMR
(500 MHz, CDCl3): ���0.09 (s, 9H), �0.08 (s, 9 H), �0.02 (s, 9H), �0.01
(s, 9H), 0.04 (s, 18 H), 1.28 (s, 1 H), 1.78 (s, 3 H), 1.78 ± 1.84 (m, 1H;
CH2CH), 1.88 (d, 1 H, 2J� 19 Hz; CH2CMe), 2.02 (d, 1H, 2J� 19 Hz;
CH2CMe), 2.06 (s, 1 H), 2.09 ± 2.15 (m, 1H; CH2CH), 2.16 (s, 1H), 2.21 (s,
3H), 2.37 (s, 6H), 5.56 (m, 1 H), 6.24 (s, 1H), 6.37 (s, 1H), 6.74 ppm (s, 2H);
13C NMR (125 MHz, CDCl3): �� 0.89 (q), 0.93 (q), 1.1 (q), 1.2 (q), 1.4 (q),
1.5 (q), 20.8 (q), 22.4 (q), 25.6 (q), 26.0 (t), 27.6 (d), 27.9 (d), 29.4 (t), 30.3 (d),
122.8 (d), 125.4 (d), 128.0 (d), 128.9 (s), 129.4 (d), 137.1 (s), 138.2 (s), 140.0
(s), 143.2 (s), 143.5 (s), 151.6 (s),151.8 ppm (s); 29Si NMR (99 MHz, CDCl3):
�� 1.7, 2.2, 2.4, 2.6 ppm; elemental analysis calcd (%) for C41H78Si7: C
64.15, H 10.24; found: C 64.14, H 10.15.


Reaction of silylene ± isocyanide complexes 5c ± e with methanol


Reaction of 5c at room temperature : Methanol (0.07 mL, 1.73 mmol) was
added at room temperature to a solution of the silylene ± isocyanide
complex 5c in THF (ca. 2.0 mL), prepared from disilene 1 (90.5 mg,
0.0647 mmol) and isocyanide 3c (32.3 mg, 0.141 mmol) in THF (1.5 mL).
Stirring for 5 min resulted in the disappearance of the bluish green color.
After stirring for 25 h, the solvent was evaporated. The residue was
separated by PTLC (hexane:CH2Cl2� 10:1) to afford mesityl(methoxy)-
{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}silane (15)[28] (66.1 mg,
0.0964 mmol, 70%) and methyl 1-mesityl-N-(2,4,6-triisopropylphenyl)-1-
({2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}silanecarboximidate (16c)
(9.1 mg, 0.0947 mmol, 7 %) together with isocyanide 3c (17.4 mg,
0.0759 mmol, 54%). 16c : white powder; m.p. 191 ± 192 �C; 1H NMR
(500 MHz, CDCl3): ���0.069 (s, 9H), �0.065 (s, 9 H), �0.06 (s, 9 H), 0.00
(s, 9H), 0.04 (s, 18 H), 0.67 (s, 3H), 0.87 (s, 3H), 1.03 (s, 3H), 1.20 (d, 3H,
3J� 7 Hz), 1.21 (d, 3 H, 3J� 7 Hz), 1.29 (s� 2, 1H� 3H), 1.66 (s, 3 H), 1.82
(br s, 1H), 1.99 (s, 1 H), 2.11 (s, 1H), 2.17 (s, 3 H), 2.31 (s, 3 H), 2.79 (d, 1H,
3J� 7 Hz), 3.17 (br s, 1H), 3.69 (s, 3 H), 5.33 (s, 1H), 6.26 (s, 1 H), 6.38 (s,
1H), 6.52 (s, 1 H), 6.55 (s, 1H), 6.65 (s, 1H), 6.85 ppm (s, 1H); 13C NMR
(125 MHz, CDCl3): �� 0.9 (q), 0.95 (q), 0.99 (q), 1.27 (q), 1.35 (q), 20.7 (q),
21.0 (q), 21.6 (q), 23.0 (q), 23.3 (q), 23.8 (q), 24.2 (q), 24.5 (q), 25.4 (q), 27.8
(d), 28.0 (d), 28.1 (d), 28.4 (d), 30.4 (d), 34.1 (d), 52.4 (q), 119.5 (d), 119.7
(d), 122.3 (s), 123.0 (d), 128.3 (d), 128.9 (d), 129.4 (d), 129.7 (s), 134.5 (s),
137.8 (s), 139.0 (s), 140.7 (s), 142.1 (s), 144.1 (s� 2), 144.6 (s), 152.3 (s), 152.7
(s), 166.4 ppm (s); 29Si NMR (99 MHz, CDCl3): ���51.1, 1.7, 1.8, 2.26,
2.31, 2.4 ppm; IR (KBr): �� � 2206 cm�1 (Si�H stretching); high-resolution
FAB-MS: m/z : 959.6489; calcd for C53H97NOSi7: 959.5955; elemental
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analysis calcd (%) for C53H97NOSi7: C 66.24, H 10.17, N 1.46; found: C
66.07, H 9.96, N 1.39.


Reaction of 5d at room temperature : The silylene ± isocyanide complex 5d,
prepared from disilene 1 (63.1 mg, 0.0451 mmol) and isocyanide 3d
(54.1 mg, 0.0936 mmol), was allowed to react with methanol (0.05 mL,
1.23 mmol) in THF (1.5 mL) under the reaction conditions similar to those
described above. The reaction mixture was separated by PTLC
(hexane:CH2Cl2� 10:1) and GPLC to afford 15 (57.0 mg, 0.0779 mmol,
86%) together with isocyanide 3d (49.1 mg, 0.0849 mmol, 91%).


Reaction of 5e at room temperature : The silylene ± isocyanide complex 5e,
prepared from disilene 1 (63.2 mg, 0.0452 mmol) and isocyanide 3e
(25.5 mg, 0.0939 mmol), was allowed to react with methanol (0.05 mL,
1.23 mmol) in THF (1.5 mL) under the reaction conditions similar to those
described above. The reaction mixture was separated by PTLC
(hexane:CH2Cl2� 10:1) to afford 15 (49.4 mg, 0.0675 mmol, 75%) together
with isocyanide 3e (25.1 mg, 0.0925 mmol, 98%).


Reaction of 5c at low temperature : Methanol (0.05 mL, 1.23 mmol) was
added to a THF solution (ca. 1.5 mL) of the silylene ± isocyanide complex
5c prepared from disilene 1 (66.7 mg, 0.0477 mmol) and isocyanide 3c
(25.3 mg, 0.110 mmol) in THF (1 mL) at�78 �C. The resulting bluish green
solution was warmed to 0 �C over 4.5 h, during which time the bluish green
color disappeared. After removal of the solvent under reduced pressure,
the residue was chromatographed (GPLC) and separated by PTLC
(hexane:CH2Cl2� 20:1) to afford 15 (6.6 mg, 0.0092 mmol, 10 %) and 16c
(36.4 mg, 0.0379 mmol, 40%) together with isocyanide 3c (5.1 mg,
0.0222 mmol, 20 %).


Reaction of 5d at low temperature : Methanol (0.05 mL, 1.23 mmol) was
added to a solution of the silylene ± isocyanide complex 5d in THF (ca.
1.5 mL), prepared from disilene 1 (56.2 mg, 0.0402 mmol) and isocyanide
3d (51.9 mg, 0.0897 mmol) in THF (1 mL), at �78 �C. The resulting
greenish blue solution was warmed to 7 �C over 5.5 h, during which time the
greenish blue color disappeared. After removal of the solvent under
reduced pressure, the residue was separated by DCC (SiO2/
hexane:CH2Cl2� 10:1) to afford 5d (45.9 mg, 0.0627 mmol, 78%) together
with isocyanide 3d (48.8 mg, 0.0844 mmol, 94 %).


Monitoring of the reaction of 5e with sodium methoxide by 29Si NMR
spectroscopy : A THF suspension (ca. 1 mL) of sodium methoxide (20.9 mg,
0.387 mmol) and the silylene ± isocyanide complex 5c prepared from
disilene 1 (54.0 mg, 0.0386 mmol) and isocyanide 3e (23.4 mg,
0.0862 mmol) in THF (0.5 mL) was placed in a 5� NMR tube with a
sealed capillary, to which C6D6 was introduced. After five freeze-pump-
thaw cycles, the tube was evacuated and sealed. When the mixture was
allowed to stand at ambient temperature for 6 h, no change was observed in
the 29Si NMR spectrum of the mixture.


Reaction of sylilene-isocyanide complexes 5c ± e with hydrogen chloride


Reaction of 5c : An solution of HCl (1.0�, 0.5 mL, 0.5 mmol) in diethyl
ether was added to a solution of the silylene ± isocyanide complex 5c in
THF (ca. 1.5 mL), prepared from disilene 1 (60.0 mg, 0.0429 mmol) and
isocyanide 3c (21.6 mg, 0.0942 mmol) in THF (1 mL) at �78 �C. A
saturated aqueous solution of NaHCO3 was added to the resulting orange
solution at �78 �C, and the mixture was warmed to room temperature. The
mixture was extracted with CHCl3, and the organic layer dried with
MgSO4. After removal of the solvent under reduced pressure, the residue
was chromatographed (GPLC) and separated by PTLC (hexane:CH2Cl2�
10:1 and 5:1) to afford chloro(mesityl){2,4,6-tris[bis(trimethylsilyl)methyl]-
phenyl}silane (18) (25.6 mg, 0.0348 mmol, 41%) together with 3c (9.2 mg,
0.0401 mmol, 43%). 18 : white powder; m.p. 191 ± 193 �C; 1H NMR
(500 MHz, CDCl3): ���0.09 (s, 9H), �0.07 (s, 9 H), �0.01 (s, 9H), 0.02
(s, 9H), 0.04 (s, 18 H), 1.33 (s, 1 H), 2.25 (s, 3H), 2.26 (s, 1 H), 2.40 (s, 1H),
2.47 (s, 6H), 5.93 (s, 1H), 6.26 (s, 1H), 6.39 (s, 1H), 6.83 ppm (s, 2H);
13C NMR (125 MHz, CDCl3): �� 0.8 (q), 0.9 (q), 1.1 (q), 1.2 (q), 21.1 (q),
25.0 (q), 27.4 (d), 27.6 (d), 30.8 (d), 122.7 (d), 123.1 (s), 127.6 (d), 129.6 (d),
129.9 (s), 140,5 (s), 144.0 (s), 146.1 (s), 152.5 (s), 152.8 ppm (s); elemental
analysis calcd (%) for C36H71ClSi7: C 58.75, H 9.72, Cl 4.82; found: C 59.00,
H 9.54, Cl 4.61.


Reaction of 5d : A solution of HCl (1.0�, 0.5 mL, 0.5 mmol) in diethyl ether
was added to a solution of the silylene ± isocyanide complex 5d in THF (ca.
1.5 mL), prepared from disilene 1 (54.4 mg, 0.0389 mmol) and isocyanide
3d (49.8 mg, 0.0861 mmol) in THF (1 mL) at �78 �C. The resulting yellow
solution was warmed to room temperature, and the solvent was evaporated.


The residue was chromatographed (GPLC) and separated by DCC (SiO2/
hexane:CH2Cl2� 20:1) to afford 18 (43.1 mg, 0.0586 mmol, 75 %) together
with 3d (46.0 mg, 0.0795 mmol, 92%).


Reaction of 5e : A solution of HCl (1.0�, 0.5 mL, 0.5 mmol) in diethyl ether
was added to a solution of the silylene ± isocyanide complex 5e in THF (ca.
1.5 mL) prepared from disilene 1 (57.8 mg, 0.0413 mmol) and isocyanide 3e
(24.7 mg, 0.0910 mmol) in THF (1 mL) at �78 �C. The resulting yellow
solution was warmed to room temperature, and the solvent was evaporated.
The residue was chromatographed (GPLC) and separated by PTLC
(hexane:CH2Cl2� 10:1) to afford 18 (45.8 mg, 0.0622 mmol, 75%) together
with 3e (21.5 mg, 0.0818 mmol, 90 %).


Reaction of sylilene-iosocyanide complexes 5c ± e with methyl iodide


Reaction of 5c : Methyl iodide (0.05 mL, 0.803 mmol) was added to a
solution of the silylene ± isocyanide complex 5c in THF (ca. 1.5 mL),
prepared from disilene 1 (61.7 mg, 0.0441 mmol) and isocyanide 3c
(24.6 mg, 0.107 mmol) in THF (1 mL) at �78 �C. The resulting bluish
green solution was warmed to �40 �C over 30 min, during which time the
bluish green color disappeared. The mixture was warmed to room
temperature, and the solvent was evaporated. The residue was chromato-
graphed (GPLC) and separated by PTLC (hexane:CH2Cl2� 10:1) to afford
iodo(mesityl)(methyl){2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}silane
(19) (11.9 mg, 0.0141 mmol, 16 %), and mesityl(methyl){2,4,6-tris[bis(tri-
methylsilyl)methyl]phenyl}hydroxysilane (20) (13.1 mg, 0.0179 mmol,
20%) together with 3c (6.8 mg, 0.0296 mmol, 28%). 19 : white powder;
m.p. 215 ± 217 �C; 1H NMR (500 MHz, CDCl3): ���0.14 (s, 9 H),�0.08 (s,
9H), 0.040 (s, 9H), 0.044 (s, 9H), 0.08 (s, 9 H), 0.12 (s, 9 H), 1.29 (s, 1 H), 1.68
(s, 3H), 2.24 (s� 2, 3H� 1H), 2.45 (s� 2, 6H� 1H), 6.24 (s, 1H), 6.38 (s,
1H), 6.75 ppm (s, 2H); 13C NMR (125 MHz, CDCl3): �� 0.8 (q), 1.0 (q), 1.1
(q), 1.4 (q), 1.8 (q), 2.1 (q), 17.5 (q), 20.9 (q), 25.9 (q), 27.5 (d), 27.7 (d), 30.5
(d), 123.3 (s), 123.5 (d), 128.6 (d), 130.0 (d), 134.8 (s), 139.8 (s), 144.9 (s� 2),
151.0 (s), 151.5 ppm (s); elemental analysis calcd (%) for C37H73ISi7: C
52.81, H 8.74, I 15.08; found: C 52.87, H 8.56, I 15.50; 20 : white powder; m.p.
214 ± 215 �C; 1H NMR (500 MHz, CDCl3): ���0.14 (s, 9 H), �0.08 (s,
9H), 0.02 (s, 9 H), 0.03 (s, 27 H), 0.76 (s, 3H), 1.30 (s, 1 H), 1.88 (s, 1H), 2.21
(s, 3 H), 2.27 (s, 1 H), 2.39 (s� 2, 6H� 1H), 6.22 (s, 1H), 6.36 (s, 1H),
6.74 ppm (s, 2 H); 13C NMR (125 MHz, CDCl3): �� 0.7 (q), 0.8 (q), 0.9 (q),
1.1 (q), 1.4 (q), 1.7 (q), 10.3 (q), 20.9 (q), 24.7 (q), 26.8 (d), 27.0 (d), 30.4 (d),
122.9 (d), 128.0 (d), 129.5 (d), 129.6 (s), 135.5 (s), 138.7 (s), 143.0 (s), 144.3
(s), 151.0 (s), 151.2 ppm (s); elemental analysis calcd (%) for C37H74OSi7: C
60.75, H 10.20, found: C 60.96, H 9.98.


Reaction of 5d : Methyl iodide (0.05 mL, 0.803 mmol) was added to a
solution of the silylene ± isocyanide complex 5d in THF (ca. 1.5 mL),
prepared from disilene 1 (58.6 mg, 0.0419 mmol) and isocyanide 3d
(54.1 mg, 0.0936 mmol) in THF (1 mL) at �78 �C. The resulting greenish
blue solution was warmed to room temperature over 2 h, during which time
the greenish blue color disappeared. After removal of the solvent, the
residue was separated by PTLC (hexane:CH2Cl2� 15:1) to afford 19
(20.7 mg, 0.0246 mmol, 29%) and 20 (10.4 mg, 0.0142 mmol, 17%)
together with 3d (53.2 mg, 0.0920 mmol, 98%).


Reaction of 5e : Methyl iodide (0.05 mL, 0.803 mmol) was added to a
solution of the silylene ± isocyanide complex 5e in THF (ca. 1.5 mL),
prepared from disilene 1 (59.7 mg, 0.0427 mmol) and isocyanide 3e
(25.8 mg, 0.0950 mmol) in THF (1 mL), at �78 �C. The resulting deep
blue solution was warmed to �20 �C over 1 h, during which time the deep
blue color disappeared. The mixture was warmed to room temperature, and
the solvent was evaporated. The residue was separated by PTLC
(hexane:CH2Cl2� 15:1) to afford 19 (13.9 mg, 0.0165 mmol, 19 %), and
20 (11.5 mg, 0.0157 mmol, 18%) together with 3e (25.1 mg, 0.0925 mmol,
97%).


Trapping of an intermediate in the reaction of 5c with methyl iodide :
Methyl iodide (0.05 mL, 0.803 mmol) was added to a solution of the
silylene ± isocyanide complex 5e in THF (ca. 1.5 mL), prepared from
disilene 1 (56.8 mg, 0.0406 mmol) and isocyanide 3c (22.7 mg,
0.0990 mmol) in THF (1 mL), at �78 �C. The resulting bluish green
solution was warmed to �50 �C over 2 h, during which time the bluish
green color changed to orange. Methanol (0.05 mL, 1.23 mmol) was added
to the resulting orange solution at �50 �C, and the reaction mixture was
warmed to room temperature. After removal of the solvent, the residue was
chromatographed (GPLC) and separated by PTLC (hexane:CH2Cl2�
20:1) to afford mesityl(methyl){2,4,6-tris[bis(trimethylsilyl)methyl]phe-
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nyl}methoxysilane (21) (17.4 mg, 0.0233 mmol, 29 %) together with 3e
(8.0 mg, 0.0109 mmol, 13 %). 21: white powder; m.p. 181 ± 183 �C; 1H NMR
(500 MHz, CDCl3): ���0.14 (s, 9H),�0.11 (s, 9H),�0.02 (s, 9H), 0.00 (s,
9H), 0.03 (s, 18H), 0.75 (s, 3H), 1.27 (s, 1 H), 2.22 (s, 3 H), 2.35 (s� 2, 6H�
1H), 2.52 (s, 1 H), 3.22 (s, 3H) 6.19 (s, 1 H), 6.33 (s, 1H), 6.75 ppm (s, 2H);
13C NMR (125 MHz, CDCl3): �� 0.8 (q), 1.1 (q), 1.2 (q), 1.4 (q), 1.5 (q), 5.9
(q), 20.9 (q), 25.1 (q), 26.8 (d), 26.9 (d), 30.2 (d), 48.9 (q), 122.8 (d), 127.9
(d), 128.3 (s), 129.5 (d), 133.7 (s), 138.8 (s), 143.8 (s), 144.1 (s), 151.5 (s),
151.8 ppm (s); elemental analysis calcd (%) for C38H76OSi7: C 61.21, H
10.27; found: C 60.73, H 9.79.


Reaction of iodosilane 19 with methanol in the presence of 3c (a control
experiment for the trapping by methanol): A solution of iodosilane 19
(36.3 mg, 0.0431 mmol), isocyanide 3c (20.8 mg, 0.907 mmol), and meth-
anol (0.2 mL, 4.94 mmol) in THF (0.8 mL) was stirred at room temperature
for one day. After removal of the solvent, the residue was purified by
GPLC. The 1H NMR spectrum showed the formation of a very small
amount of 21 (�5%).


Trapping of an intermediate in the reaction of 5e with methyl iodide :
Methyl iodide (0.05 mL, 0.803 mmol) was added to a solution of the
silylene ± isocyanide complex 5e in THF (ca. 1.5 mL), prepared from
disilene 1 (54.1 mg, 0.0387 mmol) and isocyanide 3e (23.1 mg,
0.0851 mmol) in THF (1 mL) at �78 �C. The resulting deep blue solution
was warmed to �20 �C over 3 h, during which time the deep blue color
changed to orange. Methanol (0.05 mL, 1.23 mmol) was added to the
resulting orange solution at �78 �C, and the reaction mixture was warmed
to room temperature. After removal of the solvent, the residue was
chromatographed (GPLC) and separated by PTLC (hexane:CH2Cl2�
20:1) to afford 21 (ca. 11 mg, 0.014 mmol, 18 %)[50] and 20 (7.7 mg,
0.0105 mmol, 14 %) together with 3e (20.8 mg, 0.0766 mmol, 90%).


Reaction of iodosilane 19 with methanol in the presence of 3e (a control
experiment for trapping by methanol): A solution of iodosilane 19
(18.6 mg, 0.0221 mmol), isocyanide 3e (21.0 mg, 0.0774 mmol), methyl
iodide (0.05 mL, 0.803 mmol), and methanol (0.05 mL, 1.23 mmol) in THF
(0.5 mL) was placed in a dry Pyrex 10� glass tube. After five freeze-pump-
thaw cycles, the tube was evacuated and sealed. The solution was allowed to
stand at ambient temperature for three days and the solvent was
evaporated. The 1H NMR spectrum of the residue showed the formation
of a very small amount of 21 (�5%).


Observation of an intermediate in the reaction of 5e with methyl iodide : A
solution of the silylene ± isocyanide complex 5e in THF (ca. 1 mL),
prepared from disilene 1 (46.0 mg, 0.0329 mmol) and isocyanide 3e
(20.0 mg, 0.0737 mmol) in THF (0.5 mL), was placed in a 5� NMR tube
with a sealed capillary into which [D6]acetone was introduced. Methyl
iodide (0.04 mL, 0.643 mmol) was added to the solution at �78 �C, and the
tube was evacuated and sealed, still at �78 �C. The mixture was warmed to
�20 �C, during which time 5e was consumed by reaction with methyl
iodide, and the sealed tube was inserted in the NMR probe that was cooled
to �50 �C. Signals for the intermediate, 1-mesityl-1-methyl-N-(2,4,6-tri-
tert-butylphenyl)-1-{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}silanecar-
bonitrilium iodide (22e), were observed at �10 �C by 29Si NMR spectro-
scopy. After the NMR measurements, the solvent was removed under
reduced pressure. The residue was chromatographed (GPLC) and sepa-
rated by PTLC (hexane:CH2Cl2� 20:1) to afford 19 (23.4 mg, 0.0278 mmol,
42%) together with 3e (18.8 mg, 0.0693 mmol, 94 %). The 13C NMR
spectrum of the intermediate 22c was measured by performing the reaction
of the 13C-labeled silylene ± isocyanide complex 13C-5e, prepared from
disilene 1 (47.0 mg, 0.0336 mmol) and 13C-3e (19.9 mg, 0.0730 mmol) in
THF (0.4 mL), with methyl iodide (0.05 mL, 0.803 mmol) by the same
procedure.


X-ray data collection of compounds 3d and 6b : Single crystals of 3d and 6b
were grown by slow evaporation of a saturated solution in hexane and
dichloromethane ± methanol, respectively, at room temperature. The
intensity data were collected on Rigaku/MSC Mercury CCD diffractom-
eter (for 3d) or Rigaku AFC7R diffractometer (for 6b) with graphite-
monochromated MoK� radiation (�� 0.71070 ä for 3d and �� 0.71069 ä
for 6b). The structures were solved by direct methods (SIR-97)[56] and
refined by full-matrix least-squares procedures on F 2 for all reflections
(SHELX-97).[57] All the non-hydrogen atoms were refined anisotropically.
All hydrogens were placed using AFIX instructions. Crystal data for 3d
(C28H59NSi6): Mr� 578.30; T� 103(2) K; monoclinic; Cc (no.14); a�


16.030(9), b� 18.907(10), c� 12.445(6) ä; �� 99.045(8)� ; V� 3725(3) ä3;
Z� 4; �calcd� 1.031 gcm�3 ; 	� 0.240 mm�1; 2
max� 54.94; 14 494 reflections
measured; 7700 independent reflections; 334 refined parameters; GOF�
1.032; R1� 0.0333 and wR2� 0.0804 [I� 2�(I)]; R1� 0.0352 and wR2�
0.0815 [for all data]; largest diff. peak and hole 0.342 and �0.187 e ä�3.
Crystal data for 6b (C46H81NSi7): Mr� 844.75; T� 298(2) K; monoclinic;
P21/n (no.14); a� 9.762(7), b� 22.700(6), c� 24.767(6) ä; �� 93.44(4)� ;
V� 5478(5) ä3; Z� 4; �calcd� 1.024 gcm�3 ; 	� 0.202 mm�1; �� 0.71069 ä;
2
max� 50.0; 8897 reflections measured; 8231 independent reflections; 487
refined parameters; GOF� 0.961; R1� 0.0936 and wR2� 0.1881 [I�
2�(I)]; R1� 0.2992 and wR2� 0.2774 [for all data]; largest diff. peak and
hole 0.238 and �0.234 eä�3.


CCDC-199143 (3d) and CCDC-199142 (6b) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallograhic data Centre, 12 Union Road, Cambridge, CB2 1EZ,
UK; fax: (�44) 1223-336-033 or e-mail : deposit@ccdc.cam.ac.uk).
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Electron Delocalization in Cross-Conjugated p-Phenylenevinylidene
Oligomers


Mark Klokkenburg,[a] Martin Lutz,[b] Anthony L. Spek,[b] John H. van der Maas,[c] and
Cornelis A. van Walree*[a]


Abstract: The synthesis, structure, and
electronic properties of a series of cross-
conjugated p-phenylenevinylidene
oligomers with one to four double bonds
are reported. The X-ray crystal structure
of the compound with two double bonds
reveals a nonplanar conformation with
torsion angles about the C(phenylene) ±
C(vinylidene) and C(phenyl) ±C(vinyl-
idene) formal single bonds of 39.5(2)�
and 30.5(2)�, respectively. Admixture of
quinoid character in the ground state is
observed. Infrared and Raman spectro-
scopy do not provide a clear picture of
the degree of electron delocalization in
the series, since the C�C stretching


mode does not adequately reflect the
C�C bond order and has a local nature.
In contrast, electronic spectra and elec-
trochemical data, as well as AM1 and
PPP/SCF calculations, reveal that the
cross-conjugated compounds basically
behave as linearly �-conjugated systems
in the sense that molecular orbitals are
delocalized over the entire structure and
systematically change in energy. The


electronic interaction between the re-
peating units is, however, not very
strong, which has the consequence that
spatial extension of the molecular orbi-
tals does not lead to a red shift of the
highest occupied molecular orbital ±
lowest unoccupied molecular orbital
(HOMO±LUMO) electronic transi-
tion. This is related to the feature that
the modest narrowing of the HOMO±
LUMO gap with the chain length is
accompanied by a relatively large re-
duction of electron repulsion. This find-
ing implies that care should be taken in
the use of electronic spectra for the
evaluation of conjugation phenomena.


Keywords: conjugation ¥ cyclic
voltammetry ¥ semiempirical
calculations ¥ UV/Vis spectroscopy
¥ vibrational spectroscopy


Introduction


An abundant amount of work has been directed towards the
design of organic compounds and materials with attractive
optical, optoelectronic, and conductive properties.[1] These
properties have in common that they rest on the occurrence of
electron delocalization. Linear �-conjugated systems, of


which polyacetylene, poly(p-phenylenevinylene)s, and poly-
thiophenes are well-known examples, have by far received the
most attention. However, alternative modes of conjuga-
tion,[2, 3] such as � conjugation found in polysilanes,[4] � ±�
conjugation in oligo(cyclohexylidene)s[5, 6] and silylene-ary-
lene polymers,[7, 8] and homoconjugation in diphenylpropanes,
diphenylsilanes,[9, 10] and 7,7-diarylnorbornanes,[11] can also
form the basis of interesting electronic features.


A form of conjugation which has only sparsely been
addressed in materials research is cross-conjugation, which
has been defined as the situation in which two unsaturated
fragments are not conjugated to each other, but are both
conjugated to a third unsaturated moiety.[12] Examples of
simple cross-conjugated compounds are 3-methylene-1,4-
pentadiene, benzophenone, and 1,1-diphenylethene. Recent-
ly, interest in this type of conjugation has flourished, as
illustrated by the development of dendralene-based[13, 14] and
enediyne-based[15±17] systems. This, however, does not alter the
fact that the understanding of cross-conjugation is still limited.
The principal question of how conjugated cross-conjugated
compounds are, that is, to what extent electrons are delocal-
ized in such systems, still needs a solid answer. In the few cases
where a systematic set of compounds was available it was


[a] Dr. C. A. van Walree, M. Klokkenburg
Debye Institute
Department of Physical Organic Chemistry
Utrecht University
Padualaan 8, 3584CH Utrecht (The Netherlands)
Fax: (�31)302-534-533
E-mail : c.a.vanwalree@chem.uu.nl


[b] Dr. M. Lutz, Prof. A. L. Spek
Bijvoet Center for Biomolecular Research
Crystal and Structural Chemistry
Utrecht University
Padualaan 8, 3584CH Utrecht (The Netherlands)


[c] Prof. J. H. van der Maas
Department of Vibrational Spectroscopy
Faculty of Chemistry
Utrecht University
Sorbonnelaan 16, 3584CA Utrecht (The Netherlands)


FULL PAPER


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200204671 Chem. Eur. J. 2003, 9, 3544 ± 35543544







3544±3554


Chem. Eur. J. 2003, 9, 3544 ± 3554 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3545


deduced that cross-conjugation does not result in pronounced
�-electron delocalization and that electronic properties are
essentially determined by the longest linear �-conjugated
fragment present.[14, 18] These findings were, however, merely
based on electronic absorption spectra and were not the result
of a broad study.


In this contribution the synthesis and the characterization
of cross-conjugated oligo(p-phenylenevinylidene)s 1 ± 4, a


series of oligomers derived
from 1,1-diphenylethene, are
described. They are topological
isomers of well-studied oli-
go(p-phenylenevinylene)s, the


important difference being that the phenylene and phenyl
moieties are connected by a single sp2-hybridized carbon atom
instead of by two sp2-hybridized carbon atoms. Insight into the
�-electron system of the oligo(p-phenylenevinylidene)s is
obtained by the analysis of its properties as a function of chain
length. Hereto IR, Raman, UV, and fluorescence spectro-
scopy are used, since the energy and intensity of characteristic
transitions usually depend strongly on the extension of the �


system. In addition, the electrochemical behavior of 1 ± 3 is
monitored by cyclic voltammetry, while a single-crystal X-ray
structure of 2 could be obtained, through which the molecular
structure is accurately established. The experimental results
are correlated with PPP/SCF- and AM1-calculated properties.
This study on oligo(p-phenylenevinylidene)s leads to new
insights in the behavior of cross-conjugated compounds,
insights which may lead to applications of cross-conjugated
systems in materials science.


Results and Discussion


Synthesis : While 1,1-diphenylethene (1) was obtained from a
commercial source, oligomers 2 ± 4 were synthesized through
a series of conversions involving the reaction between
phenyllithium compounds and acetophenone derivatives,
followed by dehydration of the formed alcohols (Scheme 1).
For the synthesis of 2, compound 5 was first prepared by
treatment of 1,4-dilithiobenzene[19] with two equivalents of


LiLi
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LiBr
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Me
Br
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Me
X Br


OH


Me


OH


Me


+  2 2


+


X = Br, MeOC
n


b


b


n


n = 1: 6a; n = 2: 6b


n = 3: 7a; n = 4: 7b n = 3: 3; n = 4: 4


c


5
2


a


n


Scheme 1. Synthesis of oligo(p-phenylenevinylidene)s 1 ± 4. Reagents and
conditions: a) CeCl3; b) p-toluenesulfonic acid, toluene; c) BuLi (3 equiv
for 6a, 4 equiv for 6b), acetophenone (2 equiv).


acetophenone in the presence of CeCl3.[20, 21] Subsequent acid-
catalyzed dehydration afforded 2. Homologues 3 and 4 were
synthesized in a procedure starting with the reaction between
4-bromophenyllithium and either 4-bromoacetophenone or
1,4-diacetylbenzene to give the respective products 6a or 6b
in good yields (98%). Lithiation of 6a and 6b with three and
four equivalents of n-butyllithium, respectively, followed by
treatment with acetophenone resulted in 7a and 7b. Dehy-
dration of 7a and 7b gave the oligomers 3 and 4, respectively.


NMR analysis and GC-MS (after dehydration) showed that
during the synthesis of alcohols 5, 7a, and 7b a large number
of compounds had been formed, including a substantial
amount (30 ± 40%) of aldol condensation products. Appa-
rently, for dilithiocompounds nucleophilic addition is not
particularly effective and these compounds also act as a base.
In the synthesis of 5 cerium(���) chloride was used to favor
nucleophilic addition and to suppress side reactions.[20, 21]


Despite the strong oxophilicity of this reagent, this procedure
did not result in a high yield.


Molecular structures : In the oligo(p-phenylenevinylidene)s
rotation about the C(phenyl/phenylene) ±C(vinylidene) for-
mal single bonds is not free because of steric interactions
between the ortho hydrogen atoms of neighboring aromatic
groups. Therefore, for a given compound a number of
geometries are possible which differ in the orientation of
the vinylidene groups with respect to a phenylene moiety;
these groups can be situated on either the same side or on
different sides of the ring. Compound 2 can adopt either Ci or
Cs symmetry, while 3 can occur in two different C2 forms or in
a C1 form. Six structures are possible for 4 : two different
isomers of Ci symmetry, two different isomers of Cs symmetry,
and two different isomers of C1 symmetry. Previous research
has established that 1,1-diphenylethene (1) belongs to the C2


point group.[22, 23]


In order to find out which structure prevails, 2 was
subjected to single-crystal X-ray diffraction. This compound
crystallizes in the orthorhombic Pbca space group with four
molecules per unit cell. (See also the Experimental Section.)
As depicted in Figure 1, the molecule has an exact, crystallo-
graphic Ci symmetry and thus adopts an undulating, stretched
structure. (In the Cs geometry, with the two vinylidene groups
occupying the same face of the phenylene ring, the structure is
much more compact.) Although in the X-ray crystal structure
the ortho hydrogen atoms H3 and H7 avoid each other, there
are still close contacts between the hydrogen atoms on C5 and
C11; the interatomic distance H5�H11 of 2.24 ä is signifi-
cantly shorter than the sum of van derWaals radii of 2.40 ä. It
is conspicuous that the torsion angles about the C(phenyl-
ene) ±C(vinylidene) and the C(phenyl) ±C(vinylidene) single
bonds are different; the C1-C2-C4-C5 torsion angle is
39.5(2)�, while the C5-C4-C6-C11 angle amounts to 30.5(2)�.
The nonplanar structure will reduce conjugation, but this
disadvantage is not very severe since the overlap in a � system
typically varies with the cosine of the torsion angle.


The olefinic C�C bond length, 1.329(2) ä (Table 1), is
relatively short when compared to the average C�C bond
length of 1.339(11) ä in ™conjugated∫ (defined as having a
torsion angle of 0 ± 20� or 160 ± 180�) phenyl-substituted


n


n=1: 1
n=2: 2
n=3: 3
n=4: 4
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alkenes.[24] Furthermore, the two formally single bonds C2�C4
and C4�C6, having respective lengths of 1.494(2) and
1.489(2) ä, belong to the long fraction of C(sp2)�C(aryl)
bonds, for which the average length is 1.470(15) ä.[24] From
the bond lengths, the double bond in 2 thus seems to be rather
isolated in comparison to planar � systems. It is however clear
that delocalization is much more pronounced than in real
isolated � systems. Although the bonds in the phenylene ring
have normal lengths, the C1�C3i distance is shorter than the
C1�C2 and C2�C3 distances. This bond length alternation
points to the admixture of some quinoid character in the
ground state and must be based on a small degree of electron
delocalization. Quinoid character is not observed for the
outer phenyl rings, in which the C9�C10 and C8�C9 bonds are
relatively short and the C6�C7 and C6�C11 bonds long. This
suggests that electron delocalization is most pronounced in
the central divinylbenzene-like unit.


To establish whether the crystal picked for the X-ray study
was representative for the bulk of 2 as isolated, a powder
X-ray pattern that was simulated from the single-crystal data
was compared to a measured powder diffractogram (data not
shown). The presence of a few weak lines in the experimental
diffractogram which were not anticipated on basis of the
simulation means that it is not possible to claim that the
isolated material was 100% structurally homogeneous. There
may be some Cs isomer present. We nevertheless believe that
the highly prevailing geometry of 2 is the undulating stretched
structure displayed in Figure 1.


AM1 calculations on compounds 1 ± 3 were performed to
investigate how molecular properties depend on the molec-
ular geometry and on the chain length. Obtained heats of
formations were 66.41 (1, C2), 110.80 (2, Ci), 110.85 (2, Cs),
155.16 (3, C2), 155.21 (3, C1), and 155.22 (3, C2�) kcalmol�1.
These data show that all isomers of a given compound have an


essentially identical heat of for-
mation and that there is no ther-
modynamical driving force favor-
ing the formation of only a single
isomer. The presence of an excess
of the Ci form of 2 may then be
related to preferential crystalliza-
tion or a to kinetic effect during
the synthesis. The AM1 calcula-
tions also showed the orbital en-
ergies of isomers to be identical,
which indicates that the degree of
conjugation (see below) is inde-
pendent of the actual molecular
structure.


Structural features of the AM1 optimized structures were
qualitatively in agreement with the X-ray crystal structure of
2. All structures were twisted about the C(phenyl/phenyl-
ene) ±C(vinylidene) single bonds by about 40�. Note that
during the optimization the C(phenylene) ±C(vinylidene) and
C(phenyl) ±C(vinylidene) torsion angles were constrained to
be equal, so that the difference between them in the X-ray
crystal structure of 2 could not be reproduced. In the AM1
structure of 1, which was optimized without any restrictions,
the torsion angle around the formal single bonds was however
also close to 40�, which suggests that AM1 calculations give a
value of 40� anyway. In line with the X-ray crystal structure, a
small amount of quinoid character of the phenylene units is
revealed; in all isomers of 2 and 3 the AM1-calculated
™central∫ aromatic bonds lengths are 1.391 ± 1.393 ä, while
the other bonds are 1.402 ± 1.403 ä long. In addition, in the
phenyl groups the C�C bonds adjacent to the double bond are
longer than the other bonds in that ring, which in their turn
are not very different from each other.


Vibrational spectroscopy: The structural and conjugative
properties of 1 ± 4 were further investigated with IR and
Raman spectroscopy. IR spectra of oligomers 2 and 3 are
depicted in Figure 2, while Raman spectra of 1 and 4 are
shown in Figure 3. The frequency of the most prominent
signals along with their assignments[25±27] are compiled in
Table 2. The following vibrations are of particular impor-
tance: the vinylidene C�C stretch mode near 1604 cm�1, the
�12 breathing mode of the phenyl end groups at 998 cm�1, the
�CH2 wag motion near 906 cm�1, the p-phenylene C�H out-
of-plane motion at 855 cm�1, and the (monosubstituted)
phenyl C�H out of plane mode near 775 cm�1.


Although peak positions are very similar, the IR spectra of
2 and 3 are remarkably different (Figure 2). The spectrum of 2
contains sharp signals that give rise to speculation that 2 exists
as a well-defined compound, that is, the Ci structure from
Figure 1 must be very dominant. In contrast, the bands in the
IR spectrum of 3 are broad (particularly in the interval 1300 ±
950 cm�1). To find out whether this was due to a structural
inhomogeneity or to solid-state phenomena, IR spectra of
solutions of 2 and 3 in chloroform were also recorded (not
shown). In these spectra the bands of 2 and 3 were equally
broad, a few bands occurred at different positions, and a few
additional bands were present in the spectrum of 3. Although


Figure 1. Displacement ellipsoid plot (50% probability) of the X-ray crystal structure of 2. Symmetry
operations i: 1� x, 2� y, �z.


Table 1. C�C bond lengths in 2.


Bond Length [ä] Bond Length [ä]


C1�C2 1.396(2) C1�C3i 1.385(2)
C2�C3 1.395(2) C2�C4 1.494(2)
C4�C5 1.329(2) C4�C6 1.489(2)
C6�C7 1.395(2) C6�C11 1.400(2)
C7�C8 1.390(2) C8�C9 1.383(2)
C9�C10 1.381(2) C10�C11 1.386(2)
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Figure 2. Infrared spectra of A) 2 and B) 3 in the frequency range 2000 ±
750 cm�1.


Figure 3. FT-Raman spectra of A) 1 and B) 4.


these observations might possibly be explained by a different
point group of 3, which possessesC2 symmetry in the stretched
structure, it is more probable that the broad signals of 3 in the
solid state are caused by both solid-state phenomena and a
structural heterogeneity. It can thus not be ruled out that, in
addition to the stretched structure, other geometries are also
present. Apart from intensity differences originating from a
change of the number of phenyl end groups relative to the
number of phenylene moieties, such as differences observed
in the signals near 855 and 775 cm�1, the IR spectrum of 4 (not
shown) is very similar to that of 2. This renders it likely that 4
also occurs mainly in the stretched Ci structure.


In both the IR and Raman spectra of 1, the C�C stretch
mode is found near 1607 cm�1. This is a conspicuously low
frequency as revealed by a comparison with data from
compounds such as styrene (�C�C� 1631 cm�1),[27] �-meth-
ylstyrene (1630 cm�1),[27] cis-stilbene (1629 cm�1),[23, 28] trans-
stilbene (1638 cm�1), and related compounds.[29] The low
frequency shows that the force constant of the C�C stretch
motion is small, which can be tentatively interpreted to be a
consequence of a considerably delocalized electron distribu-
tion in 1.[22] However, AM1 calculations provide a different
picture. In line with the experimental data, the (unscaled) 1,1-
diphenylethene C�C stretch mode was calculated to be
situated at a lower frequency than that of, for example,
trans-stilbene (in which, in the optimized structure, the phenyl
rings were rotated out of the C�C�H plane by 21.5�): 1853
versus 1877 cm�1. Also, the AM1-calculated C�C stretch force
constant in 1, 7.28 mdynä�1, is smaller than that in trans-
stilbene, 7.59 mdynä�1. Interestingly, these force constants
are not consistent with the bond orders. In 1 these are 1.884
and 0.996 for the C�C bond and the adjacent formal single
bonds, respectively. In trans-stilbene the corresponding bond
orders were 1.845 and 1.030. The bond orders thus indicate
that the C�C bond is stronger in 1 than in trans-stilbene,
whereas the force constants indicate the opposite. This
apparent discrepancy can be understood by considering the
(�) bond order, prs, between two atoms r and s, which is
defined as in Equation (1).


prs �
�


i


nicricsi (1)


Table 2. Compilation of most important infrared and Raman signals of
oligomers 1 ± 4. All data are in cm�1.


1 2 3 4
IR Raman IR Raman IR Raman IR Raman Assignment[a]


3054 3058 3052 3057 3030 3056 3031 3056 �C�H[b]


1609 1607 1604 1603 1603 1603 1603 1603 �C�C[c]


1573 1571 1572 1572 �8b
1490 1490 1490 1491 �19a
1443 1441 1443 1443 �19b
1327 1327 1323 1323 �14
1026 1025 1026 1026 �18a


998 998 997 998 �12 monosubstituted
896 906 908 908 ��CH2


855 855 854 � C�H para-substituted
770 774 777 778 � C�H monosubstituted


[a] � : stretch mode; �: wag mode; � : out-of-plane bending mode. The numbers
of stretch modes refer to benzene modes.[26] [b] The most intensive of a number
of peaks. [c] Overlap with the �8a mode possible.
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Here cri and csi represent the eigenvectors of r and s in the ith


molecular orbital, which is occupied by ni electrons. Accord-
ing to Equation (1) the bond order reflects the number of
electrons present at r and s; it does not however necessarily
reflect the degree of bonding. This bonding appears to be less
effective in 1 than in trans-stilbene, since the two C�C
eigenvectors in the highest occupied molecular orbital
(HOMO) in 1 (see Figure 6 below) are markedly different,
whereas those in the HOMO of trans-stilbene are equal,
giving rise to efficient overlap. The unequal � coefficients at
the two C�C atoms in the HOMO of 1 are caused by the
asymmetric substitution pattern. The eigenvector at the
olefinic carbon atom bonded to the phenyl groups is much
smaller because of the interaction with these groups. Hence,
although the low C�C stretch frequency of 1 suggests that in
the basic building block of the oligo(p-phenylenevinylidene)s
strong electron delocalization between the double bond and
the phenyl groups occurs, in reality the low frequency is the
result of the asymmetric nature of the double bond. As far as
we are aware, this is the first time that this low C�C stretch
frequency of 1 has been rationalized in this way.


Table 2 shows that in both IR and Raman spectra, extension
of the structure on going from 1 to 2 leads to a small shift of
4 ± 5 cm�1 of the C�C stretch mode towards lower wave-
numbers. Although one may be initially inclined to think that
this reflects a small increase in electron delocalization, it is
due rather to the fact that the vibrational spectra of 1 were
obtained in the liquid phase and those of 2 in the solid phase.
In the solid state (at 80 K) the C�C stretch mode of 1 is
situated at 1604 cm�1 in the Raman spectrum and at 1606 cm�1


in the IR spectrum.[25] The �CH2 wag frequency of 1 differs
from that of 2 for the same reason; in the solid state it occurs
at 905 cm�1.[25] It then appears by inspection of Table 2 that
throughout the whole series of compounds all major vibra-
tions are found at essentially the same frequency. This implies
that either the degree of conjugation does not change in going
from 1 to 4 or that the frequencies of the vibrations are not
susceptible to the degree of conjugation. The latter explan-
ation would have the consequence that all vibrations taken
into account, including the C�C stretch mode, have a local
character. In this context it is noteworthy that only extremely
small frequency shifts (particularly of the C�C stretch
vibration) have been found in Raman data of oligomeric
model compounds of poly(p-phenylenevinylene).[30, 31]


Since they reflect polarizability phenomena, Raman inten-
sities are in principle better suited to probe conjugation
phenomena than IR and Raman frequencies.[32] This concerns
C�C stretching modes in particular. In Figure 4 the intensities
of the C�C stretch signals, together with those of the C�H
stretching mode, are plotted against the chain length. The
intensities were normalized to the �12 mode of the phenyl end
groups, which represents the most appropriate reference
signal. Starting at n� 2 it is seen that the intensities of the
C�C and C�H vibrations increase linearly with the number of
vinylidene and phenylene groups. The steeper slope of the
C�C signal obviously originates from the larger polarizability
of this group. However, when the region between the origin
and n� 2 is considered, the relationship between the C�C
intensity and n is superlinear.[33] This is exemplified by the


Figure 4. Relative intensities of the Raman C�C stretch mode at
1604 cm�1 (solid circles) and C�H stretch mode near 3060 cm�1 (open
squares) of 1 ± 4 as a function of chain length. Intensities were normalized
to the �12 mode of the phenyl groups at 997 ± 998 cm�1 and were determined
by measuring the peak height. The drawn line is a guide to the eye.


feature that at n� 1 the C�C intensity is lower than the C�H
intensity. These observations suggest that the polarizability of
the C�C bond changes appreciably in going from 1 to 2,
whereas upon moving to the longer compounds only additive
effects are operative. Conjugation effects are thus only
present when going from n� 1 to n� 2, the length at which
the conjugation plateau seems to be reached already. This is
however not in agreement with results presented below. Since
the IR and Raman frequencies were also chain-length
independent, it must be assumed that vibrations are local in
nature. Since a similar conclusion was also drawn for p-
phenylenevinylene oligomers,[34] this is likely to be true in
general for conjugated materials incorporating phenylene
units.


Cyclic voltammetry and orbital energies : To obtain informa-
tion about the effect of the oligomer length on the redox
properties and orbital energies, compounds 1 ± 3 were studied
by cyclic voltammetry. No cyclic voltammogram could be
obtained for 4 owing to its poor solubility. As shown in
Figure 5 for 1, the oligomers display two highly irreversible
oxidation waves, which correspond to the formation of the
radical cation and the subsequent conversion into the


Figure 5. Cyclic voltammogram of 1,1-diphenylethene (1). The potential is
given relative to the standard calomel electrode (SCE).
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dication. Reduction processes were not observed in the
available potential window.


As can be seen from Table 3, the first oxidation potential
becomes lower with the oligomer length. This implies that the
HOMO energy is raised and the radical cation becomes more
stable as a function of chain length. It thus appears that the


oligo(p-phenylenevinylidene)s are conjugated in the sense
that electron delocalization occurs upon chain elongation,
thereby raising the HOMO level. The decrease in the first
oxidation potentials is 0.16 and 0.05 V when going from 1 to 2
and from 2 to 3, respectively. These steps are not as large as
observed for linear �-conjugated compounds. For instance, for
a series of phenyl end-capped oligothiophenes the first steps
in oxidation potential with n are 0.28 and 0.18 V,[36] while for
the reduction of oligo(p-phenylenevinylene)s the steps are
0.26 and 0.14 V.[37] The smaller step size indicates that the
electronic interaction between building blocks in 1 ± 3 is not as
pronounced as in linear �-conjugated compounds. The second
oxidation potential decreases with the chain length as well. In
common with linear �-conjugated systems,[36±38] the decrease
is faster than that of the first oxidation potential. Unfortu-
nately, the limited number of data points did not allow a
reliable determination of the coalescence point of the two
oxidation processes.


The cyclic voltammetry results are supported by PPP/SCF
and AM1 calculations. HOMO and lowest unoccupied
molecular orbital (LUMO) plots of 1 ± 3 obtained from the
PPP calculations, along with the energies, are shown in
Figure 6. It is important to mention that in all compounds the
double bonds and aromatic rings together form a single
delocalized system. However, the frontier orbitals are quite
strongly localized on the double bonds. In particular the�CH2


carbon atoms contribute appreciably. A similar pattern is
exhibited by the frontier orbitals of dendralenes.[39] Also, the
phases of the eigenvectors at the double bonds behave in
exactly the same way as in dendralenes: in the HOMO the
C�C units are � bonding but have an alternating phase with
neighboring C�C units, and in the LUMO the ™C�C∫ units
are � antibonding while having the same phase as their
neighbors. This makes it possible to regard oligo(p-phenyl-
enevinylidene)s as dendralenes in which the double bonds are
connected by phenylene spacers.


The PPP/SCF calculations nicely show that the HOMO is
destabilized by chain extension, while the LUMO is stabilized
by the same amount. However, as the chain becomes longer
the effect is gradually dampened. When moving from 3 to 4
the difference is only 0.03 eV, which indicates that conjugation


Figure 6. PPP/SCF-calculated HOMOs and LUMOs of compounds 1 ± 4,
along with their energies. Circle radii are proportional to the size of
coefficients.


is close to reaching its limit in the system with four double
bonds. Not surprisingly, these observations are qualitatively
reflected by the nature of the orbitals. The HOMOs and
LUMOs have identical eigenvectors (there is only an addi-
tional nodal plane in the LUMO), and this accounts for the
equal effect of chain extension on the HOMO and LUMO. In
addition, the HOMOs and LUMOs tend to be localized in the
center of the compounds. For 3 and 4 the contribution of
p-type atomic orbitals in the terminal phenyl groups to the
frontier orbitals is already small. This rationalizes the fact that
attachment of another unit only has a limited effect.


The AM1 calculations yielded the same picture with regard
to the orbital energies and constitutions as the PPP/SCF
calculations. As an illustration, AM1 gave HOMO energies of
�8.89, �8.69, and �8.62 eV and LUMO energies of �0.015,
�0.21, and �0.28 eV for 1, 2 (Ci), and 3 (C2), respectively.


Electronic spectra : UV spectra of 1 ± 4 are depicted in
Figure 7, while maxima and absorption coefficients are
compiled in Table 4. To provide insight into the spectra,
PPP/SCF-calculated absorption maxima, oscillator strengths,
and configuration interaction data are listed in Table 5. The
results of these PPP calculations are in excellent agreement
with the experimental data.


The spectra are complicated by the superposition of many
transitions. For example, in line with previously reported
calculations,[40] the PPP data point out that in the spectrum of
1 two forbidden transitions are situated at lower energy than
the HOMO±LUMO transition. These transitions appear as
the absorption onset in the region 270 ± 295 nm. For the longer
homologues these transitions are almost completely obscured
by the HOMO±LUMO transition. Furthermore, the inter-


Table 3. First and second oxidation potential (in V versus SCE) of
oligomers 1 ± 3 as determined by cyclic voltammetry.[a]


Compound Eox
1 Eox


2


1 1.88[b] 2.17
2 1.72 1.90
3 1.67 1.8[c]


[a] Owing to the irreversibility of the oxidation processes, peak maxima
are given as the potentials. [b] Value in agreement with literature data.[35]


[c] Value could not be determined accurately because of low solubility.
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Figure 7. UV spectra of 1 ± 4 in cyclohexane. Spectra were normalized at
the low-energy maxima and were offset vertically in going from 1 to 4. See
Table 4 for absorption coefficients.


pretation of the spectra is complicated by a change in the
sequence of orbitals and the different structures of the
compounds. This is illustrated by the transition predominantly
built up from the HOMO�LUMO� 1 (1 ± 2�) and HOMO
� 1�LUMO (2 ± 1�) excitations, which is forbidden for the Ci


compounds 2 and 4, but carries considerable oscillator
strength in the C2 species 1 and 3. Nevertheless, in the present


study the HOMO±LUMO transitions are of principal
interest. They are found at 256 (1), 271 (2), 272 (3), and
271.5 (4) nm. This shows that there is a moderate red shift in
going from 1 to 2, whereas surprisingly no further change
occurs when the number of repeating units increases. At first
sight, this suggests that conjugation in the oligo(phenylene-
vinylidene) series 1 ± 4 is limited to only two units. However,
from the cyclic voltammetry data and the PPP-generated
orbitals, it appeared that in the series 1 ± 4 the HOMO and
LUMO energies change until n� 4. It will be shown below
that in this case the HOMO±LUMO transition energy is not
a measure of the degree of conjugation. Stronger delocaliza-
tion than anticipated from the UVmaxima is also indicated by
the intensity of the HOMO±LUMO transition, which is
indicative of the occurrence of conjugation and which
increases progressively with the chain length (Table 4).[41]


Fluorescence spectra of the oligomers initially show a red
shift with increasing length (Figure 8, Table 4) but saturation


Figure 8. Fluorescence spectra of 1 (not corrected for the detector
response) and 2 ± 4 (corrected) in cyclohexane at room temperature.


is reached for compounds 3 and 4. In other words, the first
excited state of the long compounds is better stabilized.


Furthermore, within the series
there is a difference in the
appearance of the fluorescence
spectrum. Whereas the fluores-
cence spectrum of 1 is struc-
tureless, the spectra of the high-
er homologues exhibit a distinct
vibrational splitting, which be-
comes more prominent with
extension of the structure.
From the approximate spacing
of 1600 cm�1 it appears that the
electronic transition is coupled
to the C�C stretch vibration
(compare with Table 2). This is
in line with the large contribu-
tion of the C�C p� orbitals to
the HOMO and LUMO (Fig-
ure 6). It is noteworthy that
under the structureless enve-
lope of the emission of 1 a


Table 4. Electronic absorption and fluorescence data for oligomers 1 ± 4.


�max
[a] �[b] �fl


[c] �fl
[d]


1 292.5, 283.0, 256.0, 233.5 10.4 311[e] 0.0012
2 284.0, 271.0, 251.5, 240.0 18.5 336 0.0015
3 296.5, 272.0, 248.0 28.8 361 0.0016
4 271.5, 255[f] ±[g] 361 ±[g]


[a] Absorption maxima in nm, determined from the second derivative
spectrum. Only transitions at wavelengths higher than 230 nm are reported.
[b] Absorption coefficient, in units of 103 ��1 cm�1, at 250 (1) and 270
(2, 3) nm. [c] Fluorescence maximum in nm. [d] Fluorescence quantum
yield. [e] Corrected value, see Experimental Section. [f] Value subject to
error because of limited signal-to-noise ratio. [g] Not determined due to
limited solubility.


Table 5. PPP/SCF-calculated electronic transitions of oligomers 1 ± 4.[a, b]


� [nm] f CI[c]


1 262 0.00 0.54(1 ± 3�)� 0.54(3 ± 1�)� 0.43(2 ± 4�)� 0.43(4 ± 2�)
262 0.00 0.54(1 ± 4�)� 0.54(4 ± 1�)� 0.43(2 ± 3�)� 0.43(3 ± 2�)
242 0.33 0.98(1 ± 1�)
226 0.51 0.69(1 ± 2�)� 0.69(2 ± 1�)


2 264 0.00 � 0.62(1 ± 6�)� 0.62(6 ± 1�)� 0.28(3 ± 6�)� 0.28(6 ± 3�)
256 0.61 0.94(1 ± 1�)
238 0.00 � 0.68(1 ± 2�)� 0.68(2 ± 1�)
231 0.85 0.63(2 ± 2�)� 0.51(1 ± 3�)� 0.51(3 ± 1�)


3 255 0.91 0.92(1 ± 1�)� 0.26(2 ± 2�)
253 0.47 0.66(1 ± 2�)� 0.66(2 ± 1�)� 0.24(1 ± 4�)� 0.24(4 ± 1�)
235 0.27 0.61(2 ± 2�)� 0.49(1 ± 3�)� 0.49(3 ± 1�)
232 1.15 0.55(2 ± 3�)� 0.55(3 ± 2�)� 0.40(1 ± 4�)� 0.40(4� ± 1)


4 255 1.15 0.87(1 ± 1�)� 0.26(1 ± 3�)
254 0.00 � 0.65(1 ± 2�)� 0.65(2 ± 1�)
252 1.17 � 0.61(2 ± 2�)� 0.47(1 ± 3�)� 0.47(1 ± 3�)� 0.27(1 ± 5�)� 0.27(5 ± 1�)
232 1.59 � 0.50(3 ± 3�)� 0.46(2 ± 4�)� 0.46(4 ± 2�)� 0.31(1 ± 5�)� 0.31(5 ± 1�)


[a] Calculations were run on geometries with torsion angles of 40� about the C�C single bonds. [b] Not all
transitions of zero oscillator strength situated at lower wavelengths than the 1 ± 1� transition have been listed.
[c] Configuration interaction coefficients larger than 0.20 are given.
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vibrational substructure with spacing of 1600 cm�1 is hid-
den,[40] which shows that the fluorescence of this compound is
associated with the LUMO±HOMO transition as well. In
going to longer compounds in particular, the 0 ± 0 emission
gains intensity. This has been observed previously for linear �-
conjugated oligomers,[36, 42] and it indicates that the (relaxed)
S1 geometry becomes more similar to the ground state. Thus,
although the excited states of 3 and 4 were found to be
situated at equal energies, they must be somewhat shifted
along the C�C stretching coordinate with respect to each
other.


Fluorescence quantum yields are low, of the order of 0.0015,
and of comparable magnitude for all compounds. The latter
observation supports the fact that for all compounds the same
type of excited state is involved in the fluorescence process,
despite the fact that in the absorption spectra several
transitions were found to be situated closely together. The
low values of the quantum yields strengthen the idea that the
first excited state is localized at the olefinic bond(s), as excited
states of alkenes are known to deactivate rapidly.


Correlation of HOMO±LUMO transitions and orbital en-
ergies : As described above, the HOMO±LUMO transition
energies in the UV spectra seem to provide a different
conjugation picture to that suggested by the HOMO and
LUMO energies disclosed by cyclic voltammetry and PPP/
SCF calculations. The orbital energies continue to change
until n� 4, whereas in the UV spectrum saturation is already
observed at n� 2. It should however be realized that in
addition to being based on the HOMO±LUMO gap �EH±L,
the energy of the singlet excited state formed upon HOMO±
LUMO excitation, Es, receives contributions from the Cou-
lomb integral JH±L and the exchange integral KH±L, according
to Equation (2).[43]


Es � �EH±L� JH±L� 2KH±L (2)


The last two terms account for the decrease in repulsion
energy when an electron is promoted from the HOMO to the
LUMO. Data for 1 ± 4, extracted from the PPP/SCF calcu-
lations (see Experimental Section), are collected in Table 6. It
is seen that the energy of the singlet state Es decreases from 1
to 2, but subsequently increases. As expected from the data in
Figure 6, the HOMO±LUMO gap decreases continuously
with n. The same trend is followed by the Coulomb and
exchange integrals; this is in line with the expectation that in
more extended systems the electronic repulsion is smaller. It
now appears that within the series 1 ± 4 the lowering of the
excited state by narrowing of the band gap is opposed (and for


the longer compounds, in fact, overcompensated for) by a
decrease of the stabilizing effect of the Coulomb integral. The
decrease of the exchange integral in its turn has a stabilizing
contribution on the excited state, but this not sufficient to
cancel the destabilizing effect of the Coulomb term. Hence,
although the HOMO±LUMO gap decreases with the
oligomer length, the HOMO±LUMO transition energy is
not lowered since these molecular orbitals become more
extended and electron repulsion is reduced. Recently, the
Coulomb and exchange terms have been addressed to explain
the chain-length dependence of the electronic spectra of
electron donor± acceptor substituted p-phenylenevinylene
oligomers.[44]


The situation outlined in the last paragraph has some
important consequences. Firstly, despite being very frequently
applied as a measure of the HOMO±LUMO gap and the
extent of conjugation of a system, electronic spectra are not
unambiguous in this use. This should also hold for linear �-
conjugated systems, in which the Coulomb integral must also
decrease with the chain length. However, here the reduction
of the HOMO±LUMO gap with n is usually much stronger,
so that the role of the Coulomb term is less prominent.
Nevertheless, in a given system it is more appropriate to
consider the HOMO and LUMO energies to assess the extent
of conjugation. Secondly, the quite unique situation exists in
cross-conjugated materials that extension of the conjugated
system is not accompanied by a bathochromic shift of the
optical transition. Although it may be premature to state that
is true for all cross-conjugated systems, we note that chain
extension in dendralene-type compounds also leads to
changes in redox potentials but not to significant UV/Vis
shifts.[14, 18]


Conclusion


It has not been easy to obtain a coherent view on the degree of
electron delocalization in oligo(p-phenylenevinylidene)s 1 ± 4,
since techniques which are frequently applied for the evalua-
tion of conjugation effects do not provide unequivocal
information. For instance, whereas the low frequency of the
C�C stretch mode in 1 suggests that electrons in the double
bonds are strongly delocalized, this frequency is actually due
to the asymmetric substitution pattern. When studied as a
function of the oligomer length neither vibrational peak
positions nor intensities give a reliable picture, since modes
have a local character. Moreover, UV spectra can be
interpreted by the conjugation effectively reaching its limit
at n� 2, but in reality they indicate that the decrease of the
HOMO±LUMO gap is accompanied by a relatively strong
reduction in electron repulsion.


Despite the fact that the spectroscopic data should be
treated with some caution, they clearly reveal that the largest
changes in the series occur when going from 1 to 2. In this step,
a pronounced red shift of the UV and fluorescence maxima
takes place, and a superlinear increase of the C�C Raman
intensity is found. These results point at a substantial
extension of the delocalized system. In this connection it
should be realized that 2 can be considered as consisting of a


Table 6. Singlet energies Es, energy gaps �EH±L, Coulomb integrals JH±L,
and exchange integrals KH±L of the HOMO±LUMO transition of
oligomers 1 ± 4 extracted from PPP/SCF calculations. Configuration
interaction effects are not included. All data are in eV.


ES �EH±L JH±L KH±L


1 5.22 7.89 4.49 0.91
2 5.01 7.47 3.75 0.65
3 5.08 7.31 3.27 0.52
4 5.18 7.25 2.93 0.43
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central phenylene group with two linearly �-conjugated
double bonds attached; it is somewhat reminiscent of
divinylbenzene. This is also suggested by the X-ray crystal
structure of 2, in which quinoid character is only present in the
phenylene ring and not in the outer phenyl groups. Con-
sequently, in common with other systems,[14, 18, 45] electron
delocalization by linear � conjugation is favored over
delocalization by cross-conjugation.


Nevertheless, in the complete series 1 ± 4 conjugation
extends beyond the divinylbenzene moiety. This is substanti-
ated by a number of features. The frontier molecular orbitals
are delocalized over the entire structure, although they have
the largest contributions from the central part of the
compounds. Simultaneously the HOMO and LUMO energies
vary systematically with the chain length; this is supported by
the oxidation potentials. Furthermore, the AM1 data suggest
a small degree of quinoid character to be present in all
phenylene moieties of the longer compounds. Thus, in
general, the electronic system of oligo(p-phenylenevinyli-
dene)s resembles that of linear �-conjugated oligomers.
However, in a quantitative sense conjugation is moderate
and the electronic interaction between repeating units is not
very strong. In the longest homologue 4, which contains only
four double bonds, the electron delocalization is already close
to its limits. The change of the HOMO and LUMO levels with
n is quite small, so that the reduction of electron repulsion is
relatively strong and optical transitions are virtually chain-
length independent. In this connection it is worth mentioning
that a theoretical model showed that among all acyclic �


systems the 1,1-disubstituted ethene topology leads to a
maximal HOMO±LUMO gap.[39] The feature that the
extension of the conjugated system is not accompanied by a
bathochromic shift of electronic transitions renders cross-
conjugated materials interesting candidates for optoelectronic
applications that rely on transparency in the visible region,
such as nonlinear optical materials.


A final point to be addressed is how far properties of the
oligo(p-phenylenevinylidene)s are representative for other
types of cross-conjugated compounds. On one hand, based on
other reports dealing with electronic properties of cross-
conjugated compounds, which generally also fail to exhibit
strong shifts of HOMO±LUMO transitions,[12, 14, 18] we are
inclined to think that most cross-conjugated systems behave
similarly to oligo(p-phenylenevinylidene)s. On the other
hand, it should be realized that there are two factors which
have an unfavorable effect on the conjugation in oligo(p-
phenylenevinylidene)s. These are the nonplanar structure[46]


and the high resonance energy of the incorporated aromatic
moieties.[38] Although, for instance, dendralenes are also not
planar,[47] somewhat stronger interactions may be expected for
other classes of cross-conjugated systems.


Experimental Section


General : NMR spectra were recorded on Bruker AC 300 or Varian Unity
Inova spectrometers (both operating at 300 MHz for 1H and 75 MHz for
13C NMR spectroscopy). Chemical shifts are given in ppm relative to
internal tetramethylsilane. Melting points were determined on a Mettler


FP5/FP51 photoelectric apparatus. HPLC was performed by using a
Hypersil ODS (c18) 5u column in combination with a Thermo Separation
Products Series 200 pump and UV detector (monitoring at 264 nm). For gas
chromatography a Varian 3400 gas chromatograph equipped with a DB5
capillary column was used. GC-MS spectra were collected on an
ATI UNICAM Automass System 2 quadropole mass spectrometer (elec-
tron ionization (EI), 70 eV), while probe-analysis mass spectra were
obtained on a Jeol JMS-AX505W mass spectrometer (EI). Elemental
analysis was carried out at Kolbe Microanalytisches Laboratorium in
M¸lheim an der Ruhr, Germany.
UV/Vis spectra were recorded on a Varian Cary 1 UV-Vis or a Varian
Cary 5 UV/Vis-NIR spectrophotometer. Fluorescence spectra were ob-
tained by using a Spex fluorolog instrument, with excitation wavelengths of
250, 265, 265, and 267 nm for compounds 1, 2, 3, and 4, respectively.
Emission spectra were corrected for the spectral response of the detector
by the use of a correction factor file provided by the manufacturer. Since
this file does not cover wavelengths below 300 nm, the fluorescence
emission spectrum of 1 was not corrected. Correction of part of the
spectrum gave a maximum of 311 nm. Fluorescence quantum yields[48] were
determined with naphthalene in cyclohexane (�fl� 0.23) as the reference.
Solutions were purged with argon for at least ten minutes. When necessary,
fluorescence samples were purified by HPLC. Both UV-Vis and fluores-
cence spectra were recorded in spectrophotometric-grade cyclohexane
(Acros). Cyclic voltammetry measurements were performed by using an
EG&G Princeton Applied Research Model 263A potentiostat/galvanostat
at a scan rate of 50 mVs�1. Solutions of 1 ± 3 (�0.5 gL�1) in acetonitrile
(freshly distilled from CaH2) were used, with 0.1� anhydrous tetrabuty-
lammonium hexafluorophosphate (Fluka, electrochemical grade) as the
electrolyte. Prior to measurement, the solution was purged with nitrogen
for at least ten minutes. Oxidation potentials were measured relative to a
Ag/AgNO3 (0.1�) electrode, with Pt working and counter electrodes. By
determining the potential of the ferrocene/ferrocinium couple (E1/2�
�0.31 V versus SCE), oxidation potentials were calibrated to the SCE
electrode. Since we were primarily interested in the variation of the
electrochemical behavior within the series 1 ± 4, peak values of the
irreversible waves were taken as the oxidation potential. IR spectra were
measured on a Perkin Elmer 2000 FT-IR spectrometer, operating with
medium apodization at 4 cm�1 spectral resolution, in combination with a
Golden Gate Single Reflection Diamond ATR system. FT-Raman spectra
were recorded with a Perkin Elmer System 2000 NIR FT-Raman spec-
trometer equipped with a Nd:YAG laser (1064 nm) and an InGaAs
detector. The Raman spectra were collected with a laser power of 300 mW
at medium apodization and a spectral resolution of 4 cm�1. The IR and
Raman spectra were averaged from 16 scans.


Calculations : PPP/SCF/CI calculations were performed with a home-
adapted version of Griffiths× program.[49] Torsion angles of 40� around the
C�C formal single bonds were introduced by correction of the bond
resonance energy with cos40�. For 1 a full configuration interaction was
performed, while for the other compounds the configuration interaction
included states arising from excitations from any of the six highest occupied
to any of the six lowest unoccupied levels. Exchange integrals K and
Coulomb integrals J were obtained by use of Equation (2) and Equa-
tion (3) in which ET is the energy of the triplet state.


2K � ES�ET (3)


AM1 calculations were run with the MOPAC7 package.[50] Geometries
were optimized with the eigenvector-following routine. In order to obtain
the desired symmetry, symmetry relations were imposed on the dihedral
angles around the C(phenyl/phenylene) ±C(vinylidene) single bonds. Force
calculations were run to establish that the obtained geometries were
minima on the potential energy surface and to calculate vibrational spectra.


X-ray crystallography : X-ray intensities were collected on a Nonius
KappaCCD diffractometer with rotating anode and MoK� radiation
(graphite monochromator, �� 0.71073 ä). An absorption correction was
not considered necessary. The reflections were merged by using the
program SORTAV.[51] The structure was solved with direct methods by
using the program SIR97[52] and refined with the program SHELXL[53]


against F 2 of all reflections. Non-hydrogen atoms were refined freely with
anisotropic displacement parameters. All hydrogen atoms were located in
the difference Fourier map and were refined as rigid groups. The drawings,
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structure calculations, and checking for higher symmetry were performed
with the program PLATON.[54] Crystal data and experimental details are
listed in Table 7. CCDC-198762 contains the supplementary crystallo-
graphic 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 Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.ac.uk).


Synthesis : All reactions involving organolithium compounds were per-
formed in a dry nitrogen atmosphere. Diethyl ether, tetrahydrofuran
(THF), and toluene were distilled from sodium benzophenone prior to use.
Silica (Acros, 0.035 ± 0.070 nm, pore diameter approximately 6 nm) was
used to carry out column chromatography. The purity of compounds was
established by thin-layer chromatography (Merck 60 F254 silicagel), IR
spectroscopy, 1H and 13C NMR spectroscopy, and HPLC (with methanol as
the eluent). 1,2-Diphenylethene (1) was obtained from Acros (99%) and
used as received. Commercially available reagents were used without
further purification.


1,4-Bis(1-phenylvinyl)benzene (2): Firstly, 1,4-dilithiobenzene was pre-
pared according to a modification of the procedure described by Brandsma
and Verkruijsse.[19] In a two-necked round-bottomed flask 1,4-dibromo-
benzene (2.10 g, 8.90 mmol) was dissolved in THF (40 mL). The stirred
solution was cooled to�60 �C and n-butyllithium in n-hexane (13.1 mL of a
1.42 � solution, 18.6 mmol) was added over 10 min. After 2 h a cold
(�60 �C), dry suspension of CeCl3 (6.56 g, 26.7 mmol) in THF was added to
the white suspension. The reaction mixture was stirred for 1 h at �60 �C,
after which a solution of acetophenone (2.14 g, 17.8 mmol) in THF (10 mL)
was introduced over 5 min. The mixture was allowed to warm to room
temperature overnight and was poured into water (200 mL). The aqueous
system was extracted with diethyl ether (4� 100 mL) after which the
combined organic layers were washed with water (100 mL), dried over
MgSO4, and filtered. Evaporation of the solvent left the yellow solid 5,
which was not pure and was not fully characterized. The crude 5 was
dissolved in toluene (150 mL) and placed in a Dean-Stark apparatus. A
catalytic amount of p-toluenesulfonic acid was added and the mixture was
boiled for 12 h. Evaporation of the toluene at reduced pressure left a yellow
solid, which proved to be a mixture of products. Compound 2 was isolated
by column chromatography (with chloroform as the eluent) and further
purified by crystallization frommethanol (100 mL) at�20 �C. Compound 2


was obtained as an off-white solid (0.14 g, 0.50 mmol, 6%); m.p. 135 �C
(lit. :[55] 123 ± 124, 131.5, or 138 �C); 1H NMR (CDCl3): �� 7.40 ± 7.32 (m,
10H; Ar-H), 7.31 (s, 4H; Ar-H), 5.51 (d, 2J(H,H)� 1.2 Hz, 2H;�CH2), 5.46
(d, 2J(H,H)� 1.2 Hz, 2H; �CH2) ppm; 13C NMR (CDCl3): �� 149.7
(C�CH2), 141.4, 140.8, 128.3, 128.2, 128.0, 127.7, 114.2 (C�CH2) ppm; IR:
�	 � 3092, 3052, 1818, 1604, 1571, 1506, 1490, 1441, 1327, 1025, 906, 855,
774 cm�1; GC-MS (EI): m/z : 282 [M�].


1,1-Bis(4-bromophenyl)ethanol (6a): A solution of 1,4-dibromobenzene
(3.00 g, 12.7 mmol) in diethyl ether (50 mL) was placed in a two-necked
round-bottomed flask. n-Butyllithium in n-hexane (7.9 mL of a 1.60 �
solution, 12.6 mmol) was added over 10 min. After 30 min, a solution of
4-bromoacetophenone (2.53 g, 12.7 mmol) in diethyl ether (20 mL) was
introduced. Subsequently the reaction mixture was stirred for 12 h at room
temperature. The solution was poured into water (200 mL), the layers were
separated, and the water layer was extracted with diethyl ether (4�
75 mL). The combined organic layers were washed with water (100 mL),
dried on MgSO4, filtered, and evaporated to dryness. Purity was 95%
(GC); further purification was not considered necessary. Compound 6awas
obtained as a yellow solid (4.43 g, 12.4 mmol, 98%); m.p. 76 �C; 1H NMR
(CDCl3): �� 7.44, 7.26 (AA�BB�, 3J(H,H)� 8.7 Hz, 2� 4H; Ar-H), 2.12 (s,
1H; OH), 1.90 (s, 3H; Me) ppm; 13C NMR (CDCl3): �� 146.5, 131.4, 127.6,
121.3, 75.6 (C�OH), 30.7 (Me) ppm; IR: �	 � 3563, 2976, 2928, 1904, 1678,
1590, 1483, 1398, 1076, 1007, 916, 833 cm�1.


1,1-Bis[4-(1-phenylvinyl)phenyl]ethene (3): Compound 6a (2.49 g,
7.00 mmol) was dissolved in diethyl ether (60 mL) and placed in a two-
necked round-bottomed flask. This mixture was stirred and n-butyllithium
in n-hexane (14.5 mL of a 1.6 � solution, 23.2 mmol) was added over
15 min. Stirring was continued and after 1.5 h a solution of acetophenone
(2.8 g, 23.1 mmol) in diethyl ether (30 mL) was slowly introduced to the
white suspension. The mixture was stirred for an additional 12 h at room
temperature and poured into water (200 mL). The water layer was
extracted with diethyl ether (4� 75 mL). The combined organic layers
were washed with water (100 mL), dried over MgSO4, and filtered.
Evaporation of the solvent left a yellow solid, 7a. This compound was
dehydrated by the procedure described for 2. Evaporation of the solvent at
reduced pressure yielded a mixture of products. Volatile components were
removed by kugelrohr distillation (0.04 mbar, 50 ± 180 �C). The residue was
further purified by column chromatography (with hexane/CHCl3 (1:1) as
the eluent). Compound 3 was obtained as a yellowish solid (0.23 g,
0.60 mmol, 9%); m.p. 165 �C; 1H NMR (CDCl3): �� 7.37 ± 7.34 (18H, m;
Ar-H), 5.51 (d, 2J(H,H)� 1.2 Hz, 2H; �CH2), 5.50 (s, 2H; central �CH2),
5.47 (d, 2J(H,H)� 1.2 Hz, 2H; �CH2) ppm; 13C NMR (CDCl3): �� 149.7
(C�CH2), 149.4 (C�CH2), 141.4, 140.9, 140.8, 128.3, 128.2, 128.1, 128.0,
127.8, 114.3 (C�CH2) ppm; IR: �	 � 3030, 1818, 1658, 1603, 1572, 1507, 1490,
1443, 1400, 1323, 1263, 1072, 1026, 1009, 908, 855, 777 cm�1; GC-MS (EI):
m/z : 384 [M�]; elemental analysis: calcd (%) for C30H24 (384.5): C 93.71, H
6.29; found: C 93.58, H 6.22.


1,4-Bis[1-hydroxy-1-(4-bromophenyl)ethyl]benzene (6b): This compound
was prepared from 1,4-dibromobenzene (5.00 g, 21.2 mmol), n-butyllithium
in n-hexane (13.2 mL of a 1.6 � solution, 21.1 mmol), and 1,4-diacetylben-
zene (1.72 g, 10.6 mmol in diethyl ether/THF (8:2)) as described for 6a.
Compound 6b was obtained as a brown solid (purity 91% by GC) in
quantitative yield; m.p. 130 �C; 1H NMR (CDCl3): �� 7.43, 7.25 (AA�BB�,
3J(H,H)� 8.9 Hz, 2� 4H; Ar-H), 7.31 (s, 4H; Ar-H), 2.32 (s, 2H; OH), 1.89
(s, 6H; Me) ppm; 13C NMR (CDCl3): �� 146.9, 146.3, 131.2, 127.6, 125.7,
121.3, 75.6 (C�OH), 30.7 (Me) ppm; IR: �	 � 3426 (O�H), 2976, 1676, 1507,
1076, 1008, 1016, 827 cm�1.


1,4-Bis{1-[4-(1-phenylvinyl)phenyl]vinyl}benzene (4): First, 7b was pre-
pared from 6b (0.40 g, 0.84 mmol), n-butyllithium in n-hexane (2 mL of a
1.6 � solution, 3.2 mmol), and acetophenone (0.29 g, 2.4 mmol) as descri-
bed above for 7a. The impure 7b was not completely characterized. Crude
7b was dehydrated as described before. After evaporation of the solvent at
reduced pressure a mixture of products was obtained, from which volatile
components were removed by kugelrohr distillation (0.04 mbar, 50 ±
190 �C). The residue was further purified by column chromatography (with
hexane/chloroform (3:7) as the eluent). Compound 4 was obtained as a
white solid (27.4 mg, 0.056 mmol, 7%); m.p. 211 �C; 1H NMR (CDCl3): ��
7.37 ± 7.33 (22H, m; Ar-H), 5.51 (m, 6H;�CH2), 5.47 (d, 2J(H,H)� 1.1 Hz,
2H; �CH2) ppm; IR: �	 � 3031, 1817, 1603, 1572, 1505, 1491, 1443, 1400,
1323, 1119, 1073, 1026, 1014, 908, 854, 778 cm�1; MS (EI): m/z : 486 [M�].


Table 7. Crystal data for 2 and experimental details.


formula C22H18


formula weight 282.36
crystal system orthorhombic
space group Pbca (no. 61)
a [ä] 10.7113(3)
b [ä] 7.4158(2)
c [ä] 19.3568(6)
V [ä] 1537.57(8)
Z 4

 [gcm�3] 1.220
� (Mo-K�) [mm�1] 0.069
F(000) 600
crystal size [mm] 0.03� 0.12� 0.30


data collection:
T [K] 150
�min, �max [o] 2.1, 23.5
data set (h, k, l) 0:11, 0:8, 0:21
measured data 14846
unique data 1130 (Rint� 0.075)
observed data [I� 2�(I)] 845


refinement:
no. of parameters 100
weighting scheme [w�1] �2(F0


2)� (0.0594P)2


R1 ,[a] wR2
[b] (obs. refl.) 0.0381, 0.0882


R1 , wR2 (all refl.) 0.0607, 0.0996
S 1.080
Min. and max. residual densities [eA�3] � 0.20, 0.13


[a] R1�� � �F0 �� �Fc � �/� �F0 �. [b] wR2 � [�[w(F0
2�Fc


2)2]/�(w(F0
2)2)]1/2.
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The solubility of 4 was too low to record a 13C NMR spectrum of
satisfactory signal-to-noise ratio.
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GdIII Complexes with Fast Water Exchange and High Thermodynamic
Stability: Potential Building Blocks for High-Relaxivity
MRI Contrast Agents**


Sabrina Laus, Robert Ruloff, E¬ va To¬ th, and Andre¬ E. Merbach*[a]


Abstract: On the basis of structural
considerations in the inner sphere of
nine-coordinate, monohydrated GdIII


poly(aminocarboxylate) complexes, we
succeeded in accelerating the water
exchange by inducing steric compres-
sion around the water binding site.
We modified the common DTPA5�


ligand (DTPA� (diethylenetriamine-
N,N,N�,N��,N��-pentaacetic acid) by re-
placing one (EPTPA5�) or two
(DPTPA5�) ethylene bridges of the
backbone by propylene bridges, or one
coordinating acetate by a propionate
arm (DTTA-prop5�). The ligand
EPTPA5� was additionally functional-
ized with a nitrobenzyl linker group
(EPTPA-bz-NO2


5�) to allow for cou-
pling of the chelate to macromolecules.
The water exchange rate, determined
from a combined variable-temperature
17O NMR and EPR study, is two orders
of magnitude higher on [Gd(eptpa-bz-
NO2)(H2O)]2� and [Gd(eptpa)(H2O)]2�


than on [Gd(dtpa)(H2O)]2� (k 298
ex �


150� 106, 330� 106, and 3.3� 106 s�1,
respectively). This is optimal for attain-
ing maximum proton relaxivities for
GdIII-based, macrocyclic MRI contrast
agents. The activation volume of the
water exchange, measured by variable-
pressure 17O NMR spectroscopy, evi-
dences a dissociative interchange mech-
anism for [Gd(eptpa)(H2O)]2� (�V��
(�6.6� 1.0) cm3mol�1). In contrast to
[Gd(eptpa)(H2O)]2�, an interchange
mechanism is proved for the macro-
cyclic [Gd(trita)(H2O)]� (�V��
(�1.5� 1.0) cm3mol�1), which has one
more CH2 group in the macrocycle than
the commercial MRI contrast agent
[Gd(dota)(H2O)]� , and for which the
elongation of the amine backbone also


resulted in a remarkably fast water
exchange. When one acetate of DTPA5�


is substituted by a propionate, the water
exchange rate on the GdIII complex
increases by a factor of 10 (k 298


ex � 31�
106 s�1). The [Gd(dptpa)]2� chelate has
no inner-sphere water molecule. The
protonation constants of the EPTPA-
bz-NO2


5� and DPTPA5� ligands and the
stability constants of their complexes
with GdIII, ZnII, CuII and CaII were
determined by pH potentiometry. Al-
though the thermodynamic stability of
[Gd(eptpa-bz-NO2)(H2O)]2� is reduced
to a slight extent in comparison with
[Gd(dtpa)(H2O)]2�, it is stable enough
to be used in medical diagnostics as an
MRI contrast agent. Therefore both this
chelate and [Gd(trita)(H2O)]� are po-
tential building blocks for the develop-
ment of high-relaxivity macromolecular
agents.


Keywords: gadolinium ¥ ligand de-
sign ¥ imaging agents ¥ poly(amino-
carboxylates)


Introduction


Within the last decade, magnetic resonance imaging (MRI)
has evolved into one of the most powerful techniques in
medical diagnostics. This development is related to the
successful use of paramagnetic agents, mostly GdIII com-


plexes, which enhance the intrinsic contrast, thus contributing
to the excellent anatomical resolution of the magnetic
resonance images.[1] Some currently emerging MRI applica-
tions, particularly molecular imaging, require contrast agents
of much higher efficiency than those already marketed.[2] In
the case of receptor targeting, biological constraints such as
low receptor concentration (10�9 ± 10�13 molg�1 of tissue) and
receptor saturation are strongly limiting, as Nunn et al. first
pointed out.[3] The limitation can be reduced by increasing the
relaxivity (efficacy) of the contrast agent, either by greater
intrinsic relaxivity or by attaching many paramagnetic centers
to the target.[4] Different strategies are currently being tested
to deliver many Gd-containing species to the site to be
imaged.
High-efficacy agents can only be designed on a rational


basis, by considering the relationships between structure,
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dynamics and the relevant parameters determining relaxation
processes. The relaxivity of a contrast agent is defined as the
paramagnetic proton relaxation rate enhancement of the bulk
water protons, referred to a 1m� concentration of gadoli-
nium. The Solomon ±Bloembergen ±Morgan theory, which
relates the observed paramagnetic relaxation rate enhance-
ment to microscopic properties, predicts maximum proton
relaxivities for GdIII complexes (�100 m��1 s�1 for monohy-
drated chelates instead of 4 ± 5 m��1 s�1 for commercial
agents) when the three most important influencing factors,
rotation, electron spin relaxation and water exchange, are
optimized simultaneously.[5] The necessity of slowing down
the rotation prompted the development of macromolecular
agents, involving either covalent or non-covalent binding
between the GdIII chelate and the macromolecule. The
optimization of the electron spin relaxation on GdIII com-
plexes remains a difficult issue, despite the recent advances in
the theoretical description and in the accessibility of exper-
imental EPR data (at variable magnetic fields, measurement
of T1e). The peculiarity of the water exchange rate, the third
determining factor for proton relaxivity, is that its value has to
be in a relatively small range (around kex� 108 s�1) in order to
attain maximum relaxivities. Water exchange on the currently
used GdIII-based contrast agents is about two orders of
magnitude slower (kex� 106 s�1),[5] and its tuning to the
optimal value is far from evident. Several examples show
that it is easy to slow down the water exchange further by
structural modification of the ligand (for example, replace-
ment of carboxylates by amides), but the acceleration of the
water exchange is more problematic. Moreover, high ther-
modynamic and kinetic stability has always to be preserved to
ensure non-toxicity of the GdIII complex. Some bishydrated
chelates have shown faster water exchange. Recently, the
bishydrated GdIII complexes of TREN-Me-3,2-HOPO deriv-
atives were reported as promising candidates for MRI
contrast agents, due to their optimal water exchange rate
and high thermodynamic stability.[6] However, a potential
drawback for bishydrated chelates is their tendency to form
ternary complexes in biological fluids that always contain a
variety of small coordinating ligands, some of them in
considerably high concentration (carbonate, phosphate, cit-
rate). The formation of such ternary complexes would then
erase any relaxivity gain in vivo.[7]


Nine-coordinate, monohydrated GdIII poly(aminocarboxy-
lates), including all commercial GdIII-based MRI contrast
agents, undergo a dissociative (D), or dissociative-interchange
(Id), water exchange, in contrast to the associative (A)
mechanism on [Gd(H2O)8]3�.[5] The rate of such dissociative
exchange processes is determined primarily by the overall
charge in the chelate (more negative charge leads to faster
exchange) and by the steric crowding around the bound water
site. Increasing the negative charge of GdIII complexes which
are dedicated to medical use is not viable since it would imply
a higher osmotic load. An increased steric compression
around the inner-sphere water molecule will facilitate its
leaving, which, in a dissociative process, constitutes the rate-
determining step. The significance of steric crowding at the
water binding site was well demonstrated by an 17O NMR
study on the lanthanide series of DTPA-BMA complexes


(DTPA-BMA� 1,7-bis[(N-methylcarbamoyl)methyl]-1,4,7-
tris(carboxymethyl)-1,4,7-triazaheptane).[8] They are all nine-
coordinate, with one inner-sphere water molecule. On pro-
gression from the middle to the end of the lanthanide series,
the eight-coordinate transition state becomes more and more
accessible in the dissociative exchange process as the radius of
the lanthanide ion decreases. The result is an increase in the
water exchange rate by one order of magnitude from
[Eu(dtpa-bma)(H2O)] to [Ho(dtpa-bma)(H2O)]. On the basis
of these observations, we set off with the idea of inducing
steric compression around the water binding site in dissocia-
tively exchanging GdIII complexes by small structural mod-
ifications of the common poly(aminocarboxylate) ligands in
order to accelerate the water exchange without considerably
decreasing the complex stability. Recently, in a preliminary
communication, we reported the first example of a rationally
designed ligand structure that results in a remarkably fast
water exchange of the GdIII complex.[9] We increased steric
compression around the water binding site in the macrocyclic
chelate [Gd(trita)(H2O)]� as compared to the commercial
contrast agent [Gd(dota)(H2O)]� , by replacing an ethylene by
a propylene bridge in the ligand (see Scheme 1 for the
ligands). This structural modification leads to an increase by
two orders of magnitude in the water exchange rate, which
falls into the optimal range to attain maximum proton
relaxivities. In addition to the optimal water exchange rate,
the stability of [Gd(trita)(H2O)]� is sufficiently high to ensure
safe medical use; this makes it a potential synthon for the
development of high-relaxivity, macromolecular MRI con-
trast agents. In the present paper we demonstrate that the
concept of increased steric crowding around the bound water
site is not restricted to [Gd(trita)(H2O)]� but is more general,
and valid for linear chelates as well. It can be used generally to
accelerate water exchange on nine-coordinate, monohydrated
GdIII chelates which undergo dissociative water exchange. In
the family of linear ligands, we synthesized EPTPA-bz-NO2


5�,
DPTPA5� and DTTA-prop5� (Scheme 1). In comparison with
the DTPA5�, they all have the common feature of possessing
one or two additional CH2 moieties either in the backbone or
in the carboxylic arm. Additionally, the bifunctional EPTPA-
bz-NO2


5� contains a nitrobenzyl unit which can easily be
converted to a linker function in order to couple the chelate to
macromolecules with a view to optimizing (slowing down)
rotation. The macrocyclic ligand TRITA4� was first proposed
by Maecke and co-workers for the complexation of radio-
active metal ions, particularly In3�, for radiopharmaceutical
purposes.[10] This ligand was expected to ensure high thermo-
dynamic and kinetic stability for the complex, and important-
ly, to have faster formation kinetics than DOTA-based
chelators, which can be a problem in the preparation of
radioactive chelates. Derivatives of the ligand EPTPA5� and
their lanthanide complexes were reported recently in the
literature.[11, 12] The DTTA-prop5� ligand was synthesized for
the first time many years ago, and its lanthanide complexing
abilities were investigated.[13] Our primary objective here was
to show that all these ligands are similar with respect to water
exchange on their GdIII complexes: by tightly enveloping the
metal ion they provoke an easier departure of the bound
water in a dissociative exchange process.
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A sufficiently high thermodynamic stability of the GdIII


complex, and good selectivity of the ligand for GdIII over
other metal ions present in body fluids, are prerequisites for
all biomedical applications. We have determined thermody-
namic stability constants of several metal complexes involving
GdIII and some endogenously available metal ions such as
Cu2�, Zn2� and Ca2�, by pH potentiometry for the ligands
EPTPA-bz-NO2


5� and DPTPA5�. Variable-temperature 17O
NMR spectroscopy was used to measure water exchange rates
on the GdIII complexes, and for [Gd(eptpa-bz-NO2)(H2O)]2� a
combined 17O NMR, EPR spectroscopy and variable-field
proton relaxivity (NMRD) study resulted in parameters
describing water exchange, rotation and electronic relaxation.
Additionally, variable-pressure 17O NMRmeasurements were
carried out to determine the activation volume and thus to
assess the water exchange mechanism on the linear
[Gd(eptpa)(H2O)]2� and the macrocyclic [Gd(trita)(H2O)]�


complexes. The results are discussed in the general context of
designing high-efficacy contrast agents for magnetic reso-
nance imaging.


Results and Discussion


Ligand protonation constants and stability constants of the
metal complexes : The ligand protonation constants are


defined as in Equation (1), and the
stability constants of the metal che-
lates and the protonation constants
of the complexes are expressed in
Equation (2).


Ki�
�HiL�


�Hi�1L� �H�� (1)


KMHiL�
�MHiL�


�MHi�1L� �H�� i� 0, 1, 2 (2)


The protonation constants of the
ligands EPTPA-bz-NO2


5� and
DPTPA5� as well as the stability
constants of their complexes formed
with different metals (GdIII, ZnII, CaII


and CuII) were determined by poten-
tiometric titration (see Figure 1); the
constants and the standard devia-
tions are listed in Table 1.
In comparison with DTPA5�, the


ligands EPTPA-bz-NO2
5� and


DPTPA5� have a slightly higher pro-
tonation constant for the first proto-
nation step, which occurs on the
central nitrogen. A more important
increase in the pK values of these
ligands is observed for the second
and third protonation steps. This
effect is more pronounced for the
dipropylenetriamine DPTPA5� than


for the ethylenepropylene derivative EPTPA-bz-NO2
5� : the


pK3 of DPTPA5� is three units higher than that of the
diethylenetriamine DTPA5�. Such an increase in the proto-
nation constants with increasing chain length between the
amino functions is usual for polyamines.[14] The second pK
probably corresponds to the protonation of one of the
terminal nitrogens which, as was shown for DTPA5� and
EPTPA5� by 1H NMR titration,[11, 15] induces the displacement
of the first proton from the central to the other terminal
nitrogen. This form, bearing the two protons on terminal
nitrogens, is preferential as it is stabilized by internal hydro-
gen bridges between the protonated terminal nitrogens and
the deprotonated carboxylates.
The thermodynamic stability constants for all the com-


plexes were determined by direct potentiometry. The stability
constant of [Gd(eptpa)]2�, determined from a competition
study with EDTA4�, was found previously[11] to be similar to
that for [Gd(dtpa)]2�, that is, four orders of magnitude higher
than the constant we obtained for [Gd(eptpa-bz-NO2)]2�.
Recently, an even greater stability was reported for the GdIII


complex of the 4-benzyl derivative of EPTPA (logKGdL�
23.79).[16] Such high stability constants for GdIII complexes
of EPTPA and EPTPA derivative do not seem reasonable in
comparison with the DTPA analogues, since the EPTPA
complexes each have one six-membered chelate ring which is
less stable than a five-membered ring. The low stability


Scheme 1.
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Figure 1. Potentiometric pH titration curves for the ligands a) EPTPA-bz-
NO2


5� and b) DPTPA5� in the absence and presence of Ca2�, Zn2�, Cu2� or
Gd3� (metal/ligand ratio 1:1; I� 0.1� (CH3)4NCl).


obtained for [Gd(dptpa)]2� clearly shows this tendency. The
three-unit decrease in logKGdL from L�DTPA to EPTPA-bz-
NO2 then the further stability decrease of six logK units for
L�DPTPA seems more plausible. The species distribution


curves obtained for [Gd(eptpa-bz-NO2)]2� show that at the
beginning of the titration (pH 2.32), 90% of all Gd3� is free
and the rest is in the form of the protonated complex. This
makes possible a direct titration which usually results in more
reliable stability constants than those obtained in competition
studies. However, it is very unlikely that the nitrobenzyl unit
has such an influence on the complex stability. Indeed, for the
YIII complexes formed with DTPA nitrobenzyl derivatives
(the -bz-NO2 group being on the carbon adjacent either to the
central nitrogen or to a terminal one), the stability constants
were similar to that for [Gd(dtpa)]2�.[17] To rule out a strong
effect of the nitrobenzyl function on the GdIII complex
stability, we also measured the stability constant for the parent
complex [Gd(eptpa)]2� both by direct titration, as we did for
[Gd(eptpa-bz-NO2)]2� and by competition with EDTA4�. The
stability constants calculated were logKGdL� 18.75� 0.07
from the direct titration and logKGdL� 17.5� 0.3 from the
competition method. The protonation constant of the com-
plex (logKGdHL� 4.1� 0.1) could be determined only from the
direct titration. It is noteworthy that a similar progressive
decrease of the stability was observed in the family of
macrocyclic chelates from the 12-membered macrocyclic
[Gd(dota)]� to the 13-membered [Gd(trita)]� and the 14-
membered [Gd(teta)]� (logKGdL� 24.0, 19.2 and 13.8 for L�
DOTA, TRITA and TETA, respectively).[18] Whereas for
DOTA all chelate rings formed upon metal complexation are
five-membered, for TRITA there is one and for TETA there
are two six-membered (and thus less stable) chelate rings,
which is reflected well in the decreasing order of stability. It is
interesting that between [Gd(eptpa)]2� and [Gd(dptpa)]2�, as
well as between [Gd(trita)]� and [Gd(teta)]� , the hydration
state of the metal changes from q� 1 to q� 0
([Gd(eptpa)(H2O)]2� ; [Gd(trita)(H2O)]� ; [Gd(dptpa)]2� ;
[Gd(teta)]�) as a consequence of a better wrapping up of
the metal ion by the larger DPTPA5� and TETA4� (discussed
below). Thus, one could reason that such a good enveloping of
the metal would increase the stability of the complex. A
complex with an inner-sphere water might be more readily
susceptible to an outside attack and this susceptibility would
consequently decrease its stability. However, the example of
both the linear and the macrocyclic complexes shows that the
stability difference between the five- and six-membered
chelate rings formed on complexation is more important than
the effect of a better enveloping by the ligand.
The thermodynamic stability constant reported for


[Gd(dtta-prop)]2� (logKGdL� 16.7)[13] is also lower than that
of [Gd(dtpa)]2�. Again, the attenuation is explained by the
higher stability of a five-membered chelate ring formed with
acetates upon metal chelation than with a six-membered
chelate ring formed with the propionate function. Curiously,
the decrease in complex stability is smaller when the
propionate arm is on a terminal nitrogen. For the GdIII


complex of the DTPA derivative containing one propionate
in a terminal position a stability constant of logKGdL� 19.7
has been reported.[19]


The thermodynamic stability constants alone are not
sufficient to compare different complex stabilities under
physiological conditions. The conditional stability constants,
or more frequently the pM values are considered to be a


Table 1. Protonation and stability constants for the ligands and their metal
complexes (25 �C; I� 0.1� (CH3)4NCl).


DTPA[a] EPTPA-bz-NO2 DPTPA EPTPA[b]


pK1 10.41 10.86 (�0.01) 10.91 (�0.01) 10.60
pK2 8.37 8.91 (�0.02) 9.29 (�0.02) 8.92
pK3 4.09 4.70 (�0.02) 7.07 (�0.01) 5.12
pK4 2.51 3.25 (�0.02) 2.76 (�0.01) 2.80
pK5 2.04 2.51 (�0.03) 2.19 (�0.03)
logKGdL 22.50 19.20 (�0.02) 13.00 (�0.03) 22.77[c]


logKGdHL 1.80 3.40 (�0.02) 6.31 (�0.03)
logKGdH2L 5.42 (�0.06)
logKZnL 18.3 16.01 (�0.07) 15.60 (�0.03) 18.59
logKZnHL 3.0 8.99 (�0.06) 8.06 (�0.04) 7.77
logKZnH2L 2.53 (�0.08) 3.17 (�0.06)
logKCaL 10.89 9.38 (�0.04) 5.47 (�0.05) 14.45
logKCaHL 6.42 8.58 (�0.07) 9.53 (�0.06) 6.1
logKCaH2L 7.9 (�0.1)
logKCuL 21.45 18.47 (�0.04) 18.05 (�0.04) 19.31
logKCuHL 4.80 7.05 (�0.04) 8.90 (�0.04) 5.52
logKCuH2L 2.96 2.80 (�0.04) 2.94 (�0.05)
[a] Ref. [39]. [b] I� 0.1� (CH3)4NNO3, from ref. [11]. [c] For
[Gd(eptpa)]2�, we found logKGdL� 18.75 (�0.07) by direct titration and
logKGdL� 17.5 (�0.3) by competition with EDTA (see text).
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better gauge of physiologically relevant complex stability. The
pM values reflect the influence of the ligand basicity and the
protonation of the complex. The higher the pM, the more
stable is the complex under the given conditions. pM values
for several GdIII complexes are compared in Table 2.


In an MRI examination, upon injection into the blood-
stream the GdIII complex enters a very complex system from
the coordination chemistry point of view. The free metal ion
and the free ligand–if dissociation of the complex occurs–or
the complex itself can participate in many side reactions.
Besides the protonation of the free ligand and the complex,
which is taken into account in the pM values, competition
between Gd3� and endogenous metal ions (most importantly
Ca2�, Zn2� and Cu2�) has also to be considered. The condi-
tional stability constants calculated by considering all these
equilibria were indeed found to correlate with experimental
LD50 values.[20] This illustrates the importance of selectivity of
the ligand for Gd3� over endogenous metals, particularly Zn2�


since its concentration is the greatest. The stability of the
EPTPA-bz-NO2 complexes with the endogenously available
metal ions, similarly to GdIII, is lower than that of the
corresponding DTPA chelates. Overall, the selectivity of
EPTPA-bz-NO2


5� for Gd3� over these metal ions (defined as
log(KGdL/KML) with M�Zn2�, Cu2� or Ca2�) is not very
different from that of DTPA5�. For the ZnII ± , CuII± and CaII ±
EPTPA chelates, higher stability constants were previously
reported than our values determined for the EPTPA-bz-NO2


analogues, the largest difference being in the CaII complex
stabilities.[11] Recently, for the CaII ± bz-EPTPA complex a
stability constant (logKCaL� 16.0) five orders of magnitude
higher than that of [Cadtpa]3� was obtained.[16] Such high
stability seems unlikely. For DPTPA5�, the stability of all
metal complexes studied is considerably lower than that of the
DTPA chelates. In comparison with EPTPA-bz-NO2


5�, there
is a large decrease in stability for GdIII and CaII, whereas the
CuII and ZnII complex stabilities do not differ much for the
two ligands. In general, the DPTPA chelates have a stronger
tendency to form protonated complexes.


UV/Vis study : To learn about the hydration state of the
EPTPA-bz-NO2 ± lanthanide(���) complexes, we performed a
variable-temperature UV/Vis study on an aqueous solution of
the EuIII analogue. The 7F0 ± 5D0 transition band of EuIII


(577.5 ± 581.5 nm) is very sensitive to the coordination envi-


ronment and is often used to test the presence of differently
coordinated species.[21] [Eu(eptpa-bz-NO2)(H2O)]2� has a
single, temperature-invariant absorption band in this region,
which proves the absence of a hydration equilibrium in
solution within the temperature range studied (25 ± 68 �C). By
analogy, we assume that the same hydration mode, and thus
no hydration equilibrium, exists for the corresponding GdIII


complex as well.


17O NMR, EPR spectroscopy and NMRD measurements :
The water exchange rate was determined for the GdIII


complexes of the ligands EPTPA-bz-NO2
5�, EPTPA5� and


DTTA-prop5� from a variable-temperature 17O NMR study.
Additionally, EPR spectra were recorded for aqueous solu-
tions of [Gd(eptpa-bz-NO2)(H2O)]2�, [Gd(eptpa)(H2O)]2�


and [Gd(dptpa)]2� and variable-temperature proton relaxa-
tion rates were measured on [Gd(eptpa-bz-NO2)(H2O)]2�


with the objective of determining parameters that describe
water exchange, rotation, electronic relaxation and proton
relaxivity.
All available experimental data for a given GdIII complex,


that is, the 17O NMR chemical shifts (��r), longitudinal
(1/T1r) and transverse (1/T2r) relaxation rates, the electronic
relaxation rates (1/T2e) and the longitudinal proton relaxiv-
ities (r1, when measured) were analyzed simultaneously (for
the equations used in the data analysis, see the Appendix). For
[Gd(dptpa)]2�, the 1/T1r and 1/T2r values are equal within the
experimental error and the��r values are about 10% of those
generally measured for monohydrated GdIII complexes,
indicating only an outer-sphere contribution to the chemical
shift. This proves that [Gd(dptpa)]2� contains no inner-sphere
water molecule. The NMRD profile is also in accordance with
a pure outer-sphere effect. We assumed that [Gd(eptpa-
bz-NO2)(H2O)]2�, [Gd(eptpa)(H2O)]2� and [Gd(dtta-
prop)(H2O)]2� each had one inner-sphere water molecule.
The scalar coupling constants thus obtained for these
complexes are in the usual range for coupling constants of
GdIII complexes, which justifies the assumption of q� 1.
Furthermore, on the basis of the UV/Vis study discussed
above, we could exclude any coordination/hydration equili-
brium for [Eu(eptpa-bz-NO2)(H2O)]2�. The experimental 17O
NMR, NMRD and EPR data and the fitted curves for
[Gd(eptpa-bz-NO2)(H2O)]2� are presented in Figure 2 where-
as for [Gd(dptpa)]2�, [Gd(eptpa)(H2O)]2� and [Gd(dtta-
prop)(H2O)]2� they are given in the Supporting Information.
All parameters obtained in the fit are shown in Table 3.
Recent studies on the rotation of small GdIII chelates


showed that internal motions of the coordinated water
molecule had to be taken into account.[22, 23] Therefore, in
the simultaneous analysis of 17O NMR, EPR and NMRD data
for [Gd(eptpa-bz-NO2)(H2O)]2� we separated the rotational
correlation time of the Gd ±Owater vector, �RO, influencing
longitudinal 17O relaxation, and the rotational correlation
time of the Gd ±Hwater vector, �RH, influencing 1H relaxivities
[Eqs. (A7) and (A19)]. For the ratio of the rotational
correlation time of the Gd ±Hwater and Gd±Owater vectors,
�RH/�RO, similar values have been found for different GdIII


complexes, both by experimental studies and MD simulations
(�RH/�RO� 0.65� 0.2).[22, 23] This �RH/�RO ratio, within the given


Table 2. pM values of GdIII complexes under physiologically relevant
conditions (pH 7.4; [Gd]total� 1�� ; [L]total� 10��).
Ligand pGd


DTPA[a] 19.1
DTPA-BMA[b] 15.8
EPTPA 14.7
EPTPA-bz-NO2 15.3
DTTA-prop[c] 14.9
DOTA[d] 19.2
TRITA[d] 14.6


For the protonation constants of the ligand and the stability constant of the
GdIII complex see [a] ref. [39]. [b] Ref. [40]. [c] Ref. [13]. [d] Ref. [18].
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Figure 2. Temperature dependence of a) transverse electronic relaxation
rates at B� 0.34 T; b) transverse and c) longitudinal 17O relaxation rates;
d) 17O chemical shifts at B� 9.4 T; and e) 1H NMRD profiles at 25 �C (�)
and 37 �C (�) for [Gd(eptpa-bz-NO2)(H2O)]2�. The lines represent curves
fitted to the experimental points.


error, can be considered as a general value for the ratio of the
two rotational correlation times. Hence, in the analysis of 17O
NMR and NMRD data for [Gd(eptpa-bz-NO2)(H2O)]2�, we
fixed this ratio at 0.65 and fitted �RO, considered as a real
rotational correlation time of the complex. The quadrupolar
coupling constant for the bound water oxygen, (�(1�(�2/3))1/2,
was also fitted for [Gd(eptpa-bz-NO2)(H2O)]2� : a slightly
higher value, 10.1 MHz, was found than that for pure water
((�(1�(�2/3))1/2� 7.58 MHz). To compare the three GdIII


complexes studied here, the same value of the quadrupolar


coupling constant was then used in the analysis of 17O
longitudinal relaxation rates for [Gd(eptpa)(H2O)]2� and
[Gd(dtta-prop)(H2O)]2�. The rGdO and rGdH distances were
fixed at 2.50 and 3.10 ä, respectively. The rotational correla-
tion times obtained for [Gd(eptpa-bz-NO2)(H2O)]2� from the
simultaneous analysis, and for [Gd(eptpa)(H2O)]2� and
[Gd(dtta-prop)(H2O)]2� from longitudinal 17O relaxation
rates, are reasonable and they are typical of low molecular
weight chelates.
Over the whole temperature range and for all the GdIII


complexes studied, the transverse 17O relaxation rates 1/T2r
decrease with increasing temperature, indicating that these
systems are in the fast exchange regime. 1/T2r is thus
determined by the relaxation rate of the coordinated water
molecule 1/T2m, which itself is influenced by the water
residence time �m� 1/kex, the longitudinal electronic relaxa-
tion rate 1/T1e and the nuclear hyperfine coupling constant
A/�h [Eq. (A9)]. The transverse relaxation rates 1/T2e can be
measured experimentally by EPR, whereas the longitudinal
relaxation rates 1/T1e are calculated from the 1/T2e values
through Equations (A12) ± (A14). The NMRD data also
contain information on electronic relaxation. For
[Gd(eptpa)(H2O)]2�, variable-temperature EPR spectra were
recorded at B� 8.1 T (225 GHz), in order to obtain direct
information on the electron spin relaxation. EPR measure-
ments at such high frequency are particularly useful since this
magnetic field is close to that of the 17O NMR study (9.4 T).
Therefore the problems associated with the inappropriate
theory used to calculate electronic relaxation rates at high
field (necessary for the analysis of the 17O relaxation rates)
from the EPR data measured at much lower frequency
(usually at the X band, B� 0.34 T) can be minimized. The
recently developed Rast ±Borel theory, involving both tran-
sient and static zero field splitting, has contributed much to
the understanding of electron spin relaxation of GdIII


complexes.[24] It results in physically meaningful parameters
to describe electron spin relaxation and it allowed an
improved combined fit of variable-field 17O, 1H and electronic
relaxation rates.[25] However, this profound analysis can be
applied only when EPR data are available for a wide range of


Table 3. Parameters obtained for [GdL(H2O)]2� chelates from the analysis
of 17O NMR, NMRD and EPR data.


Ligand EPTPA-bz-NO2
5� EPTPA5� [a] DTTA-prop5� [b]


k 298
ex [108 s�1] 1.5� 0.4 3.3� 0.4 0.31� 0.1


�H� [kJmol�1] 22.1� 1.8 27.9� 1.1 30.8� 2.0
�S� [Jmol�1K�1] � 9.1� 5.0 � 11.0� 3.0 � 2.0� 5.0
�V� [cm3mol�1] � 6.6� 0.3
A/�h [106 rads�1] � 3.2� 0.2[c] � 3.9� 0.2[c] � 3.3� 0.3[c]
� 298rO [ps] 122� 12 75� 6 121� 10
ER [kJmol�1] 19.0� 1.7 17.7� 1.0 17.4� 2.3
� 298V [ps] 22� 1 22.4� 1.1 18� 2
Ev [kJmol�1][d] 1 1 1
� 2 [1020 s�2] 0.4� 0.3 0.76� 0.2 1.2� 0.2
D 298


GhH [10�10m2 s�1] 29.7� 2.2
EDGdH [kJmol�1] 27.5� 2.9
[a] From 17O NMR and EPR data. [b] Only from 17O transverse and
longitudinal relaxation rates and chemical shifts. [c] The empirical constant
for the outer-sphere contribution to the chemical shift was fixed atCos� 0.1.
[d] Italic values fixed in the fit.
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magnetic fields. Therefore, in the absence of variable-field
EPR spectra, the experimental data for all three systems
were analyzed according to the traditional Solomon ±
Bloembergen ±Morgan theory. Here only a transient zero-
field-splitting mechanism (ZFS) is considered which is
characterized by the trace of the square of the zero-field-
splitting tensor (� 2) and the correlation time for the
modulation of the ZFS (�v) as fitted parameters.[26] However,
one has to be aware of the shortcomings of this simplified
theory and the resulting parameters, which have no real
physical meaning but are only fitting parameters,[27] must not
be overinterpreted.
The pressure dependence of the transverse 17O relaxation


rates gives access to the water exchange mechanism. Trans-
verse 17O relaxation rates, 1/T2r, were measured at B� 9.4 T
and two different temperatures for [Gd(eptpa)(H2O)]2� and
[Gd(trita)(H2O)]� . The latter can be considered as the
macrocyclic analogue of [Gd(eptpa)(H2O)]2�, since TRITA4�


is obtained by substituting one ethylene by a propylene bridge
in the ligand DOTA4� (Scheme 1). We have shown recently
that the water exchange on this macrocyclic GdIII complex is
remarkably faster than on [Gd(dota)(H2O)]� .[9] At the
temperatures and magnetic field used in the variable-pressure
study, 1/T2r is at the fast exchange limit and is dominated by
the scalar interaction. For [Gd(eptpa)(H2O)]2�, the increase
in 1/T2r with pressure is therefore due to the slowing down of
the water exchange process and suggests a dissociative
interchange (Id) mechanism.[28] For [Gd(trita)(H2O)]� , the
1/T2r values are practically independent of pressure at both
temperatures, pointing to an interchange mechanism. The
scalar coupling constant (A/�h) was previously found to be
independent of pressure,[29] so we assume that it is constant
and equal to the value in Table 3. �v was also assumed to be
independent of pressure. In fact, ascribing to �v a pressure
dependence equivalent to activation volumes between �4
and �4 cm3mol�1 had a negligible effect on the fitted �V�


value. The experimental data points and the results
of the least-squares fits for [Gd(eptpa)(H2O)]2� and
[Gd(trita)(H2O)]� are shown in Figure 3. The fitted param-
eters are �V�� (�6.6� 0.3) cm3mol�1, (kex)2930 � (2.9� 0.1)�
108 s�1 and (kex)3230 � (1.1� 0.1)� 109 s�1 for [Gd(eptpa)-
(H2O)]2� and �V�� (�1.5� 1.0) cm3mol�1, (kex)3230 � (2.7�
0.1)� 108 s�1 and (kex)3230 � (5.0� 0.1)� 108 s�1 for [Gd(trita)-
(H2O)]� . (The error on �V� is usually considered to be
�1 cm3mol�1 or 10% of the �V� value, whichever is the
larger, to take into account possible effects of non-random
errors.)


Figure 3. Pressure dependence of the reduced transverse 17O relaxation
rates at B� 9.4 T for a) [Gd(eptpa)(H2O)]2� at 20 �C (squares) and 50 �C
(circles) and b) for [Gd(trita)(H2O)]� at 26 �C (squares) and 50 �C (circles).


Water exchange : The objective of this study was to prove that
an increased steric compression around the water binding site
in nine-coordinated, monohydrated GdIII complexes that
undergo dissociative water exchange results in an increased
water exchange rate. Since all GdIII complexes currently
applied as MRI contrast agents belong to this class of chelates,
and since slow water exchange represents an important
drawback for the new generation (macromolecular) contrast
agents, the results of such a study will have important
implications for further research in the field. We modified
the most commonly used ligands, DTPA5� and DOTA4�, to
induce more steric crowding in the GdIII complex without
much sacrificing the high thermodynamic complex stability.
The parameters describing water exchange for the parent
[Gd(dota)(H2O)]� and [Gd(dtpa)(H2O)]2� and for the GdIII


complexes of the derivative ligands with elongated amine
backbones are compared in Table 4. The water exchange
rate on [Gd(eptpa)(H2O)]2�, [Gd(eptpa-bz-NO2)(H2O)]2�,
[Gd(trita)(H2O)]� and [Gd(trita-bz-NO2)(H2O)]� is almost
two orders of magnitude higher than on the DTPA or DOTA
complex. The rate we obtained for [Gd(eptpa)(H2O)]2� is


Table 4. Comparison of water exchange parameters for [GdL(H2O)] chelates.


Complex k 298
ex [106 s�1] �H� [kJmol�1] �S� [Jmol�1K�1] �V� [cm3mol�1] Ref.


