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Introduction


Glycoconjugates play pivotal roles in biological processes.
These processes range from cell growth and differentiation,
cell ± cell communication, modulation of protein function to
pathological processes namely cancer metastasis, lysosomal
storage diseases, chronic inflammation, and microbial infec-
tions.[1] Such diversity in biological activity has been attributed
primarily to the oligosaccharide moiety of these glycoproteins
and glycolipids. Moreover, it has been demonstrated that the
same oligosaccharides can mediate a variety of functions.
Therefore, understanding the structure ± function relation-
ships of these molecules at a molecular level is a non-trivial
undertaking. This is further complicated by the chemical


diversity of oligosaccharides. Securing sufficient quantities of
these complex glycans for probing biological functions have
been a major challenge at the glycochemistry/glycobiology
interface. Nonetheless, the technological advances of the past
century have laid the foundation for exploiting the diagnostic
and therapeutic potential of this class of biomolecules.


Advances in analytical techniques, NMR spectroscopy, and
mass spectrometry expedited the isolation and structural
determination of oligosaccharides.[1, 2] While this made the
chemical diversity of oligosaccharides rapidly accessible, it
further highlighted the urgent need for access to sufficient
quantities of these molecules to understand the mechanism of
action at a molecular level. However, the chemical complexity
of these biomolecules makes them very challenging synthetic
targets. These polyhydroxy compounds contain an array of
monosaccharide units and have a variety of glycosidic link-
ages between them. Each glycosidic linkage can exist in the a-
or b-anomeric configuration. Therefore, carbohydrate syn-
thesis requires many orthogonal protection and deprotection
schemes and involves difficult glycosyl coupling reactions.[3]


Nonetheless, many groups have risen to this chemical
challenge and several synthetic approaches leading to oligo-
saccharides and glycoconjugates have been reported.[4] De-
spite these advances, synthesis of these biomolecules remains
time consuming and expensive. Furthermore, the natural
oligosaccharides may lack the chemical stability and bioavail-
ability for detailed biological studies. This has fuelled parallel
developments in synthetic glycoconjugate mimics and inhib-
itors of oligosaccharide functions.[5] It is well established that
despite the complexity of the oligosaccharide moieties of
glycoconjugates, the terminal sugars (two to four residues)
and their conformation are critical for biological activities.
This not only reduces the chemical complexity of the synthetic
target(s), but also makes possible the use of revolutionary
synthetic strategies such as combinatorial chemistry, for rapid
access to potential carbohydrate mimics.


Combinatorial chemistry, a multi-dimensional strategy, has
evolved to meet the growing demand for economical synthesis
of large numbers of diverse chemical compounds in a
relatively short time. In this approach, a large array of
building blocks is chemically assembled to give all possible
combinations, either in solution or more commonly, on a solid
support. The collection of compounds can be generated using
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a ªsplit-poolº or ªparallelº synthetic strategy. This diverse
collection of compounds, a chemical library, is then screened
for biological activity. Combinatorial libraries have now been
added to the repertoire of strategies used in the pharmaceut-
ical sector for lead discovery and lead optimization, as many
aspects of this evolving technology have been well reviewed in
the literature.[6]


Merrifield�s conceptual solid-phase approach to peptide
synthesis in 1963 laid the foundation for the first set of
combinatorial libraries, peptide libraries.[7] Solid-phase syn-
thesis has been refined over a thirty-year period and has been
successfully extended to the synthesis of small organic
molecules. Today combinatorial libraries are commonly used
for the elucidation of structure ± function relationships.[8]


While combinatorial peptide and oligonucleotide libraries
have been invaluable in the generation of bioactive peptides
such as opioid peptides, antimicrobials, monoclonal antibod-
ies, and oligonucleotide primers, mutagenic agents, and
potential therapeutic agents, combinatorial carbohydrate
libraries have yet to attain such prominence.[9] Of course,
peptides/proteins and oligonucleotides are linear polymeric
derivatives. They have a diversity of building blocks, amino
acids or nucleotides, connected to each other by a common
linkage, amide bond (proteins) or 3'ÿ5' phosphodiester bond
(oligonucleotide). This made automated solid-phase synthesis
and subsequently combinatorial library synthesis a very facile
process. The chemical nature of carbohydrates has precluded
the rapid and efficient generation of oligosaccharide libraries
either in solution or on solid support. In this concept article,
several novel strategies adopted in the generation of combi-
natorial libraries of oligosaccharides and glycomimetics are
highlighted.


Combinatorial Oligosaccharide Libraries


The polyvalent nature of carbohydrates and the lack of a
general method to form glycosidic linkages have resulted in
unique approaches for the generation of oligosaccharide
libraries.[10] The challenge to gain access to monosaccharide
building blocks continues, which can be readily synthesized
and assembled in a controlled combinatorial fashion. Having
generated the library, purification and analysis are equally
important. Both solution- and solid-phase strategies have
been developed in the search for libraries of oligosaccharides
for biological investigation.


Random glycosylation : The first oligosaccharide library
synthesized consisted of di- and tri-saccharides produced by
a random glycosylation strategy (Scheme 1) in solution.[11] As
reported by Hindsgaul et al., this approach circumvented the
need for numerous orthogonally protected monosaccharide
building blocks. A fully benzylated glycosyl donor 1 activated
with the trichloroacetimidate group and disaccharide accept-
or 2, as a p-methoxyphenoxyoctyl glycoside with six unpro-
tected hydroxyl groups, were coupled for three hours at room
temperature to give a mixture of all six possible trisaccharides
in a single step. In this reaction only about 30 % of the
disaccharide acceptor was fucosylated and interestingly, all


Scheme 1. Hindsgaul�s random glycosylation.


the OH groups showed similar reactivity. Chromatographic
separation by HPLC and NMR confirmed the presence of the
trisaccharides. Using this strategy, Hindsgaul�s group further
investigated a fucosyl-transferase enzyme present in human
milk using a disaccharide mixture in which active compounds
were present in less than 5 %.[12] However, the uncontrolled
glycosylation reaction, low yields and the need for extensive
purification limits the widespread applicability of this meth-
odology.


Latent active glycosylation strategy : An alternative solution-
phase approach was developed by Boons et al.[13] In this novel
latent-active glycosylation approach (Scheme 2), one
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Scheme 2. Boons�s latent-active glycosylation.


major building block, 3-buten-2-yl glycoside 3 which can be
converted into a glycosyl donor and acceptor was used.[14]


Isomerization of compound 3 with BuLi/[(Ph3P)3RhCl] gives
the glycosyl donor 4 whereas deprotection of the acetate
group of 3 gives the glycosyl acceptor 5. Coupling of
compounds 4 and 5 gives the disaccharide 6 in 89 % yield as
an anomeric mixture. Using this methodology building blocks
containing other selectively removable groups such as p-
methoxybenzyl ether were prepared and used for the
solution-phase synthesis of mixtures of linear or branched
trisaccharide libraries.[15] The libraries were readily purified
by gel-filtration chromatography and contained over 80 % of
the expected products.
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Stereoselective, non-regioselective glycosylation : Ichikawa�s
group has developed a ªstereoselective, yet non-regioselec-
tiveº glycosylation approach toward solution-phase combina-
torial oligosaccharide synthesis.[16] Only one monosaccharide
building block, 6-deoxy-3,4-di-O-trimethylsilyl-l-glucal was
utilized in the synthesis of a small library of 2,6-dideoxy
trisaccharides in the search for antitumor agents (Scheme 3).
The stereoselectivity of the glycosidic linkage
(a-anomer) was controlled by performing the glycosylation


Scheme 3. Ichikawa�s 2,6-deoxy-based trisaccharide library synthesis.


reaction under iodinium ion-catalyzed conditions. The glucal
was first coupled to 6-trifluoroacetamidohexanol in the
presence of iodinium di(sym-collidine)perchlorate (IDCP)
which generated the a-glycoside and an iodo-group at the
2-position. Subsequently, the glycosyl acceptor having two
free hydroxyl groups was obtained by removal of the silyl
groups. After two cycles of glycosylation (Scheme 3) under
IDCP catalysis, regioisomeric linear trisaccharides were
obtained in 73 % yields. Since each glycosylation reaction
generated an iodo-group at the 2-position, the mixture can
undergo further modification.


Orthogonally protected carbohydrates : Wong et al. have
utilized a versatile central monosaccharide building block
with four selectively removable protecting groups to generate
an oligosaccharide library with a high degree of regio- as well
as stereoselectivity (Scheme 4).[17] The key compound is a
monosaccharide glycosyl acceptor 7 with a chloroacetyl
(ClAc), p-methoxybenzyl (PMB), levulinoyl (Lev), and tert-
butyldiphenylsilyl (TBDPS) group, in which every protecting
group can be removed selectively in high yields. In this
synthesis, seven thioglycoside donors were coupled in the
presence of (dimethylthio)methylsulfonium triflate (DMTST)
with the selectively deblocked glycosyl acceptor. They
demonstrated efficient orthogonal protection ± deprotection
schemes in the parallel solution synthesis of a library of 45
oligosaccharides.


Scheme 4. Wong�s orthogonally protected building block approach.


Lubineau and BonaffeÂ [18] have developed a split-pool
library approach for the synthesis of all sulfoforms of
chondroitin sulfate (CS) disaccharide. An orthogonally pro-
tected disaccharide was central to the success of the synthesis
(Scheme 5). Since natural chondroitin sulfates of glycosami-
noglycans are chemically modified upon enzymatic or chem-
ical degradation, the synthesis of sulfated CS will undoubtedly


Scheme 5. Bonnaffe�s combinatorial approach to chondroitin sulfate
disaccharides.


contribute to exploring the biological functions of these
glycoconjugates. In the synthesis of eight sulfated disacchar-
ides, the authors demonstrated that sulfate esters are effective
protecting groups in the crucial C-6 oxidation of a glucosyl to
a glucuronyl. The mixture of disaccharides were readily
purified and analyzed.


One-pot glycosylation : The reactivity of the p-methylphenyl
thioglycoside of different monosaccharides with different
protecting groups (e.g. electron-donating or electron-with-
drawing leaving groups) has been quantitatively evaluated by
Wong�s group in the search for a facile strategy for oligosac-
charide synthesis.[19] This has led to the development of a
computerized database of anomeric reactivity values for
orthogonally protected thioglycosides.[20] This database was
then used for the selection of glycosyl donors and acceptors
for the one-pot, parallel solution synthesis of a library of
oligosaccharides.


Takahashi�s group has also synthesized a library of 72-
trisaccharides by solution-sphase one-pot glycosylation.[21] In
this approach a combination of bromo glycosides, phenylthio
glycosides and 2-bromoethyl glycosides of glucose, galactose,
and mannose in the presence of selective activating agents
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were rapidly assembled on a QUEST 210 manual synthesizer
in good yields (64% to 99 %).


The above chemoselective one-pot glycosylation approach
may prove to be a very powerful strategy in the future
generation of combinatorial oligosaccharide libraries. Fur-
thermore, the use of Wong�s Optimer database[20] for selection
of glycosyl donor and acceptors, and Takahashi�s manual
synthesizer approach would certainly rival solid-phase ap-
proaches for the rapid synthesis of oligosaccharide libraries.
Standard work-up and purification for larger libraries may be
more challenging for routine library synthesis. In this respect,
solid-phase approaches may simplify product isolation and
purification in the generation of larger oligosaccharide
libraries. However, solid support oligosaccharide synthesis
requires an initial investment in optimization steps for
adapting solution synthesis to a solid support. This approach
also embodies additional challenges.[22] The resin, linker, and
the screening techniques to be used must be considered in
planning the library. It is therefore not surprising that very few
oligosaccharide libraries have been successfully synthesized
on the solid support so far.


Anomeric sulfoxides : For a successful solid-phase synthesis,
glycosylation reactions must be stereospecific and high
yielding. To achieve this, Kahne�s group used anomeric
sulfoxides as glycosyl donors.[23] Previous studies had demon-
strated that these sulfoxides were readily activated at low
temperatures regardless of the protecting groups on the
glycosyl donor and acceptor pairs. Moreover, nearly quanti-
tative yields (�90 %) of the
glycosylated products were ob-
tained on solid phase. This
novel coupling procedure was
used to produce a library of
1300 di- and trisaccharides
(Scheme 6) in only three steps.
The monomers used were ap-
propriately protected to ensure
diversity in glycosidic linkages.
An encoded split-mix library
approach on TentaGel resin
was used. Six glycosyl acceptors
were attached separately to the
resin. This was pooled and div-
ided into twelve parts, each of
which was coupled separately
with one of twelve glycosyl
donors. Again, the beads were
pooled, the azido group was
reduced to amine and the beads
were divided into eighteen
parts. Each set of beads were
N-acylated with different re-
agents. All the beads were com-
bined again and fully deprotect-
ed. This on-bead library
(10 mg) was then screened
against Bauhinia purpurea lec-
tin using a colorimetric assay.


Only 25 beads stained purple, a positive interaction with the
lectin. Of these, 13 contained the same core disaccharides and
beads containing the natural ligand, included in the library,
did not stain whereas in solution they were all inhibitors. Thus,
on-bead assay presented the carbohydrate ligands in unique
orientations. This further highlighted the importance of not
only the specificity of the sugar but also its presentation for
carbohydrate ± protein interactions.


Two-directional solid-phase approach : Zhu and Boons syn-
thesized the second solid-phase library, a small trisaccharide
library of 12 compounds (Scheme 7).[24] In this synthesis a
thioethyl glycoside that can act as a donor or acceptor was
immobilized on glycine-derivatized TentaGel resin thorugh a
succinimidyl linker. The key to this approach was the use of
the tetrahydropyranyl group (THP) on the immobilized
thioglycoside, which eliminated the formation of oligomeric
side products during N-iodosuccinimide/trimethylsilyl tri-
fluoromethanesulfonate glycosylation. The immobilized thio-
glycoside was glycosylated separately with three different
glycosyl acceptors, the resin was pooled, and the THP group
removed. The anomeric mixture of disaccharide acceptors
was coupled with a perbenzylated thioglycoside donor to give
a mixture of trisaccharides. The trisaccharides were cleaved
from the resin, purified by gel chromatography, and then fully
deprotected.