Gd(H2O)3�8 804 15.3 � 23 � 3.3 [41]


[Gd(dtpa)(H2O)]2� 3.3 51.6 � 53 � 12.5 [41]


[Gd(eptpa)(H2O)]2� 330 27.7 � 11 � 6.6 this work
[Gd(eptpa-bz-NO2)(H2O)]2� 150 22.1 � 9 this work
[Gd(dtta-prop)(H2O)]2� 31 30.8 � 2 this work
[Gd(dota)(H2O)]� 4.1 49.8 � 49 � 10.5 [41]


[Gd(trita)(H2O)]� 270 17.5 � 24 � 1.5 [9], this work
[Gd(trita-bz-NO2)(H2O)]� 120 35.5 � 20 [9]
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even higher than the value previously reported (k 298
ex � 94�


106 s�1).[12] These results confirm the expectations that an
additional methylene group in the amine backbone of the
ligand leads to a better wrapping-up of the metal by the
chelator, leaving less space for the inner-sphere water. In the
case of [Gd(trita)(H2O)]� , this could be nicely related to the
crystal structure.[9] As a proof of the compressed structure
around the bound water site, the Ocarboxylate-Gd-Ocarboxylate


angles are much smaller in [Gd(trita)(H2O)]� than in
[Gd(dota)(H2O)]� (136.7 and 142.7 versus 146�).[9, 30] Another
consequence of the steric compression is the remarkably long
distance between the plane of the carboxylate oxygen atoms
and the metal, 0.83 ä in [Gd(trita)(H2O)]� versus 0.70 ä in
[Gd(dota)(H2O)]� . Since the Gd-bound water ± oxygen dis-
tance is similar in the two complexes (2.48 ä in TRITA, and
2.45 ä in DOTA), the final result is that the bound water
molecule in [Gd(trita)(H2O)]� is much closer to the
negatively charged carboxylates; this also facilitates its
departure. It would be interesting to compare the
X-ray structures of the linear [Gd(dtpa)(H2O)]2�,
[Gd(eptpa)(H2O)]2� and [Gd(dptpa)]2� complexes as well,
but so far we have failed to obtain suitable crystals of the last
two compounds.
Theoretical calculations based on the Solomon ±Bloem-


bergen ±Morgan theory of paramagnetic relaxation show that
the optimal water exchange rates to attain the highest proton
relaxivities, and so the highest efficacy for GdIII-based
contrast agents, are around kex� 108 s�1. Thus the EPTPA5�


and TRITA4� chelates ensure the optimal exchange rate. In
addition, the GdIII complexes have a sufficiently high ther-
modynamic stability for these ligands to be potential building
blocks for the construction of slowly tumbling, high molecular
weight MRI contrast agents.
It is interesting that in terms of hydration of the GdIII


complexes, the linear ™DTPA∫ and the macrocyclic ™DOTA∫
family behave in a similar way. When the amine backbone is
extended by one methylene group (EPTPA5� and TRITA4�)
the monohydrated structure (without a hydration equilibri-
um) is retained in the GdIII complex of both ligands, whereas
the addition of a second CH2 results in the elimination of the
water molecule from the inner coordination sphere
(DPTPA5� and TETA4�). As mentioned above, the analogy
is also valid for the decreasing thermodynamic stability of the
respective GdIII complexes.
The variable-pressure 17O NMR measurements for


[Gd(eptpa)(H2O)]2� and [Gd(trita)(H2O)]� gave the activa-
tion volume of water exchange. The value for
[Gd(eptpa)(H2O)]2� (�V���6.6� 1.0 cm3mol�1) is, as ex-
pected, in agreement with a dissociative interchange mecha-
nism, though with considerably less dissociative character
than was found for [Gd(dtpa)(H2O)]2� (�V��
�12.5 cm3mol�1; limiting dissociative (D) mechanism). The
activation volume obtained for [Gd(trita)(H2O)]� (�V��
�1.5� 1.0 cm3mol�1) shows an interchange mechanism, how-
ever. The less positive activation entropy and the lower
activation enthalpy also point to a less dissociative exchange
than for [Gd(dota)(H2O)]� . Thus, there is strong participation
of the incoming water in the rate-determining step which, in
addition to the repulsive effect arising from the proximity of


the carboxylates to the inner-sphere water, contributes to the
increased rate of water exchange.
The ligand (DTTA-prop)5� has a propionate function


substituted for the central acetate of DTPA5� and thus
contains an additional methylene group in one of the
coordinating arms instead of the ligand backbone. The water
exchange on [Gd(dtta-prop)(H2O)]2� is one order of magni-
tude faster than on [Gd(dtpa)(H2O)]2�, but still one order of
magnitude lower than on [Gd(eptpa)(H2O)]2�. This seems to
show that the elongation of the backbone is much more
important than the elongation of a coordinating arm to
induction of steric crowding around the water bonding site.
This is plausible since a propionate arm is much more flexible
than the backbone which, overall, is coordinated to the metal
at three points through the three amine groups.


Conclusion


On the basis of structural considerations in the inner sphere of
linear and macrocyclic GdIII complexes, we succeeded in
accelerating water exchange by inducing steric compression
around the water bonding site. The increased steric crowding
was achieved by replacing an ethylene bridge of DOTA4� or
DTPA5� by a propylene bridge, or by replacing one acetate by
a propionate coordinating group. Although this modification
reduces the thermodynamic stability of the chelate slightly,
the GdIII complexes are stable enough to be used in medical
diagnostics as MRI contrast agents. Therefore these chelates
are potential building blocks for the development of high-
relaxivity macromolecular agents.


Experimental


Synthesis of the ligands : All reagents used for the synthesis of the ligands
were purchased from commercial sources unless otherwise noted. H4TRI-
TA used for the variable-pressure 17O NMR study was prepared as
described previously.[9]


Methyl ��-p-nitrophenylalanate (1): ��-p-Nitrophenylalanine (10.0 g,
48 mmol) was placed in a three-necked flask (250 mL) equipped with a
gas inlet, a thermometer and a CaCl2 drying tube. The flask was purged
with dry argon and CH3OH (125 mL) was introduced. Anhydrous HCl gas
was bubbled into the stirred suspension to dissolve the ��-p-nitropheny-
lalanine; after 10 min all of it had dissolved and the solution was yellow.
The mixture was cooled to 10 �C. After 30 min of bubbling in the HCl, the
yellow solution became cloudy. The solution was saturated with HCl gas
90 min after the beginning of the precipitation. Stirring at 10 �C was then
continued for another 30 min. To complete the precipitation the flask was
kept at �4 �C overnight and at �20 �C for 24 h. The white crystals were
filtered and dried under reduced pressure to give 1 (9.79 g, 92%). 1H NMR
(200 MHz, D2O [HDO 4.80 ppm]): �� 3.2 ± 3.4 (m, 8H), 3.69 (s, 3H), 4.38
(t, J� 7.2 Hz, 1H), 7.39 (d, J� 7.9 Hz, 2H), 8.12 (d, J� 7.9 Hz, 2H).
��-p-Nitrophenylalanate N-(3-aminopropyl) amide (2): 1,3-Diaminopro-
pane (30.3 g, 408 mmol) was added under argon to a three-necked flask
(250 mL) equipped with a gas inlet, a CaCl2 drying tube and a gas outlet.
When ester 1 (7.81 g, 35 mmol) was added over a 3 h period, the clear
solution immediately turned dark red. The solution was stirred for 24 h at
room temperature and then concentrated in a rotary evaporator to a dark
red viscous oil. Aqueous NH3 (25%; 55 mL) was added to this solution and
the pH was adjusted to 11.6 with NaOH (50%; 0.5 mL). The aqueous phase
was extracted with CH2Cl2 (10 portions of 55 mL). The organic extracts
were pooled, dried with Na2SO4, filtered, concentrated and dried under
reduced pressure to give 2 as an amorphous brown powder (6.69 g, 72%).







MRI Contrast Agents 3555±3566


Chem. Eur. J. 2003, 9, 3555 ± 3566 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3563


1H NMR (200 MHz, CDCl3 [CHCl3 7.30 ppm]): �� 1.51 (m, 2H), 2.74 (t,
J� 6.5 Hz, 2H), 2.92 (dd, J� 13.8 Hz, 8.4 Hz, 1H), 3.27 ± 3.42 (m, 3H), 3.65
(dd, J� 8.6 Hz, 4.3 Hz, 1H), 7.40 (d, J� 8.5 Hz, 2H), 7.51 (br s, 1H), 8.18 (d,
J� 8.5 Hz, 2H).
(p-Nitrobenzyl)ethylenepropylenetriamine (3): Amide 2 (6.0 g, 22.5 mmol)
was placed under argon in a three-necked flask (1 L) equipped with a
condenser, a septum and an addition funnel. Anhydrous THF (180 mL) was
purged with argon, then cannulated into the addition funnel and added in
one portion. The amide dissolved only partially. The solution was kept at
0 �C while BH3/THF (1�� 180 mL) was cannulated into the addition funnel
and added dropwise over a 30 min period, after which all the amide had
dissolved. The solution was warmed gradually, brought to reflux for 10 h,
kept for 7 h at room temperature, then cooled to 5 �C with an ice bath. The
excess of borane was quenched by addition of cold water (13 mL). The
mixture was concentrated under reduced pressure to give a brown oil. HCl
(6�� 130 mL) was added to the oil, and the resulting solution was heated
under reflux for 3 h. The mixture was evaporated to dryness and the
remaining yellow residue was dissolved in H2O (90 mL) and aqueous NH3


(25%; 90 mL). The pH was adjusted to 12 with KOH (5��. This solution
was extracted with CH2Cl2 (10 portions of 100 mL). The organic extracts
were pooled, dried with Na2SO4, filtered, concentrated and dried under
reduced pressure to give 3 as a yellow oil (5.20 g, 92%). 1H NMR
(200 MHz, CDCl3 [CHCl3 7.30 ppm]): �� 1.63 (m, 2H), 2.46 (dd, J�
11.6 Hz, 8.3 Hz, 1H), 2.6 ± 3.0 (m, 7H), 3.13 (m, 1H), 7.36 (d, J� 8.4 Hz,
2H), 8.15 (d, J� 8.4 Hz, 2H).
(p-Nitrobenzyl)ethylenepropylenetriaminepentaacetic acid penta-tert-bu-
tyl ester (4): Amine 3 (5.2 g, 20.6 mmol) was added under argon to a three-
necked flask (500 mL) equipped with a gas inlet, an addition funnel and a
CaCl2 drying tube. Anhydrous DMF (170 mL) was added in one portion.
After the dissolution of 3, DIEA (43 mL, 247 mmol) was added in one
portion. tert-Butyl bromoacetate (27.5 mL, 157 mmol) was added, where-
upon the solution turned brown. When KI (3.8 g, 23 mmol) was added in
one portion the solution became orange and warm to the touch. The
mixture was stirred under argon at room temperature for 18 h. Evaporation
of the solvent under reduced pressure gave a brown solid together with a
white solid. The residue was partitioned between Et2O (270 mL) and H2O
(100 mL). The organic phase was washed with H2O (two 130 mL portions)
and with a saturated NaCl solution (two 70 mL portions), dried with
Na2SO4, filtered and evaporated to dryness. The crude product 4 was
purified on a silica gel column (3.0 cm� 20 cm) using ethyl acetate/heptane
(3:1 v/v) as eluent to give 4 as a light yellow oil (7.2 g, 42%). Rf� 0.65 (ethyl
acetate/heptane 3:1); 1H NMR (200 MHz, CDCl3 [CHCl3 7.30 ppm]): ��
1.40 ± 1.48 (m, 45H), 1.58 (m, 2H), 2.42 (dd, J� 13.1, 8.2 Hz, 1H), 2.54 ±
3.15 (m, 8H), 3.23 (s, 2H), 3.39 (s, 8H), 7.49 (d, J� 8.8 Hz, 2H), 8.11 (d, J�
8.8 Hz, 2H).


(p-Nitrobenzyl)ethylenepropylenetriaminepentaacetic acid (H5EPTPA-
bz-NO2; 5): Ester 4 (4.27 g, 5.2 mmol) and HCl (6� ; 200 mL) were heated
under reflux for 14 h and then kept at room temperature for 12 h. The
reaction solution was washed with ethyl acetate (five 200 mL portions).
Evaporation of the aqueous phase gave a slightly yellow powder. The
product was recrystallized twice from EtOH/Et2O to give 5 as white crystals
(565 mg, 20%). 1H NMR (200 MHz, D2O [HDO 4.80 ppm]): �� 2.24 (m,
2H), 2.85 (dd, J� 7.6 Hz, 13.4 Hz, 1H), 3.10 ± 3.90 (m, 8H), 3.70 (s, 6H),
4.05 (s, 4H), 7.52 (d, J� 8.7 Hz, 2H), 8.23 (d, J� 8.7 Hz, 2H); MS (ESI):
m/z : 543.2 [M�H]� ; elemental analysis calcd (%) for C22H30N4O12 ¥H2O
(560.5): C 47.14, H 5.75, N 10.00; found: C 47.30, H 6.13, N 9.80.


Dipropylenetriaminepentaacetic acid (H5DPTPA; 6): NaOH solution
(12.3�, 46 mL, 570 mmol) was added dropwise to a solution of mono-
chloroacetic acid (27 g, 290 mmol) in H2O (14 mL) cooled with an ice bath
at 5 �C. Bis(3-aminopropyl)amine (5.4 mL, 38 mmol) was added to the
reaction solution. The ice bath was removed and the temperature rose to
50 �C in 1 h. The solution was stirred at room temperature for 18 h. The
mixture was cooled to 5 �C and H2SO4 (95%, 10 mL) was added dropwise
to adjust the pH to approximately 1.5. Evaporation of the solvent gave a
white solid (30 g). A portion of the crude product 6 (15 g) was loaded onto a
cation-exchange column (Dowex 50WX2, 200 ± 400 mesh, H� form, 100 g)
and washed with H2O (700 mL). The crude product was eluted with HCl
(1.5� and 2.0�� 2 L). The eluate was concentrated under reduced pressure
and the white residue (6.3 g) was dissolved in H2O. The pH was adjusted to
11 with aqueous NH3 (25%) and the solution was applied to an anion-
exchange column (Dowex 1X10, 200 ± 400 mesh, converted into HCOO�


form, 80 g). The column was washed with H2O (700 mL) and 6 was eluted
with HCOOH (0.2� and 0.3�, 2 L). The eluate was evaporated to
complete dryness under reduced pressure and redissolved in H2O.
Evaporation and redissolution were repeated twice more to remove any
formic acid remaining. After final evaporation and drying under reduced
pressure 6 was obtained as a white powder (1.1 g, 15%). 1H NMR
(200 MHz, D2O [HDO 4.80 ppm]): �� 2.26 (s, 4H), 3.42 (m, 8H), 3.99 (s,
2H), 4.09 (s, 8H); MS (ESI): m/z : 421.4 [M�H]� ; elemental analysis calcd
(%) for C16H27N3O10 ¥ 3HCl (530.9): C 36.21, H 5.70, N 7.92; found: C 35.95,
H 5.93, N 8.04.


N,N��-Bis(phthalimido)diethylenetriamine-N�-propionic acid methyl ester
(7): N,N��-Bis(phthalimido)diethylenetriamine (440 mg, 1.2 mmol), synthe-
sized according to the literature,[31] was dissolved in dry DMF (10 mL) at
70 �C under an argon atmosphere. Bromopropionic methyl ester (250 mg,
1.5 mmol), anhydrous K2CO3 (345 mg, 2.5 mmol) and KI (42 mg,
0.25 mmol) were added successively to the stirred solution. The mixture
was stirred under an argon atmosphere for 8 h at 70 �C and then evaporated
to dryness. The residue was dissolved in CHCl3 (10 mL) and filtered. When
the filtrate had been concentrated a yellow-brown oil remained in the flask.
The crude product was purified on a silica gel column (1.5 cm� 15 cm) with
ethyl acetate/heptane (3:1 v/v). After removal of the solvent from the
appropriate fractions ester 7 was obtained as a pale yellow solid (185 mg,
34%). Rf� 0.50 (silica gel, ethyl acetate/heptane 3:1 v/v); 1H NMR
(400 MHz, CDCl3 [CHCl3 7.30 ppm]): �� 2.40 (t, 2H, J� 7.2 Hz), 2.84 (t,
4H, J� 6.6 Hz), 2.95 (t, 2H, J� 7.2 Hz), 3.51 (s, 3H), 3.78 (t, 4H, J�
6.6 Hz), 7.69 ± 7.83 (m, 8H).


Diethylenetriamine-N,N,N��,N��-tetraacetic-N�-propionic acid (H5DTTA-
prop; 8): Ester 7 (185 mg, 0.41 mmol) was heated under reflux in HCl
(6�, 10 mL) for 6 h. The reaction solution was concentrated under reduced
pressure to one-third of its volume and stored at 4 �C overnight. Crystal-
lized phthalic acid was filtered off and the solution was evaporated to
dryness. The residue was dissolved in a minimum of water and neutralized
with NaOH (1�). The neutral solution was added to a stirred basic solution
of sodium chloroacetate that had been freshly prepared by dropwise
addition of NaOH (10�, 0.5 mL) to chloroacetic acid (240 mg, 2.5 mmol) in
water (0.5 mL) at T� 10 �C. The reaction solution was stirred at 60 �C for
10 h and then cooled to room temperature. The reaction solution was set to
pH� 1.8 by dropwise addition of HCl (5�). The acidified solution was
evaporated under reduced pressure to complete dryness. The residue was
heated under reflux in dry ethanol (20 mL) for 3 min, remaining NaCl was
filtered off and the solvent was removed under reduced pressure. The
residue was dissolved in a minimum of water and loaded onto a cation-
exchange column (Bio-Rad AG¾ 50W-X4, H� form, 1.5 cm� 7 cm). The
column was washed with water until the eluate had a pH of 7 and the
product mixture was eluted in one fraction with NH3 (0.5�, 100 mL). This
fraction was evaporated to dryness, dissolved in a minimum of water and
loaded onto an anion-exchange column (Bio-Rad AG¾ 1-X4, converted
into HCOO� form, 1.5 cm� 7 cm). The column was washed with water
until the eluate had a pH of 7 and the product was eluted with a 0.1 ± 2�
gradient of HCOOH (total volume of eluent for gradient� 400 mL). The
ligand fraction eluted at approximately 1� HCOOH. The solvent was
evaporated, water (50 mL) was added to dissolve the residue, and the
solvent was evaporated again. The product was dried under high vacuum
until all formic acid had been removed. After storage in air, 8 was obtained
as a white solid (76 mg, 41%) hydrated with ca. 2.5 mol water/mol ligand.
1H NMR (400 MHz, D2O [HDO 4.80 ppm], pD� 2): �� 2.87 (t, 2H, J�
6.6 Hz), 3.42 ± 3.50 (m, 10H), 3.86 (s, 8H); 1H NMR (� K2CO3, pD� 10):
�� 2.38 (t, 2H, J� 8.2 Hz), 2.66 ± 2.78 (m, 8H), 2.82 (t, 2H, J� 8.2 Hz),
3.22 (s, 8H); MS (ESI): m/z : 408.2 [M�H]� ; elemental analysis calcd (%)
for C15H25N3O10 ¥ 2.5H2O: C 39.82, H 6.68, N 9.29; found: C 40.1, H 6.93, N
9.02.


Potentiometry : Stock solutions of Ca2�, Zn2� and Cu2� (20 ± 35 m�� were
prepared from chloride (Ca2�, Zn2�) or sulfate (Cu2�) salts with double-
distilled water, and standardized by complexometric titration with Na2H2-
EDTA (Ca2�, Zn2�) or by gravimetry (Cu2�). The Gd(ClO4)3 stock solution
was made by dissolving Gd2O3 in a slight excess of HClO4 (Merck, p.a.,
60%) in double-distilled water, followed by filtering. The pH of the stock
solution was adjusted to 5.5 by addition of Gd2O3 and its concentration was
determined by titration with Na2H2EDTA solution using xylenol orange as
indicator.
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The ligand protonation constants and the stability constants of the
complexes were determined at a constant ionic strength (0.1� (CH3)4NCl).
The titrations were carried out in a thermostated vessel (25� 0.2 �C) using
(CH3)4NOH as titrant solution dosed with a Metrohm Dosimat 665
automatic burette. A combined glass electrode (C14/02-SC, Ag/AgCl
reference electrode in 3� KCl; Moeller Scientific Glass Instruments,
Switzerland) connected to a Metrohm 692 pH/ion-meter was used to
measure pH. The titrated solution (3 mL) was stirred with a magnetic
stirrer and a constant N2 flow was bubbled through it. Protonation and
stability constants were determined at 0.002 ± 0.003� ligand concentrations
from three or four parallel titrations. The hydrogen ion concentration was
calculated from the measured pH values using the correction method
suggested by Irving.[32] All protonation and stability constants were
computed with the program PSEQUAD.[33]


Sample preparation : The GdIII (for 17O NMR, NMRD and EPR) and EuIII


complexes (for UV/Vis) were prepared by mixing equimolar amounts of
Gd(ClO4)3 or Eu(ClO4)3 and the ligand. A slight excess (5%) of ligand was
used, and the pH was adjusted by adding HClO4 or NaOH (each 0.1�). The
solution was allowed to react for 12 h at room temperature. The absence of
free metal was checked in each sample by testing with xylenol orange for
complex solutions of pH� 6 or with a mixture of eriochrom black T and
methyl orange for complex solutions of pH� 9. 17O-enriched water (Isotec,
17O: 11.4%) was added to the solutions for the 17O NMR measurements to
improve the sensitivity and the pH was checked again. The concentrations
and pH values of the solutions used were as follows. [Gd(eptpa-bz-
NO2)(H2O)]2� : 0.0558 molkg�1, pH 6.0 (17O NMR, EPR); 0.00535�,
pH 6.0 (NMRD). [Gd(eptpa)(H2O)]2� : 0.0325 molkg�1, pH 6.4 (variable-
temperature 17O NMR); 0.069 molkg�1, pH 6.2 (variable pressure 17O
NMR); 0.080� (EPR). [Gd(dptpa)]2� : 0.0320 molkg�1, pH 9.0 (17O NMR,
EPR); 0.015�, pH 9.0 (NMRD). [Eu(eptpa-bz-NO2)(H2O)]2� : 0.01913�,
pH 6.0 (UV/Vis). [Gd(dtta-prop)(H2O)]2� : 0.0221 molkg�1, pH 9.2 (17O
NMR).


UV/Vis spectroscopy : The absorbance spectra of [EuIII(eptpa-bz-NO2)]
were recorded at 25 and 68 �C on a Perkin ±Elmer Lambda 19 spectrom-
eter. The measurements were done in thermostated cells with a 10 cm
optical pathlength at �� 577.5 ± 581.5 nm.
17O NMR measurements : Variable-temperature 17O NMR measurements
were performed on a Bruker AM-400 (9.4 T, 54.2 MHz) spectrometer and a
Bruker VT-1000 temperature control unit was used to stabilize the
temperature, which was measured by a substitution technique. The samples
were sealed in glass spheres that fitted into 10 mmNMR tubes, to eliminate
susceptibility corrections to the chemical shifts.[34] Longitudinal relaxation
rates 1/T1 were obtained by the inversion recovery method, and transverse
relaxation rates 1/T2 by the Carr ± Purcell ±Meiboom±Gill spin ± echo
technique. As an external reference, a solution of the corresponding YIIIL
complex of the same concentration and pH as the GdIIIL sample (L�
EPTPA-bz-NO2, DPTPA) or acidified water of pH 3.4 (for the measure-
ments on [Gd(dtta-prop)(H2O]2�) was used.


Variable-pressure 17O NMR measurements up to 200 MPa pressure were
performed on a Bruker ARX-400 spectrometer equipped with a home-
built high-pressure probe head. The temperature was controlled by
circulating fluid from a temperature bath, and was measured by means of
a built-in Pt resistor. The pressure dependence of the transverse relaxation
rate of acidified water, used as a reference, was described by assuming an
activation volume of �0.97 cm3mol�1.[35]


NMRD : The 1/T1 NMRD profiles were obtained on a Stelar Spinmaster
FFC fast field cycling NMR relaxometer covering a continuum of magnetic
fields from 5� 10�4 to 0.47 T (corresponding to a proton Larmor frequency
range 0.022 ± 20 MHz).


ESR : The X-band EPR spectra were recorded on a Bruker ESP 300
spectrometer (9.425 GHz, 0.34 T). High-field spectra on
[Gd(eptpa)(H2O]2� were obtained on a home-built spectrometer (Depart-
ment of Experimental Physics, Technical University of Budapest, Hun-
gary), in which a frequency-stabilized Gunn diode oscillator was used at
75 GHz base frequency, followed by a frequency tripler for the 225 GHz
measurements (8.1 T). A PTFE sample holder contained the aqueous
sample, which was placed in an oversized waveguide so that no resonant
cavities would be used. The transverse electronic relaxation rates 1/T2e at
various temperatures were obtained from the EPR linewidths according to
Reuben×s method.[36]


Data analysis : 17O NMR, NMRD and EPR data were analyzed either with
a program working on a Matlab platform, version 5.3,[37] or with Scientist¾
for Windows¾ by Micromath¾, version 2.0. The reported errors corre-
spond to one standard deviation obtained by the statistical analysis.


Appendix


Oxygen-17 NMR : From the measured 17O NMR relaxation rates and
angular frequencies of the paramagnetic solutions 1/T1, 1/T2 and �, and of
the reference 1/T1A, 1/T2A and �A, one can calculate the reduced relaxation
rates and chemical shift 1/T1r, 1/T2r and �r , which may be written as in
Equations (A1) ± (A3), where Pm is the molar fraction of bound water, 1/
T1m and 1/T2m are the relaxation rates of the bound water, and ��m is the
chemical shift difference between bound and bulk water.
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�m is determined from the hyperfine or scalar coupling constant, A/�h,
according to Equation (A4), where B represents the magnetic field, S is the
electron spin and gL is the isotropic Lande¬ g factor.
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The outer-sphere contribution to the chemical shift is assumed to be
linearly related to ��m by a constant Cos [Eq. (A5)].


��� Cos��m (A5)


The 17O longitudinal relaxation rates are given by Equation (A6), where �S
and �I are the electronic and nuclear gyromagnetic ratios respectively (�S�
1.76� 1011 rad s�1T�1, �I��3.626� 107 rads�1T�1), r is the effective dis-
tance between the electron charge and the 17O nucleus, I is the nuclear spin
(5³2 for 17O), � is the quadrupolar coupling constant, � is an asymmetry
parameter [Eq. (A6)]:
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where:
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The �RO overall rotational correlation time is assumed to have a simple
exponential temperature dependence with an ER activation energy as given
in Equation (A8).
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In the transverse relaxation the scalar contribution 1/T2sc is the most
important [Eq. (A9)]. Here 1/�s1 is the sum of the exchange rate constant
and the electron spin relaxation rate.
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The inverse binding time (or exchange rate, kex) of water molecules in the
inner sphere is assumed to obey the Eyring equation [Eq. (A11)], where
�S� and �H� are the entropy and enthalpy of activation for the exchange,
and kex298 is the exchange rate at 298.15 K.
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The electron spin relaxation rates 1/T1e and 1/T2e for metal ions in solution
with S� 1/2 are mainly governed by a transient zero-field-splitting
mechanism (ZFS).[38] The ZFS term is expressed by Equations (A12) and
(A13), where � 2 is the trace of the square of the transient zero-field-
splitting tensor, �v is the correlation time for the modulation of the ZFS
with activation energy Ev, �s is the Larmor frequency of the electron spin.
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The pressure dependence of lnkex is linear [Eq. (A15)], where �V� is the
activation volume and (kex) T0 is the water exchange rate at zero pressure
and temperature T.
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NMRD : The measured proton relaxivities (normalized to 1m� GdIII


concentration) contain both inner- and outer-sphere contributions:


r1� r1 is� r1os (A16)


The inner-sphere term is given by Equation (A17), where q is the number
of inner-sphere water molecules.
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The longitudinal relaxation rate of inner-sphere protons 1/T H
1m is expressed


by Equation (A18):
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where rGdH is the effective distance between the GdIII electron spin and the
water protons, �I is the proton resonance frequency and �diH is given by
Equation (A19), where �RH is the rotational correlation time of the GdIII ±
Hwater vector.
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The outer-sphere contribution is described by Equation (A20), whereNA is
the Avogadro constant and Jos is a spectral density function given by
Equation (A21), with j� 1, 2.
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Avalue of 3.6 ä was used for aGdH. For the temperature dependence of the
diffusion coefficient DGdH for the diffusion of a water proton away from a
GdIII complex, we have assumed an exponential temperature dependence,
with an activation energy EDGdH [Eq. (A22)].
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Lipopeptaibol Metabolites of Tolypocladium geodes : Total Synthesis, Pre-
ferred Conformation, and Membrane Activity
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Stefano Mammi,[a] Evaristo Peggion,[a] Jose¬ Antonio Galvez,[b]
Maria Dolores DÌaz-de-Villegas,[b] Carlos Cativiela,[b] and Claudio Toniolo*[a]


Abstract: We have synthesized by sol-
ution methods and characterized the
lipopeptaibol metabolite LP237-F8 ex-
tracted from the fungus Tolypocladium
geodes and five selected analogues with
the Etn�Aib or Etn�Nva replace-
ment at position 8 and/or a triple Gln�
Glu(OMe) replacement at positions 5, 6,
and 9 (Etn�C�-ethylnorvaline, Aib�


�-aminoisobutyric acid, Nva� norva-
line). Conformation analysis, performed
by FT-IR absorption, NMR, and CD
techniques, strongly supports the view


that the six terminally blocked decapep-
tides are highly helical in solution. Helix
topology and amphiphilic character are
responsible for their remarkable mem-
brane activity. At position 8 the combi-
nation of high hydrophobicity and C�
tetrasubstitution, as in the Etn-contain-
ing LP237-F8 metabolite, has a positive
effect on membrane interaction.


Keywords: antitumor agents ¥ con-
formation analysis ¥ peptaibols ¥
peptides ¥ total synthesis


Introduction


Peptaibols are a unique class of membrane-active metabolites
of fungal origin.[1, 2] These antibiotic peptides are character-
ized by a linear sequence of �-amino acids, a high population
of the C�,�-disubstituted glycine �-aminoisobutyric acid
(Aib), an N-terminal acetyl group, and a C-terminal 1,2-
amino alcohol. In the last few years a variety of peptides have
been sequenced that bear a fatty acyl moiety linked to the
N-terminal amino acid as a new characteristic feature for
peptaibols.[3, 4] These peptides are referred to lipopeptaibols
because of the lipophilic character of the N-terminal group.
They were isolated from cultures of the fungi Trichoderma
longibrachiatum (trichogin), Trichoderma koningii (trikonin-
gins), Trichoderma viride (trichodecenins), Trichoderma
polysporum (trichopolyns), Mycogone rosea (helioferins),
and Tolypocladium geodes (metabolites LP237). Typically,
most of them exhibit microheterogeneity, that is, the natural


mixtures contain a series of closely related peptides with a
limited number of conservative variations in the sequence.
In particular, in the course of a recent screening program


for fungal metabolites exhibiting antitumor activity, the highly
cytotoxic peptides LP237-F5, -F7, and -F8 were isolated and
sequenced[5, 6] (Scheme 1). The n-octanoyl (Oc) N�-blocked
and leucinol (Lol) C�-blocked 10-mer peptide F8 was found
to be the main component of the bioactive mixture. In
addition to the frequently observed achiral Aib, another
member of the family of C�,�-disubstituted glycines, the
chiral C�-ethylnorvaline (Etn) residue, was shown to occur in


Scheme 1. Amino acid sequences of the lipopeptaibol metabolites LP237-
F5, -F7, and -F8. All the �-amino acids and the 1,2-amino alcohol have the S
configuration. At the N-terminal acyl moiety and at positions 3 and 8,
variations in the sequence are indicated in bold. The chemical formulae of
Nva and the two C�-tetrasubstituted �-amino acids are also shown. Aib�
�-aminoisobutyric acid, Dec�n-decanoyl, Etn�C�-ethylnorvaline, Lol�
leucinol, Nva� norvaline, Oc� n-octanoyl.
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the F5 and F8 primary structures. To our knowledge, this latter
�-amino acid has not previously been reported as a compo-
nent of a terrestrial product. However, it has been found in
extraterrestrial sediments such as the Murchison meteorite.[7]


Unfortunately, in none of these works has the absolute
configuration of the Etn residue been assessed. Etn has been
synthesized (in the racemic form) and shown to behave as a
competitive inhibitor of methionine.[8] The F5, F7, and F8
metabolites differ by the N-terminal acyl moiety (Oc or
decanoyl (Dec)) and the �-amino acids in positions 3 (Tyr or
Phe) and 8 (Etn or Aib).
Herein we describe the total synthesis, conformation


analysis (by FT-IR absorption, NMR, and CD techniques)
in solution, and membrane permeability measurements of the
lipopeptaibol metabolite LP237-F8 (c� in Scheme 2). We


Scheme 2. Amino acid sequences of the peptides investigated in this work.
Peptide c� corresponds to the lipopeptaibol LP237-F8. All �-amino acids
and the 1,2-amino alcohol have the S configuration.


decided to incorporate Etn as the S enantiomer because of its
greater availability; the asymmetric synthesis of this enan-
tiomer is also reported here. In addition, we have examined
the effects induced by hydrophobicity (higher in Etn and
norvaline (Nva) than in Aib) and C� substitution[9] (higher in
Aib and Etn than in Nva) at position 8 (analogues a� and b� in
Scheme 2). Finally, the spectroscopic and biophysical proper-
ties of peptides a� ± c� have been compared with those of their
synthetic precursors (peptides a ± c in Scheme 2), which are
characterized by three Glu(OMe) residues with an ester side-
chain functionality in place of the three Gln residues with a
primary amide side-chain functionality at positions 5, 6, and 9.


Results and Discussion


Synthesis and characterization : Preparation of (S)-Etn was
performed by extension of our general chemical methodology
developed for the synthesis of C�-tetrasubstituted �-amino
acids.[10] Diastereoselective alkylation of chiral (1�S,2�R,4�R)-
10�-(dicyclohexylsulfamoyl)isobornyl 2-cyanobutanoate (1)
with allyl bromide according to our previously described
methodology[11] cleanly affords the corresponding allylated
compound (2 ; Scheme 3) in 92% yield as a 90:10 mixture in
which the diastereoisomer with S configuration at the C2
position predominates; this diastereoisomer is derived from
the formation of a chelated Z enolate and attack by the
electrophile from the C�-Re side, opposite to the 10�-
(dicyclohexylsulfamoyl) group. The diastereomeric ratio of
the product was determined in the crude reaction mixture by
integration of the 13C NMR absorptions (75 MHz) of the
vinylic carbon atoms at about �� 130.7 ppm. The major
diastereoisomer can be easily isolated from the mixture by
crystallization from MeOH and further elaborated to afford
(S)-Etn (5) according to Scheme 3. Hydrogenation of the
alkene moiety of 2 under 1 atm of hydrogen with palladium on
charcoal yielded the corresponding saturated compound 3.
Basic hydrolysis of the ester group with potassium hydroxide
in MeOH followed by synthesis of the �-cyanoacylazide and
subsequent Curtius rearrangement gave the corresponding
urethane 4. Finally, acidic hydrolysis afforded (S)-Etn (5) as
the hydrochloride salt in enantiomerically pure form and with
a 68% yield from the S cyanoester. Ion-exchange chromatog-
raphy released the free amino acid.
Since we expected potentially difficult peptide-coupling


steps, particularly those required for the incorporation of the
C�-tetrasubstituted �-amino acids Etn and Aib,[12] the total
chemical syntheses of the metabolite LP237-F8 (peptide c�)
and its Aib (peptide a�) and Nva (peptide b�) analogues were
carried out either by the EDC/HOBt method[13] or the EDC/
HOAt method[14] (Scheme 4). Originally, we decided to take
advantage of the racemization-free, step-by-step synthetic
strategy. However, we were forced to limit such a strategy to
the protected hexapeptide level because of the relatively
small amount of (S)-Etn available. In any case, by using this
approach we were able to exploit a series of short sequences
which proved to be useful to investigate the role of main-chain
lengthening on peptide conformation (see below). The methyl
ester group of the Z-Ala-Leu-OMe dipeptide was reduced to
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primary alcohol (Z-Ala-Lol) by using LiBH4, which does not
interfere with the peptide and urethane functions.[15] Removal
of the Boc and Z N�-protecting groups was achieved by mild
acidolysis (diluted TFA) and catalytic hydrogenolysis, respec-
tively. During the course of the synthesis, the difficult-to-
handle Gln residues were replaced by Glu(OMe) residues.
This approach also allowed us to synthesize three Glu(OMe)-


based analogues of peptides
a� ± c�, namely peptides a ± c.
However, this strategy forced
us to reduce the C-terminal
ester function at the dipeptide
stage immediately before incor-
poration of the first Glu(OMe)
residue. To avoid the possible
competition between the N-ter-
minal amino group of the grow-
ing peptide chain and the C-ter-
minal Lol alcohol function dur-
ing the various peptide bond
formation steps, we took ad-
vantage of the higher nucleo-
philicity of the amino function.
To this end we slowly added the
solution containing a slight ex-
cess of the acylating reagent to
the solution of the �-amino
peptide alcohol. The strategy
for the syntheses of the protect-
ed tetrapeptide fragment and
the decapeptides a ± c was chos-
en in such a way as to minimize
racemization. In particular:
1) the C-terminal Pro residue
of the dipeptide carboxylic acid,
being N-alkylated, cannot form
the 5(4H)-oxazolone inter-
mediate and 2) the C-terminal
Aib residue of the tetrapeptide
carboxylic acid is achiral. Con-
version of the Glu(OMe) de-
capeptides a ± c into the corre-
sponding Gln peptides a� ± c�
was obtained by triple ester
aminolysis in anhydrous
MeOH.[16] The progress of this
latter reaction was monitored
by reverse-phase HPLC. The
reaction was slow and took
several days for completion.
The overall yields for the syn-
thesis of decapeptides a�, b�, and
c� were 13, 18, and 10%, re-
spectively.
The purities of the newly


synthesized intermediates and
final synthetic products were
assessed by TLC in three differ-
ent solvent systems, solid-state


IR absorption spectroscopy, ESI-TOFmass spectrometry (the
latter technique was only used for peptides a ± c and a� ± c�),
and 1H NMR spectroscopy (Table 1).


Conformation analysis in solution : A detailed investigation of
the preferred conformation in solution of the lipopeptaibol
metabolite LP237-F8 (peptide c�) and its analogues (a�, b�, and
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Scheme 3. Asymmetric synthesis of (S)-Etn (5). Cy� cyclohexyl.


Scheme 4. Strategy for the synthesis of the lipopeptaibol LP237-F8 (c�) and its five analogues (a ± c, a�, and b�).
Boc� tert-butyloxycarbonyl, Bzl� benzyl, EDC�N-ethyl-N�-[3-(dimethylamino)propyl]carbodiimide, HOAt�
7-aza-1-hydroxy-1,2,3-benzotriazole, HOBt� 1-hydroxy-1,2,3-benzotriazole, TFA� trifluoroacetic acid, Z�
benzyloxycarbonyl.
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a ± c) was carried out by using FT-IR absorption, two-dimen-
sional NMR, and CD techniques in solvents of different
polarity.
The conformational preferences of the C-terminal, N�-


protected peptides (up to the hexamer) were investigated in a
structure-supporting solvent (CDCl3) by FT-IR absorption
spectroscopy over the peptide concentration range 10 ±
0.1 m�. Representative spectra (for short sequences of
peptide a) in the most informative N�H stretching (amide A)
region (peptide concentration: 1 m�) are illustrated in Fig-
ure 1. The curves are characterized by two bands, at about
3425 cm�1 (free, solvated NH groups) and 3355 ± 3310 cm�1


(strongly hydrogen-bonded NH groups of folded conforma-
tions).[17±19] The intensity of the low-frequency band relative to
that of the high-frequency band increases significantly as
main-chain length increases. We have also been able to
demonstrate that, even at a concentration of 10 m�, self-
association through intermolecular N�H ¥¥¥O�C hydrogen
bonding is negligible (less than 5%) for all oligomers.
(Figure 1 shows the close similarity between the spectra of
the longest peptide in this series at the two concentrations.)
Therefore, the observed hydrogen bonding should be inter-


Figure 1. FT-IR absorption spectra in the 3500 ± 3200 cm�1 region for the
C-terminal short sequences Z-Ala-Lol (6), Boc-Glu(OMe)-Ala-Lol (7),
Z-Aib-Glu(OMe)-Ala-Lol (8), Z-(Aib)2-Glu(OMe)-Ala-Lol (9), Boc-
Glu(OMe)-(Aib)2-Glu(OMe)-Ala-Lol (10), and Boc-[Glu(OMe)]2-
(Aib)2-Glu(OMe)-Ala-Lol (11) of peptide a in CDCl3 solution. Peptide
concentration: 1 m�. Spectrum 11� is the spectrum of the hexapeptide at
10 m� peptide concentration.


preted as arising almost exclusively from intramolecular
N�H ¥¥¥O�C interactions. As the low-frequency band is
clearly seen in the N�-protected dipeptide amino alcohol
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Table 1. Physical properties and analytical data for the newly synthesized peptides.


Compound[a] Yield
[%]


M.p. [�C][b] Purifi-
cation[c]


TLC[d] [M�H]�calcd/
[M�H]�exp[e]


IR �� [cm�1][f]


Rf(I) Rf(II) Rf(III)


Z-Etn-OH 79 oil EtOAc/PE 0.40 0.90 0.25 ± 3472, 3410, 1704, 1678, 1522
Z-Ala-Lol 89 90 ± 91 EtOAc/PE 0.65 0.90 0.40 ± 3317, 1711, 1690, 1653, 1531
Boc-Glu(OMe)-Ala-Lol 87 waxy solid f.c. 0.60 0.90 0.30 ± 3308, 1745, 1711, 1682, 1666, 1522
Z-Aib-Glu(OMe)-Ala-Lol 79 waxy solid f.c. 0.60 0.85 0.25 ± 3305, 1751, 1721, 1654, 1540
Z-Etn-Glu(OMe)-Ala-Lol 69 waxy solid f.c. 0.55 0.85 0.20 ± 3309, 1745, 1724, 1658, 1533
Z-Nva-Glu(OMe)-Ala-Lol 88 waxy solid f.c. 0.65 0.90 0.35 ± 3313, 1738, 1666, 1537
Z-Aib-Aib-Glu(OMe)-Ala-Lol 76 waxy solid f.c. 0.60 0.90 0.15 ± 3290, 1747, 1704, 1678, 1637, 1543
Z-Aib-Etn-Glu(OMe)-Ala-Lol 76 waxy solid f.c. 0.60 0.90 0.15 ± 3310, 1734, 1714, 1653, 1644, 1541
Z-Aib-Nva-Glu(OMe)-Ala-Lol 81 waxy solid f.c. 0.65 0.90 0.25 ± 3307, 1751, 1708, 1662, 1639, 1514
Boc-Glu(OMe)-Aib-Aib-Glu(OMe)-Ala-Lol 74 waxy solid f.c. 0.65 0.85 0.10 ± 3311, 1731, 1664, 1657, 1538
Boc-Glu(OMe)-Aib-Etn-Glu(OMe)-Ala-Lol 69 waxy solid f.c. 0.60 0.85 0.10 ± 3317, 1740, 1664, 1660, 1532
Boc-Glu(OMe)-Aib-Nva-Glu(OMe)-Ala-Lol 72 waxy solid f.c. 0.70 0.90 0.15 ± 3315, 1739, 1660, 1542
Boc-[Glu(OMe)]2-Aib-Aib-Glu(OMe)-Ala-Lol 68 waxy solid f.c. 0.65 0.85 0.15 ± 3314, 1745, 1659, 1541
Boc-[Glu(OMe)]2-Aib-Etn-Glu(OMe)-Ala-Lol 69 waxy solid f.c. 0.60 0.85 0.10 ± 3308, 1751, 1712, 1664, 1521
Boc-[Glu(OMe)]2-Aib-Nva-Glu(OMe)-Ala-Lol 76 waxy solid f.c. 0.65 0.90 0.20 ± 3312, 1745, 1708, 1657, 1531
Oc-Aib-Pro-OBzl 78 oil f.c. 0.90 0.95 0.45 ± 3308, 1736, 1664, 1525
Boc-Phe-Aib-OBzl 87 91 ± 92 EtOAc/PE 0.90 0.95 0.55 ± 3311, 1744, 1655, 1537
Oc-Aib-Pro-Phe-Aib-OBzl 75 oil f.c. 0.70 0.90 0.35 ± 3308, 1746, 1712, 1661, 1649, 1524
Oc-Aib-Pro-Phe-Aib-[Glu(OMe)]2-Aib-Aib-
Glu(OMe)-Ala-Lol


66 waxy solid f.c. 0.70 0.90 0.30 1328.8463/
1328.8494


3309, 1743, 1655, 1529


Oc-Aib-Pro-Phe-Aib-[Glu(OMe)]2-Aib-Etn-
Glu(OMe)-Ala-Lol


58 waxy solid f.c. 0.70 0.90 0.20 1370.8955/
1370.8986


3313, 1740, 1662, 1537


Oc-Aib-Pro-Phe-Aib-[Glu(OMe)]2-Aib-Nva-
Glu(OMe)-Ala-Lol


65 waxy solid f.c. 0.65 0.85 0.25 1342.8718/
1342.8749


3307, 1741, 1649, 1519


Oc-Aib-Pro-Phe-Aib-(Gln)2-Aib-Aib-
Gln-Ala-Lol


98 waxy solid f.c. 0.45 0.80 0.10 642.9157/
642.9172[g]


3311, 1669, 1661, 1537


Oc-Aib-Pro-Phe-Aib-(Gln)2-Aib-Etn-
Gln-Ala-Lol


97 waxy solid f.c. 0.50 0.85 0.15 1325.9617/
1325.9648


3315, 1661, 1657, 1527


Oc-Aib-Pro-Phe-Aib-(Gln)2-Aib-Nva-
Gln-Ala-Lol


98 waxy solid f.c. 0.40 0.85 0.10 1297.8457/
1297.8488


3322, 1656, 1647, 1525


[a] All �-amino acids and the 1,2-amino alcohol have the S configuration. [b] Determined on a Leitz model Laborlux 12 apparatus (Wetzlar, Germany).
[c] Purification was either by recrystallization from the given solvent(s) (EtOAc� ethyl acetate, PE� petroleum ether) or by flash chromatography (f.c.;
silica gel 60, 40 ± 63 mesh, Merck, Darmstadt, Germany). [d] TLC on silica gel 60F plates (Merck) in the following solvent systems: I) chloroform/ethanol
(9:1), II) butan-1-ol/water/acetic acid (3:1:1), III) toluene/ethanol (7:1); the plates were developed with a UV lamp or with the hypochlorite/starch/iodide
chromatic reaction, as appropriate; a single spot was observed in each case. [e] Determined on a Perseptive Biosystems model Mariner ESI-TOF mass
spectrometer (Foster City, CA). [f] Determined in KBr pellets on a Perkin-Elmer 580B spectrophotometer (Norwalk, CT) equipped with a Perkin
Elmer 3600 IR data station. [g] [(M� 2H)/2]calcd/[(M� 2H)/2]exp.
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(7) but not in the shorter Z-Ala-Lol (6), it is reasonable to
exclude the possibility that the preferred folded conformation
would be of the �-bend type.[20]


The FT-IR absorption analysis provided evidence that
intramolecular hydrogen bonding typical of �[21, 22] or �[23±25]-
turn conformations is the predominant feature of the C-ter-
minal sequences of these lipopeptaibols in CDCl3 solution.
The FT-IR absorption spectra of the lipopeptaibols a ± c and


a� ± c� in CDCl3 solutions (peptide concentrations: 1 and
0.1 m�) are shown in Figure 2. They are dominated by a very
strong band at about 3325 cm�1. Additional bands (shoulders)
are barely visible at wavenumbers �3400 cm�1. A modest
decrease in the relative intensity of the 3325 cm�1 band is
observed between the spectra recorded at 1 and 0.1 m�
concentrations; this is indicative of the contribution of a
minor amount of intermolecular hydrogen bonds. In any case,
at the lower concentration examined (0.1 m�) the 3325 cm�1


band is still very intense in all of these decapeptides, which
supports the view that they are characterized by an extensive
set of intramolecular C�O ¥¥¥H�N hydrogen bonds. From our
FT-IR absorption analysis it may be concluded that in CDCl3
solution all the lipopeptaibols examined tend to fold in an
intramolecularly hydrogen-bonded structure. However, this
technique alone did not allow us to unambiguously determine
the nature of the helix that is formed.
The NMR spectroscopic investigation of the conformation


of lipopeptaibol a� was carried out in an aqueous sodium
dodecylsulfate (SDS) solution. The combined analysis of
TOCSY and NOESY spectra led to the complete assignment
of all proton resonances. In spite of the presence of a Pro
residue at position 2, no evidence of cis/trans isomerism about
the Aib1 ± Pro2 bond was found in the NMR spectra. The
complete proton assignment is reported in Table 2. The
assignment of the methyl groups of the Aib residues is based
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Figure 2. FT-IR absorption spectra in the 3500 ± 3200 cm�1 region for peptides a ± c and a� ± c� in CDCl3 solution at peptide concentrations of 1 m� (I) and
0.1 m� (II).
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on the analysis of the NOESY spectrum alone, on the
assumption that the helix formed (see below) would be right-
handed. The summary of the interresidue NOESY connectiv-
ities is presented in Figure 3. The presence of strong NH(i) ±
NH(i� 1) peaks almost throughout the sequence, accompa-
nied by weak �H(i) ±NH(i� 1) peaks, is an indication that the


Figure 3. Interresidue NOEs found for peptide a�. The thickness of the bar
reflects the integrated intensity of the peak, as the scale at the bottom
shows.


peptide might adopt a helical conformation. Of the four
possible �H(i) ±NH(i� 3) peaks, only one was detected
(Figure 4). In a right-handed helical conformation, the pro-
Rmethyl protons �� of the Aib residues are in close proximity
with the NH protons of residues one turn away.[26] Again, of
the four possible ��H(i) ±NH(i� 3) peaks, only one was
detected (outside the section shown in Figure 4). These
findings support the presence of a helical conformation only
in part and indicate that such an arrangement is probably in
equilibrium with other conformers. Two �H(i) ±NH(i� 4)
connectivities suggest that the �-helix conformation is indeed
populated. Two ��H(i) ±NH(i� 2) peaks were also found. The
first one is around Pro2 and could arise from a �-turn
conformation. The other one, toward the C terminus, could be
due to a transient 310-helical arrangement. The temperature


Figure 4. Section of the NOESY spectrum of peptide a�. The medium-
range d�N(i, i� 4) and d�N(i, i� 2) cross-peaks are indicated.


dependence of the amide protons is also reported in Table 2.
The protons of residues Phe3, Aib4, Gln9, Ala10, and Lol show
a small temperature dependence (��/�T� 4.0 ppbK�1),
which is usually interpreted as indicating the presence of
intramolecular hydrogen bonds.
Extensive molecular dynamics calculations resulted in a


family of 32 accepted structures with violations to the NOE
restraints lower than 0.4 ä. A superimposition of these
structures is shown in Figure 5. The average values of the


Figure 5. Overlay of the 32 minimized structures of peptide a�. Amino acid
numbering is indicated. Sinde chains are omitted.
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Table 2. Proton chemical shift values (ppm) at 313 K relative to tetramethylsilane
and temperature dependencies of amide proton chemical shift values (ppbK�1) for
peptide a�.


Residue �H �H �H �H �H H aromatic HN ��/�T


Aib1 1.60, 1.61 8.48 5.6� 0.2
Pro2 4.47 2.32, 1.43 2.00, 1.88 4.04, 3.47
Phe3 4.66 3.35, 3.19 7.28, 7.41 8.13 3.8� 0.1
Aib4 1.52, 1.69 7.96 1.9� 0.1
Gln5 4.11 2.19 2.58, 2.51 7.47, 6.83 8.02 6.7� 0.3
Gln6 4.16 2.18, 2.25 2.51 7.42, 6.78 7.88 4.1� 0.1
Aib7 1.66 8.01 4.5� 0.1
Aib8 1.57, 1.64 7.86 5.6� 0.1
Gln9 4.14 2.28 2.70, 2.60 7.37, 6.76 7.73 4.0� 0.1
Ala10 4.41 1.62 7.95 2.4� 0.1
Lol 4.16 1.49, 1.38


3.69, 3.60
1.81 0.98 7.08 3.0� 0.1
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�,	 angles recovered from the dynamics are reported in
Table 3 together with their standard deviations. These devia-
tions are very small, as is also indicated by the values of the
order parameter, which are very close to one. This is evidence
for a strong tendency toward the average structure, which is a
slightly distorted � helix from residue Aib4 to Ala10. The
distortion is mainly due to the unusual values of the � angles,
which vary from �76� to �89�. The difference from the
canonical value of�63� is nevertheless not high. As expected,
the C terminus experiences a higher degree of conformational
averaging, as indicated by the lower order parameters already
observed at the level of Aib8. At the N terminus, the distortion
is greater, very likely because of the presence of the Pro
residue at position 2. The angles of residues Aib1 and Pro2 are
compatible with the presence of a type-I � turn.
Table 4 summarizes the intramolecular hydrogen bonds


found in the 32 accepted structures. The amide protons
significantly involved in such bonds are those of Phe3, Gln9,
Ala10, and Lol. The agreement with the results of the variable
temperature study is quite reasonable. Indeed, the temper-
ature coefficient of these NH protons is �4.0 ppbK�1. Only


the Aib4 NH proton, which exhibits the lowest temperature
dependence in the entire sequence, is not found to form
intramolecular hydrogen bonds in the dynamics calculations.
A possible explanation for this result could be that this
particular proton is in part shielded from the solvent for
different reasons, for example by the Phe ring or by the n-
octanoyl N-terminal chain.
The far-UV CD spectra of the six lipopeptaibols a ± c and


a� ± c� in MeOH solution (Figure 6) are very similar, with a
negative maximum at 208 nm (peptide ���* exciton split


Figure 6. Far-UV CD spectra of the lipopeptaibol LP237-F8 (c�) and its
five analogues (a ± c, a�, and b�) in MeOH solution.


component) and a pronounced negative shoulder in the
vicinity of 222 nm (peptide n��* transition).[27] The con-
formationally sensitive [
]222T /[
]208T ratio R is approximately
0.7, a fact indicating that the right-handed helix adopted in this
solvent is predominantly of the � type.[28±30] In 1,1,1,3,3,3-
hexafluoroisopropanol solution (spectra not shown) the R
value (�0.95) suggests a further increase in the �-helix
population. By applying the conventional criteria for the
determination of the percentage of helicity of polypeptides
containing protein amino acids from ellipticity values,[31] the
helical content of these decapeptides can be calculated to be
in the range of 25 ± 35%. We believe that these values
underestimate the actual amounts of helicity of our peptides
because: 1) three (or four) out of ten amino acids in the
sequences are achiral (Aib) residues, and 2) the main-chain
length of the sequences (10 amino acids) is rather limited,
thereby increasing the relative impact of terminal fraying (end
effects).[28, 32, 33]


Membrane permeability properties : Trichogin GA IV, the
prototypical lipopeptaibol, is known to exhibit a considerable
membrane-perturbing activity.[3, 4, 34±37] It is even more de-
structive to small unilamellar vesicles of phosphatidyl choline
and cholesterol than several longer nonlipidated peptaibols
are. However, the details of the mechanism by which
trichogin GA IV is able to release the aqueous content of
small unilamellar liposomes are not clear yet.[3, 4, 36, 37] The
membrane-modifying properties of the six 10-mer lipo-
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Table 3. Average values of �,	 backbone torsion angles, their relative
standard deviations, and order parameters resulting from the 32 calculated
structures of peptide a�.


Residue Angle Average value and Order
standard deviation parameter


Aib1 � � 80.2� 5.4 0.996
Aib1 	 � 53.2� 3.5 0.998
Pro2 � � 84.1� 3.8 0.998
Pro2 	 13.5� 1.4 1
Phe3 � � 91.7� 8.6 0.989
Phe3 	 � 9.6� 1.4 1
Aib4 � � 83.1� 2 0.999
Aib4 	 � 48.3� 6 0.995
Gln5 � � 86.3� 8.3 0.99
Gln5 	 � 12.6� 2.1 0.978
Gln6 � � 77.1� 6.7 0.993
Gln6 	 � 26.4� 4 0.998
Aib7 � � 75.7� 4.4 0.997
Aib7 	 � 42� 6.4 0.994
Aib8 � � 89� 30.9 0.88
Aib8 	 � 38.5� 7.8 0.991
Gln9 � � 77.2� 15.2 0.967
Gln9 	 � 15.5� 11.5 0.981
Ala10 � � 83.2� 19.2 0.946
Ala10 	 � 8.5� 12.5 0.977
Lol � 108.4� 59.4 0.655


Table 4. Intramolecular C�O ¥¥¥H�N hydrogen bonds found in the
32 calculated structures of peptide a�.[a]


NH donor O acceptor Occurrence


Phe3 Oc 12
Aib7 Phe3 2
Aib8 Gln5 1
Gln9 Gln5 8
Ala10 Gln6 10
Ala10 Aib7 1
Lol Aib8 6


[a] The maximum hydrogen ± acceptor distance was set to 2.4 ä. The
donor ± hydrogen ± acceptor angle was 145�.
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peptaibols a ± c and a� ± c�, tested by use of a liposome leakage
assay, are compared in Figure 7 with those of the 10-mer
trichogin GA IV (Oc-Aib-Gly-Leu-Aib-(Gly)2-Leu-Aib-Gly-
Ile-Lol) and its nonlipidated analogue (with Ac-Aib0 and


Figure 7. Peptide-induced carboxyfluorescein (CF) leakage after 20 min
for different ratios Ri�1� [peptide]/[lipid] (�103) from egg phosphatidyl
choline/cholesterol (70:30) vesicles for the lipopeptaibol LP237-F8 (c�) and
its five analogues (a ± c, a�, and b�). A comparison is also made with the
membrane activities of the prototypical lipopeptaibol trichogin GA IV (T)
and the negative control analogue of trichogin GA IV (with Ac-Aib0 and
Leu-OMe11; NC).[38]


Leu(OMe)11); the latter was taken as a negative control.[38]


Notably, all of the compounds examined (except the negative
control) are able to modify the artificial membrane. The
enhanced capability of peptides c and c� for lysis should be
associated with the increased hydrophobicity and helix
stabilization imparted by the Etn8 residue. The
Glu(OMe)�Gln triple replacement seems beneficial, at
least for peptides a� and b�. The naturally-occurring peptide
LP237-F8 (peptide c�) is more active in the membranes than
trichogin GA IV even though they have the same main-chain
length. Thus, the observed difference might be related to the
higher amphiphilic properties characterizing the 3D-structure
of the former lipopeptaibol.


Conclusion


In this work, by using the (S)-Etn residue obtained by
asymmetric chemical synthesis, we prepared by solution
methods the terminally blocked, 10-mer lipopeptaibol metab-
olite LP237-F8. Two analogues in which the Etn residue is
replaced either by an Aib or a Nva residue have also been
prepared. In solution, the three decapeptides are highly
folded in helical structures. By combining high hydrophobic-
ity and helix-stabilizing C�-tetrasubstitution[9] at position 8, as
in the naturally occurring, Etn-containing F8 metabolite,
increased amphiphilicity and an associated, significantly
higher capability for membrane lysis are obtained.
It is likely that additional lipopeptaibol mixtures with


potent cytotoxic activity will be discovered in the near future.


Furthermore, carefully tailored analogues of lipopeptaibols
such as metabolite LP237-F8 are excellent tool components
for biophysical studies of peptide ±membrane interac-
tions.[3, 4, 36]


Experimental Section


General for the synthesis and characterization of (S)-Etn : Melting points
were determined on a B¸chi SMP-20 capillary apparatus and are not
corrected. IR absorption spectra were registered on a Perkin-Elmer 1600
FT-IR spectrophotometer. Optical rotations were measured in a cell with
10-cm pathlength on a Jasco P-1020 polarimeter. 1H NMR (300 MHz) and
13C NMR (75 MHz) spectra were recorded either with a Varian Unity-300
or Bruker ARX-300 spectrometer. Elemental analyses were obtained by
using a Perkin-Elmer 2400 analyser.


(2S)-(1�S,2�R,4�R)-10�-(Dicyclohexylsulfamoyl)isobornyl-2-cyano-2-ethyl-
4-pentenoate (2): Anhydrous potassium carbonate (3.45 g, 25 mmol) was
added to a well-stirred solution of (2RS)-(1�S,2�R,4�R)-10�-(dicyclohexyl-
sulfamoyl)isobornyl-2-cyanobutanoate (1)[39] (2.46 g, 5 mmol) and allyl
bromide (1.21 g, 10 mmol) in dry acetone (60 mL). The resulting mixture
was stirred at room temperature for 24 h and filtered, and the solid residue
was washed with diethyl ether. The combined filtrates were concentrated in
vacuo and the residue was dissolved in diethyl ether, washed with water,
dried over anhydrous MgSO4, filtered, and concentrated in vacuo to afford
the corresponding (1�S,2�R,4�R)-10�-(dicyclohexylsulfamoyl)isobornyl-2-cy-
ano-2-ethyl-4-pentenoate as a 90:10 mixture of diastereoisomers. Recrys-
tallization from MeOH afforded the diastereomerically pure 2S compound
in 62% yield. M.p. 124 �C; 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.85 (s,
3H; CH3), 1.03 (s, 3H; CH3), 1.12 (t, 3J(H,H)� 7.5 Hz, 3H; CH3), 1.10 ± 2.20
(m, 29H; ethyl, isobornyl, (Cy)2), 2.50 ± 2.58 (m, 2H; CH2�allyl), 2.57 (d,
2J(H,H)� 13.2 Hz, 1H; CHSO2), 3.22 ± 3.36 (m, 2H; isobornyl), 3.38 (d,
2J(H,H)� 13.2 Hz, 1H; CHSO2), 4.94 (dd, 3J(H,H)� 7.8, 3.0 Hz, 1H;
CH�O), 5.15 ± 5.26 (m, 2H; allyl); 5.74 ± 5.90 (m, 1H; allyl) ppm;
13C NMR (75 MHz, CDCl3): �� 9.6, 19.9, 20.3, 22.9, 25.2, 26.2, 26.4, 27.0,
29.9, 30.7, 32.1, 33.5, 39.5, 41.4, 44.4, 49.3, 49.6, 49.7, 53.5, 57.3, 80.7, 119.0,
120.8, 130.8, 167.4 ppm; IR (Nujol): �� � 2244 (C	N), 1737 (C�O) cm�1;
elemental analysis calcd (%) for C30H48N2O4S: C 67.63, H 9.08, N 5.26, S
6.02; found: C 67.59, H 9.06, N 5.31, S 5.96.


(2S)-(1�S,2�R,4�R)-10�-(Dicyclohexylsulfamoyl)isobornyl-2-cyano-2-ethyl-
pentanoate (3): 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.86 (s, 3H; CH3),
0.93 (t, 3J(H,H)� 7.2 Hz, 3H; CH3), 1.05 (s, 3H; CH3), 1.12 (t, 3J(H,H)�
7.5 Hz, 3H; CH3), 1.16 ± 2.20 (m, 31H; ethyl, isobornyl, (Cy)2), 2.58 (d,
2J(H,H)� 13.3 Hz, 1H; CHSO2), 3.20 ± 3.36 (m, 2H; isobornyl), 3.40 (d,
2J(H,H)� 13.3 Hz, 1H; CHSO2), 4.95 (dd, 3J(H,H)� 7.8, 2.9 Hz, 1H;
CH�O) ppm; 13C NMR (75 MHz, CDCl3): �� 9.7, 13.9, 18.8, 20.0, 20.4,
25.2, 26.2, 26.4, 27.0, 30.4, 30.7, 32.0, 33.5, 39.3, 39.6, 44.4, 49.4, 49.6, 50.1,
53.5, 57.4, 80.5, 119.6, 168.2; IR (Nujol): �� � 2240 (C	N), 1737 (C�O) cm�1;
elemental analysis calcd (%) for C30H50N2O4S: C 67.38, H 9.42, N 5.24, S
6.00; found: C 67.45, H 9.29, N 5.36, S 6.07.


(S)-2-Methoxycarbonylamino-2-ethylpentanonitrile (4): Oil ; 1H NMR
(300 MHz, CDCl3, 25 �C): �� 0.95 (t, 3J(H,H)� 7.2 Hz, 3H; CH3), 1.02 (t,
3J(H,H)� 7.2 Hz, 3H; CH3), 1.40 ± 1.53 (m, 2H; CH2), 1.79 ± 1.88 (m, 2H;
CH2), 1.90 ± 2.01 (m, 2H; CH2), 3.70 (s, 3H; OCH3), 4.81 (br s, 1H;
NH) ppm; 13C NMR (CDCl3, 75 MHz): �� 9.7, 13.9, 16.3, 27.1, 33.7, 52.5,
57.4, 119.4, 155.2 ppm; IR (Nujol): �� � 3330 (NH), 2238 (C	N), 1715
(C�O) cm�1; HR-MS (EI): calcd for C9H16N2O2: 184.1212;m/z: 184.1215 [M]� .


(S)-2-Amino-2-ethylpentanoic acid (5): M.p. �300 �C (decomp); [�]22D �
�6.9 (c� 1 in H2O); 1H NMR (300 MHz, D2O, 25 �C): �� 0.79 (t,
3J(H,H)� 7.2 Hz, 3H; CH3), 0.79 (t, 3J(H,H)� 7.5 Hz, 3H; CH3), 1.08 ±
1.10 (m, 1H; CH2), 1.20 ± 1.32 (m, 1H; CH2), 1.50 ± 1.82 (m, 4H;
2CH2) ppm; 13C NMR (75 MHz, D2O): �� 5.91, 12.0, 15.3, 27.9, 36.8,
64.6, 174.9 ppm; IR (neat): �� � 3500 ± 2000 (NH), 1712 (C�O) cm�1;
elemental analysis calcd (%) for C7H15NO2: C 57.90, H 10.41, N 9.65;
found: C 57.83, H 10.48, N 9.57.


Synthesis and characterization of amino acid derivatives and peptides : The
physical properties and analytical data for the newly synthesized amino
acid derivatives and peptides are listed in Table 1. The syntheses and
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characterization of Z-Aib-OH,[40±43] Oc-Aib-OH,[35] Boc-Aib-OBzl,[42] and
Z-Ala-Leu-OMe[44] have already been reported.


FT-IR absorption spectroscopy : FT-IR absorption spectra were recorded
with a Perkin-Elmer 1720X spectrophotometer, nitrogen flushed and
equipped with a sample-shuttle device, at a nominal resolution of 2 cm�1,
averaging 100 scans. Solvent (baseline) spectra were recorded under the
same conditions. Cells with path lengths of 0.1, 1.0, and 10 mm (with CaF2
windows) were used. Spectrograde CDCl3 (99.8% D) was purchased from
Fluka.


NMR studies : NMR experiments were carried out on a Bruker Avan-
ce DMX-600 spectrometer. The peptide concentration was 3.5 m� in 0.3 �
SDS-d25 and the sample temperature was 313 K. The water signal was
suppressed by use of the WATERGATE pulse sequence. In all two
dimensional experiments the spectra were acquired by collecting 500 ± 512
runs, each one consisting of 64 scans and 4000 data points. The spin systems
of protein amino acid residues were identified by using standard DQF-
COSY and TOCSY experiments. In the latter case the spin-lock pulse
sequence was 70 ms long. The stereospecific assignment of the Aib methyl
group (except for Aib8) was obtained by means of semisoft NOESY
experiments with digital resolution of 0.8 Hz per point in F1. AG4-shaped
pulse, centered in the �H region, was used to replace the first 90� hard pulse.


Normal NOESY experiments were used for specific sequence assignment.
The mixing time of the NOESY experiments used for interproton distance
determinations was 120 ms. Interproton distances were obtained by
integration of the NOESY spectrum with the AURELIA software
package.[45] Distances were calibrated on the peak between the two Phe
�H protons, set to a distance of 1.78 ä. When peaks could not be integrated
because of partial overlap, a distance corresponding to the maximum limit
of detection of the experiment (4 ä) was assigned to the corresponding
proton pair.


Structure calculations : Distance geometry (DG), molecular dynamics
(MD), and simulated annealing (SA) protocol calculations were carried out
by using the X-PLOR 3.1 program.[46] For distances involving equivalent or
nonstereo assigned protons, r�6 averaging was used. The MD calculations
involved a minimization stage of 100 cycles, followed by SA and refinement
stages. The SA consisted of 30 ps of dynamics at 1500 K (10000 cycles in
3 fs steps) and of 30 ps of cooling from 1500 to 100 K in 50 K decrements
(15000 cycles in 2 fs steps). The SA procedure, in which the weights of the
NOE and nonbonded terms were gradually increased, was followed by 200
cycles of energy minimization. In the SA refinement stage the system was
cooled from 1000 to 100 K in 50 K decrements (20000 cycles in 1 fs steps).
Finally, the calculations were completed with 200 cycles of energy
minimization with an NOE force constant of 50 kcalmol�1. The generated
structures were visualized by using the MOLMOL 2.6 program[47] with a
Silicon Graphics O2R 10000 workstation.


Circular dichroism : The CD spectra were obtained on a Jasco J-710
spectropolarimeter. Cylindrical, fused quartz cells of 10-, 1-, 0.2-, and 0.1-
mm pathlength (Hellma) were used. The values are expressed in terms of
[
]T, the total molar ellipticity (deg� cm2� dmol�1). Spectrograde MeOH
(Baker) and 1,1,1,3,3,3-hexafluoroisopropanol (Acros Organics) were used
as solvents. The peptide concentrations were determined by weight and the
peptide content was obtained from quantitative amino acid analyses
(C. Erba model 3A30) of the peptides.


Liposome leakage assay : Peptide-induced leakage from egg phosphatidyl
choline (PC) vesicles was measured at 20 �C using the carboxyfluorescein
(CF) entrapped vesicle technique as previously described.[48] CF-encapsu-
lated small unilamellar vesicles (egg PC/cholesterol, 70:30) were prepared
by sonication in 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
(HEPES) buffer (pH 7.4). The phospholipid concentration was kept
constant (0.6 m�), and increasing [peptide]/[lipid] molar ratios (Ri�1) were
obtained by adding aliquots of MeOH solutions of peptides, but keeping
the final MeOH concentration below 5% by volume. After rapid and
vigorous stirring, the time course of fluorescence change, corresponding to
CF escape, was recorded at 520 nm (1 nm band pass) with �exc� 488 nm
(1 nm band pass). The percentage of released CF at time t was determined
as (Ft�F0)/(FT�F0)� 100, where F0� fluorescence intensity of vesicles in
the absence of peptide, Ft� fluorescence intensity at time t in the presence
of peptide, and FT� total fluorescence intensity determined by disrupting
the vesicles by addition of 30 �L of a 10% Triton X-100 solution. The
kinetics studies were stopped at 20 min.
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N-Heterocyclic Carbene Functionalized Iridium Phosphinidene Complex
[Cp*(NHC)Ir�PMes*]: Comparison of Phosphinidene, Imido, and Carbene
Complexes


Arjan T. Termaten,[a] Marius Schakel,[a] Andreas W. Ehlers,[a] Martin Lutz,[b]
Anthony L. Spek,[b] and Koop Lammertsma*[a]


Abstract: The novel phosphinidene complex [Cp*(NHC)Ir�PMes*] (3 ; NHC� 1,3-
diisopropyl-4,5-dimethylimidazol-2-ylidene) was prepared in high yield from
[Cp*(NHC)IrCl2] (2) and [LiPHMes*] ¥ 3THF. It represents the first example of an
NHC ligated transition metal phosphinidene complex. The X-ray crystal structure for
3 is also reported. DFT calculations on the N-heterocyclic carbene containing parent
complexes [Cp(NHC)Ir�E] (E�PH, NH, CH2) show that the NHC ligand acts as
good �-donor/weak �-acceptor ligand and forms strong Ir�C(NHC) single bonds.
The Ir�E double bonds result from strong triplet ± triplet interactions between
[Cp(NHC)Ir] and E.


Keywords: carbenes ¥ density
functional calculations ¥ iridium ¥
P ligands


Introduction


In recent years, N-heterocyclic carbenes (NHC) have evolved
towards highly valuable ligands in transition metal chemistry
and homogeneous catalysis.[1, 2] Neutral imidazol-2-ylidenes,
which are now readily available from established synthetic
procedures,[1, 3] are thermally stable ligands that exhibit strong
�-donor and negligible �-acceptor capabilities.[1, 4, 5] They are
often regarded as useful substitutes for tertiary phosphine
ligands, due to their electronic and steric properties and low
reactivity.[4, 6, 7] Phosphine substitution in the established Ru-
based Grubbs catalysts [(PR3)2Cl2Ru�CHR�] by imidazol-2-
ylidenes, has already provided new catalytic systems with
superior activities in olefin metathesis.[2, 6] Interestingly, these
Ru complexes represent the only known examples of a new
class of compounds that contain both an alkylidene moiety as
well as an N-heterocyclic carbene ligand.[2] Similar complexes
of other transition metals have not yet been reported, and
neither have N-heterocyclic carbene complexes that bear


reactive metal ± ligand multiple bonds other than an alkyli-
dene, such as imido (M�NR) and phosphinidene (M�PR)
moieties.


Recently, our group reported on stable Group 8 and 9
phosphinidene complexes of the type [(�6-Ar)(L)M�PAr]
(M�Ru, Os)[8] and [(�5-CpR)(L)M�PAr] (M�Co, Rh,
Ir).[9, 10] A unique aspect of these novel complexes concerns
the facile variation of stabilizing ligand L. So far, established
ligands such as phosphines, arsines, phosphites, isocyanides
and carbon monoxide have been introduced successfully,
leading to stable, isolable complexes with strong metal�ligand
bonds.[10] This encouraged us to investigate the availability of
phosphinidene complexes that contain an N-heterocyclic
carbene ligand, and to study their structural and electronic
properties.


In this report, the synthesis and characterization of novel
iridium complex [Cp*(NHC)Ir�PMes*] (NHC� 1,3-diiso-
propyl-4,5-dimethylimidazol-2-ylidene) is described. Further-
more, structural and bonding properties for the iridium
phosphinidene parent complex that contains the imidazol-2-
ylidene ligand is evaluated theoretically, and comparisons are
made with analogous alkylidene and imido complexes. The
transition metal iridium is used because similar alkyli-
dene,[11, 12] imido,[13] phosphinidene,[9] as well as N-heterocyclic
carbene complexes[14] are known experimentally for iridium.


Results and Discussion


Synthesis of [Cp*(NHC)Ir�PMes*]: We explored the avail-
ability of NHC-ligated iridium phosphinidene complexes by
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using a metathesis reaction with
a lithiumphosphide. First, the
NHC-ligated iridium complex 2
was prepared by a reaction of the
commercially available dimer
[Cp*IrCl2]2 (1) with the readily
available N-heterocyclic carbene
ligand 1,3-diisopropyl-4,5-dime-
thylimidazol-2-ylidene
(Scheme 1). Novel complex 2
was obtained as an orange-yel-
low crystalline solid in 85% iso-
lated yield. The 13C NMR reso-
nance at � 155.1 resembles that
of a previously reported ana-
logue [Cp*Cl2Ir(1,3-dicyclohex-
ylimidazol-2-ylidene)],[14] and
confirms the presence of the
carbene moiety in 2.


Treatment of 2with two equiv-
alents of [LiPHMes*] ¥ 3THF in
toluene at �78 �C afforded ter-
minal iridium phosphinidene
complex 3 as dark red crystals
in 78% isolated yield. In the 31P
NMR spectrum, the presence of
a single resonance at � 560 con-
firms the presence of a bent
phosphinidene moiety. Interest-
ingly, the chemical shift of the
phosphinidene is remarkably
shielded with respect to analo-
gous phosphinidene complexes such as [Cp*(PPh3)Ir�PMes*]
(� 687) and [Cp*(CO)Ir�PMes*] (� 805).[9] The 13C NMR
resonance of the carbene at � 169.2 in 3 is deshielded with
respect to 2, due to charge donation to the metal moiety.


The structure of 3 was ascertained by X-ray crystallography
(Figure 1) and strongly resembles that of the previously
reported [Cp*(PPh3)Ir�PMes*].[9] This suggests that the
observed shielding of the 31P NMR resonance arises from
the strong �-donor and weak �-acceptor properties of the
NHC ligand rather than from geometrical differences. The
structure has a two-legged piano stool geometry with a


crystallographic mirror plane through C15, C12, Ir1, C18, P1,
C1, C4, C9, and C11. It exhibits an E configuration for the
Ir�P bond and an acute P1-Ir1-C18 angle of 82.74(5)�. The
2.1959(5) ä Ir1�P1 bond illustrates the presence of an Ir�P
double bond, whereas the Ir1�C18 bond is expectedly long at
2.0278(19) ä. The structure of 3 represents the first example
of a transition-metal complex that contains both an N-hetero-
cyclic carbene ligand as well as a metal ± ligand multiple bond
other than with an alkylidene.


Theoretical evaluation : To investigate the structural and
electronic properties of iridium phosphinidene complexes
that contain an N-heterocyclic carbene ligand and to compare
these with similar alkylidene and imido complexes, we
resorted to density functional theory (DFT) calculations. As
model systems, we used the iridium parent complexes
[Cp(NHC)Ir�E] (NHC� imidazol-2-ylidene; E�PH, NH,
CH2). The optimized structures (Cs symmetry) are depicted in
Figure 2.


All three complexes (4 ± 6) have similar two-legged piano
stool geometries with acute E-Ir-C(NHC) angles that range
from 85.9 ± 88.3�. The calculated structure of phosphinidene 4
is in good agreement with the X-ray crystal structure of 3, and
has an Ir-P-H angle of 101.1� and an Ir�P distance of 2.219 ä.
The imido complex 5 exhibits a short 1.884 ä Ir�N double
bond which is elongated with respect to known Ir�N triple
bonds (1.71 ± 1.75 ä).[13] A remarkable structural aspect of 5


Abstract in Dutch: Het nieuwe fosfinideen complex
[Cp*(NHC)Ir�PMes*] (3; NHC� 1,3-diisopropyl-4,5-dimeth-
ylimidazol-2-ylideen) werd met hoge opbrengst uit
[Cp*(NHC)IrCl2] (2) en [LiPHMes*] ¥ 3THF gemaakt. Dit
complex is het eerste voorbeeld van een NHC-gecoˆrdineerd
overgangsmetaal fosfinideen, waarvan in dit artikel de rˆntgen
kristal structuur gepresenteerd wordt. DFT berekeningen aan
het N-heterocyclische carbeen bevattende model complex
[Cp(NHC)Ir�E] (E�PH, NH, CH2) tonen aan dat het
NHC ligand zich als een goede �-donor en zwakke �-acceptor
gedraagt en een sterke Ir�C(NHC) binding vormt. De Ir�E
dubbele binding wordt veroorzaakt door een sterke triplet ±
triplet wisselwerking tussen Cp(NHC)Ir en E.


Scheme 1.


Figure 1. Displacement ellipsoid plot (50% probability level) of 3 ¥C7H8. Toluene and the hydrogen atoms are
omitted for clarity (symmetry operation i : x, 0.5� y, z). Selected bond lengths [ä], angles [�] and torsion angles
[�]: Ir1�P1 2.1959(5), Ir1�C18 2.0278(19), Ir1�Cp(cg) 1.8919(8), P1�C1 1.8682(19), C18�N1 1.3693(16), N1�C19
1.3940(19), C19�C19i 1.346(3), Ir1-P1-C1 110.76(6), P1-Ir1-Cp(cg) 147.74(3), P1-Ir1-C18 82.74(5), C18-Ir1-
Cp(cg) 129.52(6), C2i-C1-C2-C3 �15.6(2).
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concerns the sharp Ir-N-H angle of 106.4�. Whereas phosphi-
nidene complexes are usually bent,[15, 16] the majority of
known imido complexes have (nearly) linear M-N-R moieties
with bond angles of 160 ± 180�. This preference for linearity
has already been established theoretically and is governed by
subtle steric and electronic effects.[17] Experimental examples
of strongly bent imido complexes are rare and are believed to
exhibit high reactivity.[17a,b]


The Ir�C(NHC) bond
lengths of 4 ± 6 range from
1.970 ± 1.989 ä, which is in good
agreement with an experimen-
tally reported Ir�C(NHC)
bond length of 2.019 ä.[14]


These distances are shortened
with respect to normal Ir�C
single bonds (�2.1 ä)[18] and longer than Ir�C double
bonds.[12] The latter can be illustrated by the short Ir�C
distance in 6 (1.890 ä) which agrees well with the experi-
mentally known Ir alkylidene complex [Cp*(PiPr3)Ir�CPh2]
(1.904 ä).[12] The longer Ir�C(NHC) bond lengths in 4 ± 6
mirror the different nature of the metal ± carbene bonds with
respect to alkylidene moieties. Interestingly, the difference
between the Ir�C and Ir�C(NHC) distances of 0.08 ä in 6 is
much less pronounced compared with NHC ligated Ru
alkylidene complexes (0.23 ± 0.30 ä).[2, 6] This suggests the
NHC ligands to be tighter bound in the Ir complexes than in
the Ru analogues.


The calculated atomic charges for Ir, E, and C(NHC) are
collected for complexes 4 ± 6 (Table 1). The nucleophilic
character of the phosphinidene, imido, and alkylidene moi-
eties is demonstrated by the high negative charges on E. The
charges increase on going from P � C� N which reflects the
increase of the electonegativities of the elements (� (P)� 2.1,
� (C)� 2.5, � (N)� 3.0).[19] The charges on Ir show only
marginal differences, and these relate to some extent to those
on E. Finally, the C(NHC) charges are hardly effected by the


nature of E and they are slightly
positive (�0.03) for all com-
plexes. This is in sharp contrast
with the free NHC ligand for
which the C(NHC) charge was
calculated to be �0.185, there-
by illustrating its high nucleo-
philicity and good electron do-
nating properties as a ligand.


To further elucidate the dif-
ferent nature of the Ir�E bonds
in complexes 4 ± 6, we calculat-
ed the bond dissociation ener-


gies (BDEs) which are summarized in Table 2. All fragments
have a preferred triplet ground state, 34.6 (PH), 53.7 (NH),
15.7 (CH2) and 9.2 (Cp(NHC)Ir) kcalmol�1 more stable than
their closed shell singlet states. The Ir�E bonds in all three
complexes can be described as covalent double bonds
resulting from the joint �-interaction (Ir(dz2)�E(pz)), the �-
interaction (Ir(dxz)�E(px)) and the electrostatic interaction


between the fragments in their triplet state. This agrees with
established bonding models for nucleophilic Schrock-type
complexes that have been described previously.[15, 21, 22] Con-
sequently, the Ir�E bonds are strong for all complexes, with
the Ir�C bond in 6 being the strongest with a BDE of
117.2 kcalmol�1. The BDE of the weaker Ir�P bond
(92.3 kcalmol�1) is in good agreement with previously re-
ported theoretical values for the similar phosphinidene
complexes [Cp(PH3)Ir�PH] (92.4 kcalmol�1) and
[Cp(CO)Ir�PH] (90.7 kcalmol�1).[21]


The electrostatic interaction term (�E elst) is very similar for
both 4 and 6, but is much lower for the Ir�N bond. This causes
the Ir�N bond in 5 to be weaker (98.4 kcalmol�1) as compared
with the Ir�C bond in 6, despite stronger orbital interactions
(�E oi). All complexes, however, exhibit similar �-contribu-
tions to the total orbital interaction term (�E oi) of 75%,
whereas the �-contributions are smaller (25%).


The Ir�C(NHC) bonds of the complexes 4 ± 6 were
analyzed in a similar fashion (Table 3), but with respect to
the fragments in their singlet ground states, which are
highly preferred over the triplet states by as much as 90.1
(NHC), 25.8 (CpIrPH), 58.5 (CpIrNH), and 13.6
(CpIrCH2) kcalmol�1.[23] The results clearly demonstrate the
fundamental difference between the Ir�C(NHC) bond and
the Ir�CH2 alkylidene bond. The dative Ir�C(NHC) single
bond in 4 ± 6 results from strong �-donation (C(py)�
Ir(dx2�y2)), which amounts to �80% of the total orbital
interaction term (�E oi). The contribution of �-backbonding
(Ir(dxy)�C(px)) is much smaller (�20%). This leads to a
mean �/� ratio of 4.2, which is in good agreement with that


Figure 2. DFT optimized structures (Cs symmetry) for [Cp(NHC)Ir�E]; E�PH (4), NH (5) and CH2 (6).


Table 1. Calculated Hirshfeld charges for complexes 4 ± 6.[a]


Complex Ir E C(NHC)


[Cp(NHC)Ir�PH] (4) � 0.026 � 0.145 � 0.029
[Cp(NHC)Ir�NH] (5) � 0.062 � 0.329 � 0.036
[Cp(NHC)Ir�CH2] (6) � 0.017 � 0.185 � 0.034


[a] For a definition, see ref. [20].


Table 2. Energy decomposition and bond dissociation energies (BDE) for the Ir�E bonds in complexes 4 ± 6.


Complex �E� �E� �E oi �E elst �E Pauli �E tot BDE


[Cp(NHC)Ir�PH] (4) � 114.3 � 38.8 � 153.1 � 194.1 � 250.1 � 97.1 � 92.3
[Cp(NHC)Ir�-NH] (5) � 158.4 � 50.9 � 209.3 � 174.4 � 279.4 � 104.3 � 98.4
[Cp(NHC)Ir�CH2] (6) � 140.7 � 45.4 � 186.0 � 192.8 � 250.6 � 128.2 � 117.2
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obtained by Frenking et al. for the gold complex
[ClAu(NHC)], calculated at the MP2 level of theory
(4.35).[5]


The strong �-donor/weak �-acceptor capabilities of the
NHC ligand result in a significant charge transfer to the metal
moiety upon bond formation, which was already expressed by
the calculated atomic charges (Table 1). The resulting
Ir�C(NHC) bonds are strong, especially for the phosphini-
dene 4 and the alkylidene 6. The metal ± ligand BDE for 4
strongly resembles that of previously reported Ir�CO bonds
in similar phosphinidene complexes, [Cp(CO)Ir�PH].[10]


However, the Ir�CO bond length is much shorter (1.85 ä)
than the Ir�C(NHC) bond, thereby illustrating the different
nature of these ligands. The orbital interaction term (�E oi) of
the imido complex 5 resembles those of 4 and 6, but larger
Pauli repulsion (�E Pauli) as well as a larger preparation energy
(�E prep), due to unfavorable distortion from linearity of the
Ir�N-H moiety in the CpIrNH fragment, result in a much
weaker Ir�C(NHC) bond with a BDE of only 25.9 kcalmol�1.
Again, the diagonal C ±P relationship[15] in the Periodic Table
is stressed, whereas the vertical N ±P relationship is much less
pronounced. The high nucleophilicity involved with bent
imido moieties, however, makes 5 an interesting synthetic
target, which remains topic of future research.


Conclusion


Novel, stable phosphinidene complex [Cp*(NHC)Ir�PMes*]
(3 ; NHC� 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene)
was synthesized (78%) by reaction of [Cp*(NHC)IrCl2] (2)
with [LiPHMes*] ¥ 3THF. The X-ray crystal structure of this
first example of an NHC-ligated pnictidene complex is
reported.


A theoretical evaluation (DFT) of structurally similar
complexes [Cp(NHC)Ir�E] (E�PH, NH, CH2) revealed
intriguing trends in electronic properties. The M�E double
bonds result from strong covalent bonding interactions
between the triplet Cp(NHC)Ir and E fragments. The
N-heterocyclic carbene behaves as a strong �-donor and weak
�-acceptor spectator ligand, which is accompanied by pro-
nounced charge donation to the metal moiety. The
Ir�C(NHC) single bonds are very strong for the phosphini-
dene and alkylidene complexes 4 (58.9 kcalmol�1) and 6
(69.3 kcalmol�1), and much weaker for the imido complex 5
(25.9 kcalmol�1). The high nucleophilicity of the imido
complex 5, demonstrated by the high atomic charge on N
and the bent geometry of the Ir�N�H moiety, makes it an
attractive synthetic target.


Computational Section


All calculations were performed using the parallelized Amsterdam density
functional (ADF) package (version 2002.01).[24] All atoms were described
by a triple-� basis set with polarization functions, corresponding to basis set
TZP in the ADF package. The 1s core shell of carbon and nitrogen and the
1s2s2p core shells of phosphorus were treated by the frozen core
approximation. The iridium centers were described by a triple-� basis set
for the outer ns, np, nd and (n�1)s orbitals, whereas the shells of lower
energy were treated by the frozen core approximation. All calculations
were performed at the nonlocal exchange self-consistent field (NL-SCF)
level, using the local density approximation (LDA) in the Vosko ±Wilk ±
Nusair parametrization[25] with nonlocal corrections for exchange
(Becke88)[26] and correlation (Perdew86).[27] All geometries were opti-
mized using the analytical gradient method implemented by Versluis and
Ziegler,[28] including relativistic effects by the zero-order regular approx-
imation (ZORA).[29]


The metal ± ligand bonds were analyzed with ADF×s established energy
decomposition[30] into an exchange (or Pauli) repulsion (�E Pauli) plus
electrostatic interaction energy part (�E elst) and an orbital interaction
energy (charge transfer, polarization) part (�E oi). The energy necessary to
convert fragments from their ground state equilibrium geometries to the
geometry and electronic state they acquire in the complex is represented by
a preparation energy term (�E prep). The overall bond energy (�E tot) is
formulated as:


�E tot��E Pauli��E elst��E oi��E prep (1)


Note that �E tot is defined as the negative of the bond dissociation energy
(BDE), i.e., �E tot�E (molecule)��E (fragments), thereby giving nega-
tive values for stable bonds. The orbital interaction term �E oi accounts for
interactions between occupied orbitals on one fragment with unoccupied
orbitals on the other fragment, including HOMO±LUMO interactions and
polarization (empty/occupied orbital mixing on the same fragment). The
charge transfer part is the result of both �-donation from the ligand to the
metal, and �-back-donation from the metal into the unoccupied orbitals of
the ligand. Instead of separating the charge transfer and polarization parts,
we used the extended transition state (ETS) method developed by Ziegler
and Rauk to decompose �E oi into contributions from each irreducible
representation of the interacting system.[30] In systems with a clear �,�-
separation, this symmetry partitioning proves to be most informative.


Experimental Section


General data : All experiments were performed in flame-dried glassware
and under an atmosphere of dry nitrogen or argon. Solvents were distilled
(under N2) from sodium (toluene), sodium benzophenone (THF) or lithium
aluminum hydride (n-pentane). Deuterated solvents were dried over 4 ä
molecular sieves (CDCl3, C6D6). All solid starting materials were dried in
vacuo. 1H, 13C and 31P NMR spectra were recorded at 300 K on a Bruker
Avance 250 spectrometer at 250.13, 62.90 and 101.25 MHz, respectively.
1H NMR spectra were referenced to CHCl3 (� 7.27) or C6D5H (� 7.17),
13C NMR spectra to CDCl3 (� 77.16) or C6D6 (� 128.06) and 31P NMR
spectra to external 85% H3PO4. High-resolution mass spectra (HRMS)
were recorded on a Finnigan Mat 900 spectrometer. [Cp*IrCl2]2,[31] 1,3-
diisopropyl-4,5-dimethylimidazol-2-ylidene,[3] and [LiPHMes*] ¥ 3THF[32]


were prepared according to literature procedures.


[Cp*(NHC)IrCl2] (2): A solution of 1,3-diisopropyl-4,5-dimethylimidazol-
2-ylidene (198 mg, 1.10 mmol) was added to a stirred suspension of


Table 3. Energy decomposition and bond dissociation energies (BDE) for the Ir ±C(NHC) bonds in complexes 4 ± 6.[23]


Complex �E� �E� �E oi �E elst �E Pauli �E tot BDE


[Cp(NHC)Ir�PH] (4) � 80.5 � 18.6 � 99.1 � 227.0 � 248.5 � 77.6 � 59.2
[Cp(NHC)Ir�NH] (5) � 94.5 � 20.4 � 114.9 � 246.2 � 288.1 � 73.0 � 25.9
[Cp(NHC)Ir�CH2] (6) � 76.9 � 21.2 � 98.1 � 228.7 � 252.6 � 74.2 � 69.2
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[Cp*IrCl2]2 (0.40 g, 0.50 mmol) in THF (15 mL) at�78 �C. The mixture was
slowly warmed to room temperature and stirred for 12 h and subsequently
filtered to remove insoluble material. The solvent was removed in vacuo
and the residue was washed with n-pentane (30 mL). Recrystallization
from CH2Cl2/n-pentane gave orange-yellow crystals of 2 (0.49 g, 0.85 mmol,
85%). M.p. 231 ± 232 �C; 1H NMR (250.13 MHz, CDCl3, 300 K): �� 1.43
(d, 3J(H,H)� 7.2 Hz, 6H, CH(CH3)2), 1.61 (s, 15H, C5(CH3)5), 1.67 (d,
3J(H,H)� 6.8 Hz, 6H, CH(CH3)2), 2.27 (s, 6H, CH3), 5.43 (septet,
3J(H,H)� 7.0 Hz, 2H, CH(CH3)2); 13C{1H} NMR (62.90 MHz, CDCl3,
300 K): �� 9.30 (s, C5(CH3)5), 10.6 (s, CH3), 23.8 (s, CH(CH3)2), 24.0 (s,
CH(CH3)2), 53.0 (s, CH(CH3)2), 88.7 (s, C5(CH3)5), 126.7 (s, C-C), 155.1 (s,
N2C); HRMS: m/z : calcd for C21H35Cl2N2Ir: 578.18066; found: 578.18459.


[Cp*(NHC)Ir�PMes*] (3): A freshly prepared solution of [LiPHMes*] ¥
3THF (0.50 g, 1.00 mmol) in toluene (15 mL) was added slowly to an
orange suspension of 2 (289 mg, 0.50 mmol) in toluene (10 mL) at �78 �C.
The mixture was allowed to warm to room temperature and stirred for 2 h.
After removal of the solvent, the orange-brown residue was extracted into
n-pentane (50 mL) and filtered to remove LiCl. The solvents were removed
in vacuo and the residue was washed with cold n-pentane (10 mL) to
remove Mes*PH2, and recrystallized from toluene at �20 �C to give large
dark red crystals of 3 (306 mg, 0.39 mmol, 78%). M.p. 192 ± 194 �C;
1H NMR (250.13 MHz, C6D6, 300 K): �� 1.36 (d, 3J(H,H)� 7.3 Hz, 6H,
CH(CH3)2), 1.42 (d, 3J(H,H)� 7.0 Hz, 6H, CH(CH3)2), 1.56 (s, 9H, p-
C(CH3)3), 1.63 (s, 15H, C5(CH3)5), 1.87 (s, 18H, o-C(CH3)3), 1.88 (s, 6H,
CH3), 5.89 (septet, 3J(H,H)� 7.2 Hz, 2H, CH(CH3)2), 7.54 (s, 2H,m-Mes*);
13C{1H} NMR (62.90 MHz, C6D6, 300 K): �� 10.4 (s, CH3), 10.4 (s,
C5(CH3)5), 22.0 (s, CH(CH3)2), 22.8 (s, CH(CH3)2), 32.2 d, 4J(P,C)�
8.4 Hz, o-C(CH3)3), 32.3 (s, p-C(CH3)3), 34.6 (s, p-C(CH3)3), 38.6 (s, o-
C(CH3)3), 54.9 (s, CH(CH3)2), 89.4 (s, C5(CH3)5), 120.4 (s, m-Mes*), 124.3
(s, C-C), 144.2 (s, p-Mes*), 145.2 (s, o-Mes*), 169.2 (s, N2C), 172.7 (d,
1J(P,C)� 107.8 Hz, i-Mes*); 31P NMR (101.3 MHz, C6D6, 300 K): �� 560.0
(s, Ir-P); HRMS: m/z : calcd for C39H64N2PIr: 784.44360; found: 784.43777.


Crystal structure determination of complex 3 : C39H64IrN2P ¥C7H8, Fw�
876.23, dark red block, 0.24� 0.15� 0.15 mm3, monoclinic, P21/m (no.
11), a� 10.6694(1), b� 14.5237(1), c� 14.4093(1) ä; �� 99.4693(4)�, V�
2202.43(3) ä3, Z� 2, �calcd� 1.321 gcm�3, 	� 3.099mm�1. 51131 Reflec-
tions were measured on a Nonius KappaCCD diffractometer with rotating
anode (
� 0.71073 ä) at a temperature of 150(2) K up to a resolution of
(sin�/
)max� 0.81ä�1; 9951 reflections were unique (Rint� 0.049). An
analytical absorption correction was applied (0.40 ± 0.54 transmission).
The structure was solved with Patterson methods (DIRDIF-97)[33] and
refined with SHELXL-97[34] against F 2 of all reflections. Non-hydrogen
atoms were refined freely with anisotropic displacement parameters.
Hydrogen atoms were refined as rigid groups. 260 refined parameters, no
restraints. R values [I �2�(I)]: R1� 0.0233, wR2� 0.0498. R values [all
refl.]: R1� 0.0299, wR2� 0.0515. GoF� 1.034. Residual electron density
between �0.96 and 1.27 eä�3. Molecular illustration, structure checking
and calculations were performed with the PLATON package.[35] CCDC-
201350 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 CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: �44 1223 336033; e-mail : deposit@ccdc.cam.ac.uk).
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Tuning the Redox Potentials of Dinuclear Tungsten Oxo Complexes
[(Cp*W(4,4�-R,R-2,2�-bpy)(�-O))2][PF6]2 Toward Photochemical
Water Splitting


Christian Cremer[a] and Peter Burger*[a,b]


Dedicated to Professor Richard A. Andersen on the occasion of his 60th birthday


Abstract: A series of novel dinuclear
tungsten(��) oxo complexes with disub-
stituted 4,4�-R,R-2,2�-bipyridyl (R2bpy)
ligands of the type [(Cp*W(R2bpy)-
(�-O))2][PF6]2 (R�NMe2, tBu, Me, H,
Cl) was prepared by hydrolysis of the
tungsten(��) trichloro complexes
[Cp*W(R2bpy)Cl3]. Cyclic voltammetry
measurements for the tungsten(��) oxo
compounds provided evidence for one
reversible oxidation and two reversible
reductions leading to the oxida-
tion states WVWIV, WIVWIII and
WIIIWIII. The corresponding complexes


[(Cp*W(R2bpy)(�-O))2]n� [PF6]n (n� 0
for R�Me, tBu, and 1, 3 for both R�
Me) could be isolated after chemical
oxidation/reduction of the tungsten(��)
oxo complexes. The crystal structures of
the complexes [(Cp*W(R2bpy)-
(�-O))2][BPh4]2 (R�NMe2, tBu) and
[(Cp*W(Me2bpy)(�-O))2]n�[PF6]n (n�
0, 1, 2, 3) show a cis geometry with a


puckered W2O2 four-membered ring for
all compounds except [(Cp*W(Me2-
bpy)(�-O))2] which displays a trans ge-
ometry with a planar W2O2 ring. Exam-
ining the interaction of these novel
tungsten oxo complexes with protons,
we were able to show that the
WIVWIV complexes [(Cp*W(R2bpy)-
(�-O))2][PF6�]2 (R�NMe2, tBu) under-
go reversible protonation, while the
WIIIWIII complexes [(Cp*W(R2bpy)(�-
O))2] transfer two electrons forming the
WIVWIV complex and molecular hydro-
gen.


Keywords: linear free energy
relationships ¥ N ligands ¥ oxo
ligands ¥ redox chemistry ¥ tungsten


Introduction


The chemistry of half-sandwich complexes of Group 6 metals
in higher oxidation states is well developed and was recently
reviewed by Poli.[1] His group has especially contributed to the
research on MoIII±V compounds,[2±6] while the groups of Green
and Schrock have dedicated their work mainly to WIII,V,VI


compounds.[7±15] Interestingly, little is known about the
chemistry of tungsten half-sandwich complexes in oxidation
state �� and only few compounds of this type have been
reported in recent years.[16±21] We recently reported a conven-
ient entry into the chemistry of Cp* (�5-C5Me5�) tungsten(��)
complexes by means of one-electron reduction of the readily
available starting material [Cp*WCl4].[10, 22] We used this
route to prepare a series of complexes of the type


[Cp*W(R2bpy)Cl3], 1-R, (R�NMe2, tBu, Me) with 4,4�-
disubstituted 2,2�-bipyridyl (R2bpy) donor ligands. Exploring
the chemistry of these electron-rich tungsten(��) complexes,
we isolated the cationic 16e� complexes
[Cp*W(R2bpy)Cl2][BPh4] and demonstrated that substituted
bipyridine ligands can be used to tune the magnetic properties
of these compounds.[23] Here we report the clean conversion
of the trichloro complexes 1-R into dinuclear tungsten(��) oxo
complexes of the type [(Cp*W(R2bpy)(�-O))2][PF6]2, 3-R,
(R�NMe2, tBu, Me, H, Cl), which have remarkable spec-
troelectrochemical properties. Their reduction potentials can
be tuned over a wide range using different R2bpy ligands and
their potential as novel systems for the photochemical
splitting of water will be discussed.


Results


Synthesis of tungsten(��) oxo complexes 3-R : The series of
tungsten oxo complexes 3-R (R�NMe2, tBu, Me), was
prepared from [Cp*WCl4][10] . By in situ reduction of this
complex with the mild reducing agent tetrakis(dimethylami-
no)ethylene (TDAE) in the presence of para-substituted
bipyridine ligands (R2bpy) the corresponding tungsten com-
plexes [Cp*W(R2bpy)Cl3] 1-R (R�NMe2, tBu, Me) were
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obtained in excellent yields.[22] For the investigation of the
electrochemistry of the oxo complexes 3-R we intended to
extend the series to the relatively electron poor ligands bpy
and Cl2bpy. However, due to the low solubility of the
complexes 1-H and 1-Cl, we had to develop a different route
to these compounds in high purity without insoluble by-
products. As shown in Equation (1), the reaction of
[Cp*WCl2]2 with two equivalents bpy and Cl2bpy at high
temperatures led to the paramagnetic tungsten(���) complexes
[Cp*W(R2bpy)Cl2], 2-R, (R�H,[23] Cl).


We reported earlier that complex 2-H can be oxidized with
[Cp2Fe][BPh4] to the cationic tungsten(��) complex
[Cp*W(bpy)Cl2][BPh4].[23] According to Equation (2) the
trichloro complexes 1-H and 1-Cl are accessible from 2-R
by oxidation with half an equivalent of hexachloroethane.


The dichloroethylene formed in this reaction can be easily
removed in vacuo, or by washing with organic solvents,
providing the analytically pure products in high yields.[24]


The complexes 1-R readily dissolve in degassed water,
forming deep red acidic (pH 1) solutions. After neutralization
of the acid with NaHCO3, the dimeric oxo bridged complexes
[(Cp*W(R2bpy)(�-O))2][PF6]2, 3-R, were obtained in excel-
lent yields by precipitation with NH4PF6 [Eq. (3)].


When water was present in low concentrations the hydrol-
ysis was incomplete. This allowed us to isolate the dichloro
oxo bridged complex [(Cp*W(Me2bpy)(�-Cl))2(�-O)]2�, 4-
Me, by hydrolysis of 1-Me in non-dried organic solvents or by


addition of stochiometric amounts of water to a THF
solution.[22]


In addition, it was possible to obtain the water-soluble
dimeric complex [(Cp*W(Me2bpy)(�-O))2]Cl2, 3Cl-Me, from
the hydrolysis of 1-Me under basic conditions. The dimeric
structures of the complexes 3-NMe2, 3-tBu and 3-Me were
unambiguously confirmed by X-ray crystal structure analysis
(see below).


Crystal structures of complexes 3-Me, 3BPh4-tBu and 3BPh4-
NMe2 : Single crystals suitable for structural analysis of the
PF6� salts of 3-R could only be obtained for complex 3-Me.
Since we were interested in the structural effect of different
bipyridyl substituents, we prepared the BPh4� salts 3BPh4-tBu
and 3BPh4-NMe2 by metathesis of 3-tBu and 3-NMe2 with
NaBPh4, from which we were able to grow single crystals. The
crystal structures of the complexes are presented in Fig-
ures 1 ± 3 and selected bond lengths and angles are given in
Tables 1 ± 3. Table 4 gives the data collection parameters used.


Figure 1. Molecular structure of complex 3-Me; the anions are not shown
(thermal ellipsoids at the 50% probability level).


Figure 2. Molecular structure of complex 3BPh4-tBu. Only one of the
disordered positions of atoms C50a ±C52a is shown; the anions have been
omitted (thermal ellipsoids at the 50% probability level).
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Figure 3. Molecular structure of complex 3BPh4-NMe2; the anions are not
shown (thermal ellipsoids at the 50% probability level).


As can be seen from Figures 1 ± 3, all three complexes 3-R
display a dimeric four-legged piano stool structure in which
the monomers are linked by two bridging oxygen ligands. The
Cp* ligands are arranged in a cis orientation, which leads to a
close, nearly coplanar arrangement of the bipyridine ligands.
The closest distances between the carbon atoms in the two
bipyridine rings in complex 3-Me are in the range 3.0 ± 3.4 ä,


which is comparable to the distance between the layers in
graphite (3.35 ä). The tungsten ± tungsten distances of
2.7222(7), 2.7325(2) and 2.7393(4) ä for 3BPh4-NMe2, 3-Me
and 3BPh4-tBu, respectively, are in the range typical for
tungsten ± tungsten double bonds (see Discussion). The bond
lengths and angles of the square pyramidal coordination
spheres and of the puckered W2O2 ring are essentially
identical in all three structures. The structural effects of the
different bipyridine substituents are illustrated in Figure 4.


Figure 4. Structural effects of the bipyridine substituents and definitions of
angles � and �.


The bulky tBu substituents in complex 3BPh4-tBu led to an
increase of the angle � to 35.6�, which is about twice the value
observed in 3BPh4-NMe2 (13.6�) and 3-Me (17.8�). In contrast to
this, the dimethylamino substituents in complex 3BPh4-NMe2
induce a twist between the two monomers, which is best seen
by comparison of the angle � (Figure 4). This is just 1� for 3-
Me and 5� for 3BPh4-tBu but is increased to 12� in 3BPh4-NMe2.


Electrochemistry : Cyclic voltammograms for the complexes
[(Cp*W(R2bpy)(�-O))2][PF6]2, 3-R, (R�NMe2, Me, H, Cl)
were recorded in acetonitrile in the range of �500 to
�2500 mV and were referenced to the [Cp2Fe]/[Cp2Fe�]
couple. The redox potentials E1/2 and additional data (�Ep,
Ipc/Ipa) are listed in Table 5; the cyclic voltammograms are
shown in Figure 5.
Three reversible (quasi-reversible for 3-Me) one-electron


transfer steps II, III and IV were observed for all complexes
and a fourth irreversible redox process I with a peak potential
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Table 1. Selected bond lengths [ä] and angles [�] with estimated standard
deviations (e.s.d.) for complex 3-Me.


W1�O1 1.94(2) W2�O1 1.93(2)
W1�O2 1.93(2) W2�O2 1.93(2)
W1�N1 2.17(1) W1�W2 2.7325(2)
W1�N2 2.18(1) W1�Z1[a] 2.03
W1-O1-W2 90.9(5) N1-W1-N2 74.2(7)
O1-W1-O2 76.4(6) Z1-W1-O1 114.5
O1-W1-N1 87.9(7) Z1-W1-O2 114.6
O1-W1-N2 135.4(7) Z1-W1-N1 110.8
O2-W1-N1 134.5(7) Z1-W1-N2 110.0
O2-W1-N2 87.5(7) Z1-W1-W2 148.0


[a] Z1 is the ring centroid of carbon atoms C1 ±C5.


Table 2. Selected bond lengths [ä] and angles [�] with e.s.d. values for
complex 3BPh4-NMe2.


W1�O1 1.946(2) W1�Z1[a] 2.02
W1�O2 1.960(2) W1�C(Cp*)gem 2.353
W1�N1 2.132(2) W1�W2 2.7222(7)
W1�N2 2.158(2)
W1-O1-W2 88.5(1) N1-W1-N2 73.0(1)
W1-O2-W2 88.6(1) N1-W1-W2 91.6(1)
O1-W1-O2 76.6(1) N2-W1-W2 96.2(1)
O1-W1-W2 45.9(1) Z1-W1-O1 117.3
O2-W1-W2 45.6(1) Z1-W1-O2 111.9
O1-W1-N1 130.1(1) Z1-W1-N1 112.2
O1-W1-N2 85.5(1) Z1-W1-N2 109.4
O2-W1-N1 90.5(1) Z1-W1-W2 148.9
O2-W1-N2 138.6(1)


[a] Z1 is the ring centroid of carbon atoms C1 ±C5.


Table 3. Selected bond lengths [ä] and angles [�] with e.s.d. values for
complex 3BPh4-tBu.


W1�O1 1.952(4) W1�Z1[a] 2.03
W1�O2 1.939(3) W1�C(Cp*)gem 2.359(6)
W1�N1 2.151(4) W1�W2 2.7393(4)
W1�N2 2.159(4)
W1-O1-W2 89.0(2) N1-W1-N2 73.5(2)
W1-O2-W2 89.5(2) N1-W1-W2 94.6(1)
O1-W1-O2 77.3(2) N2-W1-W2 94.6(1)
O1-W1-W2 45.6(1) Z1-W1-O1 113.2
O2-W1-W2 45.5(1) Z1-W1-O2 111.8
O1-W1-N1 85.6(2) Z1-W1-N1 112.3
O1-W1-N2 133.7(2) Z1-W1-N2 112.9
O2-W1-N2 89.6(2) Z1-W1-W2 145.5
O2-W1-N1 135.9(2)


[a] Z1 is the ring centroid of carbon atoms C1 ±C5.
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of Epa��311 mV was observed for complex 3-NMe2. For
complex 3-Me the peak potentials �Ep are separated by
approximately 140 mV and the Ipc/Ipa ratios were found to
deviate more strongly from unity than for the other com-


plexes. Nevertheless the cyclic voltammograms of 3-Me did
not change in repetitive scans (up to 10 scan cycles) and a plot
of ln(Ipc) vs ln(scan speed) showed a linear correlation with a
slope of 0.5, confirming the chemical reversibility of the redox
processes. While a glassy carbon working electrode was
applied for complexes 3-NMe2, 3-Me and 3-Cl. Satisfying data
with �Ep� 100 mV and Ipc/Ipa� 1 for 3-H could only be
obtained using a Pt electrode. Compared to the potentials
observed at a glassy carbon electrode, the shift of the
potentials for 3-H at the Pt electrode are in the range of just
20 mV, which allowed us to compare the redox potential data
of 3-H and the other complexes.
For the water soluble chloride salt [(Cp*W(Me2bpy)-


(�-O))2]Cl2, 3Cl-Me, a cyclic voltammogram was recorded in
water using a glassy carbon working electrode and a Ag/AgCl
reference electrode in the range �700 to �1700 mV. A
reversible redox couple was observed at �155 mV (�Ep�
62 mV, Ipc/Ipa� 0.64) and two irreversible reduction waves
appeared at Epc��1177 and �1303 mV (measured at 10�3�,
not measured at constant pH).
For the non-aqueous measurements, plots of the redox


potentials E1/2 vs 4�p[25] (for the four substituents R of the two
bipyridine ligand) were found to display an excellent linear
dependence on the correlation coefficients R2� 0.97, 0.97 and
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Table 4. Data collection parameters of complexes 3-Me, 3BPh4-tBu and 3BPh4-NMe2.


3-Me 3BPh4-tBu 3BPh4-NMe2


formula C44H54F12N4O2P2W2 ¥ 2 acetone C104H118B2N4O2W2 ¥ 3CH2Cl2 C96H106B2N8O2W2 ¥Et2O ¥ acetone
Fw 1444.7 2100.2 2089.7
habitus blue plate blue rect. parallelepiped green rect. parallelepiped
crystal dimension [mm] 0.2� 0.1� 0.1 0.2� 0.15� 0.2 0.2� 0.3� 0.2
crystal system orthorhombic orthorhombic triclinic
space group P212121 (No19) Pbca (No61) P1≈ (No2)
a [ä] 10.734 (2) 27.394(1) 17.405(2)
b [ä] 17.879 (4) 23.820(1) 17.612(2)
c [ä] 28.067 (5) 29.818(2) 19.444(2)
� [�] 108.32(1)
� [�] 105.40(1)
� [�] 108.09(1)
V [ä3] 5386.4(2) 19457.0(17) 4923.7(9)
Z 4 8 2
�calcd [gcm�3] 1.782 1.428 1.374
� [mm�1] 1.6 2.58 2.39
F(000) 2848 8488 2090
T [K] 173 183(2) 183(2)
2� [�] 4 ± 58 4 ± 45 4 ± 52
no. of measured reflections 7888, 7433 11236, 8031 17769, 13523
(total unique)
no. parameters 339 1150 1126
R1 (F 2� 2�F 2) 0.0741 0.0280 0.0204
wR2 (F 2� 2�F 2) 0.1924 0.0550 0.0362
GoF, S 1.01 1.233 1.169
res. el. dens. [e�ä3] 1.74,� 1.59 0.78, �0.78 0.62, �0.62


Table 5. Results of cyclic voltammetry experiments for complexes 3-R.


E1/2(I) [mV] E1/2(II) [mV] E1/2(III) [mV] E1/2(IV) [mV]
(�Ep [mV], Ipc/Ipa) (�Ep [mV], Ipc/Ipa) (�Ep [mV], Ipc/Ipa) (�Ep [mV], Ipc/Ipa)


3-NMe2 311[a] � 734 (58, 1.12) � 1999 (70, 1.84) � 2252 (78, 1.00)
3-Me ± � 243 (135, 0.68) � 1387 (142, 1.37) � 1775 (143, 3.71)
3-H ± � 251 (88, 1.00) � 1397 (80, 1.08) � 1765 (90, 1.18)
3-Cl ± � 116 (144, 0.96) � 1232 (72, 1.22) � 1414 (68, 0.97)
[a] Reported as EPA.


Figure 5. Cyclic voltammograms for complexes 5-NMe2, 5-Me, 5-H and 5-
Cl in CH3CN vs [Cp2Fe]/[Cp2Fe�] at a scan rate of 200 mVs�1, glassy carbon
electrode (Pt for 5-H) in 0.1� NBu4PF6 solution.
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0.99 (Figure 6). The derived reaction constants � for the redox
couples II, III and IV, respectively, are �� 180, 223 and
231 mV. We decided to use the sum of the Hammett
parameters 4�p for the correlation to allow a comparison of


Figure 6. Hammett correlations for the half-wave potentials E1/2(II) (�),
E1/2(III) (�) and E1/2(IV) (�) for complexes 3-NMe2, 3-Me, 3-H and 3-Cl.


the reaction constants � with previously studied systems. This
method has been widely applied in polysubstituted sys-
tems.[26±29] As Jordan et al. demonstrated for the stepwise
bromo substitution of metalloporphyrins, however, substitu-
ent effects on reduction potentials are not necessarily
additive.[30]


Isolation of the electrochemically observed species : In order
to assess the oxidation states of the electrochemically
generated redox couples of the complexes 3-R, we intended
to isolate the corresponding species by chemical oxidation/
reduction of complex 3-Me. For the latter compound, the
oxidation wave (II) was observed at E1/2��242 mV vs the
[Cp2Fe]/[Cp2Fe�] couple. Indeed, chemical oxidation of 3-Me
with one equivalent of ferrocinium hexafluorophosphate
resulted in an immediate color change from blue to red upon
addition of the oxidizing agent [Eq. (4)].


From the reaction mixture, the tricationic paramagnetic
complex [(Cp*W(Me2bpy)(�-O))2][PF6]3, 5-Me, was isolated
and the dimeric structure was confirmed by an X-ray crystal
structure analysis (cf. next Section). This result allowed us to
assign the half-wave potential II to the redox couple WVWIV/
WIVWIV and the potentials III and IV to the redox couples
WIVWIV/WIVWIII and WIVWIII/WIIIWIII, respectively.


To achieve both reduction steps, we reacted complexes 3-
Me and 3-tBu with two equivalents of sodium naphthalenide
according to Equation (5).


From the resulting deep violet reaction mixtures, the
diamagnetic complexes [(Cp*W(R2bpy)(�-O))2], 6-Me and
6-tBu, were isolated. The diamagnetism of the two complexes
indicated a dimeric structure with antiferromagnetically
coupled WIII metal centers, which was unambiguously con-
firmed by the X-ray crystal structure of 6-Me (see below).
Themixed valence mono cationic complex [(Cp*W(Me2bpy)-


(�-O))2][PF6], 7-Me, was isolated as a side product of the
reduction process of 3-Me to 6-Me, which allowed us to
determine the crystal structure of this compound (see next
Section). Unfortunately, further attempts to prepare this
complex by one-electron reduction of 3-Me or by one-
electron oxidation of 6-Me failed.
To get further information about the interaction between


the metal centers in the system [(Cp*W(R2bpy)(�-O))2]n�, the
comproportionation constants Kcomp for the mixed valence
species 7-R were determined from the half-wave potentials
E1/2(III) and E1/2(IV) using the relation log (Kcomp)� 16.9
(E1/2(III) � E1/2(IV)).[31] The derived values of Kcomp� 103
(R�Cl), 2� 104 (R�NMe2), 2� 106 (R�H) and 4� 106
(R�Me) are between the typical ranges for class II (partially
localized valence electrons) and class III (delocalized valence
electrons) mixed valence complexes in the classification of
Robin and Day (see discussion).[32]


Structural analysis of complexes 5-Me, 6-Me and 7-Me : To
examine the influence of the oxidation states on the structure
of the dimeric tungsten oxo complexes, we studied the crystal
structures of 5-Me, 6-Me and 7-Me by single crystal X-ray
diffraction. The molecular structures are shown in Figures 7 ±
9, and selected bonds and angles are presented in Tables 6 ± 8.
Figures 7 ± 9 clearly show that the dimeric four-legged piano


stool structure established for complexes 3-R is also main-
tained in 5-Me, 6-Me and 7-Me. Complexes 7-Me and 5-Me
show a strong resemblance to the structure observed for 3-Me,
showing no significant changes in the bond lengths and angles.
Notably, the metal-metal distances are in the narrow range of
2.6869(5) ä for 5-Me and 2.7582(3) ä for 6-Me, which
experience just a slight increase of 2% with decreasing
oxidation states.
Complex 6-Me on the other hand, differs from all other


structures presented in this work and displays a trans
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Figure 7. Molecular structure of complex 5-Me; the anions are not shown
(thermal ellipsoids at the 50% probability level).


Figure 8. Molecular structure of complex 6-Me (thermal ellipsoids at the
50% probability level).


Figure 9. Molecular structure of complex 7-Me; the anion is not shown
(thermal ellipsoids at the 50% probability level).


arrangement of the Cp* ligands with a flat (unpuckered)
W2O2 ring. As a consequence, the O-W-O angle is larger
(91.3(1)�) and the Z-W-W angle smaller (121.8�) compared to
the structures of complexes 3-R, 5-Me and 7-Me (average of
77� for O-W-O and 147� for Z-W-W).


Proton reduction by [Cp*W(R2bpy)(�-O)]2, 6-R : To test
whether the lower valent WIIIWIII complex 6-tBu would allow
the reduction of H� to H2, we examined the reaction of 6-tBu
with two equivalents of HOTf in [D8]THF contained in a
Teflon-tap-sealed NMR tube [Eq. (6)].
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Table 6. Selected bond lengths [ä] and angles [�] with e.s.d. values for
complex 5-Me.


W1�O1 1.921(5) W1�Z1[a] 2.06
W1�O2 1.9382(6) W1�C(Cp*)av 2.39(1)
W1�N1 2.174(5) W1�W2 2.6869(5)
W1�N2 2.161(6)
W1-O1-W2 87.6(2) N1-W1-N2 73.1(2)
W1-O2-W2 88.6(2) N1-W1-W2 95.5(2)
O1-W1-O2 79.5(2) N2-W1-W2 95.7(2)
O1-W1-W2 46.3(1) Z1-W1-O1 113.2
O2-W1-W2 45.8(1) Z1-W1-O2 114.1
O1-W1-N1 87.7(2) Z1-W1-N1 110.9
O1-W1-N2 136.2(2) Z1-W1-N2 110.4
O2-W1-N1 134.6(2) Z1-W1-W2 147.0
O2-W1-N2 86.5(2)


[a] Z1 is the ring centroid of carbon atoms C1 ±C5.


Table 7. Selected bond lengths [ä] and angles [�] with e.s.d. values for
complex 7-Me.


W1�O1 1.963(3) W1�Z1[a] 2.04
W1�O2 1.965(4) W1�C(Cp*)av 2.371(6)
W1�N1 2.151(4) W1�W2 2.7404(3)
W1�N2 2.135(4)
W1-O1-W2 88.7(1) N1-W1-N2 73.4(1)
W1-O2-W2 88.8(2) N1-W1-W2 94.7(1)
O1-W1-O2 77.8(2) N2-W1-W2 91.9(1)
O1-W1-W2 45.5(1) Z1-W1-O1 115.3
O2-W1-W2 45.4(1) Z1-W1-O2 113.0
O1-W1-N1 85.5(2) Z1-W1-N1 111.6
O1-W1-N2 131.0(2) Z1-W1-N2 113.5
O2-W1-N1 135.4(2) Z1-W1-W2 147.3
O2-W1-N2 87.1(2)


[a] Z1 is the ring centroid of carbon atoms C1 ±C5.


Table 8. Selected bond lengths [ä] and angles [�] with e.s.d. values for
complex 6-Me.


W1�O1 1.971(3) W1�Z1[a] 2.07
W1�O1a 1.976(3) W�C(Cp*)av 2.395(4)
W1�N1 2.086(3) W1�W1a 2.7582(3)
W1�N2 2.081(4)
W1-O1-W2 88.7(1) N1-W1-N2 72.7(1)
O1-W1-O1a 91.3(1) N1-W1-W1a 113.8(1)
O1-W1-W1a 45.7(1) N2-W1-W1a 113.0(1)
O1-W1a-W1 45.6(1) Z1-W1-O1 111.6
O1-W1-N1 135.1(1) Z1-W1-O1a 111.6
O1-W1-N2 81.4(1) Z1-W1-N1 112.2
O1a-W1-N1 81.8(1) Z1-W1-N2 113.3
O1a-W1-N2 134.0(1) Z1-W1-W1a 121.8


[a] Z1 is the ring centroid of carbon atoms C1 ±C5.
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Upon addition of the acid, an immediate color change of
the solution from violet to blue occurred and a black
precipitate formed. The 1H NMR spectrum of the reaction
mixture showed small amounts of the protonated complex,
[(Cp*W(tBu2bpy)(�-O)(�-OH)](OTf)3, 8-tBu, and a singlet at
	� 4.55 that was assigned to hydrogen after comparison with
a reference sample. The same proton resonance was found in
the solvent after vacuum transfer. The precipitate was isolated
and identified by 1H and 19F NMR spectroscopy as the triflate
salt of complex 3-tBu with a yield of 60%.
It is noteworthy that we were not able to detect inter-


mediates in the reaction of complexes 6-R with acid, even
when the reaction of the soluble acid [HB(C6H3(CF3)2)4 ¥
2Et2O] was monitored by NMR spectroscopy at low temper-
atures. In order to find out how these dimeric complexes
interact with protons, the reaction of the higher valent
WIVWIV complexes 3-R (R�Me, tBu, NMe2) with HOTf
was examined [Eq. (7)].


When one equivalent HOTf was added to a CD2Cl2 solution
of these complexes, the color changed immediately from blue
to red (green for 3-NMe2). In the 1H NMR spectra, two sets of
resonances were observed for the diasterotopic protons of the
bpy ligands and a broad singlet for an (acidic) proton was
observed between 	� 10 and 12. Notably, when a second
equivalent of HOTf was added, the resonances of the
protonated complexes and in addition, the resonance of free
HOTf was detected. We take this as a strong hint that the
complexes are not protonated twice. After addition of
NaHCO3 to the NMR samples the complexes 3-R were
completely regenerated. For the methyl derivative 3-Me, we
were able to isolate and fully characterize its protonated
congener, complex [(Cp*W(Me2bpy)(�-OH)(�-O)]-
[PF6]2][OTf], 8-Me. Complex 8-Me is stable in the solid state
but in CD2Cl2 solution traces of [(Cp*W(Me2bpy)-
(�-O))2][PF6]2, 3-Me, were observed in the 1H NMR spectrum
after several hours. For the 13C NMR characterization, this
was prevented by addition of a small amount of HOTf to the


NMR solution. Both, the 1H and 13C NMR spectra of 8-Me
show two sets of resonances for each ring of theMe2bpy ligand
but only one set for the two Cp* ligands. The 19F NMR
spectrum displays resonances in the ratio 4:1 for two PF6� and
one OTf� counter ion.
The downfield shift of the resonance in the range of 	�


10 ± 12 and the absence of tungsten satellites of the signal
provide evidence against protonation at one of the metal
centers. Since protonation at the bpy nitrogen atoms or one of
the metal centers would lead to an inequivalence of the Cp*
ligands, these data provide support for the protonation at one
of the bridging oxygen ligands leading to the proposed
structure shown for complexes 8-R in Equation (7). Further
evidence for protonation at one of the oxygen bridges was
provided by a crystal structure analysis of 8-Me. Although we
had problems with the refinement due to positional disorder
of the PF6� and OTf� anions, it clearly revealed a dimeric �-
oxo bridged structure with slightly different W�O lengths of
the two bridging oxygen ligands.[33]


Protonation is also possible in water and was established for
the water soluble complex 3Cl-Me.When the pH changes upon
addition of concentrated HCl to a diluted aqueous solution of
3Cl-Me (c� 10�4�) were recorded, a well-defined color
change from blue to red was observed between pH 0.8 and
1.5. It is noteworthy that the UV spectrum of this red solution
was identical to the spectrum of 8-Me in methylenechloride.


Discussion


X-ray crystal structures of [(Cp*W(R2bpy)(�-O))2]n�, 3-R,
5-Me, 6-Me, 7-Me : All six structurally characterized com-
plexes of the type [(Cp*W(R2bpy)(�-O))2]n� (n� 3 (5-Me),
n� 2 (3-R), n� 1 (7-Me), n� 0 (6-Me, 6-tBu)) display a
dimeric piano stool geometry with two �-O-bridging ligands,
L. This is a common structural motif for high-valent transition
metal complexes of V, Cr, Mo, W, Re, Fe, Co,[34, 35] and as
observed in this work, both puckered and flat M2L2 rings are
known.[36±39] The metal ± ligand bond lengths in the six
structures vary only over a small range, with average W�(�-O)
lengths from 1.93 (5-Me) to 1.97 ä (6-Me), average W�N
lengths from 2.08 (6-Me) to 2.17 ä (5-Me) and W�Z lengths
from 2.02 (3BPh4-NMe2) to 2.07 ä (6-Me). It is noteworthy that
compared to compiled metal ± ligand bond lengths for tung-
sten and molybdenum complexes the W�(�-O) bonds are
rather long, whereas the W�N bonds are rather short.[40] We
attribute this to relatively electron rich metal centers in the
dimeric oxo bridged system [(Cp*W(R2bpy)(�-O))2]n�, which
is presumed to lead to stronger bonding to the bipyridine �


acceptor and weaker bonding to the oxo donor ligands. This is
consistent with the finding that the longest W�(�-O) and
shortest W�N bonds in the series were observed for the
reduced WIIIWIII complex 6-Me. The rather long W�(�-O)
bonds also indicate that �-donation of the oxo ligands is
negligible and, hence, they can be considered as two-electron
donors in these systems.
With the exception of complex 6-Me, the bond angles


around the metal centers are also essentially identical, with
small variations of 1 ± 7%. The O-W-O angle of the W2O2 ring
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of 91.3(1)� in 6-Me compares with an average of 77.4� in the
structures with a cis geometry, which is presumably due to the
planar arrangement of the W2O2 ring in 6-Me and the
puckered rings in the other structures. Another feature of 6-
Me is the more acute Z-W-W angle of 121.8� compared to
146 ± 147� in the cis complexes. This is probably a consequence
of the steric repulsion between the Cp* ligands in the cis
geometry, which is best seen from the short interannular Cp*
methyl carbon distances of 3.60 ä.
In the cis-oriented complexes, a close coplanar arrange-


ment of the bipyridine ligands is observed. This is deemed a
consequence of the sterically crowded ligand sphere of the
formally 8-coordinate metal centers. In complex 3-Me, for
example, the distances between the two bipyridine ligands are
in the range of 3.0 ± 3.4 ä, which is comparable to the distance
between the layers in graphite (3.35 ä). Therefore, we
expected that a change in the steric demand of the bipyridine
substituents could have a strong structural influence. As can
be seen from Figure 4, however, even for complex 3-tBu with
the bulky tBu groups, only small geometrical changes could be
observed. In the latter, widening of the angle between the
bipyridyl ligands to 35.6� occurred, which is about twice the
value observed for 3-Me. For 3-NMe2 with the ™flat∫
dimethylamino groups on the other hand, a twist of the two
halves of the complex by 12� was determined (Figure 4).
Based on electron counting rules and considering the �-oxo


ligands as two-electron donors (see above), one would expect
metal ±metal bond orders of 1.0 for complex 6-R, 1.5 for 7-Me
and 5-Me and 2.0 for 3-R. This, however, is not reflected
in the crystallographically determined W�W separations,
which display only a slight increase in the order
5-Me (2.6869(5) ä)� 3-R (2.73 ä (average))� 7-Me
(2.7404(3) ä)� 6-Me (2.7582(3) ä). This rather small change
of 2 ± 3% can be explained by an increased repulsion between
filled metal d orbitals with decreasing oxidation state. This
observation is in agreement with previous reports on related
halo-[41, 42] and sulfur-bridged[43] dimeric piano stool complexes
of molybdenum, which also displayed small effects of the
oxidation states of the transition metal on the M�M
separation. The authors therefore concluded that the met-
al ±metal distance depends rather on the number and type of
bridging ligands. This can be illustrated by the large differ-
ences found for the formal M�M double bonds in [(CpMo-
(�-O)(�-S)(�-SMe))2][43] (2.4900(3) ä) and [(Cp*Mo(S)-
(�-S))2][44] (2.905(1) ä). In this regard, it deserves a special
mention that the formal W�W triple bond of 2.3678(6) ä
observed in [((C5H4iPr)WCl2)2][45] is significantly shorter than
the M�M separation found in this work.
Complexes 3-R display a remarkable stability of the


dimeric �-oxo-bridged structure even for the compounds with
bulky substituents. The crystal structure of the molybdenum
congener of 3-Me, [(Cp*Mo(Me2bpy)(�-O))2][PF6]2 is also
noteworthy in this regard, since it also revealed a dimeric
structure.[33] Though the dimeric structure of the complexes
[(Cp*W(R2bpy)(�-O))2]n� was proved unambiguously in the
solid state, we considered dissociation of the dimers in
solution. In particular, this was based on the monomeric
structure observed in the X-ray crystal structure of the closely
related molybdenum complex [CpMo(dmpe)(�O)][PF6].[46]


However, IR spectra of complexes 3-R in dilute solutions
revealed the absence of 
(W�O) bands in the 800 ± 1000 cm�1


range[47] typical for terminal tungsten�oxygen double bonds,
thus providing evidence against the presence of a monomeric
[Cp*W(R2bpy)(�O)]� species. Further support that the
dimeric structure is maintained in solution was obtained by
the following crossover experiment: According to 1H and
13C NMR spectral analysis, hydrolysis of an 1:1 mixture of 1-
Me and 1-tBu led to a product mixture of three complexes in
approximate 1:1:2 ratio, that is 3-Me, 3-tBu and, the mixed
dimer containing both a Me2bpy and a tBu2bpy ligand. This is
consistent with a dimeric structure and allowed us to rule out
dissociation into the monomers for which only two sets of
resonances would have been expected.
Based on these results, we concluded that the type of ligand


(dmpe instead of R2bpy) was responsible for the preferred
monomeric structure of [CpMo(dmpe)(�O)][PF6]. This was
supported by a comparative extended H¸ckel (EHT) analysis
of the monomeric model systems [CpWL2(O)]� with
L2�HN�CH�CH�NH and (PH3)2. As can be readily seen
from inspection of Figure 10, one of the frontier orbitals in
this system can be described as an essentially purely metal
centered dz2 orbital.


Figure 10. Frontier orbitals for the model system [CpWL2(O)]� with
L2�HN�CH�CH�NH and (PH3)2.


The second frontier orbital is characterized by an anti-
bonding interaction between a metal-based dx 2�y2 and an
oxygen-based orbital. For the diimine ligand this interaction is
strongly stabilized by mixing of a 	* acceptor orbital of the
diimine ligand. Due to the substantially weaker � acceptor
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propensity of the phosphine ligands, the latter interaction is
significantly reduced in [CpW(PH3)2(O)]� , which eventually
leads to inversion of the energy levels and, hence different
population of the frontier orbitals in the model complexes.
For L2�HN�CH�CH�NH, the LUMO (dz2 orbital) is there-
fore an ideal acceptor orbital for the bridging oxygen ligands
in the dimeric complexes 3-R. The latter is filled in the PH3


complex and thus not available for bonding to the oxygen
donors. Dimerization in the phosphine complex is disfavored
due to a 4e�, two-orbital repulsive term, which provides an
explanation for the observed structural preferences in the
phosphine and bipyridine complexes.


Electrochemistry of the complexes 3-R : The cyclic voltam-
metry measurements for complexes 3-R in combination with
the isolation of the complexes 5-Me, 6-R and 7-Me established
that the compounds 3-R undergo three electrochemically as
well as chemically reversible one-electron transfer steps, that
is one oxidation (II) and two reversible reduction processes
(III, IV). For the more electron rich complex 3-NMe2 one
further, albeit irreversible, oxidation wave (I) was observed.
Presently it is unclear whether the irreversibility of the second
oxidation step is due to deposition of the insoluble quadruply
charged WVWV species on the electrode or to consecutive
chemical reactions, for example fast coordination of acetoni-
trile to the Lewis-acidic metal centers, occurs.
The isolated complexes 7-Me and 5-Me display essentially


identical geometrical parameters to complex 3-Me. It is
therefore anticipated that they correspond to the electro-
chemically generated species of the oxidation and the first
reduction step. This is in contrast to the second reduction
wave IV. While the latter is also an electrochemically
reversible redox process, the crystal structure analysis of the
independently prepared and isolated complex 5-Me evi-
denced a cis ± trans rearrangement during its preparation. At
first glance, this might be indicative of an EC mechanism with
a fast consecutive chemical rearrangement process. However,
this could be ruled out by the cyclic voltammogram for the
oxidation process of isolated 6-Me, which was significantly
distinguishable from the CV of 3-Me. It is therefore deemed
that the cis-geometry of 3-Me is maintained on the timescale
of the electrochemical experiment. This is supported by hold-
ramp experiments and repetitive scans, which evidenced no
change of the cyclic voltammogram. A bulk electrolysis
experiment of 6-tBu (at �600 mV, consumption of ca.
1.7 e�molecule�1, duration ca. 2 h) confirmed nevertheless
the reversibility of the cis ± trans rearrangement process on
the slower preparative time scale. In addition, oxidation of
6-tBu with triflic acid also led to the cis-configured complex
3-tBu [Eq. (6)].
Mechanistically, the rearrangement process is initiated by


the electron transfer step IV. As presented in Scheme 1, it is
anticipated to proceed by a breaking of the oxygen�tungsten
bonds followed by 180� rotation about the metal�metal bond.
Based on the theoretically-supported mechanism for the


cis ± trans isomerization in [(Cp*MoS(�-S))2], an alternative
mechanism with complete dissociation to give
[Cp*W(�O)(R2bpy)] and consecutive reassociation of this
transient is deemed less likely.[35]


Scheme 1.


Comparison of the cyclic voltammograms in Figure 5 and
the data in Table 5 clearly show that the bipyridine substitu-
ents R have a strong influence on the position of the redox
potentials of complexes 3-R; the more electron donating R
substituents lead to a substantial shift of the potentials to
lower values. This is nicely reflected in the linear correlation
of the Hammett parameters for the substituents R and the
measured potentials II, III and IV (Figure 6). The reaction
constants obtained for Equation (8) of 180, 223 and 231 mV
for the redox couples II, III and IV, respectively, are
extraordinary high compared to values reported in related
studies of mono and dinuclear systems, which are typically in
the range 82 ± 114 mV.[27±29, 48] Even for the relatively small
range of Hammett parameters used, a systematic tuning over
a range of approximatley 800 mV is thus possible. Note that
this is among the largest shifts observed for a homologous
series of transition metal complexes.[49]


�E1/2�E1/2(R)�E1/2(H)� �4� (8)


Finally, it should be noted that the assigned formal oxidation
states WVWIVandWIVWIII for the mixed valence complexes 5-
Me and 7-Me do not display the real electron configurations,
which are rather d1.5d1.5 and d2.5d2.5 than d1d2 and d2d3. The
crystal structure analysis clearly indicated a metal ±metal
bond in both complexes (see next Section) and therefore
delocalization of the valence electrons over the two metal
centers. This was further supported by the values for the
comproportionation constantsKcomp for complexes 7-R, which
are in the range of 4� 106 (R�Me) to 103 (R�Cl).
According to Creutz et al. the value of Kcomp can be used as
a measure for the delocalization of valence electrons in
dinuclear mixed valence complexes,[31] which were catego-
rized by Robin and Day as class I, II and III for localized,
partially localized and delocalized valence electrons.[32] The
values for 7-R are in the typical ranges for class II (20 ± 500)
and class III (106 ± 1012) compounds, therefore providing
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evidence of rather delocalized valence electrons in these
systems.


Potential for the photochemical water reduction : The re-
markable reversible and tunable redox chemistry in combi-
nation with the structural stability the complexes 3-R gives
these compounds great potential as redox catalysts.
In particular, the water solubility and strong absorption


coefficients (up to �� 104 Lmol�1 cm�1) in the visible spec-
trum up to 800 nm led us to consider complexes 3-R as novel
systems for the photochemical water splitting process.[50] A
catalytic system has to meet several requirements, including
suitable redox potentials (�0.82 to �0.41 V vs NHE), long-
lived excited states and the ability to bind protons. Most of the
known systems for the photochemical water splitting process
are therefore multi component systems containing a photo-
sensitizer with a long-lived excited state that provides an
electron to electron relay. From there, the electron is further
transferred to a redox catalyst such as finely dispersed Pt,
which is able to reduce H� to H2.
Probably the most extensively studied system is the photo-


sensitizer [Ru(bpy)3]2� in combination with methyl viologen
as the electron relay and colloidal Pt as redox catalyst.[51]


However, a major disadvantage of the Ru system is that it
cannot be protonated, which is important for the reduction of
H� to prevent the energetically unfavorable formation of H
radicals. Therefore a cocatalyst such as Pt or complexes like
[(Cp*M(PR2))2] (M�Co, Rh)[52] has to be used.
As shown in Equation (6) the reduced form of the


complexes 3-R are able to reduce protons to dihydrogen.
The reversible protonation step of 3-Me leading to the
protonated compound 8-Me [Eq. (7)] indicates a potential
pathway for interaction between the complex and the proton.
Since complexes 3-R strongly absorb light in the visible


region of up to 800 nm (� as high as �� 104 Lmol�1 cm�1) they
might combine the role of a redox catalyst and photosensi-
tizer. In preliminary irradiation experiments of aqueous
solutions of 5-Me at pH 7 and 1, however, we have not, so
far, detected the formation of H2. This might be explained by
the absence of an excited state with a sufficiently long lifetime
to allow electron transfer/protonation. It is noteworthy,
however, that complexes 3-R and 8-Me display a strong
fluorescence band when irradiated in the visible region. While
this implies an accessible excited state with a sizable lifetime,
the lifetime of the excited state is yet unknown. Since
Constable et al. previously established that the substituents
at the terpyridyl rings have a strong influence on the lifetime
of excited states in Ru(terpy)2 systems,[53] we hope to observe
a similar correlation for the R2bpy substituted complexes 3-R
in the future.
While the complexes 3-R in the isolated reduced state (6-R)


are able to reduce protons to hydrogen, the potential for the
redox couple WVWIV/WIVWIV is still too low for the oxidation
of water to oxygen (O2��O2�2e�). The half-wave potential
determined for 3Cl-Me vs Ag/AgCl in water is E1/2��0.154 V
(�0.04 V vs NHE), compared with the potential of E0�
�0.82 V for the process 2H2O� 4H��O2�4e� at pH 7.[51]


However, the results of the Hammett correlation show that
the potential for the oxidation can be increased by 0.13 V


going from Me2bpy to Cl2bpy. For the even more electron
poor R2bpy ligands with R�CF3 or NO2 substituents, one can
estimate that a potential of �0.6 V should be accessible. We
anticipate that the potential can be even further shifted to
higher values for the analogous molybdenum compounds and
are currently following this idea up.


Conclusion


In this work, synthetic access to a series of novel dimeric
tungsten(��) oxo complexes is described. These compounds
display three fully reversible redox steps, which are strongly
correlated with the para substituents of the bipyridine ligands.
This allows us to tune the redox potentials over a wide range.
In combination with the strong absorptions in the visible and
NIR range, these systems are deemed to have a high potential
as photochemical redox catalysts, in particular for the photo-
chemical water splitting process. Further work directed to
possible applications of these systems is currently in progress.


Experimental Section


General methods : Reactions were carried out under a N2 atmosphere using
glovebox and Schlenk techniques. The halogenated solvents were thor-
oughly dried over P4O10 and saturated with N2. The other solvents were
distilled under nitrogen from violet sodium/benzophenone and stored
under nitrogen. The deuterated solvents were dried over sodium or P4O10


and transferred in vacuo using high-vacuum techniques. 2,2�-bipyridyl was
purchased from Fluka and used as received. The compounds
[Cp2Fe][BPh4],[54] Cl2bpy,[55] [HB(C6H3(CF3)2)4 ¥ 2Et2O],[56]


[Cp*W(R2bpy)Cl3], 1-R, (R�Me, tBu, NMe2)[22] and [Cp*W(bpy)Cl2], 2-
H,[23] were prepared following published methods. The dimeric complex
[(Cp*WCl2)2][57] was obtained from [Cp*WCl4][10] by a modification of the
method described by Green et al.[45] , using a 1.5-fold excess of Zn dust in
THF.
1H, 19F and 31P NMR spectra were recorded on Varian Gemini200 and 300
spectrometers. Chemical shifts are given in ppm and referenced to the
residual 1H solvent shift of a deuterated external sample or H3PO4 (85%,
31P) or trifluorotoluene (19F). The assignment of 1H and 13C NMR
resonances was based on selective 1H NMR homo decoupling and DEPT
experiments. UV/Vis spectra were recorded on a Cary1E UV/Visible
spectrometer. Luminescence spectra were recorded on a Perkin-Elmer
Luminescence LS 50B spectrometer. Mass spectra were measured with a
Finnigan/MAT 8320 (MS) spectrometer and the peak assignments con-
firmed by a simulation of the isotope patterns. Magnetic susceptibility
measurements were carried out with a Johnson-Matthey laboratory
magnetic balance and are reported for 298 K. The susceptibilities were
corrected for diamagnetic contributions of the ligands. CHN-analyses were
carried out with a LECO CHNS-932 elemental analyzer in our institute.
The stochiometric incorporation of solvent molecules into some of the
analytically pure compounds was confirmed by either X-ray analysis or
1H NMR integration.


Electrochemical measurements : Electrochemical measurements were
carried out with a BAS 100B Electrochemical Analyzer. For the electro-
chemical experiments acetonitrile (Chromasolv, Fluka) was purified as
described in the literature,[58] THF (Chromasolv, Fluka) was purified on
alumina (Woelm, acidic, super I) and distilled from sodium/benzophenone.
Water was purified using a Millipore Milli-Q water purification system.
NBu4PF6 was used as supporting electrolyte in acetonitrile and THF and
was crystallized twice from methanol and dried at 100 �C at 10�5 Torr prior
to use. NBu4Br (Fluka) was used as supporting electrolyte in water without
further purification. The reversibility of the one-electron transfer processes
in the cyclic voltammetry experiments was proven by the criteria �Ep�
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56 mV, Ipa� Ipc and the linear behavior of ln(Ipc) vs ln (scan speed) (slope
0.5).


Synthesis of [Cp*W(bpy)Cl3], 1-H : A solution of [Cp*W(bpy)Cl2], 2-H,
(499 mg, 0.914 mmol) and C2Cl6 (108 mg, 0.456 mmol) in CH2Cl2 (15 mL)
was stirred for 12 h at RT. Aviolet precipitate formed and was collected by
centrifugation, washed with CH2Cl2 and finally dried in high vacuo (458 mg,
86%); MS (EI): m/z : 582 [M�]; �eff� 0.33 �B; elemental analysis calcd for
C20H23N2Cl3W: C 41.30, H 3.99, N 4.82, found: C 41.18, H 3.59, N 4.78.


Synthesis of [Cp*W(Cl2bpy)Cl2], 2-Cl : A suspension of [Cp*WCl2]2
(606 mg, 0.777 mmol) and Cl2bpy (351 mg, 1.560 mmol) was degassed in a
Schlenk tube equipped with a Young×s high-vacuum tap by three freeze-
pump-thaw cycles and then stirred at 120 �C. After 24 h the reaction
mixture was allowed to cool to RT, filtered and the solvent evaporated in
vacuo. The black residue obtained was first washed with toluene until the
washings remained colorless and then redissolved in THF. The insoluble
solid was crystallized from a mixture of pentanes and THFat�36 �C. Black
crystals were obtained, which were separated from the solution by
filtration, washed with pentanes and dried under high vacuum (320 mg,
33%); 1H NMR (CD2Cl2): 	� 22.8 (br, �1/2� 85 Hz), 12.2 (br, �1/2�
140 Hz), 8.8 (br, �1/2� 40 Hz), �7 (br, �1/2� 530 Hz); MS (EI): m/z : 615
[M�]; �eff� 1.74 �B; elemental analysis calcd for C20H21Cl4N2W: C 39.06, H
3.44, N 4.55; found: C 39.1, H 3.53, N 4.59.


Synthesis of [Cp*W(Cl2bpy)Cl3], 1-Cl : A solution of [Cp*W(Cl2bpy)Cl2]
(214 mg, 0.348 mmol) and hexachloroethane (42 mg, 0.177 mmol) in
CH2Cl2 (20 mL) was stirred for 4 d at RT. After that time the solvent was
evaporated in vacuo and the remaining blue solid was washed with THF
and pentanes and finally dried under high vacuum (170 mg, 75%). 1HNMR
(CD2Cl2): 	� 8.9 (br, �1/2� 20 Hz, 2H; Cl2bpy), 8.24 (br, �1/2� 15 Hz, 2H;
Cl2bpy), 7.7 (br, �1/2� 30 Hz, 2H; Cl2bpy), 1.73 (br, �1/2� 20 Hz, 15H;
C5Me5); �eff� 0.78 �B; elemental analysis calcd for C20H21Cl5N2W: C 36.93,
H 3.25, N 4.31; found: C 37.25, H 3.34, N 4.50.


[(Cp*W((NMe2)2bpy)(�-O))2][PF6]2, 3-NMe2 : Complex
[(Cp*W((NMe2)2bpy)(�-O))2][PF6]2 was synthesized by hydrolysis of
[Cp*W((NMe2)2bpy)Cl3] (325 mg, 0.527 mmol) in degassed water
(15 mL) following the same procedure as for complex [(Cp*W(bpy)-
(�-O))2][PF6]2. Due to its low solubility in methylenechloride, acetonitrile
was used for the extraction step. After crystallization from Et2O/
acetonitrile (1:1) the analytically pure material was obtained as green
crystals (308 mg, 81%). 1H NMR (CD3CN): 	� 7.73 (d, 3J� 7 Hz, 4H;
(NMe2)2bpy), 6.82 (d, 4J� 3 Hz, 4H; (NMe2)2bpy), 6.33 (dd, 3J� 7, 4J�
3 Hz, 4H; (NMe2)2bpy), 3.10 (s, 24H; (NMe2)2bpy), 1.66 (br s, �1/2� 8 Hz,
30H; C5Me3); 19F NMR (CD3CN): 	��73.1 (d, 1JPF� 712 Hz); UV/Vis
(CH2Cl2): max (�)� 599 nm (7� 103 Lmol�1 cm�1); MS (FAB�, CH3CN):
m/z : 577 [M2�]; elemental analysis calcd for C48H66F12N8O2P2W2: C 39.91,
H 4.60, N 7.76, found: C 40.12, H 4.29, N 7.71.


[(Cp*W((NMe2)2bpy)(�-O))2][BPh4]2, 3BPh4-NMe2 : A mixture of
[(Cp*W((NMe2)2bpy)(�-O))2][PF6]2 (51 mg, 0.071 mmol) and NaBPh4
(4 mg, 0.071 mmol) was stirred in THF (10 mL). After 30 min the solvent
was removed in vacuo and the residue was extracted with CH2Cl2. After
filtration over a pad of Celite and addition of small amounts of Et2O the
product crystallized as green needles from the deep green solution at
�36 �C, which were separated from the solution, washed with Et2O and
dried under high vacuum (56 mg, 90%). Suitable single crystals for X-ray
diffraction were obtained by crystallization from Et2O/acetone (1:1) at
room temperature. 1H NMR (CD3CN): 	� 7.72 (d, 3J� 7 Hz, 4H;
(NMe2)2bpy), 7.26 (m, 16H; [BPh4]�), 6.98 (m, 16H; [BPh4]�), 6.83 (m,
12H; [BPh4]� , (NMe2)2bpy), 6.31 (dd, 3J� 7, 4J� 3 Hz, 4H; (NMe2)2bpy),
3.08 (s, 24H; (NMe2)2bpy), 1.54 (s, 30H; C5Me3); MS (FAB�, CH2Cl2):m/z :
577 [M2�]; elemental analyis calcd for C96H106B2N8O2W2: C 64.30, H 5.96, N
6.25; found: C 64.47, H 5.91, N 6.22.


[(Cp*W(tBu2bpy)(�-O))2][PF6]2, 3-tBu : Complex [(Cp*W(tBu2bpy)-
(�-O))2][PF6]2 was synthesized by hydrolysis of [Cp*W(tBu2bpy)Cl3]
(1.04 g, 1.50 mmol) in degassed water (50 mL) following the same
procedure as described for complex [(Cp*W(bpy)(�-O))2][PF6]2 to yield
black crystals (918 mg, 82%). 1H NMR (CD3CN): 	� 8.40 (d, 3J� 6 Hz,
4H; tBu2bpy), 7.91 (d, 4J� 2 Hz, 4H; tBu2bpy), 7.32 (dd, 3J� 6, 4J� 2 Hz,
4H; tBu2bpy), 1.48 (s, 30H; C5Me5), 1.28 (s, 18H; tBu2bpy); 13C{1H} NMR
([D6]acetone): 	� 166.4 (s, quart. C; tBu2bpy), 153.6 (s, CH; tBu2bpy), 151.9
(s, quart. C; tBu2bpy), 123.0 (s, CH; tBu2bpy), 120.8 (s, CH; tBu2bpy), 113.9
(s, quart. C; C5Me5), 36.2 (s, quart. C; tBu2bpy), 30.6 (s, CH3; tBu2bpy), 9.5


(s, CH3; C5Me5); 31P NMR ([D6]acetone): 	��145.0 (sept, 1JFP� 714 Hz);
MS (FAB�): m/z : 603 [M2�]; UV/Vis (CH2Cl2):  (�)� 775 (0.6� 104), 608
(1.6� 104), 480 nm (0.7� 104 molL�1 cm�1); elemental analysis calcd for
C56H78F12N4O2P2W2: C 44.93, H 5.25, N 3.74; found: C 45.19, H 5.38, N 3.77.


[(Cp*W(tBu2bpy)(�-O))2][BPh4]2, 3BPh4-tBu : A mixture of [(Cp*W(tBu2b-
py)(�-O))2][PF6]2 (166 mg, 0.110 mmol) and NaBPh4 (90 mg, 0.260 mmol)
was stirred in THF (10 mL) at RT. After 30 min the solvent was removed in
vacuo and the residue was extracted into CH2Cl2. After filtration over a
pad of Celite and addition of a small amount of Et2O, the product
crystallized from the deep blue solution at room temperature as black
crystals, which were separated from the solution, washed with Et2O and
dried under high vacuo (192 mg, 95%). Suitable single crystals for X-ray
diffraction were obtained by crystallization from Et2O/CH2Cl2 at RT.
1H NMR (CD3CN): 	� 8.38 (d, 3J� 6 Hz, 4H; tBu2bpy), 7.92 (d, 4J� 2 Hz,
4H; tBu2bpy), 7.31 (dd, 3J� 6, 4J� 2 Hz, 4H; tBu2bpy), 7.26 (m, 16H;
[BPh4]�), 7.00 (m, 16H; [BPh4]�), 6.83 (m, 8H; [BPh4]�), 1.47 (s, 30H;
C5Me5), 1.28 (s, 18H; tBu2bpy); 13C{1H} NMR (CD3CN): 	� 166.5 (s, quart.
C; tBu2bpy), 153.6 (s, CH; tBu2bpy), 152.1 (s, quart. C; tBu2bpy), 137.1 (q,
JB,C� 3 Hz, CH; [B(C6H6)4]�), 126.9 (q, JB,C� 6 Hz, CH; [B(C6H6)4]�),
123.1, 123.0 (2s, CH, tBu2bpy ; [B(C6H6)4]�), 121.6 (s, CH; tBu2bpy), 114.3 (s,
quart. C; C5Me5), 36.6 (s, quart. C; tBu2bpy), 31.1 (s, CH3; tBu2bpy), 9.9 (s,
CH3; C5Me5); elemental analysis calcd for C104H118B2N4O2W2: C 67.69, H
6.44, N 3.04, found: C 67.61, H 6.20, N 3.08.


[Cp*W(Me2bpy)(�-O))2][PF6]2, 3-Me : Complex [(Cp*W(Me2bpy)-
(�-O))2][PF6]2 was synthesized by hydrolysis of [Cp*W(Me2bpy)Cl3]
(336 mg, 0.551 mmol) in degassed water (15 mL) following the same
procedure as described for complex [(Cp*W(bpy)(�-O))2][PF6]2. Suitable
single crystals for X-ray diffraction were obtained by crystallization from
Et2O/acetone at RT as black crystals (346 mg, 95%). 1H NMR (CD3CN):
	� 8.14 (d, 3J� 6 Hz, 4H; Me2bpy), 7.70 (s, 4H; Me2bpy), 7.07 (d, 3J� 6 Hz,
4H; Me2bpy), 2.52 (s, 12H; Me2bpy), 1.53 (s, 30H; C5Me5); 13C{1H} NMR
(CD2Cl2): 	� 154.0 (s, quart. C; Me2bpy), 152.9 (s, CH; Me2bpy), 151.4 (s,
quart. C; Me2bpy), 127.3 (s, CH; Me2bpy), 123.4 (s, CH; Me2bpy), 114.0 (s,
quart. C; C5Me5), 21.3 (s, CH3; Me2bpy), 10.2 (s; C5(CH3)5); 31P NMR
(CD2Cl2): 	��145.2 (sept., 1JFP� 715 Hz); 19F NMR (CD2Cl2): 	�
�73.93 (d, 1JPF� 715 Hz); MS (FAB�): m/z : 519 [M2�]; UV/Vis (CH2Cl2):
 (�)� 773 (3� 103), 608 (5� 103 molL�1 cm�1), 500 nm (not determ.);
elemental analysis calcd for C44H54F12N4O2P2W2: C 39.78, H 4.10, N 4.22,
found: C 39.41, H 3.92, N 4.09.


[(Cp*W(Me2bpy)(�-O))2][Cl]2, 3Cl-Me : A mixture of [Cp*W(Me2bpy)Cl3]
(134 mg, 0.220 mmol) and NaHCO3 (37 mg, 0.440 mmol) was stirred for 1 h
in degassed water (5 mL) at 80 �C. After evaporation of the solvent in
vacuo, the residue was extracted with CH2Cl2. The solvent was removed in
vacuo and the dark violet product was dried at 70 �C under high vacuum to
remove residual CH2Cl2 (118 mg, 96%). H NMR (CD3CN): 	� 8.14 (d,
3J� 6 Hz, 4H; Me2bpy), 8.09 (d, 4J� 2 Hz, 4H; Me2bpy), 7.11 (dd, 3J�
6 Hz, 4J� 2 Hz, 4H; Me2bpy), 2.55 (s, 12H;Me2bpy), 1.52 (s, 30H; C5Me5);
1H NMR (D2O): 	� 8.02 (d, 3J� 6 Hz, 4H; Me2bpy), 7.67 (s, 4H; Me2bpy),
7.02 (d, 3J� 6 Hz, 4H; Me2bpy), 2.39 (s, 12H; Me2bpy), 1.41 (s, 30H;
C5Me5); 13C{1H} NMR (CD3CN): 	� 153.9 (s, quart. C; Me2bpy), 153.3 (s,
CH; Me2bpy), 151.6 (s, quart. C; Me2bpy), 127.5 (s, CH; Me2bpy), 124.3 (s,
CH; Me2bpy), 113.8 (s, quart. C; C5Me5), 21.0 (s, CH3; Me2bpy), 9.7 (s;
C5(CH3)5); elemental analysis calcd for C44H54Cl2N4O2W2: C 47.63, H 4.91,
N 5.05, found: C 47.76, H 4.69, N 5.04.


Synthesis of [(Cp*W(bpy)(�-O))2][PF6]2, 3-H : The stirring of the reaction
mixture of [Cp*W(bpy)Cl3] (449 mg, 0.771 mmol) in water (10 mL) gave a
homogeneous dark gave a red solution (pH 1). After neutralization by the
addition of solid NaHCO3, a solution of NH4PF6 (127 mg, 0.779 mmol) in
water (5 mL) was added slowly and a dark blue solid precipitated. The
solvent was removed under reduced pressure and the remaining solid was
extracted with CH2Cl2. After filtration over a pad of Celite the product was
precipitated through the addition of Et2O. The analytically pure solid was
collected by filtration and dried in high vacuum to yield black crystals
(413 mg, 84%). 1H NMR ([D6]acetone): 	� 8.69 (d, 3J� 5.0 Hz, 4H; bpy),
8.21 (d, 3J� 8.2 Hz, 4H; bpy), 7.86 (dt, 3J� 8.2 Hz, 3J� 7.1 Hz, 4H; bpy),
7.52 (dt, 3J� 5.0 Hz, 3J� 7.1 Hz, 4H; bpy), 1.64 (s, 30H; C5(CH3)5); 13C{1H}
NMR ([D6]acetone): 	� 154.0 (s, CH; bpy), 151.6 (s, quart. C; bpy), 141.3
(s, CH; bpy), 127.0 (s, CH; bpy), 123.6 (s, CH; bpy), 114.6 (s, quart. C;
C5Me5), 9.61 (s; C5(CH3)5); 31P NMR ([D6]acetone): 	��142.6 (sept.,
1JPF� 709 Hz); 19F NMR ([D6]acetone): 	��71.3 (d, 1JFP� 709 Hz); MS
(FAB�): m/z : 491 [M2�]; UV/Vis (CH2Cl2): � 790, 612 nm; elemental
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analysis calcd for C40H46F12N4O2P2W2: C 37.76, H 3.64, N 4.40; found: C
37.51, H 3.75, N 4.22.


[(Cp*W(Cl2bpy)(�-O))2][PF6]2, 3-Cl : Complex [(Cp*W(Cl2bpy)-
(�-O))2][PF6]2 was synthesized by hydrolysis of [Cp*W(Cl2bpy)Cl3]
(86 mg, 0.132 mmol) in degassed water (4 mL) following the same
procedure as for complex [(Cp*W(bpy)(�-O))2][PF6]2 to yield green
needles (83 mg, 89%). 1H NMR (CD3CN): 	� 8.24 (d, 3J� 6 Hz, 4H;
Cl2bpy), 8.05 (d, 4J� 2 Hz, 4H; Cl2bpy), 7.40 (dd, 3J� 6, 4J� 2 Hz, 4H;
Cl2bpy), 1.58 (s, 30H; C5Me5); 13C{1H} NMR (CD3CN): 	� 154.7 (s, CH;
Cl2bpy), 151.5 (s, quart. C; Cl2bpy), 149.3 (s, quart. C; Cl2bpy), 127.5 (s, CH;
Cl2bpy), 125.1 (s, CH; Cl2bpy), 115.8 (s, quart. C; C5Me5), 10.2 (s;
C5(CH3)5); UV/Vis (CH2Cl2): max (�)� 662 nm (5� 103 Lmol�1 cm�1);
elemental analysis calcd for C40H42Cl4F12N4O2P2W2: C 34.07, H 3.00, N
3.97; found: C 34.41, H 2.88, N 4.10.


Isolation of [(Cp*W(Me2bpy)(�-Cl))2(�-O)][BPh4][Cl], 4-Me : From a
solution of [(Cp*W(Me2bpy)Cl2][BPh4][22] in a mixture of Et2O and
CH2Cl2, black crystals were separated after several days. Suitable single
crystals for X-ray diffraction were obtained by crystallization from Et2O/
CH2Cl2 at room temperature. 1H NMR (CD2Cl2): 	� 8.61 (s, 4H3,3�), 7.80 (d,
3JHH� 6 Hz, 4H6,6�), 7.33 (m, 8H; B(Ph)4�), 7.02 (m, 12H, H5,5�; B(Ph)4�),
6.86 (m, 4H; B(Ph)4�), 2.54 (s, 12H; Me2bpy), 1.88 (s, 30H; (C5Me5)); MS
(FAB�, CH2Cl2): m/z : 575 [Cp*W(Me2bpy)Cl2]� ; elemental analysis calcd
for C68H74BCl2N4OW2 ¥CH2Cl2: C 54.06, H 5.00, N 3.65; found: C 54.20, H
4.96, N 3.60.


[(Cp*W(Me2bpy)(�-O))2][PF6]3, 5-Me : [Cp2Fe][PF6] (38 mg, 0.114 mmol)
was added as a solid to a stirred solution of [(Cp*W(Me2bpy)(�-O))2][PF6]2
(105 mg, 0.079 mmol) in CH2Cl2 (5 mL). After the color of the solution had
changed from blue to red, the solvent was removed under reduced pressure.
The residue was washed with toluene to remove Cp2Fe until the washings
remained colorless and finally dried under high vacuum. The crude product
crystallized from Et2O/acetonitrile at �36 �C as red crystals (76 mg, 66%).
Suitable single crystals for X-ray diffraction were obtained by diffusion of
Et2O into a solution in acetonitrile at room temperature. 1H NMR
(CD3CN): 	�� 19 (br, �1/2� 1500 Hz), 10 (br, �1/2� 100 Hz), 9 (br, �1/2�
300 Hz); 31P NMR: 	��145.0 (sept., 1JP,F� 714 Hz, �1/2� 10 Hz); 19F
NMR (CD3CN): 	��72.3 (d, 1JF,P� 714 Hz, �1/2� 10 Hz); MS (FAB�,
CH3CN): m/z : 519 [M2�]; �eff� 1.55 �B; elemental analysis calcd for
C44H54F18N4O2P3W2: C 35.87, H 3.69, N 3.80; found: C 36.18, H 3.23, N 4.27.


[(Cp*W(tBu2bpy)(�-O))2], 6-tBu : A solution of sodium naphthalenide
freshly prepared by stirring naphthalene (18 mg, 0.140 mmol) with an
excess of sodium in THF (5 mL), was dropped into a suspension of
[(Cp*W(tBu2bpy)(�-O))2][PF6]2 (105 mg, 0.070 mmol) in THF (5 mL)
under vigorous stirring. The solvent was removed from the resulting violet
solution under reduced pressure and the residue was treated three times
with pentanes to remove residual THF. The solid residue was extracted
with pentanes (30 mL) and the violet pentane solution was filtered over a
glass fiber filter and dried in vacuo. The crude product was redissolved
several times in pentanes and dried under high vacuum to remove residual
naphthalene to yield a dark violet powder (66 mg, 79%). 1H NMR
([D6]benzene): 	� 9.93 (d, 3J� 8 Hz, 4H; tBu2bpy), 7.82 (d, 4J� 2 Hz, 4H;
tBu2bpy), 6.06 (dd, 3J� 8 Hz, 4J� 2 Hz, 4H; tBu2bpy), 1.34 (s, 36H;
tBu2bpy), 1.02 (s, 30H; C5Me5); 13C{1H} NMR ([D6]benzene): 	� 144.7 (s,
CH; tBu2bpy), 140.5 (s, quart. C; tBu2bpy), 134.4 (s, quart. C; tBu2bpy),
113.7 (s, CH; tBu2bpy), 109.4 (s, CH; tBu2bpy), 108.4 (s, quart. C; C5Me5),
33.1 (s, quart. C; tBu2bpy), 30.9 (s, CH3; tBu2bpy), 8.4 (s, CH3; C5Me5); MS
(EI): m/z : 1206 [M�]; elemental analysis calcd for C56H78N4O2W2: C 55.73,
H 6.51, N 4.64; found: C 56.00, H 6.73, N 4.58.


[(Cp*W(Me2bpy)(�-O))2], 6-Me, and [(Cp*W(Me2bpy)(�-O))2][PF6],
7-Me : A solution of sodium naphthalenide freshly prepared by stirring
naphthalene (21 mg, 0.160 mmol) with an excess of sodium in THF (5 mL),
was dropped into a suspension of [(Cp*W(Me2bpy)(�-O))2][PF6]2 (109 mg,
0.082 mmol) in THF (5 mL) under vigorous stirring. The solvent was
removed from the resulting violet solution under reduced pressure and the
residue washed three times with pentanes and extracted with toluene. First
a violet fraction was collected, followed by a second brown fraction. The
violet toluene fraction was filtered over a glass fiber filter and the solvent
was removed in vacuo. To remove residual naphthalene the crude product
was redissolved several times in toluene and dried under high vacuum to
yield the analytically pure complex [(Cp*W(Me2bpy)(�-O))2] (25 mg,
29%). From the brown toluene fraction the solvent was removed in vacuo


and the obtained green solid was crystallized from Et2O/THF to yield
complex [(Cp*W(Me2bpy)(�-O))2][PF6] (26 mg, 27%). For complex
[(Cp*W(Me2bpy)(�-O))2], suitable single crystals for X-ray diffraction
were obtained from a toluene solution after several days at room
temperature. For complex [(Cp*W(Me2bpy)(�-O))2][PF6], single crystals
were obtained by crystallization from Et2O/THF at room temperature.
Analytical data for complex [(Cp*W(Me2bpy)(�-O))2]: 1H NMR
([D8]THF): 	� 9.60 (d, 3J� 8 Hz, 4H; Me2bpy), 7.40 (d, 4J� 2 Hz, 4H;
Me2bpy), 5.70 (dd, 3J� 8 Hz, 4J� 2 Hz, 4H; Me2bpy), 2.60 (s, 12H;
Me2bpy), 0.85 (s, 30H; C5Me5); elemental analysis calcd for C44H54N4O2-


W2 ¥C7H8: C 54.17, H 5.53, N 4.95; found: C 54.02, H 5.60, N 5.03. Analytical
data for complex [(Cp*W(Me2bpy)(�-O))2][PF6]: 1H NMR ([D8]THF): 	�
10 (br, �1/2� 300 Hz), �6 (vbr). No satisfying elemental analysis could be
obtained for this compound.


Reaction of [(Cp*W(tBu2bpy)(�-O))2], 6-tBu, with HOTf in [D8]THF :
When a solution of (Cp*W(tBu2bpy)(�-O))2 (35 mg, 0.029 mmol) in
[D8]THF was mixed with approximately 4 equiv HOTf in a Teflon sealed
NMR tube, the color of the solution changed immediately from violet to
red and a black precipitate formed. The 1H NMR spectrum showed a
singlet at 	� 4.55. The solvent was vacuum transferred into another NMR
tube and a 1H NMR spectrum of the volatiles also showed a singlet at 	�
4.55. The non-volatile residue was washed with Et2O and toluene and
dissolved in methylenechloride. Residual HOTf was neutralized by
addition of a small amount of NaHCO3, which was indicated by a color
change from red to blue. The solution was filtered and the solvent was
removed under reduced pressure to yield a black powder (26 mg, 60%
based on [(Cp*W(tBu2bpy)(�-O))2]. The 1H NMR resonances (CD3CN) of
the product were identical to those of complex [(Cp*W(tBu2bpy)(�-
O))2][PF6]2.


[(Cp*W(Me2bpy)(�-O)(�-OH)][PF6]2[OTf], 8-Me : Trifluoromethanesul-
fonic acid (5.65 �L, 0.065 mmol) was added to a stirred solution of
[(Cp*W(Me2bpy)(�-O))2][PF6]2 (86 mg, 0.065 mmol) in methylenechloride
(10 mL), which led to an immediate color change from blue to red. The
solution was filtered and the solvent reduced to 5 mL by evaporation. By
slow addition of Et2O, red crystals were obtained, which were collected,
washed with Et2O and dried in vacuo (62 mg, 65%). 1H NMR (CD2Cl2):
	� 12.3 (br s, 1H), 8.40 (d, 3J� 6 Hz, 2H; Me2bpy), 8.16 (s, 4H; Me2bpy),
8.11 (d, 3J� 6 Hz, 2H; Me2bpy), 7.42 (d, 3J� 6 Hz, 2H; Me2bpy), 7.31 (d,
3J� 6 Hz, 2H; Me2bpy), 2.63 (s, 6H;Me2bpy), 2.62 (s, 6H;Me2bpy), 1.79 (s,
30H; C5Me5); 13C{1H} NMR (CD2Cl2): 	� 156.5 (s, quart. C; Me2bpy),
156.4 (s, quart. C; Me2bpy), 155.7 (s, CH; Me2bpy), 152.8 (s, CH; Me2bpy),
152.5 (s, quart. C; Me2bpy), 152.0 (s, quart. C; Me2bpy), 130.2 (s, CH;
Me2bpy), 129.1 (s, CH; Me2bpy), 125.9 (s, CH; Me2bpy), 125.5 (s, CH;
Me2bpy), 118.0 (s, quart. C; C5Me5), 21.3 (s;Me2bpy), 21.2 (s;Me2bpy), 10.0
(s; C5Me5); 19F NMR (CD2Cl2): 	� 73.75 (d, 1JPF� 720 Hz; PF6�), �80.30
(s; (CF3)SO3


�); 31P NMR (CD2Cl2): 	��145.19 (m, 1JFP� 720 Hz);
elemental analysis calcd for C45H55F15N4O5P2SW2: C 36.55, H 3.75, N
3.79; found: C 36.76, H 3.95, N 3.63.


X-ray crystal structure analyses


General remarks : Suitable single crystals were mounted on glass fibers in
polyisobutylene oil (Aldrich 38896-6), transferred on the goniometer head
to the diffractometer and the crystal was cooled to �90 �C in a N2


cryostream. The data sets were collected with graphite monochromated
MoK� radiation (0.70713 ä) on a Siemens-P3 four-circle diffractometer (3-
Me) and a Stoe IPDS image plate diffractometer (all others). Intensities
were corrected for Lorentz and polarization effects. Absorption corrections
were performed using � scans (3-Me) or numerically (all others). The
structures were solved using direct methods with the SHELXS-97
program.[59] The refinements were carried out with SHELXL-97 using all
unique F 2


o.[60] Except for 3-Me and 5-Me all non-hydrogen atoms were
treated anisotropically with the positions of the hydrogen atoms calculated
in idealized positions (C�H bonds fixed at 0.96 ä) and refined as riding
model. The details of the data collections and refinements including R
values are summarized in Tables 4 and 9.


Crystallographic data have been deposited with the Cambridge Crystallo-
graphic Data center as supplementary publication numbers CCDC-191011
(3-Me), -191012 (3BPh4-tBu), -191013 (3BPh4-NMe2), -191014 (5-Me),
-191015 (6-Me), and -191016 (7-Me). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK [Fax: (�44)1223 336-033; E-mail : deposit@ccdc.cam.ac.uk].


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 3583 ± 35963594







Dinuclear Tungsten Oxo Complexes 3583±3596


Acknowledgement


We are indebted to Prof. Heinz Berke for his generous support. Funding of
this project by the Swiss National Science Foundation is gratefully
acknowledged.


[1] R. Poli, Chem. Rev. 1991, 91, 509.
[2] E. LeGrognec, R. Claverie, R. Poli, J. Am. Chem. Soc. 2001, 123, 9513.
[3] E. LeGrognec, R. Poli, Chem. Eur. J. 2001, 7, 4572.
[4] J. M. Camus, D. Morales, J. Andrieu, P. Richard, R. Poli, P. Braunstein,


F. Naud, J. Chem. Soc. Dalton Trans. 2000, 2577.
[5] R. Poli, Synlett 1999, 1019.
[6] R. Poli, Chem. Rev. 1996, 96, 2135.
[7] T. E. Glassman, M. G. Vale, R. R. Schrock, Organometallics 1991, 10,


4046.
[8] R. R. Schrock, A. H. Liu, M. B. O×Regan, W. C. Finch, J. F. Payack,


Inorg. Chem. 1988, 27, 3574.
[9] M. B. O×Regan, A. H. Liu, W. C. Finch, R. R. Schrock, M. D. Davis, J.


Am. Chem. Soc. 1990, 112, 4331.
[10] R. C. Murray, L. Blum, A. H. Liu, R. R. Schrock, Organometallics


1985, 4, 953.
[11] X. Morise, M. L. H. Green, P. C. McGowan, S. J. Simpson, J. Chem.


Soc. Dalton Trans. 1994, 871.
[12] M. L. H. Green, P. C. Konidaris, P. Mountford, J. Chem. Soc. Dalton


Trans. 1994, 2851.
[13] M. L. H. Green, P. C. McGowan, X. Morise, Polyhedron 1994, 13,


2971.
[14] A. H. Liu, R. C. Murray, J. C. Dewan, B. D. Santarsiero, R. R.


Schrock, J. Am. Chem. Soc. 1987, 109, 4282.
[15] R. R. Schrock, T. E. Glassman, M. G. Vale, M. Kol, J. Am. Chem. Soc.


1993, 115, 1760.
[16] H. Blackburn, J. C. Fettinger, H. B. Kraatz, R. Poli, R. C. Torralba, J.


Organomet. Chem. 2000, 594, 27.
[17] B. Pleune, R. Poli, J. C. Fettinger, Organometallics 1997, 16, 1581.


[18] H. Blackburn, H. B. Kraatz, R.
Poli, R. C. Torralba, Polyhedron
1995, 14, 2225.


[19] R. T. Baker, J. C. Calabrese, R. L.
Harlow, I. D. Williams, Organo-
metallics 1993, 12, 830.


[20] Q. Feng, M. Ferrer, M. L. H.
Green, P. Mountford, V. S. B.
Mtetwa, J. Chem. Soc. Dalton
Trans. 1992, 1205.


[21] S. J. Holmes, R. R. Schrock, Or-
ganometallics 1983, 2, 1463.


[22] C. Cremer, P. Burger, J. Chem.
Soc. Dalton Trans. 1999, 1967.


[23] C. Cremer, P. Burger, J. Am.
Chem. Soc. 2003, 125, ASAP
(DOI: 10.1021/ja028313e).


[24] G. B. Deacon, T. Feng, S. Nickel,
B. W. Skelton, A. H. White,
Chem. Commun. 1993, 1328.


[25] C. Hansch, A. Leo, R. W. Taft,
Chem. Rev. 1991, 91, 165.


[26] N. G. Connelly, P. R. G. Davis,
E. E. Harry, P. Klangsinsirikul,
M. Venter, J. Chem. Soc. Dalton
Trans. 2000, 2273.


[27] K. M. Kadish, Prog. Inorg. Chem.
1986, 34, 435.


[28] T. Ren, C. Lin, E. J. Valente, J. D.
Zubkovski, Inorg. Chim. Acta
2000, 297, 283.


[29] T. Ren, Coord. Chem. Rev. 1998,
175, 43.


[30] A. Giraudeau, H. J. Callot, J.
Jordan, I. Ezhar, M. Gross, J.
Am. Chem. Soc. 1979, 101, 3857.


[31] C. Creutz, Prog. Inorg. Chem. 1983, 30, 1.
[32] M. B. Robin, P. Day, Adv. Inorg. Chem. Radiochem. 1967, 10, 247.
[33] C. Cremer, P. Burger, unpublished results.
[34] R. Poli, Chem. Rev. 1991, 91, 509.
[35] B. E. Bursten, R. H. Cayton, Inorg. Chem. 1989, 28, 2846.
[36] W. A. Herrmann, R. A. Fischer, J. K. Felixberger, R. A. Paciello, P.


Kiprof, E. Herdtweck, Z. Naturforsch. 1988, 43b, 1391.
[37] M. Cousins, M. L. H. Green, J. Chem. Soc. 1964, 1567.
[38] C. Couldwell, K. Prout, Acta Crystallogr. Sect. B 1978, 34, 933.
[39] F. Abugideiri, G. A. Brewer, J. U. Desai, J. C. Gordon, R. Poli, Inorg.


Chem. 1994, 33, 3745.
[40] A. G. Orpen, L. Brammer, F. H. Allen, O. Kennard, D. G. Watson, R.


Taylor, J. Chem. Soc. Dalton Trans. 1989, S1.
[41] J. C. Green, M. L. H. Green, P. Mountford, J. Parkington, J. Chem.


Soc. Dalton Trans. 1990, 3407.
[42] F. Abugideiri, J. C. Fettinger, R. Poli, Inorg. Chim. Acta 1995, 229, 445.
[43] P. Schollhammer, F. Y. Pe¬tillon, J. Talarmin, K. W.Muir, J. Organomet.


Chem. 2001, 627, 67.
[44] M. R. DuBois, D. L. DuBois, M. C. VanDerveer, R. C. Haltiwanger,


Inorg. Chem. 1981, 20, 3064.
[45] M. L. H. Green, J. D. Hubert, P. Mountford, J. Chem. Soc. Dalton


Trans. 1990, 3793.
[46] G. S. B. Adams, M. L. H. Green, J. Chem. Soc. Dalton Trans. 1981, 353.
[47] F. Bottomley, L. Sutin, Adv. Organomet. Chem. 1988, 28, 339.
[48] C. Lin, T. Ren, E. J. Valente, J. D. Zubkovski, J. Organomet. Chem.


1999, 579, 114.
[49] C. Lin, J. D. Protasiewicz, T. Ren, Inorg. Chem. 1996, 35, 7455.
[50] U. Koelle, New J. Chem. 1992, 16, 157.
[51] E. Amouyal, in Homogeneous Photocatalysis (Ed.: M. Chanon),


Wiley, 1997, p. 263.
[52] H. Werner, W. Hofmann, R. Zolk, L. F. Dahl, J. Kocal, A. K¸hn, J.


Organomet. Chem. 1985, 289, 173.
[53] M. Maestri, N. Armaroli, V. Balzani, E. C. Constable, A. M. W. C.


Thompson, Inorg. Chem. 1995, 34, 2759.
[54] G. Brauer,Handbuch der Pr‰parativen Anorganischen Chemie, Vol. 3,


3rd ed., Ferdinand Enke, Stuttgart, 1981.


Chem. Eur. J. 2003, 9, 3583 ± 3596 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3595


Table 9. Data collection parameters of complexes 5-Me, 6-Me and 7-Me.


5-Me 6-Me 7-Me


formula C44H54F18N4O2P3W2 ¥ 2MeCN C44H54N4O2W2 ¥ 2toluene C44H54F6N4O2PW2


Fw 1549.60 1222.8 1183.56
habitus orange rect. parallelepiped violet cube green rect. parallel-


epiped
crystal dimension
[mm]


0.2� 0.2� 0.1 0.2� 0.2� 0.2 0.3� 0.3� 0.2


crystal system monoclinic monoclinic monoclinic
space group P21/n (No14) P21/c (No14) I2/a (No15)
a [ä] 11.675(1) 15.399(1) 22.609(1)
b [ä] 36.925(1) 10.415(1) 25.569(1)
c [ä] 13.207(1) 16.649(1) 29.682(2)
� [�]
� [�] 102.36(1) 109.51(1) 95.70(3)
V [ä3] 5561.6(7) 2516.9(3) 17074.0(15)
Z 4 4 8
�calcd [gcm�3] 1.85 1.61 1.83
� [mm�1] 4.32 4.61 5.48
F(000) 3020 1188 9192
T [K] 183(2) 183(2) 183(2)
2� [�] 4 ± 44 4 ± 52 2 ± 48
no. measured
reflections


12000, 6635 9515, 4515 13179, 13179


(total unique)
no. of parameters 684 326 1100
R1 (F 2� 2�F 2) 0.0575 0.0252 0.0279
wR2 (F 2� 2�F 2) 0.1582 0.0612 0.0683
GoF, S 1.15 1.00 0.97
res. el. dens. [e� ä�3] 2.41, �1.37 1.61, �1.89
2.40, �1.26
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Stabilization of CoI by ZnII in Pure Acetonitrile and its Reaction with
Aryl Halides


Sylvaine Seka, Olivier Buriez,* and Jacques Pe¬richon[a]


Abstract: The study of the electrochem-
ical behavior of cobalt(��) bromide
(CoBr2) in pure acetonitrile allowed us
to demonstrate that Co2� is the catalyst
precursor involved in the electrochem-
ical and chemical conversions of arylha-
lides, ArX, to arylzinc compounds in
that solvent. The reduction of Co2� leads
to the Co� species, which dispropor-
tionates too rapidly to react further with
aryl halides. However, the presence of
zinc(��) bromide allows us to stabilize the
electrogenerated cobalt(�) and to ob-


serve it on the timescale of slow cyclic
voltammetry. Under such conditions, the
CoI species has time to react with aryl
halides and produce [CoIIIArX]� com-
plexes that are reduced into [CoIIArX]
by a single electron uptake at the same
potential at which Co2� is reduced. Rate
constants for the oxidative addition of


ArX to CoI have been determined for
various aryl halides and compared to the
values obtained in an acetonitrile
(ACN)/pyridine (9:1, v/v) mixture. It is
shown that CoI is stabilized more by
ZnBr2 than by pyridine. A transmetalla-
tion reaction between [CoIIArX] and
ZnBr2 has also been observed. We
finally propose a mechanism for the
cobalt-catalyzed electrochemical con-
version of aryl bromides into organozinc
species in pure acetonitrile.


Keywords: aryl halides ¥ cobalt ¥
electrochemistry ¥ kinetics ¥ zinc
bromide


Introduction


The preparation of organozinc compounds, which are key
intermediates in the selective synthesis of carbon ± carbon
bonds from highly functionalized substrates,[1] has been the
subject of increased interest over the last decade.


The preparation of such compounds was formerly achieved
by the preliminary formation of aryllithium reagents followed
by transmetallation with zinc halides. Nevertheless, this
method is not easily achieved with aryl compounds bearing
reactive functional groups such as ketones, nitriles or esters,
since very low reaction temperatures are required.[2] This
drawback can be overcome with the use of activated zinc
(Rieke×s zinc) obtained by reduction of zinc halide with alkali
metal naphthalenide. However, the difficulty of handling this
reagent makes this method very sensitive.[3, 4]


As an alternative to these chemical procedures, we have
successfully synthesized arylzinc compounds in high yields
and under mild conditions by two electrochemical procedures.
The former one involves nickel complexes as catalysts in
dimethylformamide (DMF) as solvent.[5] Recently, we have


developed a simpler electrocatalytic system using cobalt salts
(CoX2, X�Br, Cl) as catalysts.[6] Indeed, reactions can be
conducted in acetonitrile (ACN) or DMF associated to
pyridine, and a less toxic catalyst is used. We have also
developed a pyridine-free process for the electrochemical
preparation of arylzinc compounds in pure acetonitrile that
allows coupling reactions with electrophiles.[7]


These electrochemical methods, which use very simple
experimental conditions in comparison with known chemical
processes, enable the formation of arylzinc compounds in high
yields, and the process applies notably to aryl halides bearing
electron-withdrawing group.


More importantly, on the base on our recent discoveries we
have found a new and facile chemical synthesis of function-
alized arylzinc species from aromatic or thienyl bromides,
always under mild conditions and in pure acetonitrile, by
using a simple cobalt catalyst and zinc dust.[8] This last process
can be easily extended to larger scale.


Surprisingly, the last two methods (chemical and electro-
chemical) discovered in our group for the preparation of
organozinc compounds have been carried out in the absence
of pyridine, which was required in our former processes to
stabilize the cobalt(�) catalyst. Consequently, these new results
prompted us to investigate the electrochemical behavior of
CoBr2 both in the absence and the presence of aryl halides and
zinc bromide in pure acetonitrile in order to elucidate the
involved mechanisms. This important work is required to
improve our reactions and to discover other useful syntheses.


[a] Dr. O. Buriez, S. Seka, Prof. J. Pe¬richon
Laboratoire d×Electrochimie Catalyse et Synthe¡se Organique
UMR CNRS 7582, Universite¬ Paris 12
2 ± 8 rue H. Dunant, 94320 Thiais (France)
Fax: (�33) 1-49-78-11-48
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The electrochemical behavior of CoBr2 has already been
examined in ACN/pyridine and DMF/pyridine (9:1) mix-
tures.[9, 10] Results obtained in both solvents are similar and
can be summarized as follows: the reduction of CoBr2 leads to
a cobalt(�) species that is stable on the timescale of cyclic
voltammetry (few tenths of a millisecond). However, it is not
as stable as those obtained by reduction of cobalt(��) in the
presence of salen, vitamin B12, or bipyridine as ligands.[11±24]


Indeed, on the timescale of slow cyclic voltammetry or
electrolysis it undergoes a disproportionation reaction leading
to solid cobalt and half of the starting cobalt(��). The rate
constant k1 for this reaction has been found equal to
(1� 0.25)� 103��1 s�1 in ACN/pyridine.[10] We also showed
that the electrogenerated CoI reacts with aryl halides, ArX,
leading to arylcobalt(���) complexes that are reduced into
arylcobalt(��) species at the same potential as CoBr2. The rate
constant k2 for this oxidative addition depends on both the
nature of the halogen and the substituent on the aromatic
ring. The values obtained for k2 have been found in the range
30 ± 2600��1 s�1 in ACN/pyridine.[10] Thus, a competition
exists between the disproportionation reaction (k1) and the
oxidative addition (k2) (Scheme 1). Furthermore, we detected


Scheme 1. Mechanism for the electrochemical conversion of aryl halides
to arylzinc species in DMF or ACN/pyridine (9:1) in the presence of zinc
bromide and with cobalt bromide as catalyst. All the cobalt species are
supposed to be coordinated by a pyridine ligand, which has been omitted
for simplification.


a transmetallation reaction between arylcobalt(��) complexes
and zinc(��) bromide that leads to the arylzinc compound and
regenerates the cobalt(��) catalyst. This allowed us to fully
elucidate the mechanism for the electroformation of arylzinc
compounds in DMF or ACN/pyridine (Scheme 1).[25] We have
also demonstrated in DMF/pyridine the stabilization of the
electrogenerated CoI species by the presence of zinc bromide,
but this has no effect on the oxidative addition rate constant of
ArX to CoI relative to results obtained in the absence of
ZnBr2.


In the present work we have examined the electrochemical
behavior of CoBr2 in pure acetonitrile both in the absence and
the presence of aryl halides and zinc(��). We especially
establish that Co2� is the real cobalt(��) catalyst precursor
involved in the electrochemical and chemical conversions of
aryl halides into arylzinc compounds in pure acetonitrile and
that the stabilization of Co� by a halogenated zinc(��) species is
the key step in such processes.


Results and Discussion


Study of the electrochemical behavior of CoBr2 in pure
acetonitrile–evidence for the reduction of Co2� : The cyclic
voltammogram obtained by reduction of CoBr2 in pure
acetonitrile at a platinum disk electrode and at a scan rate
v� 0.2 V s�1 exhibits an irreversible reduction wave R1 at
ER1 ��0.86 V versus SCE (saturated calomel electrode).
Under the same conditions (concentration, scan rate, elec-
trode, etc.) the reduction current of R1 is smaller than that
obtained in an acetonitrile (ACN)/pyridine (9:1, v/v) mixture.
The backward potential scan reveals an ill-defined oxidation
wave O2 corresponding to the oxidation of solid cobalt
deposited at the electrode surface, and coming from the
disproportionation reaction of the CoI species electrogener-
ated at R1 (Figure 1).[10] A study of R1 as a function of the scan
rate shows the absence of reversibility until 200 V s�1, whereas
it was reversible from a few volts per second in ACN/pyridine
(9:1). Therefore, the disproportionation reaction of the
electrogenerated CoI species is much faster in pure acetoni-
trile than in ACN/pyridine (9:1), in agreement with the
stabilization of CoI by pyridine.[10]


Figure 1. Cyclic voltammograms of CoBr2 (5 m�) in acetonitrile �
NBu4BF4 (0.1�) recorded at a platinum disk electrode (0.5 mm diameter)
at v� 0.2 V s�1 and at RT. Complex alone (––) and in the presence of one
molar equivalent of nBu4NBr (- - - -).


At more negative potentials, a second reduction wave R2


was located at ER2 ��1.4 V. When the voltammogram is run
in the presence of one molar equivalent of nBu4NBr, R1 is no
longer detected, whereas the reduction current of R2 increases
slightly (Figure 1). In the presence of more than one
equivalent of nBu4NBr, R2 shifts towards more negative
potential values. These results demonstrate the existence of a
chemical equilibrium between the cobalt(��) species and
bromide ions, and are in agreement with already reported
studies showing that CoBr2 is an equilibrium mixture of the
[CoBr]� , [CoBr2], [CoBr3]� , [CoBr4]2�, and Co2� species in
pure acetonitrile.[26] Among these species the last one should
be most readily reducible. To verify this point, we recorded
the cyclic voltammogram of an authentic solution of Co2�


(15 m�) prepared from the oxidation of a cobalt rod (see
Experimental Section). As shown in Figure 2, the Co2� species
is reduced in a single wave at �0.86 V and at v� 0.2 V s�1 in
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Figure 2. Cyclic voltammogram of Co2� (15 m�) in acetonitrile �
NBu4BF4 (0.1�) recorded at a platinum disk electrode (0.5 mm diameter)
at v� 0.2 V s�1 and at RT.


pure acetonitrile. This result clearly establishes that R1,
observed in Figure 1, corresponds to the reduction of Co2�


to Co�, whereas R2 is likely to correspond to the reduction of a
brominated cobalt(��) species [Eqs. (1) and (2)].


Co2�� e � Co� (1)


Co� ��kdisp 1³2Co2�� 1³2Co(s) (2)


Comparison of reduction currents of R1 obtained from
known concentrations of Co2� and CoBr2 under the same
conditions (scan rate, electrode, etc.), indicates that about
30 % of CoBr2 leads to the Co2� species when dissolved in
pure acetonitrile.


Interestingly, the cyclic voltammogram obtained for a
solution of Co2� (5m�) in the presence of excess ethyl
4-bromobenzoate was not modified and, especially, the
intensity of O2 did not decrease; this indicates that no
reaction between CoI and the aryl bromide takes place,
because of a too fast disproportionation reaction of the
electrogenerated cobalt(�) species. By comparison, the rate
constant for the reaction between CoI and ethyl 4-bromo-
benzoate obtained in ACN/pyridine (9:1) had been found
equal to (2.25�0.35)� 103��1 s�1, whereas the disproportio-
nation rate constant of CoI was equal to (1� 0.25)�
103��1 s�1.[10]


However, the electrochemical and chemical conversions of
aryl bromides to arylzinc compounds by cobalt catalysis are
possible in pure acetonitrile.[5, 8] This prompted us to study the
effect of zinc(��) on the electrochemical behavior of Co2�.


Study of the electrochemical behavior of cobalt(��) in the
presence of zinc(��) in pure acetonitrile–evidence for the
stabilization of the electrogenerated Co� : As previously
shown for CoBr2, it probably exists as an equilibrium mixture
of several zinc(��) species when ZnBr2 is dissolved in pure
acetonitrile.[27] A cyclic voltammogram of ZnBr2 (5 m�) at
0.2 V s�1 at a platinum disk electrode exhibits a reduction
wave located at E��0.96 V, which actually corresponds to
the reduction of Zn2� by comparison with the cyclic voltam-
mogram obtained from an authentic solution of electrogen-


Figure 3. Cyclic voltammogram of Zn2� (5 m�) in acetonitrile � NBu4BF4


(0.1�) recorded at a platinum disk electrode (0.5 mm diameter) at v�
0.2 Vs�1 and at RT.


erated Zn2� (Figure 3). Therefore, Zn2� is reducible at a more
negative potential than Co2�.


The addition of increasing amounts of ZnBr2 causes several
changes in the cyclic voltammogram of CoBr2 obtained at
0.2 V s�1 in pure acetonitrile: 1) the intensity of R1 corre-
sponding to the reduction of Co2� increases, 2) R1 becomes
reversible (wave O1), and 3) the oxidation current of O2


decreases. Moreover, the reduction wave of Zn2� is not
detected. Intensities of both R1 and O1 are at a maximum in
the presence of five molar equivalents of ZnBr2 with respect
to CoBr2 (Figure 4). The appearance of O1 and the disappear-
ance of O2 in the same timescale are in agreement with a


Figure 4. Cyclic voltammograms of CoBr2 (5 m�) in acetonitrile �
NBu4BF4 (0.1�) recorded at a platinum disk electrode (0.5 mm diameter)
at v� 0.2 Vs�1 and at RT. a) In the absence of and in the presence of b) one,
c) three, and d) five molar equivalents of ZnBr2.


stabilization of Co� by a zinc(��) species. Moreover, the
increase in the reduction current of R1 cannot be due to the
reduction of Zn2�, which occurs at a potential more negative
than the reduction of Co2�. Indeed, this would result in an
oxidation wave located at E��0.65 V on the cyclic voltam-
mogram corresponding to the oxidation of solid zinc depos-
ited at the electrode surface (Figure 3). As a matter of fact,
this phenomenon can be explained by a reaction taking place
between both ZnBr2 and CoBr2, and consisting of the transfer
of bromide ions from cobalt(��) to zinc(��) as already shown by
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Libus et al. for CoCl2 and ZnCl2 in pure acetonitrile.[28]


Therefore, this reaction leads to an increase in the concen-
tration of Co2� and consequently to an increase in the
intensity of R1. In that case, one or several zinc(��) species of
the type (ZnIIBrx)(x�2)� would be formed.


As mentioned above, the cyclic voltammogram of Co2�


(15 m�), prepared from the oxidation of a cobalt rod, exhibits
both an irreversible reduction wave R1 at �0.86 V and the
oxidation of solid cobalt coming from the disproportionation
reaction of CoI (wave O2). With the addition of one molar
equivalent of ZnBr2 the reduction wave R1 becomes rever-
sible and its intensity is halved. In addition, O2 disappears on
the same timescale (Figure 5).


Figure 5. Cyclic voltammograms of Co2� (15 m�) in acetonitrile �
NBu4BF4 (0.1�) recorded at a platinum disk electrode (0.5 mm diameter)
at v� 0.2 V s�1 and at RT. Complexe alone (––) and in the presence of one
molar equivalent of ZnBr2 (- - - -).


The use of the method combining chronoamperometry and
steady-state voltammetry allowed us to establish that wave R1


is monoelectronic in the presence of zinc(��) (ne � 1.07�
0.23).[29] This confirms the stabilization of Co� by a zinc(��)
species and the absence of a disproportionation reaction of
the former in the range of a few seconds. The cobalt(�) species
is therefore more stable in the presence of ZnBr2 than in the
presence of pyridine.


Interestingly, the cyclic voltammogram obtained by reduc-
tion of Co2� in the presence of Zn2�, both electrochemically
prepared, does not display any reversibility for R1 and no
decrease in the oxidation current of O2, indicating that the
presence of bromide ions is required to stabilize the Co�


species.
The stabilization of Co� by ZnBr2 was then studied in


preparative-scale electrolyses leading to organozinc com-
pounds. Experiments were conducted in an undivided electro-
chemical cell in the presence of PhBr as the aryl halide and at
constant current (I� 0.2 A) as described in the Experimental
Section. The potential value was constant and equal to
�0.8 V. Table 1 shows that the presence of increasing
amounts of zinc bromide affords a larger consumption of
PhBr. This is especially observed above two molar equivalents
of ZnBr2 with respect to CoBr2. This result is in agreement
with a better stabilization of the electrogenerated Co�, which
leads to an increase in the catalyst turnover and a decrease in


the catalyst loss through the disproportionation reaction. As
expected, the yield of the arylzinc ([ZnPhBr]) increases with
increasing amounts of ZnBr2.


In view of the preceding results, it was of interest to know
whether Co� would be stable in the presence of zinc(��) on the
timescale of a preparative electrolysis (range of a few
minutes). Accordingly, controlled-potential electrolysis of
Co2� (0.5 mmol) in the presence of zinc bromide (0.5 mmol)
was carried out at �0.75 V. The electrolysis was stopped after
a charge of one electron per mole of Co2� was passed in order
to generate the corresponding Co� stabilized by a zinc(��)
species. This was then added to a solution containing ethyl
4-bromobenzoate (1 mmol). Examination of that final mix-
ture as a function of time did not show any consumption of the
aryl halide, demonstrating that Co� is not sufficiently stable
even in the presence of ZnBr2 to react with the halide. Under
these conditions, its half-life can be estimated to be a few
seconds.


Evidence for a reaction between the stabilized CoI species and
aryl halides (ArX)–kinetic investigations : The reaction
between the electrogenerated cobalt(�) species and aryl
halides was then examined in the presence of zinc bromide
by means of cyclic voltammetry. As previously noticed, the
reduction wave of Co2� obtained in the presence of ZnBr2 is
reversible and no disproportionation of CoI occurs. In the
presence of aryl halides (ArX) the intensity of the oxidation
current of O1 (oxidation of Co� into Co2�) decreases more or
less according to the nature of ArX, and R1 is slightly shifted
towards more positive potential value. This indicates a
reaction between the electrogenerated Co� and ArX that
probably leads to the corresponding arylcobalt(���) complex.
The efficiency of this reaction can be quantified from the ratio
R� IArX/I0 , whereby IArX and I0 are the peak current of the
oxidation wave O1 (oxidation of Co� produced in R1) in the
presence and absence of ArX, respectively, at the same sweep
rate and on the same electrode.[30, 31] A series of voltammo-
grams was recorded for solutions of CoBr2 (5 m�) in the
presence of ZnBr2 (15 m�) at scan rates ranging from 0.2 to
30 V s�1 and at concentrations of ArX from 5 to 1200 m�. For
each experiment the ratio R was measured, and the corre-
sponding set of values plotted against [ArX]/v (Figure 6 for
4-bromoanisole).


From a ratio R� 0.5, the rate constant for the reaction
between CoI and ArX was determined through the half-life of
the CoI species.[32] Similar results were obtained for Co2�


(5 m�) in the presence of one molar equivalent of ZnBr2.
Results are summarized in Table 2.


The rate constant (k2) obtained for the reaction between
CoI and ArX in pure ACN and in the presence of zinc bromide


Table 1. Preparative-scale electrolyses. Effect of the zinc bromide amount
on the consumption of PhBr in pure acetonitrile. [CoBr2]� 23m�.


[ZnBr2] [m�] PhBr recovered [%] PhZnBr [%]


0 55 15
46 55 15
69 38 25
92 17 38
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Figure 6. Efficiency of the reaction between Co� and 4-bromoanisole
(ArX) from the variation of the peak current ratio R� IArX/I0 as a function
of log([ArX]/v), 10� v� 30 Vs�1 and 5� [ArX]� 150 m� in pure acetoni-
trile � nBu4NBF4 (0.1�) and in the presence of three molar equivalents of
ZnBr2 with respect to CoBr2 (5 m�).


show a decrease by a factor of about five, compared with data
given in reference [10] for the k2 values of the same reaction
obtained in ACN/pyridine (9:1). This is in agreement with a
higher stabilization of CoI by ZnBr2 than by pyridine.
Interestingly, we had already shown in DMF/pyridine (9:1)
that ZnBr2 stabilizes the cobalt(�) species, but this had no
influence on the oxidative addition rate constant of ArX to
CoI.[25] The presence of pyridine would thus inhibit the zinc
effect.


Furthermore, with the addition of aryl halides, the intensity
of the peak current of R1 increases until a maximum value.
This increase depends on both the nature and the amount of
ArX and the scan rate. It is thus very large for low scan rates in
the presence of aryl halides that react very rapidly with CoI


(Figure 7 for ethyl 4-iodobenzoate at v� 0.2 V s�1). This
behavior, already described in previous work,[9] indicates that
the arylcobalt(���) complex obtained after the reaction be-
tween Co� and ArX is reduced at the level of R1 into the
corresponding arylcobalt(��) compound [Eqs. (3) and (4)].


Co��ArX � [CoIIIArX]� (3)


[CoIIIArX]�� e� � [CoIIArX] (4)


Figure 7. Cyclic voltammograms of Co2� (5 m�) in the presence of ZnBr2


(5 m�) in acetonitrile � NBu4BF4 (0.1�) recorded at a platinum disk
electrode (0.125 mm diameter) at v� 0.2 V s�1 and at RT. a) In the absence
of and b) in the presence of two, c) six, and d) eight molar equivalents of
ethyl 4-iodobenzoate.


Interestingly, if under the conditions described in Figure 7,
increasing amounts of ZnBr2 are added to the solution, the
peak current of R1 increases again indicating a catalytic
process (Figure 8 in comparison with Figure 7).


Figure 8. a) Cyclic voltammograms of Co2� (5 m�) in the presence of
ZnBr2 (5 m�) and ethyl 4-iodobenzoate (40 m�) in acetonitrile � NBu4BF4


(0.1�) recorded at a platinum disk electrode (0.125 mm diameter) at v�
0.2 Vs�1 and at RT. Then, in the presence of b) 10 and c) 15 m� of ZnBr2.


The possible reduction of ZnBr2 which occurs at a potential
more negative than the reduction of Co2� can be ruled out.
Indeed, this would result in an oxidation wave located at E�
�0.65 V on the cyclic voltammogram corresponding to the
oxidation of solid zinc deposited at the electrode surface.
Therefore, the observed catalytic current can only be due to
the regeneration of cobalt(��) following a transmetallation
reaction between [CoIIArBr] and zinc(��).


Mechanism of the electrochemical conversion of aryl halides
to arylzinc compounds by cobalt catalysis in pure acetonitrile :
According to the results previously described, we are able to
propose a mechanism for the electrochemical conversion of
aryl halides to arylzinc compounds by cobalt catalysis in pure
ACN and using the sacrificial zinc anode process (Scheme 2).


Table 2. Rate constants for the reaction between Co� and various aryl
halides at room temperature in pure acetonitrile � nBu4NBF4 (0.1�) and in
the presence of zinc bromide (15 m�). [CoBr2]� 5m�.


ArX k2 [��1 s�1]


430� 80


400� 90


330� 80


2� 1


� 1
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Scheme 2. Proposed mechanism for the electrochemical conversion of aryl
halides to arylzinc compounds by cobalt catalysis in pure acetonitrile and
using the sacrificial zinc anode process.


The cycle is initiated by the reduction of Co2� into Co�, which
is stabilized by a zinc(��) species. An oxidative addition then
occurs between the aryl halides and Co� affording the
trivalent cobalt complex [CoIIIArBr]� that is still likely to be
coordinated to a halogenated Zn(��) species. This is reduced
into [CoIIArBr] by a single-electron uptake at the same
potential at which Co2� is reduced. A transmetallation
reaction between [CoIIArBr] and the zinc(��) species produces
the arylzinc compound and regenerates a halogenated co-
balt(��) species. This should progressively poison the catalyst
because of the formation of (CoIIBrx)(x�2)� species, which
become more and more difficult to reduce as x increases.
However, the continuous generation of Zn2� coming from the
oxidation of the zinc rod allows one to dehalogenate the
cobalt(��) and to restore the cobalt catalyst in its initial form
Co2�, making the electrosynthesis of organozinc compound
possible at a constant potential of �0.8 V.


Conclusion


This work was devoted to the electrochemical behavior of
CoBr2 in pure acetonitrile (ACN) in order to discover why the
chemical and electrochemical preparations of organozinc
compounds, recently discovered in our group,[7, 8] can be
achieved in the absence of pyridine.


The results reported here show a striking difference with
those obtained in an ACN/pyridine (9:1, v/v) mixture.[10]


Indeed, in pure ACN, CoBr2 is an equilibrium mixture of
several cobalt(��) species, whereby Co2� is the most easily
reducible one. The reduction of the latter produces a cobalt(�)
species that disproportionates too rapidly to further react with
aryl halides (ArX). However, we have clearly shown that the
presence of ZnBr2 is crucial to stabilize Co� and allow its
reaction with ArX. Even though the oxidative addition rate
constants of ArX to CoI are smaller than that obtained in
ACN/pyridine (9:1), the stabilization of CoI by a zinc(��)
species is the key point in the achievement of the electro-


chemical and chemical cobalt-catalyzed conversions of ArX
into organozinc compounds in pure ACN.


Experimental Section


Chemical : Acetonitrile (from SDS) was used without purification. Cobalt
bromide (Aldrich), 4-bromoanisole (Aldrich), ethyl 4-bromobenzoate
(Aldrich), ethyl 4-iodobenzoate (Aldrich), bromobenzene (Aldrich),
methyl 4-chlorobenzoate (Acros), zinc bromide (Fluka), and chloroben-
zene (Prolabo) were used as received. nBu4NBF4 (Fluka), used as the
supporting electrolyte, was recrystallized from diethyl ether and dried at
60 �C under vacuum.


Instrumentation : Cyclic voltammetry experiments were performed at room
temperature (RT) under argon in a three-electrode cell using an EG &G
model 273A potentiostat. The reference electrode was an SCE (Tacussel),
which was separated from the solution by a bridge compartment filled with
the same solvent/supporting electrolyte solution used in the cell. The
counter electrode was a platinum or gold grid of about 1 cm2 apparent
surface area. The working electrode was a disk obtained from a cross
section of platinum wire (diameter 500 �m or 125 �m) sealed in glass. Zn2�


and Co2� were prepared electrochemically in a divided electrochemical
cell. The reduction of benzophenone at a known concentration was
performed in the cathode compartment, whereas Zn2� and Co2� were
generated from the oxidation of a zinc or a cobalt rod in the anode
compartment. The weight loss of the anode combined with the charge
passed allowed us to determine the concentration of Zn2� and Co2�.
Preparative-scale electrolyses to form PhZnBr compounds were carried
out in an undivided electrochemical cell with a stainless-steel cathode
(20 cm2) and a zinc rod (1 cm diameter) as the sacrificial anode. A saturated
calomel electrode (SCE) was used as the reference. The electrochemical
cell was filled with acetonitrile (50 mL) containing n-Bu4NBF4 (0.6 mmol).
CoBr2 (1.14 mmol) and PhBr (7.5 mmol) were then added. Electrolyses
were performed at constant current (I� 0.2 A) under argon and at RT.
Reactions were run until complete catalyst loss. The arylzinc species
formed was transformed into aryl iodide with the addition of iodine into a
sample from the solution. Aryl iodide and bromobenzene were measured
by GC with a 5 m DB1 capillary column using tetradecane as the internal
reference.
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Cofactor Recycling Mechanism in Asymmetric Biocatalytic Reduction of
Carbonyl Compounds Mediated by Yeast: Which is the Efficient Electron
Donor?


Ben-Li Zhang* and Se¬bastien Pionnier[a]


Abstract: In asymmetric reduction of
carbonyl compounds mediated by mi-
croorganisms, the cofactors that transfer
hydride should be regenerated by using
a recycling system. In most cases, this
recycling system consists of carbohy-
drate molecules, especially glucose or
sucrose. Other molecules such as etha-
nol and acetate have been used as
electron donors too. The reduction can
even be conducted without added elec-
tron donors. To improve biocatalytic
synthesis, it is important to understand
the cofactor recycling mechanism. In
this work, the hydride-transfer mecha-
nism in cofactor regeneration, which
takes place in bioreduction mediated
by yeast, was studied by means of an
isotope tracing technique. The results


show that, when glucose was used, the
NADH involved in the glycolysis was
consumed directly in the formation of
ethanol and was not used in the biore-
duction. Hence, the regeneration of
cofactors in the reduction is not coupled
with glycolysis. Nevertheless, glucose is
an efficient electron donor that transfers
hydride through the hexose monophos-
phate (HMP) pathway in which the
main hydrogen source is C-1 and C-3
hydrogen of glucose. Ethanol is not a
good electron donor, since, when it was
used, only a small quantity of hydrogen


was transferred from this molecule, and
the main hydrogen source was water.
Therefore, the ethanol oxidation path-
way may not be efficient. In the absence
of added auxiliary substrates, the yeast
cells may use electron donors stored in
its cellules. However, in this case we
observed that the main hydrogen source
for cofactor recycling was water, while
only very few hydrogen atoms were
from unexchangeable sites. This is sim-
ilar to the case in which ethanol is used,
and is in contradiction with the HMP
pathway if stored glucose was the elec-
tron donor. The question that remains to
be investigated is ™what is the efficient
electron donor recycling mechanism in
the yeast cellules?∫


Keywords: cofactor regeneration ¥
enzyme catalysis ¥ hydrides ¥
isotopic labeling ¥ yeast


Introduction


The stereoselective reduction of carbonyl compounds medi-
ated by yeast is an important method in organic synthesis.[1, 2, 3]


Research in this field is very active. In organic chemistry, most
studies were focussed on the search for new chiral molecule
synthesis, or for the improvement of the reaction conditions in
order to raise yield and optical purity of the products. In
biochemistry, many enzyme ± cofactor systems have been
identified. In spite of this progress, the biochemical mecha-
nism is not always well understood. One of the key problems
in these mechanistic studies is cofactor recycling. In the
biocatalytic reduction, the reductases in the microorganisms


transfer a hydride to the carbonyl from the cofactors such as
NADH (nicotinamide adenine dinucleotide) or NADPH
(nicotinamide adenine dinucleotide phosphate), and trans-
form the carbonyl compound into an alcohol. If the carbonyl
compound is prochiral, the hydrogen atom of the hydride is
bound to the carbonyl carbon in an asymmetric way, and a
chiral alcohol can be formed. Since the cofactors in the
microorganism exist only in catalytic quantities, after hydride
transfer the cofactors should be regenerated. For the cofactor
regeneration, auxiliary substrates or electron donors are
needed. These substrates, together with certain enzymes,
and the cofactors form a recycling system that ensures hydride
transfer from the electron donors to the cofactors (Scheme 1).
In most cases, the electron donors are carbohydrates, such as
glucose or sucrose. Other molecules such as formate, ethanol,
and so on, have also been used.[3] The reduction can also be
carried out without the addition of auxiliary substrates.[4] How
the cofactors are regenerated in the different cases is not very
clear.
A 3-oxo ester, ethyl acetoacetate (EAA, ethyl 3-oxobuta-


noate), is one of the most studied carbonyl compounds in the
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Scheme 1. Asymmetric reduction of carbonyl compounds and cofactor
regeneration.


biotransformation mediated by bakers yeast, in which ethyl
(S)-3-hydroxybutanoate (EHB), an intermediate in the syn-
thesis of many important chiral molecules, can be obtained
with high yield and high optical purity.[5, 6, 7, 8] In this work, we
used the bioreduction of EAA as a model reaction, and
studied the hydride transfer mechanism between the electron
donors and the carbonyl compound in cofactor recycling by
using hydrogen isotope tracing.
Deuterium tracing is a very useful tool in the study of


hydride transfer mechanisms mediated by cofactors.[9] Today
with modern powerful analytic tools, the study can be
performed in an easy and more efficient way. 2H SNIF-
NMR (site-specific natural isotope fractionation NMR)
spectroscopy is a new isotope analysis tool.[10, 11] On the basis
of this technique, we developed a method of quantitative
isotope tracing close to natural abundance that has been
successfully used in the study of natural isotope fractionation
and deuterium transfer in biotransformations.[12, 13, 14, 15, 17] This
method is described below.
At natural abundance, deuterium occurs in molecules of a


compound essentially as monodeuterated isotopomers. The
parameter measured by 2H NMR is the specific isotopic ratio
of site i of the sample molecule, (D/H)i in ppm [see
Eq. (1)below][11]


(D/H)i�NDi/(PiNH) (1)


in which NDi is the number of site i deuterated isotopomers,
Pi , is the stoichiometric hydrogen number at site i, and NH is
the number of unlabeled (totally protiated) molecules. (D/H)i
at all sites of the sample compound can be determined when
their 2H NMR signals are sufficiently resolved.
In a biotransformation the site-specific isotopic ratios of a


product, (D/H)i, is a linear function of the site-specific
isotopic ratios of the carbon-bound hydrogen positions of
the substrate and of the medium [see Eq. (2)]:


(D/H)i� aim(D/H)m�
�


j


aij(D/H)j�
�


k


aik(D/H)k (2)


in which (D/H)m and (D/H)j are the isotopic ratios of the
medium and the unexchangeable site, j, of the substrate,
respectively. For most biotransformations, the medium is
water. However, the added sugar contains a considerable
quantity of hydroxyl hydrogen atoms that are in rapid
exchange with the water of the fermentation medium.


Consequently, if there is a large quantity of sugar, the
(D/H)w value of the water medium is modified. When glucose
was present, we used (D/H)m which is a weighted mean value
of all hydroxyl molecules, calculated on the basis of the (D/
H)OH of glucose and (D/H)w, and the quantities of water and
glucose in the medium.[15] When there was a small quantity of
glucose, (D/H)w of water was used. The terms aim and aij are
isotope redistribution coefficients, m,j� k. The coefficient aik
characterizes the specific genealogies of the deuterium atoms
and is related to the reaction mechanism. It also depends on
the complex isotope effects during the biochemical reactions
and yeast activity. The coefficient aik is determined by
specifically and quantitatively labeling a position, j, of the
substrate or the medium, and measuring the variation of (D/
H)i values of the corresponding product. In the experiment
with glucose, a commercial corn glucose was used as a
reference. Its natural site-specific isotopic ratios were care-
fully determined by 2H NMR spectroscopy.[15] The site-
specific labeling of glucose was achieved by adding very small
quantities of glucose deuterated at site j into the corn glucose.
The addition of a site-j-deuterated glucose to the reference
glucose only increased (D/H)j of this site, while the specific
isotopic ratios of other sites remained unchanged. The
reference glucose and all the labeled glucose molecules were
fermented in a reference water, tap water, of natural
deuterium abundance. The labeled water labeling molecules
were prepared by adding small quantities of deuterated water
into the reference water. In water experiments, only the
reference glucose was used. Hence, by measuring the
variation of (D/H)i of the product as a function of the
(D/H)k of the substrate or medium, the value of aik (aim or aij)
can be evaluated from a linear equation [Eq. (3)]:


(D/H)i� aik(D/H)k�b (3)


For the labeled site k, the slope of the equation is aik and the
intercept is


�


k�


aik�(D/H)k� (k�k�). For instance, in alcohol
fermentation, when k � m (water medium is labeled), aim
reflects the degree of deuterium transfer from the medium
to site i of ethanol, whereas the intercept value in the
equations corresponds only to the contribution of unex-
changeable deuterium atoms of glucose at this site. The
biotransformation of glucose to ethanol and glycerol have
been studied in this way and important deuterium transfer
information has been obtained.[13, 14, 15] Similarly, by compar-
ing the site-specific hydrogen isotopic ratios of the auxiliary
substrates with that of the �-carbon hydrogen atom from the
hydroxy of the alcohol produced, the cofactor recycling
mechanism can be studied in an easy way.
In the bioreduction of EAA, although many compounds


are considered as electron donors, glucose, ethanol, and
acetate are the most commonly used.[5] When glucose is used
as an auxiliary substrate in yeast-mediated biotransformation,
its main metabolic pathway is glycolysis and alcohol fermen-
tation, in which the main products are ethanol (95 ± 97%) and
glycerol (3 ± 5%). The hydride transfer and NADH recycling
mechanism in the alcohol fermentation has been well
studied.[13, 15, 17] The large quantity of NADH consumed in
ethanol and glycerol formation is regenerated in glycolysis.
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How this metabolism couples with the reduction reaction
should be understood. In this work, we studied the cofactor
recycling mechanism in the bioreduction of ethyl acetoacetate
with glucose as an electron donor and compared the results
with those obtained in alcohol fermentation. The cases with
ethanol and no electron donor were also studied.


Results and discussion


In the first series of experiments, the reduction was carried out
with corn glucose (reference) in waters of different isotopic
compositions, then with glucose labeled with deuterium at
position 1, 3, and 4 in tap water. The results are summarized in
Table 1.
In our bioreduction procedure, we first used a dried


commercial mixture of Saccharomyces cerevisiae and Saccha-
romyces bayanus (1:1) for wine production (lot 1). The use of
this mixture is more efficient in sugar fermentation, since S.
cerevisiae is very active at the early stages of fermentation,
while S. bayanus, which is more alcohol-resistant, ensures the
completion of fermentation. We have carried out tests in the
bioreduction with pure S. cerevisiae and S. bayanus strains. In
these cases, the conversion rates were somewhat lower than
when the mixture was used. Later when the stock of lot 1 was
exhausted, we prepared a 1:1 mixture of the two pure strains
with purchased dried yeast (lot 2). The use of phosphate in the
reduction was necessary, since, in its absence, the yield
decreased slightly.
In a 2H NMR spectrum of ethyl 3-hydroxybutanoate


(EHB), the signal of the �-carbon H atom of hydroxyl


overlaps that of the methylene of the ethyl. This rendered the
direct analysis of EHB difficult. This was overcome by
converting EHB to ethyl 3-acetoxybutanoate for which the
NMR signals were well separated.
In alcohol fermentation (Scheme 2), a glucose molecule is


transformed into two ethanol molecules after the reduction of
acetaldehyde. The reduction step consumes two NADH
molecules, which are regenerated in the step of oxidation of
two glyceraldehyde-3-phosphates (G3P) to two 1,3-diphos-
phoglycerates (1,3 diPG).


Scheme 2. Ethanol formation in glucose fermentation with yeast.


The active hydrogen atom of NADH is abstracted from the
carbonyl �-position of G3P. Most of the hydrogen atoms
present during the G3P/DHAP interconversion, are those
from water, and some of them are the remaining ones of C-4
of glucose due to stereospecificity of the reaction.[17, 18] In
ethanol, the cofactor-transferred hydrogen atom is that at the
pro-R position of the methylene group.[19, 20]


The ethanol molecules, produced simultaneously with the
reduction, were also extracted and their site-specific isotope
ratios were analyzed (Table 2). The results are in good
agreement with those obtained in pure alcohol fermentation
experiments.[13, 17] Once again, we observed the presence of
deuterium from C-4 glucose and water at the methylene group
pro-R position of ethanol. The relation between (D/H)pro-RCH
and (D/H)m of the medium, and (D/H)4 of glucose in alcohol


Table 1. Reduction of ethyl acetoacetate mediated by yeast with labeled water and glucose molecules.


Yeasts Medium Glucose Ethyl 3-hydroxybutanoate
Expt. no. Lot no. (D/H)m/[ppm] Labeled site j (D/H)j of the


reference[a][ppm]
(D/H)j of the
labeled site[ppm]


(D/H)H�COH[ppm]


1 1 149.7 reference[a] 110.5(0.5)
2 1 236.9 reference[a] 125.3 (0.4)
3 1 327.6 reference[a] 140.6 (0.9)
4 1 149.7 1 173.8[b] 424.6 176.9 (1.2)
5 1 149.7 4 140.3[b] 454.6 113.4(1.4)
6 2 149.7 reference[a] 118.6(1.0)
7 2 149.7 1 173.8[c] 298.0 147.8(0.4)
8 2 149.7 3 146.4[c] 418.1 219.7(0.6)


[a] Commercial corn glucose as the reference.[16] [b] The (D/H)H�COH value of the corresponding ethyl 3-hydroxybutanoate was obtained in experiment 1.
[c] The (D/HH-COH value of the corresponding ethyl 3-hydroxybutanoate was obtained in experiment 6.


Table 2. (D/H)i of ethanol molecules obtained in the bioreduction of ethyl acetoacetate by using glucose as electron donor with labeled water and glucose
molecules.


Yeast Medium Glucose Ethanol
Expt. no. Lot no. (D/H)m


[ppm]
Labeled site j (D/H)j of the


reference[a]
(D/H)j of the
labeled site[ppm]


(D/H)CH3
[ppm]


(D/H)CH2
[ppm]


(D/H)pro-RCH
[ppm]


(D/H)pro-SCH
[ppm]


1 1 149.7 reference[a] 111.7(0.4) 127.5(0.4) 136.2(1.4) 118.8(1.2)
2 1 236.9 reference[a] 125.4(0.2) 199.7(0.3)
3 1 327.6 reference[a] 140.6(0.3) 271.4(0.5) 283.8(1.4) 259.0(1.3)
4 2 149.7 1 173.8 297.8 128.3(0.4) 126.4(0.3)
5 1 149.7 1 173.8[b] 427.0 144.6(0.3) 125.1(0.4)
6 2 149.7 3 146.4 410.8 112.4(0.3) 127.6(0.3)
7 1 149.7 4 140.3[b] 454.6 113.0(0.3) 137.3(0.3) 157.7(1.1) 116.8(0.8)


[a] Commercial corn glucose as the reference. [b] The (D/H)i values of the corresponding ethanol was obtained in experiment 1.
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fermentation during the reduction, can be characterized by
the following linear equations [Eqs. (4) and (5)].


(D/H)pro-RCH� 0.83(D/H)m� 12 (4)


(D/H)pro-RCH� 0.07(D/H)4� 126.6 (5)


Each of the two equations were established with two sets of
data:[15] (D/H)m and (D/H)pro-RCH in experiments 1 and 3 for
Equation (4), and (D/H)4 and (D/H)pro-RCH in experiments 1
and 7 for Equation (5)(Table 2). These results are in good
accord with those obtained in pure alcohol fermentation.[13, 17]


Generally, the uncertainty of these type of equations is �0.02
for the slope (aij) and �5 for the intercept. Since the only
source of the NADH-transferred hydrogen in glycolysis is the
medium and the unexchangeable hydrogen of C-4 of glu-
cose,[17] on the basis of Equations (4) and (5), the connection
between (D/H)pro-RCH, (D/H)m, and (D/H)4 of glucose can be
established [Eq. (6)].


(D/H)pro-RCH� 0.83(D/H)m� 0.07(D/H)4 (6)


Equation (6) shows that the
main source of pro-R deuteri-
um is water, and that the con-
tribution of the deuterium
bound to C-4 of glucose is less
significant. The NADH regen-
erated in this way is also used
for the reduction of dihydrox-
yacetone phosphate (DHAP)
into sn-3-glycerol phosphate in
glycerol biosynthesis, since we
observed the glucose C-4 deu-
terium was transferred to the
C-2 site of glycerol to a similar
degree.[15]


However, in ethyl acetoacetate (EAA) reduction, the
relation between (D/H)H�COH and (D/H)m is given by Equa-
tion (7).


(D/H)H�COH� 0.17(D/H)m� 85.2 (7)


This equation was established with three sets of data as
shown in experiments 1 ± 3 in Table 1. The small slope and big
intercept values show that the deuterium introduced by
cofactors comes mainly from glucose, and that water or the
medium is not the main deuterium source. This isotopic
difference should reflect the difference in mechanism. In
addition, there was almost no H-4 of glucose on the �-position
of the alcohol produced (Table 1). When (D/H)4 increased
from 140.3 to 454.6 ppm in experiment 5, (D/H)H�COH re-
mained nearly the same (the difference between 110.5 and
113.3 ppm is very small and close to the precision limit). From
the results, it can be concluded that the large quantity of
NADH regenerated in glycolysis is not used by the reductases
in EAA reduction. The two biotransformation pathways are
not coupled through common cofactors.
When explaining these deuterium tracing results, it should


be remembered that the degree of deuterium transfer should


not necessarily be the same as that of protium, owing to
kinetic and/or equilibrium isotope effects.[15] However, the
behavior of deuterium during the biochemical reaction should
reflect to a certain degree that of protium, even though it is
not in a strictly quantitative way.
Moreover, the isotope effect may differ only in the step in


which the NAD(P)� abstracts the hydrogen on different sites
of the electron donors, and the effect is the same when
NAD(P)H reduces the substrate.
Since the hydride comes mainly from the unexchangeable


sites (except H-4) of glucose, what are these hydrogen atoms?
NADPH is known as the coenzyme for most enzymes which
can catalyze reduction.[5, 21] It has been proposed that the
enzymatic reactions of glucose-6-phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase, in the hexose mono-
phosphate (HMP) pathway (pentose phosphate pathway), is
an efficient NADPH-regenerating mechanism[5](Scheme 3).
In the conversion of glucose-6-phosphate into ribulose
5-phosphate, the H-1 and H-3 of the starting glucose were
abstracted by NADP�.


When H-1- and H-3-labeled glucose were used in the
reduction, an increase of (D/H)H�COH was observed; this is in
contrast to alcohol fermentation in which no C-1 and C-3
deuterium can be found at the methylene pro-R site of
ethanol. When yeasts of lot 1 were used, Equation (8) was


(D/H)H�COH� 0.26(D/H)1� 64.9 (8)


obtained, and when yeasts of lot 2 was used, we get
Equations (9) and (10).


(D/H)H�COH� 0.24(D/H)1� 77.7 (9)


(D/H)H�COH� 0.37(D/H)3� 62.6 (10)


Each of the three equations was established with two sets of
data: (D/H)j of the reference and the labeled glucose and
(D/H)H�COH of their corresponding ethyl 3-hydroxybutanoate
(EHB)(Table 1). If Equations (5)–(8) are combined, neglect-
ing the small difference between the two lots of yeast, we get
Equation (11):


(D/H)H�COH� 0.17(D/H)m� 0.25 (D/H)1� 0.37(D/H)3 (11)


Scheme 3. Oxidative branch with NADPH regeneration of the HMP pathway.
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in which the coefficient for (D/H)1 (0.25) is the mean value
of Equations (8) and (9). From Equation (11), (D/H)m�
149.7 ppm, (D/H)1� 173.8 ppm, and (D/H)3� 146.4 ppm for
glucose,[16] (Table 1) the calculated value of (D/H)H�COH is
123 ppm, which is very close to the experimental value of
118.6 ppm. This shows that the hydrogen atom of the reduced
carbon comes only from C-1 and C-3 of glucose and from the
medium. The use of NADPH regenerated in further oxidation
of the glucose in the HMP pathway was not observed. The
presence of water in the site may be inevitable, since the
NADPH-active hydrogen atoms can be in exchange in an
indirect way with the water medium through flavine, even
though the exchange degree is limited.[17, 19, 20b] These results
confirm the HMP pathway in NADPH regeneration. How-
ever, it is surprising to observe that the contribution of D-3 is
much higher than that of D-1. The cause of this difference is
not clear. Isotope effect should be partially responsible, but
may not be sufficient for a satisfactory explanation. Moreover,
this observation seems in agreement with the results obtained
by Seebach et al. ,[22] that �-gluconolactone was the most
efficient electron donor among a set of reagents including
fructose, lactate, glycerol, and others.
It can be concluded that when glucose was used as an


electron donor, most of the glucose was transformed into
ethanol, and only a small quantity of glucose took part in the
HMP pathway and regenerated enough cofactors for the
bioreduction.
Since ethanol was considered as an efficient electron


donor,[5, 23] what is the role of ethanol? Ethanol was present
even when glucose was used as an electron donor in the
reduction. We performed experiments with ethanol as an
auxiliary substrate. The quantity of added ethanol was 4 g per
5 g of EAA. Reduction was carried out with corn ethanol
(reference) in water of different isotopic composition, and
with ethanol labeled by deuterium at different sites. The
isotope labeling experiment results are summarized in Ta-
ble 3.
It has been proposed that the oxidation of acetaldehyde to


acetic acid, catalyzed by NADP-dependent acetaldehyde
dehydrogenase, may be a cofactor recycling pathway
[Eq. (12)].


CH3CHO�NADP� � acetic acid�NADPH (12)


According to the mechanism, when ethanol is used as an
electron donor, it is oxidized in a set of reactions: ethanol�
acetaldehyde� acetic acid� CO2, and at the same time


NAD(P)H is regenerated through hydride transfer from the
carbon-bound hydrogen sites of methylene and methyl
groups.[5, 23] This mechanism implies that acetate can be
considered as an electron donor too.
When ethanol partially labeled at the methyl and pro-R


methylene sites was added as an electron donor, no increase
of (D/H)H�COH was observed. Even when methyl bideuterated
ethanol was used, this value remained unchanged (experi-
ments 4 ± 7, Table 3). Only when all the three unexchangeable
sites (methyl, pro-R and pro R-methylene) of ethanol were
labeled at a high degree, a small increase of (D/H)H�COH was
observed (experiments 1 and 2, Table 3). If the ethanol
oxidation mechanism was efficient, (D/H)H�COH would be
sensitive to ethanol labeling. The results show this is not the
case. When ethanol was added in differently labeled waters,
we obtained the following equation [Eq. (13)].


(D/H)H�COH� 0.35(D/H)w� 20.6 (13)


This equation was established with two sets of data: (D/H)w
and the corresponding (D/H)H�COH in experiments 3 and 4
(Table 3). The relatively big slope value and the small
intercept value indicate that the contribution from unex-
changeable hydrogen from electron donors is limited in
contrast to adding glucose. In this case the main hydrogen
source was water.
It has been shown that the bioreduction can be carried out


without an electron donor in the presence of a large amount of
yeast.[4, 24] In this work we realized the reduction with a small
amount of yeast. The conversion rate depends on the quantity
of yeast. For 5 g of EAA in 300 mL of solution, the conversion
rates corresponding to 5, 10, and 16 g of dried yeast (lot 1) are
70, 78, and 97%, respectively, according to GC analysis. As a
standard condition in this work we used 16 g of dried yeast for
5 g of EAA in 300 mL of water. When no auxiliary substrate
was added, we performed reductions in a set of water with a
different isotopic composition.(Table 4) On the basis of the
(D/H)w and the corresponding (D/H)H�COH values for yeast of
lot 1 in Table 4, we obtained Equation (14).


(D/H)H�COH� 0.45(D/H)w� 7.5 (14)


The big slope value and the very small intercept value show
that only very few unexchangeable hydrogen atoms were
transferred, and the cofactor-transferred hydrogen is mainly
that of water. The active hydrogen of NADH or NADPH is
not exchangeable in the medium, and the indirect exchange


Table 3. (D/H) H�COH of ethyl 3-hydroxbutanoate obtained in the bioreduction with ethanol as electron donor.