Thus far, only a few solid-phase oligosaccharide libraries
have been reported. The challenges of well-planned orthog-
onal protecting groups and high yielding stereospecific
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Scheme 7. Boons�s two directional approach for solid-phase synthesis of
trisaccharide library.


glycosidic bond formation on solid support continue to
stimulate chemists to devise novel approaches. A number of
these innovative strategies would certainly impact future
solid-phase oligosaccharide library generation. They include
the following: the use of soluble polymer-based liquid phase
glycosylation;[25] solid-supported chemical-enzymatic synthe-
sis;[26] the widely applicable and high yielding trichloroaceti-
midate glycosylation;[27] novel linkers such as a new thiol
linker for a-mannose and a-fucose glycosides[28] and a ring
closing metathesis based linker that generates O-allyl glyco-
sides upon cleavage from the resin;[29] the use of glycosylating
agents such as n-pentenyl glycosides;[30] the synthesis of b-
(1!4)- and b-(1!6)-linked oligosaccharides using glycosyl
phosphates in combination with a versatile octenediol link-
er;[31] the glycal assembly method for the synthesis of polymer
bound thioethyl glycosyl donors for the synthesis of b-linked
oligosaccharides;[32] the synthesis of thio-oligosaccharides by
nucleophilic substitution of triflate activated glycosides by
resin-bound sugar-1-thiolate containing unprotected hydroxyl
groups,[33] and the use of a novel photocleavable aglycon
linker[34] are very promising approaches for the rapid access to
oligosaccharides.


Combinatorial Libraries Using Carbohydrate
Scaffolds


Oligosaccharide library synthesis has been hampered by the
polyfunctional nature of carbohydrates. This same feature
places carbohydrates in a distinctive class of privileged
template structures for displaying chemical diversities toward
drug discovery efforts.[35] The advantageous use of the
polyfunctional nature of carbohydrate units as scaffolds for
displaying diversity represents a unique approach to combi-
natorial libraries that are not limited to glycoconjugate
investigation. Previous work had demonstrated the validity
of this approach in the design of nonpeptide somatostatin
mimics.[36] Sofia et al. reported the first such solid-phase
library containing three sites of diversity (Figure 1).[37] The


important features of the scaffold was the use of a functional
triad that included a carboxylic acid moiety, a free hydroxyl
group, and a protected amino functionality on the glucoside 8.
This derivatized monosaccharide was then coupled to an
amino acid functionalized trityl TentaGel resin. Using the
IRORI radiofrequency tagged split-pool methodology[38] with
glucoside 8, sixteen 48-member libraries were prepared from
eight amino acids, six isocyanates, and eight carboxylic acids.
The libraries were analyzed by LC/MS in greater than 80 %
purity. These libraries were referred to as ªuniversal pharma-
cophore mapping librariesº.


Unlike Sofia�s approach, Kunz et al. initially used an
orthogonally protected thioglucoside as a scaffold.[39] The
protecting groups included tert-butyldiphenylsilyl (TBDPS),
1-ethoxy ethyl (EE), and the propyl moiety. An important
feature of the scaffold was the use of a functionalized
thioglycoside, which not only served as a glycosyl donor but
also as a linker for immobilizing the compound on amino-
methyl polystyrene resin. Diversity was introduced at posi-
tions 2 and 6 after selective deprotection and alkylation. An
anomeric mixture of methyl glycosides was obtained in yields
of 30 to 80 %. This combinatorial methodology was extended
to a galactopyranose scaffold 9, which contains five sites of
diversity (Figure 1b).[40] Instead of the propyl group at
position 3, the O-allyl group was introduced. Using sequential
deprotection and alkylation protocols, an array of structurally
diverse compounds were successfully synthesized.
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Figure 1. Carbohydrate-based scaffolds.


Silva�s group has recently reported the synthesis of a unique
b-linked disaccharide scaffold that was employed in the solid-
phase synthesis of a 48-member library (Figure 1c).[41] Central
to this approach was the use of phenylsulfenyl 2-deoxy-2-
trifluoroacetamido glycopyranosides as glycosyl donors in the
synthesis of the b-linked disaccharide.


These scaffolds may provide important small molecules for
probing a variety of biological processes. No biological data
has been presented. Other motifs have been investigated
especially in the search for potent aminoglycoside mimics. An
aminoglucopyranoside core containing a 1,3-hydroxyamine
motif at the anomeric position has also been used as a
privileged template for design of RNA binders using a parallel
solution phase approach.[42] Unlike Sofia�s use of a scaffold
with no a priori information, Wong�s use of this amino-
glucopyranoside core represented a rational approach for
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small-molecule derivatives of
aminoglycoside antibiotics based
on available structural informa-
tion. Small-molecule mimics of
glycoconjugates are therapeuti-
cally more relevant than biologi-
cally active oligosaccharides or
even aminoglycoside antibiotics
since important pharmacokinetic
and pharmacodynamic properties
can be incorporated in the struc-
ture. Therefore, it is not surprising
that combinatorial glycomimetic
library generation is a very dy-
namic and rapidly expanding
field.


Combinatorial Glycomimetic Libraries


To overcome the many challenges of complex oligosaccharide
libraries, small glycoconjugates including glycopeptides have
been exploited as functional mimics of oligosaccharides.
These glycomimetics, in addition to being more readily
accessible, may contain diverse aglycon scaffolds with an
array of hydrophobic and/or charged functionalities upon
which pertinent sugar moieties are displayed. Furthermore,
the glycoside moieties may be present in its native form (O- or
N-linked) or as stable isoteres such as C-linked and S-linked
glycosides. A number of conceptual approaches have been
successfully used for the rapid generation of libraries for
biological studies.


Multiple component reaction (MCR): Ugi�s novel four
component condensation reaction of an amine, aldehyde,
isocyanate, and carboxylic acid to give the glycomimetic 10
has been successfully adapted to the solid phase.[43] This
powerful strategy (Scheme 8) has been used for rapidly
generating solid-phase combinatorial libraries of C-glycosides
15.[44] Using eight diacids, a C-fucose aldehyde 12, two
isocyanides, and Rink amine resin derivatized with five
different amino acids, Armstrong�s group synthesized a
focussed library of sialyl Lewis x mimetics 15 with high purity.


Wong�s group has also used this methodology on a soluble
polyethyleneglycol (PEG) polymer for the generation of
mimetics of the aminoglycoside antibiotic 16 (Scheme 9).[45] In
this library, the neamine moiety 19 (Cbz: benzoxycarbonyl)
which is critical for inhibition of HIV RNA transactivator
protein was kept constant and diversity was introduced in the


amino acid group 18. Using Ugi�s versatile approach, carbo-
hydrate building blocks containing aldehyde, amino, carbox-
ylic, and isocyanide groups can be readily incorporated into
small glycomimetics and used as small probes for carbohy-
drate ± receptor interaction as well as therapeutically useful
lead compounds.[46]


Glycohybrids : In another approach, a 1-thio-b-d-galactopyr-
anoside library was prepared in solution using solid-phase
extraction techniques for purification (Scheme 10). A build-


Scheme 10. Hindsgaul�s glycohybrids.


ing block such as 22 containing O-laurates (PG) as hydro-
phobic tags which facilitated reverse-phase C18 silica purifi-
cation of the glycohybrids was used. This thio-glycoside


building block underwent Michael
addition reactions followed by deri-
vatization of the carbonyl group with
several amino acids. A library of an
easily separable mixture of thirty
compounds, 25, each present as four
diastereomers was produced. This
library was screened for inhibitors of
b-galactosidase from E. coli. One of
the members was a better inhibitor
than their reference compound.[47]
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Scheme 9. Wong�s neomycin mimics by Ugi four-component condensation.
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Glycosylated amino acid building blocks : The glycosylation of
N-fluoren-9-yl-methoxycarbonyl (Fmoc) amino acid penta-
fluorophenyl esters (OPfp) (Scheme 11) has provided a range
of building blocks for assembly of glycopeptides by multiple
column solid-phase peptide synthesis. A variety of solid
supports have also been used to produce parallel arrays of
glycopeptides with native and isosterically substituted glyco-
sidic linkages.[5, 10, 48] St. Hilaire and Meldal have reported an
elegant strategy for combinatorial glycopeptide libraries that
afforded unambiguous characterization of active compounds
(Scheme 11).[49] An encoded one-bead-one-compound hepta-
glycopeptide library consisting of 300 000 members were
rapidly synthesized on a PEGA resin containing a photolabile
linker by the split-mix technique. The glycopeptide-resin was
then screened against a fluorescently labeled lectin from
Lathyrus odoratus. Active compounds on fluorescent beads
were determined by irradiation of the linker using the
MALDI/TOF-MS laser with concurrent analysis of the ladder


of terminated fragments, which directly gave the sequence
and structure of the glycopeptide. The importance of the
terminal mannose unit for lectin recognition was demonstrat-
ed since all the active glycopeptides contained this moiety.


Wong et al. used a fucosylated amino acid building block
approach (Scheme 12).[50] The fucose moiety of fucosylated
threonine derivative was immo-
bilized through a p-(acyloxy-
methyl)benzylidene acetal (p-
AMBA) on a carboxyl-func-
tionalized PEG-PS resin 26.
This was used to generate a
fucopeptide library of sialyl
Lewis x mimetics using parallel
synthesis. In this library, the
critical hydroxyl groups of the
fucose moiety required for rec-
ognition of sialyl Lewis x by
E-selectin was invariant and
diversity was introduced at both
the N- and C-termini of the


glycopeptide. The cleaved and purified fucopeptides showed
moderate binding when assayed against E- and P-selectins.


Automated, multistep approach to neoglycopeptide libraries :
A versatile, fully automated multi-step solid-phase strategy


has also been developed for the
parallel synthesis of neoglyco-
peptide libraries (Scheme 13).
Instead of using a glycosylated
amino acid building block,
which limits the choices of at-
tached amino acids, C-glycoside
28 building blocks protected as
acetates are used.[51] The C-gly-
coside can be in either the a- or
b-configuration or even as a
mixture of anomers and contain
an aldehyde or carboxylic acid
functionality. These building
blocks can then be independ-
ently incorporated on a pep-
tide/pseudo-peptide scaffold.
Furthermore, the chain length
of the C-glycoside can be varied
and the carbohydrate moiety


can be synthesized in either the pyranose or furanose form.
In addition, these types of carbohydrate building blocks are
not limited to monosaccharide derivatives since disaccharides
can also be used.


Using this approach, libraries of neoglycopeptides are
readily synthesized for probing carbohydrate ± protein inter-
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action. A number of ªworking modelsº have been developed
for these libraries which addresses the multivalent presenta-
tion of carbohydrates 29, 30, and 31 (Scheme 13) while the
dipeptide scaffold may contribute to secondary interactions
with the biological target.[52] Initially, the neoglycopeptides
were synthesized by a convergent strategy on a peptide
synthesizer.[53] Since then, the synthesis has been successfully
transferred to a fully automated multiple organic synthesizer
and has been further optimized.[54] This fully automated
methodology involves coupling an amino acid to an insoluble
support such as Rink amide MBHA resin or TentaGel
derivatized Rink amide resin. After removal of the protecting
group on the amino acid, the sugar aldehyde undergoes
reductive amination (Scheme 13, models 30 and 31) with the
resin bound amino group followed by amide bond formation
with a second amino acid. After the amino group is
deprotected it can undergo either reductive amination with
any sugar aldehyde or coupling with any sugar acid or both.
Using this approach, a parallel 96-compound library was
recently synthesized using 24-dipeptides and two sugars, a-C-
linked mannose- and glucose-aldehyde derivatives.[55] The
choice of the dipeptide and sugars are reflected in the
biological mechanism under investigation. This library pro-
vided chemical probes for studying protein folding and
trafficking especially of N-linked glycoproteins[56, 57] as well
as enzyme systems that convert a glucose moiety to rhamnose
prior to incorporation of the rhamnose unit during biosyn-
thesis of the mycobacterium cell wall.[58] Therefore, negatively
charged amino acids, polar amino acids as well as hydrophobic
residues were included in the 24 dipeptides that contained a
diversity of two monosaccharides. A number of potential
glycoside-based inhibitors containing at least one negatively
charged amino acid residue were identified and detailed
biological studies are in progress. Work is ongoing in the
generation of a number of libraries including those with the
nucleoside moiety at the C-terminal end of the model
compounds (29, 30, 31) as chemical probes for investigating
various glycosyl transferase-based reactions using high
throughput assays.


Future Directions


The field of combinatorial carbohydrate based libraries is only
a few years old. During this formative period, chemists have
devised novel strategies to rapidly synthesize biologically
relevant carbohydrates. The conceptual approaches described
in this paper addressed many of the challenging aspects of
carbohydrate library synthesis. Although many of the libraries
were small (less than 50 compounds), they nonetheless
demonstrated the principles of the varied strategies. Many
groups are actively involved in this dynamic field in the
synthesis of atypical monosaccharide building blocks and
development of new solid supports and linkers as well as
analysis and screening of solid-phase carbohydrate-based
libraries. These approaches will certainly contribute to
innovative library generation of oligosaccharides as well as
of glycomimetics. Moreover, there is a trend towards fully
automated and flexible approach to glycommimetic libraries,


which may play a crucial role in rapidly identifying small-
molecule inhibitors especially for carbohydrate processing
enzymes. Such a parallel solid-phase approach eliminates the
need for additional deconvolution of split-mix libraries as well
as problematic identification of active compounds. Thus,
glycobiology continues to be the driving force behind
innovative chemical approaches to the study of the least
exploited of the biomolecules, carbohydrates, and carbohy-
drate conjugates.


Acknowledgement


This work is funded in part by the National Research Council, publication
No. 43852. One referee and Dr. Karla Randell are thanked for providing
several very useful suggestions.


[1] R. A. Dwek, Chem. Rev. 1996, 96, 683; A. Varki, Glycobiology 1993, 3,
97.