Yeast Water Ethanol Ethyl 3- hydroxybutanoate
Expt. no. Lot no. (D/H)w/[ppm] (D/H)CH3[ppm] (D/H)CH2[ppm] (D/H)Pro-RCH[ppm] (D/H)Pro-SCH[ppm] (D/H)H�COH[ppm]


1[a] 1 149.7 111.1(03) 123.2(0.3) 134.2(1.5) 112.2(1.2) 88.8(1.4)
2 1 149.7 196.3(0.4) 499.0(1.3) 505.7(2.5) 492.3(2.5) 103.3(0.4)
3[a] 2 149.7 111.1(03) 123.2(0.3) 134.2(1.5) 112.2(1.2) 72.5(1.5)
4[a] 2 248.7 111.1(03) 123.2(0.3) 134.2(1.5) 112.2(1.2) 106.8
5 2 149.7 153.7(0.2) 123.1(0.5) 68.2(1.3)
6 2 149.7 111.8(0.3) 138.8(0.4) 162.6(0.6) 115.0(0.4) 69.9(0.4)
7 2 149.7 166.6(0.2)[b] 123.6(0.3) 69.0(0.3)


[a] With the reference ethanol of natural abundance. [b] With ethanol (2.8 g) added, containing methyl bideuterated isotopomers.
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through flavin is limited.[17] There are glucose and other
carbohydrate molecules stored in the yeast cells.[25] It was
proposed that these carbohydrate molecules may be used as
electron donors in the absence of added electron donors.[5] In
this case, if the electron donors were carbohydrate molecules,
such as glucose, stored in the yeast cells, the deuterium would
come mainly from unexchangeable sites of the carbohydrate
molecules, as shown in experiments with labeled glucose
molecules. However, the experimental results contradict the
HMP pathway. The results are close to those obtained when
ethanol was used, and may imply that the cofactor recycling
mechanisms in the two cases are very similar although the
intercept of Equation (13) is slightly higher than that of
Equation (14), showing that only a few unexchangeable
hydrogen atoms of ethanol were transferred. This may
indicate that when ethanol was added, the main electron
donor was those stored in the yeast cells, like when no electron
donor was added, therefore ethanol is not an efficient electron
donor. In fact, when ethanol was used, the yield was lower
than when glucose was used and nothing added (see
Experimental Section).
In all experiments, (D/H)H�COH was always lower than


(D/H)w; this implies a global normal isotope effect during the
transfer of water hydrogen. Similar isotope effects have been
observed in ethanol and glycerol formation in fermentation
mediated by yeast.[13, 15, 17] With the available data, it is
difficult to evaluate the isotope effect related to complex
reactions, since the effect may occur during either the
reduction of NADP� or the indirect exchange with water.[17b]


The two lots of yeasts used in this work maybe produced in
different conditions, especially with carbon sources of differ-
ent origin in the culture medium, and they may be somewhat
different in activity. The difference in carbon source may
influence the isotopic composition of the carbohydrate
molecules stored in the yeast cells. The slight difference in
yeast activity may modify the isotope effects on deuterium
transfer to a certain degree.[26] When the two lots of yeasts
were used under the same condition, for example, with
ethanol and no electron donor, in tap water the (D/H)H�COH
value was bigger for lot 1 than lot 2. However, when glucose
was used, the value of lot 2 was bigger than lot 1. This
influence can also be shown in Equations (7) and (8) for which
the slopes are very close, but the intercepts are different for
lot 1 and lot 2. The influence of the yeast strain on the isotopic
data of ethanol is negligible. This is confirmed by the
agreement of the results here, and in previous work.[17]


How the cell-stored carbohydrate molecules take part in
the cofactor recycling is an interesting question. In the
bioreduction performed with no electron donor, we observed
a mass loss of the reaction mixture due to the formation of
CO2, and detected the formation of some ethanol. This shows


that there is a metabolism process that we call ™self
fermentation∫ of sugars stored in the yeast cells. The mass
loss was 2.2 g for 16 g of dried yeasts. If the metabolic process
was pure alcohol fermentation, the CO2 would correspond to
a consumption of about 4.5 g of glucose. However, the
quantity of ethanol was lower than the theoretical value of
2.5 g. The same mass loss was also observed in the case of
adding ethanol (2.2 g), and even in a blank experiment in
which only the same quantity of yeast was added to a solution
of phosphate (1.7 gL�1) without EAA and electron donor
(2.34 g). Therefore, the reduction hardly modified the quan-
tity of CO2 produced. According to these observations, there
seems to be no relationship between this metabolism and the
reduction.
Why the main hydrogen source was water when ethanol or


nothing was used remains an open question. As discussed
above, when the hydride is transferred by NADH, regener-
ated in glycolysis, the transferred hydrogen comes mainly
from water due to a complex exchange process. However, the
reductase molecules do not use NADH as a cofactor, as shown
above. Furthermore, the redistribution coefficient (slope) of
Equation (4) is much higher than that of Equation (13). This
also proves that NADH regenerated in glycolysis of cellule-
stored sugar should not be the cofactor. With the available
data, it is difficult to precisely identify the mechanism of
cofactor recycling in the yeast cellule in which no electron
donors were added; further research is necessary.


Conclusion


We studied the mechanism of cofactor regeneration in
asymmetric reduction mediated by yeast, by using quantita-
tive isotope tracing close to natural abundance. Ethanol is not
an efficient electron donor. The role of glucose and its hydride
transfer pathway in the cofactor recycling were confirmed.
Herein, we only focused on the hydride transfer mechanism,
the stereochemical aspect was not examined. Since part of the
important results obtained in the study remained unexplain-
able, new perspectives of the research are opened up.


Experimental Section


Materials : The corn glucose (reference) was obtained from Prolabo. The
(1-2H1)glucose, (2-2H1)glucose, and (6,6-2H2) glucose were purchased from
Aldrich. The (3-2H1)glucose and (4-2H1) glucose were purchased from
Omicron. The isotopic purity of these isotopically substituted glucose
molecules were at least 97% determined by NMR spectroscopy. D2O
(99.95%) was purchased from Eurisotop. The ethyl acetoacetate was a
Sigma ±Aldrich product.


The dried yeasts Saccharomyces cerevisiae, Saccharomyces bayanus, and
their mixture (50/50), used in wine production, were purchased from Val-
Oeno. The number of living cells was 2.4 � 1010 g�1, number of wild cells:
none, bacteria number: 3.9 � 105 g�1. Two lots of yeast were used. Lot 1 was
the commercial mixture of S. cerevisiae and S. bayanus. Lot 2 was a 50/50
mixture of the two pure strains purchased from the same supplier mixed by
us.


Ethyl acetoacetate reduction : [27] The reduction medium was composed of
yeast (54 gL�1) and Na2HPO4 (1.7 gL�1) dissolved in water (300 mL).
Glucose (270 gL�1) or ethanol (17 gL�1) was added to the medium for
bioreduction for cofactor regeneration. Glucose samples, slightly enriched


Table 4. (D/H)H�COH of the ethyl 3-hydroxbutanoate obtained by biore-
duction in water of different isotopic compositions when no auxiliary
substrate was added.


Yeasts Lot 1 Lot 2


(D/H)w[ppm] 149.1 248.7 338.8 149.1
(D/H)H�COH[ppm] 79.2(1.2) 126.0(1.1) 170.1(0.6) 70.2(0.4)
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at specific positions, were prepared by adding small quantities of the
specific deuterium-substituted glucose (10 ± 25 mg) to the corn glucose
(80 g) dissolved in tap water (300 mL). The variation of the (D/H)j of
glucose was evaluated on a mass basis of the added enriched glucose
obtained by weighing with a correction of its purity. The water medium of
different (D/H) values was prepared by adding D2O to tap water. The
(D/H)w of both tap water and the labeled waters were determined by
isotopic ratio mass spectrometry (IRMS).[9] The labeled ethanol molecules
were obtained in alcohol fermentation reactions with different labeled
glucose molecules or slightly deuterated water. Their site-specific isotopic
ratios (D/H)i were measured precisely. The bioreduction reactions were
performed either in tap water or in water with different isotopic
composition under anaerobic condition. The incubation temperature was
30 � 1 �C for seven days. At the end of the biotransformation, the medium
was centrifuged to remove the biomass. When glucose was used in the
reductions, the ethanol produced was extracted by fractional distillation on
a spinning-band column. The residue was saturated with NaCl and
extracted five times with diethyl ether. Impure 3-hydroxybutanoate was
obtained after distillation of ether. The impure product was further purified
by vacuum distillation. GC analysis of the reaction mixture at the end of the
reaction showed that there was no unreacted ethyl acetoacetate when
glucose was added (yield: 79 ± 83%), whereas we found 10% and 3 ± 4%
unreacted reactant when ethanol was added (yield: �70%), and with no
electron donor (yield: 78 ± 80%).


Acetylation of 3-hydroxybutanoate: Ester 3-hydroxybutanoate (3 ± 5 g)
was acetylated with two equivalents of acetic anhydride dissolved in
pyridine (4 mL). The mixture was stirred for 2 days at room temperature.
The excess acetic anhydride and pyridine were removed by co-evaporation
with toluene. Pure ethyl 3-acetoxybutanoate was obtained after vacuum
distillation. The acetylation reaction was quantitative.


Synthesis of ethyl mandelate : S-(�)-mandelic acid was used. The synthesis
of ethyl mandelate was performed according to ref. [17].


2H NMR measurements : The deuterium NMR spectra were recorded at
61.4 MHz under broad-band proton decoupling by using a Bruker DPX 400
spectrometer equipped with a 19F lock device. Other conditions were:
frequency window 1200 Hz, memory size 16 K, scan number 500 for
ethanol and 14000 for ethyl 3-acetoxybutanoate, and an exponential
multiplication corresponding to a line broadening of 0.5 Hz for ethanol,
ethyl mandelate, and ethyl 3-acetoxybutanoate. Three spectra were
recorded for each sample, and an average (D/H)i value was calculated
from these three measurements.


The (D/H)i values were determined by using an external reference TMU
(tetramethylurea), of which the isotopic ratio (D/H)R was precisely
calibrated by IRMS. (D/H)i was calculated from the following equation
[Eq. (15)].


(D/H)i� (D/H)RPRmRMSSi/(PifmSMRSR) (15)


In which Pi and PR are the stoichiometric numbers of hydrogen atoms in
site i and in the reference.MS,mS andMR,mR are the molecular weight and
mass of the sample and the reference, respectively, f is the purity of the
sample in mole fraction, and Si and SR correspond to the surface area of the
signals of the site i monodeuterated molecule, and the reference in the
2H NMR spectrum, respectively. The quantitative evaluation of the surface
areas was performed by using a curve-fitting program (Interlis from
Eurofins, Nantes, France).[28]
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On the Electronic Structures of the 1,3-Diboracyclobutane-1,3-diyls
and Their Valence Isomers with a B2E2 Skeleton (E�N, P, As)


Wolfgang W. Schoeller,*[a] Alexander Rozhenko,[a]
Didier Bourissou,[b] and Guy Bertrand[b, c]


Abstract: The concept of through-space
versus through-bond interactions on the
stabilization of biradical structures with
a singlet or triplet ground state is
evaluated for the 1,3-diboracyclobu-
tane-1,3-diyls and related congeners.
Singlet biradicals are favored when the
intermediate units E feature singlet
character (PH2


�, AsH2
�), while E frag-


ments with triplet character (NH2
�)


induce small energy separations be-
tween the lowest singlet and triplet


states. These considerations are support-
ed by quantum chemical calculations
with energy optimization at 1) MCSCF
level plus MR-MP2 correction, 2) MR-
MP2 level, and 3) two different types of
density functional levels for the planar
(D2h) geometries. The singlet ± triplet


energy separations in the planar com-
pounds increase with increasing singlet
stability of the corresponding E frag-
ments. In addition to this newly devel-
oped principal features for singlet stabi-
lization, which primarily occurs in bond-
ed structures with higher main-group
elements, the corresponding valence
isomers with bicyclobutane, cyclobutene
and cis-butadiene structures are inves-
tigated.


Keywords: boron ¥ density
functional calculations ¥ hyper-
conjugation ¥ radicals


Introduction


Chemical structures such as trimethylene (1) or cyclobutane-
1,3-diyl (2) are considered as archetypal biradicals in organic
chemistry, since their singlet and triplet states are close in
energy.[1] As a consequence these biradicals are short lived
species and are easily trapped by various reagents.[2] In
contrast to these expectations, recent experimental efforts led
to the syntheses of two unusually stable four-membered ring
systems 3[3] and 4 (E�PR2)[4] (R, R�� alkyl, aryl), which
could be fully characterized including X-ray investigations.
However they cannot adequately be described by two-
electron two-center bonds and thus refer to non-Kekule
compounds.
The surprising stability of system 3 towards ring closure has


been rationalized theoretically, and the influence of the


substituents on the electronic structure of such systems has
also been investigated.[3, 5] In this report we present quantum
chemical calculations on compounds 4. The hyperconjugation
mechanism causing preferential singlet stabilization within
these species is discussed. Depending on the E fragments
(NR2, PR2, AsR2), large as well as small singlet ± triplet (S ±T)
energy separations can be induced. In other words one can
tune these systemes from a short-lived species (with high
biradical character) to a stable species (with less diradical and
more closed shell character).
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Computational Methods


At present there are two procedures to describe properly biradical
structures. First, the MCSCF (multi-configuration) approach in which at
least two electronic configurations (TCSCF), that is, the interaction
between the two frontier orbitals HOMO and LUMO, have to be included.
This accounts for the fact that an electron pair is split into two single
electrons that reside in two different regions of space.[6] Further to this
aspect, termed as static electron correlation, dynamic electron correlation
also contributes to bonding in these structures. With this the electron
correlation that stems from the other electron pairs within the structure is
meant. In most cases this is treated quantum chemically by a MCSCF
procedure, followed by multireference electron correlation correction
treatment. A major problem that occurs in this type of approach is that in
general one focuses on the static electron correlation treatment, that is, one
performs an energy optimization of structures at a limited MCSCF
treatment with subsequent multireference treatment. This is due to the
fact that energy gradients for the optimization of structures at a multi-
reference level are not available at present. This procedure assumes that as
a contribution to the overall wavefunction the static electron correlation
part is larger in magnitude than the dynamical electron correlation part.
However, for structures with higher main-group elements the � bonding is
rather weak relative to the � bonding, and both contributions, the static and
the dynamic part of electron correlation contributions, can be considered of
equal importance. In other words the chemical structures have to be treated
at the same time at a multireference level, with inclusion of the dynamic
electron correlation part in the wavefunction. Such procedures yield highly
accurate wavefunctions, but hitherto they are restricted to systems with
only a few atoms.


An alternative method that performs surprisingly well at low computa-
tional costs is the Kohn ± Sham (KS) density functional theory (DFT).[7, 8]


These functionals employ model XC (exchange and correlation) holes that
give an incorrect description in situations with strong static electron
correlation effects. An appealing way to circumvent this problem is to use
functionals that mimic at least the narrowing of the two closely spaced
molecular orbitals HOMO and LUMO. Thus they cannot mimic the
splitting of an electron pair into two single electrons, but can cope fairly
well with the bonding situation of two closely spaced energetically narrow
partially filled orbitals. We may note here that at present there are attempts
to combine the multiconfigurational approach with DFT in such a way that
the static electron correlation effects are covered by MC theory, while the
dynamic correlation effects are described within DFT.[9, 10] However, these
treatments are restricted to biradicals in which the two unpaired electrons
reside in different regions of space (� ±�-oriented biradicals).[11]


In the present study we used both approaches. The structures were
characterized by energy optimization at various levels of sophistication:
1) at MR-MP2 optimization utilizing a CAS(2,2) wavefunction as a
reference, 2) at MCSCF optimization at CAS(10,11) with MR-MP2
correction, and 3) with density functional calculations at the SVWN[12]


and B3LYP[13, 14] level. The former density functional level is of Slater-type,
while the latter mimics more a HF wavefunction.[15] As a basis set we
utilized effective core potential with a valence electron basis set of double-
zeta quality, as suggested by Stevens, Basch, and Krauss.[16] All the atoms
were augmented by one set of polarization functions as well as one s,p set of
diffuse functions. The inclusion of diffuse functions seems mandatory for
the cases studied at hand, to account for the charge separation in the
considered dipolar species. Selected points on the electronic hypersurfaces
were also calculated at all-valence electron basis sets (6-31�� g(d,p),[17]


6-311�� g(d,p)[18]). All calculations were performed with the Gamess
program[19] package. The geometry optimizations at multireference (MR-
MP2) level were performed numerically, since analytical gradients for this
procedure are not available. For all other procedures (MCSCF and DFT)
analytical gradients are documented, thus geometry optimizations could be
performed at this level of sophistication. At level 1 for the MCSCF
wavefunction the frontier HOMO and LUMO orbitals were taken as a
reference, in the case of the energy lowest singlet, while for the triplet we
took the corresponding ROHF wavefunctions as a reference[20] for further
MP2 (second-order M˘ller ± Plesset theory) treatment. For level 2 in the
active space for the MCSCF wavefunction the four bonding (ag, b1g, b2u,
b3u) and four antibonding (ag, b1g, b2u, b3u) ring orbitals plus the HOMO
(b1u) and LUMO (b2g) as well as the symmetric ungerade �* orbital (b1u


within D2h symmetry) were included. (This refers to the corresponding �*
component within the fragment E.) The chosen MCSCF procedures refer
to a CAS(10,11) wavefunction. After optimization at the MCSCF level the
energy corrections were performed within the given reference space at
multireference MP2 level, here denoted as MR-MP2.[20b] Level 1 differs
from level 2 in the fact that the former includes optimization of structures
with simultaneous optimization of the dynamic and nondynamic (static)
part of the electron correlation energy in the wavefunction. For level 2 only
the most important contributions of these effects were considered in the
chosen active space of the MCSCF wavefunction and subsequent correc-
tion by the multireference treatment was performed. As will be shown in
the later discussion the dynamic electron correlation contribution is of
crucial importance for the evaluation of the singlet ± triplet (S ±T)
separations within the planar compounds. It is due to the weak (formal)
� and � bonding in structures with higher main group elements.[21]


Results and Discussion


Qualitative considerations : The basic understanding for the
interaction of two nonbonding orbitals is provided in the
discussion of through-space versus through-bond orbital
interactions.[22] It is illustrated here for the case of the
trimethylene, 1 (Figure 1). The 2p orbitals at the terminal


Figure 1. Through-space versus through-bond interaction in trimethylene.


carbon atoms form a bonding (b1 within C2v symmetry) and an
antibonding (a2) combination of which the former is energeti-
cally lower than the latter by a through-space interaction
(Figure 1, left).[22a] For symmetry reasons, only the bonding
combination can interact (through-bond interaction) with the
�-type (�*-type) component of the central CH2 fragment
(Figure 1, right). Since the through-bond interaction slightly
prevails, the a2 orbital is lower in energy than the b1 orbital,
but the HOMO±LUMO gap and, therefore, the S ±T
separation are rather small (�0.5 eV).
A similar analysis can be drawn to bonding in 3 and 4 and


their related congeners. Within the planar structure all
molecular orbitals are here confined to D2h symmetry. In
analogy to the previous consideration, the composition of �-
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type orbitals is given in an interaction diagram (Figure 2),
which views the mutual interaction of the two nonbonding 2p-
orbitals at the boron atoms with the �, �*-type orbitals[23] of a
fragment E (E�NH2


�, PH2
�, AsH2


�). The 2p orbitals of the
boron atoms form a gerade (b2g) and an ungerade (b1u)
combination of which the latter is slightly lower in energy due
to transannular (through-space) overlap. For symmetry rea-
sons only the ungerade combination of orbitals will mutually
interact.
For the biradical structures in which the almost degenerate


frontier orbitals are only partially filled (within D2h symme-
try), the two leading configurations are given by Equations (1)
and (2) (with HO�HOMO and LU�LUMO). The 1Ag state
[Eq. (1)] refers to the energy lowest singlet,[6] while the 3B3u


state [Eq. (2)] is the energy lowest triplet coupled singly
excited configuration. According to the given qualitative
considerations the difference between energy lowest singlet
and triplet is determined by the magnitude of the orbital
interaction between the E fragments and the adjacent 2p-
orbitals at the boron atoms.


�(1Ag)� c1 � . . . .HOHO�� c2 � . . . .LULU� (1)


�(3B3u)�� . . . .HOLU� (2)


The interactions with the 2p orbitals at B with the �-type
orbitals at E is twofold. Mutual interaction among the
bonding b1u orbitals destabilizes the corresponding nonbond-
ing p orbital combination at B, while the interaction with the
corresponding antibonding b1u orbital does the opposite. A
priori two extreme cases can be recognized: 1) The stabilizing
interaction with the b1u orbital combination dominates (Fig-
ure 2a). Here the resulting biradical structure is confined to
through-bond interactions and a positive transannular �-


overlap (structure of type I).
Note that the transannular
bonding interaction is of �-type.
2) Alternatively, in case the de-
stabilizing interaction with the
bonding combination of b1u or-
bitals prevails (Figure 2b), the
resulting frontier orbital refers
to b2g and is transannular anti-
bonding, as indicated by type
II. This case refers to the pre-
viously discussed 2,4-diphos-
phacyclobutane-1,3-diyl 3.[5]


(There the � component of E
refers to the positive combina-
tion of nonbonding orbitals at
the phosphorus atoms.) A split-
ting between HOMO and LU-
MO is expected with a predom-
inance of a singlet over a triplet
ground state. In contrast, if the
frontier HOMO and LUMO
orbitals are degenerate, the en-
ergy lowest singlet and triplet
states are similar in energy with


comparable CI contribution of the frontier orbitals (c1� c2).
This is essentially the case for the carbon-based systems 1 and
2 for which small S ±T energy separations are predicted.[1]


For compounds 4, the interaction that dominates depends
on the fragments E. In the classical analysis of through-space
versus through-bond interactions,[22] E was chosen as CH2. In
this case the � and �* orbitals are equally spaced around a
nonbonding set of 2p orbitals (at the central carbon atoms).
Methylene refers to a molecular fragment with a triplet
ground state.[24] The situation is different when E possesses a
singlet ground state, as is the case for E� SiH2,[25] PH2


�,[26] and
AsH2


�.[27] Since in the singlet states of E the�HXH (X�P,
As) is more acute than in the corresponding triplet states, this
will effect the levelling of the corresponding sets of �, �*
orbitals. Scheme 1 refers to a simplified Walsh diagram for
angle compression at E. Accordingly, and as supported by EH


Scheme 1.


Figure 2. Interaction diagram for formation of 4. The stabilizing interaction prevails in a), while the destabilizing
interaction prevails in b).
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calculations (not published here in detail), this valence angle
compression lowers the �* orbital more than the � orbital is
raised in energy. Hence the fragment becomes, per se, a
predominant acceptor, providing it preserves this bonding
feature (small valence angle) in the ring structure. This gives
rise to the classification of the fragments E into two
categories: fragments with a triplet ground state (CH2,
NH2


�)[28] and fragments with a singlet ground state (PH2
�,


AsH2
�). The former tend to give smaller and the latter larger


HOMO±LUMO energy separations in the resulting formally
(non-Kekule) biradical structures (see also Appendix).
Besides these considerations, the replacement of the


hydrogen atoms at E by more electronegative atoms (frag-
ments), such as F, NH2, and OR featuring lowered �, �*-type
orbitals, should enhance the HOMO±LUMO energy sepa-
ration in favor of the type I biradical with a pronounced
singlet ground state. Electropositive substituents should do
the opposite. We may note that this also parallels the singlet ±
triplet energy separations in the corresponding fragments of
E.[29] Both aspects 1) a singlet ground state in the fragment E
and 2) the replacement of a hydrogen atom at E by more
electronegative atoms (groups) are additive. This will be
supported by the numerical calculations (vide infra).


Numerical calculations : An assertion of the magnitude of
orbital splitting of the HOMO and LUMO and, hence, of the
S ±T energy separation can only be given by numerical
calculations. These were performed at 1) density functional
and 2) MR-MP2 levels of calculations. First we will discuss the
fully planar conformations (with D2h symmetry). The results
of these investigations are collected in Table 1. All species
under investigation possess singlet ground states. E�NH2


�


reveals the smallest energy separation between both states
and E�PH2


� the largest. For the density functional calcu-
lations we have probed two types of functionals. The SVWN
density functional is more suitable for the calculation of
biradical structures than the B3LYP functional, since the
latter mimics more the HF-type wavefunction. Consequently
the former density functional yields a larger S ±T separations
than the latter, in accord with the previous systematic study on
the Bergman reaction, whereby a variety of different func-


tionals were probed.[15] Throughout the various methods the
�HXH angle is smaller for E�PH2


� and AsH2
� than for


NH2
�. This substantiates the previous discussion that the


singlet or triplet ground state geometry of the fragment E is to
some extent preserved in the ring structures. The actual angle
�BEB is the consequence of opposing angle strain at E as
well at the boron centers. Apart from E�NH2


�, the other
structures tend to adopt more rectangular structures. For E�
NH2


� at the DFT level, the angle�BEB is acute such as to
increase the transannular bonding interaction between the
boron atoms. At the CI level (MCSCF, MR-MP2), the
electrons can properly decouple to a biradical, thus strain in
the ring system is released by adopting the rectangular
structure. In other words the smaller �BEB angles can be
attributed in general to the deficiency (within the DFT
procedures) to proper account for the static correlation part
of the resulting wavefunction.
To gain further knowledge on the electronic hypersurface


of compounds 4, analogous calculations were performed for
their corresponding valence isomers, namely the bicyclobu-
tanes 5, cis-butadienes 6, and cyclobutenes 7 (Table 2). For the
butadiene structures only the gauche (cis) conformation was


investigated. Again these were studied by various levels of
sophistication, at two different DFT levels and in addition at
the MP2 level of optimization. The results of these inves-
tigations are collected in Table 2. All energy values given in
the table are in reference to the bicyclobutane derivatives 5.
While the various computational levels yield a similar order of
the stabilities of the various valence isomers, the relative
energies differ depending on the basis sets and the various
electron correlated levels. For all structures studied, vibra-
tional analysis were performed to identify the stationary
points as energy minima or transition states on the corre-
sponding electronic hypersurfaces.
According to the DFTand MCSCF calculations, the planar


structures 4 (D2h) possess a singlet ground state in all cases,
but these are not energy minima on the electronic hyper-
surfaces. A priori an anti- or syn-pyramidalization of the


Table 1. Bonding parameters [bond lengths in ä, bond angles in �] and
singlet-triplet energy differences [in kcalmol�1] of planar compounds, at
various levels of sophistication.


E Method E�B �BEB �HEH �ES±T


NH2
� SVWN 1.559 73.9 105.9 10.6 [8.6][a]


B3LYP 1.557 73.6 105.9 0.7 [2.3][a]


MR-MP2 1.568 102.4 106.9 12.6
MCSCF 1.570 100.9 107.4 5.7 (7.6)[b]


PH2
� SVWN 1.913 85.9 96.2 24.5 [21.4][a]


B3LYP 1.905 85.7 96.1 17.2 [15.1][a]


MR-MP2 1.906 94.4 97.7 27.6
MCSCF 1.913 93.5 97.7 22.2 (15.8)[b]


AsH2
� SVWN 2.014 86.1 95.7 18.7 [16.9][a]


B3LYP 2.007 86.0 95.4 11.2 [9.5][a]


MR-MP2 2.013 93.3 96.8 23.3
MCSCF 2.018 92.9 97.0 2.9 (17.0)[b]


[a] Values in square brackets with zero-point vibrational correction.
[b] Values in parentheses with MR-MP2 correction.


Table 2. Valence isomers of 4, energies are in kcalmol�1, with zero-point
vibration correction, with respect to the bicyclobutane (C2v) singlet states 5.


Structure E SVWN B3LYP MP2/ECP[a] MP2/(E)DZP[a]


4 NH2
� 39.4 44.0 46.5 46.2[b]


PH2
� 18.1 14.7 19.8 19.0[b]


AsH2
� 18.4 17.2 19.4 20.9[c]


6 NH2
� � 23.8 � 41.2 � 36.6 � 37.9[b]


PH2
� 3.6 � 16.0 � 23.1 0.2[b]


AsH2
� � 34.6 � 33.7 � 22.1 � 9.9[c]


7 NH2
� 92.7 95.9 101.8 99.5[b]


PH2
� 25.6 23.4 12.5 30.9[b]


AsH2
� 14.5 12.7 19.2 24.1[c]


[a] Frozen core approximation. [b] (E)DZP� extended double-zeta basis
set (6-311�� g(d,p)) for B, N, P. [c] 6-31�� g(d,p).
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hydrogen atoms at the boron atoms can be considered
(Scheme 2). For E�PH2


� and AsH2
� at DFT level (SVWN


and B3LYP), the planar singlets possess one imaginary syn-
vibration of the hydrogen atoms at boron. Following this


Scheme 2.


vibration leads without energy barrier to the bicyclic struc-
tures; this means that in these cases the planar singlets are the
transition states for the bond-stretching from the bicyclobu-
tane structures (for the bicyclobutane inversion). The energy
barriers for the inversion of the bicyclobutane structures 5
(E�PH2


� and AsH2
�) are rather weak and more than two


times smaller than that predicted for the carbon-based system
(ca. 50 kcalmol�1).[30] In marked contrast, for E�NH2


� the
biradical structure is about 45 kcalmol�1 higher in energy than
the bicyclic structure 5. This striking difference can be
attributed to the pronounced singlet stabilization within the
planar compounds for E�PH2


� and AsH2
�. In contrast to the


singlets, the triplets (E�PH2
�, AsH2


�) possess at times one
imaginary anti-vibration of the hydrogen atoms at boron.
However the energy differences of the pyramidalized versus
planar conformations are fairly small (�E� 1 kcalmol�1).
The planar nitrogen derivative (NH2


�) reveals two imagi-
nary vibration in the D2h geometry, one syn- and one anti-
vibration, for the singlet as well as the triplet. Further
investigations (at MCSCF level) indicate a stronger tendency
for pyramidalization (ca. 6 kcalmol�1), as compared with the
other cases, equal in magnitude for syn- and anti-pyramidal-
ization) at the boron atoms. This is a consequence of the fact
that the (electropositive) boron atoms are bound to the
(electronegative) nitrogens. The triplet states overall prefer
anti-pyramidalization, again the energy difference is fairly
small for E�PH2


� and AsH2
�.


Significant influence of the E fragments were also predicted
for the other valence isomers. For E�NH2


�, the butadiene
structure 6 is about 37 kcalmol�1 lower in energy than 5. This
difference certainly results from the ring strain imposed by the
two fused three-membered rings in 5 and from the favored
interaction of the nitrogen lone pairs with the adjacent boron
vacant orbitals in 6. Since both phosphorus and arsenic are
less sensitive to ring strain and less proned to p donation
(nonhybridization principle for heavier elements),[31] the
butadiene structure are much less favored for E�PH2


� and
AsH2


�. Finally, the cyclobutene structures 7 possess slightly
twisted structures. The electrostatic repulsion imposed by
adjacent positive and negative charges certainly explains why
these valence isomers are in all cases highest in energy.
As mentioned above, the singlet ± triplet gap in compounds


4 is expected to be strongly mediated by substituent effects,
especially at the bridging fragment E. Thus one can expect


that substituent effects may also alter the relative stabilities of
the various valence isomers. Since the singlet character of the
planar structures increases with increasing singlet stability of
the fragment E, a further increase of the S ±T energy
difference of E is also of advantage for the planar conforma-
tion (see also Appendix). In other words for E�PR2


�, and to
a lesser extent for E�NR2


�, the S ±T difference increases
with electronegative ligands, such as R�NH2 or F. To put
these arguments on firmer ground, we calculated the S ±T
energy separations for the planar compounds with various
substituted fragments E and compared these results with the
S ±T values in the corresponding carbene analogue fragments.
The results are recorded in Table 3. For these calculations, the


less sophisticated ECP basis set without additional diffuse
functions was used (SVWN level). In all studied cases, the
S ±T separations strongly depend on the chosen substituents
at the unit E. The increase (decrease) of the S ±T separation
parallels the S ±T separation in the carbene analogues. A
linear regression for the cases PR2


� (values in Table 3) yields a
(poor) regression parameter r� 0.712 (Figure 3), but indicates


Figure 3. Linear correlation (r� 0.7) between S ±T differences of various
substituted ring systems 4 and corresponding carbene analogues, the values
are taken from Table 3.


Table 3. S ±T energy differences of various substituted 4 and S ±T
differences of corresponding carbene analogue fragments E.


E symmetry E (S ±T) [4] E (S ±T) [E]


PH2
� D2h 24.0 14.7 (16.4,[26] 12.3[37])


PF2� D2h 52.8 87.0 (86.0[37])
PCl2� D2h 44.0 52.3 (49.9[37])
P(Me)2� D2h 22.8 24.7
P(SiH3)2� D2h 8.9 [a]


P(NH2)2� Ci 36.3 63.0 (66.5[37])
NH2


� D2h 11.6 � 35.4 (�30.2[28])
NF2� D2h 69.0 51.5
NMe2� D2h 27.2 3.6
AsH2


� D2h 19.0 22.3 (22.0[27])
AsF2� D2h 44.8 90.9
AsCl2� D2h 38.1 58.4
AsMe2� D2h 15.0 26.8
As(NH2)2� Ci 29.1 58.3


[a] Carbene analogue rearranges without energy barrier through a 1,2-H-
shift.
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that the coupling of the two unpaired electrons through the
central unit strongly depends on its singlet character.[32] As
already mentioned, the S ±T separation is smaller when the
boron centers are linked by nitrogen rather than by phospho-
rus atoms. However, this order can be inverted by varying the
substituents. Indeed, thanks to the electropositive silyl
substituents, the S ±T gap imposed is smaller for the E�
P(SiH3)2� than that for the E�NH2 fragment, and now in
the same range than those predicted[33] for the singlet cyclo-
butane-1,3-diyl.
It is also of interest to study the influence of substituent


effects placed at the boron centers. For the structure with E�
PH2, the S ±T energy separations (at times planarity of the
four-membered ring assumed) are as follows: R (B)�CH3


29.4, SiH3 18.3, NH2 (planar) 36.9, phenyl (planar) 23.3,
phenyl (orthogonal) 25.7, BH2 8.3 kcalmol�1. In other words
two alkyl groups (one at each boron center) increase the S ±T
energy separation, while silyl groups do the
opposite. The latter is due to the stabilization
of the negative charges at the boron atoms
by the silyl groups. �-Donors (e.g., NH2)
increase the S ±T separation, due to destabi-
lization of the negative charge at the boron
centers with concomitant delocalization over
the PH2 units. Again � acceptors (e.g., BH2)
decrease the S ±T energy separation.


Conclusion


Our findings can be summarized as follows:
1) Compounds 4 (E�PR2


�) possess a sin-
glet ground state with a sizable energy
separation towards its lowest triplet state. This is a
consequence of a remarkable through-bond interaction
of the (formally) unpaired electrons. This explains the
unusual stability of this species, although it cannot be
adequately described by two-center two-electron bonds.


2) The conjugation effect of E in compounds 4 depends on
the ground state of the fragment E itself. If it is a singlet
species (PH2


�, AsH2
�), a singlet ground state of the four-


membered ring system comes to the fore. However, for the
valence isoelectronic analogue NH2


� the effect of through-
bond interaction of both unpaired electrons is fairly small
and results also in a much smaller S ±T separation of the
planar structure.


3) The replacement of the hydrogen atoms at E by more
electronegative atoms (groups) also increases the S ±T
separation of the planar four-membered ring. Since this
effect simultaneously parallels the singlet stability of the
fragment E itself, the electronic ™communication∫ of the
unpaired radicals is first-order, depending on the singlet
stability of the fragment E.
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Appendix


According to the results of the numerical calculations, if the central unit is a
singlet fragment, this is also of energetic advantage to the overall resulting
biradical structure and a pronounced singlet ground state results. In the
following considerations we will show that this aspect can be rationalized
on the basis of a state correlation diagram for bond stretching.[34] One of the
simplest cases of bond stretching has been given for the homopolar
dissociation of ethene into two methylenes.[35] A singlet ethene departs into
two triplet methylenes which are finally coupled to a singlet configuration.
For the cases studied at hand one has to differentiate between a singlet or a
triplet biradical that undergoes bond stretching to three fragments. The
matter is illustrated in Scheme 3. The same principle, that is, the
conservation of state symmetry, has to be applied. Upon bond stretching
a singlet biradical can form one fragment in a singlet state and two
fragments in a triplet state. Overall the arrangement is coupled to a singlet
configuration, as indicated in IIIa.[36] Alternatively from a triplet biradical
three triplet fragments are formed, of which two couple again to a singlet,
as shown in IIIb. To a first order the energy difference between both
processes is given by the S ±T energy separation of the central fragment.


While these considerations imply that the biradical decomposes into three
independent fragments, such an extreme bonding situation will not fully
obtained in the acutal geometrical structures. Nevertheless this argument
indicates that bond stretching in terms of lengthening of the �-bonds is
overall of energetic advantage to the singlet biradicals, if the central
fragment possesses a singlet ground state. It is also of importance for cases
in which the �-bonds are weak relative to � bonds; this is generally the case
for bonds with higher main group elements.[21] It gives a rationale for the
greater importance of dynamic electron correlation for the As�B bonds in
the studied four-membered ring as compared with the N�B bonds in the
corresponding moieties.
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Formation of Dinuclear Titanium and Zirconium Complexes by Olefin
Metathesis–Catalytic Preparation of Organometallic Catalyst Systems
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Abstract: The titanium complex [(C5H4�allyl)TiCl3] (2) undergoes olefin metathesis
coupling when treated with 3 mol% of [Cl2(L1)(L2)Ru�CHPh] (L1�L2�PCy3, 4 a ;
L1�PCy3, L2� (H2IMes), 4 b) to yield the dimetallic complex [Cl3Ti(C5H4)-
CH2CH�CHCH2-(C5H4)TiCl3] (5). The allyl-substituted titanocene complex
[Cp(C5H4�allyl)TiCl2] (3) analogously yields the dimetallic system 6 when treated
with 4. The ansa-zirconocene complex [Me2Si(C5H4)(C5H3�allyl)ZrCl2] (7) cleanly
yields the analogous dimetallic coupling product 8 (�95% isomerically pure), when
treated with catalytic amounts of 4 b in toluene. Complex 8 gives an active
homogeneous ethene or propene polymerization catalyst, especially at elevated
temperatures, when treated with excess methylalumoxane.


Keywords: catalysis ¥ olefin meta-
thesis ¥ metallocenes ¥ ruthenium ¥
titanium ¥ zirconium


Introduction


The Group 4 metallocenes and related compounds have
become of great importance in view of their enormous
potential as components in catalysis. Devising novel synthetic
pathways for the selective preparation of specifically substi-
tuted and functionalized CpMLn complexes of the Group 4
metals has become increasingly important because of the
extensive use of such organometallic compounds in polymer-
ization catalysis,[1] but also in catalytic organic synthesis.[2] In
contrast to their late transition-metal analogues,[3] the use and
transformation of functional groups at the Cp rings of these
early transition-metal compounds has been rather limited.[4]


Introduction of, for example, carbonyl functions usually must
be carried out at the free ligand stage, that is before
attachment to the oxophilic d-block metal.[5] We have inves-
tigated possible ways aimed at establishing specific functional
group chemistry at the stage of the cyclopentadienyltitanium
or -zirconium complexes.[4, 6] The many recent advances
reported with regard to metal-catalyzed olefin metathesis
reactions[7, 8] prompted us to search for potential applications
of such methods for synthetic transformations in substituted-
Cp Group 4 metal complex chemistry. First examples of


intramolecular olefin metathesis coupling reactions leading to
ansa-zirconocenes were independently disclosed recently by
our group[9] and by Hayashi et al.[10] We have now applied this
methodology for the intermolecular coupling reaction of
[(allyl-Cp)MIVLn] precursors to yield novel dimetallic systems
that may find some potential application in homogeneous
Ziegler ±Natta catalysis and related catalytic processes. Here
we describe several examples in which organometallic catalyst
precursors were prepared by metal-catalyzed pathways.


Results and Discussion


The titanium complexes used in this study were prepared by
conventional methods. Treatment of allyl bromide with CpNa,
followed by deprotonation with n-butyllithium gave 1, which
was then silylated and converted to the titanium complex 2 by
the reaction with TiCl4. Subsequent treatment of 2 with CpLi
gave the substituted titanocene dichloride complex 3
(Scheme 1).[11]


Complex 3 was subjected to an intermolecular olefin
metathesis reaction. For this purpose a solution of 3 (ca.
0.2 �) in toluene was treated with [Cl2(PCy3)2Ru�CHPh][12]


(4 a, 3 mol%). The reaction mixture was kept at 80 �C for 5 h
to give a 3:1 mixture of the organometallic metathesis
products trans-5 and cis-5, which were isolated in a combined
yield of about 40% (Scheme 2). A similar result was obtained
when the reaction was carried out in dichloromethane or
benzene. We have also employed a ™second-generation∫
metathesis catalyst[12c, 13] (4 b). In this case the pure trans-5


[a] Prof. G. Erker, Dr. J. Cano Sierra, Dr. D. H¸erl‰nder, Dipl.-Chem.
M. Hill, Dr. G. Kehr, Dr. R. Frˆhlich�


Organisch-Chemisches Institut der Universit‰t M¸nster
Corrensstrasse 40, 48149 M¸nster (Germany)
E-mail : erker@uni-muenster.de


[�] X-ray crystal structure analyses.
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Scheme 1. Synthesis of 3.


Scheme 2. Reaction of 2 with catalysts 4 a and 4 b to give cis-5 and trans-5.


isomer was obtained from the reaction performed in benzene
or toluene (Scheme 2).


Complex trans-5 is characterized by two 1H NMR multip-
lets of the two symmetry-equivalent C5H4 moieties at �� 6.94
and 6.84 ppm, a CH2 multiplet at �� 3.63 ppm (6-H) and the
olefin (7-H) resonance at �� 5.79 ppm. From the 13C satellite
signals in the 1H NMR spectrum a 3J(7-1H, 7-1H*) coupling
constant of 16 Hz was obtained [GHSQC{selectively decou-
pled at 6-H}:[14] 1J(13C7, 7-1H)� 157 Hz]. The coproduct (cis-5)
showed similar signals [�1H� 3.72 (6-H), �� 5.87 ppm (7-H)]
and a very characteristic set of coupling constants 3J(7-1H,
7-1H*)� 12 Hz [1J(13C7, 7-1H)� 157 Hz] that was used to
assign the two obtained isomers as trans-5 and cis-5, respec-
tively.


From a concentrated solution of the mixture in benzene,
single crystals of trans-5 were obtained that were suitable for
an X-ray crystal structure determination (Figure 1). The
complex features a pseudotetrahedral coordination geometry
around the titanium center: Ti�Cl1 2.2225(6), Ti�Cl3


Figure 1. A view of the molecular structure of complex trans-5. For
selected bond lengths and angles see the text.


2.2308(7), Ti�Cl2 2.2387(7) ä; Cl-Ti-Cl 101.55(3) ± 104.47(3)�.
The two TiCl3 subunits and their adjacent organic ligand
frameworks are symmetry equivalent (Ci symmetry). The
monosubstituted R-C5H4 ring is �5-coordinated to the tita-
nium center; the Ti�C1 linkage (2.389(2) ä) is slightly longer
than the proximal Ti�C2/C5 (2.333(2)/2.342(2) ä) and the
distal Ti�C3/C4 (2.317(2)/2.311(2) ä) bonds. Inside the �5-
C5H4 ligand the C�C bonds range between 1.397(3) and
1.416(3) ä. The bond to the bridging butenediyl substituent is
longer (C1�C6 1.500(3) ä), and almost identical to the C6�C7
bond length (1.498(3) ä; C1-C6-C7 114.2(2)�). The C7�C7*
bond (1.311(4) ä) is in the expected range for a C�C double
bond (C7*-C7-C6 124.2(2)�). The butenediyl unit is planar
and trans-configurated. However, it is markedly rotated out of
the C1�C6 plane with the C7�C7* double bond arranged
away from the respective metal center (dihedral angles �1:
C5-C1-C6-C7 20.7(3)�, �2: C1-C6-C7-C7* �118.3(3)�).


The allyl-Cp substituted titanocene dichloride complex 3
was similarly coupled by means of catalytic olefin metathesis.
Treatment of 3 with 3 mol% of the ruthenium carbene
complex 4 a in benzene, toluene, or dichloromethane furnish-
ed a mixture of cis-6 and trans-6 in a 1:1 ratio (ca. 40 ± 50%
isolated; Scheme 3). Similarly, treatment of 3 with the
advanced catalyst system 4 b gave the pure trans-6 isomer.
Complex trans-6 shows an olefinic 7-1H NMR resonance
signal at �� 5.62 ppm with a typical vicinal trans-coupling
constant of 3J(7-1H, 7-1H*)� 16 Hz (6-CH2 signal at ��
3.49 ppm, Cp resonance at �� 6.53 ppm), whereas the cis-6
isomer is characterized by a 7-1H resonance signal at �� 5.65
[3J(7-1H, 7-1H*)� 12 Hz].


Scheme 3. Reaction of 3 with catalysts 4 a and 4 b to give cis-6 and trans-6.


We have applied the olefin metathesis reaction also for
coupling of two ansa-zirconocene units. The dimethylsilane-
diyl-bridged ansa-metallocene complex 7 was prepared as
depicted in Scheme 4 (57% yield).[15] Single crystals of 7
suitable for an X-ray structure determination (Figure 2) were
obtained from a concentrated solution of the compound in
chloroform with a few drops of benzene.


Complex 7 contains an element of planar chirality. Cou-
pling of two such units by metathesis, therefore, should in
principle lead to two diastereoisomers (rac and meso).
Together with the possibility of the formation of cis- and
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Scheme 4. Synthesis of 7.


Figure 2. Molecular geometry of 7. Selected bond lengths [ä] and angles
[�]: Zr�Cl1 2.4294(7), Zr�Cl2 2.4286(6), Si�C1 1.866(2), Si�C11 1.860(2),
Si�C61 1.847(2), Si�C71 1.845(2), C1�C2 1.424(3), C1�C5 1.420(3), C2�C3
1.410(3), C3�C4 1.389(3), C4�C5 1.414(3), C4�C6 1.508(3), C6�C7
1.493(4), C7�C8 1.304(4); Cl1-Zr-Cl2 98.74(3), C1-Si-C11 94.0(1), C1-Si-
C61 110.1(1), C1-Si-C71 111.7(1), C11-Si-C61 112.7(1), C11-Si-C71
113.2(1), C61-Si-C71 113.7(1), C4-C6-C7 112.0(2), C6-C7-C8 125.9(3),
C4-C5-C6-C7 -115.0(3).


trans-1,2-disubstituted alkenes this makes a total of four
possible stereoisomeric products that can be formed (see
Scheme 5). Treatment of 7 with [Cl2(PCy3)2Ru�CHPh] (4 a) in


dichloromethane (2 h, reflux) gave a mixture of products, in
which a single isomer predominates (ca. 80%) as judged from
the SiMe2 1H NMR pair of signals at �� 0.74 and 0.70 ppm.
The reaction of 7 with catalytic amounts of 4 a or 4 b in
benzene or toluene was more selective, yielding a single
coupling product that was obtained �95% pure. We assume
that it is one of the two trans isomers, but whether rac- or
meso-8 formation prevails is not clear at present.


We have briefly tested the catalytic features of the
dimetallic ansa-metallocene system 8. Accordingly, the iso-
lated dizirconium complex was activated by treatment with a
large excess of methylalumoxane in toluene. Only a rather low
polymerization activity was displayed in ethene polymeriza-
tion at room temperature, but the system 8/MAO turned out
to be a quite active ethene polymerization catalyst at 60 �C,
yielding linear polyethylene (Table 1). Likewise, the 8/MAO


catalyst system polymerizes propene at both 25 �C and 60 �C
with a reasonable catalyst activity to yield a typical rather low
molecular weight polypropylene (Table 2).[16] Only slightly
isotactic polypropylene was obtained at ambient temperature
(36% mmmm intensity in the 13C NMR methyl pentade
analysis, the stereocontrol takes place by an enantiomorphic
site control mechanism[17]). The polypropylene sample ob-
tained at 60 �C was close to atactic (12% mmmm).


The Ru ± carbene complex catalyzed
olefin metathesis reaction is increasingly
being applied in organic synthesis. One
reason for this development is its wide
compatibility with functional groups
present in substrates and products.[7]


This, and the few other emerging stud-
ies[8±10] have shown that this C�C cou-
pling methodology is even compatible
with the very sensitive organometallic
bent metallocene ™functional group∫.
We regard this as a major advantage in
synthetic organometallic chemistry that
will probably open up a variety of entries
to novel active catalyst systems, especial-
ly of homo- and heterodi- and multi-
metallic nature. ™Double catalysis∫, that
is the catalytic preparation of organo-
metallic catalysis systems, such as repre-
sented by the examples featured in this
article seems to be an increasingly at-
tractive and useful concept in synthetic
homogeneous catalysis.


Scheme 5. Reaction of 7 with catalysts 4a and 4 b to give meso-cis-8 and meso-trans-8, rac-cis-8, and
rac-trans-8.


Table 1. Ethene polymerization with the 7/MAO and 8/MAO catalyst
systems.[a]


Complex T [�C] Al/Zr g PE A[b] M.p.


7 25 1200 3.6 360 126
8 25 1700 1.1 340 127
7 60 1200 49.4 9900 126
8 60 2000 23.0 7800 128


[a] Reaction in toluene, 10 min, 2 bar ethene. [b] Catalyst activities (A)
in kg polyethylene/(molZr ¥ h ¥ bar(ethene)).
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Experimental Section


General : All reactions were carried out under dry argon in Schlenk-type
glassware or in a glove box. Solvents, including deuterated solvents used for
NMR spectroscopy, were dried and distilled prior to use. For additional
general conditions, including a list of instruments used for a physical
characterization of the compounds, see ref. [9]. Most NMR assignments
were secured by carrying out a variety of 2D NMR experiments.[18] The
titanium complex 3 was prepared according to the literature procedure[11] .


X-ray crystal structure analyses : Data sets were collected with a Nonius
KappaCCD diffractometer, equipped with a rotating-anode generator
Nonius FR591. Programs used: data collection COLLECT (Nonius B.V.,
1998), data reduction Denzo-SMN (Z. Otwinowski, W. Minor, Methods in
Enzymology, 1997, 276, 307 ± 326), absorption correction SORTAV (R.H.
Blessing, Acta Crystallogr. Sect. A 1995, 51, 33 ± 37; R. H. Blessing, J. Appl.
Crystallogr. 1997, 30, 421 ± 426), structure solution SHELXS-97 (G. M.
Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467 ± 473), structure refine-
ment SHELXL-97 (G. M. Sheldrick, Universit‰t Gˆttingen, 1997), graphics
SCHAKAL (E. Keller, Universit‰t Freiburg, 1997).


CCDC-201229(7), CCDC-201230 (5 ¥ C6H6), and CCDC-201231(5) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Center, 12 Union Road, Cambridge
CB21EZ, UK; Fax: (�44)1223-336033; or deposit@ccdc.cam.ac.uk).


[�5-(2-Propen-1-yl)cyclopentadienyl]trichlorotitanium (2): A solution of
[(2-propen-1-yl)cyclopentadienyl]trimethylsilane (2.12 g, 11.8 mmol) in
toluene (20 mL) was added to a solution of TiCl4 (2.25 g, 11.8 mmol) at
0 �C in the same solvent. After the resulting red solution had been stirred
overnight at room temparature, the solvent was removed under reduced
pressure. Extraction with pentane (2� 50 mL) provided compound 2 as a
yellow crystalline solid (2.76 g; 90%). 1H NMR (CDCl3): �� 6.94 (m, 2H;
2,5-H), 6.93 (m, 2H; 3,4-H), 5.92 (m, 1H; 7-H), 5.20 (m, 2H; 8-H),
3.60 ppm (m, 2H; 6-H); 13C{1H} NMR (CDCl3): �� 142.3 (C7), 133.7 (C1),
123.6 (C2, C5), 123.0 (C3, C4), 118.6 (C8), 35.7 ppm (C6); elemental
analysis calcd (%) for C8H9Cl3Ti (Mr� 259.4): C 37.04, H 3.50; found: C
37.38, H 3.50.
[�5-(2-Propen-1-yl)cyclopentadienyl](�5-cyclopentadienyl)dichlorotitani-
um (3)[11]: A suspension of cyclopentadienyllithium (0.50 g, 6.92 mmol) in
toluene (20 mL) was added to a solution of [�5-(2-propen-1-yl)cyclopenta-
dienyl]trichlorotitanium (1.80 g, 6.92 mmol) at �20 �C in the same solvent.
After the resulting red solution had been stirred for 3 h at 60 �C, the
mixture was filtered and the solvent was removed under reduced pressure
to provide compound 3 as a red solid (2.01 g; 92%). 1H NMR (CDCl3): ��
6.54 (s, 5H; C5H5), 6.42 (m, 2H; 2,5-H), 6.34 (m, 2H; 3,4-H), 5.95 (m, 1H;
7-H), 5.08 (m, 2H; 8-H), 3.49 ppm (m, 2H; 6-H); 13C{1H} NMR (CDCl3):
�� 136.9 (C7), 135.6 (C1), 122.5, 116.1 (C2-C5), 119 (Cp), 117.0 (C8),
35.1 ppm (C6).
[Dimethylsilandiyl{�5-(2-propen-1-yl)cyclopentadienyl}(�5-cyclopentadi-
enyl)]dichlorozirconium (7): Chilled toluene (250 mL, �78 �C) was added
to a solid mixture of dilithio[(2-propen-1-yl)cyclopentadienyl](cyclopenta-
dienyl)dimethylsilane (3.47 g, 14.5 mmol) and ZrCl4 (3.37 g, 14.5 mmol).
The suspension immediately became yellow and was allowed to warm to
room temperature with stirring. After the mixture had been stirred
overnight, the yellow suspension was filtered through celite. Removal of
the volatiles in vacuo provided the product 7 as a yellow solid (3.23 g;


57%). Suitable crystals for an X-ray crystal structure analysis were
obtained from a concentrated solution in toluene at �30 �C. M.p. 104 �C.
1H NMR (CDCl3): �� 7.03 (m, 1H; 4-H�), 6.93 (m, 1H; 3-H�), 6.60 (m, 1H;
3-H), 5.98 (m, 1H; 2-H�), 5.92 (m, 2H; 2-H, 7-H), 5.82 (m, 1H; 5-H�), 5.54
(m, 1H; 5-H), 5.06, 5.04 (each m, each 1H; 8-H, 8-H�), 3.47, 3.38 (each m,
each 1H; 6-H, 6-H�), 0.72, 0.69 (each s, each 3H; Si(CH3)2); 13C{1H} NMR
(CDCl3): �� 141.0 (C4), 135.9 (C7), 128.0 (C3), 127.8 (C3�), 127.7 (C4�),
116.7 (C8), 115.3 (C2), 114.1 (C2�), 113.6 (C5�), 113.5 (C5), 107.9 (C1), 107.8
(C1�), 34.3 (C6), �5.1, �5.3 ppm (Si(CH3)2); elemental analysis calcd (%)
for C15H18SiCl2Zr (Mr� 388.5): calcd C 46.37, H 4.67; found: C 46.26, H
4.70.


X-ray crystal structure analysis of 7: C15H18SiCl2Zr, Mr� 388.5, light yellow
crystal, 0.20� 0.15� 0.05 mm, a� 8.305(1), b� 8.432(1), c� 12.289(1) ä,
�� 90.74(1), �� 96.40(1), �� 108.70(1)�, V� 809.0(2) ä3, �calcd�
1.595 gcm�3, �� 10.68 cm�1, empirical absorption correction by SORTAV
(0.815�T� 0.949), Z� 2, triclinic, space group P1≈ (no. 2), 	� 0.71073, T�
198 K, 
 and � scans, 5175 reflections collected (�h, �k, � l), [(sin�)/	]�
0.65ä�1, 3669 independent (Rint� 0.021) and 3169 observed reflections [I�
2 �(I)], 174 refined parameters,R� 0.030,wR2� 0.061, max. (min.) residual
electron density 0.31 (�0.44) eä�3, hydrogen atoms calculated and refined
as riding atoms.


Olefin metathesis reaction of 2 catalyzed by 4 a: formation of trans-5 and
cis-5 : A solution of 2 (0.60 g, 2.30 mmol) in toluene (10 mL) was added to a
solution of [Cl2(PCy3)2Ru�CHPh] (4a) (57 mg, 3 mol%) in toluene (1 mL)
and stirred for 5 h at 80 �C. The solvent was removed under reduced
pressure and the resulting solid washed with pentane (2� 25 mL) to obtain,
after filtration, compound 5 in a ratio trans/cis (3/1) as an orange crystalline
solid (0.22 g; 40%). trans-5 : 1H NMR (CDCl3): �� 6.94 (m, 2H; 2,5-H),
6.84 (m, 2H; 3,4-H), 5.79 (m, 1H; 7-H), 3.63 ppm (m, 2H; 6-H); 13C{1H}
NMR (CDCl3): �� 142.1 (C1), 129.6 (C7), 123.6 (C2, C5), 122.9 (C3, C4),
34.4 ppm (C6); 1H ± 13C GHSQC{selectively decoupled at 6-H} (CDCl3):
�13C/�1H� 129.6/5.79 (C7/7-H dd 1J(13C-7, 7-1H)� 157 Hz, 3J(7-1H, 7-1H*)�
16 Hz). cis-5 : 1H NMR (CDCl3): �� 6.94 (m, 2H; 2,5-H), 6.84 (m, 2H; 3,4-
H), 5.87 (m, 1H; 7-H), 3.72 ppm (m, 2H; 6-H); 13C{1H} NMR (CDCl3): ��
142.1 (C1), 127.8 (C7), 123.6 (C2, C5), 122.8 (C3, C4), 29.7 ppm (C6);
1H ± 13C GHSQC{selectively decoupled at 6-H} (CDCl3): �13C/�1H� 127.8/
5.87 (C7/7-H dd 1J(13C-7, 7-1H)� 157 Hz, 3J(7-1H, 7-1H*)� 12 Hz); ele-
mental analysis calcd (%) for C14H14Cl6Ti2 (Mr� 490.7): C 34.27, H 2.88;
found: C 34.36, H 2.68.


Olefin metathesis reaction of 2 catalyzed by 4b: formation of trans-5 :
Analogously to the procedure described above: Compound 2 (0.10 g,
0.34 mmol) was metathesized at room temperature by treatment with
[(H2IMes)(PCy3)Cl2Ru�CHPh] (4b) (9 mg, 3 mol%). After filtration,
trans-5 was obtained as an orange crystalline solid (54 mg; 58%). Crystals
suitable for an X-ray crystal structure analysis were obtained from a
concentrated solution in benzene.


X-ray crystal structure analysis of (trans-5 ¥ C6H6): C14H14Cl6Ti2 ¥ C6H6 Mr�
568.8, orange crystal, 0.35� 0.20� 0.10 mm, a� 7.053(1), b� 9.418(1), c�
9.542(1) ä, �� 71.38(1), �� 76.38(1), �� 83.38(1)�, V� 583.7(1) ä3,
�calcd� 1.618 gcm�3, �� 13.76 cm�1, Z� 1, triclinic, space group P1≈ (no.
2), 	� 0.71073, T� 198 K, 
 and � scans, 3967 reflections collected (�h,
�k, � l), [(sin�)/	]� 0.66ä�1, 2788 independent (Rint� 0.018) and 2340
observed reflections [I� 2�(I)], 127 refined parameters, R� 0.032, wR2�
0.071, max. (min.) residual electron density 0.35 (�0.37) eä�3, hydrogen
atoms calculated and refined as riding atoms.


A second set of single crystals of trans-5 were obtained from a concentrated
solution in chloroform with a few drops of benzene. The X-ray crystal
structure analysis gave analogous results, only that in this case no solvent
was included in the crystal. X-ray crystal structure analysis of solvent-free
trans-5a : C14H14Cl6Ti2, Mr� 490.75, red crystal 0.15� 0.10� 0.05 mm, a�
6.478(1), b� 11.844(1), c� 12.430(1) ä, �� 96.13(1)�, V� 948.2(2) A√  3,
�calcd� 1.719 gcm�3, �� 16.78 cm�1, empirical absorption correction
(0.787�T� 0.921), Z� 2, monoclinic, space group P21/n (no. 14), 	�
0.71073 ä, T� 198 K, 
 and � scans, 3787 reflections collected (�h, �k,
� l), [(sin�)/	]� 0.67ä�1, 2272 independent (Rint� 0.036) and 1595 ob-
served reflections [I� 2 �(I)], 100 refined parameters, R� 0.057, wR2�
0.136, max. residual electron density 0.74 (�0.53) eä�3, hydrogen atoms
calculated and refined as riding atoms.


Olefin metathesis reaction of 3 catalyzed by 4 a: formation of trans-6 and
cis-6 : Analogously to the procedure described above: Compound 3 (0.50 g,


Table 2. Propene polymerization with the 7/MAO and 8/MAO catalyst
systems.[a]


Complex T [�C] Al/Zr g PP A[b] Mn
c PDI[c] %mmmm[d]


7 25 1050 12.7 350 1300 2.0 33
8 25 1750 4.5 220 1650[e] 3.0[e] 36
7 60 1050 18.8 540 500 1.5 8
8 60 1750 7.1 340 675 2.1 12


[a] Reaction in toluene, 30 min, 2 bar propene. [b] Catalyst activities (A)
in kg polypropylene/(molZr ¥ h ¥ bar(propene)). [c] Molecular weight [Mn]
and polydispersities (PDI) were determined by GPC using a polystyrene
standard. [d] Determined from a 13C NMR methyl pentade analysis.
[e] Bimodal distribution.
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1.73 mmol) was metathesized by treatment with [Cl2(PCy3)2Ru�CHPh]
(4a) (44 mg, 3 mol%). After filtration, compound 6 in a ratio trans/cis (1/1)
was obtained as a red crystalline solid (0.22 g; 46%). trans-6 : 1H NMR
(CDCl3): �� 6.53 (s, 5H; C5H5), 6.42 (m, 2H; 2,5-H), 6.33 (m, 2H; 3,4-H),
5.62 (m, 1H; 7-H), 3.49 ppm (m, 2H; 6-H); 13C{1H} NMR (CDCl3): ��
137.7 (C1), 129.7 (C7), 122.2 (C2, C5), 116.0 (C3, C4), 119.7 (Cp), 33.8 ppm
(C6); 1H ± 13C GHSQC{selectively decoupled at 6-H} (CDCl3): �13C/�1H�
129.7/5.62 (C7/7-H dd 1J(13C-7, 7-1H)� 157 Hz, 3J(7-1H, 7-1H*)� 16 Hz);
cis-6 : 1H NMR (CDCl3): �� 6.54 (s, 5H; C5H5), 6.42 (m, 2H; 2,5-H), 6.37
(m, 2H; 3,4-H), 5.65 (m, 1H; 7-H), 3.57 ppm (m, 2H; 6-H); 13C{1H} NMR
(CDCl3): �� 137.6 (C1), 128.3 (C7), 122.2 (C2, C5), 115.9 (C3, C4), 119.7
(Cp), 28.9 ppm (C6); 1H± 13C GHSQC{selectively decoupled at 6-H}
(CDCl3): �13C/�1H� 128.3/5.65 (C7/7-H dd 1J(13C-7, 7-1H)� 157 Hz, 3J(7-
1H, 7-1H*)� 12 Hz); elemental analysis calcd (%) for C24H24Cl4Ti2 (Mr�
549.9): C 52.41, H 4.40; found: C 52.90, H 4.30.


Olefin metathesis reaction of 3 catalyzed by 4b: formation of trans-6 :
Analogously to he procedure described above: 3 (0.12 g, 0.41 mmol) was
metathesized by treatment with [(H2IMes)(PCy3)Cl2Ru�CHPh] (4b)
(10 mg, 3 mol%) at room temperature. After filtration, trans-6 was
obtained as a red crystalline solid (69 mg; 61%).


Olefin metathesis reaction of 7 catalyzed by 4 a: formation of trans-8 and
cis-8 : A solution of 7 (0.70 g, 1.81 mmol) in dichloromethane (100 mL) was
brought to reflux temperature. Over a period of 2 h a solution of
[Cl2(PCy3)2Ru�CHPh] (4a) (44 mg, 3 mol%) in dichloromethene
(100 mL) was added by syringe pump and the mixture was stirred for an
additional 2 h. The solvent was removed under reduced pressure and the
resulting solid washed with pentane (2� 25 mL) to obtain compound 8 as a
yellow crystalline solid (0.5 g; 42%). Major product 80% (trans-8):
1H NMR (CD2Cl2): �� 7.01 (m, 1H; 4-H�), 6.91 (m, 1H; 3-H�), 6.56 (m,
1H; 4-H), 6.01 (m, 1H; 2-H�), 5.93 (m, 2H; 2-H), 5.86 (m, 1H; 5-H�), 5.64
(m, 1H; 7-H), 5.58 (m, 1H; 5-H), 5.56 (m, 1H; 4-H) 3.40 (m, 4H; 6-H),
0.74, 0.70 ppm (each s, each 3H; Si(CH3)2); 13C{1H} NMR (CD2Cl2): ��
142.0 (C; C-3), 130.0 (CH; C-7), 128.1 (CH; C-4�), 127.9 (CH; C3�), 127.8
(CH; C4), 115.9 (CH; C-2), 114.7 (CH; C2�), 114.0 (CH; C5�), 113.9 (CH;
C5), 108.7 (C; C1), 108.6 (C1�), 33.3 (CH2; C6),�4.9,�5.2 ppm (Si(CH3)2);
1H ± 13C GHSQC{selectively decoupled at 6-H} (CDCl3): �13C/�1H� 128.3/
5.65 (C7/7-H dd 1J(13C-7, 7-1H)� 155 Hz, 3J(7-1H, 7-1H*)� 16 Hz); ele-
mental analysis calcd (%) for C28H32Cl4Si2Zr2 (Mr� 657.7): C 51.13, H 4.90;
found: C 51.03, H 4.80.


Olefin metathesis reaction of 7 catalyzed by 4a: formation of trans-8 :
Analogously to the procedure described above: 7 (0.59 g, 1.51 mmol) was
metathesized by treatment in toluene or benzene with [Cl2(PCy3)2-
Ru�CHPh] (4 a) (38 mg, 3 mol%) at room temperature. After filtration,
trans-8 was obtained as a yellow solid (0.24 g; 48%).


Olefin metathesis reaction of 7 catalyzed by 4b: formation of trans-8 :
Analogously to the procedure described above: 7 (0.59 g, 1.51 mmol) was
metathesized by treatment in toluene or benzene with [(H2IMes)(PCy3)Cl2-
Ru�CHPh] (4 b) (38 mg, 3 mol%) at room temperature. After filtration,
trans-8 was obtained as a yellow solid (0.29 g; 55%).
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Synthesis and Reactivity of Calix[4]arene-Supported Group 4 Imido Complexes


Stuart R. Dubberley,[b] Andreas Friedrich,[a] David A. Willman,[b] Philip Mountford*,[b]


and Udo Radius*[a]


Abstract: New mononuclear titanium
and zirconium imido complexes
[M(NR)(R�2calix)] [M�Ti, R��Me,
R� tBu (1), R� 2,6-C6H3Me2 (2), R�
2,6-C6H3iPr2 (3), R� 2,4,6-C6H2Me3 (4);
M�Ti, R��Bz, R� tBu (5), R� 2,6-
C6H3Me2 (6), R� 2,6-C6H3iPr2 (7); M�
Zr, R��Me, R� 2,6-C6H3iPr2 (8)] sup-
ported by 1,3-diorganyl ether p-tert-bu-
tylcalix[4]arenes (R�2calix) were pre-
pared in good yield from the readily
available complexes [MCl2(Me2calix)],
[Ti(NR)Cl2(py)3], and [Ti(NR)Cl2-
(NHMe2)2]. The crystallographically
characterised complex [Ti(NtBu)(Me2-
calix)] (1) reacts readily with CO2, CS2,
and p-tolyl-isocyanate to give the iso-
lated complexes [Ti{N(tBu)C(O)O}-
(Me2calix)] (10), [{Ti(�-O)(Me2calix)}2]
(11), [{Ti(�-S)(Me2calix)}2] (12), and
[Ti{N(tBu)C(O)N(-4-C6H4Me)}(Me2ca-
lix)] (13). In the case of CO2 and CS2,
the addition of the heterocumulene to
the Ti�N multiple bond is followed by a
cycloreversion reaction to give the dinu-
clear complexes 11 and 12. The X-ray
structure of 13 ¥ 4(C7H8) clearly estab-
lishes the N,N�-coordination mode of the
ureate ligand in this compound. Com-


plex 1 undergoes tert-butyl/arylamine
exchange reactions to form 2, 3, [Ti-
(N-4-C6H4Me)(Me2calix)] (14), [Ti(N-4-
C6H4Fc)(Me2calix)] (15) [Fc�Fe-
(�5-C5H5)(�5-C5H4)], and [{Ti(Me2-
calix)}2{�-(N-4-C6H4)2CH2}] (16). Reac-
tion of 1 with H2O, H2S and HCl
afforded the compounds [{Ti(�-O)(Me2-
calix)}2] (11), [{Ti(�-S)(Me2calix)}2] (12),
and [TiCl2(Me2calix)] in excellent yields.
Furthermore, treatment of 1 with two
equivalents of phenols results in the
formation of [Ti(O-4-C6H4R)2(Me2ca-
lix)] (R�Me 17 or tBu 18), [Ti(O-2,6-
C6H3Me2)2(Me2calix)] (19) and
[Ti(mbmp)(Me2calix)] (20 ; H2mbmp�
2,2�-methylene-bis(4-methyl-6-tert-butyl-
phenol) or CH2({CH3}{C4H9}C6H2-
OH)2). The bis(phenolate) compounds
17 and 18 with para-substituted pheno-
late ligands undergo elimination and/or
rearrangement reactions in the nonpolar
solvents pentane or hexane. The metal-
containing products of the elimination


reactions are dinuclear complexes
[{Ti(O-4-C6H4R)(Mecalix)}2] [R�Me
(23) or tBu (24)] where Mecalix�mo-
nomethyl ether of p-tert-butylcalix[4]-
arene. The products of the rearrange-
ment reaction are [Ti(O-4-C6H4Me)2
(paco-Me2calix)] (25) and [Ti(O-4-
C6H4tBu)2(paco-Me2calix)] (26), in
which the metallated calix[4]arene
ligand is coordinated in a form reminis-
cent of the partial cone (paco) confor-
mation of calix[4]arene. In these com-
pounds, one of the methoxy groups is
located inside the cavity of the calix[4]-
arene ligand. The complexes 24, 25 and
26 have been crystallographically char-
acterised. Complexes with sterically
more demanding phenolate ligands,
namely 19 and 20 and the analogous
zirconium complexes [Zr(O-4-
C6H4Me)2(Me2calix)] (21) and [Zr(O-
2,6-C6H3Me2)2(Me2calix)] (22) do not
rearrange. Density functional calcula-
tions for the model complexes
[M(OC6H5)2(Me2calix)] with the calix-
arene possessing either cone or partial
cone conformations are briefly present-
ed.


Keywords: calixarenes ¥
coordination modes ¥ imido ligands
¥ titanium ¥ zirconium


Introduction


The synthesis and reactivity of transition metal imido com-
plexes has been an area of considerable interest over the last
twenty years.[1] Fully authenticated, highly reactive, terminal


Group 4 imido complexes were first reported by Bergman and
Wolczanski at the end of the 1980s,[2] and a number of research
groups have been involved in the development of Group 4
imido chemistry since this time.[3] Work from the Mountford
and other laboratories in this area has focussed mainly on
titanium imido chemistry in a wide range of supporting ligand
environments,[4] and one of the driving forces has been the
discovery of new chemistry of the M�NR[5] linkage itself. In
this latter regard, one of our approaches to developing
complexes of the type [M(NR)(Ln)] (M�Group 4 metal, R�
hydrocarbyl fragment) has been to make the supporting
ligand set (Ln) a dianionic, chelating tri- or tetra-dentate
system. We hoped that this would focus and channel reactivity
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of these complexes towards the M�NR group. Supporting
ligand systems so far studied in these contexts include: the
carbon-donor cyclooctatetraenes;[6] N4-donor dibenzotetraa-
za[14]annulenes (abbreviated as Mentaa, n� 4 or 8) and
porphyrins, ™tren-like∫ and piperazine-derived diamide-dia-
mines; N2O2-donor acen- and salen-type Schiff×s bases; and
N2N-donor diamido-pyridine (abbreviated as N2Npy) and
some homologues.[7, 8] Among all these systems the diamido-
pyridine I and dibenzotetraaza[14]annulene II complexes
have shown the greatest diversity of reactivity at the Ti�NR
bond.[7b, g, h]


Scheme 1. Titanium imido diamido-pyridine I and dibenzotetraaza[14]an-
nulene II complexes.


Like the widely successful N4-donor Mentaa systems[7h] the
R2calix ligands provide a robust and well-defined O4-coordi-
nation environment. The Me2calix homologues (where
H2Me2calix� 1,3-dimethyl ether p-tert-butylcalix[4]arene) in
particular have received much attention in organotransition
metal chemistry over the last 10 ± 15 years.[9] Gibson and
Redshaw,[10] and also Radius and Attner,[11] have reported on
aspects of Group 6 imido complexes supported by tetra-
anionic calix[4]arenes. More recently Radius and Friedrich
outlined the synthesis of new terminal imido titanium com-
plexes, namely [Ti(NtBu)(Me2calix)] (1) and its crystallo-
graphically characterised homologue, [Ti(N-2,4,6-C6H2Me3)-
(Me2calix)] (4), from [TiCl2(Me2calix)] and two equivalents of
the appropriate lithiated primary amine, LiNHR.[12] As a part
of a wider survey of zirconium chemistry with Me2calix
ligands Floriani showed that [Zr(�4-C4H6)(Me2calix)] reacts
with PhN3 to yield binuclear [{Zr(�2-NPh)(Me2calix)}2] which
features �2-bridging phenyl imido ligands.[13]


In this contribution we report: i) a number of new and/or
improved synthetic routes to a range of Group 4 calix[4]ar-
ene-supported imido complexes; ii) cycloaddition reactions of
1 with isocyanates, CO2 and CS2; iii) protonolysis reactions of
1 with O-H and S-H containing reagents, including some
unusual rearrangement and some decomposition reactions of
calix[4]arene-supported Group 4 bis(aryloxide) complexes,
together with computational studies.


Results and Discussion


Syntheses of Group 4 imido complexes with Me2calix ligands
(Me2calix� 1,3-dimethyl ether p-tert-butylcalix[4]arene): Al-
though we previously briefly reported the syntheses of the
calixarene-supported titanium imido compounds [Ti(NR)-
(Me2calix)] [R� tBu (1) or R� 2,4,6-C6H2Me3 (4)] from
[TiCl2(Me2calix)] and two equivalents of the appropriate


Abstract in German : Ausgehend von den gut zug‰nglichen
Verbindungen [MCl2(Me2calix)], [Ti(NR)Cl2(py)3] und
[Ti(NR)Cl2(NHMe2)2] wurden neue, mononukleare Imido-
komplexe [M(NR)(R�2calix)] ]M�Ti, R��Me, R� tBu (1),
R� 2,6-C6H3Me2 (2), R� 2,6-C6H3iPr2 (3), R� 2,4,6-C6H2Me3


(4); M�Ti, R��Bz, R� tBu (5), R� 2,6-C6H3Me2 (6), R�
2,6-C6H3iPr2 (7); M�Zr, R��Me, R� 2,6-C6H3iPr2 (8)] des
vierwertigen Titans und Zirkoniums dargestellt, welche durch
1,3-Diorganylether des p-tert-Butyl-Calix[4]arens (R�2calix)
stabilisiert werden. Der strukturell charakterisierte Komplex
[Ti(NtBu)(Me2calix)] (1) reagiert bereitwillig mit CO2, CS2,
und p-Tolylisocyanat, wobei die Verbindungen [Ti{N(tBu)-
C(O)O}(Me2calix)] (10), [{Ti(�-O)(Me2calix)}2] (11), [{Ti-
(�-S)(Me2calix)}2] (12) und [Ti{N(tBu)C(O)N(-4-C6H4Me)}-
(Me2calix)] (13) isoliert wurden. Im Falle der Addition der
Heterokumulene CO2 und CS2 an die Ti�N-Mehrfachbindung
erfolgt eine anschlie˚ende Cycloreversion, die zu den dinu-
klearen Verbindungen 11 und 12 f¸hrt. Die Molek¸lstruktur
des Isocyanat-Additionsproduktes 13 ¥ 4(C7H8) belegt die
N,N�-Koordination des aus der Reaktion hervorgehenden
Ureatoliganden. Ferner wurden am tert-Butylimido-Komplex
1 Amin-Austauschreaktionen durchgef¸hrt und so die ver-
wandten Arylimidokomplexe 2, 3, [Ti(N-4-C6H4Me)(Me2-
calix)] (14), [Ti(N-4-C6H4Fc)(Me2calix)] (15) [Fc�Fe(�5-
C5H5)(�5-C5H4)] und [{Ti(Me2calix)}2{�-(N-4-C6H4)2CH2}]
(16) dargestellt. Die Umsetzungen von 1 mit H2O, H2S und
HCl f¸hrten zu den Verbindungen [{Ti(�-O)(Me2calix)}2]
(11), [{Ti(�-S)(Me2calix)}2] (12) und [TiCl2(Me2calix)] in
sehr guten Ausbeuten. Weiterhin lieferte die Reaktion von 1mit
zwei æquivalenten des entsprechenden Phenols die Komplexe
[Ti(O-4-C6H4R)2(Me2calix)] [R�Me (17) oder tBu (18)],
[Ti(O-2,6-C6H3Me2)2(Me2calix)] (19) und [Ti(mbmp)(Me2-
calix)] (20 ; H2mbmp� 2,2�-Methylen-bis(4-methyl-6-tert-bu-
tylphenol); CH2({CH3}{C4H9}C6H2-OH)2). In unpolaren Sol-
venzien gehen die Bis(phenolat)verbindungen mit para-sub-
stitutierten Phenolatliganden 17 und 18 Eliminierungs- und
Umlagerungsreaktionen ein. Die metallhaltigen Produkte der
Eliminierungsreaktion sind dinukleare Verbindungen des
Calix[4]aren-Monomethylethers [{Ti(O-4-C6H4R)(Mecalix)}2]
(23 ; R�Me) und (24 ; R� tBu); aus den Umlagerungsre-
aktionen gehen die Komplexe [Ti(O-4-C6H4Me)2(paco-Me2ca-
lix)] (25) und [Ti(O-4-C6H4tBu)2(paco-Me2calix)] (26) her-
vor, in denen der metallierte Calix[4]arenligand in einer Form
koordiniert, die an die sogenannte partial cone (paco) Kon-
formation des Calix[4]arens erinnert. In diesen Verbindungen
ist eine der Methoxygruppen des Ligandensystems innerhalb
der Kavit‰t des Calix[4]arenliganden angeordnet. Die Verbin-
dungen 24, 25 und 26 wurden strukturanalytisch charak-
terisiert. Komplexe mit sterisch anspruchsvolleren Phenolat-
liganden wie 19 und 20 sowie analoge Verbindungen [Zr(O-4-
C6H4Me)2(Me2calix)] 21 und [Zr(O-2,6-C6H3Me2)2(Me2ca-
lix)] 22 des Zirkonium lagern nicht um. DFT-Berechnungen
an Modellverbindungen [M(OC6H5)2(Me2calix)], in denen der
Calix[4]arenligand in der cone oder paco Konformation
vorliegt, weisen auf eine thermodynamische Pr‰ferenz des
paco Isomeren hin.
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lithiated primary amine[12] we were interested to explore and
develop different synthetic routes and also alternative imido
N-substituents. To assess the generality of this first approach
the NMR tube scale reactions of [TiCl2(Me2calix)] and two
equivalents of LiNHAr (Ar� 2,6-C6H3Me2 or 2,6-C6H3iPr2)
were carried out according to Equation (1). These reactions
proceeded cleanly and in �95% to form the arylimido
complexes 2 and 3, respectively (identical to samples prepared
by alternative preparative scale methods, see below), and one
equivalent of the corresponding ArNH2 which is eliminated
during the reaction. There is no evidence for interaction
between the ArNH2 and the complexes 2 or 3, which, in
principle, could form either an adduct with the free anilines or
significant equilibrium concentrations of bis(anilide) species
[Ti(NHAr)2(Me2calix)].


In many previous studies[4, 6, 7] we found that the imido-
dichloride compounds [Ti(NR)Cl2(py)3] (R� tBu or aryl)[14]


are excellent entry points for new titanium imido complexes
by substitution reactions of the chloride and/or pyridine
ligands by the desired new ligands or their metallated
derivatives. We have also recently reported the multi-gram
synthesis and structure of [{Na2(Me2calix)}2] from H2Me2calix
and sodium hydride.[15] Very recently indeed we showed that
reaction of [Ti(NMe2)2Cl2] with a range of primary amines
gave a new family of potential titanium imido synthons
[Ti(NR)Cl2(NHMe2)2] (R� alkyl or aryl).[16] These latter
systems are apparently similar to the estabished [Ti(NR)Cl2-
(py)3] synthons mentioned above but allow for a much wider
range of imido R-group incorporation.
Equation (2) summarises the preparative scale reactions of


[{Na2(Me2calix)}2] with compounds [Ti(NR)Cl2(py)3] in ben-
zene at ambient temperatures to yield the yellow-orange
compounds [Ti(NR)(Me2calix)] [R� tBu (1), R� 2,6-
C6H3Me2 (2) or R� 2,6-C6H3iPr2 (3)] in 90 ± 92% isolated
yields after minimal work-up.
The yield for 1 prepared this way is slightly superior to that


previously reported. The successful salt-elimination route
from [{Na2(Me2calix)}2] was shown also to be viable with the
bis(dimethylamine) synthons [Ti(NR)Cl2(NHMe2)2] as de-
picted in Equation (3). These reactions were carried out on an
NMR tube scale in deuterobenzene and proceeded in �95%
yield to form 1, 2 and 3, the NMR spectra of which were
identical to those obtained for isolated samples.


The NMR data for the new compounds [Ti(NAr)(Me2ca-
lix)] [Ar� 2,6-C6H3Me2 (2) or 2,6-C6H3iPr2 (3)] are analogous
to those reported previously for [Ti(NtBu)(Me2calix)] (1) and
[Ti(N-2,4,6-C6H3Me2)(Me2calix)] (4).[12] Thus, the NMR spec-
tra are consistent with molecular C2v symmetry with the
molecular C2 axis passing through the Ar�N�Ti bond vector.
We have also attempted to prepare titanium imido com-


plexes of other 1,3-disubstituted ether p-tert-butylcalix[4]ar-
ene ligands, namely Bz2calix (Bz�CH2Ph) and (Me3Si)2calix,
the metallated derivatives of which we have recently pre-
pared. Thus reaction of one equivalent of Li2(Bz2calix) with
[Ti(NR)Cl2(py)3] in benzene [Eq. (2)] gave [Ti(NR)(Bz2ca-
lix)] [R� tBu (5), R� 2,6-C6H3Me2 (6) or R� 2,6-C6H3iPr2
(7)] in 86 ± 92% isolated yields. The NMR data for these new
compounds are analogous to those of the Me2calix homo-
logues 1, 2 and 3 with the obvious difference that the 1H and
13C NMR resonance for the calixarene O-Me substituents are
replaced by those attributable to O-Bz groups.
As for the homologous Me2calix complexes 1, 2 and 3 the


corresponding NMR tube scale reactions of [Li2(Bz2calix)]
with [Ti(NR)Cl2(NHMe2)2] in deuterobenzene [Eq. (3)] also
afforded [Ti(NR)(Bz2calix)] (5) ± (7). In contrast to the
Me2calix systems, synthesis of the compounds [Ti(NR)(Bz2-
calix)] (5) ± (7) from the corresponding LiNHR reagents and
the dichloride complex [TiCl2(Bz2calix)] [see Eq. (1)] is not a
feasible route since the dichloride itself is not stable and
rapidly eliminates BzCl at room temperature to form
[TiCl(Bzcalix)] (Bzcalix�monobenzyl ether of p-tert-butyl-
calix[4]arene).[17, 18] Disappointingly, the reaction of the diso-
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dium salt of the more sterically demanding bis(trimethylsilyl)
substituted ligand (Me3Si)2calix with [Ti(NR)Cl2(py)3] gave
only a mixture of products and neither the target complexes
[Ti(NR){(Me3Si)2calix}] nor any other could be isolated. As
for the Bz2systems, the dichloride [TiCl2{(Me3Si)2calix}] is not
a viable starting material [compare Eq. (1) for the Me2calix
systems] since attempts to prepare it result in the mono-
chloride [TiCl(Me3Sicalix)] (Me3Sicalix�mono(trimethylsil-
yl) ether of p-tert-butylcalix[4]arene).[17, 18] [TiCl2(Me2calix)]
also decomposes through MeCl elimination to form the
monochloride [TiCl(Mecalix)] (Mecalix�monomethyl ether
of p-tert-butylcalix[4]arene),[19] but in this case heating at 80 �C
for 20 hours is needed for complete conversion. The thermal
stability of the calixarene ether dichloride complexes
[TiCl2(R2calix)] with respect to RCl elimination is SiMe3 �
Bz � Me to form the [TiCl(Rcalix)] compounds and so this
possible side-reaction appears not to be detrimental to the
syntheses of [Ti(NR)(Me2calix)] complexes as summarised in
Equation (1).
To underpin our understanding of this family of alkyl- and


aryl-imido complexes we have determined the X-ray crystal
structure of [Ti(NtBu)(Me2calix)] (1). The compound 1
crystallises from either benzene or toluene to form diffraction
quality crystals of either [Ti(NtBu)(Me2calix)] ¥ 2(C6H6) [1 ¥
2(C6H6)] or [Ti(NtBu)(Me2calix)] ¥ 2(C7H8) [1 ¥ 2(C7H8)]. As
observed in the X-ray crystal structure of 4 ¥ (C7H8) reported
previously,[12] in both cases one of the aromatic solvent
molecules is included in the cavity of the calix[4]arene ligand.
The other solvent molecule occupies a general position in the
lattice and gives rise to no significant contacts with the
molecules of 1. The molecular structure of [Ti(NtBu)(Me2ca-
lix)] ¥C6H6 is shown in Figure 1 and selected bond lengths for
molecules of 1 in both 1 ¥ 2(C6H6) and 1 ¥ 2(C7H8) are
compared in Table 1.
There are no significant differences between the two sets of


bond lengths and angles and so we will refer specifically only


Figure 1. Displacement ellipsoid (30%) plot of [Ti(NtBu)(Me2calix)] ¥
2C6H6 (1 ¥ C6H6). H atoms and the lattice C6H6 molecule omitted.


to those from the crystals of 1 ¥ 2(C6H6). The five-coordinate
metal centre in 1 possesses a trigonal bipyramidal geometry
with the imido and aryloxide donors lying in the equatorial
plane as is typically the case for Group 4 imido complexes of
the type [M(NR)X2L2] (X� amide or alkoxide/aryloxide; L�
Lewis base donor).[20, 21] The Ti�NtBu, Ti�Oaryloxide and
Ti�Oether distances are within the usual ranges for five-
coordinate complexes,[4, 7, 20, 21] the Ti�Oaryloxide bond lengths
being shorter than those for Ti�Oether as expected. The
Ti�N�tBu bond angle of 175.7(2)� is consistent with the
imido ligand acting as a 4-electron donor to titanium, while
the Ti-Oaryloxide-C angles of 149.8(2) and 177.6(2)� suggest that
the aryloxide O-donors can act as at least three-electron
donors potentially giving the titanium atom an 18 valence
electron count. Although the structure of 1 is similar to that of
the mesityl homologue 4, the Ti�NR distance is slightly
shorter and the Ti�OR slightly longer for the tert-butyl
species. This is consistent with the general observation that
Ti�NR bonds for arylimido complexes are typically longer
than those in their tert-butyl homologues,[14, 22] and that tert-
butylimido ligands are generally more labilising towards other
ligands present than arylimido ligands in homologous com-
plexes.
As mentioned, Floriani has reported the synthesis of the


structurally characterised, binuclear zirconium phenylimido
complex [{Zr(�2-NPh)(Me2calix)}2] from PhN3 and [Zr(�4-
C4H6)(Me2calix)].[13] We have explored non-azide routes to
zirconium imido complexes based on those already discussed
for the titanium systems above. Unlike the titanium set of
synthons [Ti(NR)Cl2(L)n] (L� py or NHMe2, n� 2 or 3), no
such convenient family of entry points to zirconium imido
chemistry have yet been established, although Wigley has
reported [Zr(N-2,6-C6H3iPr2)Cl2(L)n] [(L)n� (THF)2 or
(py)3][23] which we and others have shown to be precursors
to certain 2,6-diisopropyl-phenylimido complexes.[7, 23, 24] Un-
fortunately, while reaction of [Na2(Me2calix)]2 with [Zr(N-2,6-
C6H3iPr2)Cl2(THF)2] appeared to form the desired product
[Zr(N-2,6-C6H3iPr2)(Me2calix)] (8), the reaction was not at all
clean and a better and potentially more general route was


Table 1. Selected bond lengths [ä] and angles [�] for [Ti(NtBu)(Me2calix)]
(1). The two sets of values correspond to those of the benzene solvate 1 ¥
2(C6H6) followed by the corresponding ones of the toluene solvate 1 ¥
2(C7H8).


1 ¥ 2(C6H6) 1 ¥ (2C7H8)


Ti(1)�N(1) 1.709(2) 1.702(3)
Ti(1)�O(1) 2.180(2) 2.160(3)
Ti(1)�O(2) 1.894(2) 1.880(3)
Ti(1)�O(3) 2.172(2) 2.161(3)
Ti(1)�O(4) 1.865(2) 1.857(3)
N(1)�C(47) 1.447(3) 1.449(5)
N(1)-Ti(1)-O(1) 98.36(9) 99.4(2)
N(1)-Ti(1)-O(2) 113.9(1) 115.4(2)
N(1)-Ti(1)-O(3) 100.16(9) 98.7(2)
N(1)-Ti(1)-O(4) 119.0(1) 119.9(2)
C(47)-N(1)-Ti(1) 175.7(2) 174.9(4)
Ti(1)-O(1)-C(1) 117.9(1) 117.1(2)
Ti(1)-O(2)-C(13) 149.8(2) 151.5(3)
Ti(1)-O(3)-C(46) 117.6(1) 117.8(2)
Ti(1)-O(4)-C(27) 177.6(2) 175.4(3)
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sought. In this case, the salt elimination starting from
[ZrCl2(Me2calix)][25] and two equivalents of LiNH-2,6-
C6H3iPr2 in benzene [Eq. (4)] is the superior route that gave
the target imido complex as a white solid in 61% isolated
yield.


When the reaction was followed by 1H NMR spectroscopy
in deuterobenzene it was found to proceed quantitatively to 8
together with formation of the expected ArNH2 (Ar� 2,6-
C6H3iPr2) aniline side-product. There was no evidence for any
potential intermediates such as as the bis(anilide) [Zr(NH-
2,6-C6H3iPr2)2(Me2calix)], or of any interaction between
ArNH2 and molecules of 8. An attempted NMR tube scale
synthesis of 8 via the protonolysis (� bond metathesis)
reaction between one equivalent of ArNH2 and the dialkyl
complex [Zr(CH2SiMe3)2(Me2calix)][26] gave only a 25%
conversion to 8 and SiMe4 after heating at 50 �C in deutero-
benzene for two weeks. The sluggishness of this reaction is
attributed to adverse steric factors.
Similar to its titanium congeners [Ti(NR)(Me2calix)] (1 ±


4), compound [Zr(N-2,6-C6H3iPr2)(Me2calix)] (8) affords 1H
and 13C{1H} NMR spectra consistent with molecular C2v
symmetry. Typical resonances for 2,6-C6H3iPr2 and Me2calix
are present in a 1:1 ratio by 1H NMR integration. The EI-mass
spectrum features a weak molecular ion corresponding to a
monomeric structure with no fragments observed at higher
m/z values (although the observed ion could in principle arise
from fragmentation of a higher nuclearity species). While
being mindful that Florani×s bridging phenylimido complex
possesses a binuclear, six-coordinate structure in the solid
state,[13] we favour the formulation of 8 as a monomeric, five-
coordinate species as drawn in Equation (4) although the
NMR and other spectroscopic data are equally consistent with
either formulation. Floriani×s X-ray structure of [{Zr(�2-
NPh)(Me2calix)}2] reveals an already crowded Zr2(�2-NPh)2
core with molecular D2 symmetry which is maintained in
solution as shown by the presence of two pairs of diaster-
eotopic methylene protons for the Me2calix ligands. As
mentioned above, the 1H and 13C{1H} NMR spectra for 8
indicate molecular C2v symmetry which is consistent with a
monomeric structure, and indeed it is likely that the bulky
ortho isopropyl ring substituents in 8 would very much favour
a monomeric structure. Furthermore, all crystallographically
characterised, 2nd and 3rd row calixarene-supported 2,6-
disubstituted arylimido complexes have terminal imido li-
gands.[10c, 11, 12] Although we were not able to obtain diffrac-


tion-quality crystals of 8, a monomeric structure is strongly
supported by a cryoscopic solution molecular weight meas-
urement (in benzene) which found a molecular weight of
965 gmol�1 (calculated for monomeric C58H75NO4Zr:
941.44 gmol�1).
Encouraged by the successful synthesis of [Zr(N-2,6-


C6H3iPr2)(Me2calix)] (8) we attempted the synthesis of other
zirconium imides from [ZrCl2(Me2calix)] and two equivalents
of LiNHR (R� tBu, Ph, 2,6-C6H3Me2 or 2-C6H4tBu). In no
case could zirconium imido products be isolated. When these
reactions were followed by 1H NMR spectroscopy the data
suggested that in all cases (except where R�Ph) mixtures of
imido and bis(amido) complexes, namely [Zr(NR)(Me2calix)]
and [Zr(NHR)2(Me2calix)], were formed in apparent equili-
brium with each other, the relative amounts depending on the
steric demands of the N-substituent. In the case for R�Ph,
the only identifiable carbon-containing product of the NMR
tube scale reaction between [ZrCl2(Me2calix)] and
two equivalents of LiNHPh appeared to be [Zr(NHPh)2-
(Me2calix)] 9 with no evidence for Floriani×s binuclear
phenylimido complex [{Zr(�2-NPh)(Me2calix)}2]. The 1H
and 13C{1H} NMR spectra of 9 feature C2v symmetry with
resonances for Ph and Me2calix groups in a 2:1 ratio by
1H NMR integration. An additional broad resonance in the
1H spectrum at 6.37 ppm (integrating as 2H) is attributed to
the NHPh hydrogens. In the related dibenzotetraaza[14]an-
nulene complexes [Zr(NHAr)2(Me4taa)] (Ar�Ph, 2,6-
C6H3R2, R�Me or iPr)[27] the NHAr resonances appear in
the range �5.3 ± 5.8 ppm.
Although 9 defied isolation (solutions decompose to


unidentified mixtures upon removal of volatiles) its likely
formation and structure is strongly supported by the NMR
data and our isolation and structural characterisation of the
homologous bis(aryloxide) species [Zr(O-2,6-C6H3Me2)2(Me2-
calix)] (22) obtained by reaction of 8 with HO-2,6-C6H3Me2
(see below). Furthermore, addition of one equivalent of
PhNH2 to [Zr(CH2SiMe3)2(Me2calix)] in deuterobenzene
gave clean conversion to [Zr(NHPh)2(Me2calix)] (9) and
SiMe4 (both in ca. 50% yield by integration) with consump-
tion of all of the PhNH2; the remaining [Zr(CH2SiMe3)2(Me2-
calix)] (also ca. 50% by integration) did not react. Addition of
a second equivalent of PhNH2 gave complete conversion of
the remaining dialkyl complex to 9 and SiMe4.
The behaviour and ease of preparation (or otherwise) of the


calixarene-supported titanium imido complexes parallel that
of the previously described macrocyclic systems [Ti(NR)-
(Me4taa)] (II above where R� tBu, aryl or NPh2). These
dibenzotetraaza[14]annulene-supported complexes are read-
ily prepared by transmetallation reactions between Li2Me4taa
and [Ti(NR)Cl2(py)3].[7b] For the calixarene-supported zirco-
nium congeners the situation is somewhat different. Macro-
cycle-supported [Zr(N-2,6-C6H3iPr2)(py)(Me4taa)] could only
be prepared by a transmetallation reaction between Li2Me4-
taa and [Zr(N-2,6-C6H3iPr2)Cl2(py)3].[7b] Reaction of LiNHAr
(Ar� 2,6-C6H3R2, R�Me or iPr) with [ZrCl2(Me4taa)], or of
ArNH2 (1 equiv) with the dialkyl analogue [Zr(CH2SiMe3)2-
(Me4taa)],[26] gave only the bis(anilide) derivatives
[Zr(NHAr)2(Me4taa)], neither of which eliminated ArNH2
to form corresponding imido complexes. It was also shown
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that addition of H2N-2,6-
C6H3iPr2 to the imido complex
[Zr(N-2,6-C6H3iPr2)(py)(Me4-
taa)] quantitatively formed the
corresponding bis(anilide). In
this macrocyclic chemistry it
was proposed that the poor size
match between the macrocyle×s
cavity and the zirconium atom×s
radius leaves the metal atom
sitting considerably out of the
Me4taa ™N4∫ plane, and is thus
somewhat more exposed and
reactive to incoming Lewis bas-
es (namely the coordinated pyr-
idine in [Zr(N-2,6-C6H3iPr2)-
(py)(Me4taa)] itself) or anilines.
Interestingly, Woo has reported
that the monomeric five-coor-
dinate imido complexes [M(N-
2,6-C6H3iPr2)(TTP)] (M�Zr
or Hf; TTP�meso-tetra-p-tol-
ylporphyrinato dianion) can be
prepared by reaction of LiNH-
2,6-C6H3iPr2 (2 equiv) with
[MCl2(TTP)].[3i] This is consis-
tent with TTP having an N4
cavity some 0.1 ä larger in
diameter than that for Me4ta-
a.[7h] However, reaction of
[HfCl2(TTP)] with LiNH-4-
C6H4Me (two equivalents) gave
only the bis(p-tolylamido) com-
pound [Hf(NH-4-C6H4Me)2-
(TTP)].[3i] In the compounds under consideration here, the
Me2calix ligand provides a satisfactory match with the
zirconium atomic radius, but clearly the imido N-substituent
still needs to provide adequate steric bulk to avoid reaction of
[Zr(NR)(Me2calix)] complexes with amines that may be
present in the reaction mixture.


Reactions of [Ti(NtBu)(Me2calix)] 1 with CO2, CS2 and
RNCO : These reactions parallel to some extent those of the
Mentaa-supported analogues. The compound 1 reacts swiftly
and quantitatively with CO2 in benzene at room temperature.
The spectroscopic data are consistent with the formation of an
orange, N,O-bound organocarbamate complex [Ti{N(tBu)-
C(O)O}(Me2calix)] (10) as illustrated in Scheme 2. The NMR
spectra for compound 10 suggest a Cs symmetrical species and
feature equivalent anisole moieties and inequivalent phen-
oxide moieties. Thus the N(tBu)C(O)O ligand has its N- and
O-donors trans to the anionic phenoxide O-donors of
Me2calix with these four atoms (i.e. , three O- and one
N-donors) forming an equatorial plane. The coordination
octahedron is completed by etheral O-donors in the mutually
trans axial positions. This relative orientation of the carba-
mate and calix[4]arene ligands represents the most sterically
favourable one.


The compound 10 is unstable at room temperature with
respect to extrusion of tert-butylisocyanate and formation of
the dimeric oxo complex [{Ti(�-O)(Me2calix)}2] (11). This
elimination reaction goes quite slowly in the dark (�10%
decomposition after ca. 5 h), but under ambient lighting is
complete within one hour. Analogous behaviour was found in
the Mentaa-supported systems, as mentioned, and also re-
cently for some cyclopentadienyl-amidinate supported imi-
dotitanium complexes,[28] although in these latter cases the
tBuNCO reaction was entirely thermally activated. The
reaction of 1 with CO2 under ambient light is the most
efficient and clean method for synthesising oxo compound 11.
The corresponding reaction of [Ti(NtBu)(Me2calix)] (1)


with CS2 proceeds much more slowly, requiring five days at
room temperature for complete consumption of 1. The only
observed products of this reaction (either in the dark or
ambient light) are the bridging sulfido complex
[{Ti(�-S)(Me2calix)}2] (12) and tert-butyl isothiocyanate,
tBuNCS (identified by comparison with an authentic sample).
The reaction is assumed to proceed via an intermediate
thiocarbamate complex [Ti{N(tBu)C(S)S}(Me2calix)] analo-
gous to 10 ; however, this intermediate is not observed when
the reaction is monitored by 1H NMR spectroscopy. The
sluggish reaction of 1 with CS2 compared to that with CO2 is
attributed to the lower electrophilicity of the carbon atom in


Scheme 2. Reactions of [Ti(NtBu)(Me2calix)] (1) with heterocumulenes. i) 1 atm CO2, benzene, rt, 5 min, 93%;
ii) 5 d, benzene; iii) CS2, benzene, rt, 5 d, 79%; iv) OCN-4-C6H4Me, benzene, rt, 25 h, 94%.
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the former, and the softer nature of sulfur which would
disfavour any coordination to the hard titanium centre.
The dimeric nature of the �-oxide and the �-sulfide


complexes 11 and 12 was established by the use of solution
molecular weight measurements. In the case of the sulfide
complex 12 the results unambiguously confirmed a dimeric
structure in solution (calculated for dimeric 12 : 1509 gmol�1,
found: 1616 gmol�1). However, the results obtained for the
oxo complex 11 were more ambiguous (calculated for dimeric
11: 1477 gmol�1, found: 915 gmol�1). We believe that the
observed solution molecular weight determination of the oxo
complex 11 possibly reflects a degree of dissociation of a
dimeric complex in solution. Such a monomer± dimer equi-
librium in solution would be entropically favourable. How-
ever, due to the lack of a terminal Ti�O stretch in the solid
state IR spectrum of 11, and the similarity to the related
dimeric chromium �-oxide complex [{Cr(�-O)(Me2calix)}2]
reported by Floriani[29] a dimeric structure is proposed in the
solid state. By contrast, the tetraaza[14]annulene analogues
[Ti(O)(Mentaa)] and [Ti(S)(Mentaa)] are monomeric, as are
certain heavier chalcogen derivatives;[30] this suggests that the
Me2calix ligand provides a less sterically protecting environ-
ment for stablising sterically unprotected metal ± ligand multi-
ple bonds.
The reaction of [Ti(NtBu)(Me2calix)] (1) with p-tolyl


isocyanate gave clean conversion in 94% yield to the N,N�-
bound ureate complex [Ti{N(tBu)C(O)N(-4-C6H4Me)}(Me2-
calix)] (13) as shown in Scheme 2. Crystals of 13 grown from
either toluene or THF solutions were generally of poor
quality. The best results were obtained from saturated toluene
solutions at�40 �Cwhich gave crystals of 13 ¥ 4(C7H8) suitable
for X-ray diffraction. The molecular structure is shown in
Figure 2; selected bond lengths and angles are summarised in
the legend. In 13 ¥ 4(C7H8), one of the four solvent molecules is
included in the cavity of the calix[4]arene ligand (not shown in
Figure 2), the others occupy general positions in the lattice.
The NMR data for 13 are consistent with the solid state
structure and indicate, as for the carbamate species 10 above,
a Cs symmetrical compound with equivalent anisole moieties
and inequivalent phenoxide groups of the calix[4]arene
ligand. Unlike 10, the ureate 13 is stable in solution in the
absence of air and moisture with no evidence for decom-
position/retrocyclisation.
The solid state structure of 13 is thus analogous to that


proposed for the CO2 cycloadduct 10. It clearly shows the p-
tolylisocyanate moiety coupled across the former
Ti(1)�N(2)imide bond. The titanium atom has an approximately
octahedral coordination geometry with the etheral O-donors
of Me2calix occupying mutually trans coordination sites, and
with the four anionic donors [N(1), N(2), O(2) and O(4)]
forming the equatorial plane of the octahedron. The distances
and angles within the structure are as expected.[21] The slightly
longer Ti(1)�N(1) distance of 2.035(5) ä compared to
Ti(1)�N(2) of 2.002(5) ä is attributed to the relatively better
electron-withdrawing effect of the aryl N-substituent. A
similar feature was seen in the structure of [Zr{N(tBu)-
C(O)N(-2,6-C6H3Me2)}(Me4taa)].[7b]


Although the NMR data for 13 are consistent with either an
N,N�- or N,O-bound ureate ligand, the X-ray structure clearly


Figure 2. Displacement ellipsoid (25%) plot of [Ti{N(tBu)C(O)N(-4-
C6H4Me)}(Me2calix)] (13). H atoms and solvent molecules omitted.
Selected bond lengths [ä] and angles [�]: Ti�N(1) 2.035(5), Ti�N(2)
2.002(5), Ti�O(1) 2.175(4), Ti�O(2) 1.838(4), Ti�O(3) 2.122(4), Ti�O(4)
1.832(4), N(1)�C(9) 1.400(8), N(1)�C(50) 1.407(8), N(2)�C(9) 1.371(8),
N(2)�C(57) 1.488(8), C(9)�O(5) 1.237(8), N(1)-Ti-N(2) 65.6(2), N(1)-Ti-
O(1) 91.61(18), N(1)-Ti-O(2) 164.57(19), N(1)-Ti-O(3) 100.94(18), N(1)-Ti-
O(4) 92.11(19), N(2)-Ti-O(1) 95.45(18), N(2)-Ti-O(2) 99.8(2), N(2)-Ti-
O(3) 98.23(19), N(2)-Ti-O(4) 157.7(2), N(2)-C(9)-N(1) 104.3(5), C(9)-N(1)-
Ti 93.7(4), C(9)-N(2)-Ti 96.1(4), C(50)-N(1)-Ti 138.8(4), C(57)-N(2)-Ti
143.9(4), C(9)-N(1)-C(50) 122.5(5), C(9)-N(2)-C(57) 119.9(5), O(5)-C(9)-
N(2) 130.2(6), O(5)-C(9)-N(1) 125.5(6), C(10)-O(1)-Ti 116.9(3), C(20)-
O(2)-Ti 176.9(4), C(30)-O(3)-Ti 118.6(3), C(40)-O(4)-Ti 158.6(4).


establishes the former coordination mode. In the last three
years the reaction chemistry of Group 4 imido complexes with
CO2 and isocyanates has started to become better established
and a diversity of behaviour is starting to emerge, which
depends on the ancilliary ligand(s) and the imide and
isocyanate N-substituents.[7b, 28] The reactions of tert-butyl- or
aryl-isocyanates with certain arylimido compounds supported
by the Me4taa ligand give N,N�-bound ureate products which
have been crystallographically characterised for the zirconi-
um compound mentioned above (and partially characterised
for [Ti{N(Ar)C(O)N(Ar)}(Me4taa)] where Ar� 4-
C6H4Me).[7b] Reactions of [Ti(NtBu)(Me4taa)] with aryl iso-
cyanates failed to give any tractable products. However,
reaction of [Ti(NtBu)(Me4taa)] with tBuNCO gives an N,O-
bound ureate product (observed by NMR spectroscopy but
not isolable), as do [Ti(NtBu)(N2Npy)(py)] I with ArNCO
(Ar� 2,6-C6H3iPr2)[30] and a number of cyclopentadienyl-
amidinate supported tert-butylimido systems.[28a] In these
latter cases the N,O-bound ureate intermediates are unstable
with respect to cycloreversion to form cyclopentadienyl-
amidinate titanium oxo complexes and the corresponding
carbodiimides tBuNCNR (R� tBu or aryl, i.e., the original R
substituent of the isocyanate used in the reaction). The
reaction of [Ti(NtBu)(Me2calix)] (1) with p-tolyl isocycanate
to form the stable, N,N�-bound ureate 13 is therefore unusual
in the still emerging field of Group 4 imide/heterocumulene
reaction chemistry. Unfortunately, attempts to develop the
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analogous imide cycloaddition chemistry of the zirconium
imido complex [Zr(N-2,6-C6H3iPr2)(Me2calix)] (8) met with
limited success. Although NMR scale reactions of 8 with CO2
or ArNCO (Ar� 2,6-C6H3iPr2) afforded products tentatively
assigned as [Zr{N(tBu)C(O)O}(Me2calix)] and [Zr{N(tBu)-
C(O)N(2,6-C6H3iPr2)}(Me2calix)] all attempts to repeat these
reactions on a preparative scale failed.


Reactions of [M(NR)(Me2calix)] with R�NH2, H2O, H2S, HCl
and R�OH : In previous studies of the chemistry of the
macrocyclic system [Ti(NtBu)(Me4taa)] it was found that
reactions with a range of protic reagents would easily displace
tBuNH2 and introduce new N- and O-donor functional
groups.[7a] We have carried out analogous reactions of
[Ti(NtBu)(Me2calix)] 1 as summarised in Schemes 3 and 4.
Scheme 3 summarises the tert-butylimide/arylamine ex-


change reactions of 1. The reactions to form 2 and 3 (prepared
above by halide metathesis reactions of [Ti(NtBu)Cl2(py)3])
proceed quantitatively in C6D6 on an NMR tube scale. They
are, however, rather slow requiring about 3 d at 65 �C to go to
completion. The reaction with H2N-4-C6H4Me to form [Ti(N-


4-C6H4Me)(Me2calix)] (14) (84% isolated yield) is slightly
faster (taking about 2 d at 50 �C, not optimised), presumably
due to formation of a less sterically crowded six-coordinate
bis(amide) likely intermediate [Ti(NHtBu)(NH-4-C6H4Me)-
(Me2calix)] (not directly observed). Similar conditions and
yields are associated with the reaction between H2N-4-C6H4Fc
[Fc�Fe(�5-C5H4)(�5-C5H5)] to form the heterobimetallic
compound [Ti(N-4-C6H4Fc)(Me2calix)] (15). No unusual
features of the electrochemistry of 15 were found, with the
oxidation of the ferrocene unit occurring at an identical
potential (within experimental error) to ferrocenylaniline
H2N-4-C6H5Fc (E1/2��0.067 V). The homo-bimetallic ana-
logue [{Ti(Me2calix)}2{�-(N-4-C6H4)2CH2}] (16) was also pre-
pared. When the reaction that forms 16 was followed by
1H NMR spectroscopy resonances attributable the expected
intermediate [Ti(N-4-C6H4CH2-4-C6H4NH2)(Me2calix)] were
observed but this compound was not isolated on a preparative
scale. Homo- and heterobimetallic complexes involving
bridging imido ligands have been described previously,[31]


including a dinuclear molybdenum calix[4]arene imido com-
pound.[10a]


Scheme 4 summarises reactions
of 1 with other protic reagents. For
completeness and comparison
with other macrocyclic systems
we examined the reaction of 1
with H2O, H2S and HCl. These
reactions afforded the expected
products [{Ti(�-O)(Me2calix)}2]
(11), [{Ti(�-S)(Me2calix)}2] (12),
and [TiCl2(Me2calix)] in greater
than 90% yield. The reaction of 1
with H2S to form 12 is clean and
complete within 30 minutes and is
therefore a more convenient syn-
thesis of this compound than that
from 1 and CS2 (Scheme 2) which
takes about 5 d.
Of particular interest are the


aryloxide complexes [Ti(O-4-
C6H4R)2(Me2calix)] [R�Me
(17); R� tBu (18)], [Ti(O-2,6-
C6H3Me2)2(Me2calix)] (19) and
[Ti(mbmp)(Me2calix)] (20 ;
H2mbmp� 2,2�-methylene-bis-
(4-methyl-6-tert-butylphenol) or
CH2({CH3}{C4H9}C6H2-OH)2) the
syntheses of which are summar-
ised in Scheme 4. The first-formed
products 17 and 18 undergo inter-
esting further rearrangements (see
below). We have also prepared for
comparison the analogous zir-
conium complexes [Zr(O-4-
C6H4Me)2(Me2calix)] (21) and
[Zr(O-2,6-C6H3Me2)2(Me2calix)]
(22) from [Zr(N-2,6-C6H3iPr2)-
(Me2calix)] (8) and the corre-
sponding phenol [Eq. (5)]. The


Scheme 3. Protonolysis reactions of [Ti(NtBu)(Me2calix)] (1) with N-H bond substrates. i) H2N-2,6-C6H3Me2,
C6D6, 65 �C, 70 h, 100% by 1H NMR; ii) H2N-2,6-C6H3iPr2, C6D6, 65 �C, 70 h, 100% by 1H NMR; iii) H2N-4-
C6H4Me, benzene, 50 �C, 50 h, 84%; iv) H2N-4-C6H4Fc, benzene, 50 �C, 50 h, 81%; v) CH2(4-C6H4NH2)2,
benzene, 50 �C, 50 h, 87%.
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zirconium congeners do not undergo further rearrangement
and so as a kind of benchmark we discuss their spectra and
structures first.


Samples of 21 prepared according to Equation (5) were
always contaminated by traces of the arylamine side-product
although the resonances attributed to 21 are fully consistent
with the structure shown. Attempts to prepare aniline-free
samples of 21 via other routes, namely by protonolysis of
[Zr(CH2SiMe3)2(Me2calix)] with HO-4-C6H4Me or by chlor-
ide metathesis of [ZrCl2(Me2calix)] with LiO-4-C6H4Me
afforded no tractable products. Fortunately, the homologous
compound 22 was more readily isolated and its molecular
structure (with a CH2Cl2 molecule of crystallisation entrapped


in the calix[4]arene cavity) is shown in Figure 3; selected bond
lengths and angles are presented in the legend. The solution
NMR data are fully consistent with the solid state structure,
which indicates C2v symmetry with equivalent O-2,6-C6H3Me2
ligands and calixarene anisole and phenoxide moieties. The


Figure 3. Displacement ellipsoid (30%) plot of [Zr(O-2,6-C6H3Me2)2(-
Me2calix)] ¥CH2Cl2 (22 ¥ CH2Cl2). H atoms and remaining (lattice) solvent
molecules omitted. Selected bond lengths [ä] and angles [�]: Zr(1)�O(1)
2.312(2), Zr(1)�O(2) 1.947(2), Zr(1)�O(3) 2.393(3), Zr(1)�O(4) 1.976(2),
Zr(1)�O(5) 1.949(2), Zr(1)�O(6) 2.028(3), O(1)-Zr(1)-O(2) 87.5(1), O(1)-
Zr(1)-O(3) 152.72(9), O(1)-Zr(1)-O(4) 78.1(1), O(1)-Zr(1)-O(5)
114.76(11), O(1)-Zr(1)-O(6) 82.8(1), O(2)-Zr(1)-O(3) 74.46(9), O(2)-
Zr(1)-O(4) 95.36(11), O(2)-Zr(1)-O(5) 157.49(11), O(2)-Zr(1)-O(6)
93.12(11), O(3)-Zr(1)-O(4) 83.3(1), O(3)-Zr(1)-O(5) 85.7(1), O(3)-Zr(1)-
O(6) 117.8(1), O(4)-Zr(1)-O(5) 92.76(11), O(4)-Zr(1)-O(6) 158.75(11),
O(5)-Zr(1)-O(6) 86.68(11), Zr(1)-O(1)-C(1) 117.7(2), Zr(1)-O(1)-C(45)
128.1(2), Zr(1)-O(2)-C(13) 168.5(2), Zr(1)-O(3)-C(20) 121.8(2), Zr(1)-
O(3)-C(46) 127.7(2), Zr(1)-O(4)-C(27) 177.3(2), Zr(1)-O(5)-C(47)
175.7(3), Zr(1)-O(6)-C(55) 176.4(2).


methoxy donors of Me2calix occupy the axial positions of the
approximate octahedron formed at Zr(1) with the anionic
O-donors forming the equatorial plane. The Zr�O distances
lie in the ranges expected for such linkages.[21] The other
features of 22 are analogous to previous zirconium calixarene
compounds of the type reported by Floriani and co-work-
ers.[13, 25] Neither compound 22 nor 23 show any evidence for
rearrangement to other isomeric forms in solution.
In solution, the titanium bis(phenolate) complexes 17 ± 20


(Scheme 4) also adopt a pseudo C2v type structure as shown in
Scheme 4. The 1H NMR spectrum of 18, by way of example, is
depicted in the upper part of Figure 4. Three signals arise for
the tert-butyl groups of the calix[4]arene and the tert-butyl-
phenolate ligand, two doublets for the methylene protons of
the calix[4]arene ligand and a singlet for the methyl groups of
the anisole moiety. In the aryl region there are, in addition to
the resonances of the protons of the calix[4]arene ligand, the


Scheme 4. Protonolysis reactions of [Ti(NtBu)(Me2calix)] (1) with O�H,
S�H and Cl�H bond substrates. i) 2� HCl (1� solution in Et2O), benzene,
5 �C� rt, 5 min, 97%; ii) H2O (1� solution in Et2O), C6D6, rt, 10 min, 90%
by 1H NMR; iii) 1 atm H2S, benzene, 5 �C� rt, 30 min, 89%; iv) 2 equiv
HO-4-C6H4Me, benzene, 5 �C� rt, 30 min, 68%; 2 equiv HO-4-C6H4tBu,
toluene, �50 �C� rt, 30 min, 61%; 2 equiv HO-2,6-C6H2Me2, benzene,
5 �C� rt, 5 min, 37%; 2 equiv 2,2�-(HO-4,6-C6H2MetBu)2CH2, toluene,
�50 �C� rt, 30 min, 39%.
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signals of toluene, originally located in the cavity of the
calix[4]arene ligand in the isolated compound 18.