[2] J. é. Duus, P. M. St. Hilaire, M. Meldal, K. Bock, Pure Appl. Chem.
1999, 71, 755; P. Mischnick, Angew. Chem. 2000, 112, 1274; Angew.
Chem. Int. Ed. 2000, 39, 1222.


[3] See for example: Preparative Carbohydrate Chemistry (Ed.: S.
Hanessian), Marcel Dekker, 1997; G. Benjamin, J. Davis, J. Chem.
Soc. Perkin Trans. 1 2000, 2137; K. Toshima, K. Tatsuta, Chem. Rev.
1993, 93, 1503.


[4] S. J. Danishefsky, J. Y. Roberge, Pure Appl. Chem. 1995, 67, 1647; C.
Gege, J. Vogel, G. Bendas, U. Rothe, R. R. Schmidt, Chem. Eur. J.
2000, 6, 111; D. K. Baeschlin, A. R. Chaperon, L. G. Green, M. H.
Hahn, S. J. Ince, S. V. Ley, Chem. Eur. J. 2000, 6, 172; J. G. Allen, B.
Fraser-Reid, J. Am. Chem. Soc. 1999, 121, 468; G. A. Winterfield, Y.
Ito, T. Ogawa, R. R. Schmidt, Eur. J. Org. Chem. 1999, 1167; J.
Habermann, H. Kunz, Tetrahedron Lett. 1998, 39, 265; P. H. Seeberg-
er, S. J. Danishefsky, Acc. Chem. Res. 1998, 31, 685; C. Unverzagt,
Carbohydr. Res. 1998, 305, 423; E. Meinjohanns, M. Meldal, H.
Paulsen, R. A. Dwek, K. Bock, J. Chem. Soc. Perkin Trans. 1 1998, 549;
D. Sames, X.-T. Chen, S. J. Danishefsky, Nature 1997, 389, 587; O.
Seitz, C.-H. Wong, J. Am. Chem. Soc. 1997, 119, 8766; N. Mathieux, H.
Paulsen, M. Meldal, K. Bock, J. Chem. Soc. Perkin Trans. 1 1997, 2359;
S. J. Danishefsky, M. T. Bilodeau, Angew. Chem. 1996, 108, 1482;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1380; Z.-G. Wang, X.-F. Zhang,
Y. Ito, Y. Nakahara, T. Ogawa, Carbohydr. Res. 1996, 295, 25;


[5] L. A. Marcaurelle, C. R. Bertozzi, Chem. Eur. J. 1999, 5, 1384; E. E.
Simanek, G. J. McGarvey, J. A. Jablonowski, C.-H. Wong, Chem. Rev.
1998, 98, 833; P. Sears, C.-H. Wong, Angew. Chem. 1999, 111, 2446;
Angew. Chem. Int. Ed. 1999, 38, 2300; P. M. St. Hilaire, M. Meldal,
Angew. Chem. 2000, 112, 1210; Angew. Chem. Int. Ed. 2000, 39, 1162.


[6] L. A. Thompson, J. A. Ellman, Chem. Rev. 1996, 95, 555; E. M.
Gordon, M. A. Gallop, D. V. Patel, Acc. Chem. Res. 1996, 29, 144;
K. S. Lam, M. Lebel, V. Krchnak, Chem. Rev. 1997, 97, 411; R. E.
Dolle, K. H. Nelson, Jr., J. Comb. Chem. 1999, 1, 235; F. Balkenhohl,
C. von dem Bussche-Hünnefeld, A. Lansky, C. Zechel, Angew. Chem.
1996, 108, 2436; Angew. Chem. Int. Ed. Engl. 1996, 35, 2288; F.
Guillier, D. Orain, M. Bradley, Chem. Rev. 2000, 100, 2091.


[7] R. B. Merrifield J. Am. Chem. Soc. 1963, 85, 2149; A. Furka, F.
Sebestyen, M. Asgedom, G. Dibo, Int. J. Peptide Protein Res. 1991, 37,
487; R. A. Houghten, C. Pinilla, S. E. Blondelle, J. R. Appel, C. T.
Dooley, J. H. Cuervo, Nature 1991, 354, 84.


[8] Combinatorial Chemistry and Molecular Diversity in Drug Discovery
(Eds.: E. M. Gordon, J. F. Kerwin, Jr.), Wiley, 1998 ; Molecular
Diversity and Combinatorial ChemistryÐLibraries and Drug Discov-
ery (Eds.: I. M. Chaiken, K. D. Janda), ACS Series, 1996 ; D. Obrecht,
J. M. Villalgordo in Solid-Supported Combinatorial and Parallel
Synthesis of Small-Molecular-Weight Compound Libraries, Pergamon,
1998 ; Solid Phase Organic Synthesis (Ed.: K. Burgess), Wiley, New
York, 2000.


[9] See special Issue 2 on combinatorial chemistry: Chem. Rev. 1997, 97.







Carbohydrate Conjugates 555 ± 563


Chem. Eur. J. 2001, 7, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0563 $ 17.50+.50/0 563


[10] M. J. Sofia, Mol. Diversity 1998, 3, 75; Z.-G. Wang, O. Hindsgaul,
Glycoimmunology 1998, 2, 219; F. Schweizer, O. Hindsgaul, Curr.
Opin. Chem. Biol. 1999, 3, 291; P. Arya, R. N. Ben, Angew. Chem.
1997, 109, 1335; Angew. Chem. Int. Ed. Engl. 1997, 36, 1280.


[11] O. Kanie, F. Berresi, Y. Ding, J. Labbe, A. Otter, L. S. Forsberg, B.
Ernst, O. Hindsgaul, Angew. Chem. 1995, 107, 2912; Angew. Chem. Int.
Ed. Engl. 1995, 34, 2720.


[12] Y. Ding, J. Labbe, O. Kanie, O. Hindsgaul, Bioorg. Med. Chem. 1996,
4, 683.


[13] G.-J. Boons, B. Heskamp, F. Hout, Angew. Chem. 1996, 108, 3053;
Angew. Chem. Int. Ed. Engl. 1996, 35, 2845.


[14] G.-J. Boons, S. Isles, J. Org. Chem. 1996, 61, 4262.
[15] M. Johnson, C. Arles, G.-J. Boons, Tetrahedron Lett. 1998, 39, 9801.
[16] M. Izumi, Y. Ichikawa, Tetrahedron Lett. 1998, 39, 2079.
[17] C.-H. Wong, X.-S. Ye, Z. Zhang, J. Am. Chem. Soc. 1998, 120, 7137.
[18] A. Lubineau, D. Bonnaffe, Eur. J. Org. Chem. 1999, 2523.
[19] Z. Zhang, I. R. Ollmann, X.-S. Ye, R. Wischnat, T. Bassov, C.-H.


Wong, J. Am. Chem. Soc. 1999, 121, 734.
[20] X.-S. Ye, C.-H. Wong, J. Org. Chem. 2000, 65, 2410.
[21] H. Yamada, T. Kato, T. Takahashi, Tetrahedron Lett. 1999, 40, 4581; T.


Takahashi, M. Adachi, A. Matsuda, T. Doi, Tetrahedron Lett. 2000, 41,
2599.


[22] H. M. I. Osborn, T. H. Khan, Tetrahedron 1999, 55, 1807.
[23] R. Liang, L. Yan, J. Loebach, M. Ge, Y. Uozumi, K. Sekanina, N.


Horan, J. Glidersleeve, C. Thompson, A. Smith, K. Biswas, W. C. Still,
D. Kahne, Science 1996, 274, 1520; N. Horan, L. Yan, H. Isobe, G. M.
Whitesides, D. Kahne, Proc. Natl. Acad. Sci. USA 1999, 96, 11782.


[24] T. Zhu, G.-J. Boons, Angew. Chem. 1998, 110, 2000; Angew. Chem. Int.
Ed. 1998, 37, 1898.


[25] S. P. Douglas, D. M. Whitfield, J. J. Krepinsky, J. Am. Chem. Soc. 1991,
113, 5095; Y. Ito, O. Kanie, T. Ogawa, Angew. Chem. 1996, 108, 2691;
Angew. Chem. Int. Ed. Engl. 1996, 35, 2510; C. M. Dreef-Tromp,
H. A. M. Willems, P. Westerduin, P. van Veelen, C. A. A. van Boeckel,
Bioorg. Med. Chem. Lett. 1997, 7, 1175.


[26] M. Schuster, P. Wang, J. C. Paulson, C.-H. Wong, J. Am. Chem. Soc.
1994, 116, 1135.


[27] R. R. Schmidt, Angew. Chem. 1986, 98, 213; Angew. Chem. Int. Ed.
Engl. 1986, 25, 212; J. Rademann, R R. Schmidt, Tetrahedron Lett.
1996, 37, 3989.


[28] J. Rademann, R. R. Schmidt, J. Org. Chem. 1997, 62, 3650.
[29] L. Knerr, R. R. Schmidt, Synlett 1999, 1802.
[30] R. Rodebaugh, S. Joshi, B. Fraser-Reid, H. M. Geysen, J. Org. Chem.


1997, 62, 5660; G. Anilkumar, L. G. Nair, B. Fraser-Reid, Org. Lett.
2000, 2, 2587.


[31] R. Andrade, O. J. Plante, L. G. Melean, P. H. Seeberger, Org. Lett.
1999, 1, 1811.


[32] C. Zheng, P. H. Seeberger, S. J. Danishefsky J. Org. Chem. 1998, 63,
1126.


[33] G. Hummel, O. Hindsgaul, Angew. Chem. 1999, 111, 1900; Angew.
Chem. Int. Ed. 1999, 38, 1782.


[34] K. C. Nicolaou, N. Watanabe, J. Li. , J. Pastor, N. Winssinger, Angew.
Chem. 1998, 110, 1636; Angew. Chem. Int. Ed. 1998, 37, 1559.


[35] M. J. Sofia, Med. Chem. Res. 1998, 8, 362.
[36] R. Hirschmann, W. Yao, M. A. Cascieri, C. D. Strader, L. Maechler,


M. A. Cichy-Knight, J. Hynes, Jr., R. D. van Rijn, P. A. Sprengeler,
A. B. Smith III, J. Med. Chem. 1996, 39, 2441.


[37] M. J. Sofia, R. Hunter, T. Y. Chan, A. Vaughan, R. Dulina, H. Wang,
D. Gange, J. Org. Chem. 1998, 63, 2802.


[38] K. C. Nicolaou, X. Y. Xiao, Z. Parandoosh, A. Senyei, M. P. Nova,
Angew. Chem. 1995, 107, 2476; Angew. Chem. Int. Ed. Engl. 1995, 34,
2289.


[39] T. Wunberg, C. Kallus, T. Opatz, S. Henke, W. Schmidt, H. Kunz,
Angew. Chem. 1998, 110, 2620; Angew. Chem. Int. Ed. 1998, 37, 2503.


[40] C. Kallus, T. Opatz, T. Wunberg, W. Schmidt, S. Henke, H. Kunz,
Tetrahedron Lett. 1999, 40, 7783.


[41] D. J. Silva, H. Wang, N. M. Allanson, R. K. Jain, M. J. Sofia, J. Org.
Chem. 1999, 64, 5926.


[42] C.-H. Wong, M. Hendrix, D. D. Manning, C. Rosenbohm, W. A.
Greenberg, J. Am. Chem. Soc. 1998, 120, 8319.


[43] I. Ugi, Angew. Chem. 1982, 94, 826; Angew. Chem. Int. Ed. Engl. 1982,
21, 810.


[44] D. P. Sutherlin, T. M. Stark, R. Hughes, R. W. Armstrong, J. Org.
Chem. 1996, 61, 8350.


[45] W. K. C. Park, M. Auer, H. Jaksche, C.-H. Wong, J. Am. Chem. Soc.
1996, 118, 10150.


[46] O. Lockhoff, Angew. Chem. 1998, 110, 3634; Angew. Chem. Int. Ed.
1998, 37, 3436.


[47] U. J. Nilsson, E. J.-L. Fournier, O. Hindsgaul, Bioorg. Med. Chem.
1998, 6, 1563.


[48] M. Meldal, P. M. St. Hilaire, Curr. Opin. Chem. Biol. 1997, 1, 552.
[49] P. M. St. Hilaire, T. L. Lowary, M. Meldal, K. Bock, J. Am. Chem. Soc.


1998, 120, 13312.
[50] T. F. J. Lampe, G. Weitz-Schmidt, C.-H. Wong, Angew. Chem. 1998,


110, 1761; Angew. Chem. Int. Ed. 1998, 37, 1707.
[51] P. Arya, S. Dion, G. K. H. Shimizu, Bioorg. Med. Chem. Lett. 1997, 7,


1537.
[52] P. Arya, K. M. K. Kutterer, H. Qin, J. Roby, M. L. Barnes, J. M. Kim,


R. Roy, Bioorg. Med. Chem. Lett. 1998, 8, 1127; P. Arya, K. M. K.
Kutterer, H. Qin, J. Roby, M. L. Barnes, S. Lin, C. A. Lingwood, M. G.
Peter, Bioorg. Med. Chem. 1999, 7, 2823; P. Arya, R. N. Ben, K. M. K.
Kutterer, Organic Synthesis Highlights, Vol. IV, Wiley-VCH, Wein-
heim, 2000, p. 337.


[53] K. M. K. Kutterer, M. L. Barnes, P. Arya, J. Comb. Chem. 1999, 1, 28.
[54] P. Arya, K. M. K. Kutterer, A. Barkley, J. Comb. Chem. 2000, 2, 120.
[55] A. Barkley, P. Arya, unpublished results.
[56] L. Ellgarrd, M. Molinari, A. Helenius, Science 1999, 286, 1882.
[57] A. Zapun, C. A. Jakob, D. Y. Thomas, J. J. M. Bergeron, Structure


1999, R173.
[58] M. McNeil in Genetics of Bacterial Polysaccharides (Ed.: J. B.


Goldberg), CRC, 1999, pp. 207 ± 223.