Rearrangement reactions of calix[4]arene-supported bis(ar-
yloxide) complexes : During attempts to remove encapsulated
toluene molecules by stirring the isolated compounds 17 and
18 in hexane, some interesting rearrangement and elimination
reactions of the complexes were observed, as shown in
Equation (6).
Stirring of the para-substituted bis(phenolate) compounds


[Ti(O-4-C6H4Me)2(Me2calix)] (17) and [Ti(O-4-C6H4tBu)2-
(Me2calix)] (18) in non-polar hydrocarbon solvents for a long
period of time results in the formation of new complexes.
Firstly, dinuclear compounds [{Ti(O-4-C6H4R)(Mecalix)}2]


(23 ; R�Me) and (24 ; R�
tBu) have been isolated, which
are the products of the elimi-
nation of one equivalent of aryl
methyl ether from 17 or 18.
Similar elimination reactions
have been observed previously
in metallacalix[4]arene chemis-
try. Especially for titanaca-
lix[4]arenes, the elimination of
an organyl chloride RCl from
diorganyl ether calix[4]arene
complexes [TiCl2(R2calix)] to
give compounds [TiCl(Rcalix)]
containing a calix[4]arenemono-
organyl ether is a very useful
synthetic entry into the chem-
istry of monoorganyl ether cal-
ix[4]arene titanium com-
plexes.[18]


Single crystals of 24 ¥ (C7H8)
were grown from hot, saturated
toluene solutions of the com-
pound. The X-ray crystal struc-
ture of 24 ¥ (C7H8) confirms the
dinuclear character of the com-
pound in the solid state (see
Figure 5). A crystallographical-
ly imposed center of inversion
is located at the center of the
four membered Ti2O2 ring. Two
titanacalix[4]arene monometh-
yl ether complex fragments
[Ti(Mecalix)] are bridged by
the para-tert-butyl phenolate
ligands. In contrast to the imido
complexes [Ti(NtBu)(Me2ca-
lix)] (1) and [Ti(N-2,4,6-
C6H2Me3)(Me2calix)] (4) the
phenoxide complexes are not
stable as five-coordinate mono-
meric compounds and dimerise
to give complexes with distort-
ed octahedrally coordinated ti-
tanium atoms. The resulting


titanium titanium distance of 3.376(3) ä is–as expected–
not within the bonding range.
The other isolated reaction products are isomers of 17 and


18, namely the complexes [Ti(O-4-C6H4Me)2(paco-Me2calix)]
(25) and [Ti(O-4-C6H4tBu)2(paco-Me2calix)] (26), and are the
result of an apparent rearrangement reaction of the coordi-
nated calix[4]arene ligands in solution. Since these complexes
are very soluble in hexane, they can be easily separated
from the rather poorly soluble side-products 23 and 24.
Whereas the calix[4]arene ligands in all complexes of the


type [TiX2(Me2calix)] described so far adopt an elliptical
distorted cone conformation in the solid state and in solution,
the calix[4]arene ligands of 25 and 26 are coordinated in a
form which is reminiscent of the partial cone (paco) con-


Figure 4. Proton NMR spectra of [Ti(O-4-C6H4tBu)2(Me2calix)] (18) (upper part) and [Ti(O-4-C6H4tBu)2(paco-
Me2calix)] (26) (lower part) in CDCl3.
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formation of the calix[4]arene.[32] The ether groups of the
calix[4]arene ligand are in trans positions with respect to the
phenolate ligands. As a consequence, one of the methoxy
groups is located inside the cavity of the calix[4]arene ligand
leading to an ™up, up, up, down∫ arrangement of the aryloxy
units of the macrocycle. A powerful tool to investigate this
behaviour in solution is 1H NMR spectroscopy, where a signal


pattern for the calix[4]arene
ligand is found, which is typical
for the macrocyclic ligand in a
local Cs symmetry.
The proton NMR spectrum


of compound 26, by way of
example, is shown in the lower
part of Figure 4, beneath the
NMR spectrum of its isomer
[Ti(O-4-C6H4tBu)2(cone-Me2-
calix)] (18). The tert-butyl
groups of the calix[4]arene and
phenolate ligands appear as
signals at � 1.33, 1.24, 1.23,
1.14, and 1.07 ppm in an inte-
gration ratio of 1:1:2:1:1 and
four doublets can be found for
the diastereotopic protons of
the methylene bridges. Most
significantly, we observe two
signals for the methoxide
groups of the anisole units, one
of which appears at � 4.30,
while the other is shifted up-
field to � 0.82. Such shifts of
endohedrally coordinated
methyl groups due to ring cur-
rent effects of the calix[4]arene
phenyl rings have been recog-
nized earlier.[32]


To confirm the coordination
behaviour of the calix[4]arene
ligand in the solid state, crystals
of the compounds [Ti(O-4-
C6H4Me)2(paco-Me2calix)] (25)
and [Ti(O-4-C6H4tBu)2(paco-
Me2calix)] (26) were grown
from saturated hexane solu-
tions at �30 �C. The molecular
structure of the complexes is
shown in Figures 6 and 7; se-
lected bond lengths and angles
are given in the legend.
The main feature of both


molecular structures are the
coordination modes of the cal-
ix[4]arene in the solid state. The
calix[4]arene dimethyl ether li-
gand binds in both cases in a
paco-like form to the Ti(OAr)2
fragments, which confirms the
results deduced by NMR spec-


troscopy for both compounds in solution. The calix[4]arene
ligands are arranged in a way that the oxygen atoms O(2) and
O(4) of the anisole moiety are in trans position of the
monodendate phenoxide ligands. The methyl group at O(2) is
located inside the cavity of the calix[4]arene. The titanium
oxygen bond lengths to the phenoxide oxygen atoms, that is
Ti�O(1), Ti�O(3), Ti�O(5), and Ti�O(6), fall between


Figure 5. Displacement ellipsoid (25%) plot of [{Ti(O-4-C6H4tBu)(Mecalix)}2] (24). H atoms and solvent
molecule omitted. Selected bond lengths [ä] and angles [�]: Ti�O(1) 1.785(5), Ti�O(2) 1.921(6), Ti�O(3)
1.771(5), Ti�O(4) 2.367(6), Ti�O(5) 2.027(5), Ti�O(5)� 2.066(5), Ti ¥ ¥ ¥Ti� 3.376(3), O(1)-Ti-O(2) 91.5(2), O(1)-Ti-
O(3) 106.3(3), O(1)-Ti-O(4) 79.7(2), O(1)-Ti-O(5) 92.5(2), O(1)-Ti-O(5)� 159.9(2), O(2)-Ti-O(3) 92.5(2), O(2)-Ti-
O(4) 165.3(2), O(2)-Ti-O(5) 98.9(2), O(2)-Ti-O(5)� 98.7(2), O(3)-Ti-O(4) 78.9(2), O(3)-Ti-O(5) 157.8(2), O(3)-Ti-
O(5)� 90.7(2), O(4)-Ti-O(4) 93.3(2), O(4)-Ti-O(5)� 93.4(2), O(5)-Ti-O(5)� 68.9(2), Ti-O(5)-Ti� 111.1(2), C(10)-
O(1)-Ti 172.1(6), C(20)-O(2)-Ti 120.0(5), C(30)-O(3)-Ti 170.9(6), C(40)-O(4)-Ti 114.7(4), C(50)-O(5)-Ti
124.3(4), C(50)-O(5)-Ti� 124.3(4), C(5)-O(4)-Ti 133.7(5).
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Figure 6. Displacement ellipsoid (30%) plot of [Ti(O-4-C6H4Me)2(paco-
Me2calix)] (25). H atoms and solvent molecule omitted. Selected bond
lengths [ä] and angles [�]: Ti(1)�O(1) 1.861(3), Ti(1)�O(2) 2.282(3),
Ti(1)�O(3) 1.866(3), Ti(1)�O(4) 2.444(3), Ti(1)�O(5) 1.821(3), Ti(1)�O(6)
1.849(3), O(1)-Ti(1)-O(2) 78.29(11), O(3)-Ti(1)-O(5) 106.76(13), O(1)-
Ti(1)-O(3) 142.46(12), O(4)-Ti(1)-O(5) 168.64(12), O(2)-Ti(1)-O(3)
76.48(11), O(1)-Ti(1)-O(6) 108.47(13), O(1)-Ti(1)-O(4) 79.73(11), O(2)-
Ti(1)-O(6) 173.23(13), O(2)-Ti(1)-O(4) 106.0(1), O(3)-Ti(1)-O(6)
97.45(13), O(3)-Ti(1)-O(4) 81.00(12), O(4)-Ti(1)-O(6) 75.67(12), O(1)-
Ti(1)-O(5) 97.81(13), O(5)-Ti(1)-O(6) 94.82(13), O(2)-Ti(1)-O(5)
84.21(11), Ti(1)-O(1)-C(10) 142.5(2), Ti(1)-O(2)-C(6) 126.3(2), Ti(1)-
O(4)-C(40) 118.8(2), Ti(1)-O(2)-C(20) 121.1(2), C(5)-O(4)-C(40)
113.5(3), C(6)-O(2)-C(20) 112.6(3), Ti(1)-O(5)-C(50) 143.5(3), Ti(1)-
O(3)-C(30) 142.5(2), Ti(1)-O(6)-C(60) 142.5(3), Ti(1)-O(4)-C(5) 127.6(3).


1.816(2) and 1.866(3) ä and are unexceptional and similar to
the corresponding bond lengths of other titanacalix[4]arenes
reported here and elsewhere.[12, 19, 32] The Ti�O distances to
the anisole oxygen atoms O(2) of 2.282(3) (25) and 2.276(2) ä
(26) and to O(4) of 2.444(3) (25) and 2.474(2) ä (26) are quite
different, the shorter contacts are to the oxygen atoms located
inside the calix[4]arene cavity. These distances as well as the
angles O(1)-Ti-O(3) of 142.46(12) (25) and 140.89(10)� (26),
respectively, indicate a significant distortion from an ideal
octahedral coordination of the titanium atom. Another way of
looking at this is consider that the metal atoms in the
complexes are shifted away from the oxygen atoms O(2) and
O(4) of the ether groups (in an ideal octahedral environment)
to the oxygen atoms O(5) and O(6) of the para-substituted
phenoxide ligands. A similar distortion has been observed in
the complex [MoO2(paco-Me2calix)] before.[32]


DFT calculations on model compounds of the cis,cone,
trans,cone, and cis,paco isomers of [TiCl2(Me2calix)] and
[MoO2(paco-Me2calix)] have shown, that the coordination
form of calix[4]arene ligands and therefore the cavity of the
macrocyclic ligand can be controlled by other co-ligands in
metallacalix[4]arenes.[32] According to these calculations, the
energy difference of 72.9 kJmol�1 between both cis-dioxo
molybdenum compounds is quite pronounced in favour of the
cis,paco isomer. For the titanium compounds an energy
separation of 28.0 kJmol�1 was calculated in favour of the


Figure 7. Displacement ellipsoid (30%) plot of [Ti(O-4-C6H4tBu)2(paco-
Me2calix)] (26). H atoms and solvent molecule omitted. Selected bond
lengths [ä] and angles [�]: Ti�O(1) 1.854(2), Ti�O(2) 2.276(2), Ti�O(3)
1.853(2), Ti�O(4) 2.474(2), Ti�O(5) 1.816(2), Ti�O(6) 1.823(2), O(1)-Ti-
O(2) 77.81(9), O(1)-Ti-O(3) 140.89(10), O(1)-Ti-O(4) 79.11(9), O(1)-Ti-
O(5) 102.19(11), O(1)-Ti-O(6) 103.96(11), O(2)-Ti-O(3) 77.03(9), O(2)-Ti-
O(4) 105.95(8), O(2)-Ti-O(5) 81.93(9), O(2)-Ti-O(6) 177.74(10), O(3)-Ti-
O(4) 79.63(9), O(3)-Ti-O(5) 103.36(11), O(3)-Ti-O(6) 102.13(11), O(4)-Ti-
O(5) 172.07(9), O(4)-Ti-O(6) 75.86(9), O(5)-Ti-O(6) 96.27(11), C(10)-
O(1)-Ti 141.6(2), C(20)-O(2)-Ti 120.50(17), C(30)-O(3)-Ti 143.7(2), C(40)-
O(4)-Ti 118.18(17), C(50)-O(5)-Ti 145.1(2), C(60)-O(6)-Ti 142.6(2), C(6)-
O(2)-Ti 127.79(17), C(5)-O(4)-Ti 127.5(2).


cis,cone isomer. For the model complexes [Ti(O-C6H5)2(cone-
Me2calix)] and [Ti(O-C6H5)2(paco-Me2calix)] we have calcu-
lated (at the same level of theory) a slight preference for the
paco isomer, which is approximately 3.1 kJmol�1 lower in
energy as compared to the cone isomer. For the analogous
zirconium system the situation is reversed, that is the cone
isomer is 5.8 kJmol�1 lower in energy with respect to its paco
isomer. The calculations do not, however, give an indication
of the magnitude of the barriers to interconversion between
isomeric forms.
The parent p-tBu-calix[4]arene exists both in solution and


in the solid state in a cone conformation, which is stabilised by
a circular array of hydrogen bonds. In solution, the cone
conformation interconverts with its topomerized forms with a
barrier of approximately 65.7 kJmol�1. This interconversion
process involves the rotation of the four intraannular OH
groups through the macrocyclic annulus. DFT calculations on
different calix[4]arenes have shown, that the energy differ-
ence between the twomost stable conformers of calix[4]arene,
cone and partial cone, is approximately 42 kJmol�1.[33] Molec-
ular modelling studies on partially methylated calix[4]arenes
have demonstrated that the high barriers for a cone �
inverted cone interconversion of these compounds are caused
by the cooperative barriers of hydrogen bond rupture and the
steric barrier of rotating a methoxy group through the
annulus. The calculated barrier for the cone � inverted cone
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interconversion for the 1,3-dimethoxy calix[4]arene was
calculated to be approximately 127 kJmol�1,[34] mainly due
to the rotation of the methoxy bearing ring (which is the rate
limiting step). According to these calculations, the energy
difference between cone and paco isomer (with an inverted
anisole ring) is approximately 21.3 kJmol�1 in favour of the
cone conformation.
In the case of the bis(aryloxy) titanacalix[4]arenes reported


here this energetic gap between cone and paco isomer is much
lower, probably because of the lack of hydrogen bond
stabilization of the former. Thermodynamically, this might
be the reason that enables the formation of these isomers.
However, the kinetic pathway of this isomerisation is far from
obvious right now. Of the two possible unimolecular reaction
mechanisms, namely rotating the anisole group of the ligand
via the tBu or the OMe group through the calixarene cavity,
the latter has to be preferred for sterical reasons. A
prerequisite that the methoxy bearing ring enters the annulus
(and therefore for the interconversion of these isomers) is
Ti�O bond breaking and Ti�O bond forming steps to the
ether and to the phenoxide donors of the titanacalix[4]arene.
This poses a fundamental question of the binding of the
Ti(OAr)2 fragment to the calixarene. It is interesting to recall
that we observe these rearrangement reactions only in apolar
solvents such as pentane or hexane. The cone isomers are
indefinitely stable (with respect to isomerization) in solvents
such as benzene, toluene, THF, which probably results from
an extra stabilization of the cone isomer due to inclusion of
the solvent molecule into the calix[4]arene cavity in solution.
Experimental and theoretical investigations suggest a stabi-
lization energy of approximately 10 kJmol�1 for the inclusion
of a toluene molecule into a calix[4]arene cavity,[35] which is
actually greater than the energetic separation of the cone and
paco isomers calculated by ourselves.
The rearrangement reaction described here implies a


delicate steric balance. Whereas the complexes with para
substituted phenoxide ligands [Ti(O-4-C6H4Me)2(Me2calix)]
(17) and [Ti(O-4-C6H4tBu)2(Me2calix)] (18) rearrange in
apolar solvents, the complexes with the sterically more
demanding phenoxides [Ti(O-2,6-C6H3Me2)2(Me2calix)] (19)
and [Ti(mbmp)(Me2calix)] (20) do not undergo analogous
rearrangements in benzene, pentane or hexane. Similarily, the
two zirconium compounds [Zr(O-4-C6H4Me)2(Me2calix)] (21)
and [Zr(O-2,6-C6H3Me2)2(Me2calix)] (22) do not rearrange,
which might be due to the stability of the cone isomer with
respect to the paco isomer as calculated above, or due to the
different ionic radii of the metal ions; this in turn might
represent a kinetic as well as thermodynamic stabilisation of
the cone isomer.


Conclusion


We have reported a number of new and/or improved synthetic
routes to a range of Group 4 calix[4]arene-supported imido
complexes. Feasible routes to the complexes [Ti(NtBu)(Me2-
calix)] and [Ti(NAr)(Me2calix)] are the reactions of the
dichloro compound [TiCl2(Me2calix)] with two equivalents of


alkali metal amides MNHtBu or MNHAr (Ar� 2,6-C6H3Me2
or 2,6-C6H3iPr2), respectively, which proceed cleanly and
usually in high yield. Alternative pathways are the reaction of
imido complexes [Ti(NR)Cl2(py)3] or [Ti(NR)Cl2(NHMe2)2]
(R� tBu or aryl) with metallated calix[4]arenes such as
[Na2(Me2calix)]2. For the synthesis of analogous titanium
imido complexes of other 1,3-disubstituted ether p-tert-
butylcalix[4]arene ligands, that is Bz2calix (Bz�CH2Ph) and
(Me3Si)2calix, the synthesis via the dichloro compound
[TiCl2(R2calix)] (R�Bz, SiMe3) is not a feasible route since
the dichlorides themself are not stable and rapidly eliminate
RCl. For the Bz2calix systems, reaction of one equivalent of
Li2(Bz2calix) with [Ti(NR)Cl2(py)3] gave complexes
[Ti(NR)(Bz2calix)] (R� tBu, 2,6-C6H3Me2, C6H3iPr2) in good
yield, whereas the reaction of the disodium salt of (Me3Si)2-
calix with [Ti(NR)Cl2(py)3] gave only a mixture of products
and neither the target complexes nor any other imido
containing compound.
The molecular structures of [Ti(NtBu)(Me2calix)] ¥ 2C6H6,


[Ti(NtBu)(Me2calix)] ¥ 2C7H8, and [Ti(N-2,4,6-C6H2Me3)(Me2-
calix)] published earlier as well as NMR spectroscopy reveal
the mononuclear character of these compounds, in contrast to
the binuclear zirconium phenylimido complex [{Zr(�2-
NPh)(Me2calix)}2] published earlier by Floriani et al.[13] An
increase of the steric demand of the aryl imido ligand also
leads to mononuclear zirconium compounds. This is demon-
strated for [Zr(N-2,6-C6H3iPr2)(Me2calix)] (8), a compound
which is conveniently synthesised from [ZrCl2(Me2calix)] and
and two equivalents of LiNH-2,6-C6H3iPr2. The use of other
amides LiNHR (R� tBu, Ph, 2,6-C6H3Me2 or 2-C6H4tBu)
leads to no isolable zirconium imido products. 1H NMR
spectroscopic studies of the reaction mixtures suggest in all
cases (except for R�Ph) mixtures of the corresponding imido
and bis(amido) complexes. In the case of R�Ph, the only
identifiable carbon-containing product of the NMR scale
reaction between [ZrCl2(Me2calix)] and two equivalents of
LiNHPh appeared to be [Zr(NHPh)2(Me2calix)] (9) with no
evidence for Floriani×s binuclear phenylimido complex.
The reactions of [Ti(NtBu)(Me2calix)] (1) with heterocu-


mulenes such as p-tolyl-isocyanate, CO2, and CS2 lead to
addition of the heterocumulene to the Ti�Nmultiple bond. In
the case of CO2 and CS2, these complexes undergo further
elimination reactions to afford binuclear compounds [{Ti(�-
E)(Me2calix)}2] (E�O, S). The addition reaction of CO2 to
form a carbamate complex is quantitative. The subsequent
isocyanate elimination goes quite slowly in the dark, but is
very clean and rapid under ambient lighting. The correspond-
ing thiocarbamate complex was never observed in the
reaction of [Ti(NtBu)(Me2calix)] (1) with CS2. The only
observed products in this case are the bridging sulfido
complex [Ti(�-S)(Me2calix)]2 (12) and tert-butyl isothiocya-
nate. The reaction of [Ti(NtBu)(Me2calix)] (1) with p-tolyl
isocycanate gave clean conversion in 94% yield to the N,N�-
bound ureate complex [Ti{N(tBu)C(O)N(-4-C6H4Me)}(Me2-
calix)] (13). Unlike the carbamate and thiocarbamate com-
plexes, the ureate 13 is very stable in solution with no evidence
for decomposition or retrocyclisation. The X-ray structure of
13 ¥ 4(C7H8) clearly establishes the N,N�-coordination mode of
the ureate ligand. All attempts so far to develop the analogous
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imide cycloaddition chemistry of the zirconium imido com-
plex [Zr(N-2,6-C6H3iPr2)(Me2calix)] (8) met with limited
success.
The reactions of [Ti(NtBu)(Me2calix)] (1) with R�NH2,


H2O, H2S, and HCl proceed smoothly with elimination of
tBuNH2. The tert-butyl imide/arylamine exchange reactions
are rather slow requiring prolonged heating to ensure
complete reaction. Other protic reagents as H2O, H2S and
HCl require shorter reaction times to afford the correspond-
ing compounds [{Ti(�-O)(Me2calix)}2] (11), [{Ti(�-S)(Me2ca-
lix)}2] (12), and [TiCl2(Me2calix)] in high yield.
Of particular interest are some of the aryloxide complexes


[Ti(OAr)2(Me2calix)] synthesised from [Ti(NtBu)(Me2calix)]
(1) and the corresponding phenols ArOH. In solution, these
titanium bis(phenolate) complexes adopt a pseudo C2v type
structure according to NMR spectroscopy. The para-substi-
tuted bis(phenolate) compounds [Ti(O-4-C6H4Me)2(Me2ca-
lix)] (17) and [Ti(O-4-C6H4tBu)2(Me2calix)] (18) decompose
and rearrange in the non polar solvents pentane and hexane.
The products of the elimination reactions are dinuclear
compounds [{Ti(O-4-C6H4R)(Mecalix)}2] (23 ; R�Me) and
(24 ; R� tBu), the products of the rearrangement reaction are
[Ti(O-4-C6H4Me)2(paco-Me2calix (25) and [Ti(O-4-
C6H4tBu)2(paco-Me2calix)] (26). In the latter complexes, the
calix[4]arene ligand is coordinated in a form reminiscent of a
partial cone (paco) conformation of calix[4]arene. One of the
methoxy groups is located inside the cavity of the calix[4]ar-
ene ligand, as was established by NMR spectroscopy and
X-ray crystallography. DFT calculations on model com-
pounds [Ti(O-C6H5)2(cone-Me2calix)] and [Ti(O-C6H5)2(pa-
co-Me2calix)] reveal a slight thermodynamic preference for
the paco-isomer, but the pathway of this isomerization
process is not clear at this moment. The rearrangment
reaction is sensitive to changes of the sterics of the M(OAr)2
fragment. The complexes [Ti(O-2,6-C6H3Me2)2(Me2calix)]
(19) and [Ti(mbmp)(Me2calix)] (20 ; H2mbmp� 2,2�-methyl-
ene-bis(4-methyl-6-tert-butylphenol): CH2({CH3}{C4H9}C6H2-
OH)2) do not rearrange. We have also prepared for compar-
ison the analogous zirconium complexes [Zr(O-4-C6H4Me)2-
(Me2calix)] (21) and [Zr(O-2,6-C6H3Me2)2(Me2calix)] (22)
from [Zr(N-2,6-C6H3iPr2)(Me2calix)] (8) and the correspond-
ing phenol, which also do not undergo rearrangement or
elimination reactions.


Experimental Section


General methods and instrumentation : All air/moisture sensitive manip-
ulations were performed using standard Schlenk-line (Ar) and dry-box (Ar/
N2) techniques. Solvents were pre-dried over 4 ä molecular sieves and
refluxed over sodium (toluene), potassium (benzene, hexane, THF),
sodium/potassium alloy (1:3 w/w) (diethyl ether, pentane) and calcium
hydride (acetonitrile, dichloromethane) under N2. Solvents were distilled
at atmospheric pressure and stored in Teflon valve ampoules. Deuterated
solvents were dried over sodium (C7D8), potassium (C6D6) or calcium
hydride (CDCl3, CD2Cl2, C5D5N) under N2. Deuterated solvents were
distilled under reduced pressure and stored in Teflon valve ampoules. NMR
samples were prepared in Wilmad 505-PS tubes fitted with J. Young NMR/
5 valves.
1H and 13C{1H} NMR spectra were recorded on a Varian Unity Plus 500,
Varian Mercury 300, Bruker DPX 300, and Bruker AC 250 spectrometers.


Spectra are referenced internally to residual protio-solvent (1H) or solvent
(13C) resonances and are reported relative to tetramethylsilane (��
0 ppm). Chemical shifts are quoted in � (ppm) and coupling constants in
Hertz. Standard DEPT-135 experiments were recorded to distinguish -CH3
and -CH type carbons from -C or -CH2 type carbons in the 13C NMR
spectrum.


IR spectra were recorded on a Perkin ±Elmer 1600, Perkin ±Elmer 1710,
and Bruker IFS28 spectrometers as Nujol mulls between KBr windows or
as KBr pellets. All data are quoted in wavenumbers cm�1.


Mass spectra were recorded on Micromass Autospec 500, AEI MS902,
Finnigan MAT 900 XLT, and Varian MAT 3830 spectrometers. All data are
quoted as their mass/charge (m/z) ratios.


Cyclic voltammograms were recorded using a glassy-carbon working
electrode with platinum wire auxiliary and pseudo-reference electrodes.
Measurements were made on deoxygenated solutions ca. 5� 10�4� in
sample and 0.1� in [nBu4N]�[PF6]� as supporting electrolyte. Solvents
(CH2Cl2) were freshly distilled before use. Measurements on air-sensitive
samples were made under a N2 atmosphere in a specially constructed cell
with a sidearm fitted with a Rotaflo tap; solutions of the sample and
supporting electrolyte were transferred through a cannula into the cell.
Potentials were referenced to the ferrocenium/ferrocene couple at 0 mV by
addition of either Fe(�5-Cp)2 or 1,2,3,4,1�,2�,3�,4�-octamethylferrocene to the
cell (�0.45 V in CH2Cl2 relative to [Fe(�5-Cp)2]�/Fe(�5-Cp)2). The rever-
sibility of the redox couple was judged by comparison with the behaviour of
the ferrocenium/ferrocene couple under the same conditions.


Elemental analyses were carried out by the analytical laboratory of the
Inorganic Chemistry Laboratory Oxford or the analytical laboratory of the
Department of Inorganic Chemistry of the University Karlsruhe (TH).


Literature preparations : H2Me2calix,[36] H2Bz2calix,[36] [Na2(Me2calix)]2,[15]


[Li2(Bz2calix)],[17] [Ti(NR)Cl2(py)3],[14] [Ti(NR)Cl2(NHMe2)2][16] (R� tBu,
2,6-C6H3Me2 or 2,6-C6H3iPr2) and [Zr(CH2SiMe3)2(Me2calix)][26] were
prepared according to established methods. H2N-4-C6H4Fc was provided
by Prof. J. R. Dilworth. The syntheses of [TiCl2(Me2calix)], [Ti(NtBu)-
(Me2calix)] 1 and [Ti(N-2,4,6-C6H2Me3)(Me2calix)] 4 have been reported
previously,[12] but here we briefly report improved and modified versions of
these methods for completeness.


[MCl2(Me2calix)] (M�Ti or Zr; alternative synthesis from [Na2(Me2-
calix)]2): A solution of [Na2(Me2calix)]2 (2.000 g, 1.39 mmol) in benzene
(50 mL) was added to a slurry of [TiCl4(thf)2] (0.926 g, 2.77 mmol) in
benzene (25 mL) at 5 �C. The reaction mixture was stirred at rt for 10 h to
give a dark red suspension. The suspension was filtered and washed with
benzene (2� 25 mL) to give a red solution. Removal of volatiles under
reduced pressure afforded [TiCl2(Me2calix)] as a dark red solid (1.700 g,
84%). The compound [ZrCl2(Me2calix)] was prepared in an analogous way
starting from [ZrCl4(thf)2]; recrystallisation from CH2Cl2/pentane (1:1 v/v)
gave the desired product (1.995 mg, 73%). The compounds were charac-
terised by comparison with previously reported data.[12, 19, 25, 32]


[Ti(NtBu)(Me2calix)] (1)


From [TiCl2(Me2calix)] (improved synthesis): A solution of LiNHtBu
(1.5 g, 19.0 mmol) in THF (30 mL) was added slowly to a solution of
[TiCl2(Me2calix)] (7.2 g, 9.03 mmol) in THF (30 mL). The red reaction
mixture was stirred for 2 h to become brown and cloudy. All volatiles were
removed in vacuo, the residue was suspended in hot (80 �C) toluene
(60 mL) and filtered through a pad of Celite. The brown solution was
evaporated, the precipitate was suspended in hexane and filtered. The light
yellow residue of [Ti(NtBu)(Me2calix)] (1) was dried in vacuo. Evaporation
of the filtrate and suspension in pentane (40 mL) afforded a second crop of
1 (5.380 g, 75%). Very pure [Ti(NtBu)(Me2calix)] is a light yellow
compound, but with a few impurities it turns orange. The yield reported
above is slightly lower than reported by us previously by this general route
(83%), but gives a very pure compound. Analytical and spectroscopic data
of [Ti(NtBu)(Me2calix)] 1 have been reported previously.[12]


From [Ti(NtBu)Cl2(py)3]: A solution of [Ti(NtBu)Cl2(py)3] (2.963 g,
6.94 mmol) in benzene (50 mL) was added to a solution of [Na2(Me2calix)]2
(5.00 g, 3.47 mmol) in benzene (50 mL) at 5 �C. The reaction mixture was
stirred at rt and for 20 h to give an orange suspension. The reaction mixture
was filtered and washed with benzene (2� 25 mL) to give an orange
solution. Removal of volatiles under reduced pressure afforded [Ti-
(NtBu)(Me2calix)] (1) as an orange solid (5.066 g, 92%). The compound
was characterized by comparison with previously reported data.[12]
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From [Ti(NtBu)Cl2(NHMe2)2] (NMR tube scale): A solution of [Ti-
(NtBu)Cl2(NHMe2)2] (0.004 g, 0.014 mmol) in C6D6 (0.5 mL) was added to
[Na2(Me2calix)]2 (0.010 g, 0.007 mmol) at rt. Reaction at rt for 15 h afforded
an orange suspension. [Ti(NtBu)(Me2calix)] (1) and NHMe2 were formed
in ca. 95% yield by 1H NMR spectroscopy. Analytical and spectroscopic
data of [Ti(NtBu)(Me2calix)] (1) have been reported previously.[12]


[Ti(N-2,6-C6H3Me2)(Me2calix)] (2)


From [TiCl2(Me2calix)] (NMR tube scale): A solution of [TiCl2(Me2calix)]
(0.010 g, 0.014 mmol) in C6D6 (0.5 mL) was added to LiNH(2,6-C6H3Me2)
(0.004 g, 0.028 mmol). Reaction at rt for 30 min afforded an orange
suspension. [Ti(N-2,6-C6H3Me2)(Me2calix)] (2) and H2N-2,6-C6H3Me2
were formed in quantitative yield by 1H NMR spectroscopy.


From [Ti(N-2,6-C6H3Me2)Cl2(py)3]: A solution of [Ti(N-2,6-C6H3Me2)Cl2-
(py)3] (0.165 g, 0.35 mmol) in benzene (10 mL) was added to a solution of
[Na2(Me2calix)]2 (0.250 g, 0.17 mmol) in benzene (10 mL) at 5 �C. The
reaction mixture was stirred at rt for 20 h to give an orange suspension. The
reaction mixture was filtered and washed with benzene (2� 5 mL) to give
an orange solution. Removal of volatiles under reduced pressure afforded
[Ti(N-2,6-C6H3Me2)(Me2calix)] (2) as an orange solid (0.264 g, 90%).


From [Ti(N-2,6-C6H3Me2)Cl2(NHMe2)2] (NMR tube scale): A solution of
[Ti(N-2,6-C6H3Me2)Cl2(NHMe2)2] (0.005 g, 0.014 mmol) in C6D6 (0.5 mL)
was added to [Na2(Me2calix)]2 (0.010 g, 0.007 mmol) at rt. Reaction at rt for
15 h afforded an orange suspension. [Ti(N-2,6-C6H3Me2)(Me2calix)] (2)
and HNMe2 were formed in ca. 95% yield by 1H NMR spectroscopy.


From [Ti(NtBu)(Me2calix)] (NMR tube scale): H2N-2,6-C6H3Me2 (1.7 �L,
0.014 mmol) was added to a solution of [Ti(NtBu)(Me2calix)] (1) (0.011 g,
0.014 mmol) in C6D6 (0.5 mL) and heated at 65 �C under reduced pressure
for 70 h. [Ti(N-2,6-C6H3Me2)(Me2calix)] (2) and tBuNH2 were formed in
quantitative yield by 1H NMR spectroscopy. 1H NMR (C6D6, 300.1 MHz,
298 K): �� 7.28 (s, 4H, m-C6H2), 7.10 (d, 3J(H,H)� 7.5 Hz, 2H,
m-C6H3Me2), 6.84 (s, 4H, m-C6H2), 6.80 (t, 3J(H,H)� 7.5 Hz, 1H,
p-C6H3Me2), 4.66 (d, 2J(H,H)� 12.0 Hz, 4H, CH2), 4.02 (s, 6H, OMe),
3.31 (d, 2J(H,H)� 12.0 Hz, 4H, CH2), 3.00 (s, 6H, C6H3Me2), 1.48 (s, 18H,
CMe3), 0.69 (s, 18H, CMe3); 13C{1H} NMR (C6D6, 75.5 MHz, 298 K): ��
160.2 (Cq-C6H2), 150.5 (Cq-C6H2), 149.3 (Cq-C6H2), 140.7 (Cq-C6H2), 133.3
(Cq-C6H2), 132.8 (o-2,6-C6H3Me2), 129.0 (Cq-C6H2), 127.5 (m-2,6-
C6H3Me2), 127.1 (m-C6H2), 124.8 (m-C6H2), 121.5 (p-2,6-C6H3Me2), 71.8
(OMe), 34.3 (CMe3), 33.8 (CMe3), 33.7 (CH2), 32.2 (CMe3), 30.6 (CMe3),
19.7 (C6H3Me3), (p-2,6-C6H3Me2 resonance not observed); EI MS (70 eV):
m/z (%): 841 [M]� (65); IR (KBr plates, Nujol): �� � 1734 (w), 1599 (w),
1302 (m), 1260 (s), 1208 (m), 1164 (w), 1094 (s), 1019 (s), 936 (w), 872 (w),
802 (s), 755 (w), 570 (m), 427 cm�1 (w); elemental analysis calcd (%) for
C54H67NO4Ti: C 77.0, H 8.0, N 1.7; found: C 76.3, H 8.4, N 1.8.


[Ti(N-2,6-C6H3iPr2)(Me2calix)] (3)


From [TiCl2(Me2calix)] (NMR tube scale): A solution of [TiCl2(Me2calix)]
(0.010 g, 0.014 mmol) in C6D6 (0.5 mL) was added to LiNH(2,6-C6H3iPr2)
(0.005 g, 0.028 mmol). Reaction at rt for 30 min afforded an orange
suspension. [Ti(N-2,6-C6H3iPr2)(Me2calix)] (3) and H2N-2,6-C6H3iPr2 were
formed in quantitative yield by 1H NMR spectroscopy.


From [Ti(N-2,6-C6H3iPr2)Cl2(py)3]: A solution of [Ti(N-2,6-C6H3iPr2)Cl2-
(py)3] (0.185 g, 0.35 mmol) in benzene (10 mL) was added to a solution of
[Na2(Me2calix)]2 (0.250 g, 0.17 mmol) in benzene (10 mL) at 5 �C. The
reaction mixture was stirred at rt for 20 h to give an orange suspension. The
reaction mixture was filtered and washed with benzene (2� 5 mL) to give
an orange solution. Removal of volatiles under reduced pressure afforded
[Ti(N-2,6-C6H3iPr2)(Me2calix)] (3) as an orange solid (0.287 g, 91%).


From [Ti(N-2,6-C6H3iPr2)Cl2(NHMe2)2] (NMR tube scale): A solution of
[Ti(N-2,6-C6H3iPr2)Cl2(NHMe2)2] (0.005 g, 0.014 mmol) in C6D6 (0.5 mL)
was added to [Na2(Me2calix)]2 (0.010 g, 0.007 mmol) at rt. Reaction at rt for
15 h afforded an orange suspension. [Ti(N-2,6-C6H3iPr2)(Me2calix)] (3) and
NHMe2 were formed in ca. 95% yield by 1H NMR spectroscopy.


From [Ti(NtBu)(Me2calix)] (NMR tube scale): H2N-2,6-C6H3iPr2 (0.002 g,
2.1 �L, 0.014 mmol) was added to a solution of [Ti(NtBu)(Me2calix)] (1;
0.010 g, 0.014 mmol) in C6D6 (0.5 mL) and heated at 65 �C under reduced
pressure for 70 h. [Ti(N-2,6-C6H3iPr2)(Me2calix)] (3) and tBuNH2 were
formed in quantitative yield by 1H NMR. 1H NMR (C6D6, 300.1 MHz,
298 K): �� 7.29 (s, 4H, m-C6H2), 7.13 (d, 3J(H,H)� 7.5 Hz, 2H,
m-C6H3iPr2), 6.92 (t, 3J(H,H)� 7.5 Hz, 1H, p-C6H3iPr2), 6.86 (s, 4H,
m-C6H2), 4.80 (sept, 3J(H,H)� 7.0 Hz, 2H, CHMe2), 4.74 (d, 2J(H,H)�


12.0 Hz, 4H, CH2), 4.15 (s, 6H, OMe), 3.38 (d, 2J(H,H)� 12.0 Hz, 4H,
CH2), 1.61 (d, 3J(H,H)� 7.0 Hz, 12H, CHMe2), 1.46 (s, 18H, CMe3), 0.67 (s,
18H, CMe3); 13C{1H} NMR (C6D6, 75.5 MHz, 298 K): �� 160.1 (Cq-C6H2),
157.5 (i-2,6-C6H3iPr2), 150.4 (Cq-C6H2), 149.4 (Cq-C6H2), 144.2 (o-2,6-
C6H3iPr2), 140.6 (Cq-C6H2), 132.8 (Cq-C6H2), 128.9 (Cq-C6H2), 127.1
(m-C6H2), 124.8 (m-C6H2), 122.6 (p-2,6-C6H3iPr2), 122.5 (m-2,6-C6H3iPr2),
71.4 (OMe), 34.2 (CMe3), 33.7 (CMe3), 33.7 (CH2), 32.2 (CMe3), 30.0
(CMe3), 29.1 (CHMe2), 23.8 (CHMe2); EI MS (70 eV): m/z (%): 897 (5)
[M]� ; IR (KBr plates, Nujol): �� � 1601 (w), 1418 (w), 1319 (s), 1283 (m),
1212 (m), 1164 (w), 1121 (m), 1093 (w), 1001 (m), 976 (w), 940 (w), 914 (w),
871 (m), 856 (m), 847 (m), 795 (m), 754 (m), 678 (w), 638 (w), 566 (m), 552
(w), 530 (w), 445 cm�1 (w); elemental analysis calcd (%) for C58H75NO4Ti:
C 77.6, H 8.4, N 1.6; found: C 76.4, H 8.4, N 1.5.


[Ti(N-2,4,6-C6H2Me3)(Me2calix)] (4) from [TiCl2(Me2calix)] (improved
synthesis): A solution of KH(N-2,4,6-C6H2Me3) (1.17 g, 4.74 mmol) in THF
(20 mL) was added at �30 �C to a solution of [TiCl2(Me2calix)] (1.80 g,
2.26 mmol) in THF (20 mL). After 1 h of stirring at rt the initially red
reaction mixture had turned orange and viscous. All volatiles were
removed in vacuo, the residue was suspended in chloroform (20 mL),
filtered through a pad of Celite and washed with chloroform (5 mL). The
solvent was removed under reduced pressure and the solid was recrystal-
lised from toluene (40 mL). Filtration of the cooled (�40 �C) toluene
solution afforded [Ti(N-2,6-C6H2Me3)(Me2calix)] (4) as a light-orange
powder that was dried in vacuo (1.50 g, 70%). Analytical and spectroscopic
data of 4 have been reported previously.[12] The yield is slightly lower than
reported previously (80%) but is more convenient on a larger scale since
no time-consuming extraction is required.


[Ti(NtBu)(Bz2calix)] (5)


From [Ti(NtBu)Cl2(py)3]: A solution of [Ti(NtBu)Cl2(py)3] (0.128 g,
0.30 mmol) in benzene (10 mL) was added to a solution of [Li2(Bz2calix)]
(0.250 g, 0.30 mmol) in benzene (10 mL) at 5 �C. The reaction mixture was
stirred at rt for 20 h to give an orange suspension. The reaction mixture was
filtered and washed with benzene (2� 5 mL) to give an orange solution.
Removal of volatiles under reduced pressure and trituration with pentane
(5 mL) afforded [Ti(NtBu)(Bz2calix)] (5) as an orange solid (0.246 g, 86%).


From [Ti(NtBu)Cl2(NHMe2)2] (NMR tube scale): A solution of [Ti(N-
tBu)Cl2(NHMe2)2] (0.003 g, 0.012 mmol) in C6D6 (0.5 mL) was added to
[Li2(Bz2calix)] (0.010 g, 0.012 mmol) at rt. Reaction at rt for 15 h afforded
an orange suspension. [Ti(NtBu)(Bz2calix)] (5) and NHMe2 were formed in
ca. 90% yield by 1H NMR spectroscopy. 1H NMR (C6D6, 300.1 MHz,
298 K): �� 7.44 (dd, 3J(H,H)� 7.7, 4J(H,H)� 1.5 Hz, 4H, o-C6H5), 7.16 (s,
4H,m-C6H2), 7.08 ± 7.01 (m, 6H,m-C6H5 and p-C6H5), 6.69 (s, 4H,m-C6H2),
6.05 (s, 4H, OCH2C6H5), 4.59 (d, 2J(H,H)� 12.0 Hz, 4H, CH2), 2.98 (d,
2J(H,H)� 12.0 Hz, 4H, CH2), 1.64 (s, 9H, NCMe3), 1.43 (s, 18H, CMe3),
0.65 (s, 18H, CMe3); 13C{1H} NMR (C6D6, 75.5 MHz, 298 K): �� 160.5
(Cq-C6H2 or i-C6H5), 148.8 (Cq-C6H2 or i-C6H5), 147.5 (Cq-C6H2 or i-C6H5),
139.9 (Cq-C6H2 or i-C6H5), 134.4 (Cq-C6H2 or i-C6H5), 133.7 (Cq-C6H2 or
i-C6H5), 131.8 (o-C6H5 or m-C6H5 or p-C6H5), 129.5 (o-C6H5 or m-C6H5 or
p-C6H5), 129.4 (Cq-C6H2 or i-C6H5), 128.4 (o-C6H5 or m-C6H5 or p-C6H5),
126.4 (m-C6H2), 124.4 (m-C6H2), 87.5 (OCH2C6H5), 70.7 (NCMe3), 34.3
(CH2), 34.1 (CMe3), 34.0 (NCMe3), 33.6 (CMe3), 32.2 (CMe3), 30.6 (CMe3);
EI MS (70 eV): m/z (%): 946 [M]� (10), 931 [M�Me]� (25); IR (KBr
plates, Nujol): �� � 1601 (w), 1304 (m), 1256 (w), 1208 (m), 1122 (w), 1021
(w), 935 (w), 927 (w), 871 (m), 847 (w), 793 (w), 751 (m), 698 (m), 556 cm�1


(w); elemental analysis calcd (%) for C62H75NO4Ti: C 78.7, H 8.0, N 1.5;
found: C 76.5, H 7.7, N 2.0.


[Ti(N-2,6-C6H3Me2)(Bz2calix)] (6)


From [Ti(N-2,6-C6H3Me2)Cl2(py)3]: A solution of [Ti(N-2,6-C6H3Me2)Cl2-
(py)3] (0.143 g, 0.30 mmol) in benzene (10 mL) was added to a solution of
[Li2(Bz2calix)] (0.250 g, 0.30 mmol) in benzene (10 mL) at 5 �C. The
reaction mixture was stirred at rt for 20 h to give an orange suspension.
The reaction mixture was filtered and washed with benzene (2� 5 mL) to
give an orange solution. Removal of volatiles under reduced pressure and
trituration with pentane (5 mL) afforded [Ti(N-2,6-C6H3Me2)(Bz2calix)]
(6) as an orange solid (0.258 g, 86%).


From [Ti(N-2,6-C6H3Me2)Cl2(NHMe2)2] (NMR tube scale): A solution of
[Ti(N-2,6-C6H3Me2)Cl2(NHMe2)2] (0.004 g, 0.012 mmol) in C6D6 (0.5 mL)
was added to [Li2(Bz2calix)] (0.010 g, 0.012 mmol) at rt. Reaction at rt for
15 h afforded an orange suspension. [Ti(N-2,6-C6H3Me2)(Bz2calix)] (6) and
NHMe2 were formed in ca. 90% yield by 1H NMR spectroscopy. 1H NMR
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(C6D6, 300.1 MHz, 298 K): �� 7.22 (dd, 3J(H,H)� 7.7, 4J(H,H)� 1.5 Hz,
4H, o-C6H5), 7.15 (s, 4H, m-C6H2), 7.10 ± 6.85 (m, 9H, m-C6H5, p-C6H5,
m-2,6-C6H3Me2, p-2,6-C6H3Me2), 6.80 (s, 4H, m-C6H2), 5.67 (s, 4H,
OCH2C6H5), 4.40 (d, 2J(H,H)� 12.0 Hz, 4H, CH2), 3.13 (s, 6H, 2,6-
C6H3Me2), 3.06 (d, 2J(H,H)� 12.0 Hz, 4H, CH2), 1.42 (s, 18H, CMe3), 0.69
(s, 18H, CMe3); 13C{1H} NMR (C6D6, 75.5 MHz, 298 K): �� 160.1 (Cq-
C6H2 or i-C6H5), 159.9 (i-2,6-C6H3Me2), 149.1 (Cq-C6H2 or i-C6H5), 148.5
(Cq-C6H2 or i-C6H5), 140.5 (Cq-C6H2 or i-C6H5), 134.2 (Cq-C6H2 or i-C6H5),
133.9 (Cq-C6H2 or i-C6H5), 133.6 (o-2,6-C6H3Me2), 131.5 (o-C6H5 orm-C6H5
or p-C6H5), 129.6 (o-C6H5 orm-C6H5 or p-C6H5), 129.2 (Cq-C6H2 or i-C6H5),
128.5 (o-C6H5 or m-C6H5 or p-C6H5), 127.8 (m-2,6-C6H3Me2), 126.8
(m-C6H2), 124.5 (m-C6H2), 122.0 (p-2,6-C6H3Me2), 87.9 (OCH2C6H5), 34.3
(CH2), 34.2 (CMe3), 33.7 (CMe3), 32.2 (CMe3), 30.6 (CMe3), 20.1 (2,6-
C6H3Me2); EI MS (70 eV): m/z (%): 993 [M]� (5); IR (KBr plates, Nujol):
�� � 1601 (w), 1314 (m), 1285 (w), 1261 (w), 1211 (m), 1178 (w), 1130 (m),
1092 (m), 1025 (m), 935 (m), 919 (m), 871 (m), 855 (m), 794 (m), 754 (s), 699
(m), 563 cm�1 (w). A satisfactory elemental analysis could not be obtained.


[Ti(N-2,6-C6H3iPr2)(Bz2calix)] (7)


From [Ti(N-2,6-C6H3iPr2)Cl2(py)3]: A solution of [Ti(N-2,6-C6H3iPr2)Cl2-
(py)3] (0.159 g, 0.30 mmol) in benzene (10 mL) was added to a solution of
[Li2(Bz2calix)] (0.250 g, 0.30 mmol) in benzene (10 mL) at 5 �C. The
reaction mixture was stirred at rt for 20 h to give an orange suspension.
The reaction mixture was filtered and washed with benzene (2� 5 mL) to
give an orange solution. Removal of volatiles under reduced pressure and
trituration with pentane (5 mL) afforded [Ti(N-2,6-C6H3iPr2)(Bz2calix)] (7)
as an orange solid (0.290 g, 92%).


From [Ti(N-2,6-C6H3iPr2)Cl2(NHMe2)2] (NMR tube scale): A solution of
[Ti(N-2,6-C6H3iPr2)Cl2(NHMe2)2] (0.005 g, 0.012 mmol) in C6D6 (0.5 mL)
was added to [Li2(Bz2calix)] (0.010 g, 0.012 mmol) at rt. Reaction at rt for
15 h afforded an orange suspension. [Ti(N-2,6-C6H3iPr2)(Bz2calix)] (7) and
NHMe2 were formed in ca. 90% yield by 1H NMR spectroscopy. 1H NMR
(C6D6, 300.1 MHz, 298 K): �� 7.25 (dd, 3J(H,H)� 7.7, 4J(H,H)� 1.5 Hz,
4H, o-C6H5), 7.14 (s, 4H, m-C6H2), 7.10 ± 6.80 (m, 9H, m-C6H5, p-C6H5, m-
2,6-C6H3iPr2, p-2,6-C6H3iPr2), 6.77 (s, 4H, m-C6H2), 5.92 (s, 4H,
OCH2C6H5), 5.15 (sept, 3J(H,H)� 6.8 Hz, 2H, CHMe2), 4.54 (d,
2J(H,H)� 12.3 Hz, 4H, CH2), 3.07 (d, 2J(H,H)� 12.3 Hz, 4H, CH2), 1.64
(d, 3J(H,H)� 6.8 Hz, 12H, CHMe2), 1.40 (s, 18H, CMe3), 0.68 (s, 18H,
CMe3); 13C{1H} NMR (C6D6, 75.5 MHz, 298 K): �� 160.2 (Cq-C6H2 or
i-C6H5), 157.6 (i-2,6-C6H3iPr2), 149.2 (Cq-C6H2 or i-C6H5), 147.5 (Cq-C6H2
or i-C6H5), 144.1 (o-2,6-C6H3iPr2), 140.5 (Cq-C6H2 or i-C6H5), 133.8 (2�
overlapping Cq-C6H2 or i-C6H5), 131.8 (o-C6H5 orm-C6H5 or p-C6H5), 129.6
(o-C6H5 orm-C6H5 or p-C6H5), 129.1 (Cq-C6H2 or i-C6H5), 128.3 (o-C6H5 or
m-C6H5 or p-C6H5), 126.7 (m-C6H2), 124.5 (m-C6H2), 123.1 (p-2,6-
C6H3iPr2), 122.8 (m-2,6-C6H3iPr2), 87.0 (OCH2C6H5), 34.2 (CH2), 34.1
(CMe3), 33.7 (CMe3), 32.2 (CMe3), 30.6 (CMe3), 28.7 (CHMe2), 24.3
(CHMe2); EI MS (70 eV):m/z (%): 1049 [M]� (10); IR (KBr plates, Nujol):
�� � 1600 (w), 1558 (w), 1418 (w), 1319 (s), 1274 (s), 1262 (s), 1211 (s), 1166
(w), 1120 (m), 1094 (m), 1025 (m), 976 (w), 936 (m), 917 (m), 872 (s), 853
(w), 796 (s), 752 (s), 698 (m), 600 (w), 566 cm�1 (m). A satisfactory
elemental analysis could not be obtained.


[Zr(N-2,6-C6H3iPr2)(Me2calix)] (8): A solution of [ZrCl2(Me2calix)]
(1.010 g, 1.21 mmol) in benzene (35 mL) was added at rt to a solution of
LiNH(2,6-C6H3iPr2) (0.442 g, 2.41 mmol) in benzene (15 mL). The solution
turned a pale yellow colour and the mixture was stirred for 48 h. After
filtration through a 2.5 cm bed of Celite, volatiles were removed under
reduced pressure to leave a yellow solid. This was washed with pentane
(3� 25 mL) and volatiles were removed under reduced pressure to afford
[Zr(N-2,6-C6H3iPr2)(Me2calix)] (8) as a white solid (0.691 g, 61%).
1H NMR (C6D6, 500.0 MHz, 298 K): �� 7.32 (d, 3J(H,H)� 7.5 Hz, 2H,
m-C6H3iPr2), 7.25 (s, 4H, m-C6H2), 7.02 (t, 3J(H,H)� 7.5 Hz, 1H, p-
C6H3iPr2), 6.83 (s, 4H,m-C6H2), 4.68 (sept, 3J(H,H)� 7.0 Hz, 2H, CHMe2),
4.50 (d, 2J(H,H)� 13.0 Hz, 4H, CH2), 3.98 (s, 6H, OMe), 3.25 (d,
2J(H,H)� 13.0 Hz, 4H, CH2), 1.65 (d, 3J(H,H)� 7.0 Hz, 12H, CHMe2),
1.40 (s, 18H, CMe3), 0.63 (s, 18H, CMe3);13C{1H} NMR (C6D6, 125.7 MHz,
298 K): �� 157.3 (Cq-C6H2 or i-C6H3iPr2), 153.7 (i-C6H3iPr2), 149.9 (Cq-
C6H2 or i-C6H3iPr2), 148.2 (Cq-C6H2 or i-C6H3iPr2), 142.0 (Cq-C6H2 or i-
C6H3iPr2), 140.5 (Cq-C6H2 or i-C6H3iPr2), 133.3 (Cq-C6H2 or i-C6H3iPr2),
128.6 (Cq-C6H2 or i-C6H3iPr2), 127.6 (m-C6H2), 124.9 (m-C6H2), 122.3 (m-
C6H3iPr2), 119.1 (p-C6H3iPr2), 72.4 (OMe), 34.3 (CMe3), 33.8 (CMe3), 32.6
(CH2), 32.2 (CMe3), 30.4 (CMe3), 29.5 (CHMe2), 23.8 (CHMe2);EI MS
(70 eV): m/z (%): 941 [M]� (15), 161 [C6H3iPr2]� (100); IR (KBr plates,


Nujol): �� � 1602 (w), 1419 (m), 1363 (m), 1321 (s), 1286 (m), 1262 (m), 1213
(m), 1164 (w), 1120 (m), 1093 (s), 1020 (m), 986 (m), 940 (w), 872 (m), 848
(m), 795 (s), 753 (m), 638 (w), 549 cm�1 (m); elemental analysis calcd (%)
for C58H75NO4Zr: C 74.0, H 8.0, N 1.5; found: C 73.9, H 8.3, N 1.4.


NMR tube scale reaction of [Zr(CH2SiMe3)2(Me2calix)] with H2N-2,6-
C6H3iPr2 : H2N-2,6-C6H3iPr2 (2.2 �L, 0.012 mmol) was added to a solution
of [Zr(CH2SiMe3)2(Me2calix)] (11.2 mg, 0.012 mmol) in C6D6 (0.75 mL).
The mixture was heated at 50 �C for two weeks resulting in a ca. 25%
conversion of [Zr(CH2SiMe3)2(Me2calix)] to [Zr(N-2,6-C6H3iPr2)(Me2ca-
lix)] (8) and SiMe4.


NMR tube scale reaction of [ZrCl2(Me2calix)] with LiNHPh : A solution of
LiNHPh (4.4 mg, 0.045 mmol) in C6D6 (0.3 mL) was added to [ZrCl2(Me2-
calix)] (18.7 mg, 0.022 mmol) in C6D6 (0.3 mL). The solution was trans-
ferred to a sealed NMR tube. After 1 h, the 1H NMR spectrum suggested
quantitative formation of a single product formulated as [Zr(NHPh)2(Me2-
calix)] (9). Removal of volatiles under reduced pressure resulted in the
decomposition of the product. 1H NMR (C6D6, 300.1 MHz, 298 K): �� 7.33
(s, 4H, m-C6H2), 7.24 (apparent d, 3J(H,H)� 6.0 Hz, 4H, o-C6H5), 7.20
(apparent d, 3J(H,H)� 6.9 Hz, 4H,m-C6H5), 6.82 (s, 4H,m-C6H2), 6.76 (tt,
3J(H,H)� 6.9 Hz, 2H, p-C6H5), 6.37 (br s, 2H, NH), 4.44 (d, 2J(H,H)�
12.6 Hz, 4H, CH2), 3.64 (s, 6H, OMe), 3.27 (d, 2J(H,H)� 12.6 Hz, 4H,
CH2), 1.48 (s, 18H, CMe3), 0.69 (s, 18H, CMe3).


[Ti{N(tBu)C(O)O}(Me2calix)] (10): CO2 (1 atm) was added to a solution of
[Ti(NtBu)(Me2calix)] (1) (0.200 g, 0.25 mmol) in benzene (20 mL) at rt.
The reaction mixture was stirred at rt for 5 min to give an orange solution.
Removal of volatiles under reduced pressure afforded [Ti{N(tBu)C(O)O}-
(Me2calix)] (10) as an orange solid (0.193 g, 93%). 1H NMR (C6D6,
500.1 MHz, 298 K): �� 7.25 (s, 2H, m-C6H2), 7.23 (s, 2H, m-C6H2), 6.81 (d,
4J(H,H)� 2.5 Hz, 2H, m-C6H2), 6.78 (d, 4J(H,H)� 2.5 Hz, 2H, m-C6H2),
4.41 (d, 2J(H,H)� 12.6 Hz, 2H, CH2), 4.40 (d, 2J(H,H)� 13.5 Hz, 2H,
CH2), 3.70 (s, 6H, OMe), 3.25 (d, 2J(H,H)� 12.6 Hz, 2H, CH2), 3.14 (d,
2J(H,H)� 13.5 Hz, 2H, CH2), 1.72 (s, 9H, NCMe3), 1.43 (s, 9H, CMe3), 1.36
(s, 9H, CMe3), 0.64 (s, 18H, CMe3); 13C{1H} NMR (C6D6, 125.7 MHz,
298 K): �� 167.3 (CO), 162.6 (Cq-C6H2), 161.0 (Cq-C6H2), 155.1 (Cq-C6H2),
149.2 (Cq-C6H2), 143.6 (Cq-C6H2), 142.7 (Cq-C6H2), 132.4 (Cq-C6H2), 131.3
(Cq-C6H2), 131.0 (Cq-C6H2), 130.1 (Cq-C6H2), 127.7 (m-C6H2), 126.7
(m-C6H2), 124.8 (m-C6H2), 124.7 (m-C6H2), 69.9 (OMe), 59.3 (NCMe3),
34.6 (CH2), 34.5 (CMe3), 34.4 (CMe3), 34.0 (CH2), 33.7 (CMe3), 32.0
(NCMe3), 31.9 (CMe3), 31.6 (CMe3), 30.5 (CMe3); EI MS (70 eV):m/z (%):
738 [M� tBuNCO]� (100); IR (KBr plates, Nujol): �� � 1600 (s), 1307 (s),
1277 (w), 1261 (w), 1209 (s), 1168 (w), 1123 (s), 1097 (w), 998 (m), 939 (m),
872 (s), 796 (m), 770 (w), 755 (w), 723 (w), 679 (w), 645 (w), 568 (s), 494 (w),
448 cm�1 (m); elemental analysis calcd (%) for C51H67NO6Ti: C 73.1, H 8.1,
N 1.7; found: C 71.6, H 7.8, N 1.8.


[{Ti(�-O)(Me2calix)}2] (11): CO2 (1 atm) was added to a solution of
[Ti(NtBu)(Me2calix)] (1; 0.200 g, 0.25 mmol) in benzene (20 mL) at rt. The
reaction mixture was stirred at rt for 125 h (in light) to give a red solution.
Removal of volatiles under reduced pressure and washing with pentane
(�50 �C) (2� 5 mL) afforded [{Ti(�-O)(Me2calix)}2] (11) as a red solid
(0.146 g, 79%). 1H NMR (C6D6, 500.1 MHz, 298 K): �� 7.25 (s, 4H, m-
C6H2), 6.77 (s, 4H, m-C6H2), 4.59 (d, 2J(H,H)� 12.5 Hz, 4H, CH2), 4.19 (s,
6H, OMe), 3.23 (d, 2J(H,H)� 12.5 Hz, 4H, CH2), 1.46 (s, 18H, CMe3), 0.61
(s, 18H, CMe3); EI MS (70 eV):m/z (%): 738 [1³2M]� (100); IR (KBr plates,
Nujol): �� � 1305 (s), 1258 (m), 1208 (s), 1168 (w), 1123 (m), 1097 (w), 1016
(m), 939 (m), 872 (s), 850 (m), 797 (m), 724 (m), 564 cm�1 (m); elemental
analysis calcd (%) for C92H116O10Ti2: C 73.8, H 7.9; found: C 72.8, H 8.4.


[{Ti(�-S)(Me2calix)}2] (12): CS2 (0.023 g, 18.1 �L, 0.31 mmol) was added to
a solution of [Ti(NtBu)(Me2calix)] (1; 0.250 g, 0.31 mmol) in benzene
(25 mL) at rt. The mixture was stirred at rt for 5 d to give a red solution.
Removal of volatiles and washing with pentane (�50 �C) (2� 5 mL)
afforded [{Ti(�-S)(Me2calix)}2] (12) as a red solid (0.185 g, 79%). 1H NMR
(C6D6, 500.1 MHz, 298 K): �� 7.25 (s, 4H, m-C6H2), 6.71 (s, 4H, m-C6H2),
4.70 (d, 2J(H,H)� 12.5 Hz, 4H, CH2), 4.31 (s, 6H, OMe), 3.20 (d,
2J(H,H)� 12.5 Hz, 4H, CH2), 1.41 (s, 18H, CMe3), 0.58 (s, 18H, CMe3);
13C{1H} NMR (C6D6, 125.7 MHz, 298 K): �� 160.8 (Cq-C6H2), 149.9 (C-
q-C6H2), 149.3 (Cq-C6H2), 142.6 (Cq-C6H2), 132.1 (Cq-C6H2), 129.4 (C-
q-C6H2), 127.0 (m-C6H2), 124.8 (m-C6H2), 77.3 (OMe), 34.3 (CMe3), 33.6
(CMe3), 33.5 (CH2), 32.1 (CMe3), 30.5 (CMe3); EIMS (70 eV):m/z (%): 754
[1³2M]� (45), 739 [1³2M�Me]� (20); IR (KBr plates, Nujol): �� � 1311 (s),
1262 (m), 1210 (s), 1169 (w), 1123 (m), 1114 (m), 1095 (w), 996 (m), 941 (m),
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924 (m), 875 (s), 816 (w), 797 (s), 730 (s), 638 (w), 572 (s), 528 cm�1 (w);
elemental analysis calcd (%) for C92H116O8S2Ti2: C 73.2, H 7.7; found: C
72.0, H 7.6.


[Ti{N(tBu)C(O)N(-4-C6H4Me)}(Me2calix)] (13): OCN-4-C6H4Me (0.043 g,
40.5 �L, 0.32 mmol) was added to a solution of [Ti(NtBu)(Me2calix)] (1;
0.250 g, 0.32 mmol) in benzene (20 mL) at rt. The reaction mixture was
stirred at rt for 25 h to give a dark red solution. Removal of volatiles under
reduced pressure afforded [Ti{N(tBu)C(O)N(-4-C6H4Me)}(Me2calix)] (13)
as a dark red solid (0.279 g, 94%). Crystals suitable for X-ray analysis were
grown from saturated solutions of 13 in toluene. 1H NMR (C6D6,
500.1 MHz, 298 K): �� 7.70 (d, 3J(H,H)� 7.5 Hz, 2H, m-C6H4Me), 7.27 (s,
2H, m-C6H2), 7.20 (s, 2H, m-C6H2), 6.95 (d, 3J(H,H)� 7.5 Hz, 2H,
o-C6H4Me), 6.83 (d, 4J(H,H)� 2.5 Hz, 2H, m-C6H2), 6.78 (d, 4J(H,H)�
2.5 Hz, 2H, m-C6H2), 4.45 (d, 2J(H,H)� 13.5 Hz, 2H, CH2), 4.19 (d,
2J(H,H)� 13.5 Hz, 2H, CH2), 3.72 (s, 6H, OMe), 3.37 (d, 2J(H,H)�
13.5 Hz, 2H, CH2), 3.18 (d, 2J(H,H)� 13.5 Hz, 2H, CH2), 2.11 (s, 3H,
N-4-C6H4Me), 1.90 (s, 9H, NCMe3), 1.45 (s, 9H, CMe3), 1.41 (s, 9H, CMe3),
0.67 (s, 18H, CMe3); 13C{1H} NMR (C6D6, 125.7 MHz, 298 K): �� 168.7
(CO), 162.5 (Cq-C6H2), 161.9 (Cq-C6H2), 155.1 (Cq-C6H2), 148.9 (Cq-
C6H2), 147.2 (i-C6H4Me), 142.7 (Cq-C6H2), 142.6 (Cq-C6H2), 132.0 (Cq-
C6H2), 131.6 (Cq-C6H2), 131.5 (Cq-C6H2), 131.3 (Cq-C6H2), 131.0 (p-
C6H4Me), 128.6 (o-C6H4Me), 127.5 (m-C6H2), 126.9 (m-C6H2), 124.8 (m-
C6H2), 124.5 (m-C6H2), 122.7 (m-4-C6H4Me), 69.4 (OMe), 59.9 (NCMe3),
34.7 (CH2), 34.5 (CH2), 34.4 (2� overlapping CMe3), 33.6 (CMe3), 32.2
(NCMe3), 32.1 (CMe3), 32.0 (CMe3), 30.5 (CMe3), 20.9 (N-4-C6H4Me); EI
MS (70 eV): m/z (%): 926 [M]� (11), 827 [M� tBuNCO]� (100), 812 [M�
tBuNCO�Me]� (14), 793 [M�OCN-4-C6H4Me]� (2), 778 [M�OCN-4-
C6H4Me�Me]� (8), 738 [M� tBuNCN-4-C6H4Me]� (22), 723 [M�
tBuNCN-4-C6H4Me�Me]� (11), 707 [M� tBuN(O)CN-4-C6H4Me�
Me]� (17), 413 [M� tBuNCO]2�); IR (KBr plates): �� � 2962 (vsbr), 1701
(w), 1654 (wbr), 1602 (w), 1546 (wbr), 1514 (mbr), 1480 (vsbr), 1393 (w),
1362 (m), 1311 (vsbr), 1274 (sbr), 1209 (vsbr), 1164 (s), 1121 (m), 1091 (w),
999 (mbr), 937 (sbr), 923 (m), 873 (s), 856 (sbr), 810 (wbr), 795 (sbr), 753
(w), 729 (w), 695 (wbr), 638 (wbr), 561 (mbr), 508 (wbr), 465 (w), 449 cm�1


(w); elemental analysis calcd (%) for C58H74N2O5Ti: C 75.2, H 8.1, N 3.0;
found: C 75.0, H 8.0, N 2.6.


[Ti(N-4-C6H4Me)(Me2calix)] (14): A solution of freshly sublimed H2N-4-
C6H4Me (0.053 g, 0.32 mmol) in benzene (10 mL) was added to a solution
of [Ti(NtBu)(Me2calix)] (1; 0.250 g, 0.32 mmol) in benzene (25 mL) at rt.
The reaction mixture was stirred at 50 �C for 50 h to give an orange
solution. Removal of volatiles under reduced pressure and washing with
cold (�50 �C) pentane (2� 5 mL) afforded [Ti(N-4-C6H4Me)(Me2calix)]
(14) as an orange solid (0.222 g, 84%). 1H NMR (C6D6, 500.1 MHz, 298 K):
�� 7.30 (s, 4H, m-C6H2), 7.21 (d, 3J(H,H)� 8.5 Hz, 2H, m-4-C6H4Me), 7.04
(d, 3J(H,H)� 8.5 Hz, 2H, o-4-C6H4Me), 6.83 (s, 4H, m-C6H2), 4.65 (d,
2J(H,H)� 12.5 Hz, 4H, CH2), 4.18 (s, 6H, OMe), 3.28 (d, 2J(H,H)�
12.5 Hz, 4H, CH2), 2.20 (s, 3H, C6H4Me), 1.46 (s, 18H, CMe3), 0.65 (s,
18H, CMe3); 13C{1H} NMR (C6D6, 125.7 MHz, 298 K): �� 160.1 (Cq-
C6H2), 159.9 (i-4-C6H4Me), 150.4 (Cq-C6H2), 149.2 (Cq-C6H2), 140.8 (Cq-
C6H2), 132.7 (Cq-C6H2), 130.0 (Cq-C6H2), 129.3 (o-4-C6H4Me), 129.1 (p-4-
C6H4Me), 127.0 (m-C6H2), 124.8 (m-C6H2), 123.6 (m-4-C6H4Me), 71.7
(OMe), 34.3 (CMe3), 33.7 (CMe3), 33.6 (CH2), 32.2 (CMe3), 30.6 (CMe3),
21.0 (C6H4Me); EI MS (70 eV): m/z (%): 827 [M]� (55); IR (KBr plates,
Nujol): �� � 1300 (s), 1261 (m), 1210 (s), 1167 (w), 1122 (m), 1095 (w), 1011
(m), 939 (m), 924 (m), 872 (m), 850 (w), 797 (m), 770 (w), 723 (m), 569 cm�1


(m); elemental analysis calcd (%) for C53H65NO4Ti: C 76.9, H 7.9, N 1.7;
found: C 74.1, H 7.4, N 1.7.


[Ti(N-4-C6H4Fc)(Me2calix)] (15): A solution of H2N-4-C6H4Fc (0.089 g,
0.32 mmol) in benzene (10 mL) was added to a solution of [Ti(NtBu)-
(Me2calix)] (1; 0.250 g, 0.32 mmol) in benzene (25 mL) at rt. The reaction
mixture was stirred at 50 �C for 50 h to give a dark red solution. Removal of
volatiles under reduced pressure and washing with cold (�50 �C) pentane
(2� 5 mL) afforded [Ti(N-4-C6H4Fc)(Me2calix)] (15) as a red solid
(0.258 g, 81%). 1H NMR (C6D6, 500.1 MHz, 298 K): �� 7.45 (d,
3J(H,H)� 8.5 Hz, 2H, m-4-C6H4Fc), 7.31 (s, 4H, m-C6H2), 7.24 (d,
3J(H,H)� 8.5 Hz, 2H, o-4-C6H4Fc), 6.84 (s, 4H, m-C6H2), 4.67 (d,
2J(H,H)� 12.5 Hz, 4H, CH2), 4.53 (app t, app J(H,H)� 2.0 Hz, 2H,
C5H4), 4.20 (s, 6H, OMe), 4.12 (app t, app J(H,H)� 2.0 Hz, 2H, C5H4),
3.97 (s, 5H, C5H5), 3.29 (d, 2J(H,H)� 12.5 Hz, 4H, CH2), 1.46 (s, 18H,
CMe3), 0.66 (s, 18H, CMe3); 13C{1H} NMR (C6D6, 125.7 MHz, 298 K): ��
160.5 (i-4-C6H4Fc), 160.2 (Cq-C6H2), 150.4 (Cq-C6H2), 149.3 (Cq-C6H2),


140.9 (Cq-C6H2), 132.7 (Cq-C6H2), 131.6 (p-4-C6H4Fc), 129.1 (Cq-C6H2),
127.0 (m-C6H2), 126.5 (o-4-C6H4Fc), 124.8 (m-C6H2), 123.7 (m-4-C6H4Fc),
71.8 (OMe), 69.8 (C5H5), 68.9 (C5H4), 66.4 (C5H4), 34.3 (2� overlapping
CMe3), 33.7 (CH2), 32.2 (CMe3), 30.6 (CMe3); EI MS (70 eV):m/z (%): 997
[M]� (100); IR (KBr plates, Nujol): �� � 1620 (w), 1320 (s), 1211 (s), 1168
(w), 1122 (m), 1106 (w), 1096 (w), 1003 (m), 976 (m), 941 (m), 923 (w), 872
(w), 860 (w), 834 (m), 817 (m), 796 (m), 568 (m), 533 (w), 509 cm�1 (w);
elemental analysis calcd (%) for C62H71NFeO4Ti: C 74.6, H 7.2, N 1.4;
found: C 73.0, H 7.7, N 1.5.


[{Ti(Me2calix)}2{�-(N-4-C6H4)2CH2}] (16): A solution of CH2(4-C6H4NH2)2
(0.032 g, 0.16 mmol) in benzene (5 mL) was added to a solution of
[Ti(NtBu)(Me2calix)] (1; 0.250 g, 0.32 mmol) in benzene (25 mL) at rt. The
reaction mixture was stirred at 50 �C for 50 h to give a dark red solution.
Removal of volatiles under reduced pressure and washing with cold
(�50 �C) pentane (2� 5 mL) afforded [{Ti(Me2calix)}2{�-(C6H4)2CH2}]
(16) as a red solid (0.229 g, 87%). 1H NMR (C6D6, 300.1 MHz, 298 K):
�� 7.26 (s, 8H, m-C6H2), 7.13 (2�overlapping d, 3J(H,H)� 6.0 Hz, 8H,
o-C6H4 and m-C6H4), 6.79 (s, 8H,m-C6H2), 4.62 (d, 2J(H,H)� 12.3 Hz, 8H,
CH2), 4.13 (s, 12H, OMe), 3.88 (s, 2H, CH2), 3.26 (d, 2J(H,H)� 12.3 Hz,
8H, CH2), 1.45 (s, 36H, CMe3), 0.65 (s, 36H, CMe3); 13C{1H} NMR (C6D6,
75.5 MHz, 298 K): �� 160.1 (Cq-C6H2), 150.4 (Cq-C6H2), 149.2 (Cq-C6H2),
140.8 (Cq-C6H2), 134.7 (p-C6H4), 132.7 (Cq-C6H2), 129.3 (o-C6H4), 129.1
(Cq-C6H2), 126.9 (m-C6H2), 124.7 (m-C6H2), 123.5 (m-C6H4), 71.8 (OMe),
41.2 (CH2), 34.3 (CMe3), 33.7 (2� overlapping CH2 and CMe3), 32.2
(CMe3), 30.6 (CMe3), i-C6H4 resonance not observed; IR (KBr plates,
Nujol): �� � 1598 (m), 1310 (s), 1262 (w), 1208 (s), 1168 (w), 1120 (m), 1094
(w), 1006 (s), 940 (m), 920 (w), 870 (m), 796 (m), 758 (w), 566 cm�1 (m);
elemental analysis calcd (%) for C105H126N2O8Ti2: C 76.9, H 7.7, N 1.7;
found: C 74.3, H 7.9, N 1.6.


[TiCl2(Me2calix)] from [Ti(NtBu)(Me2calix)] and HCl : HCl (1� solution in
Et2O) (26.0 �L, 0.26 mmol) was added to a solution of [Ti(NtBu)(Me2ca-
lix)] (1; 0.100 g, 0.13 mmol) in benzene (10 mL) at 5 �C. The reaction
mixture was stirred at rt for 5 min to give a red solution. Removal of
volatiles under reduced pressure afforded [TiCl2(Me2calix)] (0.097 g, 97%)
which was characterised by comparison with an authentic sample.


[{Ti(�-O)(Me2calix)}2] (11) from [Ti(NtBu)(Me2calix)] and H2O : H2O (1�
solution in Et2O) (14.0 �L, 0.014 mmol) was added to a solution of
[Ti(NtBu)(Me2calix)] (1; 0.010 g, 0.013 mmol) in C6D6 (0.5 mL) at rt.
Reaction at rt for 10 min afforded [{Ti(�-O)(Me2calix)}2] (11) and H2NtBu
in ca. 90% yield by 1H NMR.


[{Ti(�-S)(Me2calix)}2] (12) from [Ti(NtBu)(Me2calix)] (1) and H2S : H2S
(1 atm) was added to a solution of [Ti(NtBu)(Me2calix)] (1; 0.200 g,
0.25 mmol) in benzene (20 mL) at 5 �C. The reaction mixture was stirred at
rt for 30 min to give a red solution. Removal of volatiles under reduced
pressure afforded [{Ti(�-S)(Me2calix)}2] (12) as a red solid (0.168 g, 89%).


[Ti(O-4-C6H4Me)2(Me2calix)] (17): A solution of HO-4-C6H4Me (0.069g,
0.64 mmol) in benzene (10 mL) was added dropwise to a solution of
[Ti(NtBu)(Me2calix)] (1; 0.250 g, 0.31 mmol) in benzene (25 mL) at 5 �C.
The reaction mixture was stirred at rt for 30 min. Removal of volatiles
under reduced pressure and washing with cold (�50 �C) pentane (2�
5 mL) afforded [Ti(O-4-C6H4Me)2(Me2calix)] (17) as a dark orange solid
(0.204 g, 68%). 1H NMR (C6D6, 500.1 MHz, 298 K): �� 7.30 (s, 4H,
m-C6H2), 7.16 (d, 3J(H,H)� 8.0 Hz, 4H, 4-C6H4Me), 7.01 (d, 3J(H,H)�
8.0 Hz, 4H, 4-C6H4Me), 6.93 (s, 4H, m-C6H2), 4.55 (d, 2J(H,H)� 13.0 Hz,
4H, CH2), 3.91 (s, 6H, OMe), 3.34 (d, 2J(H,H)� 13.0 Hz, 4H, CH2), 2.12 (s,
6H, 4-C6H4Me), 1.43 (s, 18H, CMe3), 0.68 (s, 18H, CMe3); 13C{1H} NMR
(C6D6, 125.7 MHz, 298 K): �� 165.6 (i-4-C6H4Me), 164.3 (Cq-C6H2), 156.5
(Cq-C6H2), 148.9 (Cq-C6H2), 141.3 (Cq-C6H2), 131.8 (Cq-C6H2), 129.8
(4-C6H4Me), 128.9 (Cq-C6H2), 128.2 (p-4-C6H4Me), 126.7 (m-C6H2), 124.7
(m-C6H2), 119.2 (4-C6H4Me), 67.8 (OMe), 34.9 (CH2), 34.2 (CMe3), 33.7
(CMe3), 32.0 (CMe3), 30.6 (CMe3), 20.7 (4-C6H4Me); EI MS (70 eV): m/z
(%): 829 [M�O-4-C6H4Me]� (15), 814 [M�OTol-Me]� (100), 799
[M�OTol� 2Me]� (50); IR (KBr plates, Nujol): �� � 1504 (s), 1253 (s),
1209 (m), 1167 (w), 1124 (w), 1100 (w), 1017 (m), 874 (m), 840 (w), 820 (m),
800 (m), 785 (w), 723 (m), 581 cm�1 (m); elemental analysis calcd (%) for
C60H72O6Ti: C 76.9, H 7.7; found: C 75.5, H 9.4.


[Ti(O-4-C6H4tBu)2(Me2calix)] (18): A solution of HO-4-C6H4tBu (189 mg,
1.26 mmol) in toluene (5 mL) was added at �50 �C to a solution of
[Ti(NtBu)(Me2calix)] (1; 500 mg, 0.63 mmol) in toluene (15 mL). The
yellow solution turned immediately red and was stirred while it was allowed
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to reach rt. Removal of volatiles under reduced pressure afforded [Ti(O-4-
C6H4tBu)2(Me2calix)] ¥ 2C7H8 (18 ¥ 2C7H8) as an orange solid (462 mg,
61%). 1H NMR (C6D6, 250 MHz, 298 K): �� 7.31 (s, 4H, m-C6H2), 7.24
(d, 3J(H,H)� 7.5 Hz, 4H, 4-C6H4tBu), 7.11 (d, 3J(H,H)� 7.5 Hz, 4H,
4-C6H4tBu), 6.93 (s, 4H, m-C6H2), 4.58 (d, 2J(H,H)� 13.0 Hz, 4H, CH2),
3.94 (s, 6H, OMe), 3.37 (d, 2J(H,H)� 13.0 Hz, 4H, CH2), 1.47 (s, 18H,
CMe3), 1.26 (s, 18H, CMe3), 0.73 (s, 18H, CMe3); 13C{1H} NMR (C6D6,
62.9 MHz, 298 K): �� 165.6 (i-4-C6H4tBu), 164.4 (Cq-C6H2), 149.1 (C-
q-C6H2), 142.4 (Cq-C6H2), 141.4 (Cq-C6H2), 132.1 (Cq-C6H2), 129.0 (C-
q-C6H2), 128.7 (p-4-C6H4tBu), 126.8 (4-C6H4tBu), 126.2 (Cm-C6H2), 124.8
(Cm-C6H2), 119.1 (4-C6H4tBu), 67.9 (OMe), 35.1 (CH2), 34.4 (CMe3), 34.2
(4-C6H4CMe3), 33.8 (CMe3), 32.1 (CMe3), 31.8 (CMe3), 30.7 (4-C6H4CMe3);
1H NMR (CDCl3, 250 MHz, 298 K): �� 7.06 (d, 3J(H,H)� 8.7 Hz, 4H,
4-C6H4tBu), 7.05 (s, 4H, m-C6H2), 6.94 (s, 4H, m-C6H2), 6.72 (d, 3J(H,H)�
8.7 Hz, 4H, 4-C6H4tBu), 4.34 (d, 2J(H,H)� 13.4 Hz, 4H, CH2), 4.31 (s, 6H,
OMe), 3.32 (d, 2J(H,H)� 13.4 Hz, 4H, CH2), 1.33 (s, 18H, CMe3), 1.24 (s,
18H, CMe3), 1.09 (s, 18H, CMe3); EI MS (70 eV): m/z (%): 1021 [M]� (2),
872 [M�O-4-C6H4tBu]� (98), 871 [M�O-4-C6H4tBu-H]� (98), 857 [M�
O-4-C6H4tBu-Me]� (15), 856 [M�O-4-C6H4tBu-Me-H]� (23), 842 [M�O-
4-C6H4tBu-2Me]� (9), 841 [M�O-4-C6H4tBu� 2Me�H]� (14), 428 [M�
O-4-C6H4tBu�Me�H]2� (7), 150 [tBuPhOH]� (42), 135 [tBuPhOH�
Me]� (100); IR (KBr plates): �� � 3050 (w), 2969 (vsbr), 1601 (w), 1506
(vs), 1481 (vsbr), 1413 (w), 1362 (m), 1318 (sbr), 1249 (vsbr), 1211 (vsbr),
1174 (s), 1122 (m), 1091 (m), 994 (mbr), 945 (wbr), 873 (sbr), 856 (s), 835
(s), 796 (sbr), 752 (w), 730 (m), 707 (mbr), 695 (w), 564 (sbr), 465 (w),
436 cm�1 w (br); elemental analysis calcd (%) for C80H100O6Ti: C 79.6, H
8.6; found: C 79.3, H 8.5.


[Ti(O-2,6-C6H3Me2)2(Me2calix)] (19): A solution of HO-2,6-C6H3Me2
(0.058 g, 0.478 mmol) in benzene (5 mL) was added dropwise to a benzene
solution (10 mL) of [Ti(NtBu)(Me2calix)] (1; 0.200 g, 252 mmol) at 5 �C.
The reaction mixture was stirred for 5 min during which time the reaction
mixture changed from orange to dark orange. Removal of volatiles under
reduced pressure and washing with pentane (5 mL) afforded [Ti(O-2,6-
C6H3Me2)2(Me2Calix)] (19) as an orange solid (0.090 g, 37%). 1H NMR
(C6D6, 300.1 MHz, 298 K): �� 7.19 (s, 4H, m-C6H2), 6.80 (d, 3J(H,H)�
7.5 Hz, 4H, m-2,6-C6H3Me2), 6.70 (s, 4H, m-C6H2), 6.60 (t, 3J(H,H)�
7.5 Hz, 2H, p-2,6-C6H3Me2), 4.88 (d, 2J(H,H)� 13.2 Hz, 4H, CH2), 3.36
(s, 6H, OMe), 3.28 (d, 2J(H,H)� 13.2 Hz, 4H, CH2), 2.49 (s, 12H, 2,6-
C6H3Me2), 1.42 (s, 18H, CMe3), 1.04 (s, 18H, CMe3); 13C{1H} NMR (C6D6,
75.5 MHz, 298 K): �� 165.6 (o-2,6-C6H3Me2), 162.7 (i-C6H2), 154.6 (i-
C6H2), 146.4 (p-C6H2), 143.0 (p-C6H2), 133.1 (o-C6H2), 132.1 (o-C6H2), 128.0
(m-2,6-C6H3Me2), 126.5 (m-C6H2), 126.2 (i-2,6-C6H3Me2), 124.9 (m-C6H2),
120.7 (p-2,6-C6H3Me2), 64.0 (OMe), 34.5 (CMe3), 34.4 (CMe3), 33.2 (CH2),
32.2 (CMe3), 31.8 (CMe3), 18.1 (2,6-C6H3Me2); EI MS (70 eV):m/z (%): 828
[M� {O-4-C6H4Me}� 2Me]� (100); IR (KBr plates, Nujol): �� � 1304 (w),
1262 (s), 1232 (w), 1210 (s), 1122 (m), 1096 (m), 1020 (m), 994 (w), 940 (m),
920 (w), 898 (w), 878 (w), 858 (w), 796 (m), 760 (m), 730 (m), 570 cm�1 (m);
elemental analysis calcd (%) for C62H76O6Ti: C 76.9, H 7.7; found: C 74.8, H
7.7.


[Ti{2,2�-(O-4,6-C6H2MetBu)2CH2}(Me2calix)] (20): To a cooled (�50 �C)
solution of [Ti(NtBu)(Me2calix)] (1; 500 mg, 0.63 mmol) in toluene (15 mL)
an equally cooled solution of 2,2�-(HO-4,6-C6H2MetBu)2CH2 (214 mg,
0.63 mmol) was added. The yellow solution immediately turned dark
brown and was stirred while it was allowed to reach rt. All volatiles were
removed under reduced pressure, and the brown precipitate suspended in
hexane (5 mL), filtered and washed with hexane (2 mL). Drying of the
residue in vacuo afforded [Ti{2,2�-(O-4,6-C6H2MetBu)2CH2}(Me2calix)]
(20) as a brown powder (258 mg, 39%). 1H NMR (C6D6, 250 MHz, 298 K):
�� 7.18 (s, 4H, m-C6H2), 6.98 (d, 4J(H,H)� 1.9 H, 2Hz, m-{2,2�-(O-4,6-
C6H2MetBu)2CH2}), 6.73 (d, 4J(H,H)� 1.9 Hz, 2H, m-{2,2�-(O-4,6-
C6H2MetBu)2CH2}), 6.68 (s, 4H, m-C6H2), 5.32 (d, 2J(H,H)� 13.9 Hz, 1H,
{2,2�-(O-4,6-C6H2MetBu)2CH2}), 4.81 (d, 2J(H,H)� 13.4 Hz, 4H, CH2), 3.56
(s, 6H, OMe), 3.26 (d, 2J(H,H)� 13.5 Hz, 4H, CH2) underneath: (d,
2J(H,H)� 13.9 Hz, 1H, {2,2�-(O-4,6-C6H2MetBu)2CH2}), 2.06 (s, 6H, {2,2�-
(O-4,6-C6H2MetBu)2CH2}), 1.64 (s, 18H, {2,2�-(O-4,6-C6H2MetBu)2CH2}),
1.40 (s, 18H, CMe3), 1.00 (s, 18H, CMe3); 13C{1H} NMR (C6D6, 62.9 MHz,
298 K): �� 163.6 (Cq-C6H2), 161.4 (Cq-C6H2), 155.4 (Cq-{2,2�-(O-4,6-
C6H2MetBu)2CH2}), 146.5 (Cq-C6H2), 143.1 (Cq-C6H2), 138.8 (Cq-{2,2�-
(O-4,6-C6H2MetBu)2CH2}), 135.3 (Cq-{2,2�-(O-4,6-C6H2MetBu)2CH2}),
132.9 (Cq-C6H2), 131.8 (Cq-C6H2), 129.1 (Cq-{2,2�-(O-4,6-C6H2Met-
Bu)2CH2}), 128.1 (Cm-{2,2�-(O-4,6-C6H2MetBu)2CH2}), 127.3 (Cm-{2,2�-


(O-4,6-C6H2MetBu)2CH2}), 126.3 (Cm-C6H2), 125.1 (Cm-C6H2), 65.4
(OMe), 37.6 ({2,2�-(O-4,6-C6H2MetBu)2CH2}), 36.1 ({2,2�-(O-4,6-
C6H2MeC(CH3)3)2CH2}), 34.1 (CMe3), 33.3 (CH2), 32.7 (CMe3), 31.8
({2,2�-(O-4,6-C6H2MeC(CH3)3)2CH2}), 31.5 (CMe3), 21.0 ({2,2�-(O-4,6-
C6H2MetBu)2CH2}); EI MS (70 eV): m/z (%): 1061 [M]� (9), 724 [M�
{2,2�-(O-4,6-C6H2MetBu)2CH2}�H]� (100); IR (KBr plates): �� � 2956
(vsbr), 1759 (wbr), 1600 (wbr), 1482 (s), 1466 (sbr), 1437 (s), 1392 (w),
1362 (w), 1300 (m), 1247 (vs), 1204 (vsbr), 1144 (w), 1122 (s), 1014 (w), 990
(w), 939 (w), 873 (m), 857 (s), 836 (mbr), 794 (m), 753 (w), 727 (w), 613 (w),
592 (w), 571 (m), 428 cm�1 (wbr).


[Zr(O-4-C6H4Me)2(Me2calix)] (21): A solution of HO-4-C6H4Me (0.057 g,
0.53 mmol) in benzene (25 mL) was added at rt to a solution of [Zr(N-2,6-
C6H3iPr2)(Me2calix)] (8 ; 0.250 g, 0.27 mmol) in benzene (5 mL). The
colourless solution was stirred at 25 �C for 2 h. Volatiles were removed
under reduced pressure to leave an oily solid, shown by 1H NMR
spectroscopy to be a mixture of [Zr(O-4-C6H4Me)2(Me2calix)] (21) and the
side-product 2,6-diisopropylaniline. All attempts to separate the two
products proved unsuccessful and so 21 was characterised by NMR
spectroscopy only. 1H NMR (C6D6, 300.1 MHz, 298 K): �� 7.30 (s, 4H, m-
C6H2), 7.10 (d, 3J(H,H)� 7.8 Hz, 4H, C6H4Me), 7.06 (d, 3J(H,H)� 7.8 Hz,
4H, C6H4Me), 6.86 (s, 4H, m-C6H2), 4.47 (d, 2J(H,H)� 12.6 Hz, 4H, CH2),
3.76 (s, 6H, OMe), 3.29 (d, 2J(H,H)� 12.6 Hz, 4H, CH2), 2.16 (s, 6H,
C6H4Me), 1.48 (s, 18H, CMe3), 0.70 (s, 18H, CMe3); 13C{1H} NMR (C6D6,
75.5 MHz, 298 K): �� 161.8 (Cq) , 159.0 (Cq), 154.0 (Cq), 148.9 (Cq), 140.7
(Cq), 131.7 (Cq), 130.1 (Cq), 129.4 (o/m C6H4Me), 127.1 (m-C6H2), 124.7
(m-C6H2), 119.7 (o/m-C6H4Me), 67.9 (OMe), 34.2 (CMe3), 33.9 (CMe3), 33.6
(CH2), 32.1 (CMe3), 30.5 (CMe3), 20.7 (C6H4Me), one Cq resonance is
missing from the spectrum, due either to the resonance being hidden under
the solvent peak or being be too weak to be observed.


[Zr(O-2,6-C6H3Me2)2(Me2calix)] (22): A solution of HO-2,6-C6H3Me2
(0.064 g, 0.52 mmol) in benzene (25 mL) was added at rt to a solution of
[Zr(N-2,6-C6H3iPr2)(Me2calix)] (8 ; 0.246 g, 0.26 mmol) in benzene (5 mL).
After 5 min, 22 formed as a white precipitate and the reaction mixture was
stirred at 25 �C for 2 h. After filtration, the solid was washed with benzene
(2� 10 mL) and the volatiles were removed under reduced pressure
(0.169 g, 64%). A crystalline sample could be obtained from a saturated
CH2Cl2 solution. 1H NMR (CD2Cl2, 500.0 MHz, 298 K): �� 7.13 (s, 4H,
m-C6H2), 7.06 (s, 4H,m-C6H2), 6.89 (d, 3J(H,H)� 7.5 Hz, 4H,m-C6H3Me2),
6.59 (t, 3J(H,H)� 7.5 Hz, 2H, p-C6H3Me2), 4.40 (d, 2J(H,H)� 12.5 Hz, 4H,
CH2), 4.21 (s, 6H, OMe), 3.35 (d, 2J(H,H)� 12.5 Hz, 4H, CH2), 2.10 (s,
12H, C6H3Me2), 1.30 (s, 18H, CMe3), 1.15 (s, 18H, CMe3); 13C{1H} NMR
(CD2Cl2, 75.5 MHz, 298 K): �� 160.8 (Cq), 158.0 (Cq), 154.0 (Cq), 149.3
(Cq), 142.0 (Cq), 131.9 (Cq), 129.6 (Cq), 128.4 (m-C6H3Me2), 127.3 (m-C6H2
of Me2calix), 126.8 (Cq), 125.1 (m- C6H2), 118.3 (p-C6H3Me2), 68.9 (OMe),
34.5 (CMe3), 34.2 (CMe3), 33.5 (CH2), 31.8 (CMe3), 31.2 (CMe3), 17.2
(C6H3Me2); EI MS (70 eV): m/z (%): 1008 [M]� (5), 885 [M�
(OC6H3Me2)]� (12), 122 [OC6H3Me2]� (100); IR (KBr plates, Nujol): �� �
1592 (m), 1462 (s), 1300 (m), 1272 (s), 1231 (m), 1214 (s), 1164 (w), 1124
(m), 1093 (m), 1052 (w), 1024 (w), 995 (m), 984 (w), 943 (w), 923 (w), 892
(m), 882 (m), 872 (m), 851 (s), 813 (w), 800 (w), 789 (m), 761 (m), 737 (w),
674 (w), 641 (w), 548 (m), 503 (w), 488 (w), 432 (w), 404 cm�1 (m);
elemental analysis calcd (%) for C62H76O6Zr� 0.25CH2Cl2: C 72.8, H 7.4;
found: C 72.6, H 7.1.


[{Ti(O-4-C6H4Me)(Mecalix)}2] (23): A solution of HO-4-C6H4Me (0.136 g,
1.260 mmol) in benzene (10 mL) was added dropwise to a benzene solution
(20 mL) of [Ti(NtBu)(Me2calix)] (1; 0.500 g, 0.630 mmol) at 5 �C. The
reaction mixture was warmed to room temperature and stirred for 30 min
during which time the reaction mixture changed its colour from orange to
dark orange. Removal of volatiles under reduced pressure afforded a dark
orange solid. The solid was dissolved in hexane and stood at�30 �C for 5 d.
After 5 d a small amount of precipitate had formed and the reaction
mixture was filtered to afforded [{Ti(O-4-C6H4Me)(Mecalix)}2] (23) as a
dark orange solid (0.050 g, 9%). As this complex could only be isolated in
very small quantities it was characterised only by 1H NMR spectroscopy.
1H NMR (C6D6, 300.1 MHz, 298 K): �� 7.50 ± 6.70 (overlapping multiplets,
24H, m-C6H2, o-4-C6H4Me and m-4-C6H4Me), 5.04 (d, 2J(H,H)� 13.5 Hz,
4H, CH2), 4.34 (d, 2J(H,H)� 12.5 Hz, 4H, CH2), 3.67 (s, 6H, OMe), 3.28 (d,
2J(H,H)� 12.5 Hz, 4H, CH2), 3.18 (d, 2J(H,H)� 13.5 Hz, 4H, CH2), 2.14 (s,
6H, 4-C6H4Me), 1.41 (s, 36H, CMe3), 0.82 (s, 18H, CMe3), 0.72 (s, 18H,
CMe3).
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[{Ti(O-4-C6H4tBu)(Mecalix)}2] (24): An orange solution of 462 mg
(0.383 mmol) [Ti(O-4-C6H4tBu)2(Me2calix)] ¥ 2(C7H8) (18 ¥ 2C7H8) in hex-
ane (15 mL) was stirred for 48 h at room temperature. During that time
[{Ti(O-4-C6H4tBu)(Mecalix)}2] (24 ; 112 mg, 0.131 mmol, 34%) forms as a
dark orange precipitate which was filtered off and dried in vacuo. Crystals
of 24, suitable for X-ray analysis, were grown from saturated toluene
solutions of the compound at rt. 1H NMR (CDCl3, 250 MHz, 298 K): ��
7.29 ± 6.75 (m, 12H, aromatic H), 4.73 (d, 2J(H,H)� 12.7 Hz, 2H, CH2), 4.34
(d, 2J(H,H)� 12.4 Hz, 2H, CH2), 4.10 (s, 3H, OMe), 3.32 (d, 2J(H,H)�
12.4 Hz, 4H, CH2), 3.31 (d, 2J(H,H)� 12.7 Hz, 4H, CH2), 1.31 (s, 9H,
CMe3), 1.25 (s, 18H, CMe3), 1.18 (s, 9H, CMe3), 1.17 (s, 9H, CMe3); 13C{1H}
NMR (C6D6, 62.9 MHz, 298 K): �� 160.5 (Cq), 158.7 (Cq), 151.2 (Cq),
148.6 (Cq), 144.8 (Cq), 144.5 (Cq), 132.5 (Cq), 130.1 (Cq), 129.5 (Co), 126.9
(Cq), 127.2 (Cm), 126.3 (Cm), 124.9 (Cm), 123.7 (Cm), 65.5 (OMe), 34.2
(CMe3), 33.6 (CH2), 33.4 (CH2), 31.7 (CMe3), 31.56 (CMe3), 31.4 (CMe3),
31.2 (CMe3); EI MS (70 eV): m/z (%): 856 [M]� (100), 841 [M�Me]� (60),
428 [M]� (2), 421 [M�Me]� (5), 413 [M� 2Me]� (37), 150 [HO-4-
C6H4tBu]� (2), 135 [HO-4-C6H4tBu�Me]� (9); IR (KBr plates): �� � 2968
(vsbr), 1603 (w), 1504 (s), 1480 (vsbr), 1435 (vsbr), 1415 (w), 1392 (w), 1361
(w), 1319 (m), 1300 (sbr), 1266 (vsbr), 1221 (vsbr), 1206 (vsbr), 1122 (m),
1096 (m), 1010 (s), 940 (s), 921 (m), 874 (vsbr), 842 (s), 824 (s), 795 (vs), 756
(m), 728 (m), 678 (w), 582 (vsbr), 535 cm�1 (sbr); elemental analysis calcd
(%) for C110H136O10Ti2: C 78.0, H 8.1; found: C 78.5, H 8.1.


[Ti(O-4-C6H4Me)2(paco-Me2calix)] (25): A solution of HO-4-C6H4Me
(0.136 g, 1.260 mmol) in benzene (10 mL) was added dropwise to a benzene
solution (20 mL) of [Ti(NtBu)(Me2calix)] (1; 0.500 g, 0.630 mmol) at 5 �C.
The reaction mixture was warmed to room temperature and stirred for
30 min during which time the reaction mixture changed its colour from
orange to dark orange. Removal of volatiles under reduced pressure
afforded a dark orange solid. The solid was dissolved in pentane and stood
at 5 �C for 12 h. After 12 h a precipitate had formed and the reaction
mixture was filtered, the solid washed with cold pentane (5 mL, �50 �C).
Removal of volatiles under reduced pressure afforded [Ti(O-4-C6H4Me)2-
(paco-Me2calix)] (25) as a dark orange solid (0.449 g, 76%). Crystals
suitable for X-ray diffraction were grown from a saturated pentane solution
at 5 �C. 1H NMR (C6D6, 500.1 MHz, 298 K): �� 7.51 (d, 3J(H,H)� 8.5 Hz,
2H, o-4-C6H4Me), 7.24 (d, 4J(H,H)� 3.0 Hz, 2H, m-C6H2), 7.19 (d,
4J(H,H)� 3.0 Hz, 2H, m-C6H2), 7.18 (s, 2H, m-C6H2), 7.06 (s, 2H, m-
C6H2), 6.97 (d, 3J(H,H)� 8.5 Hz, 2H, m-4-C6H4Me), 6.73 (d, 3J(H,H)�
8.5 Hz, 2H, m-4-C6H4Me), 6.40 (d, 3J(H,H)� 8.5 Hz, 2H, o-4-C6H4Me),
4.77 (d, 2J(H,H)� 12.0 Hz, 2H, CH2), 4.71 (d, 2J(H,H)� 14.5 Hz, 2H,
CH2), 4.10 (s, 3H, exo-OMe), 3.39 (d, 2J(H,H)� 14.5 Hz, 2H, CH2), 3.30 (d,
2J(H,H)� 12.0 Hz, 2H, CH2), 2.00 (s, 3H, 4-C6H4Me), 1.90 (s, 3H,
4-C6H4Me), 1.20 (s, 9H, CMe3), 1.19 (s, 18H, CMe3), 1.03 (s, 9H, CMe3),
0.92 (s, 3H, endo-OMe); 13C{1H} NMR (C6D6, 75.5 MHz, 298 K): �� 164.3
(i-4-C6H4Me), 163.4 (i-4-C6H4Me), 162.0 (Cq-C6H2), 159.1 (Cq-C6H2), 149.7


(Cq-C6H2), 149.3 (Cq-C6H2), 148.2 (Cq-C6H2), 143.8 (Cq-C6H2), 134.6 (Cq-
C6H2), 134.3 (Cq-C6H2), 130.4 (m-4-C6H4Me), 129.9 (m-4-C6H4Me), 129.7
(Cq-C6H2), 129.2 (p-4-C6H4Me), 128.6 (p-4-C6H4Me), 127.0 (C6H2), 126.1
(C6H2), 125.8 (C6H2), 124.7 (C6H2), 118.8 (o-4-C6H4Me), 118.7 (o-4-
C6H4Me), 66.4 (exo-OMe), 64.2 (endo-OMe), 37.5 (CH2), 34.7 (CMe3),
34.6 (CMe3), 34.4 (CMe3), 32.9 (CH2), 32.1 (CMe3), 32.0 (CMe3), 31.6
(CMe3), 21.1 (4-C6H4Me), 21.0 (4-C6H4Me); EI MS (70 eV): m/z (%): 830
[M� {O-4-C6H4Me}]� (50); IR (KBr plates, Nujol): �� � 1504 (m), 1278 (w),
1254 (s), 1206 (m), 1124 (w), 1114 (w), 1004 (w), 890 (m), 876 (m), 838 (m),
816 (w), 798 (m), 576 cm�1 (m); elemental analysis calcd (%) for
C60H72O6Ti: C 76.9, H 7.7; found: C 76.2, H 8.2.


[Ti(O-4-C6H4tBu)2(paco-Me2calix)] (26): A solution of [Ti(O-4-
C6H4tBu)2(Me2calix)] ¥ (2C7H8) (18 ¥ 2C7H8) (462 mg, 0.383 mmol) in hex-
ane (15 mL) was stirred for 48 h and all unsoluble material was filtered off.
According to NMR spectroscopy, there is exclusively [Ti(O-4-C6H4tBu)2-
(paco-Me2calix)] (26) in solution. From this solution 26 can be precipitated
after two days at �40 �C as a yellow microcrystalline powder. The
precipitate was isolated and dried in vacuo (130 mg, 0.127 mmol, 33%). A
crystalline sample was obtained from a saturated hexane solution at
�30 �C. 1H NMR (CDCl3, 250 MHz, 298 K): �� 7.22 (d, 3J(H,H)� 2.6 Hz,
2H, 4-C6H4tBu), 7.15 (s, 6H, m-C6H2), 7.05 (d, 3J(H,H)� 2.6 Hz, 2H,
4-C6H4tBu), 6.99 (s, 2H, m-C6H2), 6.78 (d, 3J(H,H)� 8.7 Hz, 2H,
4-C6H4tBu), 5.89 (d, 3J(H,H)� 8.7 Hz, 2H, 4-C6H4tBu), 4.67 (d,
2J(H,H)� 12.0 Hz, 2H, CH2), 4.30 (s, 3H, exo-OMe), 4.30 (d, 2J(H,H)�
14.6 Hz, 2H, CH2), 3.45 (d, 2J(H,H)� 12.0 Hz, 2H, CH2), 3.30 (d,
2J(H,H)� 14.6 Hz, 2H, CH2), 1.33 (s, 9H, CMe3), 1.24 (s, 9H, CMe3),
1.23 (s, 18H, CMe3), 1.14 (s, 9H, CMe3), 1.07 (s, 9H, CMe3), 0.82 (s, 3H,
endo-OMe); 13C{1H} NMR (C6D6, 62.9 MHz, 298 K): �� 163.58, 162.96,
161.43, 158.44, 149.43, 149.33, 147.92, 143.79, 142.89, 142.57, 134.10, 133.82,
129.96, 128.02, 126.70, 125.84, 125.55, 124.63, 124.39, 117.76, 117.60 (all aryl-
C), 66.31 (OMe), 63.61 (OMe), 36.60 (CH2), 34.32 (CMe3), 34.24 (CMe3),
34.06 (CMe3), 33.97 (CMe3), 33.89 (CMe3), 32.37 (CH2), 31.62 (CMe3), 31.47
(CMe3), 31.13 (CMe3); EI MS (70 eV): m/z (%): 1021 [M]� 1%, 871 [M�
(HO-4-C6H4tBu)]� (100); IR (KBr plates): �� � 2966 (vsbr), 2866 (mbr),
1601 (w), 1505 (s), 1483 (s), 1455 (s), 1433 (w), 1393 (w), 1362 (m), 1282 (m),
1249 (vsbr), 1217 (s), 1203 (s), 1176 (s), 1125 (m), 1110 (m), 992 (wbr), 941
(w), 914 (w), 883 (m), 870 (s), 836 (vs), 798 (s), 770 (w), 707 (s), 684 (w), 641
(w), 597 (w), 565 (mbr), 481 (w), 446 cm�1 (wbr); elemental analysis calcd
(%) for C66H84O10Ti: C 77.6, H 8.3; found: C 77.2, H 8.5.


Crystal structure determination of [Ti(NtBu)(Me2calix)] ¥ 2(C6H6) [(1 ¥
2(C6H6)], [Ti(NtBu)(Me2calix)] ¥ 2(C7H8) [1 ¥ 2(C7H8)], [Ti{N(tBu)-
C(O)N(-4-C6H4Me)}(Me2calix)] ¥ 4(C7H8) [13 ¥ 4(C7H8)], [Zr(O-2,6-
C6H3Me2)(Me2calix)] ¥ 4(CH2Cl2) [22 ¥ 4(CH2Cl2)], [{Ti(O-4-C6H4tBu)(Me-
calix)}2] ¥ C7H8 [24 ¥ C7H8], [Ti(O-4-C6H4Me)2(paco-Me2calix)] (25), and
[Ti(O-4-C6H4tBu)2(paco-Me2calix)] ¥ 0.5(C6H14) [26 ¥ 0.5(C6H14)]: CCDC-
199162 ± 199168 contain the supplementary crystallographic data for this


Table 2. X-ray data collection and processing parameters.


1 ¥ 2(C6H6) 1 ¥ 2(C7H8) 13 ¥ 4(C7H8) 22 ¥ 4(CH2Cl2) 24 ¥ C7H8 25 26 ¥ 0.5(C6H14)


formula C50H67NO4Ti
¥ 2(C6H6)


C50H67NO4Ti
¥ 2(C7H8)


C58H74N2O5Ti
¥ 4(C7H8)


C62H76O6Zr
¥ 4(CH2Cl2)


C55H68O5Ti
¥C7H8


C60H72O6Ti C66H84O6Ti
¥ 0.5(C6H14)


formula weight 950.22 978.21 1298.65 1064.61 949.13 937.13 1064.32
crystal system triclinic triclinic triclinic triclinic monoclinic monoclinic triclinic
space group P1≈ P1≈ P1≈ P1≈ P21/c P21/c P1≈


a/ä 12.8070(5) 12.909(3) 14.878(3) 12.8950(2) 13.007(3) 13.6988(2) 11.211(2)
b/ä 13.0250(5) 13.605(3) 14.985(3) 14.9659(3) 22.203(4) 24.5242(4) 16.824(3)
c/ä 19.6460(5) 19.051(4) 19.712(4) 17.5771(3) 19.062(4) 16.7938(4) 17.308(4)
�/� 76.092(2) 74.38(3) 101.14(3) 94.052(1) 104.57(3)
�/� 72.872(2) 78.41(3) 90.65(3) 94.440(1) 94.19(3) 113.6156(6) 100.83(3)
	/� 63.787(2) 63.03(3) 115.96(2) 90.2792(9) 90.14(3)
V/ä3 2786.4 2860.6 3854.2(14) 3373.3(1) 5520.0(19) 5131.7(2) 3099.0(11)
Z 2 2 2 2 4 4 2
�/mm�1 0.19 0.11 0.16 0.21 0.11 0.22 0.11
total refls. 10688 15792 21551 27511 17007 21126 22540
observed refls. 9485 [I� 2�(I)] 5079 [I� 2�(I)] 6276 [I� 2�(I)] 10866 [I� 3�(I)] 6200 [I� 2�(I)] 6206 [I� 3�(I)] 7057 [I� 2�(I)]
final R,[a] and
Rw [b] or wR2[c]


0.0781,[d] 0.0731[b,d] 0.0698,[d] 0.1839[c,e] 0.1052,[d] 0.2831[c,e] 0.0780,[f] 0.0831[b,f] 0.0809,[d] 0.1866[c,e] 0.0662,[f] 0.1752[b,f] 0.0662,[d] 0.1752[c,e]


[a] R�� � �Fo �� �Fc � �/� �Fo �. [b] Rw � {�w(�Fo �� �Fc � )2/�wF 2
o }1/2. [c] wR2� {�[w(F 2


o �F 2
c 	2]/�[w(F 2


o	2]}1/2. [d] For data with I� 2�(I). [e] For all data. [f] For data with
I� 3�(I).
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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, CB2 1EZ, UK; fax: (�44) 1223 ±
336 ± 033 or deposit@ccdc.cam.uk).


Crystal data collection and processing parameters are given in Table 2.
Crystals were immersed in a film of perfluoropolyether oil on a glass fibre
and transferred to an Enraf-Nonius DIP2000 or Kappa-CCD diffractom-
eter (MoK� radiation) equipped with an Oxford Cryosystems low-temper-
ature device[37] or a Stoe-IPDS image plate diffractometer (AgK� radiation)
equipped with a FTS AirJet low temperature device. Data were collected at
150 or 200 K; equivalent reflections were merged and the images were
processed with the DENZO and SCALEPACK programs (for 1 ¥ 2(C6H6),
22 ¥ 4(CH2Cl2)), and 25[38] or with the STOE IPDS software package.
Corrections for Lorentz polarisation effects and absorption were per-
formed and the structures were solved by direct methods. Subsequent
difference Fourier syntheses revealed the positions of all other non-
hydrogen atoms, and hydrogen atoms were included in calculated positions.
Extinction corrections were applied as required. Crystallographic calcu-
lations were performed using SIR92,[39] CRYSTALS-PC,[40] SHELXS-97
and SHELXL-97.[41]


For the compound 1 ¥ 2(C6H6) the methyl carbons for one calix[4]arene tert-
butyl group [C(42) to C(44) and C(421) to C(441)] were disordered over
two sites. Refinement of site occupancy factors with fixed U[iso] values
showed the two orientations to be of equal occupancy. The two Me3 groups
were refined with in the isotropic approximation with similarity restraints
applied to C(41)�C(Me) bond lengths and C(24)-C(41)-C(Me) angles. The
largest peak in the final Fourier difference synthesis was located 0.89 ä
from C(441) of the disordered tBu group. The calix[4]arene tert-butyl
groups containing C(27) to C(29), C(37) to C(39), and C(47) to C(49) were
positionally disordered for compound 13 ¥ 4(C7H8). These carbon atoms
were refined in an isotropic approximation with occupancy factors of 70
and 30%. For the compound 22 ¥ 4(CH2Cl2) one of the calix[4]arene tert-
butyl groups (containing C(30) to C(32)) was positionally disordered and
these carbons were refined in an isotropic approximation. For compound
24, the positionally disordered phenolate tert-butyl group containing C(57)
to C(59) and the calix[4]arene tert-butyl group containing C(17) to C(18)
were refined in an isotropic approximation as well as the positionaly
disordered calix[4]arene tert-butyl group C(27) to C(29) and the position-
ally disordered phenolate tert-butyl groups C(27) to C(29), C(57) to C(59),
and C(67) to C(69) of 26 ¥ 0.5(C6H14).
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High-Pressure Preparation, Crystal Structure, and Properties of �-(RE)2B4O9
(RE�Eu, Gd, Tb, Dy): Oxoborates Displaying a New Type of Structure with
Edge-Sharing BO4 Tetrahedra**


Holger Emme and Hubert Huppertz*[a]


Abstract: High-pressure/high-tempera-
ture conditions of 10 GPa and 1150 �C
were used to synthesize the new rare-
earth oxoborates �-(RE)2B4O9 (RE�
Eu, Gd, Tb, Dy) in a Walker-type multi-
anvil apparatus. Single-crystal X-ray
structure determination of �-(RE)2B4O9


(RE�Eu, Gd, Tb) revealed: C2/c, Z�
20, �-Eu2B4O9: a� 2547.9(5), b�
444.3(1), c� 2493.8(5) pm, ��
99.82(3)�, R1� 0.0277, wR2� 0.0693
(all data); �-Gd2B4O9: a� 2539.0(1),
b� 443.3(1), c� 2490.8(1) pm, ��
99.88(1)�, R1� 0.0457, wR2� 0.0643


(all data); �-Tb2B4O9: a� 2529.4(1),
b� 441.6(1), c� 2484.3(1) pm, ��
99.88(1)�, R1� 0.0474, wR2� 0.0543
(all data). The isotypic compounds ex-
hibit a new type of structure that is built
up of BO4 tetrahedra to form a network
that incorporates the rare-earth cations.
The most important feature is the ex-


istence of the new structural motif of
edge-sharing BO4 tetrahedra next to the
known motif of corner-sharing BO4


tetrahedra, which is realized in the
presented compounds �-(RE)2B4O9


(RE�Eu, Gd, Tb, Dy) for the second
time. Furthermore, we report the tem-
perature-resolved in-situ powder-dif-
fraction measurements, DTA, IR/Ram-
an spectroscopic investigations, and
magnetic properties of the new com-
pounds.