Regio- and Stereoselective Synthesis of Nor-Nonactinic Acid DerivativesÐ
Kinetic Reaction Control in the Lewis Acid Mediated Domino Reaction of
1,3-Dicarbonyl Dianions with 1-Bromo-2,3-epoxypropanes


Peter Langer* and Ilia Freifeld[a]


Abstract: Reaction of 1,3-dicarbonyl dianions with epibromohydrin derivatives
results in formation of functionalized 2-alkylidene-5-hydroxymethyltetrahydrofur-
ans. These reactions proceed by chemoselective attack of the dianion onto the carbon
attached to the bromine atom and subsequent nucleophilic attack of the resultant
monoanion onto the epoxide. The cyclization products, which were formed with very
good regio- and stereoselectivities, are of pharmacological relevance and represent
versatile building blocks for the synthesis of natural products.


Keywords: cyclization ´ dianions ´
Lewis acids ´ regioselectivity ´ ster-
eoselective synthesis ´ tetrahydro-
furans


Introduction


The ring opening of an epoxide with functionalized carbon
nucleophiles, such as enolates or cuprates, is a process of great
synthetic importance,[1] especially since there is a range of
methods for the preparation of substituted epoxides in
optically active form.[2] Previously, attention in epoxide
chemistry has been mainly focused on reactions with mono-
functional nucleophiles after which the resultant open-chain
product is simply quenched with water following the initial
reaction. For example, a protected seco acid, an open-chain
precursor to (R,R)-(ÿ)-pyrenophorin, has been enantiospe-
cifically prepared by reaction of the dianion of tert-butyl
acetoacetate with (R)-(�)-propylene oxide and subsequent
quenching of the resultant open-chain product with water.[3]


Much less interest has been focused on reactions where two
reactive centers of the epoxides were involved rather than
only one. One such example is the reaction of epoxides with
1,3-dicarbonyl dianions, which has been reported to proceed
by attack of the terminal carbon atom of the dianion onto the
sterically less hindered atom of the epoxide (Scheme 1).[4]


This reaction has been used for the synthesis of (�)-methyl
homononactate and methyl 8-epi-homononactate.[5] These
compounds are subunits of the nactins, a biologically impor-
tant class of macrotetrolide antibiotics isolated from a variety
of Streptomyces cultures.[6, 7]


OEt


OO
O H


O


O
OEt


1) NaH, nBuLi


2)


3) H2O


THF, -78 °C1a 2


Scheme 1. An example of the reaction of epoxides with 1,3-dicarbonyl
dianions.


Despite the simplicity of the idea, only small attention has
been given to cyclization reactions[8] of dianion equivalents
with epoxides containing an additional electrophilic func-
tional group. Several drawbacks are possible for these
reactions: on the one hand, dianions are highly reactive
compounds which can react both as nucleophiles and as bases;
on the other hand, functionalized epoxides are rather labile
and can undergo decomposition or side reactions. An inter-
esting cyclization reaction of epoxyaldehydes with 3-iodo-2-
[(trimethylsilyl)methyl]propene/SnF2, a trimethylenemethane
dianion equivalent, has been reported by Molander and co-
workers.[9] Due to the use of a symmetrical dianion equivalent
no issue of regioselectivity regarding the dianion arose.
However, the reaction proceeded regioselectively with re-
spect to the dielectrophile and involved attack of the dianion
onto the aldehyde and subsequent cyclization via the terminal
carbon of the epoxide to give a six-membered ring.


In the course of our studies[10, 11] related to domino
reactions[12] of dianion equivalents,[13] we have recently
reported the first cyclization reactions of 1,3-dianions with
epibromohydrin derivatives.[14] These reactions proceed by
chemoselective attack of the dianion onto the carbon attached
to the bromine atom and subsequent nucleophilic attack of
the resultant monoanion onto the central carbon atom giving
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rise to formation of five-membered rings. The products,
2-alkylidene-5-hydroxymethyltetrahydrofurans, were formed
with very good regio- and stereoselectivities. Herein we shall
report full details of our new cyclization reaction and studies
related to the preparative scope of the reaction.


The cyclization products can be considered as nor-non-
actinic acid derivatives and are versatile building blocks for
the synthesis of biologically important natural products
(Figure 1). Because of their hydroxyester functionality, they
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Figure 1. Biologically important macrotetrolide nonactin.


represent direct precursors for the synthesis of nor-nactins
and related macrotetrolides[6, 7] and of tetrahydrofurylamino
acids. These target molecules are of interest both for bio-
logical reasons and for applications as potential ion chan-
nels.[15] In addition, the unique functionality of 2-alkylidene-5-
hydroxymethyltetrahydrofurans has been used during syn-
thetic studies[16] on the natural products sarcodictyin A and
B[17, 18] and eleutherobin.[19, 20] These marine diterpenoids have
been extracted in small quantities from the soft corals
Sarcodictyon roseum and Eleutherobia albiflora, and show
outstanding biological activity including potent in vitro
cytotoxicity against diverse tumor cell lines[19b, 21] and com-
petition with paclitaxel to bind at the microtubuli, inhibiting
their depolymerisation.[21b, 22] This tubulin-stabilizing activity
adds these natural products to the restricted family of taxol-
like cytotoxic agents (together with the epothilones[23] and
discodermolide[24]).


Results and Discussion


Selectivity : Our first attempts to induce a cyclization reaction
of the dianion of ethyl acetoacetate (1 a) with 1-tosyloxy-2,3-
epoxypropane (3 a) resulted in formation of a complex
mixture. Employment of the corresponding mesylate and
triflate was equally disappointing.[25] Reaction of the dianion
of 1 a with 1-bromo-2,3-epoxypropane (3 b) resulted in
formation of the 2-alkylidenetetrahydrofuran 4 a in low yield.
After much experimentation (Table 1), we found that max-
imum yields (up to 74 %) were obtained when the reaction
was carried out in the presence of 2.7 equivalents of the Lewis
acids lithium chloride or, better, lithium perchlorate and when
2.5 equivalents of the dianion (rather than only one) were
used (Scheme 2). The Lewis acid is necessary to activate the
epoxide.[26]
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Scheme 2. Optimized reaction conditions for cyclization of the dianion of
1a with 3b.


The formation of 2-alkylidenetetrahydrofuran 4 a can be
explained by chemo- and regioselective attack of the terminal
carbon atom of the dianion onto the carbon attached to the
bromine atom and subsequent Lewis acid mediated attack of
the oxygen atom onto the epoxide (Scheme 2). Since epoxides
are known to be cleaved by nucleophilic attack of 1,3-
dicarbonyl dianions (see above)[4] the problem of chemo-
selectivity was critical. After much experimentation we have
found that a thorough optimization of the reaction temper-


Abstract in German: Funktionalisierte 2-Alkyliden-5-hydroxy-
methyltetrahydrofurane können effizient und hochselektiv
durch Lewis Säure vermittelte Cyclisierung von 1,3-Dicarbo-
nyldianionen mit Epibromhydrinderivaten hergestellt werden.
Die Bildung der Produkte kann durch chemoselektiven
Angriff des terminalen Kohlenstoffatoms des Dianions auf
die Alkylbromidfunktion des Epibromhydrins und an-
schlieûende Cyclisierung durch regioselektiven Angriff des
Sauerstoffatoms des gebildeten Monoanions auf das benach-
barte Kohlenstoffatom des Epoxids erklärt werden. Der Ein-
satz des Natrium-Lithium-Salzes der Dicarbonylverbindung
sowie die Anwesenheit der Lewis Säure Lithiumperchlorat
erwiesen sich als besonders wichtig bei der Optimierung der
neuen Dominoreaktion. Die Cyclisierungsprodukte, die mit
sehr guter Regio- und Stereoselektivität gebildet werden, sind
von pharmakologischer Relevanz und stellen vielseitige Bau-
steine zur Synthese von Naturstoffen dar.


Table 1. Conditions and yields of the reaction of the dianion of 1a with
substituted epoxypropanes.


X
O


H


Entry X Lewis acid [equiv] 1a [equiv] t [h][a] [%][b]


1 OTos ± 2.5 10�8 0
2 OTos BF3 ´ Et2O (2.7) 1 10�8 0
3 Br ± 1 10�8 19
4 Br ± 2.5 10�8 31
5 Br BF3 ´ Et2O (2.7) 2.5 10�8 0
6 Br LiCl (2.7) 2.5 10�8 74
7 Br LiClO4 (2.7) 2.5 10�8 74
8 Br LiCl (2.7) 1 10�8 46
9 Br LiCl (2.7) 2.5 0�12 12


[a] Reaction time at ÿ35 8C � reaction time at 20 8C. [b] Isolated yields.
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ature was crucial to obtain high chemoselectivities: the
dianion could be selectively coupled with the alkyl bromide
moiety by stirring of the reaction mixture at ÿ35 8C for 10 h
(TLC monitoring). To induce the cyclization step, the mixture
was warmed to ambient temperature and stirred for 8 h at
20 8C.


The regioselectivity for the dianion can be explained based
on stereoelectronic considerations.[27] The formation of a five-
membered ring by carbon alkylation of an enolate requires
approach of the electrophile perpendicular to the plane of the
enolate, whereas oxygen alkylation requires approach in the
plane of the enolate. Consequently, in the case of the five-
membered ring, approach of the alkylating center to the
carbon site in the O-metalated enolate is sterically difficult
compared with its approach in the plane to the oxygen site
yielding the observed enol ether moiety (Scheme 3).


C C


O


X


O
M


O
M


X


Scheme 3. Stereoelectronic explanation for the regioselectivity of five-
membered-ring formation.


Regarding the epoxide, the cyclization proceeded regiose-
lectively via the sterically more hindered central carbon atom,
forming a five-membered rather than a six-membered ring.
This is noteworthy, since six-membered rings were formed in
the cyclization of the trimethylenemethane dianion equiv-
alent with epoxyaldehydes.[9a] The different selectivities can
again be explained by stereoelectronic considerations: in case
of the trimethylenemethane dianion, no 5-exo-tet cyclization
is posssible since only carbon but no oxygen atoms are
available as nucleophilic centers.


An important feature of our cyclization reaction is the fact
that the exocyclic double bond of 4 a was formed with very
good Z-selectivity. Upon standing at room temperature,
2-alkylidenetetrahydrofuran 4 a (neat or dissolved in ether
or dichloromethane) isomerized within one week into the
corresponding E-configured product (Scheme 4). This isomer-
ization is drastically accelerated by the addition of a few drops


O
HO O


OEt
O


HO


EtO


O


4a 5


Ether, 20 °C


7 d, 90%


Scheme 4. Isomerization of 2-alkylidene-5-hydroxymethyltetrahydrofuran
4a.


of TFA (trifluoroacetic acid). The isomerization shows that
the thermodynamically less stable Z isomer is formed under
kinetic reaction control. This was surprising since we and
others have previously observed very good E selectivities in
the reaction of dilithiated 1,3-dicarbonyl compounds with
other 1,2-dielectrophiles (e.g. unfunctionalized epoxides,[4, 5]


oxalic acid dielectrophiles,[10a] 1-bromo-2-chloroethane[11i]).
Interestingly, much better yields were obtained for 4 a when
the sodium ± lithium rather than the dilithium salt of 1 a was


employed (76 vs. 18 %). In addition, the stereoselectivity was
low in the latter case.


Our working hypothesis to explain the stereoselectivity is
based on the assumption that the enolate in intermediate B
possesses Z geometry owing to chelation with a Li� ion. This
complexation is facilitated by the high concentration of
lithium ions in solution (due to the use of 2.7 equiv of
LiClO4).[28] In addition, the Z selectivity can be explained by
complexation of a lithium ion by three oxygen atoms in
intermediate C (Scheme 2). Addition of water results in
decomplexation to give the free Z-configured 2-alkylidene-
tetrahydrofuran. Although these compounds undergo slow
conversion into the E-configured isomers (see above), they
are sufficiently stable to be fully characterized and to be used
in organic transformations (see below).


Preparative scope : In order to study the preparative scope of
the new cyclization reaction we varied the substituents of the
dicarbonyl compound and of the epoxide systematically
(Scheme 5, Table 2). Reaction of 1-bromo-2,3-epoxypropane


Br
O


H


THF, LiClO4


O


R2


HO O
R3


R1
R3


OO


R1


R2


1) NaH, nBuLi, 0 °C


2)


3) H2O


-35 °C, 10 h
  20 °C, 8 h


(3b)


1a-w 4a-w


Scheme 5. Synthesis of 2-alkylidene-5-hydroxymethyltetrahydrofurans.


(3 b) with the dianions of ethyl and methyl acetoacetate
afforded the Z-configured 2-alkylidene-5-hydroxymethyl-
tetrahydrofurans 4 a ± b in good yields and with very good
chemo-, regio-, and stereoselectivities. Cyclization of 3 b with
the dianions of tert-butyl, isobutyl, isopropyl, methoxyethyl,
and benzyl acetoacetate afforded the Z-configured 2-alkyl-
idene-5-hydroxymethyltetrahydrofurans 4 c ± g in good yields
and with very good chemo-, regio-, and stereoselectivities.
Cyclization of 1-bromo-2,3-epoxypropane (3 b) with the
dianions of N,N-diethylacetylacetic acid amide, acetylacetone,
5,5-dimethyl-2,4-hexanedione, and benzoylacetone afforded
the 2-alkylidenetetrahydrofurans 4 h ± k in good yields and
with very good chemo- and regioselectivities and (except for
4 i) with very good stereoselectivities. In the case of 4j ± k the
E-configured isomers were selectively formed. Reaction of
1-bromo-2,3-epoxypropane with 2-methylacetylacetone, ethyl
2-methylacetoacetate, ethyl 2-ethylacetoacetate, and ethyl
2-butylacetoacetate afforded the 2-alkylidenetetrahydrofur-
ans 4 l ± o in good yields, with very good regio- and stereo-
selectivities and (except for 4 l) with very good stereoselec-
tivities.