Keywords: borates ¥ fundamental
building blocks ¥ high-pressure
chemistry ¥ lanthanides ¥ solid-state
structures


Introduction


The structural chemistry of oxoborates exhibits a considerable
diversity that results from the ability of boron to bind to three
or four oxygen atoms to form BO3 or BO4 groups. These
groups can occur isolated or linked to groups, chains, bands,
sheets, or complex networks leading to a great structural
diversity.[1, 2] In principle, the structural characteristics are
analogous to those of the silicates with the triangular BO3


group as an additional structural component. In the past seven
decades, nearly 500 oxoborates have been structurally char-
acterized. As a common feature of these oxoborates it can be
pointed out that the BO3 triangles and the BO4 tetrahedra link
to each other only through common corners (oxygen atoms)
and not through common edges or faces. This characteristic
was already postulated in 1967 by Ross and Edwards and was


still valid up until a short while ago.[3, 4] The use of high
pressures (8 GPa) and high temperatures (1000 �C) during the
synthesis enabled us to synthesize the oxoborates (RE)4B6O15


(RE�Dy, Ho), which are the first examples of borates with
edge-sharing BO4 tetrahedra.[5, 6]


Next to the new structural feature of edge-sharing BO4


tetrahedra, these compounds also have a new composition
with a molar ratio of (RE)2O3:B2O3� 2:3. Known composi-
tions in the system (RE)2O3/B2O3 are (RE)3BO6 (3:1) (which
can be regarded as orthoborates ([(RE)O]3BO3)), the ortho-
borates (RE)BO3 (1:1), and the metaborates (RE)B3O6 (1:3)
((RE)(BO2)3).[7] While the orthoborates (RE)BO3


[8±24] and the
metaborates (RE)B3O6


[25±31] have well-defined compositions,
several uncertainties concerning the rare earth borates
(RE)3BO6 exist.[7, 32±35] Until now, experiments to synthesize
an oxoborate with the composition (RE)4B6O15 at normal
pressures were unsuccessful and led directly to the orthobo-
rates (RE)BO3 and additional B2O3.[36] Pressure is evidently a
suitable parameter to vary in order to obtain new composi-
tions in oxoborate chemistry. As this substance class exhibits
interesting properties, for example, materials for second
harmonic generation or host materials for fluorescence, the
extension of possible compositions with new structural
features provides distinctive opportunities for the discovery
and identification of new compounds.[37±39]
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In this work, we report on the syntheses, crystal structures,
and properties of the isotypic rare earth oxoborates �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy), which represent the
second example of a new composition ((RE)2O3:B2O3� 1:2)
in the system (RE)2O3/B2O3 that has been synthesized by use
of high pressures. In addition to the new composition, these
oxoborates exhibit a new structural type in which edge-
sharing of BO4 tetrahedra is observed for the second time in
the structural chemistry of oxoborates. We designated these
compounds as �-phases, because in the case of RE�Dy we
were able to synthesize a second polymorph �-Dy2B4O9 in a
flux of B2O3/Na2O2.[40]


Experimental Section


Preparation : The borates were synthesized according to Equation(1). The
starting material for the synthesis of �-(RE)2B4O9 (RE�Eu, Gd, Dy) in
this work was a 1:2 molar mixture of the rare earth oxides (RE)2O3 (RE�
Eu, Gd, Dy) (99.9%, Sigma-Aldrich, Taufkirchen) with B2O3 (from H3BO3


(99.8%,Merck, Darmstadt) fired at 600 �C). For the synthesis of �-Tb2B4O9


we used a mixture of Tb4O7 and B2O3 according to Equation (2).


(RE)2O3� 2B2O3 ��10�0GPa


1150 oC
�-(RE)2B4O9 (RE�Eu, Gd, Dy) (1)


Tb4O7� 4B2O3 ��10�0GPa


1150 oC
2�-Tb2B4O9� 1³2O2 (2)


The starting materials were compressed in a multianvil assembly (14/8)
with a modified Walker module and a 1000-t press. Precast MgO octahedra
(Ceramic Substrates & Components, Isle of Wight, UK) with an edge
length of 14 mm were used as a pressure medium. Eight tungsten carbide
cubes with a truncation of 8 mm, separated by pyrophyllite gaskets,
compressed the octahedra (14/8 assembly in conventional terminology).
The mixtures (each �60 mg) were filled into cylindrical boron nitride
crucibles that were sealed by a boron nitride plate. The sample cylinders
were placed at the center of cylindrical resistance heaters (graphite) that


had a variable (stepped) wall thickness to minimize the thermal gradient
along the sample. MgO rods filled the space on the top and bottom of the
samples. Thermal insulation was provided by a cylindrical zirconia sleeve
that surrounded the furnace. The assemblies were positioned inside the
octahedra and were placed in contact with a molybdenum ring at the top
and a molybdenum plate at the bottom. The experimental temperature was
monitored bymeans of a Pt/Pt87Rh13 thermocouple that was inserted axially
into the octahedral assemblies, with the hot junction in contact with the
boron nitride cylinder. More details concerning the construction of the
assembly can be found in references [21, 41 ± 43]. For the synthesis of �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy), the assemblies were compressed for 3 h
to 10 GPa and heated to 1150 �C in the following 10 min. After holding at
this temperature for 10 min, the samples were cooled to room temperature
over a further period of 10 min. After decompression, the recovered
experimental octahedra were broken apart and the samples carefully
separated from the surrounding BN. The oxoborates �-(RE)2B4O9 (RE�
Gd, Tb, Dy) were obtained as colorless, crystalline phases (�35 mg per
run). In contrast to the single-phase products �-(RE)2B4O9 (RE�Gd, Tb,
Dy), the powder pattern of �-Eu2B4O9 exhibited an additional phase that
was identified as EuB4O7. Quantitative analysis of �-(RE)2B4O9 (RE�Gd,
Tb) with respect to the rare earth elements gadolinium, terbium, and boron
with ICP (Inductively Coupled Plasma) on a VARIAN-VISTA-Spectrom-
eter led to 62.7 wt% Gd (64.2%)/8.7% B (8.6%) in �-Gd2B4O9 and
60.5 wt% Tb (62.9%)/8.6% B (8.6%) in �-Tb2B4O9 (theoretical values in
parentheses).


X-ray diffraction investigations : The powder diffraction data of �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) were collected on a STOE StadiP
powder diffractometer with monochromatic CuK�1 radiation. The obtained
diffraction patterns were indexed with the program ITO on the basis of a
monoclinic unit cell.[44] The lattice parameters (�-Gd2B4O9: a� 2538.9(3),
b� 443.3(1), c� 2490.8(4), �� 99.88(1)� ; �-Tb2B4O9: a� 2527.9(6), b�
441.2(1), c� 2482.3(7) pm, �� 99.89(2)� (Table 1); �-Dy2B4O9: a�
2520.2(4), b� 440.6(1), c� 2478.2(6) pm, �� 99.90(1)�) were obtained
from least-square fits of the powder data. The correct indexing of the
patterns was ensured by intensity calculations taking the atomic positions
from the structure refinements.[45] The lattice parameters, determined from
the powders and the single crystals, agreed well (Table 1). For indexing the
isotypic europium phase �-Eu2B4O9, which exhibited additional reflections
of EuB4O7 in the powder pattern, only corresponding reflections were used.
The lattice parameters (a� 2547.8(3), b� 444.3(1), c� 2493.0(3) pm, ��
99.80(1)� (Table 1)) were obtained from least-square fits of the corre-
sponding reflections.


Small single crystals of �-(RE)2B4O9 (RE�Eu, Gd, Tb) were isolated by
mechanical fragmentation and examined by Buerger precession photo-
graphs. Single-crystal intensity data were collected from regularly shaped
colorless crystals (rods) at room temperature by means of an Enraf-Nonius
KappaCCD equipped with a rotating anode (MoK� radiation (��
71.073 pm)). A numerical absorption correction (HABITUS)[46] was
applied to the data. All relevant information concerning the data collection
are listed in Table 1. According to the systematic extinctions hkl with h �
k�2n, h0l with h,l�2n, and 0kl with k�2n, the space groups Cc (No. 9)
and C2/c (No. 15) were derived. The centrosymmetric group was found to
be correct during the structure refinement, while the noncentrosymmetric
solution exhibited negative anisotropic displacement parameters and large
correlation matrix elements indicating missing symmetry. This was
confirmed with the ADDSYM routine of the program PLATON.[47] The
starting positional parameters were deduced from an automatic interpre-
tation of direct methods with SHELXS-97[48] and the structures were
successfully refined with anisotropic atomic displacement parameters for
all atoms with SHELXL-97 (full-matrix least-squares on F 2).[49] Final
difference Fourier syntheses revealed no significant residual peaks in all
refinements (see Table 1). The parameters for the single-crystal structure
measurements of �-(RE)2B4O9 (RE�Eu, Gd, Tb) are listed in Table 1.
Because the compounds are isotypic, the positional parameters (Table 2),
anisotropic displacement parameters (Table 3), interatomic bond lengths
(Tables 4 and 5), and angles (Table 6) were only listed for �-Gd2B4O9.
Further details on the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (fax: (�49)7247-808-666; e-mail : crysdata@fiz-karlsruhe.
de), on quoting the depository number CSD± 412898 for �-Eu2B4O9, CSD-
412896 for �-Gd2B4O9, and CSD-412897 for �-Tb2B4O9.


Abstract in German: Mit Hilfe einer Multianvil-Apparatur
(Walker-Typ) gelang uns unter Hochdruck/Hochtemperatur-
Bedingungen von 10 GPa und 1150 �C die Synthese der neuen
Selten-Erd Oxoborate �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy).
Die Rˆntgenstrukturanalyse an Einkristallen zeigt, dass die
Verbindungen monoklin mit den folgenden Parametern kri-
stallisieren: C2/c, Z� 20, �-Eu2B4O9: a� 2547,9(5), b�
444,3(1), c� 2493,8(5) pm, �� 99,82(3)�, R1� 0,0277, wR2�
0,0693 (alle Daten); �-Gd2B4O9: a� 2539,0(1), b� 443,3(1),
c� 2490,8(1) pm, �� 99,88(1)�, R1� 0,0457, wR2� 0,0643
(alle Daten); �-Tb2B4O9: a� 2529,4(1), b� 441,6(1), c�
2484,3(1) pm, �� 99,88(1)�, R1� 0,0474, wR2� 0,0543 (alle
Daten). Die isotypen Verbindungen weisen einen neuen Struk-
turtyp auf, welcher aus einem Netzwerk von BO4-Tetraedern
aufgebaut ist, in dem die Seltenerd-Kationen eingelagert sind.
Das herausragendste Merkmal dieser Struktur ist das Struk-
turmotiv kantenverkn¸pfter BO4-Tetraeder, welches in den
neuen Verbindungen �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) erst
zum zweiten Mal beobachtet wird. Weiterhin berichten wir
¸ber temperaturabh‰ngige in-situ Pulverbeugungsexperimente,
DTA, IR/Raman und magnetische Untersuchungen an den
neuen Verbindungen.
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Results and Discussion


Figure 1 gives a view of the crystal structure of �-(RE)2B4O9


(RE�Eu, Gd, Tb, Dy) along [010]. The structure exhibits a
complex network of linked BO4 tetrahedra. This new
structure of �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) is the
second example after (RE)4B6O15 (RE�Dy, Ho)[5, 6] of an
oxoborate in which the BO4 tetrahedra are linked by common
corners as well as by common edges. For a clearer represen-
tation, the corner-sharing tetrahedra are drawn as light
polyhedra and the edge-sharing tetrahedra as black polyhe-
dra. Figure 2 represents the centrosymmetric fundamental
building block consisting of 18 corner-sharing and two edge-
sharing BO4 tetrahedra.
In the last decade, a new fundamental building block (FBB)


concept was introduced by Burns, Grice, and Hawthorne that
struck a successful balance between the amount of informa-
tion conveyed and the complexity of the descriptor.[50, 51]


Although this method does not always result in a unique
descriptor for the fundamental building block, it does provide
considerably more information than previous schemes. The


Figure 1. Crystal structure of �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy), view
along [010].


Table 1. Powder diffraction, single-crystal data, and structure refinement for �-(RE)2B4O9 (RE�Eu, Gd, Tb).
�-Eu2B4O9 �-Gd2B4O9 �-Tb2B4O9


Mr [gmol�1] 491.16 501.74 505.08
crystal system monoclinic monoclinic monoclinic
space group C2/c (No. 15) C2/c (No. 15) C2/c (No. 15)


powder diffraction data
a [pm] 2547.8(3) 2538.9(3) 2527.9(6)
b [pm] 444.3(1) 443.3(1) 441.2(1)
c [pm] 2493.0(3) 2490.8(4) 2482.3(7)
� [�] 99.80(1) 99.88(1) 99.89(2)
V [nm3] 2.781(1) 2.761(1) 2.728(1)


single-crystal data
a [pm] 2547.9(5) 2539.0(1) 2529.4(1)
b [pm] 444.3(1) 443.3(1) 441.6(1)
c [pm] 2493.8(5) 2490.8(1) 2484.3(1)
� [�] 99.82(3) 99.88(1) 99.88(1)
Z 20 20 20
T [K] 293(2) 293(2) 293(2)
� [g cm�3] 5.864 6.034 6.136
crystal size [mm] 0.06� 0.04� 0.03 0.04� 0.02� 0.01 0.04� 0.02� 0.02
detector distance [mm] 35.0 30.0 30.0
exposure time [s ��1] 180 60 220
� [mm�1] 22.37 23.84 25.69
F(000) 4360 4400 4440
� range [�] 3.3 ± 32.5 3.3 ± 32.5 3.3 ± 37.5
hkl range � 37/� 38, �6, �37 � 38, �6, �37 � 42, �7, �42
scan type �/� �/� �/�
reflections 34418 32091 45034
independent reflections 5038 (Rint� 0.0898) 5011 (Rint� 0.0642) 7203 (Rint� 0.0628)
observed reflections [I� 2	(I)] 4710 (R	� 0.0432) 4062 (R	� 0.0505) 5785 (R	� 0.0534)
data/parameters 5038/340 5011/340 7203/340
absorption correction numerical (HABITUS[46])
min./max. transmission ratio 0.91/0.99 0.52/0.70 0.50/0.62
GOF on F 2 1.135 1.070 1.029
final R indices [I� 2	(I)]
R1 0.0250 0.0306 0.0306
wR2 0.0657 0.0560 0.0506
R1 indices (all data)
R1 0.0277 0.0457 0.0474
wR2 0.0693 0.0643 0.0543
extinction coefficient 0.00048(1) 0.00012(1) 0.00013(1)
largest diff. peak/hole [eä�3] 3.52/� 2.09 2.55/� 2.63 2.37/� 1.98
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Figure 2. Fundamental building block of �-(RE)2B4O9 (RE�Eu, Gd, Tb,
Dy).


concept of Burns et al. is based on the assumption that the
polymerization of adjacent polyhedra involves corner-sharing
only. As we were able to synthesize oxoborates exhibiting
edge-sharing BO4 tetrahedra,[5, 6] the known descriptors used
by Burns et al. had to be extended with a symbol for this new
structural motif. For geometrical and graphical reasons, we
introduced the new descriptor for two edge-sharing BO4


tetrahedra.[6] This symbol can be used to describe the
fundamental building block of �-(RE)2B4O9 (RE�Eu, Gd,
Tb, Dy) with the descriptor 20 :[ ]��4 	� �3 	 

� �5 	 
� �4 	� �3 	 
� �5 	 
 . In detail, the edge-
sharing tetrahedra represent the centre of the FBB ™[ ]∫.
On each of the two longer sides of this center, a six-membered
ring �4 	 is built by four additional corner-sharing
tetrahedra. On each of the shorter sides, one of the edge-
sharing tetrahedra builds a five-membered ring with four
additional corner-sharing tetrahedra �5 	, from which two
tetrahedra already belong to the six-membered rings on the
longer sides. On the outer side of the six-membered rings, an
additional three-membered ring �3 	 is built by means of two
common corner-sharing tetrahedra. Both, the six- and five-
membered rings are additionally connected to a single outer
tetrahedron in such a way that the centrosymmetry of the
fundamental building block is fulfilled.
The fundamental building blocks are linked together by the


single outer tetrahedron and the one tetrahedron of the five-
membered rings, which is neither linked to the single outer
tetrahedron nor is part of one of the six-membered rings. The
linkage of the fundamental building blocks gives rise to
further rings. Additional seven-membered rings on the sides
of the five-membered rings and additional fourteen-mem-
bered rings on the sides of the six-membered rings form a
stretched ™S∫ (Figure 1). These rings form planes that are
linked to the corresponding planes above and below. The
complex connection of these planes forms even more rings.
To examine the ring sizes topologically, we calculated the


cycle class sequence for �-(RE)2B4O9 (RE�Eu, Gd, Tb)
specifying the relative abundance of BnOn ring sizes (for n�
2 ± 19) per unit cell.[52±55] The results are given in Table 7.
The rare earth ions (Eu3�, Gd3�, Tb3�, Dy3�) are positioned


in the channels formed by the ring system. The five crystallo-
graphically different RE3� ions are surrounded by 8, 9, 10, or
11 oxygen atoms (Figure 3). In the case of RE3��Gd3�, the
bond lengths in the coordination polyhedra vary between 225
and 306 pm (Table 5). For �-Eu2B4O9 and �-Tb2B4O9 the bond
lengths lie in the range 226 ± 304 pm and 223 ± 307 pm,
respectively.
The B ±O bond lengths in �-(RE)2B4O9 (RE�Eu, Gd, Tb)


vary between 139 ± 159 pm (�-Eu2B4O9), 138 ± 160 pm (�-
Gd2B4O9), and 139 ± 158 pm (�-Tb2B4O9). The highest and the
lowest bond lengths slightly exceed the typical B ±O bond
lengths in BO4 tetrahedra.[56] Both bond lengths appear in the
tetrahedron B8, which is directly linked to the edge-sharing
tetrahedra. A view of the thermal ellipsoids around B8 in �-
Gd2B4O9 shows no discrepancies in their dimensions (Fig-
ure 4). Despite of the large ranges, the average B ±O bond
lengths with the values 148.0 pm (RE�Eu), 147.9 pm (RE�
Gd) (Table 4), and 147.8 pm (RE�Tb) correspond to the
known average value of 147.6 pm for oxoborates.[56] The O-B-O


Table 2. Atomic coordinates and isotropic equivalent displacement pa-
rameters Ueq [ä2] for �-Gd2B4O9 (space group C2/c). Ueq is defined as one
third of the trace of the orthogonalized Uij tensor.


Atom Wyckoff
position


x y z Ueq


Gd1 8f 0.06461(2) 0.20268(7) 0.07152(2) 0.00615(7)
Gd2 8f 0.21555(2) 0.20561(7) 0.12986(2) 0.00685(7)
Gd3 8f 0.01244(2) 0.67098(7) 0.17880(2) 0.00597(7)
Gd4 8f 0.35900(2) 0.17638(7) 0.20786(2) 0.00749(7)
Gd5 8f 0.15455(2) 0.22907(7) 0.96094(2) 0.01070(8)
B1 8f 0.2417(3) 0.722(2) 0.0382(3) 0.007(2)
B2 8f 0.2511(3) 0.172(2) 0.2815(3) 0.007(2)
B3 8f 0.9275(3) 0.300(2) 0.0301(3) 0.006(2)
B4 8f 0.1473(3) 0.721(2) 0.0581(3) 0.007(2)
B5 8f 0.0991(3) 0.172(2) 0.1927(3) 0.007(2)
B6 8f 0.3545(3) 0.193(2) 0.3368(3) 0.007(2)
B7 8f 0.9482(3) 0.179(2) 0.2254(3) 0.005(2)
B8 8f 0.3046(3) 0.659(2) 0.1330(3) 0.008(2)
B9 8f 0.9697(3) 0.815(2) 0.0652(3) 0.008(2)
B10 8f 0.9084(3) 0.130(2) 0.1236(3) 0.007(2)
O1 8f 0.2712(2) 0.525(1) 0.0813(2) 0.0065(8)
O2 8f 0.1988(2) 0.884(1) 0.0551(2) 0.0061(8)
O3 8f 0.2235(2) 0.562(1) 0.9861(2) 0.0075(8)
O4 8f 0.0626(2) 0.379(1) 0.9787(2) 0.0061(8)
O5 8f 0.4040(2) 0.790(1) 0.2534(2) 0.0067(8)
O6 4e 0 0.318(2) 1/4 0.006(2)
O7 8f 0.0622(2) 0.144(1) 0.8891(2) 0.0067(8)
O8 8f 0.0212(2) 0.690(1) 0.0852(2) 0.0076(8)
O9 8f 0.3810(2) 0.354(1) 0.2990(2) 0.0080(8)
O10 8f 0.3702(2) 0.327(1) 0.3909(2) 0.0069(8)
O11 8f 0.9744(2) 0.120(1) 0.0428(2) 0.0060(8)
O12 8f 0.9351(2) 0.3136(9) 0.1689(2) 0.0044(8)
O13 8f 0.1065(2) 0.852(1) 0.0157(2) 0.0059(8)
O14 8f 0.1527(2) 0.405(1) 0.0556(2) 0.0074(8)
O15 8f 0.1080(2) 0.701(1) 0.9274(2) 0.0064(8)
O16 8f 0.0466(2) 0.176(1) 0.1596(2) 0.0081(9)
O17 8f 0.2956(2) 0.238(1) 0.3270(2) 0.0084(9)
O18 8f 0.3028(2) 0.970(1) 0.1336(2) 0.0084(9)
O19 8f 0.9483(2) 0.858(1) 0.2263(2) 0.0062(8)
O20 8f 0.2126(2) 0.021(1) 0.3131(2) 0.0076(8)
O21 8f 0.2295(2) 0.458(2) 0.2569(2) 0.0117(9)
O22 8f 0.3638(2) 0.861(1) 0.3354(2) 0.0085(9)
O23 8f 0.3574(2) 0.506(1) 0.1361(2) 0.0065(8)
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angles in the corner-sharing BO4 tetrahedra vary between
99.5 ± 118.9� for �-Eu2B4O9, 99.4 ± 119.0� for �-Gd2B4O9


(Table 6), and 99.4 ± 119.4� for �-Tb2B4O9. The B ±O bond
lengths and angles in the edge-sharing BO4 tetrahedra (Fig-
ure 5) are of special interest. Table 8 gives a comparison


between the data of �-(RE)2B4O9 (RE�Eu, Gd, Tb) and that
of (RE)4B6O15 (RE�Dy, Ho). The B ¥¥¥ B distances in the
edge-sharing tetrahedra are 204(2) pm in �-Gd2B4O9,
205.3(9) pm in �-Eu2B4O9, and 205.9(9) pm in �-Tb2B4O9.
These are even shorter than in (RE)4B6O15 (RE�Dy, Ho)


Table 3. Anisotropic displacement parameters [ä2] for �-Gd2B4O9 (space group C2/c).


Atom U11 U22 U33 U12 U13 U23


Gd1 0.0058(2) 0.0072(2) 0.0056(2) 0.0008(1) 0.0014(1) 0.0007(1)
Gd2 0.0066(2) 0.0061(2) 0.0081(2) 0.0000(1) 0.0018(2) � 0.0002(1)
Gd3 0.0070(2) 0.0058(2) 0.0055(2) 0.0001(1) 0.0021(1) � 0.0001(1)
Gd4 0.0078(2) 0.0075(2) 0.0069(2) 0.0006(2) 0.0004(2) 0.0008(2)
Gd5 0.0081(2) 0.0097(2) 0.0144(2) � 0.0010(2) 0.0022(2) � 0.0043(2)
B1 0.005(3) 0.008(3) 0.007(3) 0.002(2) 0.001(2) � 0.003(2)
B2 0.004(3) 0.008(3) 0.008(3) 0.000(2) 0.001(2) � 0.002(2)
B3 0.008(3) 0.005(3) 0.004(3) 0.001(2) 0.002(2) 0.001(2)
B4 0.008(3) 0.005(3) 0.009(3) 0.002(2) 0.000(2) � 0.001(2)
B5 0.008(3) 0.007(3) 0.008(3) 0.000(2) 0.006(2) 0.001(2)
B6 0.009(3) 0.007(3) 0.005(3) 0.000(2) 0.000(2) 0.000(2)
B7 0.005(3) 0.004(3) 0.005(3) 0.002(2) 0.001(2) 0.002(2)
B8 0.006(3) 0.008(3) 0.011(3) 0.002(2) 0.002(3) 0.000(3)
B9 0.005(3) 0.008(3) 0.012(3) � 0.001(2) � 0.001(2) � 0.001(3)
B10 0.005(3) 0.005(3) 0.011(3) 0.000(2) 0.004(2) � 0.003(2)
O1 0.006(2) 0.007(2) 0.005(2) � 0.001(2) � 0.001(2) 0.001(2)
O2 0.005(2) 0.006(2) 0.007(2) 0.001(2) 0.000(2) � 0.002(2)
O3 0.008(2) 0.008(2) 0.007(2) � 0.002(2) 0.002(2) � 0.003(2)
O4 0.008(2) 0.006(2) 0.004(2) 0.000(2) � 0.003(2) 0.002(2)
O5 0.007(2) 0.008(2) 0.006(2) 0.006(2) 0.003(2) 0.002(2)
O6 0.008(3) 0.005(3) 0.005(3) 0 0.000(2) 0
O7 0.007(2) 0.006(2) 0.006(2) 0.003(2) 0.001(2) 0.002(2)
O8 0.008(2) 0.007(2) 0.010(2) 0.002(2) 0.006(2) 0.001(2)
O9 0.013(2) 0.006(2) 0.005(2) 0.000(2) 0.001(2) � 0.002(2)
O10 0.007(2) 0.007(2) 0.006(2) � 0.003(2) � 0.001(2) � 0.001(2)
O11 0.008(2) 0.006(2) 0.005(2) � 0.001(2) 0.002(2) � 0.000(2)
O12 0.005(2) 0.003(2) 0.004(2) � 0.002(2) � 0.001(2) 0.001(2)
O13 0.007(2) 0.006(2) 0.005(2) 0.000(2) 0.000(2) 0.000(2)
O14 0.007(2) 0.008(2) 0.007(2) � 0.001(2) 0.000(2) � 0.002(2)
O15 0.004(2) 0.009(2) 0.006(2) 0.004(2) 0.000(2) 0.004(2)
O16 0.010(2) 0.009(2) 0.004(2) � 0.002(2) � 0.001(2) 0.000(2)
O17 0.002(2) 0.010(2) 0.013(2) � 0.001(2) 0.000(2) � 0.004(2)
O18 0.010(2) 0.006(2) 0.010(2) 0.001(2) 0.001(2) 0.000(2)
O19 0.004(2) 0.007(2) 0.008(2) � 0.002(2) 0.001(2) 0.002(2)
O20 0.008(2) 0.008(2) 0.007(2) � 0.002(2) 0.001(2) � 0.002(2)
O21 0.014(2) 0.012(2) 0.011(2) 0.003(2) 0.007(2) 0.004(2)
O22 0.010(2) 0.006(2) 0.011(2) 0.001(2) 0.008(2) 0.000(2)
O23 0.004(2) 0.010(2) 0.006(2) 0.003(2) 0.001(2) 0.001(2)


Table 4. Interatomic bond lengths [pm] calculated with the single-crystal lattice parameters in �-Gd2B4O9 (standard deviations in parentheses).[a]


B1�B1 204(2)
B1�O2 142.6(8) B2�O21 148.8(8) B3�O11 142.4(8) B4�O14 140.7(8)
B1�O1 148.4(8) B2�O17 148.5(8) B3�O4 146.8(8) B4�O13 146.7(8)
B1�O3a 150.1(8) B2�O21 147.3(8) B3�O13 147.1(8) B4�O10 149.2(8)
B1�O3b 148.1(8) B2�O20 151.5(8) B3�O15 150.4(8) B4�O2 150.7(8)


�147.3 �149.0 �146.7 �146.8
B5�O16 144.4(8) B6�O9 143.8(8) B7�O19 142.1(8) B8�O18 137.8(8)
B5�O5 145.6(8) B6�O10 146.4(8) B7�O12 151.4(8) B8�O23 149.5(8)
B5�O9 149.8(8) B6�O17 148.7(8) B7�O6 148.6(7) B8�O1 153.6(8)
B5�O22 151.8(8) B6�O22 149.2(8) B7�O5 150.3(8) B8�O20 160.2(9)


�147.9 �147.0 �148.1 �150.3
B9�O8 142.8(8) B10�O15 147.2(8)
B9�O11 147.7(8) B10�O12 145.8(8)
B9�O7 151.6(9) B10�O7 149.1(8)
B9�O4 151.5(8) B10�O23 148.9(8)


�148.4 �147.8


[a] Average of all B�O bond lengths: 147.9 pm.
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(207.2(8) and 207(1) pm). The angles in the planar B2O2 ring
exhibit average values of 86.5� and 93.5� (Table 8). Thus the
bond lengths and angles inside the edge-sharing BO4 tetrahe-
dra of �-(RE)2B4O9 (RE�Eu, Gd, Tb) and (RE)4B6O15


(RE�Dy, Ho) are similar.
For further insight, we calculated bond-valence sums for �-


(RE)2B4O9 (RE�Eu, Gd, Tb) with the bond-length/bond-


strength concept (Table 9).[57, 58] The formal ionic charge of the
atoms, acquired by the X-ray structure analysis, are in
agreement within the limits of the concept. Additionally, we
calculated MAPLE values (Madelung part of lattice ener-
gy)[59±61] for �-(RE)2B4O9 (RE�Eu, Gd, Tb) to compare them
with the MAPLE values from the binary components
(RE)2O3 (RE�Eu, Gd, Tb) and the high-pressure modifica-
tion B2O3-II.[62] We calculated a value of 58715 kJmol�1 for �-
Eu2B4O9, 58810 kJmol�1 for �-Gd2B4O9, and 58909 kJmol�1


for �-Tb2B4O9 compared with 58788 kJmol�1 for �-Eu2B4O9,
58860 kJmol�1 for �-Gd2B4O9, and 58969 kJmol�1 for �-
Tb2B4O9 starting from the binary oxides (1� (RE)2O3 (RE�
Eu (14912 kJmol�1), Gd (14984 kJmol�1), Tb
(15093 kJmol�1) � 2�B2O3-II (21938 kJmol�1)) resulting
in a deviation of 0.12% for �-Eu2B4O9, 0.08% for �-Gd2B4O9,
and 0.10% for �-Tb2B4O9.


Table 5. Interatomic Gd�O bond lengths [pm] calculated with the single-crystal lattice parameters in �-Gd2B4O9 (standard deviations in parentheses).[a]


Gd1�O11 230.7(4) Gd2�O2 232.6(4) Gd3�O19 232.4(4) Gd4�O5 225.2(4) Gd5�O3 229.3(4)
Gd1�O16 232.0(4) Gd2�O17a 237.4(4) Gd3�O8 238.1(4) Gd4�O23 230.3(4) Gd5�O15a 247.6(4)
Gd1�O10 242.1(4) Gd2�O14 239.5(4) Gd3�O6 242.6(4) Gd4�O18 232.1(4) Gd5�O14 249.2(4)
Gd1�O4 243.2(4) Gd2�O22 242.5(4) Gd3�O16a 243.7(5) Gd4�O20 236.3(4) Gd5�O4 253.8(4)
Gd1�O13 244.9(4) Gd2�O18 243.7(4) Gd3�O7 245.4(4) Gd4�O19 237.5(4) Gd5�O1 257.0(4)
Gd1�O8a 247.6(4) Gd2�O1 245.9(4) Gd3�O16b 247.6(4) Gd4�O9 237.7(4) Gd5�O13 259.1(4)
Gd1�O14 250.4(4) Gd2�O20 253.2(4) Gd3�O12 250.1(4) Gd4�O21 272.6(5) Gd5�O23 260.1(4)
Gd1�O8b 257.3(4) Gd2�O17b 262.8(5) Gd3�O19 254.2(4) Gd4�O12 281.3(4) Gd5�O15b 269.0(4)
Gd1�O22 278.0(5) Gd2�O10 272.7(4) Gd3�O9 278.9(5) Gd5�O7 272.1(4)


Gd3�O5 299.5(4) Gd5�O2 286.2(4)
Gd5�O18 306.0(4)


�247.4 �247.8 �253.3 �244.1 �262.7


[a] Average of all bond lengths: 251.7 pm.


Table 6. Interatomic angles [�] calculated with the single-crystal lattice parameters in �-Gd2B4O9 (standard deviations in parentheses).


B1-O3-B1 86.1(5)


O2-B1-O3b 111.1(5) O21-B2-O17 109.2(5) O11-B3-O4 114.7(5)
O2-B1-O1 113.6(5) O21a-B2-O21b 115.0(5) O11-B3-O13 105.9(5)
O3b-B1-O1 113.2(5) O17-B2-O21b 108.9(5) O4-B3-O13 115.0(5)
O2-B1-O3a 109.3(5) O21a-B2-O20 111.7(5) O11-B3-O15 114.9(5)
O3b-B1-O3a 93.9(5) O17-B2-O20 99.4(5) O4-B3-O15 104.3(5)
O1-B1-O3a 114.1(5) O21b-B2-O20 111.4(5) O13-B3-O15 101.5(5)


�109.2 �109.3 �109.4
O14-B4-O13 115.0(5) O16-B5-O5 109.4(5) O9-B6-O10 108.5(5)
O14-B4-O10 113.4(5) O16-B5-O9 110.4(5) O9-B6-O17 113.3(5)
O13-B4-O10 102.2(5) O5-B5-O9 106.4(5) O10-B6-O17 101.7(5)
O14-B4-O2 112.6(5) O16-B5-O22 108.4(5) O9-B6-O22 112.4(5)
O13-B4-O2 106.5(5) O5-B5-O22 111.2(5) O10-B6-O22 113.8(5)
O10-B4-O2 106.2(5) O9-B5-O22 111.2(5) O17-B6-O22 106.7(5)


�109.3 �109.5 �109.4
O19-B7-O6 114.2(5) O18-B8-O23 119.0(6) O8-B9-O11 111.0(5)
O19-B7-O5 108.7(5) O18-B8-O1 112.5(5) O8-B9-O4 112.4(5)
O6-B7-O5 110.6(5) O23-B8-O1 103.1(5) O11-B9-O4 108.3(5)
O19-B7-O12 114.1(5) O18-B8-O20 111.1(5) O8-B9-O7 111.0(5)
O6-B7-O12 104.8(5) O23-B8-O20 98.8(5) O11-B9-O7 105.3(5)
O5-B7-O12 103.9(5) O1-B8-O20 111.3(5) O4-B9-O7 108.5(5)


�109.4 �109.3 �109.4
O12-B10-O15 114.2(5)
O12-B10-O23 110.6(5)
O15-B10-O23 104.0(5)
O12-B10-O7 115.8(5)
O15-B10-O7 108.0(5)
O23-B10-O7 103.1(5)


�109.3


[a] Average of all O�B�O angles: 109.4�.


Table 7. Cycle-class sequences of �-(RE)2B4O9 (RE�Eu, Gd, Tb).[52±55]


n[a] 2 3 4 5 6 7 8 9 10
�-(RE)2B4O9 2 4 ± 4 12 16 4 36 71


n[a] 11 12 13 14 15 16 17 18 19
�-(RE)2B4O9 106 227 434 905 1860 3502 6466 12382 25202


[a] n� ring size.
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In-situ powder diffraction and thermoanalytical measure-
ments : To investigate the metastable character of the high-
pressure phases �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy), tem-
perature-dependent in-situ X-ray diffractometry was per-
formed on a STOE powder diffractometer StadiP (MoK� ; ��
71.073 pm) with a computer-controlled STOE furnace. The
heating element consisted of an electrically heated graphite
tube holding the sample capillary vertically with respect to the
scattering plane. Bores in the graphite tube permitted
unobstructed pathways for the primary beam and the
scattered radiation. The temperature, measured by a thermo-
couple in the graphite tube, was kept constant to within 0.2 �C.


Figure 3. Coordination spheres of RE3� (gray spheres) in the crystal
structure of �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy).


Figure 4. Distortion of the B(8)O4 tetrahedron in �-Gd2B4O9 next to the
two edge-sharing tetrahedra with thermal ellipsoids given at 70%
probability.


Figure 5. Interatomic bond lengths [pm] and angles [�] inside the edge-
sharing BO4 tetrahedra of �-Gd2B4O9.


Table 8. Comparison of the interatomic distances and bond lengths [pm] as well as angles [�] inside the edge-sharing tetrahedra of �-(RE)2B4O9 (RE�Eu,
Gd, Tb) and (RE)4B6O15 (RE�Dy, Ho).


B1 ¥¥¥ B1 B1 ±O3a B1 ±O3b B1 ±O2 B1 ±O1 �B1-O3a-B1 �O3a-B1-O3b


�-Eu2B4O9 205.3(9) 150.5(5) 149.5(5) 142.6(6) 148.4(6) 86.4(3) 93.6(3)
�-Gd2B4O9 204(2) 150.1(8) 148.1(8) 142.6(8) 148.4(8) 86.1(5) 93.9(5)
�-Tb2B4O9 205.9(9) 150.0(5) 149.5(6) 142.6(6) 147.6(6) 86.9(3) 93.1(3)
Dy4B6O15


[5, 6] 207.2(8) 150.7(5) 153.3(5) 145.4(4) 146.1(5) 85.9(3) 94.1(3)
Ho4B6O15


[6] 207(1) 151.0(8) 153.7(7) 144.3(7) 145.6(7) 85.6(4) 94.4(4)


Table 9. Bond-valence sums in �-(RE)2B4O9 (RE�Eu, Gd, Tb) calculated
with the bond-length/bond-strength concept (�V).[57, 58]


�V �V �V


Eu1 � 3.18 Gd1 � 3.16 Tb1 � 3.18
Eu2 � 3.15 Gd2 � 3.09 Tb2 � 3.12
Eu3 � 3.19 Gd3 � 3.15 Tb3 � 3.12
Eu4 � 3.19 Gd4 � 3.24 Tb4 � 3.22
Eu5 � 2.76 Gd5 � 2.73 Tb5 � 2.68
B1 � 3.01 � 3.04 � 3.04
B2 � 2.88 � 2.90 � 2.88
B3 � 3.08 � 3.10 � 3.10
B4 � 3.06 � 3.09 � 3.09
B5 � 3.00 � 3.00 � 3.00
B6 � 3.06 � 3.07 � 3.08
B7 � 2.98 � 2.99 � 2.99
B8 � 2.86 � 2.87 � 2.90
B9 � 2.96 � 2.96 � 2.97
B10 � 3.01 � 3.00 � 3.04
O1 � 1.99 � 1.98 � 1.98
O2 � 2.18 � 2.16 � 2.17
O3 � 1.95 � 1.99 � 1.95
O4 � 2.11 � 2.10 � 2.09
O5 � 2.16 � 2.18 � 2.16
O6 � 2.16 � 2.22 � 2.16
O7 � 1.93 � 1.92 � 1.94
O8 � 1.89 � 1.87 � 1.89
O9 � 2.07 � 1.98 � 1.93
O10 � 2.06 � 2.05 � 2.10
O11 � 2.12 � 2.14 � 2.16
O12 � 1.92 � 1.91 � 1.94
O13 � 2.09 � 2.13 � 2.09
O14 � 1.92 � 1.94 � 1.93
O15 � 2.02 � 1.98 � 2.00
O16 � 2.05 � 2.02 � 2.03
O17 � 2.13 � 2.12 � 2.11
O18 � 1.89 � 1.91 � 1.88
O19 � 2.11 � 2.08 � 2.03
O20 � 1.96 � 1.94 � 1.99
O21 � 1.72 � 1.71 � 1.69
O22 � 1.94 � 1.92 � 1.94
O23 � 2.20 � 2.20 � 2.22
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The heating rate between different temperatures was set to
22 �Cmin�1. For temperature stabilization, a time of three
minutes was given before the start of each data acquisition.
Successive heating of the metastable high-pressure phases �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) in the range of 800 ± 900 �C
leads to a decomposition into the high-temperature modifi-
cations �-(RE)BO3 (RE�Eu, Gd, Tb, Dy)[8] and molten
B2O3. Figure 6 shows the results for �-Gd2B4O9. Subsequent


cooling leads to the complete transformation into the room-
temperature modifications 
-(RE)BO3 (RE�Eu, Gd, Tb,
Dy) between 500 ± 600 �C. These results are in agreement with
the thermoanalytical measurements performed with a com-
bined DTA-TG thermobalance (TGA 92-2400, Setaram,
heating rate: 10 �Cmin�1) between room temperature and
1000 �C for �-(RE)2B4O9 (RE�Eu, Gd, Tb). During heating,
broad endothermic effects occur in the DTA between 845 ±
886 �C for �-Eu2B4O9, 817 ± 900 �C for �-Gd2B4O9, and 810 ±
883 �C for �-Tb2B4O9 (Figure 7), owing to decomposition of
the compounds.


Figure 7. Differential thermal analysis curves of �-(RE)2B4O9 (RE�Eu,
Gd, Tb) on heating.


Infrared and Raman spectroscopy : The IR spectrum of �-
Gd2B4O9 was recorded on a Bruker IFS66v/S spectrometer
scanning a range from 400 to 4000 cm�1. The sample was
thoroughly mixed with dried KBr (5 mg sample, 500 mg KBr)
in a glove box under dried argon atmosphere. The Raman
spectrum was measured on a DilorXY spectrometer with the
help of a Raman microscope (Olympus) with an excitation
wavelength of 454.5 nm on an aluminum carrier at room


temperature (scanning range:
170 ± 8000 cm�1). In the upper
range of both spectra (4000 ±
2000 cm�1), no vibrational
bands caused by hydrogen
(OH) or water were detectable.
Because the IR spectra of �-


(RE)2B4O9 (RE�Eu, Tb)
show nearly identical absorp-
tions as �-Gd2B4O9, only the
latter is discussed in the follow-
ing section. Figures 8 and 9
show the 400 ± 2000 cm�1 region
of the IR and Raman spectrum
of �-Gd2B4O9. The observed
spectral data of �-Gd2B4O9 are
given in Table 10. Additional
data of Dy4B6O15,[5, 6] including
edge-sharing BO4 tetrahedra,
and 
-GdBO3,[18, 63] exhibiting
exclusively BO4 tetrahedra in
the form of a cyclic B3O9 ring,
are also given for comparison.
In accordance with the crystal-
lographic data, the IR spectrum


(Figure 8) only exhibits absorptions typical for BO4 tetrahe-
dra. Boron, tetrahedrally coordinated to oxygen, displays
stretching modes in the region �� 1100 to 800 cm�1 as in 
-
YBO3, 
-GdBO3, or TaBO4.[13, 64, 65] The most probable
assignment is that the bands belonging to the antisymmetric
stretching mode are centered at �� � 1050 cm�1, while the
symmetric stretching frequency is located in the region 900 ±
850 cm�1.[66] These stretching modes are split because of the
ten crystallographically independent BO4 tetrahedra in �-
Gd2B4O9, which are linked through the corners and edges
inside the network. Therefore, we observe several broad
absorptions that complicate a detailed assignment of the
vibrations. We assume that the absorptions at �� 1102 and
1052 cm�1 correspond to antisymmetric stretching modes
(1085 and 1010 cm�1 in Dy4B6O15,[6] 1030 and 992 cm�1 in 
-
GdBO3


[63]). The Raman spectrum (Figure 9) shows the
corresponding total symmetrical stretching modes of the
BO4 tetrahedra at 1084 and 1031 cm�1 (1099 and 1008 cm�1 in
Dy4B6O15, 1014 and 996 cm�1 in 
-GdBO3). The symmetric
stretching frequencies (�s) in the IR spectrum of �-Gd2B4O9


presumably lie between 990 and 860 cm�1 (between 950 and
790 cm�1 in Dy4B6O15). Furthermore, we observe no signifi-
cant absorption bands in the range 1450 ± 1200 cm�1 in the IR
spectrum of �-Gd2B4O9, which is as expected for oxoborates
that do not contain boron in threefold coordination with
oxygen atoms. On the other hand, the Raman spectrum


Figure 6. Temperature-dependent X-ray thermodiffractometric powder patterns of the decomposition of �-
Gd2B4O9.
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exhibits several peaks in this
range that are normally corre-
lated to BO3 groups. As we
observe similar new absorp-
tion bands in the Raman spec-
trum of Dy4B6O15, these bands
are probably Raman-active
modes of the new B2O6 unit
of edge-sharing BO4 tetrahe-
dra inside the BO4 network.


Magnetic measurements :
Magnetic susceptibility meas-
urements were performed on
polycrystalline and single-
phase samples of �-(RE)2B4O9


(RE�Gd, Tb) in a MPMSXL
SQUID magnetometer
(Quantum Design) at temper-
atures between 2 and 300 K


with magnetic flux densities up to 1 T. The measurements
were carried out in thin-walled silica tubes.
The temperature-dependence of the inverse magnetic


susceptibilities of �-Gd2B4O9 and �-Tb2B4O9 are presented
in Figures 10 and 11. Above 23 K (�-Gd2B4O9) and 80 K (�-
Tb2B4O9), the investigated rare earth oxoborates show
Curie ±Weiss behavior with experimental magnetic moments
of 7.83(1) �B per Gd atom and 10.22(1) �B per Tb atom. These
experimentally determined values are close to the values of
7.94 �B and 9.72 �B for the free Gd3� and Tb3� ions.[67] The
paramagnetic Curie temperatures (Weiss constants) of
15(1) K and 26(1) K were determined by linear extrapolation
of the high-temperature parts of the 1/ versus T plots to 1/�
0. The positive values indicate predominant paramagnetic
interactions (Table 11).


Conclusion


In this paper, we have described the structure and properties
of the new rare earth oxoborates �-(RE)2B4O9 (RE�Eu, Gd,
Tb, Dy) synthesized under high-pressure in a multianvil from
the corresponding rare earth oxides (Eu2O3, Gd2O3, Tb4O7,
Dy2O3) and boron oxide B2O3. In addition to the new
composition, these isotypic compounds are the second
example of an oxoborate structure exhibiting edge-sharing
BO4 tetrahedra. The new structure is built up of a network
of corner- and edge-sharing BO4 tetrahedra. The RE3� (RE�
Eu, Gd, Tb, Dy) ions are positioned in the channels
formed by the rings. The fundamental building block of �-
(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) can be specified by
the descriptor 20 :[ ]��4 	� �3 	 
� �5 	 
�
�4 	� �3 	 
� �5 	 
 . In-situ powder diffraction
measurements and DTA investigations showed that the
compounds �-(RE)2B4O9 (RE�Eu, Gd, Tb, Dy) are stable
up to 800 �C. IR and Raman spectroscopy revealed new data
for the vibrational behavior of edge-sharing BO4 tetrahedra.
Both �-Gd2B4O9 and �-Tb2B4O9 exhibit paramagnetism.


Table 10. Observed vibrational spectral data [cm�1][a] in �-Gd2B4O9 in compar-
ison to Dy4B6O15 and �-GdBO3.[18, 63]


�-Gd2B4O9 Dy4B6O15 �-GdBO3


IR Raman IR Raman IR Raman


1792 (w, br)
1685 (vs) 1634 (vw, br) 1699 (w, br)


1519 (w)
1431 (vs, br) 1435 (s)


1387 (vw) 1355 (vw, br) 1384 (s)
1340 (m) 1334 (s)


1293 (vw) 1271 (w)
1276 (vw) 1253 (m) 1218 (m)
1160 (s) 1199 (s) 1160 (vs)


1147 (s) 1144 (m)
1119 (sh) 1123 (sh)
1102 (vs) (�as) 1084 (vs) 1085 (vs, br) (�as) 1099 (m)
1052 (s) (�as)
1025 (m, br) 1031 (vs) 1033 (vw) 1030 (�as) 1014


993 (w) 1010 (s) (�as) 1008 (m) 992 (�as) 996
979 (m, br) 974 (sh) 972 (vw)
939 (sh) 923 (w) 942 (s, br) 955 (vw)
924 (vs) 911 (sh) 903 (s, br) 916
893 (sh) 896 (br)
850 (m) 869 (vw)
836 (sh) 830 (vw) 840 (br) 842
827 (vs) 816 (br) 824
780 (s) 796 (w)
762 (s) 768 (m)


744 (m) 740
711 (s) 728 (m) 714


691 (m) 698
664 (sh) 667 (m)
647 (s) 646 (sh)
630 (sh)
613 (sh) 623 (w) 616
588 (m) 599 (m)
566 (m) 550 (m)
542 (sh) 524 (sh) 504
508 (m) 488 (w)
477 (w) 478 (sh)
444 (vw) 443 (vw)
431 (w) 430 (m) 422 432
414 (w) 417 (w)


400 (w) 398 410


[a] Abbreviations: s strong; vs very strong; m medium; w weak; vw very weak;
br broad; sh shoulder.


Figure 8. IR spectrum of �-Gd2B4O9.
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Figure 10. Inverse magnetic susceptibility of �-Gd2B4O9.


Figure 11. Inverse magnetic susceptibility of �-Tb2B4O9.
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Synthesis of a New Potential Tridentate Anthracene Ligand Bearing
Deprotectable Methoxymethoxy (OMOM) Group at 1,8-Positions:
Attempt To Synthesize Anionic Hypervalent Carbon Compounds


Makoto Yamashita,[b] Yukari Mita,[b] Yohsuke Yamamoto,*[b] and Kin-ya Akiba*[a]


Abstract: A novel potential tridentate
ligand bearing deprotectable coordinat-
ing atoms, 1,8-bis(methoxymethoxy)-9-
bromoanthracene (15), was synthesized.
The key steps are as follows: 1) stepwise
mono-oxygenation from 1,8-dibromo-9-
methoxyanthracene by use of electro-
philic oxaziridine and gaseous dioxygen,
and 2) selective reduction of the me-
thoxy group by LDBB (lithium di-tert-
butylbiphenylide) followed by treat-
ment with BrCF2CF2Br. The corre-
sponding 1,8-bis(methoxymethoxy)-9-


lithio-anthracene (14), which should be
a useful versatile trianion equivalent,
could be generated by treatment of the
bromide with one equivalent of nBuLi.
The lithioanthracene reacted with hexa-
fluoroacetone to give the deprotected
ether 17 together with the adduct alco-
hol 16. The ether could easily be depro-


tected to give 1,2-dihydro-1,1-bis(tri-
fluoromethyl)-2-oxa-9-hydroxyanthry-
lene (8), which was deprotonated with
KH in the presence of [18]crown-6 to
give the corresponding anion (9-K-
([18]crown-6)). The X-ray structure
and NMR spectra of 9-K([18]crown-6)
showed that it has an unsymmetrical
structure probably due to the interaction
between the oxygen atom of the phen-
oxide and the potassium cation sur-
rounded by the crown ether.


Keywords: anthracene ¥ carbon ¥
hypervalent compounds ¥ trianionic
tridentate ligands


Introduction


Although various trianionic OCO pincer ligands (Fig-
ure 1)[1±13] have been utilized for synthesis of hypervalent
phosphorus, sulfur and iodine compounds, application of
these ligands for synthesis of hypervalent second period


O XLn O O XLn O


O O


O XLn O


O


O XLn O O XLn O


F3C
F3C CF3


CF3


X = P, S or I ; L = ligand


Figure 1. Hypervalent compounds with OCO pincer ligands.


element compounds have never been reported except un-
successful attempts which were described in a PhD thesis.[14]


Recently, we reported synthesis of hypervalent pentacoor-
dinated carbon compounds bearing rigid 1,8-dimethoxy-9-
anthryl substituent (1)[15] from 1,8-dimethoxy-9-trifluorome-
thanesulfonyloxyanthracene (2) (Figure 2). Although we tried


MeO OTf OMe MeO C OMe


MeO OMe


12


B2F7


Figure 2. Reported hypervalent pentacoordinated carbon compound 1.


to synthesize hypervalent carbon compounds with stronger
apical bonds, no other hypervalent carbon compound could
be synthesized from 2. Therefore, recently reported 1,8-
dimethoxy-9-lithioanthracene (4)[16] was used for introduction
of strongly electron-withdrawing group in order to strengthen
the interaction between the two methoxy groups and the
central carbon. The lithium derivative 4, generated by the
reaction of 3 with 1.1 equivalents of nBuLi in diethyl ether,
reacted with gaseous hexafluoroacetone at �78 �C�RT to
give alcohol derivative 5 (Scheme 1). However, when 5 was
treated with triflic anhydride (Tf2O) in the presence of
pyridine in CH2Cl2, unexpected cyclic ether 7 was obtained.
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MeO Br OMe
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nBuLi F3C
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MeO C OMe
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F3C
F3C


OH
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MeO C O
F3C


F3C


MeO C OMe
F3C CF3


pyridine


6 7


6


Et2O


Tf2O Tf2O
MeOTf


Scheme 1. Attempt to synthesize hypervalent pentacoordinate carboca-
tion 6 bearing two CF3 groups.


Regeneration of cationic hypervalent carbon compound 6 by
the reaction of 7 with Me� (MeOTf, Me3O�BF4


�) was
unsuccessful (7 was recovered). Although we tried demethy-
lation of 7 in order to generate anionic hypervalent carbon
compound 9, demethylation was not successful under various
reagents and conditions (Scheme 2). Therefore, we designed a
novel tridentate anion equivalent 15 bearing two methoxy-
methyl (MOM) protected oxygen atoms (Scheme 3).


7
demethylation


O C O


F3C CF3


8 9


-H+


O C OH
CF3


CF3


Scheme 2. Attempt to synthesize anionic hypervalent pentacoordinate
carbon species from 7.
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e : BrCF2CF2Br


LDBB = tButBu
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Scheme 3. Synthesis of a new potential tridentate ligand 15.


Synthesis of 15 is illustrated in Scheme 3. Since bis-oxy-
genation of dilithiated 10[17] by various oxygenation reagent
[oxaziridine, O2, (RO)3B then H2O2] afforded only a complex
mixture without detectable amount of expected bis-hydroxy-
lated product, we were forced to carry out stepwise oxygen-
ation. Monolithiated 10[17] was treated with oxaziridine
reagent (shown in Scheme 3)[18] to give corresponding phenol
derivative 11 in high yield, and the hydroxyl group of 11 was
protected by a methoxymethyl (MOM) group to give 12.


Then, 12 was lithiated with nBuLi and treated with gaseous
O2


[19] followed by one-pot reaction with methoxymethyl
chloride to give 13. LDBB (lithium di-tert-butylbiphenylide)
could reduce the methoxy group from 9-position of 13
selectively, and trapping of the generated lithium derivative
14 with BrCF2CF2Br gave a new potential anthracene ligand
15 bearing two deprotectable methoxymethoxy groups in
37% yield. Although 15 was not quite stable to chromato-
graphic treatment (silica gel) or prolonged standing at RT, it
could be purified by recycle HPLC (Japan Analitical Industry
Co., LC908, 1,2-dichloromethane as an eluent).
After quantitative regeneration of lithium derivative 14


by the reaction of 15 with nBuLi in diethyl ether, 14 was
treated with gaseous hexafluoroacetone to give alcohol
derivative 16 together with cyclized product 17 (Scheme 4).


15
nBuLi


MOMO Li OMOM


14


F3C


O


CF3


17


MOMO C OMOM


16


F3C
F3C


OH


+


21% 19%


O C OMOM
CF3


CF3
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Scheme 4. Formation of cyclic ether 17 together with adduct 16.


Cyclic ether 17 was easily deprotected with HCl/THFat RT to
give 8 (Scheme 5), which was deprotonated with KH in the
presence of [18]crown-6 to generate the desired anion species
(9-K([18]crown-6)).


Scheme 5. Generation of 9-K([18]crown-6).


Although 1H NMR spectrum of 8 showed a symmetrical
anthracene pattern (four kinds of peaks: two doublets, a
triplet and a singlet) at room temperature in undistilled
[D8]THF solution, it showed an unsymmetrical anthracene
pattern (seven kinds of peaks) in distilled (vacuum distilled
from potassium) [D8]THF solution. These results indicate that
water-mediated proton transfer reaction is rapid in 8. 1HNMR
spectrum of 9-K([18]crown-6) showed a similar unsymmet-
rical anthracene pattern in distilled [D8]THF solution al-
though the peaks are shifted to higher fields in comparison
with those in 8. On the other hand, in 19Fand 13C NMR spectra
of 9-K([18]crown-6), chemical shifts were shifted to lower
fields from 8 [19F: from ���69.6 to �67.7; 13C (central
carbon): from �� 95.8 to 96.6], respectively.
Single crystals of 9-K([18]crown-6), which decomposed


slowly under air, suitable for X-ray analysis were obtained
from a THF/hexane solution under nitrogen atmosphere at
RT. The ORTEP drawing of 9-K([18]crown-6) is shown in
Figure 3. The shorter C�O (O1�C15) bond length is
1.470(5) ä and the longer C�O (O2�C15) length is
2.991(5) ä. Although the former is nearly equal to the sum
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Figure 3. X-ray structure of 9-K([18]crown-6) (30% thermal ellipsoid).
Two of four disordered trifluoromethyl groups were omitted to clarify.
Selected bond lengths [ä]: O1�C15 1.470(5), O2�C15 2.991(5), O2�K1
2.570(3).


(1.44 ä)[20] of covalent radius of carbon and oxygen atom, the
latter is shorter than that of the van der Waals radius
(3.25 ä).[20] Apparently, the potassium cation surrounded by
crown ether interacted with the phenoxide oxygen atom
[O2�K1, 2.570(3) ä] in the solid state. In order to evaluate the
TBP character of the central carbon atom, %TBPe


[21] was
calculated to be 27%, showing that 9-K([18]crown-6) had low
TBP character. But the value was similar to pentacoordinated
germanium in 18 (Figure 4, 30%)[22] bearing a weak coordi-
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O
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O
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O CF3


CF3


tBu


K+([18]c-6)


F3C CF3


18 19


O-Ge [Å]


O-K  [Å]


2.832(8)


2.67(1)


2.150(5)


2.881(6)


one of the angles 
around Ge atom in 
equatorial plane [˚]


337.8 358.6


%TBPe
[21] 30 87


Figure 4. Interaction between an oxygen atom and a potassium cation in
hypervalent germanium ate complexes.


nation between the oxygen anion with the central germanium.
Therefore, the structure of the carbon atom in 9 should be
regarded as normal tetracoordinate carbon or pentacoordi-
nate carbon with very weak coordination. Although bidentate
ligands such as Martin ligands with electron-withdrawing
groups (Figure 4) could lead to pentacoordinated germanium
with high TBP character (% TBPe;[21] 30% in 18, 87% in 19)
and could weaken the interaction between the oxygen atom
and the potassium cation [2.62(1) in 18, 2.881(6) ä in 19],[22±24]


tridentate anthracene ligand and the two electron withdraw-
ing trifluoromethyl groups did not affect the structure of
tetracoordinated carbon compounds in 9-K([18]crown-6).


The difference between the germanium and the carbon is
probably due to higher electronegativity of carbon atom,
which could not sufficiently delocalize the electron density on
the central carbon atom to stabilize the pentacoordinated
state. Experimental effort of countercation exchange is under
way in order to clarify the fundamental nature of the anionic
part of 9.


Conclusion


Thus, the new potential tridentate ligand, 1,8-dimethoxyme-
thoxy-9-bromoanthracene (15), was synthesized by stepwise
oxygenation by the use of oxaziridine reagent and gaseous
dioxygen. Compound 15 was successfully used as a trianion
equivalent (20 in Figure 5) for the synthesis of 9-K([18]crown-
6), which showed unsymmetrical structure in solution and in
the solid state.


O O


20


Figure 5. Trianion equivalent.


Experimental Section


General : Diethyl ether and tetrahydrofuran were freshly distilled from
sodium/benzophenone and other solvents were distilled from calcium
hydride under argon atmosphere. Merck silica gel 9385 was used for
column chromatography. LC908-C60 (Japan Analytical Industry) with 40 �
column was used for HPLC purification. Melting points were taken on a
Yanagimoto micro melting point apparatus. 1H NMR (400 MHz), 13C NMR
(99 MHz) and 19F NMR (372 MHz) spectra were recorded on a JEOL EX-
400 spectrometer. Chemical shifts (�) are reported as parts per million from
internal CHCl3 for 1H (�� 7.26) and 13C (�� 77.0) or from external CFCl3
for 19F (�� 0.00). Mass spectrometry was recorded on a JEOL SX-102A
spectrometer. Elemental analysis was performed on Perkin ±Elmer
2400CHN elemental analyzer.


Materials : Compound 3,[16] 10,[17] 3-phenyl-1,2-benzisothiazole 1,1-diox-
ide,[18] 4,4�-di-tert-butylbiphenyl,[25] were prepared according to literature.


Synthesis of 5 : A solution of nBuLi in n-hexane (3.45 mL, 5.5 mmol) was
added dropwise to a solution of 3[16] (1.59 g, 5 mmol) in diethyl ether
(150 mL) in a three necked flask equipped a three-way cock, rubber
septum, and a cooling gas trap at�100 �C. After the solution was stirred for
2 h at �100 �C and allowed to warm to RT, gaseous hexafluoroacetone,
which was generated by dehydration of the trihydrate (5 mL, excess) with
fuming H2SO4 and drying through H2SO4, was bubbled through a needle to
the solution at RT for 1 h. The reaction mixture was stirred at RT for 2 h.
Water (50 mL) was added to the mixture and the mixture was stirred for
more 2 h at RT. The mixture was extracted with CH2Cl2 and the collected
organic layer was dried over Na2SO4 to give 5 (ca. 1.3 g, 80%). 1H NMR
(400 MHz, CDCl3, 25 �C, CHCl3): �� 3.97 (s, 6H; OMe), 6.70 ± 6.90 (brm,
2H; CH), 6.80 (s, 1H; OH, disappeared with D2O treatment), 7.35 (d,
3J(H,H)� 8 Hz, 2H; CH), 7.45 ± 7.60 (brm, 2H; CH), 8.31 (s, 1H; CH); 19F
NMR (372 MHz, CDCl3, 25 �C, CFCl3): ���72.9 (s, 3F; CF3), �62.3 (s,
3F; CF3); elemental analysis calcd (%) for C19H14F6O3: C 56.44, H 3.49;
found: C 56.34, H 3.58.


Synthesis of 7 directly from 3 : A solution of nBuLi in n-hexane (2.1 mL,
3.3 mmol) was added dropwise to a solution of 3[16] (951 mg, 3 mmol) in
diethyl ether (250 mL) in a three necked flask equipped with a three-way
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cock, rubber septum, and a cooling gas trap at �100 �C. After the solution
was stirred for 2 h at �100 �C and allowed to warm to RT, gaseous
hexafluoroacetone, which was generated by dehydration of the trihydrate
(5 mL, excess) with fuming H2SO4 and drying through H2SO4, was bubbled
through a needle to the solution at RT for 1 h. The reaction mixture was
stirred at RT for 2 h. Water (50 mL) was added to the mixture and the
mixture was stirred for more 2 h at RT. The mixture was extracted with
CH2Cl2 and the collected organic layer was dried over MgSO4 to give a
crude product. The crude product was purified by column chromatography
with two times [CH2Cl2/hexane 1:1 (1st), 3:5 (2nd)] to give 7 as pale yellow-
green solid (771 mg, 69%). M.p. 176.1 ± 177.3 �C (decomp); 1H NMR
(400 MHz, CDCl3, 25 �C, CHCl3): �� 4.01 (s, 3H; OMe), 6.90 (d,
3J(H,H)� 7 Hz, 1H; CH), 6.92 (d, 3J(H,H)� 7 Hz, 1H; CH), 7.46 (t,
3J(H,H)� 8 Hz, 1H; CH), 7.48 (t, 3J(H,H)� 8 Hz, 1H; CH), 7.53 (d,
3J(H,H)� 8 Hz, 1H; CH), 7.72 (d, 3J(H,H)� 8 Hz, 1H; CH), 8.47 (s, 1H;
CH); 19F NMR (372 MHz, CDCl3, 25 �C, CFCl3); ���71.2 (s; CF3);
elemental analysis calcd (%) for C18H10F6O2: C 58.08, H 2.71; found: C
57.78, H 2.73.


Dehydroxylation of 5 : (CF3SO2)2O (0.1 mL, 0.6 mmol) was added dropwise
at RT under Ar atmosphere to a mixture of 5 (20 mg, 0.05 mmol), CH2Cl2
(0.5 mL), and pyridine (0.1 mL, excess). After the mixture was stirred for
5 min, the mixture was poured into water and was extracted with CH2Cl2.
Collected organic layer was dried over MgSO4 to give a crude product.
1H NMR of the crude product showed 90% conversion from 5 to 7.


Synthesis of 1-bromo-8-hydroxy-9-methoxyanthracene (11): nBuLi
(20.5 mL, 32 mmol) was added at �78 �C under Ar atmosphere to a
solution of (10.98 g, 30 mmol) of 1,8-dibromoanthracene (10)[17] in THF
(300 mL). The reaction mixture was stirred for 2.5 h at �78 �C and was
transferred to the solution of 3-phenyl-1,2-benzisothiazole 1,1-dioxide[20]


(9.08 g, 35 mmol) in THF (100 mL) at �78 �C. The reaction mixture was
stirred for 10 min and was allowed to warm to RT. The reaction mixture was
stirred for 30 min at RT. HClaq (1�, 200 mL) was poured into the reaction
mixture, and the reaction mixture was extracted with CH2Cl2 (400 mL,
100 mL, 100 mL). The collected organic layer was dried over MgSO4 and
MgSO4 was removed by filtration. After addition of silica gel to the filtrate,
solvents were removed under reduced pressure to give crude product
absorbed on silica gel. The crude product was purified with column
chromatography (CH2Cl2/hexane 1:3) to give 11 as yellow solid (7.89 g,
87%). M.p. 157 ± 159 �C; 1H NMR (400 MHz, CDCl3, 25 �C, CHCl3): ��
3.99 (s, 3H; OMe), 6.93 (dd, 3J(H,H)� 7 Hz, 4J(H,H)� 1 Hz, 1H; CH),
7.22 (dd, 3J(H,H)� 8 Hz, 4J(H,H)� 7 Hz, 1H; CH), 7.41 (t, 3J(H,H)� 8 Hz,
1H; CH), 7.50 (d, 3J(H,H)� 8 Hz, 1H; CH), 7.80 (dd, 1H, 3J(H,H)� 8,
4J(H,H)� 7 Hz, 7.91 (d, 3J(H,H)� 8 Hz, 1H; CH), 8.24 (s, 1H; CH), 9.89 (s,
1H; OH); 13C NMR (99 MHz, CDCl3, 25 �C, CDCl3): �� 65.7, 109.1, 114.9,
117.0, 119.0, 120.9, 124.3, 125.4, 127.6, 128.7, 132.9, 133.89, 133.91, 151.1,
153.5; elemental analysis calcd (%) for C15H11BrO2: C 59.43, H 3.66; found:
C 59.54, H 3.34.


Synthesis of 1-bromo-8-methoxymethoxy-9-methoxyanthracene (12): THF
(150 mL) was added to a mixture of 7.89 g (26 mmol) of 11 and 3.23 g
(80 mmol) of NaH (oil dispersion) at 0 �C. Chloromethyl methyl ether
(4.6 mL, 60 mmol) was added to the reaction mixture at RT, and the
reaction mixture was stirred for 1 h at 85 �C. After cooling of the reaction
mixture to RT, the reaction mixture was filtered through Celite (Celite 545,
Katayama Chemical Co. Ltd.) pad to the flask including sat NaHCO3aq.
After washing the Celite with CH2Cl2, the filtrate was extracted with
CH2Cl2 and collected organic layer was dried over K2CO3. After filtration
to remove K2CO3, silica gel was added to the filtrate. Solvents were
removed under reduced pressure to give crude product absorbed on silica
gel. The crude product was purified with column chromatography (CH2Cl2/
hexane 1:1) to give 12 as yellow oil (6.59 g, 73%). 1H NMR (400 MHz,
CDCl3, 25 �C, CHCl3): �� 3.65 (s, 3H; OCH2OCH3), 3.95 (s, 3H; OCH3),
5.42 (s, 2H; OCH2OCH3), 7.14 (t, 3J(H,H)� 8 Hz, 1H; CH), 7.16 (d,
3J(H,H)� 8 Hz, 1H; CH), 7.35 (t, 3J(H,H)� 8 Hz, 1H; CH), 7.56 (d,
3J(H,H)� 8 Hz, 1H; CH), 7.79 (d, 3J(H,H)� 8 Hz, 2H; CH), 8.09 (s, 1H;
CH); 13C NMR (99 MHz, CDCl3, 25 �C, CDCl3) �� 56.7, 64.5, 96.3, 110.5,
116.3, 119.3, 122.5, 122.9, 123.3, 125.5, 126.1, 128.4, 128.7, 132.9, 134.0, 134.6,
153.5; elemental analysis calcd (%) for C17H15BrO3: C 58.81, H 4.35; found:
C 59.21, H 4.41.


Synthesis of 1,8-bis(methoxymethoxy)-9-methoxyanthracene (13):[19]


nBuLi (6.9 mL, 17 mmol) was added at �78 �C under Ar atmosphere to
a solution of 12 (5.39 g, 15.5 mmol) in THF (150 mL). The reaction mixture


was stirred for 1 h at �78 �C. O2 gas was bubbled through Pasteur pipette
with thermometer holder for 30 min at �78 �C. The reaction mixture was
allowed to warm to RT and was stirred for 30 min at RT. Chloromethyl
methy ether (4.6 mL, 60 mmol) and pyridine (6.0 mL, 80 mmol) were
added to the reaction mixture at RT, and the reaction mixture was stirred
for 1 h at 85 �C. The reaction mixture was poured into HClaq and was
extracted with CH2Cl2. Collected organic layer was washed with sat
NaHCO3(aq) and was dried over MgSO4. After filtration to remove MgSO4,
solvents were removed under reduced pressure to give crude product as
brown oil. The crude product was purified with HPLC (ClCH2CH2Cl
eluent, tR� 66 min) to give 13 as yellow oil (2.41 g, 47%). 1H NMR
(400 MHz, CDCl3, 25 �C, CHCl3): �� 3.66 (s, 6H, OCH2OCH3), 4.02 (s,
3H; OCH3), 5.42 (s, 4H; OCH2OCH3), 7.09 (d, 3J(H,H)� 8 Hz, 2H; CH),
7.33 (t, 3J(H,H)� 8 Hz, 2H; CH), 7.60 (d, 3J(H,H)� 8 Hz, 2H; CH) 8.13 (s,
1H; CH); 13C NMR (99 MHz, CDCl3, 25 �C, CDCl3): �� 56.7, 63.9, 96.6,
110.3, 119.5, 122.6, 122.7, 125.9, 134.9, 154.0; HRMS: m/z : calcd for
C19H20O5: 328.1310; found: 328.1306.


Synthesis of 1,8-bis(methoxymethoxy)-9-bromoanthracene (15): THF
(20 mL) was added to a mixture of Li (68.7 mg, 10 mmol) and 4,4�-di-tert-
butylbiphenyl[24] (DTBB, 2.9298 g, 11 mmol) at 0 �C under Ar atmosphere.
After Li was dissolved, the generated solution of lithium 4,4�-di-tert-butyl
biphenylide (LDBB) (5.3 mL, 2.7 mmol) was added via syringe to a
solution of 13 (220 mg, 0.67 mmol) in THF (10 mL) at �78 �C. After the
reaction mixture was stirred for 45 min at �78 �C, BrCF2CF2Br (0.24 mL,
2 mmol) was added to the reaction mixture at�78 �C. The reaction mixture
was stirred for 1 h at �78 �C and for more 30 min at RT. The reaction
mixture was diluted with CH2Cl2, and silica gel was added to the mixture.
After removing solvents under reduced pressure to give crude product
absorbed on silica gel, this crude product charged on the top of column
chromatography. First of all, hexane eluted to separate DTBB. Next, the
solvents were replaced to a mixture of CH2Cl2 and hexane (1:3� 1:1� 1:0)
to separate the desired product 15. Removing the solvents of third yellow
fraction gave the yellow solid of 15 (93.3 mg, 37%). 1H NMR (400 MHz,
CDCl3, 25 �C, CHCl3): �� 3.55 (s, 6H; OCH2OCH3), 5.30 (s, 4H;
OCH2CH3), 7.11 (d, 3J(H,H)� 8 Hz, 2H; CH), 7.24 (t, 3J(H,H)� 8 Hz,
2H; CH), 7.49 (d, 3J(H,H)� 8 Hz, 2H; CH) 8.17 (s, 1H; CH); 13C NMR
(99 MHz, CDCl3, 25 �C, CDCl3): �� 56.9, 95.9, 111.1, 111.9, 122.5, 126.0,
126.3, 127.3, 134.2, 154.0; HRMS: m/z : calcd for C18H17BrO4: 376.0310,
378.0290; found: 376.0310, 378.0282.


Synthesis of 1,2-dihydro-1,1-bis(trifluoromethyl)-2-oxa-9-hydroxyanthry-
lene (8): nBuLi (0.32 mL, 0.5 mmol) was added at �100 �C under Ar to a
solution of 15 in diethyl ether (20 mL). The reaction mixture was stirred for
1 h at �100 �C. Gaseous hexafluoroacetone was bubbled via needle for
5 min at �100 �C. The reaction mixture was stirred for 14 h at �100 �C to
RT and quenched with HClaq. After extraction, drying (MgSO4) and
evaporation, the crude product was purified by preparative TLC (silica gel,
Merck 7730; CH2Cl2/hexane 1:1). Compound 18was obtained as the second
fraction (yellow solid, 25.2 mg, 19%, ca. 98% purity). THF (2 mL) and
conc. HClaq (0.5 mL) were continuously added to 18 (25.2 mg, 0.06 mmol)
at RTunder Ar atmosphere. The reaction mixture was stirred for 19 h at RT
and was diluted with HClaq (1�). After extraction, drying (MgSO4) and
evaporation, the crude product was purified by preparative TLC (made
from Merck silica gel 7730; CH2Cl2). Compound 8 was obtained as yellow
fraction (quant.). M.p. 207 ± 224 �C (decomp); 1H NMR (400 MHz,
[D8]THF, 25 �C, C4HD7O): �� 6.84 (d, 3J(H,H)� 8 Hz, 1H; CH), 6.85 (d,
3J(H,H)� 8 Hz, 1H; CH), 7.34 (t, 3J(H,H)� 8 Hz, 1H; CH), 7.39 (t,
3J(H,H)� 8 Hz, 1H; CH), 7.50 (d, 3J(H,H)� 8 Hz, 1H; CH), 7.64 (d,
3J(H,H)� 8 Hz, 2H; CH), 8.51 (s, 1H; CH), 9.67 (s, 1H; OH); (400 MHz,
undistilled [D8]THF, 25 �C, C4HD7O): �� 6.91 (d, 3J(H,H)� 8 Hz, 2H;
CH), 7.37 (t, 3J(H,H)� 8 Hz, 2H; CH), 7.60 (t, 3J(H,H)� 8 Hz, 1H; CH),
8.56 (s, 1H; CH); 13C NMR (99 MHz, [D8]THF, 25 �C, [D8]THF): �� 95.8
(sep; C(CF3)2); 19F NMR (372 MHz, [D8]THF, 25 �C, CFCl3): ���69.6 (s;
CF3); elemental analysis calcd (%) for C17H8F6O2: C 57.00, H 2.25; found: C
56.88, H 2.11.


Deprotonation of 8 to give 9-K([18]crown-6): All the manipulation of this
reaction was carried out in grove box. To THF-washed KH (in oil, 247 mg,
2 mmol), THF (3 mL) solution of 8 (100 mg, 0.28 mmol) and [18]crown-6
(99.3 mg, 0.35 mmol) was slowly added dropwise at RT. The reaction
mixture was filtered and solvents were removed under reduced pressure.
[D8]THF added to the crude product in order to measure NMR spectra.
Single crystals suitable for X-ray analysis were obtained from hexane-
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diluted [D8]THF solution of product. Data for 9-K([18]crown-6): 1H NMR
(400 MHz, [D8]THF, 25 �C, C4HD7O): �� 6.29 (d, 3J(H,H)� 8 Hz, 1H;
CH), 6.46 (d, 3J(H,H)� 8 Hz, 1H; CH), 6.59 (d, 3J(H,H)� 8 Hz, 1H; CH),
7.11 (t, 3J(H,H)� 8 Hz, 1H; CH), 7.12 (t, 3J(H,H)� 8 Hz, 1H; CH), 7.22 (d,
3J(H,H)� 8 Hz, 1H; CH), 8.02 (s, 1H; CH), (400MHz, undistilled
[D8]THF, 25 �C, C4HD7O): �� 6.34 (d, 3J(H,H)� 8 Hz, 2H; CH), 6.98 (d,
3J(H,H)� 8 Hz, 2H; CH), 7.13 (t, 3J(H,H)� 8 Hz, 2H; CH), 8.11 (s, 1H;
CH); 13C NMR (99 MHz, [D8]THF, 25 �C, [D8]THF): �� 96.6 (sep,
C(CF3)2); 19F NMR (372 MHz, [D8]THF, 25 �C, CFCl3): ���67.7 (s, CF3).


X-ray structural analysis of 9-K([18]crown-6): CCDC-183680 [9-
K([18]crown-6)] 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 CB2 1EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).


Data were collected at 150 K on a Mac Science DIP2030 imaging plate
equipped with graphite-monochromated MoK� radiation (�� 0.71073 ä).
Unit cell parameters were determined by autoindexing several images in
each data set separately with program DENZO. For each data set, rotation
images were collected in 3� increments with a total rotation of 180� about �.
Data were processed by using SCALEPACK. The structure was solved by a
direct method (SIR-97[26]) and refined by full-matrix least-squares
(SHELXL-97[27]). Two trifluoromethyl groups were disordered and their
occupancies were refined (0.5:0.5). All hydrogen atoms were placed using
AFIX instructions, while all the other atoms were refined anisotropically.
Crystal data for 9-K([18]crown-6): orthorhombic system, space group Pbca
(no. 14), a� 13.9100(3), b� 19.2280(5), c� 23.5150(7) ä, V� 6289.4(3) ä3,
Z� 8, �calcd� 1.395 gcm�3. R� 0.1050 (Rw� 0.2823) for 7374 observed
reflections (390 parameters) with I� 2�(I). Goodness of fit� 1.939.
Structure was drawn by Oak Ridge Thermal Ellipsoid Plot program
(ORTEP-III[28]).
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Construction of Artificial Signal Transducers on a Lectin Surface by Post-
Photoaffinity-Labeling Modification for Fluorescent Saccharide Biosensors


Tsuyoshi Nagase,[b] Eiji Nakata,[b] Seiji Shinkai,[b] and Itaru Hamachi*[a]


Abstract: A new general method, post-
photoaffinity-labeling modification
(PPALM), for constructing fluorescent
saccharide biosensors based on naturally
occurring saccharide-binding proteins,
lectins, is described in detail. An ac-
tive-site-directed incorporation of a
masked reactive site into a lectin was
conducted by using a photoaffinity la-
beling technique followed by demasking
and then chemical modification to yield
a fluorescent lectin. Two photoaffinity
labeling reagents were designed and
synthesized in this study. The labeling
reagent with a photoreactive site ap-
pended through a disulfide link to a
mannoside unit was bound to the sac-
charide-binding pocket of the lectin
concanavalin A (Con A). After light


irradiation, the mannoside unit was
cleaved by reduction. The unique thiol
group thus produced was site-specifical-
ly modified with various fluorescent
groups (dansyl, coumarin, or dimethyla-
minobenzoate derivatives) to afford flu-
orescent Con As. The labeling site was
characterized by protease-catalyzed di-
gestion followed by HPLC, MALDI-
TOF MS, and tandem mass ±mass spec-
trometry; these methods indicated that
the photolabeling step is remarkably site
specific. Strong fluorescence was ob-
served in the engineered Con A with a


fluorophore, and the emission changed
sensitively upon saccharide complexa-
tion. The binding constants for various
saccharides were determined by fluores-
cence titration and demonstrated that
the binding selectivity and affinity of the
engineered Con As are comparable to
those of native Con A. The red shift of
the emission maximum, the decrease in
the fluorescence anisotropy of the dan-
syl unit, and the increase in the twisted
intramolecular charge transfer emission
caused by sugar binding to the engi-
neered Con A explicitly indicate that
the microenvironment of the appended
fluorophores changes from a restricted
and relatively hydrophobic environment
into a rather freely mobile and hydro-
philic environment.


Keywords: glycochemistry ¥ lectins
¥ photoaffinity labeling ¥ protein
engineering ¥ saccharide biosensors


Introduction


In recent years, chemosensors based on organic scaffolds have
been actively investigated for monitoring molecules of bio-
logical importance.[1] In contrast to the great progress in the
detection of simple, small molecules such as ions, successful
examples of chemosensors for complex biomolecules such as
hormones, secondary messengers, and mono- or oligosacchar-
ides are still limited.[2] This is mainly due to the lack of


artificial receptors that can selectively bind biologically
relevant molecules in aqueous solution. On the other hand,
a biosensor is an ideal system for precisely monitoring ions
and molecules of biological importance both in vivo and in
vitro,[3] because the protein framework can provide a sophis-
ticated molecular-recognition scaffold with high affinity and
specificity. A key problem in this case is how to carry out the
rational coupling of a signal-transduction device with molec-
ular-recognition events on a protein scaffold. Unlike the
situation with small, synthetic molecules, versatile methods
for site-specific chemical manipulation of biomacromolecules
are still poorly developed. Among the limited number of
examples, Tsien,[4] Imperiali,[5] Berg[6] and their co-workers
independently reported a fluorescence resonance energy
transfer (FRET) type of biosensor for calcium or zinc cations
that involved guest-induced peptide/protein folding. Hellinga
and co-workers developed a fluorescent saccharide sensor
equipped with an allosteric signal transducer.[7] The guest-
induced change in the fluorescence depolarization was
recently utilized by Thompson and co-workers.[8] Most of
these successful strategies are based on genetic protein
engineering or total/partial synthesis of proteins.
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Saccharides are important targets to be monitored quanti-
tatively, not only for clinical usage but also for the further
development of glycochemistry, because great advances in
glycoscience and -technology have rapidly clarified many of
the crucial roles of saccharide derivatives in biological
phenomena such as cell signaling, organogenesis, fertilization,
and inflammation.[9] Although an electrochemistry-based
amperometric glucose sensor that uses glucose oxidase has
now been commercialized for monitoring diabetes,[10] an
optical sensing system for various saccharides is expected to
be more advantageous and flexible.
To construct a fluorescent biosensor for saccharides, we


recruited a naturally occurring saccharide-binding protein,
lectin, as a protein scaffold.[11] Concanavalin A (Con A) from
Canavalia ensiformis, the most extensively explored lectin,
was utilized as a suitable model. Con A exists as a dimer at
low pH values (�5.5) and as a tetramer at high pH values
(�7).[12] Each monomer (MW� 26000 Da) contains 237 amino
acid residues with one sugar-binding site, as well as binding
sites for the ions Mn2� and Ca2�.[13] Con A binds specifically to
the � anomers of �-mannopyranoside and �-glucopyrano-
side.[14]


We recently reported a general semisynthetic method for
constructing a fluorescent saccharide biosensor based on
Con A.[15] Photoaffinity labeling of the sugar-binding pocket
of Con A, cleavage of the ligand, and chemical modification
with a fluorophore (post-photoaffinity-labeling modification,
PPALM) affords a fluorescent Con A that can act as a
saccharide biosensor. Here we describe several features of our
PPALM technique for engineering fluorescent Con A. De-
tailed investigation of the specificity of the photoaffinity
labeling site, the sugar-sensing mechanism of the fluorophore-
appended Con A, and the introduction of other read-out
modes, such as twisted intramolecular charge transfer emis-
sion, reveals that the present methodology is generally
valuable for the rational design of fluorescent biosensors
based on naturally occurring receptor proteins.


Results


Molecular design of the photoaffinity labeling reagents for
Con A : We designed two PPALM reagents, 1a and 1b, which
are shown in Figure 1a. The reagents needed to include three
functionalities in the molecular structure, that is, 1) a high-
affinity ligand (�-�-mannoside) to bind to Con A selectively,
2) a photoreactive group (trifluoromethylphenyl diazirine) to
label Con A by photoirradiation, and 3) a suitable cleavage
site (disulfide) to remove the ligand after photolabeling and to
generate a chemoselective modification site[15a] (thiol group).
It was previously reported that the strongest monosaccharide
ligand for Con A is methyl-�-�-mannopyranoside.[16] Thus, a
mannoside group attached through a disulfide link was
employed as a high-affinity ligand. The disulfide bond could
be reductively cleaved by (�)-dithiothreitol (DTT) or tris(2-
carboxyethyl)phosphine (TCEP) treatment so that a reactive
benzylthiol moiety is produced. As a photoreactive unit,
trifluoromethylphenyldiazirine, which is conventionally used
in these experiments, was selected for the design of the


Figure 1. a) Molecular design and structure of PPALM reagents 1a and 1b.
b) Representation of the PPALM scheme for semisynthesis of fluorescent
biosensors.


photoaffinity labeling reagents (1a, b) directed towards
Con A.[17] , [18] , [19] The synthetic routes to these reagents are
outlined in Figure S1 in the Supporting Information. Thio-
glycosylation of peracetyl-�-mannose (4) with thioacetic acid
in the presence of BF3 ¥OEt2 selectively gave peracetyl-�-�-1-
thiomannoside (5). Deacetylation of 5 with LiOH followed by
treatment with 2,2�-dithiodipyridine gave pyridyl-�-�-dithio-
mannoside 2. The disulfide exchange reaction of 2 with the
thiol derivatives of the corresponding labeling units (3a, b)
afforded the photoaffinity labeling reagents 1a and 1b,
respectively.


Post-photoaffinity-labeling modification of Con A : The
PPALM method is briefly illustrated in Figure 1b. When the
affinity ligand 1 was bound to the binding pocket of Con A,
photolabeling was carried out by UV-light irradiation
(330 nm� �� 400 nm for trifluoromethylphenyldiazirine).
The labeled Con A was purified by gel chromatography
(Biogel P-30) and affinity column chromatography (Sepha-
dex G-100).[20] As shown in Figure 2, three peaks were
observed in the affinity chromatography results. Each of
these was characterized by MALDI-TOF MS, the results of
which allowed the first peak to be assigned to a homodimer of
Con A labeled with one molecule of 1 and the second peak to
be assigned to a heterodimer consisting of a monolabeled
Con A and a nonlabeled Con A. The third peak was assigned
to a homodimer of the nonlabeled Con A (that is, native
Con A). For the structural and functional studies mentioned
later, the heterodimer was mainly used because of its higher
yield.[21] The yield of labeled Con A is greatly dependent on
the molecular structure of the PPALM reagents: the yield is
about 10% for 1a and less than 1% for 1b.
Subsequent treatment of the labeled Con A with DTT or


TCEP gave a unique benzylthiol site (SH-Con A), which was
chemoselectively modified with a haloacetylated fluorophore
(Fluoro-Con A). These two steps proceeded almost quantita-
tively. The modified Con As (from labeling with 1a) at all
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Figure 2. Fraction curves in the affinity purification of a) 1a-labeled
Con A; b) 1b-labeled Con A.


stages were characterized by MALDI-TOF MS (Figure 3).
Mass peaks (m/z) were observed at 25981� 10 for 1a-labeled
Con A, at 25796� 11 for SH-Con A, and at 26097� 6 for
IAEDANS-Con A (see Scheme 1b for structure of IAE-
DANS); these data agree well with the sum of the MW of
native Con A (25584 Da) and the corresponding residues.[22]


The secondary structure of the modified Con As was moni-
tored by CD spectroscopy. For the modified Con A at each
stage (the 1a-labeled, SH-, and IAEDANS-Con A), a neg-
ative Cotton peak at 218 nm, characteristic of a typical �


sheet, was observed; this peak is comparable to that of native
Con A,[23] a fact suggesting that the secondary structure of
Con A is not significantly perturbed by the chemical mod-
ification.


Determination of the labeled site of the modified Con A : To
determine the labeled site, the 1a-labeled Con Awas digested
by lysyl endopeptidase (LEP), which can cleave peptide
bonds on the C-terminal side of lysine residues.[24] Figure 4a
shows the reverse-phase HPLC trace of the digested peptides
for the labeled and native Con As. There are 12 lysine
residues in Con A (the full amino acid sequence is given in
the Supporting information) so 13 fragments were generated
by the LEP digestion. In native Con A, eight peaks appeared
in the HPLC trace, all of which were assigned by MALDI-
TOF MS. Five other fragments (Ser31 ±Lys35, Lys36, Thr37 ±
Lys39, Leu115 ±Lys116, Asp136 ±Lys138) were too short to
be detected under the HPLC conditions used. In the case of
the labeled Con A, eight peaks were also observed. However,


Figure 3. MALDI-TOF mass spectra of a) native Con A; b) 1a-labeled
Con A; c) SH-Con A; d) IAEDANS-Con A.


by comparison with the HPLC chart of native Con A, it could
be seen that one original peak (Rt� 74.5 min, assigned to
fragment A4 by MALDI-TOF MS in the case of native
Con A) disappeared and a new peak (Rt� 81.4 min) appeared
instead. Consistently, MALDI-TOF MS analysis of the new
peak showed that it can be ascribed to the peptide fragment
A4 (Arg60 ±Lys101)) plus one molecule of the denitrogen-
ated ligand 1a. Subsequently, the modified fragment A4 was
collected by HPLC and subjected to trypsin-catalyzed diges-
tion; the resultant mixture was analyzed by mass spectrom-
etry. Fragment A4 involves two arginine residues so it was
divided into one arginine and two peptides by trypsin. The
longer peptide (Leu61 ±Arg90) had a molecular weight
identical to the native one, while the shorter peptide
(Val91 ±Lys101) showed the sum of the corresponding pep-
tide and the denitrogenated ligand 1a in its MW (747.32 Da as
a dication form). Precise sequencing of the shorter fragment
was next conducted by the tandem mass ±mass method
(Figure 4b). Each difference in the mass peaks showed good
agreement with the mass unit of the corresponding natural
amino acid with the exception of the Tyr100. The difference
mass of the Tyr100 site was determined to be 561.11 Da, a
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Figure 4. a) Reverse-phase HPLC trace of native and 1a-labeled Con As
after lysyl-endopeptidase digestion. b) Tandem mass ±mass analysis of the
1a-labeled fragment A4.


value that is completely coincident with the sum of theMW of
tyrosine and the denitrogenated labeling ligand 1a (a
calculated value of 561.1103 Da). Thus, the labeling site was
assigned to Tyr100. It is clear that the photoaffinity labeling
process of the present PPALM method is remarkably site
selective on a protein surface.


Fluorescent sensing of saccharides by using fluoro-Con As :
IAEDANS-Con A (from labeling with 1a) prepared by the
PPALM method with the iodoacetylated dansyl derivative
showed a strong emission due to the dansyl fluorophore, an
environmentally sensitive probe.[25] A spectral change in the
emission of IAEDANS-Con A was observed on addition of
methyl-�-�-mannoside (Me-�-Man), one of the strongest
ligands for native Con A (Figure 5a). With increasing con-
centrations of Me-�-Man, the emission intensity at 484 nm
decreased and the emission peak maximum was slightly red
shifted (488 nm). This implies that the dansyl unit moves into
a more polar microenvironment than the original position
upon complexation of IAEDANS-Con A with Me-�-Man. It
is noteworthy that the binding process of IAEDANS-Con A
with Me-�-Man can be directly monitored by the fluorescence
signal change. Fluorescence titration gave the typical satu-
ration curve, which yielded a binding constant of 7.8� 103 ��1


for Me-�-Man by the Benesi ±Hildebrand plot analysis[26]


(Figure 5b). This value is almost comparable to that of native
Con A (1.1� 104 ��1) as determined by isothermal titration
calorimetry.[12a]


We next conducted similar titration experiments for other
saccharides (the structures are summarized in Scheme 1a and
the Supporting Information) with IAEDANS-Con A. The
saturation curves shown in Figure 6 gave the binding con-
stants for various saccharides that are displayed in Table 1.
Among the monosaccharides (Figure 6a) these show signifi-
cant features: 1) Mannose derivatives showed a higher affinity


Figure 5. a) Spectral changes in the fluorescence of IAEDANS-Con A
upon addition of Me-�-Man (0� 20 m�). [IAEDANS-Con A]� 5 ��, in
50 m� HEPES buffer (pH 7.0) containing 1 m� CaCl2, 1 m� MnCl2, and
0.1� NaCl. Temperature� 15� 1 �C, �ex� 340 nm. b) The binding curve for
IAEDNAS-Con A. Inset: Benesi ±Hildebrand plot analysis. HEPES� 2-
[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid.


than glucose derivatives (Me-�-Man�Me-�-Glc, Man�
Glc); 2) the affinities of galactose, ribose, and arabinose were
negligible; 3) the � configuration in the glycoside bond was
preferable to the � configuration (Me-�-Glc�Me-�-Glc);
and 4) �-glucose, a mirror image of native �-glucose, was
practically not bound. The observed binding selectivity of
IAEDANS-Con A was identical to that of native Con A,[16] a
fact suggesting that the binding pocket of IAEDANS-Con A
for the monosaccharide is not disturbed by the PPALM.
For a series of the oligosaccharides, the selectivity of


IAEDANS-Con A observed by fluorescence titration was
also in good agreement with that of native Con A as
determined by isothermal titration calorimetry, that is, Man-
tri�Man-bi� Isomal�Cel, Lac (Figure 6b). Man and Glc at
the nonreducing saccharide terminal were preferable to Gal,
and there was also a preference for the �-glycoside anomer to
the �-glycoside. It is noteworthy that the binding constant of
IAEDANS-Con A for Man-tri was found to be identical with
that of native Con A.[12a,b] Man-tri is known to be one of the
main core structures in branched saccharides that attach to
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Scheme 1. a) Representative saccharide structures used in this study. The
abbreviation is given below the saccharide name. b) Molecular structures of
the fluorescent probes attached to SH-Con A. The wavelengths given in the
parentheses are the excitation and emission wavelengths for each
fluorophore.


natural glycoproteins. Therefore, the ability to detect Man-tri
is useful for quantitative estimation of such a glycoprotein
family. This is the first example of fluorescence detection
of Man-tri at �� concentrations, to the best of our knowledge.
It was reported that the Con A surface in the proximity of
the binding pocket is involved in Man-tri binding.[12c] The
present data implied that the protein surface responsible for
the sugar binding was structurally conserved even with the
modification, in addition to the binding pocket. Thus, not
only binding selectivity but also the affinity of native
Con A for various saccharides is quantitatively retained in
IAEDANS-Con A.
As a control sample, we prepared a Con A randomly


modified with a dansyl group. Some lysine residues may have
be modified because dansyl chloride was used as the reagent.
After purification of the Con A modified randomly with an
average of 1 molecule of dansyl unit per protein, a fluores-
cence titration with Me-�-Man was conducted. No significant
changes in either its emission intensity or wavelength were
observed (see Supporting Information). This control ex-
periment indicates that the site-selective attachment of a


Figure 6. Fluorescence titration profile of the relative intensity (I/I0)
versus the saccharide concentration (log [saccharide]) for: a) IAEDANS-
Con A (5 ��) with the monosaccharides Me-�-Man (�), Me-�-Glc (�),
Man (�), Glc (�), Me-�-Glc (�), �-Glc (�), Ara (�), Me-�-Gal (�), Gal
(�), and Rib (�); b) IAEDANS-Con A (0.2 ��) with the oligosaccharides
Man-tri (�), Man-bi (�), Pal (�), Isomal (�), Isomalti (�), Malti (�), Cel
(�), and Lac (�).


dansyl group is crucial to the above-mentioned fluorescent
response of IAEDANS-Con A.
The fluorescence depolarization measurements[8a] strongly


supported the molecular mechanism of the fluorescence
response of IAEDANS-Con A to saccharide binding. The
fluorescence anisotropy ratio (r) was determined to be 0.40
without sugars, which is a typical value for the probe bound to
proteins. Interestingly, the anisotropy ratio decreased to 0.35
on addition of Me-�-Man (see Supporting Information). The
saturation curve showed good agreement with the curve
obtained by the steady-state fluorescence titration and gave a
binding constant of 7.6� 103 ��1, which is almost identical to
the value from the fluorescence titration. A decrease in the
anisotropy is usually due to an increase in the freedom of the
fluorophore in motion. Thus, the results clearly imply that the
dansyl moiety is restricted in the binding pocket of Con A
without sugars but the environment changes into one of rather
higher mobility upon complexation with Me-�-Man. This is
nicely consistent with our tentative explanation of the
saccharide-induced fluorescence change in IAEDANS-
Con A.
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Other modified Con As with different fluorophores (cou-
marin derivatives DCIA and DACIA, or aminonaphthalene-
sulfonate derivative IAANS; shown in Scheme 1b) were
prepared by the same procedure. These Fluoro-Con As (from
labeling with 1a) showed good fluorescent sensing affinity
and selectivity in a similar way to IAEDANS-Con A (from
labeling with 1a), that is, they show sensitive fluorescent
change with Me-�-Glc, Me-�-Man, Man-bi, and Man-tri, but
do not respond to Gal and Cel (see Table 1). In addition to
varying the monitoring wavelength (450 ± 490 nm), it was an
advantage to shift the excitation wavelength into the visible
light region to avoid the undesirable interference by other
impurities derived from proteins or DNA in the analyte
solutions. In the present case, we could shift the excitation
from 330 to 420 nm by changing the fluorophore without
decreasing the sensing capability.


Twisted intramolecular charge transfer (TICT) mode for
reading out the saccharide by DMAB-Con A : In addition to
the environmentally sensitive probes (see above), a TICT
emission probe can be engineered onto a Con A surface by
using the PPALM method. Dimethylaminobenzoate
(DMAB), a typical fluorophore for TICT, was converted into
a bromoacetyl amide derivative, DMAB-Br (Figure 7a).
DMAB-Br was appended to the benzylthiol site of SH-Con
A (DMAB-Con A). Figure 7b shows difference fluorescence
spectra of DMAB-Con A due to the addition of Me-�-Man.
In contrast to the monotonous decrease in the fluorescence
intensity for IAEDANS-Con A, an increase in the fluores-
cence at 435 nm was observed with a concurrent decrease in
the fluorescence at 360 nm with an isosbestic emission point at
395 nm in the case of DMAB-Con A. Such a fluorescence
change at two distinct wavelengths is, in principle, applicable
to the ratiometric measurement, which enables the more
precise (quantitative in some cases) estimation of analytes by


Figure 7. a) Structure of DMAB-Br. b) Differential spectral changes in the
fluorescence of DMAB-Con A upon addition of Me-�-Man (0� 10 m�).
[DMAB-Con A]� 1 �� in 50 m� HEPES buffer (pH 7.0) containing 1 m�
CaCl2, 1 m� MnCl2, and 0.1� NaCl. Temperature� 15� 1 �C, �ex�
310 nm. Inset: fluorescence spectral changes.


reducing the influence of photobleaching, the effect of the
probe concentration, and other environmental side effects.
According to the literature,[27] the peak at 435 nm can be


ascribed to the emission from the TICTexcited state, and the
peak at 360 nm is due to the emission from the normal planar
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Table 1. Comparison of the association constants of Fluro-Con As with those of native Con A.


Saccharide Ka [��1]
native Con A IAEDANS-Con A IAANS-Con A DACIA-Con A DCIA-Con A


Me-�-Man 1.1� 104[a] 7.8� 103[b] 2.6� 103[b] 3.7� 103[b] 1.9� 103[b]


Me-�-Glc 3.0� 103[a] 1.6� 103[b] 1.4� 103[b] 1.2� 103[b] 8.3� 102[b]


Me-�-Glc ±[c] � 1.0� 102[b] ±[d] ±[d] ±[d]


Me-�-Gal ±[c] ±[c] ±[d] ±[d] ±[d]


Man 2.2� 103[a] 1.3� 103[b] ±[d] ±[d] ±[d]


Glc 8.0� 102[a] 1.0� 103[b] ±[d] ±[d] ±[d]


�-Glc ±[c] ±[c] ±[d] ±[d] ±[d]


Gal ±[c] ±[c] ±[c] ±[c] ±[c]


Rib ±[e] ±[c] ±[d] ±[d] ±[d]


Ara ±[e] ±[c] ±[d] ±[d] ±[d]


Man-tri 2.5� 105[a] 2.5� 105[f] 6.5� 105[f] 5.4� 105[f] 1.2� 105[f]


Man-bi 3.0� 104[a] 5.8� 103[b] 1.9� 104[b] 6.9� 103[b] 5.2� 103[b]


Malti ±[e] 1.0� 103[b] ±[d] ±[d] ±[d]


Pal ±[e] 1.6� 103[b] ±[d] ±[d] ±[d]


Isomal 1.7� 103[a] 1.3� 103[b] ±[d] ±[d] ±[d]


Isomalti ±[e] 8.8� 102[b] ±[d] ±[d] ±[d]


Cel ±[c] ±[c] ±[c] ±[c] ±[c]


Lac ±[e] ±[c] ±[d] ±[d] ±[d]


[a] Reported values detrermined by isothermal titration calorimetry.[12] [b] Determined by Benesi ±Hildebrand plot analysis. [c] Cannot be determined
because of the low affinity. [d] Titration experiments were not conducted. [e] Not reported previously. [f] Determined by nonlinear curve fitting analysis.
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(NP) excited state. It is generally considered that the TICT
emission increases in a polar solvent rather than a less polar
solvent because the TICT excited state is more charge-
separated, relative to the NP excited state. Therefore, the
increase in the TICT emission and the decrease in the NP
emission induced by Me-�-Man indicate that the DMAB
moiety shifts from a rather hydrophobic sugar-binding pocket
to a bulk aqueous solution. This is absolutely consistent with
the mechanism of the saccharide-induced fluorescence
change in IAEDANS-Con A. Both emissions (due to TICT
and NP) change with typical saturation behaviors, which give
us the apparent binding constants as follows: 2.3� 103 ��1 for
Me-�-Man, 1.3� 103 ��1 for Me-�-Glc, and a negligible value
for Gal. The saccharide selectivity is again coincident with
that of native Con A, similarly to the case of IAEDANS-
Con A.


Discussion


The present results reveal that elaborate organic chemistry on
a protein surface is a powerful tool for converting a lectin into
a fluorescent saccharide sensor. As a pioneering example,
Schultz and co-workers proposed a unique approach to
conducting organic chemistry on an antibody cavity by a
combination of affinity labeling with subsequent modification
to produce a fluorescent antibody.[28] The reactive species of
photolabeling reagents such as carbene or nitrene are so
reactive that PPALM may be applied to a wide range of
proteins which do not have such highly reactive amino acids
around the ligand binding site. The photoaffinity labeling
technique has been widely uti-
lized so far in structural and
functional biology to deter-
mine unknown enzyme active
sites or protein/protein inter-
action surfaces.[17±19] The la-
beled proteins are usually
fragmented into many pepti-
des for the structural analysis.
In contrast, the present
PPALMmethod provides nov-
el functionality to the target
protein without fragmenta-
tion. Thus, the photoaffinity
labeling method can be ex-
tended into protein engineer-
ing.
It is remarkable that the


photoaffinity labeling reaction
with 1a is highly site-selective.
As shown in Figure 8a, the
crystal structure of Con A
complexed with p-nitrophen-
yl-�-�-mannoside suggests
that there are several nucleo-
philic amino acid residues
around the saccharide-binding
pocket.[29] These residues, such


as Tyr12, Thr15, Tyr100, and His205, seem to be intrinsic
candidates for a photolabeling reaction by the electrophilic
trifluoromethyl carbene moiety. Among them, only Tyr100
was modified as shown in our peptide-mapping experiments
in the case of 1a. Importantly, it was reported that the hydroxy
group of Tyr100 is not responsible for the sugar binding in
native Con A. Tyr12 and Thr15 on the Con A surface, which
can interact with the branched mannose unit of Man-tri, are
considered to be on the opposite side to the hydrophobic
fence consisting of Tyr100.[12c] Thus, the modification at
Tyr100 does not strongly disturb the structure of the binding
surface of Con A. These factors should contribute to the
satisfactory retainment of the original selectivity and affinity
for various saccharides in IAEDANS-Con A.
In contrast, another photolabeling reagent 1b did not yield


any substantial amount of labeled Con A. This is probably due
to the fact that the para substitution is oriented to the outside
of Con A and is thus far from the residues surrounding the
binding pocket. On the other hand, we previously reported
that p-azidophenyl-�-�-mannoside (p-APM) reacted with
Con A in 20% yield and that the modification reaction is
distributed to two sites, such as Tyr12 or Tyr100, both of which
are positioned in the proximity of the sugar-binding pock-
et.[15b] Compared to 1a, the linkage of p-APM between the
mannose group and the phenylazide group is shorter by two
bond lengths. Thus, the azide group can reach Tyr12, which is
located on the more buried side, as well as Tyr100, so that
photolabeling occurs at both positions. In contrast to p-APM,
the photoreactive species of 1a and 1b is expected to be
generated on the external protein surface, and thus it is
reasonable that the photoaddition predominantly takes place
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Figure 8. The molecular structures of the residues in the proximity of the saccharide-binding site of Con A: a) the
crystal structure of the p-nitrophenyl-�-�-mannopyranoside complex (PDB file code: 1VAM); b) molecularly
modeled structure of the complex with 1a. c) Schematic illustration of the present sensing mode of IAEDANS-
Con A.
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at the more solvent-exposed Tyr100. A molecular modeling
study of the 1-labeled Con A (Figure 8b) gave us the roughly
estimated distance between the reactive center of 1 and
Tyr100. In the case of meta-substituted 1a, the average
distance is in the range of 3.5 ä, which is close enough to be
photolinked with Con A, whereas the distance is more than
5 ä in the complex with the linear para substituent 1b. These
results clearly demonstrate that fine tuning of the structure of
the PPALM reagents will allow regulation of the modification
position, which is crucial for the introduced novel func-
tion.
In addition, the 3D structure suggests that the saccharide-


binding pocket is partially hydrophobic because it is sur-
rounded by the hydrophobic fence consisting of Tyr12, Tyr100,
and Leu99 (Figure 8a). Thus, it is reasonable that the
hydrophobic fluorophore appended to the proximity of the
binding pocket is preferably located in the rather hydrophobic
position without saccharides. The fluorophore moves to the
more hydrophilic microenvironment upon sugar binding, as
suggested by the results in which the emission is lessened in its
intensity and red-shifted upon sugar binding. The decrease in
the fluorescence anisotropy upon saccharide binding strongly
supported the tentative explanation mentioned above. That is,
the mobility of the fluorophore is restricted in the saccharide-
binding pocket, and the sugar-induced relocation causes a
partial recovery of the freedom in motion. This is also nicely
coincident with the increase in the TICT emission induced by
Me-�-Man complexation to DMAB-Con A, along with the
concurrent decrease in the NP emission. In the control
experiment with randomly modified Con A, no significant
fluorescence changes occurred. Therefore, the signal-trans-
duction modes displayed in the present examples are based on
the response caused by the microenvironmental change in the
fluorescent probes induced by sugar binding (Figure 8c). It is
concluded that the active-site-directed incorporation of the
fluorophores effectively coupled the sugar-binding event to
the fluorescent signal change.
Various fluorophore-labeled Con As can be prepared from


SH-Con A by simple mixing with the haloalkylated species.
The binding constants for Me-�-Man evaluated by the
corresponding Fluoro-Con A (from labeling with 1a) are
varied: 7.8� 103 (IAEDANS), 3.7� 103 (DACIA), 2.6� 103


(IAANS), and 1.9� 103 ��1 (DCIA). Apparently, the more
hydrophobic and bulky fluorophores suppressed more strong-
ly the binding affinity to Me-�-Man. This might be ascribed to
the partial blocking of the binding pocket of Con A by the
bulky fluorophore or to the fluorophore-induced disorder of
the binding pocket. However, the considerable suppression of
the affinity by the attached fluorophore was not observed in
the case of oligosaccharide sensing, which may be due to the
fact that the protein surface, as well as the binding pocket, is
greatly involved in the oligosaccharide binding. The present
PPALM strategy has the advantage that one can conveniently
and rapidly attach various kinds of fluorophores to Con A.
This facilitates the screening for satisfactory sensitivity, the
modulation of the excitation, the monitoring of the wave-
length, and the selection of an appropriate transduction mode,
such as environmentally sensitive probes and TICT emission
probes, to meet each objective in biosensing.


Conclusion


We have successfully proposed a simple method called
PPALM (post-photoaffinity-labeling modification) for con-
verting a lectin protein into a fluorescent saccharide sensor.
The resultant engineered Con A showed a fluorescent re-
sponse to a series of saccharides with superior selectivity and
affinity identical to that of native Con A. The high site
specificity of the attachment of the probe and the chemical
flexibility for selection of a suitable fluorophore are advanta-
geous in the PPALMmethod. It was reported in the literature
that the binding pocket of naturally occurring lectins is rather
hydrophobic in many cases.[11a] ,[30] Therefore, this strategy is
anticipated to be widely applicable to other saccharide-
binding proteins, simply by exchanging the sugar (that is, the
ligand) part of the PPALM reagent 1, to produce other
fluorescent biosensors with distinct saccharide specificities.
These will advance the quantitative estimation of various
saccharides and facilitate glycoscience and -technology.
Furthermore, many other naturally occurring receptor pro-
teins might become intriguing targets for PPALM, which will
extend the research field of biosensors.


Experimental Section


General methods : CH3CN and MeOH were distilled under a nitrogen
atmosphere prior to use. CH3CN was dried over calcium hydride. MeOH
was dried over Mg and I2. Unless otherwise stated, all of the air- or
moisture-sensitive reactions were performed under a nitrogen atmosphere.
1H NMR spectra were recorded either on Bruker AC250-P (250 MHz) or
Bruker DRX-600 (600MHz) spectrometer. ESI-TOF MS was measured
with a PerSeptive Mariner apparatus. MALDI-TOF MS were recorded on
a Perkin ±Elmer Voyager DE-RP apparatus, with 2,5-dihydroxybenzoic
acid, �-cyano-4-hydroxycinnamic acid (CHCA), or sinapinic acid (SA) as
the matrix. UV-Vis spectra were obtained on a Hitachi U-3000 spectrom-
eter. CD spectra were recorded on a Jasco J-720 spectrometer. Fluores-
cence spectra were recorded on a Hitachi F-4500 spectrometer. Synthetic
methods and characterization data for 1a, 1b, and DMAB-Br are described
in the Supporting Information. Con A was purchased from Funakoshi and
used without further purification. All of the fluorescent probes were
purchased from Molecular Probes. The other chemical reagents were
purchased from Aldrich or Tokyo Chemical Industry.


Photoaffinity labeling of Con A with the labeling reagent 1a[31]: Con A
(30 mg, 1.2 �mol/monomer-based) was dissolved in 10 m� acetate buffer
(2 mL; pH 5.0) containing 1 m� CaCl2, 1 m� MnCl2, and 0.2 � NaCl. The
labeling reagent 1a (2.0 mg, 4 equiv to 1 sugar-binding site of Con A) in
DMF (80 �L) was slowly added to the Con A solution at 0 �C. This solution
was stored for 30 min at 0 �C in the dark and then gently bubbled with
nitrogen gas to remove dioxygen; this was followed by centrifugation
(10000 rpm, 5 min) at 4 �C. The supernatant was transferred into a UV cell
(1 cm) and photoirradiated for 40 min at 10 �C by a 500 Whigh-pressure Hg
lamp (USHIO Optical ModuleX) with a glass filter that cuts out light of
wavelengths below 320 and above 380 nm. After removal of a trace amount
of precipitate by centrifugation (10000 rpm, 5 min), the supernatant was
subjected to gel filtration chromatography (Biogel P-30, 2� 20 cm), eluted
with the buffer A (10 m� acetate buffer (pH 5.0), 1 m� CaCl2, 1 m�
MnCl2) at 4 �C. The protein fractions were collected and concentrated by
ultrafiltration (YM10 filters, Amicon). The concentrated protein solution
was subsequently purified by affinity chromatography (Sephadex G100,
2� 30 cm), eluted with a linear gradient of buffer A with 0� 40 m� �-
glucose. Three peaks were observed in the trace. Each fraction was
characterized by MALDI-TOF MS. The first peak (m/z 25981) was
assigned to a homodimer of Con A labeled with 1 molecule of 1a, the
second peak was assigned to a heterodimer consisting of monolabeled
Con A and nonlabeled Con A. The third peak (m/z 25583) was assigned to
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a homodimer of nonlabeled Con A (that is, native Con A). (It has been
reported that Con A exists as a dimer at pH 5.0.) The fractions which made
up the second peak was collected and concentrated.


Preparation of SH-Con A : DTT (final concentration: 5 m�) was added to a
solution of 1a-labeled Con A (from the fractions that made up the second
peak in the affinity column; 20 ��, 10 mL) in 100 m� phosphate buffer
(pH 8.0), and the reaction mixture was incubated for 20 h at 4 �C under a
nitrogen atmosphere. The reaction solution was purified by gel filtration
chromatography (Biogel P-30, 2� 20 cm) eluted with 100 m� phosphate
buffer (pH 7.2) to give SH-Con A (12 ��, 16 mL) in quantitative yield. The
thiol content in the SH-Con A was determined by the Ellman method,[32]


which showed that one Con A dimer has one SH group. MALDI-TOF MS
(SA) demonstrated the cleavage of the thiomannose unit: m/z calcd:
25787; found: 25796. The SH-Con A was quickly subjected to the next
modification.


Preparation of Fluoro-Con A : Iodoacetyl-fluorophore (in the case of
IAEDANS: 0.22 mg, 5� 10�7 mol, 10 equiv to 1 SH group) in DMF
(100 �L) was slowly added to a solution of SH-Con A (20 ��, 5 mL) in
100 m� phosphate buffer (pH 7.2) at 0 �C, and the reaction mixture was
incubated for 12 h at 4 �C in the dark. After incubation, the solution was
submitted to gel filtration chromatography (Biogel P-30, 1� 15 cm), eluted
with the buffer B (50 m� HEPES buffer (pH 7.0), 1 m� CaCl2, 1 m�
MnCl2, and 0.1� NaCl). The protein fraction was collected, concentrated
by ultrafiltration, and dialyzed against buffer B to afford Fluoro-Con A in
quantitative yield (in the case of IAEDANS-Con A: 12 ��, 8 mL). For
IAEDANS-Con A, the labeling efficiency was estimated from the ratio of
[IAEDANS]/([Con A]/2) to be 0.75 ± 0.90. IAEDANS-Con A was identi-
fied by MALDI-TOF MS (SA): m/z calcd: 26093; found: 26097. The same
procedure was employed for modification with the other fluorophores and
the overall labeling efficiency of SH group was shown to be 0.7 ± 0.9.
IAEDANS: �336� 5700 ��1 cm�1; IAANS: �327� 26000 ��1 cm�1; DCIA:
�384� 33000 ��1 cm�1; DACIA: �384� 31000 ��1 cm�1; DMAB: �300�
22500 ��1 cm�1.


Preparation of the randomly modified Con A : A solution of dansyl
chloride (0.24 mg, 8.9� 10�7 mol) in acetone (0.1 mL) was added to a
solution of Con A (15 mg, 5.9� 10�7 mol) in 0.1� NaHCO3 buffer (pH 8.4;
15 mL). The mixed solution was stored for 24 h at 4 �C in the dark. The
solution was dialyzed against 10 m� acetate buffer (pH 5.0) and then
50 m� HEPES buffer (pH 7.0) containing 1 m� MnCl2, 1 m� CaCl2, and
0.1� NaCl to yield the randomly dansyl-modified Con A. The UV/Vis
spectrum showed that one Con A monomer had one dansyl group.


Lysyl-endopeptidase digestion : A solution of the 1a-labeled Con A (from
the fractions making up the first peak in the affinity purification; 100 ��,
500 �L) in 50 m� tris(hydroxymethyl)aminomethane (Tris)/HCl buffer
(pH 9.0) containing 3 � urea was treated with lysyl-endopeptidase at 37 �C
for 15 h at the enzyme/substrate ratio of 1:50 (w/w). The digestion reaction
was stopped by addition of trifluoroacetic acid (final concentration: 0.1%
(v/v)). The digested peptides were separated by HPLC and the collected
fractions were analyzed by MALDI-TOF MS (SA or CHCA).


Peptide sequencing by tandem mass ±mass analysis : The sample including
fragment A4 was treated with trypsin (in Tris/HCl buffer, pH 8.0) at 35 �C
for 20 h. The resultant mixture was purified through a ZipTip C18
(Millipore), eluted with 70% aqueous acetonitrile containing 1% formic
acid). The used eluent was subjected to ESI-TOFMS (Q-Tof 2, Micromass,
UK). The target peak (747.32/2� ) was sequenced by the tandem mass ±
mass method and analyzed by BioLynx software (manual mode).


UV/Vis, fluorescence, and CD spectroscopies : UV/Vis, fluorescence, and
CD spectra of the modified Con As were obtained by using 5 �� protein
concentration as determined by a Bradford assay in 100 m� phosphate
buffer (pH 7.0) at 25 �C. For the measurement of the fluorescence spectra
the slit widths of the excitation and emission were set to 10 nm, and an
excitation wavelength of �ex� 280 nm was used for characterization of
labeled- and SH-Con A. In the measurement of the CD spectra the
following conditions were used: sensitivity: 200 mdeg; resolution: 0.5 nm;
bandwidth: 1.0 nm; response: 0.5 s; scan speed: 100 nm/min.


Fluorescence titration of saccharide[33]: Saccharide stock solution was
added dropwise to 0.2 ± 5 �� Fluoro-Con A in 50 m� HEPES buffer
(pH 7.0) containing 1 m� CaCl2, 1 m� MnCl2, and 0.1� NaCl at 15� 1 �C.
The fluorescence spectra were measured. The slit widths for the excitation
and emission were set to 10 nm and 5 nm, respectively. The excitation and


emission wavelengths used for each Fluoro-Con A are described in the
corresponding figures. The fluorescence titration curves were analyzed with
a Benesi ±Hildebrand plot or nonlinear curve-fitting analysis to yield the
association constants (Ka).


Fluorescence depolarization measurement[34]: The fluorescence anisotropy
ratio (r) of IAEDANS-Con A was evaluated from Equation (1) (Weber
equation), where I	 and I
 are the intensities of fluorescence observed
through polarizers parallel and perpendicular to the polarization of the
exciting light, respectively.


r � (I	 � I
)/(I	 � 2I
) (1)


The fluorescence intensity was measured with a fluorescence spectropho-
tometer (Hitachi F-4500) equipped with polarizer.


Molecular modeling : Model building and molecular dynamics calculations
were performed with the Insight II/Discover program packaged in the
context ofMolecular Simulations Inc. All calculations were performed with
the consistent valence force field. The structure shown in Figure 8 is a
minimized low-energy conformation selected from 50000 dynamics
interactions at 450 K. The minimization was performed until a maximum
derivative of 0.001 was achieved. During the dynamics run and the
minimization, the Con A and the mannopyranoside ring were restrained
according to the crystallographic structure of the Con A± p-nitrophenyl-�-
�-mannoside complex published by Kanellopoulos and co-workers.[29]
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Vibrational and Quantum-Chemical Study of Push ± Pull Chromophores for
Second-Order Nonlinear Optics from Rigidified Thiophene-Based
�-Conjugating Spacers
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Abstract: Two types of push ± pull chro-
mophores built around thiophene-based
�-conjugating spacers rigidified by ei-
ther covalent bonds or noncovalent
intramolecular interactions have been
analysed by means of IR and Raman
spectroscopical measurements in the
solid state as well as in a variety of
solvents. Comparison of the Raman
features of NLO-phores based on a
covalently rigidified dithienylene
(DTE) spacer with those of their open
chain DTE analogues shows that the
bridging of the central double bond of
DTE with the nearest �-positions of the
thienyl units through two ethylene
bridges significantly improves the intra-
molecular charge transfer. This also
occurs for NLO-phores based on a 2,2�-
bi(3,4-ethylenedioxythiophene) (BED-
OT) spacer as compared with their
corresponding parent compounds based
on an unsubstituted bithiophene (BT)


spacer. For NLO-phores based on a
BEDOT spacer, noncovalent intramo-
lecular interactions between sulfur and
oxygen atoms are responsible for the
rigidification of the spacer. The Raman
spectra of these NLO-phores obtained
in the form of solutes in dilute solutions
reveal two different behaviours: i) chro-
mophores based on covalently bridged
or open chain DTE spacers display
Raman spectral profiles in solution quite
similar to those of the corresponding
solids, with a very little dependence on
the polarity of the solvent, while ii) -
larger spectral changes are noticed for
NLO-phores built around BEDOT or
BT spacers on going from solids to


solutions. In the second case, spectral
changes must be ascribed not solely to
conformational distortions of the donor
and acceptor end groups with respect to
the �-conjugated backbone mean-
square-plane (as for the DTE-based
NLO-phores) but also to distortions of
the thienyl units of the �-conjugating
spacer from coplanarity. The insertion of
vinylenic bridges between the thienyl
units of the �-conjugating spacer and
between the spacer and the donor and
acceptor end groups is a suitable strat-
egy to reach a fairly large intramolecular
charge transfer both in polar and non-
polar solvents. Density functional theory
(DFT) calculations have been carried
out to assign the relevant electronic and
vibrational features and to derive useful
information about the molecular struc-
ture of these NLO-phores.


Keywords: density functional
calculations ¥ IR spectroscopy ¥
nonlinear optics ¥ push ± pull
oligomers ¥ Raman spectroscopy


Introduction


Organic polymeric electrooptic materials are currently being
investigated for their use in photonic devices in telecommu-
nications and optical information processing.[1] Usually,
electrooptic materials involve a host polymeric matrix con-
taining second-order nonlinear optical (NLO) chromophores
either as guest molecules or covalently attached to the
polymer backbone. The realization of a non-centrosymmetric
active material requires the alignment of the dipole moments
of the NLO-phores. Dipole orientation may be achieved by
heating the polymer matrix containing the chromophore
around the glass transition temperature (Tg) while maintain-
ing an applied electric field during the cooling process. A
major problem of such materials however involves the
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structural relaxation of the chromophores with progressive
return to an head-to-tail orientation of the dipoles resulting in
a loss of NLO activity. While the use of high Tg polymer
matrixes represents a possible solution, this in turn imposes
stringent prerequisites regarding the chemical and thermal
stability of the incorporated NLO-phores.[1]


Dipolar push ± pull chromophores likely constitute the
widest class of compounds investigated for their NLO
properties.[2±11] These push ± pull NLO-phores are basically
constituted by an electron-donor and an electron-acceptor as
groups which interact through a �-conjugating spacer. It is
already well-known that the hyperpolarizability (�), which
characterizes the molecular NLO efficiency, depends on the
strength of the donor and acceptor groups, on the extent of the
�-conjugated path and, for conjugating spacers based on
aromatic units, on the resonance stabilization energy of the
aromatic system.[4]


Polyenic systems represent in principle the most effective
way to achieve charge redistribution between the donor and
the acceptor end groups. Consequently, push ± pull polyenes
have been shown to exhibit huge nonlinearities;[5] however,
the well-known limited chemical and photothermal stability
of extended polyenes might represent an obstacle to the
practical applications of the derived NLO-phores. However,
the large aromaticity of the benzene ring has a detrimental
effect on the second-order polarizabilities.
Since the aromaticity of thiophene is lower than that of


benzene and the stability and solubility of thiophene deriv-
atives higher than that of the polyene compounds, much
attention has recently been paid to NLO-phores that contain
thiophene.[5a, 12] Some of us have recently reported on a novel
synthetic approach for the design of stable thiophene-based
second-order NLO-phores with improved nonlinearities. To
this end, two series of push ± pull chromophores derived from
rigidified �-conjugated spacers were synthesized.[13±15] The
rigidification of the �-conjugated backbone was performed
either by covalently bridging appropiate positions of the
thiophene-based spacer or by taking advantage of intra-
molecular noncovalent interactions ocurring in �-conjugated
oligomers and polymers containing 3,4-ethylenedioxythio-
phene (EDOT) units.
Rigidified push ± pull chromopohores of the first series


were built around a 6,6�-bis(4,5-dihydro-6H-cyclopenta[b]-
thienylidene) �-conjugated spine (i.e., a covalently bridged
dithienylene, DTE, spacer)[13] while the members of the
second series of push ± pull NLO-phores were derived from a
2,2�-bi(3,4-ethylenedioxythiophene) (BEDOT) �-conjugating
spacer.[14] Despite the markedly different chemical structures,
the two series of systems have in common the fact that they
represent rigidified versions of the parent structures namely,
open chain DTE in the first case and bithiophene (BT) in the
second one.
Vis-NIR electronic absorption and IR and Raman spec-


troscopical measurements have been successfully used as
complementary techniques to study many different classes of
�-conjugated polymers and oligomers, which show strong
electron-phonon coupling due to their quasi one-dimensional
structures. Raman spectroscopy has been shown to be a
particularly powerful tool in: i) estimating the efficiency of


the �-conjugation in the neutral state,[16±18] ii) characterizing
different types of conjugational defects in doped �-conjugated
materials,[19] and iii) analyzing the intramolecular charge
transfer in push ± pull �-conjugated oligomers.[20, 21] On the
basis of the effective conjugation coordinate (ECC) theory,[22]


the appearance of only a few, overwhelmingly strong, Raman
bands is consequence of the existence of an effective electron-
phonon coupling over the whole �-conjugated backbone of
the molecule. In aromatic and heteroaromatic polyconjugated
systems, the collective ECC vibrational coordinate has the
analytic form of a linear combination of ring C�C/C�C
stretchings which points in the direction from the benzenoid
structure (usually that of the ground state) to the quinonoid
structure (that corresponding to the electronically excited
state or the oxidized species). The ECC formalism states that
when the conjugation length (CL) increases, the totally-
symmetric normal modes of the neutral system involved in the
molecular dynamics of the ECC coordinate (i.e. , those giving
rise to the few Raman bands experimentally observed)
undergo sizeable dispersions both in frequency and intensity.
Changes in the peak positions of the Raman bands upon chain
elongation are particularly useful in evaluating the CL in a
homogeneous series of neutral oligomers. On the other hand,
when conjugated oligomers and, in particular, oligothio-
phenes become oxidized (either chemically or electrochemi-
cally) or photoexcited, typically, quinonoid structures are
created.[23] These structural modifications also produce a
significant downshift of the Raman bands associated to the �-
conjugated path. The evolution of the Raman spectral profile
between the neutral and the different doped states is a useful
tool for elucidating the type of charged carriers created upon
oxidation.[16±19]


In this work, we focus on the electronic and vibrational (IR
and Raman spectra), both in solid state and in a variety of
solvents, of some representative members of the above series
of push ± pull chromophores containing rigidified DTE or
BEDOT thiophene-based spacers. Comparisons of the Ram-
an features will be made between solids and solutes, and
between the rigidified DTE and BEDOT NLO-phores with
their open chain DTE and unsubstituted bithiophene ana-
logues to analyze, at the molecular level, the effects of the
rigidification of the spacer on the intramolecular charge
transfer (ICT) from the electron donor to the electron
acceptor groups. The IR-active �(CN) stretchings of the
selected NLO-phores, all of them containing a dicyano-
methylene moiety as the electron acceptor end group, are also
expected to be sensitive to the degree of intramolecular
charge transfer. Density Functional Theory (DFT) calcula-
tions have been carried out as a guide for the analysis of the
electronic and vibrational spectra and to derive relevant
molecular parameters regarding bond lengths and the atomic
charges distribution.


Results and Discussion


Synthesis and UV/Vis absorption maxima : The chemical
structures and abbreviate notation of the NLO-phores studied
in this article are depicted in Figure 1. The chromophores bear
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Figure 1. Chemical structures and abbreviate notation to be used through-
out the text.


an N,N-dimethylaniline group as the electron donor and an
acceptor group derived from malonitrile. All these NLO-
phores were prepared according to a general synthetic
methodology involving i) monoformylation of the �-conju-
gating spacer by Vilsmeier reaction, ii) introduction of the
donor group by Wittig olefination of the resulting aldehyde,
iii) second monoformylation, and iv) Knoevenagel condensa-
tion between the resulting aldehyde compound and the
malonitrile acceptor with an active methylene group.Whereas
NLO-phores 2b and 5b have been previously prepared,[13±15]


the synthesis of 1b and 4b is reported here for the first time.
Except for the commercially available BT (4), the various


�-conjugating spacers were synthesized following known
procedures. DTE (1) of E configuration was prepared by
McMurry coupling of 2-thiophenecarboxaldehyde,[24] whereas
the covalently bridged analogue 2 was obtained in four steps
from 3-(3-thienyl)acrylic acid according to the already
reported procedure.[25] BEDOT (5) was prepared by oxidative
coupling of the lithio derivative of the commercially available
EDOT in the presence of CuCl2.[26]


TheN,N-dimethylaniline electron donor was introduced via
a phosphonium iodine obtained in an one-step reaction
involving treatment of freshly distilled N,N-dimethylaniline
by triphenylphospine, potassium iodine, and formaldehyde.[27]


All �-conjugating spacers were subjected to a Vilsmeier
reaction in the presence of POCl3 and DMF in refluxing
anhydrous 1,2-dichloroethane, affording selectively aldehydes
in good yield (80 ± 94%). Subsequent Wittig olefination with
the N,N-dimethylaniline phosphonium salt in the presence of
potassium tert-butylate led to the corresponding electron
donor-substituted compounds (68 ± 97% yields) as a mixture
of E and Z isomers. The pure E isomer could be isolated by
column chromatography on silica gel followed, when neces-
sary, by a further purification by precipitation of the less
soluble E isomer. However, it was still possible to directly use


the E/Z mixture in the subsequent Vilsmeier formylation
since isomerization to the E isomer occurred in the conditions
of the reaction.
Formylation of the unsubstituted end �-position of the


various electron donor-substituted �-conjugating spacers was
achieved by treatment of the compounds by 1 equiv nBuLi,
followed by addition of DMF and hydrolysis (in the case of
1b) and using a Vilsmeier reaction (in the case of 4b). The
1H NMR analysis of the four aldehyde compounds shows that
the C�C double bonds connecting the electron donor to
the � spacer are in E configuration as confirmed by a cou-
pling constant J �16 Hz between the two corresponding
protons.
The final Knoevenagel condensation for the incorporation


of the electron acceptor moiety derived from malonitrile to
the aldehyde compounds was performed by refluxing chloro-
form in the presence of triethylamine. NLO-phores 1b and 4b
were obtained as dark or dark-blue powders.
Table 1 lists the UV/Vis absorption maxima (�max) of the


NLO-phores 1b ± 5b in a variety of solvents with different
polarities. Comparison of the data for 1b and 2b shows that


the bridging of the central double bond of DTE with the
nearest �-positions of the thienyl units through two ethylene
bridges significantly improves the ICT, as evidenced by the
considerable bathochromic shift of �max in solution (i.e., 40 nm
in dioxane and 54 nm in CH2Cl2 and DMSO). This effect
however is not solely due to the rigidification of the �-
conjugating system, but mainly to the strong inductive donor
effect of methylene groups of the bridges (see below the
analysis of the Raman spectra of the corresponding DTE
spacers).
Single crystal X-ray crystallopraphic data for the BEDOT


spacer revealed the occurrence of strong S ¥ ¥ ¥O intramolec-
ular interactions.[14] The persistence of a nearly anti-coplanar
conformation of the EDOT subunits of the BEDOT spacer in
solution is supported by several electronic absorption da-
ta.[15, 28] Although BT is known to be a less efficient electron
relay than DTE, due to the combined effects of a less planar
and more aromatic structure (as showed by the absorption
maxima of 1b and 4b), NLO-phores based on BT present the
advantage of an easier synthetic access. Comparison of the
�max values for 5b with 1b and 2b shows that BEDOT leads to
an efficient ICT comparable to that of the open chain DTE
but lower than the covalently bridged DTE. Of course,
however, due to the electron-releasing effect of the ethyl-
enedioxy groups, the BEDOT spacer cannot be simply
considered as a rigidified version of the BT �-conjugating
spacer.
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Table 1. UV/Vis absorption maxima (�max) of the NLO-phores 1b ± 5b in
various solvents.


Compound Dioxane[a] CH2Cl2[a] DMSO[a]


1b 544 560 560
2b 584 614 615
4b 528 548 550
5b 573 588 594


[a] �max values in nm.
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Optimized geometries and electronic spectra : Figure 2 shows,
from a simple chemical point of view, the two limiting
resonant forms which enter with different weights into the
stabilitization of the electronic structure of a push ± pull �-
conjugated oligomer. The neutral form A implies that no
intramolecular charge transfer takes place from the donor to
the acceptor, and the spacer displays a full aromatic structure.
On the other hand, in the charge-separated state B one
electron is fully transferred from the donor to the acceptor,
and the �-conjugating spacer becomes fully quinoidized.
The main factors which determine the degree of polar-


ization of the �-electrons cloud of the spacer are: i) the
strength of the donor and acceptor end groups, and ii) the
chemical nature of the spacer (i.e. , oligoenes, oligothiophenes,
oligothienylvinylenes, etc.) iii) and the number of units in the
�-conjugated chain. The first consequence of the existence in
the push ± pull oligomer of an efficient ICT is the appearance
of a molecular dipole moment (generally large) directed from
the acceptor to the donor, where the value becomes larger as
the polarization of the molecule increases. A second conse-
quence involves the molecular geometry of the spacer. The
actual electronic structure of a push ± pull �-conjugated
oligomer can be considered, at first glance, to result from a
linear combination of the two limiting resonant forms plotted
in Figure 2. The relative stability of the zwitterionic form B
with respect to the neutral form A determines the weights of
both canonical structures into the linear combination which
describes the structure of the molecule.


Figure 2. Neutral and charge-separated limiting resonant forms for the
class of push ± pull oligothiophenes.


To obtain a further understanding on the equilibrium
molecular geometries and charge distributions, we have
performed optimizations, within the framework of the density
functional theory, for the four NLO-phores studied in this
paper using the ab initio B3LYP/6-31G* model chemistry.
Figure 3 displays the main skeletal bond lengths for com-
pounds 1b and 2b (those for 4b and 5b are available upon
resquest to the authors).
In view of the optimized DFT//B3LYP/6-31G* molecular


geometries of these NLO-phores, one observes that the
conjugated C�C/C�C bonds of the acceptor subunit are
mainly affected by the electronic interaction with the electron
withdrawing end group, whereas those of the donor subunit
are less affected by the interaction with the electron-donating
group. For compound 1b, the mean single-double C�C bond
length alternation pattern (BLA) of the thiophene rings
attached to the donor and to the acceptor amount 0.022 and
0.006 ä, respectively; while the corresponding values for the
other NLO-phores are: 0.021 and �0.004 ä (2b), 0.025 and
0.006 ä (4b), 0.020 and 0.001 ä (5b). These BLA values,
related to the difference between the average length of single


Figure 3. DFT//B3LYP/6-31G* optimized skeletal bond lengths for com-
pounds 1b and 2b.


and double bonds, can be compared with the about 0.07 ä
commonly found from experiments for the central rings of the
neutral non-polar oligothiophenes.[29±32] Thus, the attachment
of the electron withdrawing malonitrile group to any of the
four �-conjugating spacers studied here induces a sizeable
quinoidization of the acceptor-substituted thiophene ring
(particularly in the cases of the covalently bridged DTE and
BEDOT spacers, namely for NLO-phores 2b and 5b);
although the geometrical modifications due the strong polar-
ization of the �-electrons cloud quickly decrease away from
the acceptor group. We also observe that the C�S bonds
undergo sizeable variations from one NLO-phore to another
due to steric hindrance or electrostatic interactions with the
substituents. As a result, which is in contrast with the simple
chemical point of view of the balance between the two
limiting resonant forms briefly summarized above, the
existence in this class of push ± pull �-conjugated oligomers
of an efficient ICT translates into a larger perturbation of the
acceptor subunit than that of the donor subunit, thus
generating two different molecular domains within the �-
conjugating spacer (one of them bearing a partial quinonoid
character while the other still retains a partial aromatic
character). The structural modifications induced by the
attachment of strong electron withdrawing groups are ex-
pected to extend towards the middle of the �-conjugating
spacer as its chain length becomes longer, due to the
increasing molecular polarizability.
Figure 4 shows the natural bond orbital atomic charges over


the donor and acceptor groups for 1b and 4b NLO-phores
and each of the molecular domains which can be hypothesized
within the �-conjugating spacer. DFT//B3LYP/6-31G* model
chemistry reveals an interesting difference with respect to the
rather simple charge distribution associated to the zwitter-
ionic canonical form (i.e. , with respect to form B in Figure 2).
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Thus, the natural population atomic charges over the donor
and the acceptor end groups amount �0.051 and �0.178 e,
respectively for 1b, whereas for 4b the corresponding values
are �0.058 and �0.174 e. The charge distributions for 2b and
5b display a similar behaviour, although the specific values
are not reported here for simplicity. Anyway, B3LYP/6-31G*
calculations indicate that the charge over the malonitrile
group is around 3 ± 3.5 times higher than that on the N,N-
dimethylaniline group, and that the �-conjugating spacer is
highly polarized since it bears nearly the 65 ± 70% of the net
positive charge of the whole molecule (likely due to the strong
interaction with the acceptor group). Thus, for 1b the net
charges over the thienyl rings of the open chain DTE spacer
attached to the donor and to the acceptor end groups,
respectively, amount �0.018 and �0.068 e (without taking
into account the net positive charge over the central vinylenic
bond), whereas for 4b NLO-phore the corresponding values
for each thienyl ring of the BT spacer are �0.034 and
�0.082 e.
To rationalize the evolution of the electronic absorption


properties in the push ± pull materials, the electronic spectra
of the four NLO-phores were calculated at the B3LYP/6-
31G* level within the time-dependent DFT (TDDFT)
approach. TDDFT calculations predict one intense electronic
transition at 2.23 eV (with oscillator strenths f� 1.54), 2.21 eV
(f� 1.68), 2.39 eV (f� 1.35) and 2.34 eV (f� 1.48) for 1b, 2b,
4b and 5b, respectively, in good accordance with the
experimental data. In all the cases, this electronic absorption
corresponds to the transition from the ground to the first
excited state and is mainly described by one-electron excita-
tion from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO). The
intense absorption observed around 550 nm in the four


NLO-phores is therefore as-
signed to the HOMO�LU-
MO one electron promotion
calculated at around 2.2 eV.
The atomic orbital composi-


tion of the frontier molecular
orbitals is sketched in Figure 5.
For the four molecules studied
in this work, the HOMO is of �
nature and is delocalized along
the CC backbone (with a small
contribution of the thiophene
ring linked to the acceptor
group) and on the N,N-dime-
thylaniline electron donor
group. By contrast, the LUMO
is concentrated on the maloni-
trile acceptor group and ex-
tends to the nearest thiophene
ring. Consequently, the HO-
MO�LUMO transition im-
plies an electron density trans-
fer from the more aromatic
domain of the �-conjugating
spacer including the electron
donor group, to its more quino-


noid side and mainly to the electron-withdrawing group. The
topology of the frontier molecular orbitals thus demonstrate
the charge-transfer character of the HOMO�LUMO tran-
sition. Moreover, these orbitals topologies show the HOMO±
LUMO overlap that is a prerequisite to increase the easiness
of the charge transfer transition and, consequently, the
nonlinear optical response.


Experimental and theoretical IR and Raman spectra : Figure 6
shows the comparison between the IR and Raman spectra of
4b, as the prototypical example for the push ± pull materials,
and of an �,� �-bisphenyl end-capped bithiophene, as the
prototypical example for the non-polar �-conjugated materi-
als. A few vibrational spectroscopic observations, of general
validity, which differentiate the two classes of �-conjugated
materials (i.e. , push ± pull and non-polar) are the following:
i) As mentioned in the introductory section, the Raman
spectra of the non-polar �-conjugated oligomers display a
surprisingly simple appearance, and only three or four
lines, associated to particular totally symmetric skeletal
CC vibrations, are recorded with overwhelmingly intensity
in the 1600 and 1000 cm�1 region, as a result of the strong
electron-phonon coupling, which takes place in this type of
systems due to their quasi one-dimensional structure.[16±22]


ii) More than three or four strong bands are observed in the
Raman spectra of the push ± pull oligomers due to the
lowering of the molecular symmetry. In general, the
additional lines arise from the vibrational coupling of the
�-conjugating spacer with stretching vibrations of the end
groups.[20±22]


iii) The large molecular dipole moment directed from the
acceptor to the donor makes the same vibrational normal
modes of the �-conjugated backbone giving rise to the
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Figure 4. Natural bond orbital atomic charges for compounds 1b and 4b as deduced from their optimized DFT//
B3LYP/6 ± 31G* molecular geometries.
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Raman bands experimental-
ly observed to gain also an
extra-large IR-activity due
to the sizeable fluxes of
charge induced along the
strongly polarized alternat-
ing sequence of double/sin-
gle C�C bonds. This is not
the case for the centrosym-
metric non-polar oligothio-
phenes, for which the mutu-
al exclusion principle holds
due to the existence of an
inversion center in the mid-
dle of the system, so that the
Raman-active vibrations be-
come undetectable in the IR
spectrum, and viceversa. In
addition, for the non-polar
oligothiophenes, the out-of-
plane � (C-H) bending vi-
brations, appearing around
800 cm�1, are by far the
strongest IR absorptions
(see Figure 6). Thus, for a
push ± pull material, the re-
semblance between the IR
and Raman spectra can be
used as a proof that an
effective ICT takes
place.[20±22]
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Figure 5. Electronic density contours (0.03 ebohr�3) calculated for the HOMO and LUMO frontier molecular
orbitals of 1b, 2b, 4b and 5b.


Figure 6. Comparison between the IR and Raman spectra of: a) 4b as the prototypical example for a push ± pull material and b) �,��-bisphenyl end-capped
bithiophene (P-2T-P) as the prototypical example for the nonpolar �-conjugated materials.
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Let us now proceed with the Raman spectral analysis of the
unsubstituted �-conjugating spacers used here. Figure 7 shows
the Raman spectra of the open chain and covalently bridged
DTE spacers, in the solid state and as solutes in dilute
solutions. The �-conjugating spacer 1 displays almost the
same spectral profile (both in peak positions and relative
intensities) as a solid sample than as a solute in CH2Cl2 and
DMSO solutions. This experimental finding demonstrates
that �-conjugation is the driving force which determines that
the distorsions from coplanarity of the thiophene rings of
DTE are not too large, neither in solid state nor in solution.
On the other hand, the shifts of the Raman lines at 1637 and


1423 cm�1 of spacer 2 with respect to their counterparts in
spacer 1 at 1618 and 1419 cm�1 (lines which are associated to
the �(C�C) stretchings of the central vinylenic bond and of
the two thiophene rings, respectively) reveals that the
covalent rigidification of DTE renders a spacer richer in �-
electrons than its open chain analogue. The reason for this
must be found in the strong inductive donor effects of the
methylene groups attached at the �-positions of the thiophene
rings. Curiously, even if spacer 2 was conceived as a rigidified
version of spacer 1, the shift of the Raman band at 1637 cm�1


by near 10 cm�1 upon solvation in dichloromethane suggests
that the interaction between the solvent and the methylene
groups of the two intramolecular bridges leads to a slight
conformational distortion of the �-conjugated spine from
coplanarity so that the overlapping between the sp2 orbitals of
the successive constituiting units decreases with respect to the
solid state, contrarily to what found for the open chain DTE
spacer, for which the solvents effects are negligible.
Figure 8 compares the Raman spectra of the various NLO-


phores (obtained in the form of pure powders) with the
corresponding B3LYP/3-21G* model spectra. The agreement


between theory and experiments is remarkably satisfactory
for all compounds. Nonetheless, the complete assignment of
the IR and Raman bands of each NLO-phore to particular
vibrations is beyond the scope of our analysis. We will restrict
our discussion only to the more relevant observations.
The Raman bands at 1593 (1b) and 1600 cm�1 (2b) are due


to the pure �(C�C) stretching of the central vinylenic bond of
the chromophore, and can be correlated with their counter-
parts in the corresponding unsubstituted �-conjugating
spacers: 1618 cm�1 for open chain DTE and 1637 cm�1 for
covalently bridged DTE (the corresponding eigenvectors for
1b and 2b are plotted in Figure S1, Supporting Information).
The dispersion towards lower frequencies of this stretching
normal vibration (i.e. , by 25 cm�1 for 1b and by 37 cm�1 for
2b) is indicative of a sizeable softening of the �-conjugated
backbone upon appending electron-active donor and acceptor
groups at the end �,��-positions of the spacer. The larger
downshift for 2b than for 1b agrees both with the bath-
ochromic shift of the UV/Vis absorption maxima (�max) in
solution and with the lower BLA values (particularly for the
acceptor-subunit) deduced from the B3LYP/6-31G* model
chemistry of the former NLO-phore as compared with the
latter one.
The strongest Raman band for each chromophore is that


appearing at: 1411 (1b), 1400 (2b), 1428 (4b) and 1430 cm�1


(5b). The B3LYP/3-21G* eigenvectors reveal that these lines
arise from the same �(CC) stretching vibration: a collective
oscillation of the whole alternating sequence of C�C/C�C
bonds, along which all conjugated C�C bonds lengthen in-
phase while all conjugated C-C bonds shrink in-phase (see
Figure S1 in Supporting Information). This characteristic
collective skeletal vibration mimics the change of the nuclear
configuration of the NLO-phore in going from a heteroar-
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Figure 7. Raman spectra of a) open chain DTE spacer in solid state and in dilute CH2Cl2 and DMSO solutions and b) covalently bridged DTE in solid state
and dilute CH2Cl2 solution.
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omatic structure of the �-conjugated system to a heteroqui-
nonoid one, and it is usually termed as the ™mode∫ in the
ECC theory.[22] As for the unsubstituted �-conjugating
spacers, the B3LYP/3-21G* calculations indicate that the
mode corresponds to the Raman scatterings at: 1419 (open
chain DTE), 1423 (covalently bridged DTE), 1442 (BT) and
1452 cm�1 (BEDOT). The redshift of the mode upon
attaching the electron donating N,N-dimethylaniline and the
electron withdrawing malonitrile end groups to the spacer
(i.e., 8 cm�1 for 1b, 23 cm�1 for 2b, 14 cm�1 for 4b and
22 cm�1 for 5b) is in full agreement with the predictions of the


ECC model[22] and with what experimentally found for the
neutral and doped forms of the oligothiophenes.[18, 19] The
strongest line in the Raman spectra of the neutral (non-polar)
forms of a series of �,��-dimethyl end-capped oligothiophe-
nes[18a] occurred at around 1480 cm�1 (which is characteristic
of the heteroaromatic structure of the �-conjugated back-
bone), while it largely downshifted upon ionization of the �-
conjugated backbone, splitting into two components at
around 1440 and 1420 cm�1 (being typical markers of the
attainment of a heteroquinonoid structure of the �-conjugated
backbone). The relative intensities of these two bands are
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Figure 8. Comparison between the experimental (solid state) and B3LYP/3-21G* theoretical Raman spectra of NLO-phores: a) 1b, b) 2b, c) 4b and d) 5b.
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indicative of the degree of quinoidization of the �-conjugated
backbone: that at 1440 cm�1 is stronger for the radical cationic
species (for which the quionidization mainly affects the
middle part of the molecule),[19a] and that at 1420 cm�1 is
stronger for the dicationic species (for which the quinoidiza-
tion nearly extends over the whole molecule, due to the
electrostatic repulsion between the two positive charges).[19b]


This simple Raman spectral pattern has also been found for a
new class of oligothiophenes bearing a pure heteroaromatic
structure in their electronic ground state.[33, 34] The softening
of the mode is quite significant for 2b and 5b, what agrees
with the rather low BLA value calculated in each case for the
thiophene ring attached to the acceptor (i.e.,�0.004 ä for 2b
and 0.001 ä for 5b), indicative of a strong degree of
quinoidization.
The large involvement of the nitrile groups in the ICT is


clearly evidenced by the sizeable dispersion towards lower
frequencies, by near 50 ± 60 cm�1, of the IR and Raman-active
�(CN) stretching vibrations of these NLO-phores, recorded at
around 2210 ± 2220 cm�1, as compared with the 2270 cm�1


frequency value measured for a non-conjugated dicyano-
methane model system (see Figure 9 and Table 2).


Figure 9. IR and Raman bands due to the �(CN) stretching vibrations of
a) 2b and b) CH2(CN)2 as solids.


IR and Raman Spectra of the NLO-phores as solutes in dilute
solutions : Figure 10 shows the comparison of the Raman
spectra of 1b, 4b and 5b obtained from the pure solids and as
solutes in dilute CH2Cl2 solutions (after properly substracting
the Raman scatterings of the pure solvent). In particular, we
observed that the spectral profile of 1b in dichloromethane


solution can be almost superposed with that recorded for the
solid. In fact, only a subtle upshift of 4 cm�1 was observed for
the characteristic mode upon solution, when the relative
intensities of the most outstanding features remain nearly
unaffected. In addition, the Raman spectrum of 1b in DMSO,
although not reported here, was found to be identical to that
recorded in CH2Cl2. These experimental findings reveal that,
in the case of 1b and 2b, there is not loss of �-conjugation in
going from solids to solution. The two thiophene rings of 1b
are located in opposite directions with respect to the central
vinylenic bridge not only in solid state but also in solution
(i.e., the molecular conformation most favorable to the ICT).
Nonetheless, the polar electron donor and acceptor end
groups are expected to undergo some conformational dis-
tortions in the different enviroments due to the interaction
with the solvents.
Conformational distortions in solution for 4b and 5b are


larger than those for 1b and 2b. Table 3 lists the frequencies
measured for the Raman bands of 4b and 5b in solid state and


CH2Cl2 solution. One observes that all Raman-active vibra-
tions appearing in the 1700 ± 1250 cm�1 spectral region, and
among them those related to the �-conjugating spacer,
experience a significant blueshift upon removing solid state
packing forces and when intermolecular interactions between
the solute and solvent enter into play (spectral differences are
particularly significant for 4b, due to the lack of the non-
covalent intramolecular interactions). Following the same
reasoning exposed along the Raman analysis of the NLO-
phores in solid state, the upshifts of the skeletal Raman
vibrations upon solution must be ascribed to a partial loss of
the overall �-conjugation of the system due to sizeable
conformational distortions from coplanarity, not only of the
electron donating and electron withdrawing end groups (as it
occurs for 1b and 2b) but also of the two thienyl subunits of
the �-conjugated spacer. The upshift of the IR absorptions
due to �(CN) stretching vibrations upon solution is also
evidence for a partial gain of ™triple-bond character∫ of the
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Table 2. Frequencies measured for the IR and Raman-active �(CN)
stretching vibrations of 1b, 2b, 4b, 5b and CH2(CN)2 as solids.


Compound IR[a] Raman[a]


1b 2219 2220
2b 2215 2214
4b 2216,2205 2204
5b 2210 2208
CH2(CN)2 2273 2265


[a] Frequency values in cm�1.


Table 3. Comparison between the frequencies measured for the Raman
bands of 4b and 5b in solid state and CH2Cl2 solution, in the 1700 ±
1250 cm�1 spectral range.


NLO-phore 4b NLO-phore 5b
solid state[a] CH2Cl2 solution[a] solid state[a] CH2Cl2 solution[a]


1614 1618 1615 1615
1592 1601 1599 1600
1564 1573 1547 1552
1511 1534 1524 1533
1495 1521 1493 1499
1479 1490 1453 1471
1428 1430 1430 1437
1357 1367 and 1350 1358 1364
1319 1321 1325 1329
1291 1302 1290 1294
1278 1278 1272 1280
1267 1260 1265 1266


[a] Frequency values in cm�1.
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nitrile groups of the malonitrile acceptor moiety, as a
consequence of the lowering of the ICT (see Figure 11). To
evaluate the conformational distortion, quantum chemical
calculations of the Raman spectra, at the B3LYP/3-21G*
level, on a model distorted molecule of 4b consisting on the
20� rotation around each of the single bonds that laterally
connect the thiophene rings have been carried out. The
wavenumbers calculated are in good agreement with the
experimental observations and satisfactorily reproduce the
reported dispersion toward higher energies as the chain is
rotated.
The ICT of these four NLO-phores is, however, rather


moderately dependent on the solvent polarity, as shown by
the electronic absorption and vibrational data in various
solvents. In this regard, Effenberger et al. have recently
reported on the solvatochromic properties in 34 solvents of a
5-(dimethylamino)-5�-nitro-2,2�-bithiophene, for which the
UV/Vis absorption maxima (�max) showed a pronounced
redshift, by 130 nm, in going from n-pentane to a formamide/
H2O (1:1) mixture.[35]


Summary and Conclusion


In summary, we have described
the synthesis of two novel do-
nor ± acceptor systems to com-
plete a previously reported ser-
ies of push ± pull chromophores
built around thiophene-based
�-conjugating spacers rigidified
by either covalent bonds or
noncovalent intramolecular in-
teractions. The molecular ge-
ometry optimizations per-
formed for the four compounds
reveal an interesting result
which is in contrast with the
classical view of a chemist for
this type of push ± pull mole-
cules in terms of resonant struc-
tures: the thiophene ring at-
tached to the electron acceptor
displays a partial quinonoid-
like structure while that directly
connected to the electron donor
still retain a partial aromatic-
like structure. The B3LYP/6-
31G* atomic charge distribu-
tion also indicates that the net
negative charge over the malo-
nitrile acceptor group is around
three times higher than the
positive charge on the N,N-
dimethylaniline donor group,
and that the �-conjugating
spacer is strongly polarized
since it bears nearly the 60 ±
70% of the net positive charge
of the zwitterionic form of the
molecule.


The four types of D-�-A systems studied in this paper
showed an intramolecular charge transfer band in their
electronic absorption spectra, which is influenced by the
nature of the �-conjugating spacer. The topologies and
energies of the molecular orbitals were studied by means of
TDDFT//B3LYP/6-31G* showing that the HOMO±LUMO
energy gaps account for the observed intramolecular
charge transfer from the donor subunit of the NLO-phore
including the nearest thiophene unit to the acceptor
subunit (i.e. , mainly the electron-withdrawing malonitrile
group).
The compounds have been also analysed by means of IR


and Raman spectroscopies in solid state as well as in a variety
of solvents. As a first result, the resemblance between the IR
and Raman spectra constitutes a proof of a very effective
intramolecular charge transfer. The conjugated bridge gives
rise to collective normal modes (the mode in the ECC
theory) during which changes of the molecular polarizability
are relevant. In the case of push ± pull molecules these modes
are also strongly activated in the IR spectra because the
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Figure 10. Comparison between Raman spectral profiles of a) 1b, b) 4b and c) 5b as solids and as solutes in
dilute CH2Cl2 solutions.
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Figure 11. Comparison between the IR absorption spectra of 5b as a pure
solid and in dilute CH2Cl2 solution together with the background spectrum
of the pure solvent in the 2300 ± 2100 cm�1 spectral range.


polarization of the molecular backbone by the presence of
polar end groups. The large intensities of these IR-active
modes can be ascribed to large charge fluxes along the
carbon�carbon bonds, induced by the oscillation, which
generate a very large molecular dipole moment variation
directed along the chain axis. The Raman data demonstrate
that the covalent rigidification of the dithienylene spacer
renders a richer �-electron system (due to the strong inductive
effects from the ethylene groups connecting the inner �-
positions of the DTE spacer), thus improving the intra-
molecular charge transfer. The Raman data also suggests that
the NLO-phores based on 2,2�-bi(3,4-ethylenedioxythio-
phene) (BEDOT) spacer display a better intramolecular
charge transfer than their corresponding parent compounds
based on an unsubstituted bithiophene (BT) spacer; in this
case the noncovalent intramolecular interactions between
sulfur and oxygen atoms appear to be responsible for the
rigidification of the push ± pull system.
Very subtle Raman spectral changes between solutes and


solids were noticed for the NLO-phores based either on the
covalently bridged or the open chain DTE spacers (i.e., for 1b
and 2b). This experimental finding suggests that the �-
conjugation is the driving force which determines that the
distortions form coplanarity of the thiophene rings of DTE
must be very little either in solid state or in solution. On the
other hand, 4b and 5bNLO-phores undergo larger conforma-
tional distortions in solution with respect to the solid state
(particularly in the former case). Thus, the insertion of
vinylenic bridges between the thienyl subunits of the �-
conjugating spacer and between the spacer and the donor and
acceptor end groups seems to be a suitable strategy to reach a
fairly large intramolecular charge transfer both in polar and
nonpolar solvents.


Experimental and Theoretical Details


1H and 13C NMR spectra were recorded on a Bruker Avance DRX 500
spectrometer operating at 500.13 amd 125.7 MHz, respectively; � are given
in ppm (relative to TMS) and coupling constants (J) in Hz. Mass spectra
were recorded under positive electrospray (ESI� ) on a JMS-700 JEOL
mass spectrometer of reserved geometry. UV/VIS-NIR absorption spectra
were recorded on a Lambda 19 Perkin ±Elmer spectrometer. Melting
points were obtained from a Reichert-Jung Thermovar hot-stage micro-
scope apparatus and are uncorrected.


The FT-IR spectra were recorded on a Bruker Equinox55 spectrometer.
Oligomers were ground to a powder and pressed in a KBr pellet. IR
absorption measurements were also made for some NLO-phores in CH2Cl2
solution using a demountable liquid cell with potassium bromide windows.
Spectra were collected with a spectral resolution of 2 cm�1, and the mean of
50 scans was obtained. Interference from atmospheric water vapor was
minimized by purging the instrument with dry argon prior to the data
collection. FT-Raman spectra were collected on a Bruker FRA106/S
apparatus and a Nd/YAG laser source (�exc� 1064 nm), in a back-scattering
configuration. The operating power for the exciting laser radiation was kept
to 100 mW in all the experiments. Samples were analyzed as pure solids in
sealed capillaries as well as in dioxane, THF, CH2Cl2 and DMSO solutions
(supplied by Aldrich with analytical grade). Typically, 1000 scans with
2 cm�1 spectral resolution were averaged to optimize the signal-to-noise
ratio.


Density functional theory (DFT) calculations were carried out by means of
the Gaussian 98 program[36] running on SGI Origin2000 supercomputer.
We used the Becke×s three-parameter exchange functional combined with
the LYP correlation functional (B3LYP).[37] It has already been shown that
the B3LYP functional yields similar geometries for medium-sized mole-
cules as MP2 calculations do with the same basis sets.[38, 39] Moreover, the
DFT force fields calculated using the B3LYP functional yield IR spectra in
very good agreement with experiments.[40, 41] We also made use of the
standard 3-21G* and 6-31G* basis sets.[42, 43] Optimal geometries were
determined on isolated entities. All geometrical parameters were allowed
to vary independently apart from planarity of the rings. On the resulting
ground-state optimized geometries, harmonic vibrational frequencies and
IR and Raman intensities were calculated analytically with the B3LYP
functional.


We used the frequently used adjustment of the theoretical force fields in
which frequencies are uniformly scaled down by a factor of 0.98 or 0.96 for
the 3-21G* and 6-31G* calculations, respectively, as recommended by Scott
and Radom.[40] This scaling procedure is often accurate enough to
disentangle serious experimental misassignments. All quoted vibrational
frequencies reported along the paper are thus scaled values. The theoretical
spectra were obtained by convoluting the scaled frequencies with Gaussian
functions (10 cm�1 width at the half-height). The relative heights of the
Gaussians were determined from the theoretical Raman scattering
activities.


Vertical electronic excitation energies were computed by using the time-
dependent DFT (TDDFT) approach.[44, 45] The twelve lowest-energy
electronic excited states were at least computed for all the molecules.
Numerical applications reported so far indicated that TDDFT employing
current exchange-correlation functionals performs significantly better than
HF-based single excitation theories for the low-lying valence excited states
of both closed-shell and open-shell molecules.[46, 47] TDDFT calculations
were carried out using the B3LYP functional and the 6-31G* basis set on
the previouly optimized molecular geometries obtained at the same level of
calculation.


(E)-1-[2-(2,2-Dicyanoethenyl)-5-thienyl]-2-[2-(E)-(4-N,N-dimethylamino-
benzylidenemethyl)-5-thienyl]ethene (1b): A mixture of (E)-1-[2-(E)-(4-
N,N-dimethylaminobenzylidenemethyl)-5-thienyl]-2-[2-formyl-5-thienyl)-
ethene (40 mg, 0.11 mmol), malonitrile (13 mg, 0.18 mmol) and one drop of
Et3N in CHCl3 (10 mL) was heated under reflux for 18 h. The mixture was
concentrated in vacuo to give a residue which was purified by chromatog-
raphy on silica gel (CH2Cl2) to give compound 1b as a dark blue powder
(35 mg, 72%). M.p. 252 �C; 1H NMR (CDCl3): �� 7.71 (s, 1H), 7.56 (d, 1H,
3J� 4.1), 7.37 (d, 2H, 3J� 8.8), 7.30 (d, 1H, 3J� 15.6), 7.10 (d, 1H, 3J� 4.1),
7.06 (d, 1H, 3J� 3.8), 6.99 (d, 1H, 3J� 15.9), 6.93 (d, 1H, 3J� 15.9), 6.91 (d,
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1H, 3J� 3.8), 6.90 (d, 1H, 3J� 15.6), 6.70 (d, 2H, 3J� 8.8), 3.00 (s, 6H);
ESI�MS: m/z : 413.01.
5-(2,2-Dicyanoethenyl)-5-[(E)-(4-N,N-dimethylaminobenzylidene)meth-
yl]-2,2�-bithiophene (4b): A mixture of 5-formyl-5-[(E)-(4-N,N-dimethyla-
minobenzylidene)methyl]-2,2�-bithiophene (90 mg, 0.26 mmol), malononi-
trile (32 mg, 0.49 mmol) and one drop of Et3N in CHCl3 (20 mL) was
heated under reflux for 18 h. The mixture was concentrated in vacuo to give
a residue which was purified by chromatography on silica gel (CH2Cl2) to
give compound 4b as a dark blue powder (55 mg, 54%). M.p. 212 �C;
1H NMR (CDCl3): �� 7.72 (s, 1H), 7.61 (d, 1H, 3J� 4.1), 7.38 (d, 2H, 3J�
8.8), 7.33 (d, 1H, 3J� 3.9), 7.22 (d, 1H, 3J� 4.1), 6.98 (d, 1H, 3J� 16), 6.95
(d, 1H, 3J� 3.9), 6.93 (d, 1H, 3J� 16), 6.70 (d, 2H, 3J� 8.8), 3.01 (s, 6H);
ESI�MS m/z : 387.08.
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The Synthesis of Acid- and Base-Labile Lipopeptides on Solid Support


Bjˆrn Ludolph and Herbert Waldmann*[a]


Abstract: Lipidated peptides, including
characteristic partial structures of hu-
man Ras proteins, were synthesized by
means of a new solid-phase technique in
22 ± 68 % yield. This technique gives
access to farnesylated, palmitoylated,
and doubly lipidated peptides as methyl
esters or carboxylic acids carrying a
fluorescent tag or a maleimide moiety
for coupling to proteins. The peptide
backbones were built up on the resin
by using 9-fluorenylmethoxycarbonyl
chemistry together with the oxidatively


cleavable hydrazide linker. As a key
step, the acid-labile farnesyl and basic-
labile palmitoyl lipid groups were intro-
duced onto the resin after the cleavage
of appropriate acid- or reduction-sensi-
tive protecting groups from the cysteine
residues. Optional introduction of differ-
ent fluorescent tags or a maleimide


group into the peptide was followed by
release of the resin-bound target peptide
as the methyl ester or carboxylic acid by
very mild copper(��)-mediated oxidation
in slightly acidic or basic media. This
new methodology should substantially
facilitate the access to lipidated peptides
for the study of important biological
phenomena like biological signal trans-
duction, localization, and vesicular
transport.


Keywords: lipopeptides ¥ lipopro-
teins ¥ protecting groups ¥ Ras
proteins ¥ solid-phase synthesis


Introduction


Lipidated proteins play important roles in the transduction of
extracellular signals across the cell membrane and in numer-
ous intracellular processes like organization of the cytoske-
leton, vesicle formation, and targeting.[1] Lipidation of these
proteins is a prerequisite for correct biological function. The
lipid groups are believed to be involved in protein ± protein
and protein ± lipid interactions and to serve as anchors of the
proteins to different membranes. Several different lipid
modifications are known. For instance, the Ras proteins
embody both farnesyl thioethers and palmitic acid thioesters
and terminate in a cysteine methyl ester, whereas the Rab
proteins are S-geranylgeranylated and carry either a carbox-
ylic acid or a methyl ester at the C terminus (Scheme 1).[1a, 2]


Tailormade lipidated peptides representing the characteristic
lipid-modified partial structures of their parent proteins are
efficient tools for the investigation of these biological
processes in molecular detail.[2c, 3]


The synthesis of lipidated peptides is severely complicated
by the pronounced acid- and base-sensitivity of the isoprenyl


Scheme 1. Structures of the lipidated C terminus of N-Ras and of the Rab
proteins. Far� farnesyl, GerGer� geranylgeranyl, Pal� palmitoyl.


thioethers and the palmitoyl thioesters, respectively
(Scheme 2), and requires the application of blocking groups
that are cleavable under the mildest conditions.[2a, 3c] Currently
differently functionalized and differently lipidated peptides
are only available through multistep solution-phase methods
employing, for instance, enzyme- or noble-metal-catalyzed
transformations as key steps.[3a±c, 4] The solid-phase synthesis
of exclusively S-palmitoylated[5] or S-farnesylated[6] peptides
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Scheme 2. Acid-labile isoprenyl thioethers and base- and nucleophile-
labile palmitoyl thioesters in lipopeptides. AA� amino acid, PG�pro-
tecting group.


has been described in a few cases but no solid-phase method
that gives access to lipopeptides incorporating isoprenoid
groups together with thioesters is available. The major
challenge to be met by such a flexible solid-phase technique
lies in the development of a set of suitable orthogonally stable
protecting groups and a linker to the solid support that allows
for selective introduction of the different lipid groups as well
as additional functional groups for tracing such peptides in
biological systems (for example, a fluorescent group) or for
coupling them to expressed proteins (such as a maleimide
moiety). Also, the linker should allow for selective elongation
of the peptide chain and, finally, release of the desired
products into solution as the ester or acid under the mildest
conditions and without any harm to the acid- and base-
sensitive lipid groups. Herein we report on the development
of a solid-phase technique that fulfils the demands raised
above. The technique relies on the combined use of the base-
labile 9-fluorenylmethoxycarbonyl (Fmoc) group, the Pd0-
sensitive allyloxycarbonyl (Aloc) group, and the very acid-
sensitive trityl (Trt) group for protection of the amino groups,
the application of acid- and reduction-labile protecting groups
for the cysteine side chain, S-farnesylation and S-palmitoyla-
tion of the growing peptide chain on the solid support, and the
use of the oxidation-sensitive hydrazide linker. Part of this
work was published in a preliminary communication.[7]


Results


To develop the principle set-up of the method, we first focused
on the oxidation-sensitive hydrazide linker 1 for attachment
to the solid support. It can be cleaved by oxidation with CuII


or N-bromosuccinimide to form an intermediate acyldiazene
2 that is then trapped by an added nucleophile to form an
ester or amide bond, thereby releasing the molecule from the
solid support (Scheme 3). This linker has been employed
before in the synthesis of small peptide esters and amides[8]


and cyclic peptides.[9]


Farnesylated and palmitoylated cysteine methyl esters : In an
initial series of experiments farnesylated and palmitoylated
cysteine methyl esters were synthesized to investigate the
compatibility of the hydrazide linker with the demands


Scheme 3. Cleavage of the hydrazide linker. Nu� nucleophile.


imposed by the sensitivity of the lipids. To this end, the Fmoc
group of commercially available Fmoc-4-hydrazinobenzoyl
resin (NovaGel resin, Novabiochem) was cleaved and S-trityl-
protected Fmoc-cysteine was coupled to the hydrazide resin
to yield immobilized amino acid 3 with a loading of
0.35 mmol g�1. The S-trityl group was removed by treatment
with 50 % TFA in dichloromethane and then S-farnesylation
was carried out by treatment of the liberated thiol with
farnesyl bromide in the presence of a tertiary amine, that is,
under basic conditions (Scheme 4). The farnesylated inter-
mediate was cleaved from the resin by treatment with


Scheme 4. Solid-phase synthesis of lipidated cysteine methyl esters 4 and
5. a) 50 % TFA, TES, CH2Cl2; b) Far-Br, DIEA, DMF; c) Pal-Cl, HOBt,
Et3N, CH2Cl2, DMF; d) Cu(OAc)2, pyridine, O2, CH2Cl2, MeOH, and in
the case of (c) additional acetic acid. TFA� trifluoroacetic acid, TES�
triethylsilane, Far-Br� trans,trans-farnesyl bromide, DIEA�N,N�-diiso-
propylethylamine, DMF�N,N-dimethylformamide, Pal-Cl� palmitoyl
chloride, HOBt� 1-hydroxybenzotriazole.


Cu(OAc)2 and oxygen in dichloromethane and in the
presence of methanol and pyridine to give ester 4 in 55 %
yield. This is the first example of peptide farnesylation on a
solid support.


In a similar series of experiments, the on-resin palmitoyla-
tion and release of an S-palmitoylated model compound were
investigated. To this end, the trityl group was cleaved from
polymer-bound S-trityl-protected cysteine 3 and the liberated
thiol was converted into the corresponding palmitic acid
thioester by treatment with palmitoyl chloride in the presence
of HOBt and triethylamine (Scheme 4). The best results were
observed when 10 equivalents of both reagents were used for
15 h; application of only four equivalents for 2 h resulted in
lower yields and impure product. S-palmitoylated cysteine
methyl ester 5 was released in a yield of 56 % from the solid
support by oxidation with Cu(OAc)2 in dichloromethane and
in the presence of pyridine and acetic acid. Under these
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conditions undesired hydrolysis of the thioester was not
observed. Cleavage from the resin with an excess of Fe(NO3)3


as the oxidant instead of Cu(OAc)2 resulted in lower yield
(34 %).


These results clearly demonstrate that the hydrazide linker
is compatible with the demands posed by acid- and base-labile
lipid residues and is therefore, in principle, suitable for
lipopeptide synthesis on the solid support. It is, however,
intriguing that the overall yield for the reaction sequence is
only moderate, a fact that raises the question of whether
undesired side reactions occur in the lipidation or cleavage
procedures. To investigate the possibility of such processes, a
model peptide incorporating a double linker composed of the
hydrazide linker and the Wang linker was built up. After
releasing the product from the resin by oxidation of the
hydrazide, the Wang linker was cleaved under acidic con-
ditions. However a major side product could not be identified
by LC-MS. Rather, several minor side products were formed
which could not be identified unambiguously.


Lipopeptide synthesis : Based on these results the synthesis of
a variety of mono- and double-lipidated peptides was carried
out. Commercially available Fmoc-4-hydrazinobenzoyl No-
vaGel resin (Novabiochem) was employed for Fmoc-protect-
ed solid-phase peptide synthesis methods. Typically resins
with a loading of 0.35 ± 0.43 mmol g�1 of the first amino acid
were used, as determined by quantification of Fmoc groups on
the resin by UV analysis. Peptide 9 was prepared as the first
example for the solid-phase synthesis of an acid-labile S-
isoprenylated and base-labile S-palmitoylated peptide
(Scheme 5). After assembling dipeptide 6 on the resin the


Scheme 5. Synthesis of the farnesylated and palmitoylated tripeptide 9.
a) 50% TFA, TES, CH2Cl2; b) Far-Br, DIEA, DMF; c) piperidine, DMF;
d) DIC, HOBt, Fmoc-Cys(Mmt)-OH, DMF; e) 1% TFA, TES, CH2Cl2;
f) Pal-Cl, HOBt, Et3N, CH2Cl2, DMF; g) Cu(OAc)2, acetic acid, pyridine,
O2, CH2Cl2, MeOH. DIC�N,N�-diisopropylcarbodiimide.


trityl group was removed with 50 % TFA and the cysteine
thiol group farnesylated under basic conditions. The Fmoc
group was removed and the peptide elongated to tripeptide 7.
The mercapto group of the second cysteine in the sequence
had been protected as a monomethoxytrityl (Mmt) thioether.
Cleavage of the methoxytrityl group was achieved with 1 %
TFA in dichloromethane and in the presence of triethylsilane.
The farnesyl group remained unattacked under these mild,
weakly acidic conditions.[10] S-palmitoylation was then carried


out as described above to yield doubly lipidated polymer-
bound peptide 8. Cleavage with CuII/O2 under acidic con-
ditions yielded doubly lipidated peptide methyl ester 9 in
25 % overall yield. (Overall yields are given with respect to
the amount of the first amino acid bound to the resin.)
Purification of the final product was readily achieved by
simple column chromatography during which the copper was
completely removed. An undesired attack on the acid-
sensitive farnesyl thioether or the base-labile palmitoyl
thioester was not recorded.


However, a loss of peptide from resin could be observed
during peptide synthesis. Determination of the Fmoc groups
remaining on the resin by the established UV method[11]


showed a lower loading of the resin than expected, based on
the expected increase of weight of the resin-bound peptide
during the course of the synthesis. We assume that under basic
conditions oxidation of the hydrazide linker can take place
and subsequent cleavage reduces the amount of peptide on
resin. This view was supported by double linker experiments
similar to the one mentioned above. Also, in a related case it
has been shown that a hydrazide-based linker system was not
stable against oxygen in the presence of amines and this
resulted in hydrazide cleavage as well.[12] To avoid these side
reactions, in subsequent experiments all steps were carried
out under argon and piperidine was freshly distilled prior to
use.


Farnesylated tripeptide 11 was prepared as shown in
Scheme 6. Either the acid-sensitive trityl or the orthogonally
stable reduction-sensitive tert-butyl disulfide (StBu) was


Scheme 6. Synthesis of farnesylated tripeptide 11. a) 50 % TFA, TES,
CH2Cl2; b) Far-Br, DIEA, DMF; c) piperidine, DMF; d) HBTU, HOBt,
DIEA, Fmoc-Thr(Trt)-OH, DMF; e) 1% TFA, TES, CH2Cl2; f) Cu(OAc)2,
acetic acid, pyridine, O2, CH2Cl2, MeOH; g) PBu3, H2O, DMF, CH2Cl2.
HBTU�N-[(1H-benzotriazol-1-yl)(dimethylamino)methylene]-N-meth-
ylmethanaminium hexafluorophosphate N-oxide.


employed as the protecting group for the cysteine residue. In
the case with the trityl-protected cysteine, 6, the trityl group
was removed at the stage of the dipeptide. The thiol function
was farnesylated and this was followed by subsequent
elongation with protected threonine. The trityl protecting
group of the threonine hydroxy function was cleaved from the
readily assembled tripeptide with 1 % TFA and the N-termi-
nally Fmoc-protected peptide was liberated with copper
acetate in an acetic acid buffer to give target peptide 11 in
46 % overall yield. Alternatively, farnesylation at the stage of
the tripeptide was achieved after cleaving the tert-butyl
disulfide used as a masking group for the cysteine thiol
function from 10 with PBu3 and H2O. Again, as the last step on
the resin, the trityl group of the threonine was removed with
1 % TFA and the product was obtained after copper-mediated
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cleavage in 41 % overall yield. Thus, both protecting group
strategies were successfully established for lipopeptide syn-
thesis on the solid support.


Having established all the necessary protecting-group and
lipidation procedures, we next turned to the synthesis of
doubly lipidated heptapeptides 16 and 17, which mimic the C
terminus of N-Ras (Scheme 7). Individual steps were per-
formed as described above for the synthesis of peptide 9.


Scheme 7. Synthesis of farnesylated and palmitoylated peptides 16 and 17
which resemble the C terminus of N-Ras. a) 1% TFA, TES, CH2Cl2; b) Pal-
Cl, HOBt, Et3N, CH2Cl2, DMF; c) PBu3, H2O, DMF, CH2Cl2;
d) Cu(OAc)2, acetic acid, pyridine, O2, CH2Cl2, MeOH.


Basic conditions were applied under argon, and according to
quantification of Fmoc groups by the UV method after the
addition of the second, third, and sixth amino acids no major
loss of peptide was observed. Part of the resin was subjected to
cleavage at the stage of the farnesylated tripeptide 12 to give
Fmoc-Leu-Pro-Cys(Far)-OMe (13) in an overall yield of
50 %. After elongation to the heptapeptide 14 and depro-
tection of the second cysteine residue, palmitoylation in
dichloromethane, that is, under conditions which had worked
very well in case of the tripeptide 9, was not successful. This
might be due to the occurrence of peptide aggregation or
secondary structure formation on the solid support. To
overcome this problem, DMF was added to the palmitoyla-
tion mixture and the reaction proceeded smoothly to yield
intermediate 15. Finally, the desired N-Ras peptide methyl
ester 16 was released from the solid support in 42 % overall
yield. By means of this procedure multimilligram amounts of
pure lipopeptide are readily obtained within days, whereas the
synthesis of the same compound by means of solution-phase
methods[4c, 13, 14] requires weeks.


A different set of protection groups had to be used for the
synthesis of the N-terminally trityl-protected N-Ras hepta-


peptide 17. As described for 16, peptide 17 was assembled on
the solid support, but the mercapto group of the second
cysteine residue in the sequence was protected with tert-butyl
disulfide as a masking group, which was removed with PBu3


and H2O to give the free thiol. After palmitoylation, cleavage
was carried out under very weakly acidic conditions with only
a slight excess of acetic acid to give 17 in an overall yield of
68 %. However, under these conditions partial cleavage
(approximately 10 %) of the palmitoyl thioester was observed
as well. During all steps the very acid-labile N-terminal trityl
protecting group present was not affected. We would like to
point out that the N-terminal Aloc urethane or trityl protect-
ing group can be removed selectively without any harm to the
S-palmitoyl thioester or the S-farnesyl thioether from lipi-
dated peptides including 16 and 17;[3d, 14] this method should
thereby give access to intermediates which can be equipped
with, for example, fluorescent groups or a biotin tag to be used
in further biological experiments.


Synthesis of fluorescently labeled and maleimidocaproyl
(MIC) labeled lipidated peptides : To investigate whether
such differently lipidated and additionally tagged peptides are
directly accessible by means of the solid-phase method
described above, the synthesis of fluorescently labeled lip-
opeptides and of a lipopeptide carrying a maleimido group
(for coupling to proteins through conjugate addition of
cysteine thiol groups[3a,b]) was investigated.


By employing the methodology delineated above S-farne-
sylated tetrapeptide 20 incorporating the fluorescent 4-nitro-
benz-2-oxa-1,3-diazole (NBD) group was synthesized
(Scheme 8). After assembly of the peptide chain to give
intermediate 18 and subsequent N-terminal deprotection, the
NBD fluorescent label was coupled to the N terminus. The
resulting labeled compound 20 was released from the solid
support and was obtained in 47 % overall yield and with high
purity after simple flash column chromatography. In the
course of this synthesis neither the acid-labile trityl protecting
group nor the reduction-sensitive NBD label and tert-butyl
disulfide masking group were attacked. By using the same
methodology N-Ras peptide 21 incorporating the fluorescent
N-methylanthraniloyl (Mant) label was prepared in 49 %
overall yield. In order to demonstrate that not only can
peptide esters be obtained by this solid-phase technique but
that lipidated peptides with an unmasked carboxylic acid at
the C terminus (as, for instance, are required for Rab-derived
peptides; see Scheme 1) are also available, the activated
intermediate formed in the oxidative release of the Mant-
labeled peptide from the solid support was alternatively
trapped with water instead of methanol to give lipopeptide
carboxylic acid 22.


In addition, doubly lipidated peptides carrying a tag for
subsequent biological experiments were prepared. To this
end, farnesylated tetrapeptide 24 was assembled on the solid
support (Scheme 9). It incorporates a reduction-sensitive tert-
butyl disulfide as a masking group for the cysteine thiol, an
acid-labile trityl blocking function, and a lysine with an N-
Aloc-protected side-chain amino group. This set of protecting
groups and the hydrazide linker are orthogonally stable.
The tert-butyl disulfide group was cleaved by treatment with
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Scheme 8. Solid-phase synthesis of fluorescently labeled and S-farnesy-
lated peptides 20 ± 22. a) piperidine, DMF; b) HBTU, HOBt, DIEA,
NBDAca-OH (23), DMF; c) Cu(OAc)2, pyridine, O2, CH2Cl2, MeOH.
NBDAca�N-(4-nitrobenz-2-oxa-1,3-diazol-7-yl)aminocaproyl.


Scheme 9. Solid-phase synthesis of Mant-labeled and doubly lipidated
peptide 26. a) PBu3, H2O, DMF, CH2Cl2; b) Pal-Cl, HOBt, Et3N, CH2Cl2,
DMF; c) 1 % TFA, TES, CH2Cl2; d) HBTU, HOBt, DIEA, MantAca-OH,
DMF; e) Cu(OAc)2, acetic acid, pyridine, O2, CH2Cl2, MeOH. MantAca�
N-methylanthraniloylaminocaproyl.


PBu3/H2O and this was followed by palmitoylation of the
liberated mercapto group. The N-terminal trityl group was
removed from the formed intermediate under weakly acidic
conditions and then the Mant label was introduced by
coupling with Mant-aminocaproic acid, DIC, and HOBt in
the presence of triethylamine to yield immobilized fluores-
cently labeled lipopeptide 25. Finally, desired lipopeptide
methyl ester 26 was released from the solid support by
oxidation with CuII in methanol and in the presence of
pyridine and acetic acid. After flash column chromatography
it was obtained in pure form in 29 % overall yield for 13 steps
on the polymeric carrier.


Finally, we investigated the possibility of introducing a
maleinimido group, which is an important linker group for the
coupling of chemically synthesized lipopeptides to expressed
proteins. For instance, it has been shown that lipopeptides
equipped with a maleimido group can react with the mercapto
groups of proteins to yield biologically fully functional Ras
proteins.[3a, b] With tetrapeptide 24 as the starting material,
removal of the tert-butyl disulfide group, subsequent palmi-
toylation of the free thiol, and N-terminal deprotection
(removal of the trityl group) were carried out as described
above. Commercially available maleimidocaproic acid was
coupled to the immobilized peptide with DIC, HOBt, and
triethylamine to yield the resin-bound target peptide. Cleav-
age from the resin by oxidation with CuII in methanol and in
the presence of pyridine and acetic acid furnished the desired
MIC-equipped lipopeptide 27 in 22 % overall yield after
column chromatography (Scheme 10). Figure 1 displays the


Scheme 10. Solid-phase synthesis of MIC-tagged, doubly lipidated peptide
27. a) PBu3, H2O, DMF, CH2Cl2; b) Pal-Cl, HOBt, Et3N, CH2Cl2, DMF;
c) 1 % TFA, TES, CH2Cl2; d) HBTU, HOBt, DIEA, MIC-OH, DMF;
e) Cu(OAc)2, acetic acid, pyridine, O2, CH2Cl2, MeOH. MIC�malein-
imidocaproyl.


HPLC trace of the product. For the peptides discussed above
similar traces were obtained after release from the solid
support. These findings demonstrate that the method detailed
in this paper yields very pure lipidated peptides that require
hardly any further purification.


Conclusion


We have developed the first solid-phase method for the
synthesis of differently lipidated and additionally labeled
peptides. It gives access to farnesylated, palmitoylated, and
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Figure 1. HPLC trace of compound 27. An RP-C4 column with a water/
acetonitrile gradient and detection at 210 nm was employed.


doubly lipidated peptides as methyl esters or carboxylic acids
carrying an additional fluorescent group or a maleimido
moiety for further biological studies. This new methodology
should substantially facilitate the use of lipidated peptides,
and the lipidated proteins accessible from them by combina-
tion of organic synthesis and molecular biology technique-
s,[3a, b] in the study of important biological phenomena like
biological signal transduction, localization, and vesicular
transport.


Experimental Section


General : Unless otherwise noted, reagents and chemicals were obtained
from Acros, Chimica, Advanced Chemtech, Aldrich, AppliChem, Avoca-
do, Biosolve, Fluka, Novabiochem, or Senn Chemicals and used without
further purification. Dichloromethane and piperidine were refluxed under
argon over CaH2 and freshly distilled prior to use. 1H and 13C NMR
spectroscopic data were recorded on a Varian Mercury 400 or a Bruker
DRX500 spectrometer at room temperature. 1H and 13C NMR spectra
were afterwards calibrated to the solvent signals of CDCl3 (�� 7.26 ppm
and 77.16 ppm, respectively). ESI-MS was carried out by using a Agilent
1100 series binary pump together with a reversed-phase HPLC column
(Macherey-Nagel) and a Finnigan Thermoquest LCQ. FAB MS measure-
ments were taken with a Jeol SX102A apparatus by using a 3-nitrobenzyl
alcohol (3-NBA) matrix. Optical rotations were measured with a Perkin ±
Elmer Polarimeter 341. Flash chromatography was performed with Merck
silica gel 60. TLC was performed with aluminium-backed silica gel 60 F254


plates (Merck). MALDI MS was carried out with a Voyager-DE Pro
BioSpectrometer from PerSeptive Biosystems by using a 2,5-dihydrox-
ybenzoic acid (DHB) matrix. The yield and scale of the solid-phase
reactions are given with respect to the amount of the first amino acid
coupled onto the resin and the resin loading was determined by measuring
the Fmoc groups remaining on the resin by the established UV method.
After cleavage from the resin no major byproducts could be detected by
HPLC. However, column chromatography was carried out to remove
copper salts.


General conditions for the synthesis of lipopeptides with the phenylhydra-
zide linker: For all reactions commercially available Fmoc-4-hydrazinoben-
zoyl NovaGel resin from Novabiochem was used. All reactions were carried
out under an argon atmosphere in a 50-mL solid-phase peptide synthesis
reactor. Agitation was achieved by bubbling argon gas through the glass
sinter or by using an orbital shaker. After liberation of the thiol group of
cysteine the subsequent reaction was carried out without any delay. Loading
of the resin was determined by the amount of Fmoc groups on the resin. To
this end, a small amount of dried resin (5 ± 9 mg) was treated with freshly
prepared piperidine/DMF (1:4; 18 mL) for 10 min and then the UV
absorption of the solution at 301 nm (�� 7800 ��1 cm�1) was determined.


Fmoc cleavage : Fmoc cleavage was achieved by using a solution of 50%
piperidine in DMF two times for 7 min.


Peptide coupling : Unless stated otherwise all amino acids were coupled by
using HBTU/HOBt chemistry. Typically, amino acid (4 equiv) was treated
for 2 ± 3 min with HBTU (3.6 equiv), HOBt (4 equiv) and DIEA (8 equiv)
in DMF. The solution was added to the resin and agitated for 2 h at room
temperature. Cysteine derivatives were coupled by using DIC/HOBt
chemistry in order to avoid extensive racemization.[15] Typically amino acid
(4 equiv) was treated with DIC (4 equiv) and HOBt (6 equiv) in DMF for
2 ± 3 min and then added to the resin. Reaction times varied from 3 ± 4 h at
room temperature.


Cleavage of the Trt group from cysteine : The Trt group was cleaved with
3% TES and 50% TFA in dichloromethane for 1 h. The resin was washed
several times with dichloromethane and then with DMF.


Removal of the Trt group from nitrogen atoms/removal of the Mmt group
from cysteine : Cleavage was achieved with 1% TFA and 2 % TES in
dichloromethane. In the case of deprotection of a nitrogen atom the
procedure was repeated twice. The resin was washed six times with
dichloromethane and then with DMF.


Removal of the tert-butyl disulfide group from cysteine : The tert-butyl
disulfide group was cleaved with PBu3 (100 equiv) and H2O (400 equiv) in
DMF/dichloromethane (1:1) for 12 h. Typically 6.4 mL of PBu3 together
with 2 mL of H2O were used in 40 mL of solvent. The resin was washed six
times with dichloromethane and then with DMF.


Farnesylation : The farnesyl group was introduced onto the freshly
deprotected thiol with farnesyl bromide (5 equiv) and DIEA (12 equiv)
in DMF for 4 h. The resin was washed six times with DMF.


Palmitoylation : The palmitoyl group was introduced with palmitoyl
chloride (20 equiv), HOBt (20 equiv), and Et3N (22 equiv) in DMF/
dichloromethane (1:3) for 15 h. The resin was washed six times with
dichloromethane and then with DMF.


Fmoc-Cys(Far)-OMe (4): Fmoc-4-hydrazinobenzoyl NovaGel resin was
deprotected with piperidine, and Fmoc-Cys(Trt)-OH was coupled to the
resin by using DIC/HOBt chemistry to give cysteine-bound resin (137 mg)
with a loading of 0.35 mmol g�1 (0.047 mmol). The Trt group was cleaved
and the thiol was farnesylated. The resin was treated with a solution of
Cu(OAc)2 (18 mg, 0.1 mmol), pyridine (280 �L, 3.46 mmol), and methanol
(1 mL) in dichloromethane (10 mL) for 2 h under oxygen. The resin was
filtered off, the solvent was evaporated under reduced pressure, and the
crude reaction mixture was dried in vacuo. Flash column chromatography
with ethyl acetate/cyclohexane (1:4) as the eluent furnished 4 (14.5 mg,
0.026 mmol, 55 %). Rf � 0.35 (cyclohexane/ethyl acetate (4:1)); [�]20


D �
�48.4 (c� 0.5 in CHCl3); 1H NMR (400 MHz, CDCl3): �� 7.76 (d, 3J�
7.4 Hz, 2 H; Fmoc), 7.62 ± 7.60 (m, 2 H; Fmoc), 7.40 (t, 3J� 7.2 Hz, 2H;
Fmoc), 7.32 (t, 3J� 7.4 Hz, 2H; Fmoc), 5.59 (d, 3J� 8.2 Hz, 1 H; NH), 5.21
(t, 3J� 7.7 Hz, 1 H; C�CH�CH2S), 5.10 ± 5.07 (m, 2H; 2�C�CH Far),
4.62 ± 4.58 (m, 1H; �CH Cys), 4.35 ± 4.45 (m, 2 H; CH2 Fmoc), 4.22 ± 4.26
(m, 1 H; CH Fmoc), 3.78 (s, 3H; OCH3), 3.21 ± 3.12 (m, 2H; CH2 Far),
2.85 ± 3.00 (m, 2H; �CH2 Cys), 2.12 ± 1.95 (m, 8 H; CH2 Far), 1.68 (s, 3H;
CH3 Far), 1.66 (s, 3H; CH3 Far), 1.60 (s, 6 H; CH3 Far) ppm; 13C NMR
(125 MHz, CDCl3): �� 171.4, 155.8, 143.9, 141.3, 140.2, 135.4, 131.4, 127.8,
127.2, 125.2, 124.4, 123.7, 120.0, 119.6, 67.4, 53.8, 52.8, 47.3, 40.0, 38.9, 33.8,
30.3, 26.9, 26.7, 25.9, 17.9, 16.4, 16.3 ppm; MS (ESI � ): m/z calcd for
C34H44NO4S [M�H]�: 562.3; found: 562.2; MS (FAB, 3-NBA): calcd for
[M�H]�: 562.2991; found: 562.3004.


Fmoc-Cys(Pal)-OMe (5): The Trt group was cleaved from resin-bound
Fmoc-Cys(Trt) (210 mg, with a loading of 0.38 mmol g�1, 0.080 mmol), and
the thiol function was palmitoylated. The resin was treated with a solution
of Cu(OAc)2 (6 mg, 0.033 mmol), pyridine (123 �L, 1.52 mmol), acetic acid
(175 �L, 3.06 mmol), and MeOH (400 �L, 9.88 mmol) in dry dichloro-
methane (20 mL) for 2 h under oxygen. The resin was filtered off, the
solvent was evaporated under reduced pressure, and the crude reaction
mixture was dried in vacuo. Flash column chromatography with ethyl
acetate/cyclohexane (1:2) as the eluent furnished 5 (26.7 mg, 0.045 mmol,
56%). Rf � 0.56 (ethyl acetate/cyclohexane (1:2)); [�]20


D ��18.9 (c� 1.04 in
CHCl3); 1H NMR (400 MHz, CDCl3): �� 7.76 (d, 3J� 7.3 Hz, 2 H; Fmoc),
7.60 (d, 3J� 7.2 Hz, 2H; Fmoc), 7.40 (t, 3J� 7.6 Hz, 2H; Fmoc), 7.31 (t, 3J�
7.5 Hz, 2H; Fmoc), 5.56 (s, 1H; NH), 4.61 (m, 1H; �CH Cys), 4.38 (d, 3J�
7.0 Hz, 2H; CH2O Fmoc), 4.24 (t, 3J� 7.0 Hz, 1H; CH Fmoc), 3.77 (s, 3H;
OMe), 3.39 (m, 2H; �CH2 Cys), 2.57 (t, 3J� 7.4 Hz, 2 H; �CH2 Pal), 1.65 (m,
2H; �CH2 Pal), 1.25 (m, 24 H; Pal), 0.88 (t, 3J� 6.8 Hz, 3 H; �CH3


Pal) ppm; 13C NMR (100 MHz, CDCl3): �� 199.0, 170.9, 155.9, 144.0,
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141.6, 127.9, 127.3, 125.4, 120.2, 67.5, 53.9, 53.0, 47.3, 44.3, 32.2 ± 29.1 (several
signals), 25.8, 22.9, 14.2 ppm; MS (ESI � ): m/z calcd for C35H50NO5S [M�
H]�: 596.3; found: 596.1; MS (FAB, 3-NBA): calcd for [M�H]�: 596.3410;
found: 596.3419.


Fmoc-Cys(Pal)-Lys(Aloc)-Cys(Far)-OMe (9): Fmoc-Lys(Aloc)-OH was
coupled to resin-bound Fmoc-Cys(Trt) (488 mg, with a loading of
0.38 mmol g�1, 0.185 mmol) by using HBTU/HOBt chemistry. The Trt
group was cleaved and the free thiol was farnesylated. The Fmoc group was
removed and Fmoc-Cys(Mmt)-OH was coupled onto the dipeptide by
using DIC/HOBt chemistry. The Mmt group was cleaved and the free thiol
was palmitoylated. The resin was treated with a solution of Cu(OAc)2


(7.9 mg, 0.043 mmol), pyridine (140 �L, 1.74 mmol), acetic acid (200 �L,
3.50 mmol), and MeOH (441 �L, 10.9 mmol) in dry dichloromethane
(20 mL) for 2 h under oxygen. The resin was filtered off, the solvent was
evaporated under reduced pressure, and the crude reaction mixture was
dried in vacuo. Flash column chromatography with ethyl acetate/cyclo-
hexane (1:1) as the eluent furnished 9 (51.8 mg, 0.047 mmol, 25 %). Rf �
0.45 (cyclohexane/ethyl acetate (1:1)); [�]20


D ��46.8 (c� 2.06 in CHCl3);
1H NMR (400 MHz, CDCl3): �� 7.68 (d, 3J� 7.6 Hz, 2H; Fmoc), 7.52 (d,
3J� 9.6 Hz, 2H; Fmoc), 7.32 (t, 3J� 7.4 Hz, 2 H; Fmoc), 7.23 (t, 3J� 7.4 Hz,
2H; Fmoc), 6.94 (s, 1H; NH), 6.82 (s, 1H; NH), 5.83 ± 5.75 (m, 2 H; NH,
CH�CH2), 5.19 (d, 3J� 18 Hz, 1 H; CH�CH2a), 5.15 ± 4.97 (m, 5 H;
CH�CH2b,C�CH�CH2S, 2�C�CH Far, NH), 4.66 (m, 1H; �CH Cys),
4.50 ± 4.24 (m, 6H; Fmoc, �CH Lys, O�CH2 allyl), 4.14 (m, 1 H; �CH Cys),
3.67 (s, 3H; OMe), 3.30 ± 2.75 (m, 8 H; 2� �CH2 Cys, �CH2 Lys, �CH2 Far),
2.51 (t, 3J� 7.4 Hz, 2H; �CH2 Pal), 2.1 ± 1.81 (m, 8H; CH2 Far), 1.68 ± 1.59
(m, 2 H; �CH2 Pal ), 1.60 (s, 3H; CH3 Far), 1.58 (s, 3 H; CH3 Far), 1.52 (s,
6H; 2�CH3 Far), 1.46 ± 1.43 (m, 2H; �CH2 Lys), 1.36 ± 1.33 (m, 2 H; �CH2


Lys), 1.18 (s, 24 H; Pal), 0.81 (t, 3J� 7.0 Hz, 3H; �CH3 Pal) ppm; 13C NMR
(100 MHz, CDCl3): �� 200.6, 171.3, 171.2, 170.3, 156.7, 144.0, 141.5, 140.4,
135.6, 133.3, 131.5, 128.0, 127.3, 125.4, 124.5, 124.0, 120.2, 119.7, 117.7, 67.8,
65.7, 55.8, 53.3, 52.9, 52.0, 47.3, 44.3, 40.5, 39.9, 33.1 ± 22.3 (several signals),
17.9, 16.4, 16.2, 14.3 ppm; MS (ESI � ): m/z calcd for C63H94N4O9S2 [M�
H]�: 1115.7; found: 1115.3; MS (FAB, 3-NBA): calcd for [M�H]�: 1115.7;
[M�Na]: 1137.6; found: 1115.4, 1137.4.


Fmoc-Thr-Lys(Aloc)-Cys(Far)-OMe (11): Fmoc-Lys(Aloc)-OH was cou-
pled to resin-bound Fmoc-Cys(Trt) (332 mg, with a loading of
0.37 mmol g�1, 0.123 mmol) by using HBTU/HOBt chemistry. The Trt
group was cleaved and the free thiol was farnesylated. The Fmoc protection
group was removed and Fmoc-Thr(Trt)-OH was attached; this was
followed by cleavage of the Trt protecting group of the hydroxy moiety.
The resin was treated with a solution of Cu(OAc)2 (10 mg, 0.055 mmol),
pyridine (280 �L, 3.47 mmol), acetic acid (409 �L, 7.15 mmol), and MeOH
(1 mL, 24.7 mmol) in dry dichloromethane (20 mL) for 2 h under oxygen.
The resin was filtered off, the solvent was evaporated under reduced
pressure, and the crude reaction mixture was dried in vacuo. Flash column
chromatography with dichloromethane/methanol (20:1) furnished 11
(49.6 mg, 0.057 mmol, 46%). The route with the tert-butyl disulfide
protecting group was analogous except that farnesylation was carried out
at the stage of the tripeptide. Rf � 0.4 (dichloromethane/methanol (20:1)).
[�]20


D ��20.7 (c� 0.99 in CHCl3); 1H NMR (400 MHz, CDCl3): �� 7.76 (d,
3J� 7.3 Hz, 2 H; Fmoc), 7.60 (d, 3J� 7.2 Hz, 2 H; Fmoc), 7.40 (t, 3J� 7.6 Hz,
2H; Fmoc), 7.31 (t, 3J� 7.5 Hz, 2 H; Fmoc), 7.05 (s, 1 H; NH), 6.99 (s, 1H;
NH), 5.89 ± 5.87 (m, NH, 2 H; CH�CH2 allyl), 5.27 (d, 3J� 18 Hz, 1H;
CH�CH2a allyl), 5.20 ± 5.17 (m, 2H; CH�CH2b allyl, C�CH�CH2S), 5.10 ±
5.07 (m, 2H; C�CH Far), 4.98 (s, 1 H; NH), 4.73 ± 4.72 (m, 1 H; �CH Cys),
4.54 ± 4.21 (m, 8 H; Fmoc, 2��CH, �CH Thr, O�CH2 allyl), 3.75 (s, 3H;
OMe), 3.19 ± 3.10 (m, 4 H; �CH2 Far, CH2 �Lys), 2.97 ± 2.92 (m, 1H; �CH2


Cys), 2.85 ± 2.80 (m, 1H; �CH2 Cys), 2.10 ± 1.91 (m, 8 H; 4�CH2 Far), 1.68
(s, 3 H; CH3 Far), 1.66 (s, 3H; CH3 Far), 1.59 (s, 6H; 2�CH3 Far), 1.51 ± 1.36
(m, 4 H; �CH2, �CH2 Lys), 1.19 (d, 3J� 6.3 Hz, 3H; CH3 Thr) ppm;
13C NMR (100 MHz, CDCl3): �� 171.6, 171.4, 171.1, 156.9, 143.9, 141.5,
140.4, 135.6, 133.2, 131.6, 128.0, 127.3, 125.3, 124.5, 123.9, 120.2, 119.6, 117.9,
67.5, 65.8, 59.1, 53.6, 53.4, 52.9, 52.0, 47.3, 40.4, 40.0, 33.2, 31.4, 30.0, 29.5,
27.0, 26.7, 25.9, 22.4, 18.7, 17.9, 16.4, 16.2 ppm; MS (ESI � ): m/z calcd for
C48H67N4O9S [M�H]�: 875.5; [M�Na]�: 897.5; found: 875.2, 897.4; MS
(FAB, 3-NBA): calcd for [M�H]�: 875.4629; found: 875.4617.


Fmoc-Leu-Pro-Cys(Far)-OMe (13): The Fmoc group was cleaved from
resin-bound Fmoc-Cys(Trt) (119 mg, with a loading of 0.35 mmol g�1,
0.0042 mmol) and Fmoc-Pro-OH was coupled. The Trt group was removed
and the dipeptide was farnesylated; this was followed by deprotection and


coupling of Fmoc-Leu-OH to give the resin-bound tripeptide 12. The resin
was treated with a solution of Cu(OAc)2 (6.7 mg, 0.037 mmol), pyridine
(119 �L, 1.47 mmol), acetic acid (170 �L, 2.97 mmol), and MeOH (374 �L,
9.2 mmol) in dichloromethane (15 mL) for 2 h under oxygen. The resin was
filtered off, the solvent was evaporated under reduced pressure, and the
crude reaction mixture was dried in vacuo. Flash column chromatography
with ethyl acetate/cyclohexane (1:1) as the eluent furnished 13 (15.8 mg,
0.021 mmol, 50%). Rf � 0.4 (cyclohexane/ethyl acetate (1:1)); [�]20


D �
�102.4 (c� 0.41 in CHCl3); 1H NMR (400 MHz, CDCl3): �� 7.75 (d,
3J� 7.6 Hz, 2 H; Fmoc), 7.59 (m, 2 H; Fmoc), 7.39 (t, 3J� 7.4 Hz, 2 H; Fmoc),
7.31 (t, 3J� 7.4 Hz, 2H; Fmoc), 5.48 (d, 3J� 9.0 Hz, 1 H; NH), 5.19, (t, 3J�
7.6 Hz, 1H; C�CH�CH2S Far), 5.08 (m, 2H; 2�C�CH Far), 4.70 ± 4.65 (m,
1H; �CH), 4.60 ± 4.56 (m, 1H; �CH), 4.37 ± 4.34 (m, 2H; CH2 Fmoc),
4.22 ± 4.19 (m, 1H; CH Fmoc), 3.50 ± 3.80 (m, 5 H; OMe, CH2 Pro), 3.18 ±
3.08 (m, 2H; CH2 Far), 2.94 ± 2.97 (m, 1 H; �CH2a Cys), 2.80 ± 2.75 (m, 1H;
�CH2b Cys), 2.20 ± 1.10 (m, 27H; �CH Leu, �CH2 Leu, 4�CH2 Far, 2�
CH2 Pro, 4�CH3 Far), 1.01 ± 0.94 (m, 6 H; 2� �CH3 Leu) ppm; 13C NMR
(100 MHz, CDCl3): �� 173.2, 171.3, 171.0, 156.5, 144.1, 141.5, 140.2, 135.6,
131.5, 129.7, 127.9, 127.3, 125.4, 124.5, 124.0, 120.2, 119.8, 67.3, 60.0, 52.7,
52.0, 51.1, 47.4, 42.7, 42.4, 39.9, 33.5, 30.0, 27.4, 27.0, 26.7, 25.9, 25.2, 24.9, 23.7,
21.8, 17.9, 16.4, 16.2 ppm; MS (ESI � ): m/z calcd for C45H62N3O6S [M�
H]�: 772.4; found: 772.3; MS (FAB, 3-NBA): calcd for [M�H]�: 772.4359;
found: 772.4387.


Aloc-Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe (16): Resin-bound
tripeptide Fmoc-Leu-Pro-Cys(Far) 12 was synthesized from resin-bound
Fmoc-Cys(Trt) (302 mg, with a loading of 0.35 mmol g�1, 0.106 mol) as
described above. The Fmoc group was cleaved and this was followed by
subsequent HBTU/HOBt-mediated coupling with Fmoc-Gly-OH, Fmoc-
Met-OH, Fmoc-Cys(Mmt)-OH, and Aloc-Gly-OH. The Mmt group was
removed and the thiol was palmitoylated. The resin was treated with a
solution of Cu(OAc)2 (20 mg, 0.11 mmol), pyridine (280 �L, 3.47 mmol),
acetic acid (400 �L, 6.99 mmol), and MeOH (882 �L, 21.7 mmol) in
dichloromethane (20 mL) for 2 h under oxygen. The resin was filtered
off, the solvent was evaporated under reduced pressure, and the crude
reaction mixture was dried in vacuo. Flash column chromatography with
dichloromethane/methanol (20:1) as the eluent furnished 16 (53.3 mg,
0.044 mmol, 42 %). Rf � 0.2 (dichloromethane/MeOH (20:1)); [�]20


D �
�52.8 (c� 0.74 in CHCl3); 1H NMR (500 MHz, CDCl3): �� 7.96 (s, 1H;
NH), 7.60 (s, 1H; NH), 7.51 (s, 1H; NH), 7.34 (s, 1 H; NH), 7.05 (s, 1H; NH),
5.88 ± 5.84 (s, 1H; CH�CH2 allyl), 5.31 (d, 3J� 17.4 Hz, 1H; CH�CH2a


allyl), 5.21 (d, 3J� 10.4 Hz, 1H; CH�CH2b allyl), 5.19 ± 5.16 (m, 1H;
C�CH�CH2S), 5.08 (m, 2H; 2�C�CH Far), 4.8 ± 4.36 (m, 11H; 5��CH,
O�CH2 allyl, 2�CH2 Gly), 3.5 ± 4.0 (m, 7 H; CH2 Pro, OMe, �CH2 Cys),
3.36 ± 2.76 (m, 4H; CH2 Far, �CH2 Cys), 2.54 (m, 4H; �CH2 Met, �CH2


Pal), 2.3 ± 1.8 (m, 17 H; 4�CH2 Far, 2�CH2 Pro, �CH2 Met, SCH3), 1.70 ±
1.30 (m, 17H; �CH Leu, �CH Leu, 4�CH3 Far, �CH2 Pal), 0.90 ± 1.20 (m,
24H; Pal), 0.88 ± 0.70 (m, 9 H; �CH3 Pal, 2��CH3 Leu) ppm; 13C NMR
(100 MHz, CDCl3): �� 200.5, 173.2, 172.6, 171.6, 171.2, 170.5, 169.6, 196.0,
157.4, 140.3, 135.6, 132.8, 131.5, 124.5, 123.9, 119.8, 118.1, 66.3, 60.1, 53.9,
53.0, 52.7, 52.0, 49.3, 47.6, 45.0, 44.3, 43.4, 42.0, 41.2, 33.3 ± 24.0 (several
signals), 17.9, 16.4, 16.2, 16.0, 14.3 ppm; MS (ESI � ): m/z calcd for
C62H106N7O11S3 [M�H]�: 1220.7; found: 1220.5; MS (MALDI, DHB):
calcd for [M�Na]�: 1242.7; [M�K]�: 1258.8; found: 1243.1, 1259.0.


Trt-Gly-Cys(Pal)-Met-Gly-Leu-Pro-Cys(Far)-OMe (17): Fmoc-Pro-OH
and Fmoc-Leu-OH were coupled to resin-bound Fmoc-Cys(Trt) (127 mg,
with a loading of 0.34 mmol g�1, 0.043 mmol). The Trt group was cleaved
and the thiol farnesylated to give 12. The peptide was elongated with Fmoc-
Gly-OH, Fmoc-Met-OH, Fmoc-Cys(StBu)-OH, and Trt-Gly-OH by using
Fmoc chemistry. The tert-butyl disulfide group was cleaved and the thiol
was palmitoylated. The resin was treated with a solution of Cu(OAc)2


(18 mg, 0.10 mmol), pyridine (280 �L, 3.47 mmol), acetic acid (228 �L,
3.99 mmol), and MeOH (1 mL, 24.7 mmol) in dry dichloromethane
(20 mL) for 2 h under oxygen. The resin was filtered off, the solvent was
evaporated under reduced pressure, and the crude reaction mixture was
dried in vacuo. Flash column chromatography with dichloromethane/
methanol (20:1) as the eluent furnished 17 (40.6 mg, 0.029 mmol, 68%).
Rf � 0.35 (dichloromethane/MeOH (20:1)); [�]20


D ��36.1 (c� 0.76 in
CHCl3); 1H NMR (400 MHz, CDCl3): �� 7.4 ± 7.1 (m, 15H; Trt), 5.10 ±
4.95 (m, 3H; 3�C�CH Far), 4.8 ± 4.1 (m, 8H; 4��CH, 2��CH2 Gly),
3.6 ± 3.3 (m, 7 H; CH2 Pro, OMe, �CH2 Cys), 3.3 ± 2.7 (m, 4H; CH2 Far,
�CH2 Cys), 2.4 ± 2.6 (m, 4 H; �CH2 Met, �CH2 Pal), 2.2 ± 1.6 (m, 17 H; 4�


Chem. Eur. J. 2003, 9, 3683 ± 3691 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3689







FULL PAPER H. Waldmann and B. Ludolph


CH2 Far, 2�CH2 Pro, �CH2 Met, SCH3), 1.6 ± 1.3 (m, 17 H; �CH Leu, �CH
Leu, 4�CH3 Far, �CH2 Pal), 1.2 ± 0.95 (m, 24 H; Pal), 0.9 ± 0.6 (m, 9H;
�CH3 Pal, 2��CH3 Leu) ppm; MS (ESI � ): m/z calcd for C77H116N7O9S3


[M�H]�: 1378.8; [M�Na]�: 1400.8; found: 1378.8, 1400.7; MS (FAB,
3-NBA): calcd for [M�Na]�: 1400.8; found: 1400.1.


N-(4-Nitrobenz-2-oxa-1,3-diazol-7-yl)aminocaproic acid (23): DIEA
(850 �l, 5.00 mmol) and slowly, over an hour, solid aminocaproic acid
(315 mg, 2.40 mmol) were added to a solution of NBD-Cl (401 mg,
2.01 mol) in methanol (20 mL) at 0 �C. The reaction mixture was stirred
overnight at room temperature. The solvent was evaporated and the
remaining material was purified by chromatography on silica with ethyl
acetate/MeOH (10:1) as the eluent. The substance was recrystallized from
methanol/water to give 23 (339 mg, 1.15 mmol, 57 %). 1H NMR (400 MHz,
DMSO): �� 9.4 (s, 1H; COOH), 8.41 (d, 3J� 8.8 Hz, 1 H; CH NBD), 6.32
(d, 3J� 8.8 Hz, 1 H; CH NBD), 3.41 (m, 2 H; CH2 Aca), 2.18 (t, 3J� 7.4 Hz,
2H; CH2 Aca), 1.65 (m, 2H; CH2 Aca), 1.53 (m, 2 H; CH2 Aca), 1.35 (m,
2H; CH2 Aca) ppm; 13C NMR (100 MHz, DMSO): �� 175.0, 145.7, 145.0,
144.7, 138.5, 121.1, 99.6, 49.2, 34.2 28.0, 26.6, 24.8; MS (ESI � ): m/z calcd for
C12H15N4O5 [M�H]�: 295.10; found: 295.2; MS (ESI � ): m/z calcd for
[M�H]�: 293.10; found: 293.2; MS (FAB, 3-NBA): calcd for [M�H]�:
295.1042; found: 295.1042.


NBDAca-Ser(Trt)-Cys(StBu)-Lys(Aloc)-Cys(Far)-OMe (20): The Fmoc
group was cleaved from resin-bound Fmoc-Cys(Trt) (269 mg, with a
loading of 0.38 mmol g�1, 0.102 mmol) and Fmoc-Lys(Aloc)-OH was
coupled. The Trt group was removed and the liberated thiol group was
farnesylated. Subsequently, Fmoc-Cys(StBu)-OH, Fmoc-Ser(Trt)-OH, and
NBDAca-OH were coupled. The resin was treated with a solution of
Cu(OAc)2 (7.8 mg, 0.043 mmol), pyridine (140 �L, 1.74 mmol), and MeOH
(441 �L, 10.9 mmol) in dichloromethane (20 mL) for 80 min under oxygen.
The resin was filtered and the crude mixture was directly subjected to flash
column chromatography with ethyl acetate/cyclohexane (1:5) and 2% Et3N
as the eluent to give 20 (64.5 mg, 0.048 mmol, 47%). Rf � 0.5 (dichloro-
methane/MeOH (20:1)); [�]20


D ��55.1 (c� 0.118 in CHCl3); 1H NMR
(400 MHz, CDCl3): �� 8.36 (d, 3J� 8.6 Hz, 1 H; CH NBD), 7.45 ± 7.06 (m,
19H; Trt, 4�NH), 6.28 (m, 1H; CH NBD), 6.07 (s, 1H; NH), 5.79 (m, 1H;
CH�CH2 allyl), 5.34 (s, 1H; NH), 5.19 ± 5.00 (m, 7H; CH�CH2 allyl,
C�CH�CH2S, 2�C�CH Far, 2��CH), 4.72 ± 4.59 (m, 2H; 2��CH),
4.45 ± 4.35 (m, 4 H; 2��CH, O�CH2 allyl), 3.80 ± 3.55 (m, 4H; OMe, �CH2a


Ser), 3.4 ± 3.6 (m, 2 H; �CH2 Aca), 3.35 ± 3.04 (m, 7 H; �CH2b Ser, �CH2 Far,
�CH2 Cys, �CH2 Lys), 2.85 ± 2.84 (m, 1 H; �CH2 Cys), 2.76 ± 2.71 (m, 1H;
�CH2 Cys), 2.18 ± 2.16 (m, 2H; �CH2 Aca), 1.99 ± 1.86 (m, 8H; 4�CH2 Far),
1.71 ± 1.30 (m, 24 H; �CH2 Lys, �CH2 Lys, �CH2 Lys, 4�CH3 Far, �CH2


Aca, �CH2 Aca, �CH2 Aca), 1.21 (s, 9H; StBu) ppm; 13C NMR (100 MHz,
CDCl3): �� 174.0, 171.5, 171.4, 170.6, 170.0, 156.8, 144.5, 144.3, 143.6, 143.4,
140.2, 136.8, 135.6, 133.2, 131.5, 128.7, 128.4, 127.7, 124.5, 123.9, 119.8, 117.6,
98.7, 87.7, 65.7, 63.0, 54.9, 54.9, 53.9, 52.8, 52.1, 49.1, 41.6, 40.7, 39.9, 36.0, 33.1,
31.2, 30.0, 29.8, 29.6, 28.2, 27.0, 26.7, 26.6, 25.9, 24.9, 24.8, 23.0, 17.9, 16.4,
16.2 ppm; MS (ESI � ): m/z calcd for C70H92N9O12S3 [M�H]�: 1346.6;
[M�Cl]�: 1382.6; found: 1346.5, 1382.5.


MantAca-Met-Gly-Leu-Pro-Cys(Far)-OMe (21): The Fmoc group was
cleaved from resin-bound Fmoc-Cys(Trt) (517 mg, with a loading of
0.38 mmol g�1, 0.196 mmol) and Fmoc-Pro-OH was coupled. The Trt group
was removed and the liberated thiol group was farnesylated. Subsequently
Fmoc-Leu-OH, Fmoc-Gly-OH, Fmoc-Met-OH, and MantAca-OH were
coupled by using standard HBTU/HOBt chemistry. The resin was treated
with a solution of Cu(OAc)2 (7.8 mg, 0.043 mmol), pyridine (140 �L,
1.74 mmol), and MeOH (441 �L, 10.9 mmol) in dichloromethane (20 mL)
for 2 h under oxygen. The resin was filtered off, the solvent was evaporated
under reduced pressure, and the crude reaction mixture was dried in vacuo.
Flash column chromatography with dichloromethane/methanol (20:1) as
the eluent furnished 21 (95 mg, 0.097 mmol, 49%). Rf � 0.3 (dichloro-
methane/MeOH (20:1)); [�]20


D ��37.6 (c� 2.5 in CHCl3); 1H NMR
(400 MHz, CDCl3): �� 7.81 (m, 1H; NH), 7.53 (m, 1 H; NH), 7.43 ± 7.39
(m, 2 H; NH), 7.34 (d, 3J� 7.8 Hz, 1H; Mant), 7.22 (t, 3J� 7.8 Hz, 1H;
Mant), 6.87 ± 6.85 (m, 1 H; NH), 6.73 (m, 1H; NH), 6.59 (d, 3J� 8.4 Hz, 1H;
Mant), 6.50 (t, 3J� 7.0 Hz, 1H; Mant), 5.12 (t, 3J� 7.4 Hz, 1 H;
C�CH�CH2S), 5.06 ± 5.03 (m, 2 H; 2�CH�C Far), 4.79 ± 4.76 (m, 1H;
�CH), 4.65 ± 4.58 (m, 4H; 4��CH), 4.00 (m, 2H; �CH Gly), 3.76 ± 3.73
(m, 1H; CH2a Pro), 3.67 (s, 3 H; OMe), 3.61 ± 3.57 (m, 1H; CH2b Pro), 3.33 ±
3.29 (m, 2 H; �CH2 Aca), 3.16 ± 3.11 (m, 1 H; �CH2a Far), 3.04 ± 2.98 (m,


1H; �CH2b Far), 2.85 ± 2.89 (m, 1 H; �CH2a Cys), 2.79 (d, 3J� 4.9 Hz, 3H;
NCH3), 2.67 ± 2.64 (m, 3H; �CH2b Cys, �CH2 Met), 2.48 ± 2.45 (m, 2H;
�CH2 Aca), 2.20 ± 2.16 (m, 3H; CH2 Pro, CH2a Pro), 2.10 ± 1.90 (m, 15H;
�CH2 Met, CH3S Met, �CH, Leu, 4�CH2 Far, CH2b Pro), 1.63 ± 1.30 (m,
20H; �CH2 Aca, �CH2 Aca, �CH2 Aca, 4�CH3 Far, �CH2 Leu), 0.90 ± 0.87
(m, 6H; 2�CH3 Leu) ppm; 13C NMR (100 MHz, CDCl3): �� 173.5, 172.4,
172.0, 171.5, 171.3, 170.1, 168.6, 150.6, 140.1, 135.5, 132.7, 131.4, 127.6, 124.4,
123.8, 119.7, 115.6, 114.5, 111.0, 60.0, 52.5, 52.3, 52.1, 49.1, 47.5, 43.1, 41.7,
39.8, 39.5, 36.1, 32.9, 31.8, 30.1, 29.8, 29.7, 29.2, 28.4, 26.8, 26.6, 26.5, 25.8,
25.2, 24.9, 24.7, 23.4, 22.0, 17.8, 16.2, 16.1, 15.4 ppm; MS (ESI � ): m/z calcd
for C51H82N7O8S2 [M�H]�: 984.6; found: 984.6; MS (FAB, 3-NBA): calcd
for [M�H]�: 984.5666; found: 984.5728.


MantAca-Met-Gly-Leu-Pro-Cys(Far)-OH (22): Synthesis was carried out
as described above for compound 21 with resin-bound Fmoc-Cys(Trt)
(239 mg,with a loading of 0.39 mmol g�1, 0.093 mmol). MantAca-OH was
coupled by using DIC/HOBt chemistry. The resin was treated with a
solution of Cu(OAc)2 (10 mg, 0.055 mmol), pyridine (280 �L, 3.47 mmol),
and acetic acid (400 �L, 6.99 mmol) in THF (10 mL) containing H2O
(350 �L, 19.4 mmol) for 2 h under oxygen. The resin was filtered off, the
solvent was evaporated under reduced pressure, and the crude reaction
mixture was dried in vacuo. A solution of the crude product in dichloro-
methane was absorbed onto trisaminoethyl HL resin (200 mg, Novabio-
chem) and shaken for 2 h. The resin was washed with dichloromethane/
H2O then the product was carefully eluted with THF/H2O (20:1) followed
by THF/H2O/AcOH (20:1:0.5) and dried in vacuo to give 22 (28 mg,
0.029 mmol, 31 %). [�]20


D ��31.5 (c� 1.3 in CHCl3); 1H NMR (400 MHz,
CDCl3): �� 7.38 (d, 3J� 7.8 Hz, 1H; Mant), 7.29 ± 7.26 (m, 1 H; Mant), 7.06
(m, 1H; NH), 6.75 (m, 1 H; NH), 6.62 (d, 3J� 8.4 Hz, 1 H; Mant), 6.54 (t,
3J� 7.2 Hz, 1H; Mant), 5.15 (m, 1H; C�CH�CH2S), 5.07 (m, 2H; 2�
CH�C, Far), 4.76 ± 4.31 (m, 5 H; 5��CH), 4.0 ± 4.38 (m, 2H; 4��CH
Gly), 3.72 (m, 1 H; CH2a Pro), 3.56 (m, 1 H; CH2b Pro), 3.33 (m, 2 H; �CH2


Aca), 3.31 ± 2.91 (m, 4 H; �CH2 Far, �CH2 Cys), 2.86 ± 2.66 (m, 5H; NCH3,
�CH2 Met), 2.50 (m, 2H; �CH2 Aca), 2.26 ± 1.86 (m, 15 H; 2�CH2 Pro,
CH3S Met, 4�CH2 Far), 1.66 ± 1.57 (m, 21H; �CH2 Aca, �CH2 Aca, �CH2


Aca, 4�CH3 Far, �CH2 Leu, �CH Leu), 0.87 (m, 6H; 2�CH3 Leu) ppm;
MS (ESI � ): m/z calcd for C50H80N7O8S2 [M�H]�: 970.5; found: 970.5; MS
(ESI � ): m/z calcd for [M�H]�: 968.5; found: 968.5; MS (FAB, 3-NBA):
calcd for [M�Na]�: 992.5329; found: 992.5376.


MantAca-Gly-Cys(Pal)-Lys(Aloc)-Cys(Far)-OMe (26): The Fmoc group
was cleaved from resin-bound Fmoc-Cys(Trt) (249 mg, with a loading of
0.43 mmol g�1, 0.107 mmol) and Fmoc-Lys(Aloc)-OH was coupled. The Trt
group was removed and the liberated thiol group was farnesylated.
Subsequently Fmoc-Cys(StBu)-OH and Trt-Gly were coupled by using
standard HBTU/HOBt chemistry. The tert-butyl disulfide group was
cleaved and the liberated thiol was palmitoylated. The Trt group was
cleaved from the glycine residue and MantAca-OH was coupled (111 mg,
0.42 mmol) by treatment with DIC (61.9 �L, 0.40 mmol), HOBt (97 mg,
0.64 mmol), and Et3N (15 �L, 0.11 mmol) for 4 h. The resin was treated
with a solution of Cu(OAc)2 (18 mg, 0.10 mmol), pyridine (280 �L,
3.47 mmol), acetic acid (400 �L, 6.99 mmol), and MeOH (882 �L,
21.7 mmol) in dichloromethane (20 mL) for 2 h under oxygen. The resin
was filtered off, the solvent was evaporated under reduced pressure, and
the crude reaction mixture was dried in vacuo. Flash column chromatog-
raphy with dichloromethane/methanol (30:1) furnished 26 (36.7 mg,
0.031 mmol, 29 %). Rf � 0.3 (dichloromethane/MeOH (20:1)); [�]20


D �
�19.3 (c� 1.6 in CHCl3); 1H NMR (400 MHz, CDCl3): �� 7.35 (d, 3J�
6.6 Hz, 1H; Mant), 7.28 (d, 3J� 8.6 Hz, 1H; Mant), 6.62 (m, 1 H; Mant),
6.56 ± 6.52 (m, 1 H; Mant), 5.88 ± 5.81 (m, 1H; CH�CH2 allyl), 5.25 ± 5.07
(m, 5 H; CH�CH2 allyl, C�CH�CH2S, 2�C�CH Far), 4.80 ± 4.39 (m, 5H;
3��CH, OCH2 allyl), 4.08 ± 3.96 (m, 2H; �CH2 Gly), 3.72 (s, 3H; OMe),
3.37 ± 3.09 (m, 8 H; �CH2 Cys, �CH2 Lys, �CH2 Far, �CH2 Aca), 2.92 ± 2.80
(m, 2 H; �CH2 Cys), 2.82 (s, 3H; CH3 Mant), 2.54 (t, 3J� 7.1 Hz, 2H; �CH2


Pal), 2.31 ± 2.27 (m, 2 H; �CH2 Aca), 2.07 ± 1.95 (m, 8 H; 4�CH2 Far), 1.90 ±
1.37 (m, 24H; �CH2 Aca, �CH2 Aca, �CH2 Aca, 4�CH3 Far, �CH2


Lys, �CH2 Lys, �CH2 Lys), 1.23 (s, 24 H; Pal), 0.87 (t, 3J� 6.6 Hz, 3H;
�CH3 Pal) ppm; 13C NMR (100 MHz, CDCl3): �� 200.4, 174.2, 171.8,
171.4, 170.2, 169.8, 169.6, 156.7, 150.7, 140.3, 135.6, 133.3, 132.8, 131.5,
127.6, 124.7, 123.9, 119.7, 117.6, 115.7, 114.6, 111.2, 65.6, 53.2, 52.7, 52.5, 44.3,
43.9, 40.8, 39.9, 39.6, 35.9, 32.8 ± 22.5 (several signals), 17.9, 16.4, 16.2,
14.3 ppm; MS (ESI � ): m/z calcd for C64H106N7O10S2 [M�H]�: 1196.7;
found: 1196.7.
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MIC-Gly-Cys(Pal)-Lys(Aloc)-Cys(Far)-OMe (27): The synthesis was car-
ried out as described above for compound 26 with resin-bound Fmoc-
Cys(Trt) (128 mg, 0.055 mmol). After cleavage of the Trt group MIC-OH
was coupled by using MIC-OH (73.9 mg, 0.35 mmol), DIC (31 �L,
0.20 mmol), HOBt (46 mg, 0.30 mmol), and Et3N (34 �L, 0.20 mmol) for
3 h. The resin was treated with a solution of Cu(OAc)2 (19 mg, 0.10 mmol),
pyridine (140 �L, 1.74 mmol), acetic acid (200 �L, 3.50 mmol), and MeOH
(441 �L, 10.9 mmol) in dichloromethane (20 mL) for 2 h under oxygen. The
resin was filtered off, the solvent was evaporated under reduced pressure,
and the crude reaction mixture was dried in vacuo. Flash column
chromatography with dichloromethane/methanol (20:1) furnished 27
(13.9 mg, 0.012 mmol, 22 %). Rf � 0.3 (dichloromethane/MeOH (20:1));
[�]20


D ��12.2 (c� 0.85 in CHCl3); 1H NMR (400 MHz, CDCl3): �� 7.40 (s,
1H; NH), 7.18 (s, 1 H; NH), 6.67 (s, 2 H; CH�CH MIC), 6.52 (s, 1 H; NH),
5.90 (m, 1H; CH�CH2 allyl), 5.29 ± 5.08 (m, 5H; CH�CH2, C�CH�CH2S,
2�C�CH Far), 4.68 ± 4.52 (m, 5 H; 3��CH, OCH2 allyl), 4.00 ± 3.85 (m,
2H; �CH2 Gly), 3.73 (s, 3H; OMe), 3.52 ± 3.48 (m, 2 H; NCH2 MIC), 3.27 ±
3.09 (m, 6 H; �CH2 Cys, �CH2 Lys, �CH2 Far), 2.95 ± 2.78 (m, 2 H; �CH2


Cys), 2.57 (t, 3J� 6.0 Hz, 2H; �CH2 Pal), 2.28 ± 2.24 (m, 2 H; CH2 MIC),
2.1 ± 1.90 (m, 8H; 4�CH2 Far), 1.8 ± 1.1 (m, 48H; �CH2 Aca, �CH2 Aca,
�CH2 Aca, �CH2 Lys, �CH2 Lys, �CH2 Lys, 4�CH3 Far, Pal), 0.87 ± 0.85 (m,
3H; �CH3 Pal) ppm; MS (ESI � ): m/z calcd for C60H99N6O11S2 [M�H]�:
1143.7; found: 1143.6; MS (MALDI, DHB): calcd for [M�Na]�: 1165.7;
found: 1165.9.
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The Role of Cystine Knots in Collagen Folding and Stability, Part I.�
Conformational Properties of (Pro-Hyp-Gly)5 and (Pro-(4S)-FPro-Gly)5
Model Trimers with an Artificial Cystine Knot**


Dirk Barth, Hans-J¸rgen Musiol, Markus Sch¸tt, Stella Fiori, Alexander G. Milbradt,
Christian Renner, and Luis Moroder*[a]


Abstract: In analogy to the cystine
knots present in natural collagens, a
simplified disulfide cross-link was used
to analyse the conformational effects of
a C-terminal artificial cystine knot on
the folding of collagenous peptides con-
sisting of solely (Pro-Hyp-Gly) repeat-
ing units. Assembly of the � chains into a
heterotrimer by previously applied re-
gioselective disulfide-bridging strategies
failed because of the high tendency of
(Pro-Hyp-Gly)5 peptides to self-associ-
ate and form homotrimers. Only when
side-chain-protected peptides were
used, for example in the Hyp(tBu) form,
and a new protection scheme was adopt-
ed, selective interchain-disulfide cross-
linking into the heterotrimer in organic
solvents was successful. This unexpected
strong effect of the conformational


properties on the efficiency of well-
established reactions was further sup-
ported by replacing the Hyp residues
with (4S)-fluoroproline, which is known
to destabilise triple-helical structures.
With the related [Pro-(4S)-FPro-Gly]5
peptides, assembly of the heterotrimer
in aqueous solution proceeded in a
satisfactory manner. Both the inter-
mediates and the final fluorinated het-
erotrimer are fully unfolded in aqueous
solution even at 4 �C. Conversely, the
disulfide-crossbridged (Pro-Hyp-Gly)5
heterotrimer forms a very stable triple
helix. The observation that thermal un-


folding leads to scrambling of the disul-
fide bridges was unexpected. Although
NMR experiments support an extension
of the triple helix into the cystine knot,
thermolysis is not associated with the
unfolding process. In fact, the unstruc-
tured fluorinated trimer undergoes an
equally facile thermodegradation asso-
ciated with the intrinsic tendency of
unsymmetrical disulfides to dispropor-
tionate into symmetrical disulfides un-
der favourable conditions. The experi-
mental results obtained with the model
peptides fully support the role of triple-
helix nucleation and stabilisation by the
artificial cystine knot as previously sug-
gested for the natural cystine knots in
collagens.