Reaction of 1-bromo-2,3-epoxypropane with the dianions
of methyl 3-oxopentanoate, ethyl 3-oxohexanoate, and ethyl
3-oxo-6-heptenoate regioselectively afforded the Z-config-
ured 2-alkylidenetetrahydrofurans 4 p ± r with moderate to
good 1,3-diastereoselectivities. Starting with the dianion of a-
acetyltetralone afforded the interesting E-configured 2-alkyl-
idenetetrahydrofuran 4 s. Cyclization of 3 b with the dianion of
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ethyl cyclohexanone-2-carboxylate afforded the 5,6-bicyclic
2-alkylidenetetrahydrofuran 4 t with very good chemo- and
regioselectivity and with good 1,3-diasteroselectivity. The
major diastereomer could be cleanly separated and isolated in
good yield. From the dianion of methyl 5-methylcyclohex-
anone-2-carboxylate, the 5,6-bicyclic 2-alkylidenetetrahydro-
furan 4 u was formed with very good chemo-, regio-, and 1,2-
diastereoselectivity and with good 1,3-diasteroselectivity. In
this reaction three stereocenters were formed with high
selectivity. Reaction of 1-bromo-2,3-epoxypropane (3 b) with
the dianion of methyl 4-phenylcyclohexanone-2-carboxylate
afforded the 5,6-bicyclic 2-alkylidenetetrahydrofuran 4 v with
very good chemo- and regioselectivity and with good 1,3-
diasteroselectivity. From the dianion of ethyl cycloheptanone-
2-carboxylate, the 5,7-bicyclic 2-alkylidenetetrahydrofuran
4 w was formed with very good chemo- and regioselectivity
and with good 1,3-diasteroselectivity.


Reaction of the dianion of ethyl acetoacetate with threo-3-
bromo-1,2-epoxybutane (3 c) afforded the 2-alkylidenetetra-
hydrofuran 6 (Scheme 6) in 38 % yield with complete Z


Scheme 6. Route of the reaction of the ethyl acetoacetate dianion with
threo-3-bromo-1,2-epoxybutane to give tetrahydrofuran 6.


selectivity and with very good stereoselectivity (9:1). The
formation of 6 can be explained by initial attack of the dianion
onto the sterically less hindered carbon atom of the epoxide
(intermediate D), nucleophilic displacement of the bromine
atom by the alcoholate to give intermediate E, and subse-


Table 2. Synthesis of 2-alkylidene-5-hydroxymethyltetrahydrofurans 4.


Entry 1 4 R1 R2 Yield [%] [a] Z : E ds [b]


a O O


R2


R1


H OEt 74 > 98:2 ±
b H OMe 74 > 98:2 ±
c H O(tBu) 71 > 98:2 ±
d H O(iBu) 68 > 98:2 ±
e H O(iPr) 92 10:1 ±
f H O(CH2)2OMe 57 > 98:2 ±
g H OCH2Ph 78 > 98:2 ±
h H NEt2 96 > 98:2 ±
i H Me 73 4:3 ±
j H tBu 70 < 2:98 ±
k H Ph 61 < 2:98 ±
l Me Me 72 4:3 ±
m Me OEt 71 > 98:2 ±
n Et OEt 75 > 98:2 ±
o Bu OEt 72 > 98:2 ±


p O O


R2R1
O


HO


O
R2


R1


Me OMe 62 > 98:2 45:55
q Et OEt 65 > 98:2 65:35
r Allyl OEt 78 > 98:2 4:3


s O O ± ± 71 < 2:98 ±


t O


R2


O


R1


O
HO


R2


O


H
R1


H OEt 72 ± 4:1
u Me OMe 30 ± 4:1


v O


OEt


O


Ph


O
HO


EtO
O


H
Ph


± ± 42 ± 4:1


w O


OEt


O ± ± 21 ± 3:1


[a] Yields of isolated product. [b] Diastereoselectivity in favor of the drawn isomer. For 4 p ± r the diastereomers could not be unambiguously assigned.
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quent attack of the enolate oxygen atom onto the epoxide to
give the five-membered ring 6.


In order to demonstrate the preparative usefulness of our
cyclization products, we studied the hydrogenation of the
exocyclic double bond (Scheme 7). Hydrogenation of 2-alky-
lidenetetrahydrofuran 4 h using Pd/C as the catalyst afforded
the syn-configured functionalized tetrahydrofuran 7 in 86 %
yield with good diastereoselectivity (5:1).[6f] For steric reasons,
the hydrogenation occurred from the sterically less encum-
bered side of the molecule.


O
HO O


NEt2
O


HO O
NEt2


O
H


O H
H


Pd
H


H
Pd


H


CONEt2
H


4h 7


24 h, EtOH


H2, Pd/ C


ds 5:1, 86%


Scheme 7. Hydrogenation of an exocyclic double bond.


In summary, we have reported a new and convenient
synthesis of functionalized 2-alkylidene-5-hydroxymethyl-
tetrahydrofurans which can be regarded as nor-nonactinic
acid derivatives. The products are of pharmacological rele-
vance and of interest for the synthesis of a wide range of
natural products. The reactions are easy to carry out and
proceed with very good chemo- and regioselectivities. Inter-
estingly, the thermodynamically less stable Z-configured
isomers are stereoselectively formed under kinetic reaction
control.


Experimental Section


General comments : All solvents were dried by standard methods and all
reactions were carried out under an inert atmosphere. For the 1H and
13C NMR spectra (1H NMR: 250 and 300 MHz, 13C NMR: 62.5 and
75 MHz) the deuterated solvents indicated were used. The multiplicity of
the 13C NMR signals was determined with the DEPT 135 technique and
quoted as: CH3, CH2, CH, and C for primary, secondary, tertiary and
quaternary carbon atoms. Mass spectral data (MS) were obtained by means
of the electron ionization (70 eV) or the chemical ionization technique (CI,
H2O). For the preparative chromatography, silica gel (60 ± 200 mesh) was
used. Elemental analyses were performed at the microanalytical labora-
tories of the Universities of Göttingen and Jena. The geometry of the
exocyclic double bond of the products was determined by NOE measure-
ments and based on comparison of the chemical shifts of the CH hydrogens
of the exocyclic double bond with those of compounds with known
configuration. For 4 a and 5, a direct comparison of chemical shifts was
possible. It has been previously noted for related butenolides and
2-alkylidenetetrahydrofurans that the chemical shift of the CH hydrogen
is shifted further downfield for E-configured than for Z-configured
products.[25, 29] The relative configuration of product 7 was determined by
comparison of the NMR data of a related product to those reported for an
independently prepared product with known configuration.[30] Epoxide 3 c
was prepared according to a literature procedure.[31]


General procedure for the synthesis of 2-alkylidene-5-hydroxymethyl-
tetrahydrofurans (4) exemplified by the synthesis of 4 a : Ethyl acetoacetate
(1a, 650 mg, 5.0 mmol), or the appropriate compound 1, was added to a
THF suspension (25 mL) of NaH (140 mg, 5.95 mmol) under Ar at 0 8C.


After the mixture had been stirred for 60 min at 20 8C, nBuLi (5.00 mmol,
solution in hexane) was added at 0 8C. After stirring for 30 min at 0 8C, the
solution was cooled to ÿ78 8C and a THF solution (20 mL) of lithium
perchlorate (580 mg, 5.4 mmol) was added. To this solution was added a
THF solution (5 mL) of 3 b (185 mg, 2.0 mmol). The solution was warmed
to ÿ35 8C over 1 h and was stirred for 10 h at this temperature; it was then
allowed to warm to ambient temperature over 1 h. After stirring of the
solution for 8 h, a saturated aqueous NH4Cl solution (70 mL) was added.
The aqueous layer was extracted twice with ether and twice with CH2Cl2,
and the combined organic fractions were dried (MgSO4) and filtered and
the solvent was removed in vacuo. The residue was purified by column
chromatography (silica gel, ether:petroleum ether� 1:3! 3:1) to give
275 mg of 4a (74 %) as a colorless oil.


Data for 4a : 1H NMR (CDCl3, 250 MHz): d� 1.20 (t, J� 6 Hz, 3 H; CH3),
1.92, 2.05 (2m, 2� 1 H; CH2), 2.70 (m, 2 H; CH2), 3.63, 3.80 (2dd, J� 4 Hz,
J� 10 Hz, 2� 1 H; CH2OH), 4.07 (m, 2 H; CH2O), 4.68 (m, 1 H; OÿCH),
4.82 (t, J� 1 Hz, 1 H;�CH); 13C NMR (CDCl3, 62.5 MHz): d� 14.25, 24.24,
32.07, 59.17, 63.49, 87.12, 87.63, 166.38, 172.43; MS (EI, 70 eV): m/z : 186 (72)
[M]� , 156 (36), 141 (100), 99 (40), 69 (41); the exact molecular mass m/z
186.0892� 2 mD [M�] was confirmed by HRMS (EI, 70 eV); elemental
analysis (%) calcd for C9H14O4: C 58.05, H 7.58; found: C 57.76, H 7.37.


Data for 4b : From the starting material methyl acetoacetate (1.08 mL,
10.0 mmol), 4b was isolated as a yellow oil (0.508 g, 74%); 1H NMR
(CDCl3, 250 MHz): d� 1.92, 2.06 (2m, 2� 1 H; CH2), 2.76 (m, 2H; CH2),
3.63 (s, 3 H; CH3), 3.68, 3.84 (2 m, 2� 1 H; CH2OH), 4.17 (br, 1 H; OH), 4.70
(m, 1H; OÿCH), 4.84 (s, 1H; �CH); 13C NMR (CDCl3, 62.5 MHz): d�
24.24, 32.14 (CH2), 50.66 (CH3), 63.56 (CH2OH), 87.15, 87.39 (CH), 166.76,
172.49 (C); MS (EI, 70 eV): m/z : 172 (84) [M]� , 141 (100), 109 (36), 69 (50);
the exact molecular mass m/z 172.0736� 2 mD [M�] was confirmed by
HRMS (EI, 70 eV); elemental analysis (%) calcd for C8H12O4 (172.18): C
55.80, H 7.02; found: C 55.32, H 6.84.


Data for 4 c : From the starting material tert-butyl acetoacetate (0.79 g,
5.00 mmol), 4 c was isolated as a yellow oil (0.303 g, 71%); 1H NMR
(CDCl3, 250 MHz): d� 1.42 (s, 9H; C(CH3)3), 1.88, 2.02 (2 m, 2� 1H;
CH2), 2.69 (m, 2 H; CH2), 3.68, 3.81 (2dd, J� 4 Hz, J� 10 Hz, 2� 1H;
CH2OH), 4.67 (m, 1H; OÿCH), 4.79 (s, 1H; �CH); 13C NMR (CDCl3,
62.5 MHz): d� 24.26 (CH2), 28.29 (CH3), 32.08 (CH2), 63.55 (CH2OH),
79.18 (C(CH3)3), 86.98 (OÿCH), 89.40 (�CH), 166.17 (C�CÿO), 171.67
(C�O); MS (EI, 70 eV): m/z : 214 (14) [M]� , 158 (100), 141 (94), 128 (86);
the exact molecular mass m/z 214.1205� 2 mD [M�] was confirmed by
HRMS (EI, 70 eV).


Data for 4d : From the starting material isobutyl acetoacetate (0.81 mL,
5.0 mmol), 4d was isolated as a yellow oil (0.291 g, 68%); 1H NMR
(CDCl3, 200 MHz): d� 0.84 (d, J� 5 Hz, 6H; (CH3)2CH), 1.65 ± 2.10 (m,
3H; CH2, (CH3)2CH), 2.67 (m, 2 H; CH2), 3.51 ± 3.90 (m, 4 H; 2�CH2),
4.61 (m, 1 H; OÿCH), 4.80 (s, 1H;�CH); 13C NMR (CDCl3, 50 MHz): d�
18.88 (CH3), 24.09 (CH2), 27.49 (CH(CH3)2), 31.95 (CH2), 63.29 (CH2OH),
69.27 (CH2O), 87.15, 87.32 (CH), 166.47, 172.46 (C); MS (EI, 70 eV): m/z :
214 (18) [M]� ; the exact molecular mass m/z 214.1205� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV); elemental analysis (%) calcd for
C11H18O4 (214.25): C 61.66, H 8.46; found: C 61.45, H 8.32.


Data for 4 e : From the starting material isopropyl acetoacetate (0.72 g,
5.00 mmol), 4 e was isolated as a yellow oil (0.368 g, 92 %). Isomeric ratio of
the essentially pure crude product: Z :E� 10:1. Isomeric ratio after
chromatography: Z :E� 2:1); 1H NMR (CDCl3, 250 MHz): d� 1.18 (d,
J� 7 Hz, 6H; CH(CH3)2), 1.80, 2.05 (2 m, 2� 1 H; CH2), 2.68 (m, 2 H; CH2),
3.60, 3.75 (2dd, J� 4 Hz, J� 10 Hz, 2� 1H; CH2OH), 4.63 (m, 1H;
OÿCH), 4.77 (s, 1 H; �CH), 4.93 (sept, J� 7 Hz, 1 H; OCH(CH3)2);
13C NMR (CDCl3, 62.5 MHz): d� 21.44 (CH3), 23.90 (CH2), 31.67 (CH2),
63.02 (CH2OH), 65.70 (OÿCH(CH3)2), 86.90 (OÿCH), 87.45 (�CH), 165.61
(C�CÿO), 172.18 (C�O); MS (EI, 70 eV): m/z : 200 (22) [M]� ; the exact
molecular mass m/z 200.1049� 2 mD [M�] was confirmed by HRMS (EI,
70 eV); elemental analysis (%) calcd for C10H16O4 (200.24): C 59.98, H 8.05;
found: C 59.60, H 8.24.


Data for 4 f : From the starting material methoxyethyl acetoacetate
(0.73 mL, 5.0 mmol), 4 f was isolated as a yellow oil (0.246 g, 57%);
1H NMR (CDCl3, 200 MHz): d� 1.84, 2.02 (2 m, 2� 1 H; CH2), 2.71 (m,
2H; CH2), 3.33 (s, 3H; CH3), 3.54 (m, 2H; CH2), 3.63, 3.77 (2 m, 2� 1H;
CH2OH), 4.15 (m, 2 H; CH2), 4.64 (m, 1 H; OÿCH), 4.88 (s, 1H; �CH);
13C NMR (CDCl3, 50 MHz): d� 24.12, 32.10 (CH2), 58.75 (CH3), 62.25,
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63.49, 70.52 (OCH2), 87.24, 87.29 (CH), 166.17, 172.94 (C); MS (EI, 70 eV):
m/z : 216 (20) [M]� ; the exact molecular mass m/z 216.09888� 2 mD [M�]
was confirmed by HRMS (EI, 70 eV).


Data for 4g : From the starting material benzyl acetoacetate (0.86 mL,
5.0 mmol), 4g was isolated as a yellow oil (0.387 g, 78%); 1H NMR
(CDCl3, 250 MHz): d� 1.83, 2.01 (2m, 2� 1 H; CH2), 2.72 (m, 2H; CH2),
3.68, 3.82 (2m, 2�H, CH2OH), 4.67 (m, 1 H; OÿCH), 4.91 (s, 1H;�CH),
5.10 (m, 2 H; CH2O), 7.27 (m, 5 H; Ph); 13C NMR (CDCl3, 50 MHz): d�
23.97, 32.10, 63.26 (CH2), 64.80 (CH2OH), 86.94, 87.23 (CH), 127.53, 127.63,
128.09 (Ph), 136.40, 165.97, 173.17 (C); MS (EI, 70 eV): m/z : 248 (16) [M]� ;
the exact molecular mass m/z 248.1049� 2 mD [M�] was confirmed by
HRMS (EI, 70 eV).


Data for 4 h : From the starting material N,N-diethylacetoacetamide (0.78 g,
5.00 mmol), 4h was isolated as a yellow oil (0.410 g, 96%); 1H NMR
(CDCl3, 250 MHz): d� 1.07 (m, 6H; 2�CH3), 1.96 (m, 2H; CH2), 2.68 (m,
2H; CH2), 3.29 (m, 4 H; 2�CH2CH3), 3.86 (m, 2H; CH2OH), 4.57 (m, 1H;
OÿCH), 4.92 (s, 1 H; C�CH); 13C NMR (CDCl3, 62.5 MHz): d� 12.49,
13.63 (CH3), 23.87, 31.21 (CH2), 39.21 (CH2CH3), 41.69 (CH2CH3), 62.51
(CH2OH), 85.52, 86.66 (CH), 165.24 (ring C), 167.59 (C); MS (EI, 70 eV):
m/z : 213 (43) [M]� , 141 (100), 99 (33), 71 (28); the exact molecular mass
m/z 213.1365� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


Data for 4 i : From the starting material 2,4-pentanedione (0.50 g,
5.00 mmol), 4 i was isolated as a yellow oil (0.228 g, 73%, Z :E� 4:3); E
isomer: 1H NMR (CDCl3, 250 MHz): d� 1.93 (m, 2H; CH2), 2.14 (s, 3H;
CH3), 3.02, 3.30 (2m, 2� 1H; CH2), 3.65, 3.84 (2m, 2� 1H; CH2OH), 4.54
(m, 1H; OÿCH), 5.80 (s, 1H; �CH); 13C NMR (CDCl3, 62.5 MHz): d�
24.67 (CH2), 30.95 (CH3), 31.22 (CH2), 63.78 (CH2OH), 84.09 (OÿCH),
98.53 (�CH), 176.90 (C�), 197.91 (C�O); Z isomer: 1H NMR (CDCl3,
250 MHz): d� 1.84, 2.02 (2 m, 2� 1 H; CH2), 2.17 (s, 3H; CH3), 2.70 (m,
2H; CH2), 3.63, 3.80 (2m, 2� 1H; CH2OH), 4.64 (m, 1 H; OÿCH), 5.09 (s,
1H; �CH); 13C NMR (CDCl3, 50 MHz): d� 23.92 (CH2), 30.45 (CH3),
32.32 (CH2), 63.42 (CH2OH), 87.73 (OÿCH), 99.31 (�CH), 172.15 (C�),
197.39 (C�O); MS (EI, 70 eV): m/z : 156 (100) [M]� , 141 (70), 99 (51), 85
(70), 43 (63); the exact molecular mass m/z 156.0786� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV); elemental analysis (%) calcd for C8H12O3


(156.18): C 61.52, H 7.74; found: C 61.18, H 7.45.


Data for 4 j : From the starting material 5,5-dimethyl-2,4-hexanedione
(0.71 g, 5.00 mmol), 4j was isolated as a yellow oil (0.280 g, 70%); 1H NMR
(CDCl3, 250 MHz): d� 1.05 (s, 9H; C(CH3)3), 1.84, 2.09 (2 m, 2� 1H;
CH2), 2.98, 3.22 (2m, 2� 1H; CH2), 3.59, 3.76 (2m, 2� 1H; CH2OH), 4.45
(m, 1H; OÿCH), 5.97 (s, 1H; �CH); 13C NMR (CDCl3, 62.5 MHz): d�
24.79 (CH2), 26.80 (CH3), 31.132 (CH2), 42.91 (C(CH3)3), 63.90 (CH2OH),
83.75 (CHÿO), 94.19 (�CH), 177.45 (C�CH), 205.79 (C�O); MS (EI,
70 eV): m/z : 198 (4) [M]� , 141 (100), 99 (33); elemental analysis (%) calcd
for C11H18O3 (198.26): C 66.64, H 8.39; found: C 66.31, 8.95.


Data for 4k : From the starting material benzoylacetone (0.81 g,
5.00 mmol), 4k was isolated as a yellow oil (0.268 g, 61%); 1H NMR
(CDCl3, 250 MHz): d� 1.95, 2.14 (2m, 2� 1 H; CH2), 3.15, 3.42 (2 m, 2�
1H; CH2), 3.63, 3.83 (2m, 2� 1H; CH2), 4.58 (m, 1H; OÿCH), 6.49 (m, 1H;
�CH), 7.40 (m, 3H; 3�ArÿCH), 7.83 (m, 2H; 2�ArÿCH); 13C NMR
(CDCl3, 62.5 MHz): d� 24.66, 31.69 (CH2), 63.86 (CH2OH), 84.42 (ring
CH), 95.06 (CH), 127.39 (CH, Ar), 128. 23 (CH, Ar), 131.70 (CH, Ar),
139.49 (C, Ar), 179.22 (ring C), 190.52 (C); MS (EI, 70 eV): m/z : 218 (100)
[M]� , 147 (43), 105 (94), 77 (47); the exact molecular mass m/z 218.0943�
2 mD [M�] was confirmed by HRMS (EI, 70 eV); elemental analysis (%)
calcd for C13H14O3 (218.25): C 71.54, H 6.46; found: C 71.08, H 6.20.


Data for 4 l : From the starting material 3-methyl-2,4-pentanedione
(0.58 mL, 5.00 mmol), 4 l was isolated as a yellow oil (0.245 g, 72%,
E :Z� 4:3); E isomer: 1H NMR (CDCl3, 250 MHz): d� 1.60 (s, 3H; CH3),
1.80 ± 2.10 (m, 2H; CH2), 2.29 (s, 3 H; COCH3), 2.74 (m, 2 H; CH2), 3.61 (dd,
J� 4 Hz, J� 10 Hz, 1H; CH2), 3.82 (dd, J� 4 Hz, J� 10 Hz, 1H; CH2), 4.63
(m, 1 H; CH); 13C NMR (CDCl3, 62.5 MHz): d� 13.40 (CH3), 23.91 (CH2),
31.23 (CH2), 31.47 (O�CÿCH3), 63.77 (CH2OH), 86.11 (CH), 105.89
(CCH3), 169.40 (ring C), 198.41 (C); Z isomer: 1H NMR (CDCl3,
250 MHz): d� 1.88 (m, 3 H; CH3), 1.92 ± 2.15 (m, 2 H; CH2), 2.14 (s, 3H;
COCH3), 2.94 (m, 2H; CH2), 3.16 (m, 2H; CH2), 3.61, 3.68 (2dd, J� 4 Hz,
J� 10 Hz, 2� 1H; CH2OH), 4.48 (m, 1 H; CH); 13C NMR (CDCl3,
50 MHz): d� 12.64 (CH3), 25.45 (CH2), 29.13 (CH2), 31.66 (O�CÿCH3),
63.99 (CH2OH), 83.21 (CH, 106.15 (CCH3), 170.64 (ring C), 199.77 (C); MS
(EI, 70 eV): m/z : 170 (75) [M]� , 155 (57), 99 (60), 43 (100); the exact


molecular mass m/z 170.0943� 2 mD [M�] was confirmed by HRMS (EI,
70 eV); elemental analysis (%) calcd for C9H14O3 (170.20): C 63.51, H 8.29;
found: C 63.11, H 8.17.


Data for 4m : From the starting material ethyl 2-methylacetoacetate
(0.7 mL, 5.00 mmol), 4 m was isolated as a yellow oil (0.270 g, 68%);
1H NMR (CDCl3, 250 MHz): d� 1.26 (t, J� 7 Hz, 3H; CH2CH3), 1.75 (s,
3H; CH3), 1.92, 2.07 (2m, 2� 1 H; CH2), 2.74 (m, 2H; CH2), 3.63, 3.80 (2dd,
J� 4 Hz, J� 10 Hz, 2� 1H; CH2OH), 4.15 (m, 2H; CH2O), 4.64 (m, 1H;
OÿCH); 13C NMR (CDCl3, 62.5 MHz): d� 14.16, 14.33 (CH3), 24.33
(CH2), 30.83 (CH2), 59.59 (CH3CH2), 63.78 (CH2OH), 85.91 (CH), 94.96
(�CCH3), 167.53 (ring C), 167.68 (C); MS (EI, 70 eV): m/z : 200 (63) [M]� ,
154 (85), 98 (58), 59 (75), 43 (100); the exact molecular mass m/z
200.1049� 2 mD [M�] was confirmed by HRMS (EI, 70 eV); elemental
analysis (%) calcd for C10H16O4 (200.23): C 59.98, H 8.05; found: C 59.60, H
7.80.


Data for 4n : From the starting material ethyl 2-ethylacetoacetate (0.79 g,
5.00 mmol), 4n was isolated as a yellow oil (0.320 g, 75%); 1H NMR
(CDCl3, 250 MHz): d� 0.99 (t, J� 7 Hz, 3H; chain CH3), 1.28 (t, J� 7 Hz,
3H; CH3), 1.92, 2.07 (2m, 2� 1 H; CH2), 2.18 (m, 2 H; CH2), 2.77 (m, 2H;
CH2), 3.64, 3.85 (2 m, 2� 1H; CH2OH), 4.16 (m, 2H; CH2CH3), 4.64 (m,
1H; CH); 13C NMR (CDCl3, 62.5 MHz): d� 13.41, 13.68 (CH3), 21.71,
23.90, 29.49, 58.74, 63.03 (CH2), 85.36 (CH), 100.81 (C�), 166.63 (C�),
167.59 (C�O); MS (EI, 70 eV): m/z : 214 (100) [M]� , 199 (64), 169 (75), 99
(57); the exact molecular mass m/z 214.1205� 2 mD [M�] was confirmed
by HRMS (EI, 70 eV); elemental analysis (%) calcd for C11H18O4 (214.25):
C 61.66, H 8.46; found: C 61.70, H 8.16.


Data for 4o : From the starting material ethyl 2-butylacetoacetate (0.93 g,
5.00 mmol), 4o was isolated as a yellow oil (0.242 g, 50%); 1H NMR
(CDCl3, 250 MHz): d� 0.72 (t, J� 7 Hz, 3H; CH2CH2CH3), 1.09 (t, J�
8 Hz, 3H; CH3), 1.18 (m, 4 H; CH2), 1.81 (2m, 2� 1H; CH2), 2.00 (m, 2�
1H; CH2), 2.61 (m, 2 H; C�CÿCH2, ring), 3.57 (s, 2 H; CH2OH), 3.98 (q,
J� 8 Hz, CH2CH3), 4.43 (m, 1H; OÿCH), 4.72 (br, 1H; OH); 13C NMR
(CDCl3, 62.5 MHz): d� 13.48, 13.86 (CH3), 22.06, 24.17, 28.30, 29.86, 31.39
(CH2), 58.98 (CH2CH3), 63.26 (CH2OH), 85.36 (ring CH), 99.92 (CÿBu),
166.99, 167.69 (C); MS (EI, 70 eV): m/z : 242 (38) [M]� , 199 (100), 153 (57),
99 (59), 85 (55), 55 (54); the exact molecular mass m/z 242.1518� 2 mD
[M�] was confirmed by HRMS (EI, 70 eV).


Data for 4 p : From the starting material methyl 3-oxopentanoate (0.6 mL,
5.00 mmol), 4p was isolated as a yellow oil (0.230 g, 62 %, cis :trans�
45:55); 1H NMR (CDCl3, 250 MHz): d� 1.24 (m, 3H; CH3), 1.43 ± 1.82
(m, 1H; CH2), 2.19 (m, 1 H; CH2), 3.02 (m, 1 H; CH), 3.67 (s, 3H; OCH3),
3.81, 3.96 (2m, 2� 1H; CH2OH), 4.57 (m, 1 H; O-CH), 4.83 (m, 1H; CH);
13C NMR (CDCl3, 62.5 MHz): d� 16.59, 18.83 (CH3), 32.37, 33.01 (CH2),
38.64, 38.89 (CHCH3), 50.64, 50.69 (O-CH3), 63.40, 63.65 (CH2OH), 84.88,
85.16 (O-CH), 86.33, 86.66 (�CH), 166.95, 167.12, 176.72, 177.22 (C); MS
(EI, 70 eV): m/z : 186 (83) [M]� , 155 (100), 101 (39), 69 (37); the exact
molecular mass m/z 186.0892� 2 mD [M�] was confirmed by HRMS (EI,
70 eV); elemental analysis (%) calcd for C9H14O4 (186.20): C 58.05, H 7.58;
found: C 58.22, H 7.45.