Keywords: collagen ¥ cystine knot ¥
peptides ¥ protein models ¥ triple
helix


Introduction


In their biosynthesis, collagens are generally aligned in the
correct register into homo- or heterotrimers by selective
recognition/association of C-terminal non-collagenous glob-
ular domains. After nucleation of the triple helix, this
propagates from the C- to the N-terminus in a zipper-like
mode with the cis/trans isomerisation of Xaa-Pro imide bonds
as the rate limiting step.[1] Oligomerisation and nucleation
may also be provided at the N-terminus and folding then
proceeds from the N- to the C-terminus.[2] Mature homo- and
heterotrimeric collagens are often cross-linked by more or less
complex cystine knots, and in the absence of such cystine
knots or of the procollagen registration domains, in vitro
refolding of collagen is slow and mismatched triple helices are
formed.[3] Handling of natural collagens is difficult because of
their instability and gelating properties, and related fragments
obtained by enzymatic and/or chemical cleavage are ther-
mally rather unstable. Therefore most information about
structural and biophysical properties of collagens has been
collected with synthetic model peptides.
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Since the first studies of Heidemann and co-workers on N-
and C-terminal homotrimerisation of collagen model peptides
by 1,2,3-propane-tricarboxylic acid and Lys ±Lys dipeptide
templates, respectively,[4] the natural oligomerisation domains
have been mimicked in various modes.[5] Among these,
N-terminal homotrimerisations with rigid templates such as
Kemp×s triacid[6] or cyclotriveratrylene[7] proved to be of high
efficacy. However, for correct registration and assembly of
heterotrimeric collagen peptides containing functional se-
quence portions of natural collagens, alternative procedures
were required. For this purpose in our preceding studies we
made use of a simplified artificial C-terminal cystine knot and
exploited regioselective cysteine pairing procedures to align
the peptide chains in the desired raster.[8] Modelling and MD
simulations served to optimally fit the cystine knot, without
steric clashes, into the triple-helical fold.[8a] The synthetic
heterotrimers contained native collagen sequences of low
propensity for a triple-helix structure adjacent to the cystine
knot and were, therefore, N-terminally extended with (Pro-
Hyp-Gly)n triplets to stabilise the collagen fold. The trimers
were found to assume the desired triple-helix structure and to
fold at rates comparable to those reported for procollagens,[9]


pN-collagen type III, collagen type III and related frag-
ments,[1a, 10] thus suggesting that even the artificial cystine
knot acts as effective nucleus for triple-helix formation.[8b, 11]


In native collagens and related fragments this property has
been assigned to the cystine knots.[10, 12] However, a detailed
NMR structural analysis of a heterotrimer, which in terms of
collagenase substrate specificity perfectly mimicked native
collagen type I,[13] revealed rather unexpectedly that only the
N-terminal (Pro-Hyp-Gly)5 extensions formed the triple
helix. The downstream native collagen sequence portions,
disulfide-cross-linked at the C-terminus, were kept in prox-
imity, but in an extended unordered conformation.[14] These
structural properties would suggest a contribution of the
cystine knot mainly in terms of entropy by converting folding
of the trimer into a concentration-independent process and
would point to a weak triple-helix nucleation/induction.
To further investigate this aspect, in the present study the


two trimers shown in Figure 1 were synthesised and compa-
ratively analysed in their conformational properties. Trimer I
consists of only (Pro-Hyp-Gly) repeats as the most ideal
sequence composition for stabilisation of the collagen triple
helix,[15] and based on the results obtained with related
homotrimers cross-linked by Kemp×s triacid,[6] a chain length
of five repeats was selected. In trimer II (4R)-hydroxyproline
(Hyp) was replaced with (4S)-FPro, since significant adverse
effects on the stability of the triple helix were expected that
would allow better estimates of the contribution of the cystine
knot. In fact, it has been reported that replacement of Hyp


with (4R)-FPro in (Pro-Hyp-Gly)10 leads to a remarkably
enhanced triple-helix stability owing to stereoelectronic
effects that favour the required trans conformation of the
preceding peptide bond.[16] Conversely, substitution with (4S)-
FPro in (Pro-Hyp-Gly)7 prevents the triple-helical struc-
ture.[17] On the basis of a high-resolution X-ray structure
analysis of (Gly-Pro-Hyp)10 the effects of (4R)-FPro were also
attributed to its preference for the exo-pucker.[18] This agrees
with the results of a detailed NMR analysis of the model
compounds Ac-(4R)-FPro-OMe and Ac-(4S)-FPro-OMe
which clearly revealed a stabilisation of the trans and cis
conformation, but also of the exo- and endo-pucker in the two
diastereomers, respectively.[17, 19]


Results


Synthesis of the trimers


Synthesis of the � chains : In our previous syntheses of the
(Pro-Hyp-Gly)n extensions of collagenous peptides, use was
made of both hydroxy-protected and -unprotected (Pro-Hyp-
Gly) tripeptide synthons.[8] Since such repetitive sequences
result in products difficult to purify, even by HPLC, quanti-
tative acylation steps and maximum suppression of pipera-
zine-2,5-dione (diketopiperazine) formation is required. Thus,
in chain elongation steps on resin by the standard HBTU/
HOBt/DIEA (1:1:2) procedure, double couplings with a
fourfold excess of the tripeptide synthons were employed
making these syntheses rather expensive and time-consuming.
In the present study the usefulness of TFFH[20] was inves-
tigated with an in situ conversion of the synthons into the
related fluorides, which were expected to efficiently acylate
N-terminal proline residues. In fact, double couplings with an
1.8- and 0.8-fold excess of tripeptides were sufficient for
quantitative acylation as monitored by the chloranil test.[21] To
suppress the troublesome diketopiperazine formation in the
Fmoc cleavage step, a mixture of 2% DBU and 2%
piperidine in DMF at 0 �C was used. The reaction time was
shortened and the synthesis substantially improved. This
deprotection protocol, combined with the fast and efficient
fluoride-mediated acylation, led to significant suppression of
diketopiperazine-derived deletion sequences.
Moreover, ™inverse∫ capping with Boc2O was applied after


each acylation step in the case of the N-acetylated � chains
used for assembly of the trimers according to Scheme 1 as well
as for the synthesis of the N-acetylated � chains containing
(4S)-FPro. By this mode of capping, upon TFA-mediated
resin-cleavage/deprotection, truncated sequences as side
products are unprotected at the N-termini, thus facilitating


chromatographic purification of
the target products. To prevent
side reactions at C-terminal cys-
teine residues linked directly to
the resin,[22] the � chains were
extended at the C-termini with a
glycine residue, and to suppress
racemisation, coupling of the
side-chain-protected Fmoc-cys-
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Figure 1. Synthetic heterotrimers containing (Pro-Hyp-Gly)5 (trimer I) and (Pro-(4S)-FPro-Gly)5 repeats (trimer
II) and cross-linked C-terminally with a cystine knot designed to fit into a triple-helical collagen-like structure.
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Scheme 1. Attempted assembly of � chains with unprotected Hyp residues
into trimer I by thiol-disulfide exchange reactions as used in previous
studies.[8]


teines was performed with the related pentafluorophenyl
esters or, in the case of chlorotrityl resin, with HBTU in the
presence of lower amounts of auxiliary base, as previously
suggested.[23] It is noteworthy that oxidation of the Cys(StBu)
disulfide to sulfenic acid thiol ester by traces of peroxides was
observed even when using methyl tert-butyl ether as solvent.
These sulfoxides are then reduced in the phosphine-mediated
reductive cleavage of the StBu group yielding the desired
cysteine peptides.


Assembly of the heterotrimer I according to Scheme 1: In
previous syntheses we have assembled various collagenous
heterotrimers by the strategy outlined in Scheme 1. This route
allows purification of the � chains protected only at the
cysteine residues and foresees activation of selected thiol
functions as o-Npys or p-Npys derivatives with subsequent
thiol/disulfide exchange reactions performed in aqueous
solutions under slightly acidic conditions.[24] While the assem-
bly of heterotrimers containing the collagenase cleavage site
of collagen type I proceeded successfully according to this
strategy,[8a±c] in the synthesis of heterotrimers containing the
integrin �1�1 recognition epitope of collagen type IV diffi-
culties were encountered.[8d] These were attributed to the high
tendency of the monomeric and dimeric species to self-
associate into triple-helical homotrimers in aqueous solu-
tion.[25] Only with the proper selection of the � chain to be
activated at the thiol function and paying particular attention
to the kinetic control of the o-Npys derivatisation of the
dimers, could the desired trimers be prepared in satisfactory
yields and homogeneity.[8d]


The peptide Ac-(Gly-Pro-Hyp)5-NH2 is known to fold into
a triple helix in water with a Tm of 18 �C at 0.14 m�
concentration.[6b] Consequently, at room temperature the �


chains of trimer I were expected to be only partly folded (see
below). However, reaction of the �2 chain, upon reductive
cleavage of the StBu group, with 2,2�-dithiobis(5-nitropyr-
idine)[26] in DMF/AcOH (95:5) to produce, under exclusion of


oxygen, the S-activated species, is accompanied by formation
of homodimers even when the thiol component is added very
slowly to an excess of disulfide reagent. These findings may
reasonably be explained by assuming a triple-helical con-
formation of the �2 chain in the reaction medium which leads
to a high local concentration of free thiols and thus to reaction
with the S-p-Npys-activated chain to form homodimers at
rates competing with the activation reaction. Nonetheless, the
desired S-p-Npys-derivatised �2 chain was readily separated
from the homodimer species and then reacted according to
Scheme 1 with the �1 chain to produce the desired hetero-
dimer. However, displacement of the Acm group from the
dimer with o-Npys-Cl or even with the more reactive p-Npys-
Cl in slightly acidic aqueous solution to produce the S-acti-
vated dimer was found to generate mixtures of products under
all the examined conditions. A hindered access of the S-Acm
thioether has, kinetically, to favour the attack of the sulfenyl
chloride on the preformed disulfide which leads to scrambling
of the dimer as already observed in our previous studies.[25]


Similarly, the subsequent reaction of the purified S-activated
dimer with the �1� chain led to mixtures of products which can
only be explained in terms of strong self-aggregation phenomena.


Assembly of the heterotrimer I according to Scheme 2 : To
bypass the difficulties encountered in the synthesis of the
trimer I following Scheme 1, suppression of self-association of
the intermediates into triple helices and/or aggregates was the


Scheme 2. Synthetic route for the assembly of [Pro-Hyp(tBu)-Gly]5- and
[Pro-(4S)-FPro-Gly]5-containing � chains into trimers I and II, respectively.


essential premise. To achieve this, the use of O-tert-butyl-
protected hydroxyproline residues in the � chains was
examined, since this bulky protecting group was expected to
prevent the triple-helical conformation as well as aggregation.
For this purpose the single � chains were synthesised on
chlorotrityl resin to allow their recovery from the resin in the
side-chain-protected form. Attempts to employ the StBu
group for cysteine protection and to cleave this group on resin
using phosphines for subsequent conversion of the cysteine
residues into the S-p-Npys derivatives with 2,2�-dithiobis(5-
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nitropyridine) failed. Therefore, Cys(Acm) derivatives were
used and the �1 and �1� chains were converted on resin into
the �1(o-Npys)[I] and �1�(o-Npys)[I] compounds by reaction
with o-Npys-Cl (Scheme 2). Uponmild acid cleavage from the
resin, the fully protected peptides were isolated by HPLC.
Moreover, as shown by comparing Schemes 1 and 2, even the
combination of thiol protecting groups had to be changed to
exclude the reaction of o-Npys-Cl with the dimer. This crucial
intermediate was assembled in DMF, despite the slow thiol/
disulfide exchange reaction in aprotic media. Upon acid
cleavage of the trityl group from the �1�2(Trt)[I] dimer, its
reaction with the S-activated �1� chain in DMF under
exclusion of oxygen was again found to proceed at low rates.
The side-chain protected trimer could, however, be isolated in
satisfactory yields by size-exclusion chromatography. The CD
spectra of this side-chain-protected trimer I derivative in
aqueous solution at 4 �C confirmed the absence of triple-
helical structure and thus, the strong effect of the O-tert-butyl
groups on conformational preferences of the related peptides
(see below).
Among the various cocktails analysed for the final depro-


tection step, TFA/Et3SiH/H2O (89:10:1) proved to be the
most efficient in terms of quantitative cleavage of the tert-
butyl ether groups without affecting the cystine knot. In fact,
the target trimer I was obtained directly as an analytically
well-defined product.


Synthesis of the heterotrimer II : For the synthesis of the
Fmoc-Pro-(4S)-FPro-Gly-OH as intermediate, the transfor-
mation of (4R)-hydroxyproline into (4S)-fluoroproline by
reaction with DAST[27] was exploited at the level of Z-Pro-
Hyp-OH. The aim was to convert simultaneously the C-ter-
minal carboxy group into the fluoride for subsequent coupling
with glycine. A combination of thiol protecting groups (as
shown in Scheme 2, was selected for the synthesis of trimer II.
Correspondingly, the �1 and �1� chains were converted on
resin into the related S-o-Npys derivatives. Since CD spectra
of the single monomeric chains clearly revealed the absence of
the triple-helical conformation (data not shown), the thiol/
disulfide exchange reactions were carried out according to
Scheme 2, but in slightly acidic aqueous solutions. As
expected, the reactions were found to proceed at high rates
in this medium and generated the desired products without
particular difficulties. The absence of self-association of the
(4S)-FPro-containing peptides and thus, the straightforward
assembly of the � chains into the trimers confirmed the strong
correlation between propensity for triple helices and synthetic
difficulties encountered in the assembly of the trimer I.


Conformational characterisation of the collagenous peptides


Circular dichroic properties of the � chains : The CD spectra
of the N-acetylated and C-amidated � chains with five (Pro-
Hyp-Gly) repeats in water at 4 �C exhibit a positive maximum
at 225 nm of significant intensity. The negative maximum at
about 200 nm as expected for a triple-helical conformation,
and correspondingly the Rpn (see footnote in Table 1 for an
explanation) could not be determined because of the high
peptide concentration (1 m�) required for self-association of


collagenous peptides. However, the related thermal denatu-
ration profiles confirm a triple-helical structure at least to
some extent, for example, the Tm of the cysteine-protected �2
chain is 15.6 �C (Table 1), a value which compares well with
that previously reported for an analogous (Gly-Pro-Hyp)5
peptide (Tm� 18 �C).[6b] Similarly, the absence of ordered
structure for the (4S)-FPro containing chains at 4 �C was
expected from the conformational properties reported for
[Pro-(4S)-Fpro-Gly]7.[17]


Conformational properties of trimer I : As expected from the
synthetic accessibility of trimer I in the side-chain protected
form, its CD spectra in aqueous solution clearly reveals a
significantly reduced propensity for triple-helical conforma-
tion compared to the unprotected trimer (Table 1). Replace-
ment of Hyp residues by Hyp(tBu) in a structural model of the
folded trimer I revealed no steric clashes with neighbouring
side chains, but shows that the tert-butyl group exposes a large
hydrophobic area to the solvent. The entropic costs associated
with triple-helix formation may, therefore, disfavour the
ordered structure. It has been also reported thatO-acetylation
of (Pro-Hyp-Gly)10 leads to a decrease of its Tm value from 58
to 25 �C.[28]


Upon removal of the side-chain protecting group, the
resulting trimer I folds into the collagen-type structure, as
determined by its circular dichroic properties. The C-terminal
interchain disulfide bridging leads to a significant stabilisation
of the triple helix, which is reflected by the high Rpn value of
0.142 and the strong increase of the Tm to �56 �C (Table 1).
Because of the N-terminal acetylation of the three �-chains,
significant pH and ion strength effects on triple-helix stability,
as reported for non-capped collagen peptides,[29] are not
observed (see the CD parameters listed in Table 1).
In molecular dynamics simulations of the heterotrimer I a


triple-helical conformation is observed not only for the (Pro-
Hyp-Gly) repeats, but also for the cystine knot. Only the last
glycine of each strand shows marked deviations from the
typical dihedral angles of a triple helix. However, two of these
C-terminal glycines are also involved in the hydrogen bonds
expected for a triple-helical conformation. The third glycine
occupies a Y position (Figure 1) and, therefore, is not
expected to form a hydrogen bond. The same argument is
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Table 1. Circular dichroic parameters of the collagen peptides as derived from
CD spectra recorded at 4 �C after 12 h preequilibration at this temperature
under different conditions. The thermal denaturation curves were monitored at
225 nm with a heating rate of 0.2 �Cmin�1.


Collagen peptides Solvent �max� [�R] �max� [�R] Rpn[a] Tm [�C]


�2(Acm,StBu)[I][b] H2O n.d. 224.9 (3113) n.d. 15.6
�1�2�1�(tBu)[I][c] H2O 200.4 (�16264) 225.4 (1407) 0.086 n.d.
trimer I[c} H2O 198.2 (�29120) 225.9 (4137) 0.142 56.7


pH 7.2[d] 197.5 (�34385) 224.1 (3680) 0.107 56.3
pH 3.0[e] 198.4 (�24148) 224.7 (3333) 0.138 56.3


trimer II[c] H2O 199.6 (�14885) ± ± ±


[a] Rpn is defined as the absolute value of the ratio between the CD intensities
of the positive band over that of the negative band and is considered as the
index of triple helicity.[30] [b] 1� 10�3�. [c] 4� 10�5�. [d] 20 m� phosphate
buffer (pH 7.2) containing 20 m� NaCl, 0.2 m� EDTA and 0.2 m� NEM.
[e] 20 m� phosphate buffer (pH 3.0).
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valid for the Cys residues that occupy X and Y positions, and
consequently, in the computer model, they expose their amide
hydrogen atoms to the solvent. Consistent with these findings
is the experimental temperature dependence of NMR chem-
ical shifts that show no involvement in hydrogen bonds for the
Cys residues. Conversely, for all glycines of the (Pro-Hyp-Gly)
repeats and, additionally, one of the C-terminal glycines,
hydrogen bonds are indicated by NMR temperature shifts all
more positive than �4.5 ppbK�1 (Figure 2).


Conformational properties of trimer II : In contrast to the
well-defined structure of trimer I no conformational prefer-
ences could be derived from the CD properties of trimer II
containing the [Pro-(4S)-FPro-Gly] repeats (Table 1). The CD
spectrum with only a negative band centred at 200 nm is fully
consistent with a random coil structure. This is further
supported by the 1D 1H NMR spectrum of trimer II at 10 �C
which resembles the NMR spectrum of trimer I at high
temperature (75 �C) in the fully unfolded state. As shown in
Figure 2, for trimer II no signal is observed at the chemical
shift typical for triple-helical glycines (�� 7.7 ppm). In con-
trast, most glycine amide protons resonate at �� 8 ppm
indicative of random coil. The possible existence of either
poly-(Pro)-I or poly-(Pro)-II helices is excluded by the fact
that for Gly-Pro and the Pro-(4S)-FPro imide bonds both cis
and trans conformations are observed by the NMR spectrum
in ratios that are close to those of Pro and (4S)-FPro in model
compounds.[19a] A broadening of the Cys signals that increases
at lower temperatures suggests a slow conformational ex-
change between different arrangements of the constrained


cystine knot. Surprisingly, temperature shifts indicative of
protection of the amide from the solvent are observed for two
glycine amides and one C-terminal NH2 proton. A compar-
ison with the spectra of trimer I allows a tentative assignment
of these glycines as the C-terminal ones. However, H/D
exchange experiments did not identify any amide proton of
trimer II as protected in a stable hydrogen bond. Thus, some
conformational preference might be present in the C-terminal
part of the cystine knot, without, however, any relevance to
the [Pro-(4S)-FPro-Gly]5 extensions. A close association of
the single chains without formation of a stable structure is
likely, but cannot be proven by NMR analysis.


Thermal stability of trimer I


By comparing the thermal denaturation of the self-associated
�2 chain and of trimer I in water, a large shift of the Tm value
from 15.6 to 56.7 �C (Figure 3) is observed. The effect of the
cystine knot is lower than that of Kemp�s triacid as N-terminal
scaffold in KTA-[Gly-(Gly-Pro-Hyp)5-NH2]3 (Tm� 70 ± 72 �C
in H2O[6b] and 62 �C in 10 m� AcOH[7]), but compares well
with the triple-helix stabilisation by cyclotriveratrylene in
(�)CTV-[Gly-Gly-(Pro-Hyp-Gly)5-NH2]3 (Tm� 58 �C in
10 m� AcOH) and (�)CTV-[Gly-Gly-(Pro-Hyp-Gly)5-NH2]3
(Tm� 55 �C in 10 m� AcOH).[7] In contrast to thermal
denaturation of the self-associated �2 chain, the trimer I
unfolds in a highly cooperative manner as indicated by the
sharp two-state transition curve (Figure 3). Rather unexpect-
edly, however, the thermal refolding trace of trimer I in water
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Figure 2. Fingerprint-regions (amide/aliphatic) of the 2D-TOCSY-NMR spectra for trimer I (left) and trimer II (right) recorded in water at 10 �C. Vertical
lines indicate spin systems. On top the corresponding sections of the 1D 1H spectra with partial assignments are given. Vertical arrows below the 1D spectrum
mark amide resonances that exhibit a temperature shift indicative of hydrogen bonding (� � 4.5 ppbK�1).







Disulfide-Cross-Linked Collagenous Heterotrimers 3692±3702


Figure 3. Thermal denaturation of the of the self-associated �2(Acm,
StBu)[I] chain (�) and of the trimer I (�) as monitored by CD at 225 nm in
water at 1� 10�3� and 4� 10�5� concentration, respectively.


is reminiscent of the unfolding curve of the �2 chain with a
shift of the Tm value to about 20 �C. Mass spectrometric
analysis of the sample upon thermal unfolding clearly reveals
irreversible denaturation by scrambling of the disulfides into
the �1�1 and �1��1� homodimers, the �1�1� heterodimer as
well as the intra-chain-disulfide-linked �2 chain which con-
tains two adjacent cysteine residues (Scheme 3). Although


Scheme 3. Thermal decomposition of trimer I into the four components
which were identified by LC-ESI-MS.


formation of the �2 homodimer cannot be unambiguously
excluded from the mass spectral data, all facts support the
generation of the rather unusual eight-membered cyclic
structure. Intramolecular disulfide-linked adjacent cysteine
residues are very rare in peptides and proteins.[31] Typical
examples are the bicyclic peptide malformin with disulfide-
linked �-Cys ± �-Cys[32] and the nicotinic acetylcholine recep-
tors with oxidised �-Cys ± �-Cys where this cyclic motif is
crucial for ligand binding.[33] X-ray structure analysis of the
oxidised �-Cys ± �-Cys dipeptide revealed a cis conformation
of the peptide bond,[34] suggesting a trans/cis isomerisation as a
requirement for intramolecular oxidation. However, more
recent detailed NMR studies of a related model peptide in
aqueous solution clearly indicated a preference of the trans
over the cis conformation.[35]


Thermodegradation has recently been reported for the
natural cystine knot of collagen type III when H-Gly-Ser-
(Gly-Pro-Pro)11-Gly-Pro-Cys-Cys-(Gly)3-OH, oxidised to the
related trimer, was thermally unfolded.[36] The pathways and
mechanisms of irreversible thermal denaturation/inactivation
of proteins are still obscure, primarily because of severe
conceptual and experimental problems encountered in their
investigation. It is, however, well established that in addition
to deamidation of Asn and/or Gln residues and scission of
labile peptide bonds, the major process is represented by
disulfide scrambling as a result of thiol-catalysed intramolec-
ular interchanges of disulfide bonds and by � elimination at


cystine residues with formation of dehydroalanine as new
reactive species.[37] The thiols required for initiation of the
intra- and intermolecular interchange of disulfides are gen-
erated in the � elimination at cystine residues.[37, 38]


Although these thiols, if formed, should be trapped with
NEM, thus preventing the intermolecular thiol/disulfide
exchange processes, thermal decomposition of trimer I was
not relevantly affected in the presence of 0.2� NEM in
phosphate buffer (pH 7.2). Addition of CuCl2 which was
shown to efficiently suppress irreversible denaturation of
RNase A,[37b] led, at pH 7.2, to large precipitation of Cu(OH)2.
However, operating at pH 3.0 in the presence of 1 m� CuCl2,
thermodegradation of the cystine knot was fully prevented.
At this acidic pH, even in the absence of CuCl2, scrambling of
the disulfides was not observed and the thermal unfolding
process was fully reversible as evidenced by superposition of
the related transition curves (Figure 4). The thermodynamic


Figure 4. Thermal unfolding (�) and refolding (�) of the trimer I
monitored by CD at 225 nm with a heating rate of 0.2 �Cmin�1 at 4�
10�5� concentration in 20 m� phosphate buffer (pH 3.0).


parameters extracted from the melting curves are reported in
Table 2. The Tm values of the trimer I in water and in
phosphate buffer at pH 3 are identical within the limits of
error of the measurements (Table 1) and similar values were
determined by DSC (Tm� 56.0 �C in water and 55.7 �C at
pH 3.0).
The endotherms of thermal unfolding of the trimer I in


water (Figure 5) and in phosphate buffer at pH 3.0 (Figure 6)
are also very similar suggesting a limited contribution of the
disulfide-scrambling reaction to the �G� of the unfolding
process in water. A comparison of the thermodynamic
parameters derived from CD measurements and DSC for
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Table 2. Thermodynamic parameters extracted from the thermal denatu-
ration curves monitored by CD at 225 nm for trimer I and the self-
associated �2(Acm,StBu)[I] chain in 20 m� phosphate buffer (pH 3.0).


Collagen peptides Tm [�C] �HVH [kJmol�1] �SVH [Jmol�1K�1]


trimer I[a] 56.3 � 206 � 624
(�2(Acm,StBu)[I])3[b] 14.2 � 187 � 651


[a] Concentration 4� 10�5�. [b] Monomer concentration 1� 10�3�.
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Figure 5. Thermal unfolding of the self-associated homotrimeric
�2(Acm,StBu)[I] (�) and of the trimer I (�) in water at 1� 10�3� and
4� 10�5� concentration, respectively, as monitored by DSC.


Figure 6. Thermal unfolding (�) and refolding (�) of trimer I at 4� 10�5�
concentration in 20 m� phosphate buffer (pH 3.0) as monitored by DSC.


unfolding of the self-associated �2 chain with those of the
trimer I (Tables 2 and 3) further supports the strong effect of
the disulfide knot on the stability of the triple helix with a shift
of the Tm value by �40 �C. The favourable entropy term for


unfolding of the homotrimeric �2 chain is markedly reduced
at the high concentration used (1� 10�3� of �2(Acm,StBu)[I]
versus 4� 10�5� of trimer I) (Table 2).
The unfolding and refolding traces of trimer I in phosphate


buffer (pH 3.0), as monitored by DSC, are reported in
Figure 5. Even if slight differences in the peak-tailing can be
observed, the thermograms show an identical overall profile
as expected from the fully reversible process in this solvent
system. The related �H and �S values (Table 3) compare well
with those extracted from the CD measurements.
In the NMR spectra of trimer I at temperatures between


4 �C and 75 �C, signal sets corresponding to the triple-helical
and unfolded state can clearly be distinguished (data not
shown). This, together with the absence of line broadening,
indicates folding and unfolding rates slower than 10 s�1 at
least up to 50 �C. At higher temperatures the signals of the
folded state become too weak for analysis of the line shapes.


Discussion


There is a general consensus that disulfide knots in native
collagens stabilise the triple-helical structure. Refolding
experiments performed on disulfide-cross-linked collagens
and collagen fragments were all supportive of a triple-helix
nucleation role of such interchain cross-links.[1a, 10] The
C-terminal cystine knot of trimer I leads to a significant
enhancement of the triple-helix stability as evidenced by an
increase in the Tm value of �40 �C. It is not superior to
cyclotriveratrylene[7] and particularly to Kemp�s triacid[6b]


used for N-terminal cross-linking of collagenous peptides of
identical Pro-Hyp-Gly triplet composition, unless N- and
C-terminal cross-linking produces different effects. In model-
ling experiments performed for this purpose no difference is
observed between N- and C-terminal cystine knots.
While the Cys residues were positioned in trimer I in a


mode that allows possible extension of the triple helix into the
C-terminus, the Kemp�s triacid scaffold was spaced from the
collagen triplets with a flexible glycine residue to permit
correct registration of the chains.[6] NMR conformational
analysis clearly revealed that despite this spacing at least one
Gly-Pro-Hyp triplet per chain is only partially included in the
triple-helix packing.[39] Conversely, both MD simulations and
NMR analysis of trimer I would support an involvement of all
five triplets in the hydrogen bonding network as well as even
part of the cystine knot. A possible explanation for the lower
stabilisation effect of the disulfides compared to Kemp�s
triacid could be a slight mismatch of the disulfide geometry
with the triple-helical backbone conformation. This mismatch
could well account for the observed thermodegradation of the
cystine knot. However, by heating the non-structured trimer
II under identical conditions to trimer I, scrambling of the
disulfides was found to occur to an identical extent. Thus,
solely the high temperature required for complete unfolding
of trimer I (70 ± 80 �C) is responsible for the observed
thermolysis. In fact, scrambling of unsymmetrical disulfides
into symmetrical disulfides is known to occur readily under
basic and even neutral conditions, particularly in the presence
of traces of thiols which may be formed on heating.[37, 38]
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Table 3. Thermodynamic parameters derived from the thermal denatura-
tion of the collagen peptides as monitored by DSC.


Collagen peptides Solvent Tm


[�C]
�H
[kJmol�1]


�S
[Jmol�1K�1]


trimer I[a] pH 3
(1st melting)


55.7 � 191 � 583


pH 3
(1st refolding)


54.5 � 204 � 623


pH 3
(2nd melting)


55.7 � 202 � 613


(�2(Acm,StBu)[I])3[b] H2O 18[c] ± ±


[a] Concentration 4� 10�5� in 20 m� phosphate buffer, pH 3.0 (Figure 6).
[b] Monomer concentration 1� 10�3� in water (Figure 5). [c] The calori-
metric curve could not be fitted with the two-state model; Tm for
�2(Acm,StBu)[I] was estimated from the endotherm depicted in Figure 5.
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Under acidic conditions the nucleophilicity of the thiols
required for initiation of the process is significantly reduced,
and thermodegradation was not observed.
The NMR-derived structural information for trimer I is


further supported by the modelling experiments. These would
suggest a direct involvement of the simple artificial cystine
knot in nucleation of the triple helix and, as expected from the
entropy term, in stabilisation of this fold. Nonetheless,
replacing the Hyp residues with Hyp(tBu) and particularly
with (4S)-FPro in the five triplets of all three � chains
disfavours the onset of a triple-helical structure. Because of
the hydrophobic nature of the bulky tert-butyl group the low
propensity for the collagen structure in this side-chain-
protected trimer I is conceivable. The strong unfavourable
effect of the (4S)-FPro was, however, expected.[17] In model
compounds the energy difference between the cis and trans
conformation of Ac-(4S)-FPro-OMe is about 2 kJmol�1


smaller than in the related (4R)-FPro or Hyp derivatives.[19b]


Since the triple helix is a highly cooperative system the
substitution of fifteen Hyp residues by (4S)-FPro could
destabilise the triple-helical state by 30 kJmol�1 or more.
Thus, the stabilising effect of the cystine knot is exceeded by
the destabilisation due to (4S)-FPro.


Experimental Section


Peptide synthesis


Materials and methods : All reagents and solvents were of the highest
quality commercially available and were used without further purification,
except DMF, which was freshly distilled over ninhydrin. Unless otherwise
stated, amino acid derivatives were purchased from Fluka (Taufkirchen,
Germany), TFFH and 2-(2-nitropyridyl)sulfenyl chloride and 2,2�-dithio-
bis(5-nitropyridine) from Aldrich (Taufkirchen, Germany). The Wang-
(linker: 4-benzyloxybenzyl alcohol), Rink-MBHA- (linker: 4-[(R,S)-�-
amino-2�,4�-dimethoxybenzyl]phenoxyacetyl-norleucine-amidobenzhydr-
yl), XAL- (linker: 5-(9-amino-9H-xanthen-3-yloxy)valeric acid) and
chlorotrityl resin were from Calbiochem-NovaBiochem (L‰ufelfingen,
Switzerland) and TentaGel-S-PHB (linker: p-hydroxybenzyl) and Tenta-
Gel-S-RAM (linker: 4-[(R,S)-�-amino-2�,4�-dimethoxybenzyl]phenoxyace-
tic acid) were from Rapp Polymere GmbH (T¸bingen, Germany). Peptide
synthesis was performed manually in a polypropylene syringe fitted with a
polyethylene disk. Precoated silica gel60 TLC plates were obtained from
Merck AG (Darmstadt, Germany) and compounds were visualised with
chlorine/tolidine or permanganate. Analytical RP-HPLC was performed
with Waters equipment (Eschborn, Germany) using reversed-phase
NucleosilC18 columns (0.4� 25 cm, 10 �m, Macherey & Nagel, D¸ren,
Germany) and linear gradients of MeCN/2% H3PO4 (from 5:95 to 90:10 in
15 min at a flow rate of 1.5 mLmin�1) as eluents. UV absorbance was
monitored at 210 nm. Preparative RP-HPLC was carried out with Abimed
equipment (Langenfeld, Germany) on reversed-phase NucleosilC18 (2.1�
25 cm, 5 �m end capped) columns by elution with a linear gradient of
MeCN (containing 0.08% TFA)/0.1% TFA from 2:8 to 8:2 in 50 min.
Elution profiles were monitored by UV absorbance at 210 nm. For
preparative size-exclusion column chromatography a 145/1.25 Fraktogel
HSK HW-40S column (145� 1.25 cm) and isocratic elution with 0.5%
AcOH at a flow rate of 0.4 mLmin�1 was used. ESI-MS spectra were
recorded on a PE Sciex API165. Amino acid analyses of the acid
hydrolysates (6� HCl containing 2.5% thioglycolic acid, 110 �C, 72 h) were
performed on a LC6001 Biotronic amino acid analyser.


Fmoc-Pro-Hyp(tBu)-Gly-OH was synthesised as described previously.[8d]


Synthesis of the Hyp-unprotected � chains : The � chains for assembly of
trimer I according to Scheme 1 were synthesised on TentaGel-S-PHB and
TentaGel-S-RAM using Fmoc-Pro-Hyp(tBu)-Gly-OH synthons and puri-


fied by preparative HPLC following essentially the protocols described
previously.[8d]


Ac-(Pro-Hyp-Gly)5-Cys(StBu)-Gly-OH, �1(StBu)[I]: Synthesis on Tenta-
Gel-S-PHB (0.224 m� Fmoc-Glyg�1; 1.25 g). Yield: 162 mg (35%); HPLC:
tR� 7.4 min (98%); ESI-MS: m/z : 823.0 [M�2H]2� ;Mr� 1644.86 calcd for
C71H105N17O24S2.


Ac-(Pro-Hyp-Gly)5-Cys(Acm)-Cys(StBu)-Gly-NH2, �2(Acm,StBu)[I]:
Synthesis on TentaGel-S-RAM (0.25 mmolg�1; 1 g). Yield: 145 mg
(32%); HPLC: tR� 7.9 min (98%); ESI-MS: m/z : 910.0 [M�2H]2� ; Mr�
1818.09 calcd for C77H116N20O25S3; amino acid analysis: Hyp 4.99 (5), Pro
5.01 (5), Gly 6.16 (6), Cys 1.87 (2); peptide content: 91.3%.


Ac-(Pro-Hyp-Gly)5-Pro-Cys(StBu)-Gly-NH2, �1�(StBu)[I]: Synthesis on
TentaGel-S-RAM (0.25 m� g�1; 1 g). Yield: 135 mg (46%); HPLC: tR�
8.1 min (98%); ESI-MS: m/z : 871.4 [M�2H]2� ; Mr� 1741.01 calcd for
C76H113N19O24S2.


Synthesis of the protected � chains on XAL resin : The Fmoc-protected
XAL resin (loading: 0.62 mmolg�1) was treated with 20% piperidine in
DMF (1� 15 min, 1� 5 min) and then washed successively with DMF (3�
1 min), MeOH (3� 1 min), CH2Cl2 (3� 1 min) and MeOH (3� 1 min).
Coupling of the first amino acid (Fmoc-Gly-OH) was performed twice with
five equivalents of Fmoc-Gly-OH/HBTU/HOBt/DIEA (1:1:1:2) in DMF
(2� 1 h) followed by washing with DMF (3� 1 min), MeOH (3� 1 min),
CH2Cl2 (3� 1 min), MeOH (3� 1 min) and DMF (3� 1 min). The resin
was capped by acetylation with Ac2O (4 equiv)/DIEA (4 equiv) and
DMAP (0.1 equiv) in DMF (2� 30 min). Loading of the resin with the first
amino acid was determined spectroscopically by quantification of the
fulvene/piperidine adduct at 301 nm (�� 7800) upon Fmoc removal under
above conditions.


Chain elongation with Fmoc-amino acids was performed by double
couplings with four equivalents of Fmoc-amino acid/HBTU/HOBt/DIEA
(1:1:1:2) in DMF (2� 1 h) except for S-protected Fmoc-Cys-OH which was
coupled by the HBTU procedure with lower DIEA concentration. The
coupling steps were followed by washings with DMF (3� 1 min), MeOH
(3� 1 min), CH2Cl2 (3� 1 min) and MeOH (3� 1 min). Chain elongation
with Fmoc-Pro-Hyp(tBu)-Gly)-OH was carried out by double couplings
(2 h) with 1.8 equiv and 0.8 equiv Fmoc-Pro-Hyp(tBu)-Gly-OH/TFFH/
DIEA (1:1:2), respectively, in DMF (in the first three coupling steps) and
NMP/CH2Cl2 (in the last two coupling steps) followed by washings with
DMF (3� 1 min), acylation with Boc2O (10 equiv) in DMF (20 min) and
additional washings with DMF (3� 1 min), MeOH (3� 1 min), CH2Cl2
(3� 1 min) and MeOH (3� 1 min). Coupling efficiency was monitored
with the Kaiser test[40] except for N-terminal proline residues where the
chloranil test[21] was applied.


Cleavage of the Fmoc protecting group from the Fmoc-Pro-peptidyl resin
was carried out with 2% piperidine and 2% DBU in DMF (0 �C, 1� 60 s,
1� 30 s), followed by washings with DMF (3� 1 min), MeOH (3� 1 min),
CH2Cl2 (3� 1 min) and MeOH (3� 1 min). N-terminal acetylation of the
peptides on resin was performed with four equivalents of Ac2O/DIEA (1:1)
in DMF (2� 30 min) followed by washings with DMF (3� 1 min), MeOH
(3� 1 min), CH2Cl2 (3� 1 min) and MeOH (3� 1 min).


Synthesis of the protected � chains on chlorotrityl resin : The peptides were
synthesised by using Fmoc-Gly-Trt(Cl) resin (loading: 0.57 mmolg�1)
essentially as described in the case of the XAL resin.


Synthesis of the heterotrimer I


Ac-[Pro-Hyp(tBu)-Gly]5-Cys(o-Npys)-Gly-OH, �1(tBu,o-Npys)[I]: Ac-
[Pro-Hyp(tBu)-Gly]5-Cys(Acm)-Gly-Trt(Cl) resin was synthesised starting
from Fmoc-Gly-Trt(Cl) resin (435 mg, loading: 0.57 mmolg�1) and then
treated with o-Npys-Cl (2 equiv) in DMF at room temperature for 5 h. The
resin was filtered off and washed successively with DMF (3� 1 min),
MeOH (3� 1 min), CH2Cl2 (3� 1 min) and Et2O (3� 1 min), and then
dried under reduced pressure. Cleavage from the resin was performed with
2% TFA, 2% Et3SH and 2% H2O in CH2Cl2 (1� 15 min, 2� 40 min); the
resin was washed with CH2Cl2. The filtrates were combined and taken to
dryness. The crude product was dissolved in MeOH and purified by
preparative RP-HPLC. Fractions containing homogeneous product were
combined, concentrated and lyophilised. Yield: 55 mg (11%) of yellowish
powder; HPLC: tR� 11.1 min (98%); ESI-MS: m/z : 996.6 [M�2H]2� ;
Mr� 1991.37 calcd for C92H139N19O26S2; amino acid analysis: Hyp 5.19 (5),
Pro 5.02 (5), Gly 6.00 (6), Cys 0.99 (1); peptide content: 76.1%.
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Ac-[Pro-Hyp(tBu)-Gly]5-Cys(Trt)-Cys(StBu)-Gly-NH2, �2(tBu,Trt,St-
Bu)[I]: The synthesis was carried out on XAL resin (400 mg, loading:
0.62 mmolg�1) as described under general procedures. Acidolytic cleavage
was performed three times (1� 5 min, 1� 40 min, 1� 90 min) with 2%
TFA, 2% Et3SiH and 2% H2O in CH2Cl2. The resin was washed with
CH2Cl2 and the filtrates were immediately diluted with DMF, combined
and evaporated. The crude product was dissolved in MeOH and purified by
preparative RP-HPLC. Fractions containing the desired peptide were
pooled, concentrated and lyophilised from tBuOH/H2O (5:1). Yield: 90 mg
(16%); HPLC: tR� 14.3 min (98%); ESI-MS: m/z : 1135.8 [M�2H]2� ;
Mr� 2269.88 calcd for C113H165N19O24S3.


Ac-[Pro-Hyp(tBu)-Gly]5-Cys(Trt)-Cys-Gly-NH2, �2(tBu,Trt)[I]: Tributyl-
phosphine (10 equiv, 98 �L, 0.4 mmol) was added to Ac-[Pro-Hyp(tBu)-
Gly]5-Cys(Trt)-Cys(StBu)-Gly-NH2, �2(tBu,Trt,StBu)[I] (90 mg,
39.7 �mol) in TFE/H2O (95:5, 100 mL) and the solution was stirred at
room temperature for 5 h. The bulk of the solvent was removed and the
residue lyophilised from tBuOH/H2O (4:1). Yield: 86%; HPLC: tR�
13.3 min (� 95%); ESI-MS: m/z : 1091.4 [M�2H]2� ; Mr� 2181.71 calcd
for C109H157N19O24S2; amino acid analysis: Hyp 5.04 (5), Pro 4.90 (5), Gly
6.00 (6), Cys 2.20 (2); peptide content: 73.2%.


Ac-[Pro-Hyp(tBu)-Gly]5-Pro-Cys(o-Npys)-Gly-NH2, �1�(tBu,o-Npys)[I]:
Ac-(Pro-Hyp(tBu)-Gly)5-Pro-Cys(Acm)-Gly-XAL resin was synthesised
on XAL resin (400 mg, loading: 0.62 mmolg�1) as described under general
procedures. Conversion of the S-Acm derivative with o-Npys-Cl into the S-
o-Npys derivative and cleavage from the resin was performed as described
for �1(tBu,o-Npys)[I] . The crude product was dissolved in MeOH and
purified by preparative RP-HPLC. Fractions containing the desired
material were pooled, concentrated and lyophilised, Yield: 124 mg
(24%) of yellowish powder; HPLC: tR� 12.05 min (98%); ESI-MS: m/
z : 1044.2 [M�2H]2� ; Mr� 2087.51 calcd for C97H147N21O26S2; amino acid
analysis: Hyp 5.05 (5), Pro 6.03 (6), Gly 6.00 (6), Cys 1.02 (1); peptide
content: 82.4%.


Assembly of the heterodimer �1�2(tBu,Trt)[I]: A solution of �2(tBu,
Trt)[I] (17.64 mg; 5.92 �mol) and �1(tBu,o-Npys) (15.5 mg: 5.92 �mol) in
DMF (0.5 mL) was stirred for five days at room temperature under argon.
The progress of disulfide formation was monitored by RP-HPLC. The
mixture was concentrated to gel and the reaction allowed to proceed for an
additional two days under the exclusion of oxygen. The mixture was then
diluted with tBuOH/H2O (4:1) and lyophilised. The crude product was
purified by size-exclusion chromatography using 0.5� AcOH/nBuOH/2-
propanol (7:2:1) as eluent. Fractions containing the desired product
(HPLC) were pooled and lyophilised. Yield: 14.7 mg (62%); HPLC:
tR� 12.3 min (98%); ESI-MS: m/z : 2009.2 [M�2H]2� and 1339.8
[M�3H]3� ; Mr� 4016.94 calcd for C196H294N36O48S3.


S-Deprotection of the heterodimer �1�2(tBu,Trt)[I]: A solution of the
heterodimer �1�2(tBu,Trt)[I] (14.7 mg, 3.67 �mol) in 3% TFA and 3%
Et3SH in CH2Cl2 (20 mL) was stirred at room temperature for 15 min, and
then diluted with DMF and taken to dryness. The residue was dissolved in
tBuOH/H2O (4:1) and lyophilised. Yield: 13.85 mg (100%); HPLC: tR�
10.3 min (�98%); ESI-MS:m/z : 1888.2 [M�2H]2� and 1259.0 [M�3H]3� ;
Mr� 3774.6 calcd for C117H278N36O48S3.


Assembly of the side-chain-protected heterotrimer �1�2�1�(tBu)[I]: The
S-deprotected heterodimer �1�2(tBu)[I] (13.8 mg; 3.67 �mol) and
�1�(tBu,o-Npys) (11.2 mg; 4.41 �mol) were dissolved in argon-saturated
DMF (0.5 mL) and stirred under argon for five days at room temperature.
The solution was then concentrated to gel and allowed to stand for
additional two days at room temperature. The mixture was diluted with
tBuOH/H2O (4:1) and lyophilised. The crude product was purified by size-
exclusion chromatography using 0.5� AcOH/nBuOH/2-propanol (7:2:1)
as eluent. Fractions containing the desired product (HPLC) were pooled
and lyophilised; yield: 8.5 mg (41%); HPLC: tR� 12.6 min (�98%); ESI-
MS:m/z : 1903.0 [M�3H]3�, 1427.4 [M�4H]4� and 1142.0 [M�5H]5� ;Mr�
5704.97 calcd for C269H421N55O72S4.


Heterotrimer I : The side-chain-protected heterotrimer �1�2�1�(tBu)[I]
(8.5 mg; 1.49 �mol) was dissolved in ice-cold TFA/Et3SiH/H2O (89:10:1,
3 mL) and stirred for 5 min. The solution was diluted with H2O and
lyophilised; yield: 7.2 mg (100%); HPLC: tR� 7.3 min (�95%); ESI-MS:
m/z : 1622.4 [M�3H]3� and 1216.8 [M�4H]4� ; Mr� 4864.34 calcd for
C209H305N55O72S4; amino acid analysis: Hyp 14.9 (15), Pro 15.92 (16), Gly
18.17 (18), Cys 3.93 (4); peptide content: 79.0%.


Synthesis of the heterotrimer II


Z-Pro-(4S)-FPro-Gly-OBzl : DAST (7.23 mL, 50.4 mmol) was added to an
ice-cold suspension of Z-Pro-Hyp-OH[41] (5 g, 12.6 mmol) in CH2Cl2
(30 mL) and the mixture was stirred for 4 h at room temperature. Then
H-Gly-OBzl ¥ TsOH (5.26 g, 15.1 mmol) was added followed by DIEA
(5.2 mL, 30.2 mmol) and the solution was stirred for a further 6 h at room
temperature. The solution was poured onto ice and the organic layer
extracted with 5% NaHCO3, 5% KHSO4 and H2O. After drying over
MgSO4, the solvent was removed under reduced pressure leaving a dark
oily residue. The crude product was chromatographed on silica gel by
elution with CHCl3 followed by 0.2% AcOH in 5 ± 15%MeOH in CHCl3.
Fractions of the last elute containing homogeneous material (TLC) were
pooled and taken to dryness. Yield: 4 g (62%); TLC: Rf� 0.36 (AcOH/
MeOH/CH2Cl2, 0.5:5:94.5); HPLC: tR� 12.2 min (�95%); ESI-MS: m/z :
512.4 [M�H]� ; Mr� 511.56 calcd for C27H30N3O6F.


H-Pro-(4S)-FPro-Gly-OH ¥TsOH : Z-Pro-(4S)-FPro-Gly-OBzl (4 g,
7.8 mmol) was hydrogenated over a 10% Pd/C in MeOH/H2O (9:1)
containing TsOH (1.48 g, 7.8 mmol). After 12 h the catalyst was filtered off
and the solution evaporated to dryness. The oily residue was lyophilised
from tBuOH/H2O (4:1). Yield: 2.3 g (100%) of colourless oil; TLC: Rf�
0.05 (AcOH/MeOH/CH2Cl2, 0.5:5:94.5); HPLC: tR� 1.2 min (�98%);
ESI-MS: m/z : 288.2 [M�H]� ; Mr� 287.3 calcd for C12H18N3O4F.


Fmoc-Pro-(4S)-FPro-Gly-OH : Fmoc-OSu (3.16 g, 9.36 mmol) was added
to H-Pro-(4S)-FPro-Gly-OH ¥TsOH (2.2 g, 7.8 mmol) in H2O/dioxane
(2:1) containing NaHCO3 (1.64 g, 19.5 mmol). The reaction was stirred
overnight at room temperature, then the mixture was neutralised and the
bulk of the solvent was removed under reduced pressure. The residue was
dissolved in 5% NaHCO3 and the excess of Fmoc-OSu extracted with
EtOAc. The aqueous solution was acidified with 5% KHSO4 and the
product extracted with EtOAc (3� ). The combined extracts were washed
with brine, dried over MgSO4 and taken to dryness. The crude product was
chromatographed on silica gel by elution with CHCl3, followed by 0.2%
AcOH and 5 ± 15%MeOH in CHCl3. Yield: 2.47 g (62%); TLC: Rf� 0.46
(AcOH/MeOH/CH2Cl2, 0.5:5:94.5); HPLC: tR� 10.9 min (98%); ESI-MS:
m/z : 510.4 [M�H]� ; Mr� 509.54 calcd for C27H28N3O6F.


Ac-[Pro-(4S)-FPro-Gly]5-Cys(o-Npys)-Gly-OH, �1(o-Npys)[II]: Wang
resin (1.1 mmolg�1, 280 mg) was loaded with (Fmoc-Gly)2O and DMAP
as catalyst at a degree of 0.32 mmolg�1 and residual hydroxy groups were
capped with a large excess (10 equiv) of Ac2O/DIEA (1:2) in the presence
of DMAP as catalyst according to standard procedures. The peptide was
synthesised by coupling Fmoc-Cys(Acm)-OH and Fmoc-Pro-(4S)-FPro-
Gly-OH (5� ), intermediate Fmoc cleavage and final acetylation applying
the general procedures described above. The S-Acm protected peptide was
converted on resin to the S-o-Npys derivative by reaction with o-Npys-Cl as
described for �1(tBu,o-Npys)[I]. The peptide was cleaved from the resin
with TFA/Et3SiH/H2O (96:2:2) (1� 5 min, 1� 30 min, 1� 60 min). The
combined filtrates were evaporated under reduced pressure and the crude
product was dissolved in MeOH and purified by preparative RP-HPLC.
Fractions containing the desired material were pooled, concentrated and
lyophilised. Yield: 35.6 mg (23%) of yellowish powder; HPLC: tR� 9.0 min
(98%); ESI-MS: m/z : 860.4 [M�2H]2� ; Mr� 1720.79 calcd for
C72H94N19O21F5S2.


Ac-[Pro-(4S)-FPro-Gly]5-Cys(Trt)-Cys(StBu)-Gly-NH2, �2(Trt,StBu)[II]:
The peptide chain was synthesised on XAL resin (277 mg, 0.62 m� g�1) and
worked up as described for �2(tBu,Trt,StBu)[I]. The crude product was
dissolved in MeOH and purified by preparative RP-HPLC. The product
was isolated by lyophilisation. Yield: 37.6 mg (11%); HPLC: tR� 9.2 min
(98%); ESI-MS: m/z : 1000.4 [M�2H]2� ; Mr� 1999.29 calcd for
C93H120N19O19F5S3.


Ac-[Pro-(4S)-FPro-Gly]5-Cys(Trt)-Cys-Gly-NH2, �2(Trt)[II]: Cleavage of
the StBu group was performed as described for �2(tBu,Trt)[I]. Yield:
23.6 mg (84%); HPLC: tR� 11.3 min (98%); ESI-MS: m/z : 956.2
[M�2H]2� ; Mr� 1911.12 calcd for C89H112N19O19F5S2.


Ac-[Pro-(4S)-FPro-Gly]5-Pro-Cys(o-Npys)-Gly-NH2, �1�(o-Npys)[II]:
The title compound was synthesised on Rink-MBHA resin (138.5 mg,
loading: 0.65 mmolg�1) as an S-Acm protected derivative applying the
general procedures described above. Its conversion on resin to the S-o-
Npys derivative was performed with o-Npys-Cl as described for �1(tBu,o-
Npys)[I]. Cleavage from the resin was carried out with TFA/Et3SiH/H2O,
96:2:2 (1� 5 min, 1� 30 min, 1� 60 min). The filtrates were combined and
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the solvents removed under reduced pressure. The crude product was
purified by preparative RP-HPLC. Yield: 47.5 mg (29%) upon lyophilisa-
tion; HPLC: tR� 10.7 min (98%); ESI-MS: m/z : 909.6 [M�2H]2� ; Mr�
1816.92 calcd for C77H102N21O21F5S2.


Assembly of the heterodimer �1�2(Trt)[II]: �2(Trt)[II] (23.6 mg,
12.3 �mol) and �1(o-Npys)[II] chain (21.3 mg, 12.3 �mol) were stirred in
degassed and argon-saturated H2O (0.5 mL) for 6 h at room temperature.
The solution was diluted with tBuOH/H2O (4:1) and lyophilised. The crude
product was purified by size-exclusion chromatography using 1� AcOH as
eluent. Fractions containing the desired product were pooled and
lyophilised. Yield: 10.3 mg (24%); HPLC: tR� 10.4 min (� 98%); ESI-
MS: m/z : 1159.4 [M�2H]2� ; Mr� 3473.79 calcd for C156H204N36O38F10S3.


S-Deprotection of the heterodimer �1�2(Trt)[II]: The heterodimer
�1�2(Trt)[II] (10.3 mg, 2.97 �mol) was stirred in TFA/Et3SiH/H2O
(94:3:3, 5 mL) for 5 min at room temperature. The mixture was concen-
trated under reduced pressure to an oil which was then lyophilised from
tBuOH/H2O (4:1); yield: 9.6 mg (100%); HPLC: tR� 7.9 min (�98%);
ESI-MS: m/z : 1617.8 [M�2H]2�, 1078.6 [M�3H]3� ;Mr� 3233.44 calcd for
C137H200N36O38F10S3.


Heterotrimer II : A solution of the S-unprotected heterodimer �1�2[II]
(8.9 mg, 2.75 �mol) and �1�(o-Npys)[II] (6.0 mg, 3.3 �Mol) in degassed
H2O (0.5 mL) was stirred under argon for 6 h at room temperature. The
reaction mixture was then diluted with tBuOH/H2O (4:1) and lyophilised.
The crude product was purified by size-exclusion chromatography with 1%
AcOH as eluent. The heterotrimer II was isolated by lyophilisation. Yield:
3.9 mg (29%); HPLC: tR� 8.2 min (�98%); ESI-MS: m/z : 1632.0
[M�3H]3� and 1224.0 [M�4H]4� ; Mr� 4894.11 calcd for
C209H300N55O57F15S4.


CD measurements : CD spectra were recorded on a Jasco J-715 spectro-
polarimeter equipped with a thermostated cell holder and connected to a
PC for signal averaging and processing. All spectra were recorded in the
range 190 ± 250 nm, employing quartz cuvettes of 0.1 cm optical path
length. The average of 10 scans is reported and expressed in terms of
ellipticity units per mole of peptide residues ([�]R). The measurements
were performed on peptide solutions pre-equilibrated at 4 �C for at least
12 h, at 1� 10�3� concentration for single � chains and at 4� 10�5�
concentration for trimers I and II in water or in 20 m� phosphate buffer
at pH 7.2 and 3.0. The concentrations were determined by weight and
peptide content as obtained from the quantitative amino acid analysis of
the peptides. The thermal denaturation curves were registered on the same
peptide solutions following the change in intensity of the CD signal at
225 nm upon increasing the temperature from 4 �C to 90 �C with a heating
rate of 0.2 �Cmin�1. Tm values and thermodynamic parameters were
derived from original transition curves using the JASCO software.


DSC measurements : The temperature dependence of the partial heat
capacity was determined on a VP-DSC microcalorimeter (MicroCal,
Northampton, USA) equipped with a cell feedback network and two fixed-
in-place cells with effective volumes of approximately 0.5 mL. The
measurements were carried out on peptide solutions at 1� 10�3� concen-
tration for the �2(Acm,StBu)[I] chain and at 4� 10�5� concentration for
trimer I in water or in 20 m� phosphate buffer (pH 3.0) after preequilibra-
tion at 4 �C for at least 12 h. Thermal denaturations were recorded by
monitoring the variation of the heat capacity (Cp) as a function of the
temperature in the range 4 to 90 �C using a scan rate of 0.2 �Cmin�1. Data
analysis was performed with the Origin software modified for micro-
calorimetric applications (MicroCal, Northampton, USA) using the two-
state transition model.[42]


NMR measurements : NMR experiments for conformational analysis of
trimers I and II were carried out at a proton frequency of 500.13 MHz
between 10 �C and 75 �C on a Bruker DRX500 spectrometer. Concen-
trations were 2 m� for trimer I and 1 m� for trimer II. For trimer I partial
resonance assignments could be achieved according to the method of
W¸thrich[43] using 2D-DQF-COSY,[44] 2D-TOCSY[45] and 2D-NOESY[46]


experiments. Both trimers were measured in a H2O/D2O (9:1) mixture
using the WATERGATE water suppression scheme.[47] For trimer II 2D-
DQF-COSY, 2D-TOCSYand 2D-NOESYexperiments were also recorded
on a 100% D2O sample. In the D2O spectra of trimer II two spin systems
could be identified for each of the Pro and (4S)-FPro residues. The major
one corresponds in both cases to the trans conformation of the peptidyl-
proline bond. whereas the minor one belongs to the cis conformation.


Identification of trans and cis conformation was based on characteristic
NOEs [trans : H�(i� 1)�H�(i), cis : H�(i� 1)�H�(i)]. Temperature shift
coefficients for the amide protons were obtained from 1D spectra recorded
between 10 �C and 20 �C. Higher temperatures were not suitable for
determination of temperature shifts as the onset of melting of the triple-
helical conformation is clearly seen above 20 �C. H/D exchange experi-
ments were performed for trimer II at 10 �C. D2O was added on ice to a
sample lyophilised from H2O. The first 1D measurement could be
performed 10 min after addition of D2O and already showed a complete
lack of amide signals.


Molecular modelling : Molecular modelling was performed on Silicon
Graphics O2R5000 computers (Silicon Graphics Inc., Mountain View, CA)
with the INSIGHTII program package (Accelrys, San Diego, CA) using the
CVFF force field. Molecular dynamics simulations of trimer I were carried
out in a water box of size 8� 3� 3 nm3 containing approximately
2100 water molecules. Starting from an ideal triple-helical conformation
for the whole backbone, equilibration was performed in two steps. After
energy minimising the water molecules in the box with the trimer fixed in
place, dynamics simulation was started at 10 K with the trimer backbone
tethered to the starting conformation with 40 kJmol�1ä�2. After 10 ps,
tethering was removed and a further 20 ps were simulated at 10 K followed
by gradual heating (with time constant of 1 ps) to 100 K during 50 ps. At
this point the temperature bath coupling was reduced (time constant of
5 ps) and the temperature was raised to 300 K. After 100 ps, the temper-
ature was set to the final value of 500 K and a further 100 ps were
simulated. In all simulations the step size was 1 fs and snapshots were saved
each picosecond.


The influence of the O-tert-butyl groups of the Hyp residues on the triple-
helix conformation and stability was investigated using a distance depend-
ent dielectric constant (�� 1.0 ¥ r [ä]) as solvent model. In the (Pro-Hyp-
Gly) repeats preceding the cystine knot the hydroxy groups of the Hyp
were replaced by O-tert-butyl. In the first step of minimisation the
backbone atoms of the molecule were fixed in the initial triple-helix
conformation and amino acid side-chain atoms were tethered to the initial
conformation with 40 kJmol�1ä�2. Only the protecting groups were
allowed to move freely. After the first minimisation, overlap of atoms
was removed with minimal movement of the side chains (RMSD� 0.06 ä).
In a second step extensive minimisation without constraints was performed.
In the final structure no steric clashes were observed, with the triple-helix
conformation only moderately disturbed. The hydrogen-bonding network
of the triple helix remained unaffected. Apparently steric effects do not
represent the major destabilising factor in the side-chain-protected trimer I.
As the tert-butyl groups at the outside of the triple helix are oriented
towards the solvent, it is more likely that exposure of such large
hydrophobic surfaces disfavours triple-helix formation.
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The Role of Cystine Knots in Collagen Folding and Stability, Part II.�
Conformational Properties of (Pro-Hyp-Gly)n Model Trimers with N- and
C-Terminal Collagen Type III Cystine Knots**


Dirk Barth,[a] Otto Kyrieleis,[a] Sabine Frank,[b] Christian Renner,[a] and Luis Moroder*[a]


Abstract: In mature collagen type III
the homotrimer is C-terminally cross-
linked by an interchain cystine knot
consisting of three disulfide bridges of
unknown connectivity. This cystine knot
with two adjacent cysteine residues on
each of the three � chains has recently
been used for the synthesis and expres-
sion of model homotrimers. To investi-
gate the origin of correct interchain
cysteine pairings, (Pro-Hyp-Gly)n pep-
tides of increasing triplet number and
containing the biscysteinyl sequence C-
and N-terminally were synthesised. The
possibilities were that this origin may be
thermodynamically coupled to the for-
mation of the collagen triple helix as
happens in the oxidative folding of
proteins, or it could represent a post-
folding event. Only with five triplets,


which is known to represent the mini-
mum number for self-association of
collagenous peptides into a triple helix,
air-oxidation produces the homotrimer
in good yields (70%), the rest being
intrachain oxidised monomers. Increas-
ing the number of triplets has no effect
on yield suggesting the formation of
kinetically trapped intermediates, which
are not reshuffled by the glutathione
redox buffer. N-terminal incorporation
of the cystine knot is significantly less
efficient in the homotrimerisation step
and also in terms of triple-helix stabili-
sation. Compared to an artificial C-ter-


minal cystine knot consisting of two
interchain disulfide bridges, the collagen
type III cystine knot produces collage-
nous homotrimers of remarkably high
thermostability, although the concentra-
tion-independent refolding rates are not
affected by the type of disulfide bridg-
ing. Since the natural cystine knot allows
ready access to homotrimeric collage-
nous peptides of significantly enhanced
triple-helix thermostability it may well
represent a promising approach for the
preparation of collagen-like innovative
biomaterials. Conversely, the more la-
borious regioselectively formed artificial
cystine knot still represents the only
synthetic strategy for heterotrimeric
collagenous peptides.


Keywords: collagen ¥ cystine knot ¥
peptides ¥ protein folding ¥ triple
helix


Introduction


The homotrimeric collagen type III contains at the C-termi-
nus two adjacent cysteine residues which, upon initial


trimerisation of the � chains by the non-collagenous prodo-
mains, form an interchain disulfide knot of unknown con-
nectivity.[1] This cystine knot, which is C-terminally extended
by a non-collagenous sequence portion, as well as an identical
C-terminal cystine knot present in the amino-terminal seg-
ment of type III procollagen (Col 1-3) were found to provide
an efficient nucleus for triple-helix propagation from the C- to
the N-terminus in a zipper-like mechanism.[2] Modelling of
this cystine knot, which is generated by interchain-disulfide
bridging of two adjacent cysteine residues located on each of
the three identical �-chains, suggested that only one of the
eight possible isomers can be accommodated into a triple
helix.[2b] The chemistry so far available for regioselective
interchain-cysteine pairings is, however, insufficient to cross-
link three peptide chains by three disulfide bonds. Therefore,
in our previous studies on synthetic collagen peptides we used
a simplified cystine knot consisting of only two disulfides for
the selective assembly of three different peptide chains into
heterotrimeric collagen molecules in the desired chain
register.[3]


Recently, a (Gly-Glu-Arg)15 peptide C-terminally extended
by the sequence Gly-Pro-Cys-Cys-Gly of collagen type III was
synthesised and oxidised under GSH/GSSG catalysis as well
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as in the presence of protein-disulfide isomerase to produce a
homotrimeric model collagen peptide for studying pH effects
on the stability of a triple-helix devoid of prolines.[4] Similarly,
a polypeptide chain consisting of (Gly-Pro-Pro)n and elon-
gated C-terminally with the Gly-Pro-Cys-Cys-(Gly)3 sequence
was expressed in E. coli and successfully oxidised under GSH/
GSSG catalysis into the desired homotrimer.[5] The oxidation
product was characterised as a trimer by SDS-Page and
analytical ultracentrifugation, and it exhibited concentration-
independent thermal unfolding and refolding kinetics typical
of cross-linked collagen peptides. The question of whether
oxidation of the monomeric species leads to a unique
C-terminal cystine knot as suggested from the modelling
experiments[2b] was not addressed in these studies.
This successful oxidative assembly of homotrimeric collag-


enous peptides compelled us to use synthetic (Pro-Hyp-Gly)n
peptides of increasing chain length to compare the triple-helix
inducing/stabilising effects of this natural cystine knot with
the effects of the simplified artificial one used in the preceding
article.[6] Moreover, oxidative refolding experiments with such
peptides of increasing (Pro-Hyp-Gly) triplet numbers were
expected to address the question as to what extent optimally
matched self-associated trimers in equilibrium with nonstruc-
tured monomers and mismatched triple helices is affecting the
yields of correctly oxidised trimers.
In the case of collagen type XIII even N-terminal nuclea-


tion of the triple-helical structure has been proposed[7] and
numerous conformational studies on collagen model peptides
have employed synthetic collagenous trimers N-terminally
cross-linked on templates.[8] Most recently, even the native
collagen type III cystine knot has been incorporated N-ter-
minally into expressed constructs with (Gly-Pro-Pro)10, and
folding rates were found to be comparable to those of the
C-terminally cross-linked collagen peptides.[9] Nonetheless,
the additional aim of this study was to further analyse the
effect of an N-terminal collagen type III cystine knot on the
conformational stability of related collagenous trimers.
For this purpose the trimers I ±V in Figure 1 were designed


for oxidative experiments and for comparative analysis with
trimer VI which was synthesised and characterised in its
triple-helical structure in the preceding article.[6] We demon-
strate that the monomeric species have to prefold into the


Figure 1. Sequence composition of the homotrimers I ±V whose syntheses
were attempted or carried out in the present study; heterotrimer VI with
the C-terminal artificial cystine knot[6] is reported for comparison.


triple helix to allow an oxidative assembly to the cross-linked
trimers in good yields. It is also apparent that the C-terminal
knot is significantly more efficient than the N-terminal, at
least according to our design of the monomeric species
containing the two adjacent cysteine residues at the C- or
N-terminus, respectively.


Results


Synthesis of the trimers


Design of the cystine knots : For the design of trimers I ± III
with the C-terminal cystine knot (Figure 1) the residues Yaa
and Gly of one classical collagen repeat (Xaa-Yaa-Gly) were
replaced by cysteines. The sequence was extended C-termi-
nally with glycines to interrupt the collagenous sequence
composition in analogy to the C-terminus of collagen type -
III[1] and to the previously reported collagenous peptides
containing this cystine-cross-linking system.[4, 5] To induce
triple-helix nucleation at the N-terminus, in trimer IV (Fig-
ure 1) the cysteine residues were placed in the Xaa-Yaa
positions of the triplet, since it is well known that replacement
of the crucial Gly residue with other amino acids leads to
distortion of the collagen structure because of steric clashes.[10]


This design, however, differs from that applied by Frank et al.
who introduced the dipeptide spacer Gly-Ser between the two
adjacent cysteines and the first (Gly-Pro-Pro) repeat.[9]


Finally, for cross-linking the � chains both at the N- and
C-termini, a combination of both cystine knots was imple-
mented in trimer V.


Oxidation experiments : The single chains were synthesised on
solid supports by optimised procedures[6] using S-tert-butyl-
thio protection for the cysteine residues. The tripeptide
derivative Fmoc-Pro-Hyp(tBu)-Gly-OH was used as the
synthon for (Pro-Hyp-Gly)n chain elongations according to
Fmoc/tBu chemistry. Oxidation of the fully deprotected single
chains to form the trimers was carried out under slightly basic
conditions in the presence and absence of glutathione
(Scheme 1).
The intrinsic ability of the single chains to self-associate into


triple-helical homotrimers was found to be crucial in this
oxidation/trimerisation step. In fact, the CD spectrum of
peptide 1a with its (Pro-Hyp-Gly)3 sequence, at 1 m�
concentration in water, is not consistent with the presence
of triple-helical homotrimers, in full agreement with previous
reports on similar collagenous (Gly-Pro-Hyp)n peptides of
increasing triplet numbers.[8b, 11] Thus, even upon equilibration
of the peptide 1b at 4 �C for several hours, its exposure to
oxidising conditions at 7 ± 8 �C led to a product mixture in
which the desired trimer I could not be detected by LC-MS.
Conversely, pre-equilibration of peptide 2a, which contains
five (Pro-Hyp-Gly) repeats, at low temperature and at 1 m�
concentration yields a CD spectrum that reflects a high
content of triple helix with a melting temperature of 20.3 �C
(Table 1). This value is very similar to that reported for the
related peptide Ac-(Gly-Pro-Hyp)5-NH2 at 0.2 mgmL�1 con-
centration in water.[8b] Thus, performing the oxidation experi-
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Scheme 1. Oxidative assembly of [Pro-Hyp-Gly]n-containing monomers
into the homotrimers I ±V.


ments at 1 m� concentration of 2b in 25 m� ammonium
acetate (pH 8) and at a temperature far below the Tm value,
that is at 7 ± 8 �C, most of the substrate was expected to be in
the triple-helical structure. In fact, simple air oxidation of 2b
generates a product distribution consisting on average of
about 70% trimer II, the remaining product being essentially
oxidised monomer. The product distribution was not affected
by the pH value in the range 7 to 9, although at higher pH
values, as expected, oxidation rates were enhanced. Oxidation
in the presence of GSH/GSSG (peptide/GSH/GSSG ratio of
1:9:0.9) to possibly reshuffle unproductive oxidation inter-
mediates was found to occur at significantly slower rates, but
again without appreciable effect on the product distribution.
Performing the experiment in the presence of Cu2� or other
metal ions to catalyse the thiol oxidation,[12] the oxidation
rates were neither enhanced, nor were the yields of trimer II
affected.
An increase in the yield of trimer formation was expected


for peptide 3b with its seven (Pro-Hyp-Gly) repeats. The


triple-helix stability of the self-associated trimer (1 m�
concentration of 3a in 20 m� phosphate buffer containing
150 m� NaCl, pH 7.2) is significantly increased (Tm� 41.6 �C),
but the resulting product distribution was found to be very
similar to that determined for peptide 2b with about 70%
trimer III. A possible explanation could be the high aggre-
gation tendency observed for both the self-associated homo-
trimeric peptide 3b and trimer III (see below).
Oxidation of peptide 4bwhich exhibits an identical intrinsic


ability to self-associate into a structured homotrimer as
peptide 2b, generates the desired trimer IV with the
N-terminal cystine knot in only very low yields. In fact,
performing this oxidation under the identical conditions used
for peptide 2b in the absence as well as in the presence of
glutathione redox buffer, a product distribution of oxidised
monomer/dimer/trimer of approximately 80:10:10 and traces
of tetramer was obtained as estimated from the peak areas of
the chromatographic elution profile. The identity of the
products was verified by LC-MS. Finally, even worse results
were obtained in the attempts to produce trimer V with both
an N- and C-terminal cystine knot by oxidation of peptide 5b.
A complex product mixture was generated which could not be
resolved chromatographically into the single components and
which probably consists mainly of oligomers.


Analytical characterisation of the trimers : Since the cystine
connectivities of the C-terminal cystine knot of collagen
type III are so far unknown, modelling experiments were
performed which suggest that among the eight possible
isomers for the three cross-linked peptide chains by three
disulfides, two are the most plausible in terms of steric
compatibility when placed at the C-terminus of a triple helix.
The two isomers are shown in Scheme 2.


Scheme 2. The two most plausible cystine connectivities knots A and B for
trimer II as deduced from molecular modelling. Knot A corresponds to the
previously-proposed disulfide cross-links.[2b]


The observation that the self-associated homotrimers and
the oxidised trimers differ only slightly in their chromato-
graphic properties upon HPLC analysis was not fully un-
expected. Therefore, it may also be assumed that different
cystine knots would not affect the chromatographic behaviour
sufficiently to allow a clear resolution of potential isomers. As
a consequence, particular attention was paid to analysing the
presence and homogeneity of the cystine knot in the isolated
trimers. The chromatographically-isolated products II, III and
IV were found to elute as single peaks in size-exclusion
chromatography and to behave as homogeneous materials
when studied by HPLC. ESI-MS and, particularly, the isotope
pattern of FT-ICR-MS confirmed the disulfide-cross-linked
trimeric composition of the compounds as illustrated, for
example, for trimer II, in Figure 2. Although even the NMR
spectra were consistent with a single set of cystine connectiv-
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Table 1. Thermodynamic parameters extracted from the thermal denatu-
ration curves monitored by CD at 225 nm for the collagen peptides in
A) 20 m� phosphate containing 150 m� NaCl, pH 7.2; B) 20 m� phos-
phate buffer, pH 3.0, containing 1 m� CuCl2, and C) 20 m� phosphate
buffer, pH 3.0.


Collagen peptides Solvent Tm [�C] �HVH [kJmol�1] �SVH [Jmol�1K�1]


single chain 2a[a] A 20.3 � 191 � 651
trimer II[b] A 68.1 � 179 � 525


B 68.0 � 179 � 525
C 69.0 � 173 � 507


trimer IV[b] B 58.4 � 131 � 397
trimer VI[b,c] C 56.3 � 206 � 624


[a] Concentration 1� 10�3�� [b] Concentration 4� 10�5�. [c] Reported
from the preceding article[6] for comparison.
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Figure 2. A) Expansion of the region including the [M�5H]5� peak of
homotrimer II in the FT-ICR-MS spectrum; B) theoretical isotope
distribution of the 5-fold charged homotrimer.


ities (see below), the unambiguous proof for the presence of a
single cystine knot isomer can only be expected from X-ray
crystallographic analysis.


Crystallisation of trimers II and III


From the crystallisation experiments performed so far, non-
refracting rod-like crystals were obtained with trimer II
(Figure 3a) whereas trimer III formed essentially fibrils
(Figure 3b).


Figure 3. A) Crystals of trimer II and B) fibrils of trimer III.


This preferred formation of fibrils fully agrees with the
observed high tendency of peptide 3b and trimer III to
aggregate in solution (see above). The increased refracting
power of crystals of (Pro-Pro-Gly)10 grown under micro-
gravity conditions allowed to determine the correct unit-cell
parameters and to derive a model for packing of the collagen
molecules which involves direct head-to-tail interactions of


the charged N- and C-termini of the triple helices.[13] Most
probably an identical organisation of the molecules occurs in
crystals grown under normal conditions for (Pro-Pro-Gly)10
and (Pro-Hyp-Gly)10.[14] Possibly such organisation favours
crystallisation and simultaneously prevents formation of
fibrils which were, however, observed in the case of the
non-charged trimer III. The different behaviour of trimers II
and III, both folded into highly stable triple helices (see
below), would suggest the need for a critical length of the rod-
shaped molecules for their association into fibrils. This is
favoured by water-mediated hydrogen bonding between polar
groups[15] such as the Hyp residues present in trimer III in a
regular pattern.


Conformational properties of the collagenous peptides


Avery strong increase in thermal stability of the triple-helical
structure is induced by the collagen type III C-terminal knot.
This is to be expected on the basis of our previous studies of
collagenous peptides cross-linked with a C-terminal artificial
cystine knot[3, 6] as well as from studies on trimeric collagenous
peptides cross-linked on various templates.[8, 16] This effect is
well illustrated in Figure 4 where thermal unfolding of the


Figure 4. Thermal unfolding of the self-associated monomer 2a at 1�
10�3 � (�), trimer II (�) and trimer VI (�) at 4� 10�5� concentration in
20 m� phosphate buffer (pH 3) as monitored by A) DSC and B) CD at
225 nm; the transition curves of trimer VI from the preceding article[6] are
reported for comparison.
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self-associated peptide 2a is compared to trimer II. To allow
for a fast equilibration of the peptide 2a,[17] high peptide
concentrations are required. Thus a 1 m� solution of 2a was
used, whereas for the cross-linked trimer II where rate
constants of the folding and unfolding processes are concen-
tration independent, the concentration was lowered to 4�
10�5�. A substantially enhanced Tm value of 68 �C was
determined in buffered solution (pH 7.2) for trimer II as
compared to 20.3 �C for the non-cross-linked peptide 2a
(Table 1). Almost identical transition curves were registered
in water (data not shown). It is noteworthy that the triple-
helix structure of the (Pro-Hyp-Gly)5 portion of trimer II with
its native cystine knot is also significantly more stable than
that of trimer VI cross-linked by the artificial cystine knot
(Figure 4 and Table 1).
As expected from the melting temperature of the self-


aggregated peptide 3a with its seven (Pro-Hyp-Gly) triplets
(Tm� 41.6 �C), for trimer III the triple-helix stability reaches a
Tm value of 81.5 �C which is very similar to that reported for
the recombinant (Pro-Pro-Gly)10 with the C-terminal cystine
knot (Tm� 82 �C).[5] Surprisingly, even at 4� 10�5 m� con-
centration in water and in phosphate buffer at both pH 7.2 and
3.0, trimer III exhibits a high tendency to aggregate as
evidenced by the strong scattering in the far UV. As a
consequence, thermodynamic parameters were not derived
from CD thermal transition curves at pH 7.2 and 3.0.
A comparison of the conformational stability induced by


the N- and C-terminal cystine knot, respectively, (Figure 5)
clearly revealed that the latter cross-linking in trimer IV is


Figure 5. Thermal unfolding of trimer II (�) and trimer IV (�) monitored
by CD at 225 nm with a heating rate of 0.2 �Cmin�1 at 4� 10�5�
concentration in 20 m� phosphate buffer (pH 3.0).


remarkably less efficient than the C-terminal disulfide bridg-
ing of trimer II. This is proven by the 10 �C lower Tm value
(Table 1). Even more surprising is the different shape of the
thermal transition curves, which would suggest a significantly
less cooperative unfolding of trimer IV compared to trimer II.
A similarly reduced conformational stability has recently
been reported for a (Gly-Pro-Pro)10 construct with the
N-terminal collagen III cystine knot expressed in E. coli
when compared with the identical C-terminally cross-linked
construct.[9]


Molecular modelling


We performed molecular dynamics simulations of trimers II
and IV in a water box for two possible disulfide connectivities
(Scheme 2). The other theoretically possible combinations
were excluded on the basis that cystine bridges would have to
be formed between cysteines that are quite spatially distant in
a triple-helical conformation. In the synthesis of the trimers
efficient oxidation is performed under conditions where the
monomers are self-associated into a triple helix, and it
therefore seems extremely unlikely that very distant cysteines
would form a disulfide bond. MD simulations were also
performed for a (Pro-Hyp-Gly)11 trimer where the cystine
knot was placed in the middle of the trimer to investigate the
compatibility of a cystine knot in a triple-helical conforma-
tion. In previous modelling experiments based on visual
inspection,[2b] it was concluded that the type A knot of
Scheme 2 represents the natural cystine connectivities. The
computer simulations suggest that neither cystine knot is
compatible with a triple-helical conformation. However, in
the simulations of trimer II with its C-terminal disulfide cross-
links, both types of cystine connectivities allow a triple-helical
conformation of the (Pro-Hyp-Gly) triplet directly adjacent to
the knot. Since dihedral anlges of the cystine knot itself
deviate only moderately from those of the triple-helical
conformation, a possible induction of this structure by the
C-terminal cystine knot is supported by the simulations.
Contrarily, for the N-terminal cystine knot of trimer IV large
deviations of the dihedral angles from those of a triple-helical
conformation are observed. Even the first (Pro-Hyp-Gly)
triplet is significantly distorted compared to an ideal triple
helix. The experimentally observed lower stability and lower
synthetic accessibility of trimer IV compared to trimer II is
thus rationalised in terms of a lower compatibility of the
cystine knot with the triple helix when placed at the
N-terminus in the mode we chose for trimer IV. A definite
statement regarding which cystine knot of Scheme 2 is the one
present in the synthesised trimers cannot be made on the basis
of the MD simulations. Type B of Scheme 2 seems more
compatible with the triple-helical conformation in terms of
dihedral angles, whilst type A represents the intuitively
simplest way of forming the three disulfide bonds and leads
to a conformation that, from visual inspection, seems closer to
the triple helix.


NMR analysis


Measurement of experimental temperature dependences of
NMR chemical shifts for trimer II resulted, for all glycines of
the five (Pro-Hyp-Gly) repeats, in values more positive than
�4.5 ppbK�1 (Figure 6) indicating involvement in hydrogen
bonding as expected for a triple-helical structure. Conversely,
the glycines C-terminal of the cystine knot seem to be
unstructured as judged from their chemical shift and temper-
ature shift coefficients. Surprisingly, no NMR signals were
observed for the Cys residues below 70 �C, a fact that can only
be explained by strong exchange broadening. The 1H NMR
spectra contain only few broad, but well-defined, resonances
indicating the presence of only one homogeneous conforma-
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Figure 6. Fingerprint-region (amide/aliphatic) of the 2D-TOCSY NMR
spectrum for trimer II recorded in water at 10 �C at 500 MHz. The
corresponding section of the 1D 1H spectrum is given on top. Vertical arrow
below the 1D spectrum marks amide resonances that exhibit a temperature
shift indicative of hydrogen bonding (� � 4.5 ppbK�1).


tional arrangement adopted by all molecules. The higher
thermostability of trimer II as compared to trimer VI as well
as a similar cooperativity in folding/unfolding for both trimers
is also confirmed by 1H NMR temperature series (data not
shown). The cystine connectivities could not be identified and
thus an unambiguous assignment to one of the two most
plausible isomers according to modelling experiments
(Scheme 2) was not possible.


Thermodegradation of the cystine knot


As already observed in the case of the collagenous trimer VI
(Figure 1), which is C-terminally cross-linked by a simple
artificial cystine knot,[6] even thermal unfolding of the trimers
II ± IV in water or phosphate buffer (pH 7.2) leads to
thermodegradation of the more complex cystine knot. This
is accompanied by almost quantitative scrambling of the
disulfides. Because of the presence of two adjacent Cys
residues, the decomposition products differ from those
obtained in the case of trimer VI.[6] In fact, only monomeric
species were identified by mass spectrometry which consist of
the intrachain-disulfide bridged monomer, the related lan-
thionine molecule generated by loss of a sulphur atom and,
most surprisingly, of a trisulfide species (Scheme 3). Although
intramolecular disulfide-linked adja cent cysteine residues are
rarely encountered in natural peptides and proteins,[18] this
species was already observed in the thermolysis of trimer VI
with the �2 chain containing two adjacent cysteine residues


Scheme 3. Thermal decomposition of trimer II into three components as
determined by LC-ESI-MS.


(Figure 1).[6] The loss of a sulphur atom on heating disulfide-
bridged proteins with formation of lanthionine has been
reported for wool.[19] The most probable mechanism consists
of � elimination of cystines, as is known to occur for proteins
under alkaline conditions,[20] but also under neutral conditions
at high temperatures,[21] followed by re-addition of a cysteine
thiol.[20b] However, more surprising was the formation of a
trisulfide, a species which has been identified more recently in
increasing numbers of natural products,[22] but has already
been found in hydrolysates of wool.[23] Thermolysis of
diacetyl-cystine bismethylamide as a model compound in
neutral and alkaline conditions was found to generate both
the cystine trisulfide and lanthionine species.[24]


As observed in the case of proteins[21] as well as in the
preceding study on the collagen peptides with the artificial
cystine knot,[6] thermodegradation was fully suppressed in the
presence of Cu2� ions. These facilitate spontaneous reoxida-
tion of traces of thiols[12] generated on heating by means of the
� elimination process,[21b] and in an even more efficient
manner by lowering the pH to 3.0.


Folding kinetics of trimer II


By use of the temperature-jump technique, refolding kinetics
of monomer 2a (1 m� concentration) and of the two trimers
II and VI (4� 10�5� concentration) in phosphate buffer
(pH 3.0) were comparatively analysed at different temper-
atures. The activation energies (Table 2) were extracted from
Arrhenius plots.


As shown in Figure 7, the refolding rate of trimer VI at 4 �C
is slightly higher than that of trimer II with the natural cystine
knot, but both refold significantly faster than monomer 2a.
Refolding of the two cross-linked trimers at 4 �C shows a fast,
kinetically unresolved first phase with an amplitude of about
50%, followed by a slower phase which is best fit by a first-
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Table 2. Refolding rate constants of collagenous peptides after a temper-
ature jump from 90 �C to different temperatures as monitored by CD at
225 nm in 20 m� phosphate buffer (pH 3) and the activation energies
derived from the Arrhenius plots.


Collagen peptides k [10�3 s�1] Ea


4 �C 8 �C 12 �C 20 �C 40 �C [kJmol�1K�1]


trimer II[a] 1.06 3.76 9.39 43.5
trimer VI[a] 1.26 3.95 11.45 44.1
monomer 2a[b] 0.429 0.645 0.79 50.2


[a] Concentration 4� 10�5�. [b] Concentration 1� 10�3�.
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Figure 7. Refolding of monomer 2a at 1� 10�3� (�), trimer II (�) and
trimer VI (�) at 4� 10�5� concentration in 20 m� phosphate buffer (pH 3)
as monitored by CD at 225 nm after a temperature jump from 90 to 4 �C.


order rate law. Refolding of the monomer 2a shows a fast first
phase of only 25% amplitude and the second slower phase
again follows a first-order rate law. This would indicate that at
the 1 m� concentration used the association of monomers to
trimeric intermediates is not rate limiting. Nonetheless the
rate constant of refolding of monomer 2a is about 2.5 times
slower than those derived for the two trimers (Table 2).
Rather surprisingly, in the case of (Pro-Pro-Gly)10 the rate
constant (0.7� 10�4 s�1) was found to be faster than that of the
related construct with the C-terminal cystine knot (0.12�
10�4 s�1) at 1 m� and 6� 10�4� concentration, respectively.[5]


These conditions are very similar to those applied in the
present study. However, the rate constant of trimer II at 20 �C
(3.95� 10�3 s�1) correlates well with that determined at this
temperature for the fragment Col 1-3 of type III procollagen
containing an identical cystine knot (8� 10�3 s�1).[2b] Trimers
II and VI exhibit higher rate constants than the model
peptides containing the collagen type III knot and (Pro-Pro-
Gly)10 repeats[5, 10] or the artificial cystine knot and natural
collagen sequences.[3b, 25] These sequence compositions are
known to possess lower triple-helix propensities than the
(Pro-Hyp-Gly) repeats of compounds II and VI. By compar-
ing the activation energies, the almost identical values
extracted from the Arrhenius plots for the trimers II and VI
(Table 2) suggest a minimal effect of the type of cystine knot
and thus confirm that cis/trans isomerisation steps of proline
imide bonds are the rate limiting process.[5] The activation
energies derived for trimers II and VI, which were lower than
for self-association of the monomer 2a, confirm the nucleat-
ing role of the cystine knots. Moreover, separation of the
activation energy into the enthalpic and entropic terms by
Eyring plots results in values that could imply enthalpically
favoured, but entropically disfavoured isomerisation of the
Pro/Hyp imide bonds in the formation of the triple helix
(Table 3). Assignment of the activation enthalpies and
entropies to the Pro/Hyp isomerisation steps is suggested by
the �G values which are close to those reported for model
Pro-peptides: 85� 10 kJmol�1.[26]


Thermodynamics of the folding/refolding processes of the
trimers


By preventing thermolysis of the cystine knots under weakly
acidic conditions, the potential contribution of these side
reactions to the overall thermal unfolding process is excluded.
Since the Tm values of trimer II are identical at pH 7.2 in the
presence or absence of Cu2� ions, scrambling of the disulfide
knot to a higher extent occurs only at the high temperatures of
the last unfolding step. As a consequence, this side reaction is
not expected to affect the unfolding process itself; it just
makes the process irreversible. Conversely, at pH 3 the
process is fully reversible as shown in Figure 8 for trimer II
where, after thermal unfolding, refolding occurs with only a
minimum of kinetic hysteresis at the cooling rate


Figure 8. Thermal unfolding (�) and refolding (�) of trimer II at 4� 10�5�
concentration in 20 m� phosphate buffer (pH 3.0) as monitored by CD at
225 nm.


applied. The related thermodynamic parameters are listed in
Table 1. Thermodynamic data extracted at pH 7.2 in the
absence of Cu2� were found to be identical, within exper-
imental error, to those derived in the presence of Cu2� (data
not shown) or at pH 3.0.
The structural stabilisation of trimer II by the natural


cystine knot of collagen type III is compared in Figure 4 with
the effects of the artificial cystine knot of trimer VI whose
single chains share the identical (Pro-Hyp-Gly)5 sequence.
The triple helix of trimer II with its three disulfide cross-links
exhibits a melting temperature that is 13 �C higher than that of
trimer VI with two disulfide bridges. The cooperativity of the
unfolding process of the triple helices of both trimers is
practically identical, since the transition traces show parallel
slopes. This was also confirmed by NMR experiments (see
above).
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Table 3. Activation enthalpies (�H�) and entropies (�S�) as derived from
Eyring plots. Additionally the free energy of activation at 300 K (�G�


300 K)
is given.


Collagen peptides �H� [kJmol�1] �S� [Jmol�1K�1] �G�
300 K [kJmol�1]


trimer II[a] � 41.1 � 152.2 � 86.8
trimer VI[a] � 41.7 � 149.0 � 86.4
monomer 2a[b] � 47.8 � 135.7 � 88.5


[a] Concentration 4� 10�5�. [b] Concentration 1� 10�3�.
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Figure 9. Thermal unfolding (�) and refolding (�) of trimer II at 4� 10�5�
concentration in 20 m� phosphate buffer (pH 3.0) as monitored by DSC.


Microcalorimetric monitoring of the unfolding/refolding
processes of the trimers at pH 3.0 yields symmetrical thermo-
grams as shown in Figure 9 for trimer II, and the extracted
thermodynamic parameters are listed in Table 4. It is con-
ceivable that the different effects of the natural and artificial
cystine knots on the triple-helix stability derive mainly from
the entropy term. The more flexible artificial cystine knot of
trimer VI with only two disulfide bridges could allow for a


significant increase in entropy in this part of the molecule
upon denaturation, while the three disulfide bridges of trimer
II constrain the C-terminus in a fixed conformation. However,
the expected differences in �H and �S are within exper-
imental error.


Discussion


Protein folding and disulfide bond formation are thermody-
namically coupled processes. They proceed through a pre-
folded precursor mechanism in which local regions of the
protein adopt native structures that are then stabilised by the
formation of disulfide bonds, while non-native disulfides are
reshuffled with concurrent refolding.[27] Collagenous peptides
built up of a sufficient number of (Xaa-Yaa-Gly) repeats with


Xaa�Pro and Yaa�Pro/Hyp are known to self-associate
into the collagen characteristic triple helix.[8a,b, 17, 28] This is
then stabilised mainly by hydrogen-bonding of the Gly amide
NHs to the Pro carbonyls in position Xaa of the adjacent chain
in a very regular pattern. In solution, a concentration and
temperature dependent equilibrium is established between
self-associated fully matched triple-helical homotrimers with
the maximum of possible hydrogen bonds exploited and
monomeric unfolded chains according to the two-state model.
However, mismatched trimers with a non-optimal hydrogen
bonding pattern cannot be excluded. In the present study, the
main intent was to investigate whether, even in collagens,
formation of the native cystine knot is coupled to the folding
process or whether it represents a post-folding event that
serves to stabilise the triple helix.
N-terminally cross-linked (Gly-Pro-Hyp)3 has been report-


ed to form an incipient triple helix.[8a] However, air-oxidation
of peptide 1b failed to produce the interchain-disulfide knot
to any detectable extent, even using a 1 m� peptide solution
which is expected to minimise the concentration-dependency
of homotrimerisation.[17] Conversely, with peptide 2b which
self-associates into homotrimers, as confirmed by the circular
dichroic properties of the precursor 2a, oxidation generates
the disulfide cross-linked trimer II in relatively high yields.
Since only a very low percentage of monomer 2b is not
structured as a triple helix (Figure 4) at the temperature
selected for the oxidation experiments (7 ± 8 �C), it was
surprising to note that independently of the experimental
conditions applied, a maximum of �70% correctly oxidised
trimer II was obtained. This would strongly support a
kinetically and not thermodynamically driven product distri-
bution where intrachain disulfide bridging occurs at rates
competing with the cystine knot formation. In this context,
addition of the glutathione redox system at a peptide/GSH/
GSSG ratio of 1:9:0.9 was expected to reduce non-productive
intermediates and thus to reshuffle them into the trimeric
species. However, S-glutathionylated species as reshuffling
intermediates could not be detected by HPLC-MS in the
course of the oxidation experiments, and the yields of trimer
II could not be increased. This lack of reshuffling may derive
from highly stable intrachain disulfides or from their steric
inaccessibility. The latter explanation is strongly supported by
the difficult accessibility of the cysteine residues in self-
associated trimeric collagenous peptides for regioselective
reactions,[6, 29] but also by the observation that only oxidised
monomeric species are formed besides trimer II.
In agreement with studies on collagenous peptides,[8b, 11] the


sequence composition of the N- and C-terminally capped
peptide 2b with five (Pro-Hyp-Gly) triplets represents the
minimum size for a stable homotrimerisation, and thus at
equilibrium the fraction of mismatched trimers that could also
be a source of incorrectly oxidised products should be
negligible. In the case of peptide 3b with its seven triplets,
formation of mismatched trimers at the temperature used in
the oxidation experiments (7 ± 8 �C) is conceivable and could
well represent an additional limiting factor for correct
interchain disulfide formation. However, again �70% was
the upper limit of correctly oxidised trimer III and only
intrachain oxidised monomers were detectable as side-prod-
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Table 4. Thermodynamic parameters extracted from the thermal denatu-
ration curves monitored by DSC for the collagen peptides at 4� 10�5�
concentration in 20 m� phosphate buffer, pH 3.0.


Collagen peptides Process Tm [�C] �Hcal[kJmol�1] �Scal[Jmol�1K�1]


trimer II unfolding 66.2 � 202 � 596
refolding 66.5 � 212 � 625
2nd unfolding 65.8 � 203 � 600


trimer VI[a] unfolding 55.7 � 191 � 583
refolding 54.5 � 204 � 623
2nd unfolding 55.7 � 202 � 613


[a] Reported from the preceding article[6] for comparison.
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ucts, thus further supporting the concept of kinetic control of
the product distribution.
The results of the oxidation experiments would suggest that


in the case of collagen peptides, folding and oxidation are not
coupled processes, but that the triple-helical structure can
only be stabilised by the disulfide-bond formation subsequent
to proper folding. This is further supported by the almost
identical conformational enthalpy determined for the self-
associated peptide 2b and the related cross-linked trimer II,
while the entropy term dictates the significantly enhanced
thermostability of the disulfide-bridged trimer (Table 1).
In contrast to observations for trimer VI where the triple


helix propagates partially into the artificial knot,[6] in the case
of trimer II such involvement of the cystine knot was not
observed by NMR analysis and computer simulations. Com-
paring trimer II with its collagen type III cystine knot and
trimer VI with only two disulfide bonds (Table 1), it can be
concluded that the slightly enhanced conformational enthalpy
deriving from the extension of the triple helix into the cystine
knot in trimer VI is overcompensated for by the greater
flexibility of the artificial knot. By the entropy gain obtained
upon thermal unfolding, this leads to a lower thermostability.
The higher flexibility of the artificial cystine knot and its
better fit into the triple helix may explain the enhanced
refolding rate of trimerVI compared to trimer II and thus the
more efficient nucleation of the triple helix by the former one.
This property is beneficial in terms of kinetics, whereas the
activation energies for triple helix formation in both trimers
seem to be fully dominated by the cis/trans isomerisation
processes (Table 2 and Table 4).
Using Kemp�s triacid as a scaffold to cross-link N-termi-


nally collagenous peptides, a flexible glycine residue was used
as spacer to allow the correct registration of the chains.[8a,b]


Despite this additional spacer, at least one (Gly-Pro-Hyp)
triplet per chain was found to be only partially included into
the triple helix.[8c] Similarly, incorporation of the cysteine
residues at the Xaa and Yaa positions of the N-terminal triplet
in peptide 4b, producing three interchain disulfide bonds, is
apparently not fully compatible with a triple-helix formation,
since low yields of oxidised trimer IV were obtained. The
resulting triple-helical structure was found to be of signifi-
cantly lower thermostability. Most probably, insufficient
spacing was introduced to avoid steric clashes for the onset
of the triple helix. In fact, by incorporation of additional Gly
and Ser residues as spacers in the polypeptide
GSYGPPGPCCGSGPP(GPP)10, expressed in E. coli, high
yields of the correctly oxidised trimer were reported.[9] Also
in this case a significantly reduced thermostability of the
triple helix was observed. In collagen type XIII where
the triple helix was proposed to propagate from the N-
to the C-terminus,[7] oligomerisation is induced by a coiled-
coil domain which, however, is spaced from the triple helix by
a flexible hinge domain most probably to avoid steric clashes.


Conclusion


The results of this study fully support the conclusion of Engel
and co-workers[5] that the collagen type III C-terminal cystine


knot is readily obtained with properly designed collagenous
peptides. It allows for the production of highly stable
homotrimeric collagen mimics. Conversely, N-terminal
cross-linking of collagen peptides by this cystine knot even
in the proper design is not as efficient. Despite the facile
synthetic accessibility of such homotrimeric collagenous
peptides when compared to the use of synthetic templates,
self-association of the peptide chains and proper folding is
required for the correct oxidative cysteine pairings. Moreover,
heterotrimeric collagen molecules still remain accessible only
by a regioselective synthetic artificial cystine knot, which
represents an efficient although laborious alternative.


Experimental Section


Peptide synthesis


Materials and methods : All reagents and solvents were of the highest
quality commercially available and were used without further purification,
except DMF, which was freshly distilled over ninhydrin. Amino acid
derivatives were purchased from Fluka (Taufkirchen, Germany), TFFH
from Aldrich (Taufkirchen, Germany) and the Rink-MBHA resin (linker:
4-[(R,S)-�-amino-2�,4�-dimethoxybenzyl]phenoxyacetylnorleucine-amido-
benzhydryl) from Calbiochem-NovaBiochem (L‰ufelfingen, Switzerland).
Peptide synthesis was performed manually in a polypropylene syringe
fitted with a polyethylene disk. Precoated silica gel 60 TLC plates were
from Merck AG (Darmstadt, Germany) and compounds were visualised
with chlorine/tolidine or permanganate. Analytical RP-HPLC was per-
formed withWaters equipment (Eschborn, Germany) using reversed-phase
Nucleosil C18 columns (0.4� 25 cm, 10 �m, Macherey & Nagel, D¸ren,
Germany) and linear gradients of acetonitrile/2% H3PO4 (from 5:95 to
90:10 in 15 min at a flow rate of 1.5 mLmin�1) as eluents. UV absorbance
was monitored at 210 nm. Preparative RP-HPLC was carried out with
Abimed equipment (Langenfeld, Germany) on reversed-phase Nucleo-
sil C18 (2.1� 25 cm, 5 �m endcapped) columns by elution with a linear
gradient of acetonitrile (containing 0.08% TFA)/0.1% TFA from 2:8 to 8:2
in 50 min. Elution profiles were monitored by UV at 210 nm. For
preparative size-exclusion column chromatography a 145/1.25 Frakto-
gel HSK HW-40 S column (145� 1.25 cm) and isocratic elution with 0.5%
AcOH at a flow rate of 0.4 mLmin�1 was used. ESI-MS were recorded on a
PE Sciex API 165 from Perkin-Elmer and FT-ICR-MS on a 4.7 TAPEX II
(Bruker). Fmoc-Pro-Hyp(tBu)-Gly-OH was synthesised as described
previously.[3d]


General procedures : The Fmoc-protected Rink-MBHA resin (loading:
0.72 mmolg�1) was treated with 20% piperidine in DMF (1� 15 min, 1�
5 min) and then washed successively with DMF (3� 1 min), MeOH (3�
1 min), CH2Cl2 (3� 1 min) and MeOH (3� 1 min). Coupling of the first
amino acid (Fmoc-Gly-OH) was performed with Fmoc-Gly-OH/HBTU/
HOBt/DIEA (0.9 equiv, 1:1:1:2) in DMF (2 h) followed by washing with
DMF (3� 1 min), MeOH (3� 1 min), CH2Cl2 (3� 1 min), MeOH (3�
1 min) and DMF (3� 1 min). The resin was capped by acetylation with
Ac2O/DIEA (4 equiv, 1:1) and DMAP (0.1 equiv) in DMF (2� 30 min).
Loading of the resin with the first amino acid was determined spectroscopi-
cally by quantitation of the fulvene/piperidine adduct at 301 nm (�� 7800)
upon Fmoc removal under above conditions.


Chain elongation with Fmoc-amino acid was performed by double
couplings with four equivalents Fmoc-Xaa-OH/HBTU/HOBt/DIEA
(1:1:1:2) in DMF (2� 1 h) followed by washings with DMF (3� 1 min),
MeOH (3� 1 min), CH2Cl2 (3� 1 min) and MeOH (3� 1 min). Chain
elongation with Fmoc-Pro-Hyp(tBu)-Gly-OH was carried out by single
couplings (2 h) with 1.8 equivalents of Fmoc-Pro-Hyp(tBu)-Gly-OH/TFFH/
DIEA (1:1:2) in DMF (in the first three coupling steps) and NMP/CH2Cl2 (in
further coupling steps) followed by washings with DMF (3� 1 min), acylation
with (Boc)2O (10 equiv) in DMF (20 min) and additional washings with DMF
(3� 1 min), MeOH (3� 1 min), CH2Cl2 (3� 1 min) and MeOH (3� 1 min).
Coupling efficiency was monitored with the Kaiser test,[31] except for
N-terminal proline residues where the chloranil test[32] was applied.
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Fmoc-cleavage from Fmoc-Pro-peptidyl resin was carried out with 2%
piperidine and 2% DBU in DMF (0 �C, 1� 60 sec, 1� 30 s) and washings
with DMF (3� 1 min), MeOH (3� 1 min), CH2Cl2 (3� 1 min) and MeOH
(3� 1 min). N-terminal acetylation of the peptides on resin was performed
with four equivalents of Ac2O/DIEA (1:2) in DMF (2� 30 min) followed
by washings with DMF (3� 1 min), MeOH (3� 1 min), CH2Cl2 (3� 1 min)
and MeOH (3� 1 min).


Synthesis of the monomeric peptide-amides


Peptide synthesis was performed as described under general procedures
using Fmoc-Gly-Rink-MBHA Resin (1 g, 0.4 mmolg�1). Upon the 3rd, 5th
and 7th coupling of Fmoc-Pro-Hyp(tBu)-Gly-OH the resin was washed
with DMF (3� 1 min), MeOH (3� 1 min), CH2Cl2 (3� 1 min) and Et2O
(3� 1 min) and dried. Aliquots of the resin were taken for N-terminal
peptide acetylation with Ac2O as reported under general procedures.


Ac-[Pro-Hyp-Gly]3-Pro-Cys(StBu)-Cys(StBu)-Gly-Gly-Gly-NH2 (1a):
For deprotection/cleavage Ac-[Pro-Hyp(tBu)-Gly]3-Pro-Cys(StBu)-Cys-
(StBu)-Gly-Gly-Gly resin (462 mg) was treated with TFA/Et3SiH/H2O
(96:2:2; 1� 15 min, 2� 40 min, 1� 60 min), filtered off and washed
additionally with CH2Cl2. The combined filtrates were concentrated and
the crude product was precipitated with Et2O, collected by filtration and
lyophilised from tBuOH/H2O (5:1). Yield: 170 mg (83%); HPLC: tR�
11.4 min (�85%); ESI-MS: m/z :756.4 [M�2H]2�, 1511.6 [M�H]� ; Mr�
1511.84 calcd for C63H98N16O19S4. For spectroscopic measurements a
portion of the material was further purified by preparative HPLC as
described under Materials and Methods (HPLC: �98%).


Ac-[Pro-Hyp-Gly]5-Pro-Cys(StBu)-Cys(StBu)-Gly-Gly-Gly-NH2 (2a):
Deprotection/cleavage of Ac-[Pro-Hyp(tBu)-Gly]5-Pro-Cys(StBu)-Cys-
(StBu)-Gly-Gly-Gly resin (520 mg) was carried out as described for
compound 1a. The product was precipitated with Et2O and lyophilised
from tBuOH/H2O (5:1). Yield: 215 mg (79%); HPLC: tR� 9.5 min
(�85%); ESI-MS: m/z : 1023.4 [M�2H]2� ; Mr� 2046.41 calcd for
C87H132N22O27S4. For spectroscopic measurements a portion of the material
was further purified by preparative HPLC as described under Materials
and Methods (HPLC: �98%).


Ac-[Pro-Hyp-Gly]7-Pro-Cys(StBu)-Cys(StBu)-Gly-Gly-Gly-NH2 (3a):
Deprotection and cleavage of the peptide from the resin (310 mg) was
carried out as described for compound 1a. The crude peptide was
precipitated from the cleavage mixture with Et2O, dissolved in tBuOH/
H2O (5:1) and lyophilised. The white solid was dissolved in MeOH and
purified by preparative RP-HPLC. Fractions containing homogeneous
product were combined, concentrated and lyophilised. Yield: 50 mg
(14.5%); HPLC: tR� 9.4 min (�95%); ESI-MS: m/z : 1291.6 [M�2H]2� ;
Mr� 2580.98 calcd for C111H166N28O35S4.


Ac-Cys(StBu)-Cys(StBu)-Gly-[Pro-Hyp-Gly]5-Gly-Gly-Gly-NH2 (4a):
Peptide synthesis was performed on Fmoc-Gly-MBHA resin (275 mg;
0.4 mmolg�1) as described under general procedures. The peptide was
deprotected and cleaved from the resin and isolated as reported for
compound 1a. The crude product was dissolved in MeOH and purified by
preparative RP-HPLC. Fractions containing homogeneous product were
combined, concentrated and lyophilised from tBuOH/H2O (5:1). Yield:
133 mg (60%); HPLC: tR� 10.2 min (61.3%); ESI-MS: m/z : 1003.6
[M�2H]2� ; Mr� 2006.34 calcd for C84H128N22O27S4. For spectroscopic
measurements a portion of the material was further purified by preparative
HPLC (�95%).


Ac-Cys(StBu)-Cys(StBu)-Gly-[Pro-Hyp-Gly]5-Pro-Cys(StBu)-Cys(StBu)-
Gly-Gly-Gly-NH2 (5a): The title compound was synthesised on Fmoc-Gly-
MBHA resin (275 mg; 0.4 mmolg�1) as reported under General Proce-
dures, cleaved/deprotected and isolated as compound 1a. Yield: 153 mg
(56%); HPLC: tR� 11.6 min (36%); ESI-MS: m/z : 1243.6 [M�2H]2� ;
Mr� 2486.09 calcd for C103H161N25O30S8. Homogeneous material (HPLC
�95%) was obtained by preparative HPLC.


Synthesis of the homotrimer II


Ac-(Pro-Hyp-Gly)5-Pro-Cy| s-Cy| s-Gly-Gly-Gly-NH2 (2b): Tributylphos-
phine (0.98 mmol, 0.24 mL) was added to peptide 2a (100 mg, 49 �mol)
in TFE/H2O (95:5, 100 mL) and the solution was stirred at RT for 5 h. The
mixture was concentrated and the peptide precipitated with cold Et2O. The
residue was lyophilised from tBuOH/H2O (4:1); yield: 81.5 mg (89%);
HPLC: tR� 7.3 min (�95%); ESI-MS:m/z : 936.6 [M�2H]2� ;Mr� 1870.06
calcd for C79H116N22O27S2.


[Ac-(Pro-Hyp-Gly)5-Pro-Cy| s-Cy| s-Gly-Gly-Gly-NH2]3 (II): An argon-sa-
turated solution of peptide 2b (15 mg, 8.02 �mol) in 25 m� NH4Ac, pH 8.0
(15 mL) was kept at 4 �C for 5 ± 7 h. It was then gently stirred under air
oxygen at RT for 5 ± 7 days with continuous monitoring of the oxidative
process by ESI-MS and Grassetti test.[33] After completion of the reaction,
the solution was lyophilised and the product purified by size-exclusion
chromatography. Yield: 3.4 mg (22.7%); HPLC: tR� 7.2 min (�95%);
ESI-MS: m/z : 1869.4 [M�3H]3�, 1402.2 [M�4H]4�, 1122.0 [M�5H]5� ;
Mr� 5604.18 calcd for C237H342N66O81S6.


Synthesis of the homotrimer III


Ac-[Pro-Hyp-Gly]7-Pro-Cys-Cys-Gly-Gly-Gly-NH2 (3b): Compound 3a
(30 mg, 11.6 �mol) was allowed to react in TFE/H2O (95:5, 30 mL) with
tributylphosphine (233 �mol, 57 �L) at RT for 5 h and the product was
isolated as reported for 2b. Yield: 24.3 mg (87%); HPLC: tR� 7.2 min
(�87%); ESI-MS: m/z : 1203.2 [M�2H]2�, 802.4 [M�3H]3� ; Mr� 2404.64
calcd for C103H150N28O35S2.


[Ac-(Pro-Hyp-Gly)7-Pro-Cy| s-Cy| s-Gly-Gly-Gly-NH2]3 (III): An argon-sa-
turated solution of 3b (24 mg, 10 �mol) in 25 m� NH4Ac, pH 8 (24 mL)
was kept at 4 �C for 7 h and then gently stirred under air oxygen for 5 ±
7 days. The reaction mixture was worked up and the crude product purified
by size-exclusion chromatography as described for trimer II. Yield: 8.7 mg
(36%); HPLC: tR� 6.95 min (�95%); ESI-MS: m/z : 1803.2 [M�4H]4�,
1442.6 [M�5H]5� ; Mr� 7207.92 calcd for C309H444N84O105S6.


Synthesis of the homotrimer IV


Ac-Cys-Cys-Gly-(Pro-Hyp-Gly)5-Gly-Gly-Gly-NH2 (4b): Compound 4a
(25 mg, 12.5 �mol) was allowed to react in TFE/H2O (95:5, 25 mL) with
tributylphosphine (250 �mol, 61 �L) at RT for 5 h and the product was
isolated as reported for 2b. Yield: 21 mg (91%); HPLC: tR� 6.35 min
(�85%); ESI-MS: m/z : 916.2 [M�2H]2� ; Mr� 1830.00 calcd for
C76H112N22O27S2.


[Ac-Cy| s-Cy| s-Gly-(Pro-Hyp-Gly)5-Gly-Gly-Gly-NH2]3 (IV): The title com-
pound was prepared by air oxidation of the peptide 4b (21 mg, 11.4 �mol)
in 25 m� NH4Ac buffer, pH 8.0 (21 mL) upon overnight equilibration of
the solution under argon at 4 �C. The product was isolated by size-exclusion
chromatography. Yield: 273 �g (1.3%); HPLC: tR� 6.26 min (�98%);
ESI-MS: m/z : 1372.2 [M�2H]4� ; Mr� 5484.00 calcd for C228H330N66O81S6.


CD measurements : The CD spectra were recorded on a Jasco J-715
spectropolarimeter equipped with a thermostated cell holder and con-
nected to a PC for signal averaging and processing. All spectra were
recorded in the 190 ± 250 nm range employing quartz cuvettes of 0.1 cm
optical path length. The average of 10 scans is reported and expressed in
terms of ellipticity units per mole of peptide residues ([�]R). The
measurements were performed on peptide solutions pre-equilibrated at
4 �C for at least 12 h, at a concentration of 4� 10�5� for the trimers and
1 m� for the self-associated single chains in water, 20 m� phosphate
(pH 7.2) in the absence and presence of 1� 10�5 m� CuCl2 (the precipi-
tated copper hydroxide was filtered off) and in 20 m� phosphate buffer at
pH 3.0. The concentrations were determined by weight and a peptide
content of about 80% in analogy to previously synthesised collagenous
peptides of similar sequence composition. The thermal denaturation curves
were monitored following the change in intensity of the circular dichroic
signal at 225 nm in thermal excursion from 4 to 90 �C with a heating rate of
0.2 �Cmin�1. Tm values and thermodynamic parameters were derived from
original transition curves using the JASCO software.


For refolding kinetics 10 m� solutions of compound 2a and 4� 10�4�
solutions of trimers II and III in 20 m� phosphate buffer (pH 3.0) were
kept at 90 �C for 15 min to achieve total denaturation. Aliquots (10 �L)
were taken and diluted in thermostated buffer to 1 m� solutions of 2a and
4� 10�5� solutions of trimers II and III. After a dead time of 10 s
registration of the circular dichroic intensity at 225 nm served to monitor
refolding at the chosen temperatures. For the Arrhenius plots refolding was
performed at 4, 20 and 40 �C for trimers II and III, and at 4, 8 and 12 �C for
peptide 2b.


DSC measurements : The temperature dependence of the partial heat
capacity was determined on a VP-DSC microcalorimeter (MicroCal,
Northampton, USA) equipped with a cell feedback network and two fixed-
in-place cells with effective volumes of approximately 0.5 mL. The
measurements were carried out on 1 m� peptide solutions in the case of
2a and at 4� 10�5� concentration for trimer II in 20 m� phosphate buffer
at pH 3.0 with and without CuCl2 (1 m�), after pre-equilibration at 4 �C for
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at least 12 h. Thermal denaturations were recorded by monitoring the
variation of the heat capacity (Cp) as a function of the increasing
temperature (4 ± 90 �C) using a scan rate of 0.2 �Cmin�1. Data analysis
was performed with the Origin software modified for microcalorimetric
applications (MicroCal, Northampton, USA) using the two-state transition
model.[34]


Crystallisation of the trimers : Crystallisation of trimers II and III was
carried out at 4 �C using the hanging-drop vapour diffusion method. As
precipitating agents PEG 200 and PEG 400 were used at concentrations
ranging from 15 to 25%. Initial concentration of trimers II and IIIwas 5 mg
per mL of 10% aqueous AcOH.


NMR measurements : NMR experiments were carried out on a 2 m�
sample of trimer II between 10 �C and 75 �C on Bruker DRX 500 and
AMX 400 spectrometers. 2D-TOCSY[35] and 2D-NOESY[36] experiments
were recorded in a H2O/D2O (9:1) mixture using the WATERGATE water
suppression scheme.[37] Temperature shift coefficients for the amide
protons were obtained from 1D spectra recorded between 10 and 30 �C
to assure a triple-helical conformation.


Molecular modelling : Molecular modelling was performed on Silicon
Graphics O2 R5000 computers (Silicon Graphics Inc., Mountain View,
CA) with the INSIGHTII program package (Accelrys, San Diego, CA)
using the CVFF force field. Molecular dynamics simulations of trimers II
and IV were carried out in a water box of size 9� 3� 3 nm3 containing
approximately 2400 water molecules. Starting from six (Pro-Hyp-Gly)
repeats in ideal triple-helical conformation Hyp and Gly of the sixth triplet
were replaced by cysteines followed by three glycines. N-and C-termini
were capped by the acetyl and amide group, respectively. Disulfide bonds
were created according to Scheme 2 and the two resulting molecules were
minimised in the water box. From these starting conformations, molecular
dynamics were simulated at 10 K for 10 ps followed by gradual heating
(with time constant 1 ps) to 300 K over 100 ps. For comparison, the same
simulations were performed with the identical cystine knot placed at the
N-terminus. Additionally, for better evaluation of the compatibility of the
cystine knot with the triple-helical conformation both cystine knots of
Scheme 2 were placed in the middle of a (Pro-Hyp-Gly)11 triple helix (again
with Cys-Cys replacing the Hyp-Gly positions). In this case a water box of
size 12� 3� 3 nm3 containing approximately 3100 water molecules was
used and the same calculations were performed as described above. In all
simulations step size was 1 fs and snapshots were saved each picosecond.
Mainly backbone dihedral angles and rmsd of backbone atom coordinates
were used for analysis of the trajectories.
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