Data for 4q : From the starting material ethyl butyrylacetate (0.79 g,
5.00 mmol), 4q was isolated as a yellow oil (0.278 g, 65 %, cis :trans�
65:35); 1H NMR (CDCl3, 250 MHz): d� 0.92 (t, J� 6 Hz, 3 H;
CHCH2CH3), 1.20 (t, J� 6 Hz, 3H; CH3), 1.40, 1.77 (2m, 2� 1 H;
CHCH2CH3), 2.13, 2.78 (2m, 2� 1H; CH2), 3.64, 3.80 (2m, 2� 1H;
CH2), 4.04 (m, 2H; CH2CH3), 4.48 (m, 1H; CHCH2CH3), 4.68 (m, 1H;
OCH), 4.74 (m, 1 H; C�CH); 13C NMR (CDCl3, 62.5 MHz): d� 11.45,
11.52, 14.21 (CH3), 24.63, 26.43, 29.83, 30.36 (CH2), 45.23, 45.49
(CHCH2CH3), 59.13, 59.20 (OCH2CH3), 63.43, 63.64 (CH2OH), 85.11,
85.18, 86.83, 87.49 (CH), 166.47, 166.66, 175.43, 175.82 (C); MS (EI, 70 eV):
m/z : 214 (62) [M]� , 169 (100), 153 (41), 81 (76), 69 (46), 43 (47); elemental
analysis (%) calcd for C11H18O4 (214.26): C 61.66, H 8.47; found: C 61.70, H
8.71.


Data for 4r : From the starting material ethyl 3-oxo-6-heptenoate (0.77 g,
5.00 mmol), 4r was isolated as a yellow oil (0.354 g, 78%, cis :trans� 4:3);
1H NMR (CDCl3, 250 MHz): d� 1.12 (t, J� 6 Hz, 3 H; CH3), 1.39, 1.70
(2m, 1H; CH2), 1.95 ± 2.40 (m, 2H; CH2), 2.84 (m, CH2), 3.61 (m, 2H;
CH2OH), 3.97 (m, 2H; CH2CH3), 4.39, 4.52 (2m, 1H; OCH), 4.70 (s, 1H;
�CHÿ), 4.92 (m, 2H; CH�CH2), 5.61 (m, 1 H, CH�CH2); 13C NMR
(CDCl3, 62.5 MHz): d� 13.90 (CH3), 29.34, 30.33, 35.64, 37.43 (CH2), 42.89,
43.02 (CH), 58.79, 58.88 (CH2CH3), 63.03, 63.20 (CH2OH), 84.90, 84.99
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(OÿCH), 86.69, 87.17 (�CHÿC�O), 117.05, 117.22 (�CH2), 134.18, 134.27
(�CH), 166.05, 166.22, 174.47, 174.98 (C); MS (EI, 70 eV): m/z : 226 (54)
[M]� , 181 (100), 81 (70), 69 (62), 41 (49); the exact molecular mass m/z
226.1205� 2 mD [M�] was confirmed by HRMS (EI, 70 eV); elemental
analysis (%) calcd for C12H18O4 (226.27): C 63.70, H 8.02; found: C 63.27,
8.11.


Data for 4s : From the starting material 2-acetyl-a-tetralone (0.94 g,
5.00 mmol), 4 s was isolated as a red oil (0.346 g, 71 %); 1H NMR (CDCl3,
250 MHz): d� 1.98 ± 2.24 (2 m, 2� 1 H; CH2), 2.40 (br, 1H; OH), 2.83 (s,
4H; CH2, tetralone), 3.16, 3.27 (2m, 2� 1 H; C�CÿCH2), 3.70, 3.88 (2m,
2� 1H; CH2OH), 4.60 (m, 1 H; OÿCH), 7.29 ± 8.03 (m, 4 H; ArÿCH);
13C NMR (CDCl3, 50 MHz): d� 23.84 (CH2), 25.33 (CH2), 28.48 (CH2),
31.85 (CH2), 64.29 (CH2OH), 83.76 (CH), 106.61 (C), 126.54 (CH, Ar),
126.99 (CH, Ar), 127.81 (CH, Ar), 131.96 (CH, Ar), 134.93 (C), 142.90 (C),
171.20 (C), 187.90 (C); MS (EI, 70 eV): m/z : 244 (100) [M]� , 199 (66), 173
(55), 153 (33), 99 (30); the exact molecular mass m/z 244.1099� 2 mD [M�]
was confirmed by HRMS (EI, 70 eV).


Data for 4 t : From the starting material ethyl cyclohexanone-2-carboxylate
(0.85 g, 5.00 mmol), 4t was isolated as a yellow oil (0.325 g, 72%, ds� 4:1).
The major isomer could be cleanly separated: 1H NMR (CDCl3, 250 MHz):
d� 1.05 ± 2.35 (m, 11H; CH3, CH2), 2.76 (m, 1H; C�CÿCH), 3.68 (d, J�
5 Hz, 2H; CH2OH), 3.87 (br, 1H; OH), 4.14 (q, J� 6 Hz, 2H; CH3CH2),
4.65 (m, 1H; OÿCH); 13C NMR (CDCl3, 50 MHz): d� 14.34 (CH3), 22.28,
23.68, 27.77, 31.33 (CH2), 39.75 (CH), 59.55 (CH2CH3), 64.27 (CH2OH),
83.47 (OÿCH), 97.07 (O�CÿC�), 167.22 (ring C), 168.67 (C); MS (EI,
70 eV): m/z : 226 (42) [M]� , 186 (100), 122 (62); the exact molecular mass
m/z 226.1205� 2 mD [M�] was confirmed by HRMS (EI, 70 eV); elemental
analysis (%) calcd for C12H18O4 (226.27): C 63.70, H 8.02; found: C 63.44, H
8.10.


Data for 4u : From the starting material ethyl 5-methylcyclohexanone-2-
carboxylate (0.92 g, 5.00 mmol), 4u was isolated as a yellow oil (0.145 g,
30%, ds� 4:1); 1H NMR (CDCl3, 250 MHz): d� 0.90 ± 1.80 (m, 11H, CH,
CH2, CH3), 2.05 ± 2.45 (m, 3 H; C�CÿCH2, C�CÿCH), 3.56, 3.74 (2m, 2�
1H; CH2OH), 4.05 (m, 2 H; OÿCH2CH3), 4.41, 4.58 (2m, 1H; OÿCH);
13C NMR (CDCl3, 62.5 MHz): d� 14.13, 14.17 (CHCH3), 19.98 (CH3),
23.74, 23.90, 30.00, 30.70, 30.79, 30.96 (CH2), 33.75, 34.22 (CH), 46.19, 48.43
(CH), 59.28, 59.36, 63.52, 63.61 (CH2), 83.39, 84.47 (CH), 96.07, 96.36 (�C),
166.93, 167.06 (OÿC�), 168.03, 168.12 (C); MS (EI, 70 eV): m/z : 240 (58)
[M]� , 195 (60), 182 (87), 167 (100), 136 (56), 41 (60); the exact molecular
mass m/z 240.1362� 2 mD [M�] was confirmed by HRMS (EI, 70 eV).


Data for 4v : From the starting material ethyl 4-phenylcyclohexanone-2-
carboxylate (1.23 g, 5.00 mmol), 4v was isolated as a yellow oil (0.254 g,
42%, ds� 4:1); 1H NMR (CDCl3, 250 MHz): d� 1.24 (t, J� 6 Hz, 3H;
CH3), 1.67 (m, 2H; CH2), 2.24 (m, 2 H; CH2), 2.38 (m, 1H; CH), 2.73 (m,
1H; CH), 2.91 ( m, 2 H; CH2), 3.73, 3.94 (2dd, J� 4 Hz, J� 10 Hz, 2� 1H;
CH2OH), 4.15 (m, 2H; CH2CH3), 4.62 (m, 1 H; OCH), 7.28 (m, 5 H; Ph);
13C NMR (CDCl3, 62.5 MHz): d� 14.27 (CH3), 31.92, 32.92, 33.85 (CH2),
40.59 (CH), 42.56 (CHÿPh), 59.57 (CH2CH3), 63.51 (CH2OH), 84.65
(OÿCH), 96.68 (O�CÿC�), 126.35 (CH, Ph), 126.72 (CH, Ph), 128.44 (CH,
Ph), 145.39 (C, Ph), 166.76 (ring C), 168.18 (C); MS (EI, 70 eV): m/z : 302
(15) [M]� , 198 (21), 180 (18); the exact molecular mass m/z 302.1518�
2 mD [M�] was confirmed by HRMS (EI, 70 eV).


Data for 4 w: From the starting material ethyl cycloheptanone-2-carbox-
ylate (0.85 g, 5.00 mmol), 4w was isolated as a yellow oil (0.100 g, 21%,
ds� 3:1); 1H NMR (CDCl3, 250 MHz): d� 1.24 (t, J� 7 Hz, 3 H; CH3),
1.40 ± 2.10 (m, 8�H, CH2), 2.29 (m, 1H; C�CÿCH2), 2.79 (m, 1H;
C�CÿCH2), 3.08 (m, 1 H; C�CÿCH), 3.60, 3.75 (2m, 2� 1H; CH2OH), 4.12
(m, 2H; CH2CH3), 4.43, 4.68 (2m, 1 H; OÿCH); 13C NMR (CDCl3,
62.5 MHz): d� 14.28 (CH3), 26.62, 26.81, 26.95, 30.23, 31.29, 32.43, 32.81,
33.03, 33.18 (CH2), 44.59, 44.66 (CH), 59.75, 59.78 (CH2), 64.05, 64.08
(CH2OH, 84.15, 84.47 (OÿCH), 102.25, 102.35 (C), 167.80, 168.01 (�C),
173.30, 173.94 (�C); MS (EI, 70 eV): m/z : 240 (42) [M]� , 195 (50), 182 (66),
136 (100); the exact molecular mass m/z 240.1362� 2 mD [M�] was
confirmed by HRMS (EI, 70 eV); elemental analysis (%) calcd for
C13H20O4 (240.29): C 64.98, H 8.39; found: C 64.60, H 8.18.


2-Alkylidenetetrahydrofuran 6 : From the starting materials ethyl aceto-
acetate (0.64 mL, 5.00 mmol) and 3-bromo-1,2-epoxybutane, 6 was isolated
as a yellow oil (0.152 g, 38%, ds� 9:1); 1H NMR (CDCl3, 250 MHz): d�
1.23 (m, 6 H; CH3), 1.80, 2.07 (2 m, 2� 1H; CH2), 2.75 (m, 2 H; CH2), 3.81
(m, 1H; CHOH), 4.10 (m, 2 H; OCH2CH3), 4.22 (m, 1H; OÿCH), 4.85 (s,


1H; �CH); 13C NMR (CDCl3, 62.5 MHz): d� 14.32, 18.22 (CH3), 24.65,
32.30 (CH2), 59.19 (OCH2), 69.19 (CHOH), 87.97, 90.58 (CH), 166.14,
171.87 (C); MS (EI, 70 eV): m/z : 200 (8) [M]� , 156 (100), 113 (26); the exact
molecular mass m/z 200.1049� 2 mD [M�] was confirmed by HRMS (EI,
70 eV).


Isomerization of 4a into 5 : Upon standing, an ether solution of 4a
rearranged into 5 within one week. Complete isomerization was observed
within three weeks even when neat 4a was stored in the refrigerator at
ÿ30 8C. 1H NMR (CDCl3, 250 MHz): d� 1.22 (t, J� 6 Hz, 3 H; CH3), 1.92,
2.10 (2m, 2� 1 H; CH2), 2.98 (dddd, 1 H; CH2), 3.28 (dddd, 1 H; CH2), 3.61,
3.82 (2dd, J� 4 Hz, J� 10 Hz, 2� 1 H; CH2OH), 4.10 (q, 2H; CH2O), 4.52
(m, 1H; OÿCH), 5.30 (t, J� 2 Hz, 1H; �CH); 13C NMR (CDCl3,
62.5 MHz): d� 14.42, 24.80, 30.45, 59.28, 64.14, 84.01, 89.94, 168.51,
176.14; MS (EI, 70 eV): m/z : 186 (80) [M]� , 156 (38), 141 (100); the exact
molecular mass m/z 186.0892� 2 mD [M�] was confirmed by HRMS (EI,
70 eV); elemental analysis (%) calcd for C9H14O4: C 58.05, H 7.58; found: C
57.84, H 7.40.


Hydrogenation of 4h : A suspension of tetrahydrofuran 4h (200 mg,
0.94 mmol) and Pd/C (20 mol %) in EtOH (5 mL) was stirred under a
hydrogen atmosphere for 24 h. The catalyst was filtered off and the solvent
of the filtrate was removed in vacuo. The residue was purified by
chromatography (silica gel, ether:petrol ether� 1:3) to give 7 as a colorless
oil (174 mg, 86%, syn :anti� 5:1); 1H NMR (CDCl3, 250 MHz): d� 1.05
(2 t, J� 7 Hz, 2� 3H; 2�CH3), 1.55 (m, 1 H; CH2), 1.82 (m, 2H; CH2), 2.08
(m, 1 H; CH2), 2.42, 2.58 (2dd, 2� 1 H; CH2), 3.20 (m, 4 H; 2�CH2CH3),
3.35, 3.60 (2m, 2� 1 H; CH2OH), 3.98 (m, 1H; OÿCH), 4.25 (quintet, J�
5.5 Hz, 1H; OÿCH); 13C NMR (CDCl3, 62.5 MHz): d� 12.83, 14.16 (CH3),
26.24, 31.48, 39.39.14, 41.92 (CH2), 64.36 (CH2OH), 76.13, 79.80 (CHÿO),
169.79 (CO); MS (EI, 70 eV): m/z : 215 (48) [M]� ; the exact molecular mass
m/z 215.1521� 2 mD [M�] was confirmed by HRMS (EI, 70 eV); elemental
analysis (%) calcd for C11H21O3N (215.29): C 61.37, H 9.83; found: C 61.10,
H 9.62.
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Direct Transformation of Silyl Enol Ethers into Functionalized Allenes


Peter Langer,*[a] Manfred Döring,[b] Dietmar Seyferth,[c] and Helmar Görls[b]


Abstract: The first elimination reac-
tions of silyl enol ethers to lithiated
allenes are reported. These reactions
allow a direct transformation of readily
available silyl enol ethers into function-
alized allenes. The action of three to four
equivalents of lithium diisopropylamide
(LDA) on silyl enol ethers results in the
formation of lithiated allenes by initial
allylic lithiation, subsequent elimination
of a lithium silanolate, and finally, lith-


iation of the allene thus formed. Starting
with amide-derived silyl imino ethers,
lithiated ketenimines are obtained. A
variety of reactions of the lithiated
allenes with electrophiles (chlorosilanes,
trimethylchlorostannane, dimethyl sul-


fate and ethanol) were carried out.
Elimination of silanolate is observed
only for substrates that contain the
hindered SiMe2tBu or Si(iPr)3 moiety,
but not for the SiMe3 group. The reac-
tion of 1,1-dilithio-3,3-diphenylallene
with ketones provides a convenient
access to novel 1,1-di(hydroxymethyl)al-
lenes which undergo a domino Naza-
rov ± Friedel ± Crafts reaction upon
treatment with p-toluenesulfonic acid.


Keywords: allenes ´ domino
reactions ´ ketenimines ´ lithium ´
silyl enol ethers


Introduction


The allene moiety represents a versatile and useful building
block in organic synthesis. Allenes can be transformed to
other functional groups, such as olefins, a,b-unsaturated
carbonyl compounds and alkynes,[1a] and also participate in
a variety of cycloaddition reactions.[1b] The use of allenes in
transition metal catalyzed cyclization reactions is of great
current interest.[1c±m] Although a number of methods for the
synthesis of allenes is known, more efficient procedures,
which offer new synthetic pathways, need to be developed.
Allenes have been prepared so far mainly from alkenes by
means of the Skattebùl dibromocarbene methodology. In
contrast, transformations of ketones or ketone-derived sub-
strates into allenes are more rare.[2] This is remarkable, since
carbonyl compounds are readily available starting materials.
Herein, we report what we believe to be the first direct
transformation of silyl enol ethers into lithiated allenes.


Until now, interest in silyl enol ethers has been focused on
reactions with electrophiles that proceed with cleavage of the
siliconÿoxygen bond.[3a±c] Very recently, oxidative dimeriza-


tions of silyl enol ethers have been reported.[4] Surprisingly,
only very few reactions, which involve cleavage of the
carbonÿoxygen rather than the siliconÿoxygen bond, have
been reported so far: for example, di- and trisubstituted
olefins have been prepared by the displacement of the
Me3SiO group by Grignard reagents in the presence of a NiII


catalyst.[3d] There has been only little interest in the formation
and reactivity of carbanions of silyl enol ethers. Herein, we
report the results of our studies in this area, which have
resulted in the development of base-mediated elimination
reactions of silyl enol ethers.[5] These reactions provide a
method for the direct transformation of silyl enol ethers into
allenes.


Results and Discussion


Optimization and mechanism of the allene synthesis : Trime-
thylsilyl enol ether 1[6] was prepared by silylation (Me3SiCl/
KH) of 1,1-diphenylacetone in 88 % yield (Scheme 1). Treat-
ment of 1 with lithium diisopropylamide (LDA; 1 equiv) in
THF, stirring for 4 h, and subsequent addition of Me2HSiCl
afforded a mixture of (2-silyloxy)allylsilane 2 and silyl enol
ether 3 as the main products (combined yield: 76 %). Based
on a comparison with authentic samples of 2 and its positional
isomer, the location of the silyl groups was unambiguously
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Scheme 1. Lithiation of trimethylsilyl enol ether 1. a) 1) 1.1 equiv LDA,
THF, 0 8C; 2) 1.2 equiv Me2HSiCl.


proven by 1H NMR (3J coupling CH2SiMe2H) and 29Si NMR
(comparison of chemical shifts) spectroscopy. The two
isomeric (2-silyloxy)allylsilanes were prepared by silylation
of the dianion of 1,1-diphenylacetone with one equivalent
each of Me3SiCl and Me2HSiCl.[5d] Formation of 2 can be
explained by 1,3 O!C migration of the trimethylsilyl group
of carbanion A to give the enolate B (see Scheme 1), followed
by reaction of the latter with Me2HSiCl. The unusual 1,3 O!
C migration can be explained by the greater stability of the
enolate anion compared to the initially formed allyl anion.[7]


For electroneutral substrates, the opposite mode of silyl
migration (1,3 C!O), the Brook rearrangement, is generally
observed: this reaction allows the transformation of a-silyl
ketones into silyl enol ethers. The formation of silyl enol ether
3 suggests that, for a significant amount of the starting
material, nucleophilic cleavage of the Me3SiÿO bond must
have occurred.


Trimethylsilyl enol ethers are readily transformed into
lithium enolates by organolithium compounds.[8a] It is known


from the protective-group chemistry of alcohols that silyl
ethers that contain the bulky tert-butyldimethylsilyl (TBDMS)
or triisopropylsilyl (TIPS) group are more stable towards
nucleophilic cleavage than silyl ethers with a trimethylsilyl
(TMS) group.[8b] Therefore, silyl enol ethers that contain a
sterically hindered silyl group were expected to be signifi-
cantly more stable against cleavage of the oxygenÿsilicon
bond than the respective trimethylsilyl enol ethers. Interest-
ingly, reaction of tert-butyldimethylsilyl enol ether 5 a with
one equivalent of LDA, stirring for 6 h, and subsequent
addition of Me3SiCl gave completely different results from
those obtained for trimethylsilyl enol ether 1: starting with 5 a,
a 2:1 mixture of starting material 5 a and bissilylated allene 6 a
was obtained in 90 % combined yield. Based on this experi-
ment we decided to use an excess of LDA. Much to our
satisfaction, addition of 5 a to a solution of 3.3 equivalents of
LDA in THF, stirring for 6 h, and subsequent addition of
Me3SiCl (3.5 equiv) afforded the bissilylated allene 6 a in 84 %
yield with very good regioselectivity (Scheme 2, Table 1).
When reaction times of less than 6 h were employed, mixtures
of allene 6 a and silyl enol ether 5 a were obtained (Table 1).


Scheme 2. Lithiation of sterically hindered silyl enol ethers 5a and 5b.
a) 1) 1.1 equiv KH, THF, 0 8C; 2) 1.5 equiv R2R1


2SiCl, 0 8C; b) 1) 3.3 equiv
LDA, THF, 0 8C; 2) 3.5 equiv Me3SiCl.


The use of LDA proved superior to the use of nBuLi which
resulted in the formation of a 10:1 mixture of 6 a and 5 a
(reaction time: 6 h). The starting material was not completely
transformed into allene 6 a, presumably the result of an attack
by nBuLi on the solvent THF.[9] It is noteworthy that, despite
the nucleophilicity of nBuLi, no cleavage of the oxygenÿ
silicon bond and formation of the enolate of 1,1-diphenyl-
acetone was observed.[8a] Reaction of this enolate with
Me3SiCl would have resulted in the formation of silyl enol
ether 1 which could not be detected in the product mixture
(Scheme 3).


Formation of 6 a can be explained by the following
mechanism: in a slow step, the allyl system of 5 a is lithiated


Abstract in German: Die unseres Wissens ersten Eliminie-
rungsreaktionen von Silylenolethern ermöglichen eine direkte
Umwandlung leicht zugänglicher Silylenolether in Allene.
Dabei werden die Substrate zunächst mit 3 bis 4 ¾quivalenten
Diisopropylamid (LDA) umgesetzt, wobei dilithiierte Allene
gebildet werden. Diese Reaktion verläuft vermutlich über
allylische Lithiierung der Silylenolether, Eliminierung von
Lithiumsilanolat und anschlieûende Lithiierung des gebildeten
Allen-Intermediats. Die Deprotonierung von Silyliminoethern,
die bequem ausgehend von Amiden hergestellt werden können,
liefert lithiierte Ketenimine. Die hergestellten lithiierten Allene
wurden mit einer Reihe unterschiedlicher Elektrophile (Chlor-
silane, Trimethylchlorstannan, Dimethylsulfat und Ethanol)
umgesetzt. Eine Eliminierung von Lithiumsilanolat und die
Bildung von Allenen wurde ausschlieûlich für Silylenolether
beobachtet, die sterisch gehinderte Silylgruppen (SiMe2tBu
oder Si(iPr)3) tragen, nicht dagegen für Trimethylsilylenol-
ether. Die Umsetzung von 1,1-Dilithio-3,3-diphenylallen mit
Ketonen ermöglicht eine einfache und effiziente Darstellung
von 1,1-Di(hydroxymethyl)allenen, die bei Behandlung mit p-
Toluolsulfonsäure eine neuartige Domino Nazarov ± Friedel ±
Crafts Reaktion eingehen.


Table 1. Optimization of the synthesis of allene 6a.


Entry Starting Base Equiv t Conversion Yield of 6a
material [min][a] [%][b] [%][c]


1 1 LDA 1.1 360 100 0
2 5 a LDA 1.1 360 33 14
3 5 a LDA 3.3 360 100 84
4 5 a nBuLi 3.3 360 90 70
5 5 a LDA 3.3 15 32 22
6 5 a LDA 3.3 45 73 57
7 5 a LDA 3.3 90 88 68
8 5 a LDA 3.3 300 96 73
9 5 b LDA 3.3 360 100 82


[a] Deprotonation at 20 8C. [b] According to 1H NMR spectrum of the
crude product. [c] Yield of isolated product.
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Scheme 3. Mechanism for the formation of allene 6a.


to give the allylic carbanion C.[10] Fast elimination of
LiOSiMe2tBu subsequently leads to the allenic intermediate
E. The elimination step could proceed either directly (path A)
or by a domino 1,3 O!C silyl migration/Peterson reaction
(via enolate D, path B).[11] The elimination of lithium silano-
late was proven by isolation of MePh2SiOSiMe2tBu after
quenching with MePh2SiCl (vide infra). Because of the
enhanced acidity of the allene protons (relative to olefins),[12]


intermediate E is rapidly deprotonated to give the 1,1-
bislithiated allene F. Addition of Me3SiCl finally gives the
bissilylated allene 6 a. The 1,1-bislithiated allene F was
previously generated by double lithiation of 1,1-diphenylcy-
clopropene.[13]


Preparative scope of the allene synthesis : To study the
preparative scope of the new reaction, the starting materials
were systematically varied. Reaction of 5 a with 3.3 equiv-
alents of LDA and subsequent addition of Me2HSiCl or
MePh2SiCl afforded the 1,1-diphenyl-3,3-bis(silyl)allenes 6 b
and 6 c in 82 and 61 % yields, respectively, and with very good
regioselectivities (Table 2). Addition of Me3SnCl afforded the
interesting bisstannylated allene 6 d with very good regiose-
lectivity. Interception of dianion F with ethanol gave 1,1-
diphenylallene (6 e).[14] Reaction of Ph2C�C�CLi2 with di-
methyl sulfate gave the alkyne 6 f[15a] (68 %) rather than 1,1-
dimethyl-3,3-diphenylallene.[15b] The regioselectivities can be
explained as follows (Scheme 4): reaction of dianion F with
one equivalent of the electrophile results in the formation of a
monolithium species. Following the hard/soft acid/base
(HSAB) principle, the monoanion reacts with hard electro-
philes (Me3SiCl, Me3SnCl, H�) at the (hard) unsubstituted


Scheme 4. Interception of 1,1-dilithio-3,3-diphenylallene with hard and
soft electrophiles.


carbon atom. In contrast, soft electrophiles (dimethyl sulfate)
prefer to attack the (soft) phenyl-substituted carbon atom.[16]


The reaction of allene dianion F with ketones was studied
next. Much to our satisfaction, the addition of a solution of
aryl ketones 7 a ± e (two equivalents) in THF to a solution of
dianion F in THF regioselectively afforded the novel, steri-
cally encumbered di(hydroxymethyl)allenes 8 a ± e in good
yields (Scheme 5, Table 3).[5b, 17] Treatment of allenes 8 a ± e
with p-toluenesulfonic acid in toluene resulted in the elimi-
nation of two equivalents of water and selective formation of
the orange-colored 5,10,10,11-tetraaryl-10H-benzo[b]fluor-
enes 9 a ± e in very good yields. In the case of allene 8 b,
which contains two asymmetric carbon atoms, the cyclization
proceeds regioselectively via the p-methoxyphenyl group
rather than via the phenyl group to give 9 b in good yield.


Scheme 5. Synthesis of di(hydroxymethyl)allenes 8 and of 10H-benzo[b]-
fluorenes 9.


Table 2. Reaction of 1,1-dilithio-3,3-diphenylallene with electrophiles.


6 Electrophile Product Yield [%][a]


a Me3SiCl Ph2C�C�C(SiMe3)2 84
b Me2HSiCl, Ph2C�C�C(SiMe2H)2 82
c MePh2SiCl Ph2C�C�C(SiPh2Me)2 61
d Me3SnCl Ph2C�C�C(SnMe3)2 60
e EtOH Ph2C�C�CH2 36
f (MeO)2SO2 Ph2(Me)C-C�CMe 68


[a] Yield of isolated product.


Table 3. Synthesis of di(hydroxymethyl)allenes 8 and of 10H-benzo[b]-
fluorenes 9.


8, 9 R1 R2 Yield (8) [%][a] Yield (9) [%][a]


a H H 80 85
b MeO H 62 73
c MeO MeO 75 76
d Me Me 76 83
e Cl Cl 71 86


[a] Yield of isolated product.
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Pentafulvenes related to 9 have been used as intermediates in
the synthesis of fullerene fragments.[18]


The structure of 10H-benzo[b]fluorene 9 a was independ-
ently proven by X-ray crystallography (Figure 1). The benzo-
fulvene unit (C1 ± C9) is twisted out of the plane of C11-C12-
C13 (by 24.48) which results in a curved structure of the


Figure 1. ORTEP plot of 9a with the atom numbering scheme. The
thermal ellipsoids with 50% probability are shown for the non-hydrogen
atoms. Selected bond lengths [�] and angles [8]: C1 ± C6 138.2(3), C2 ± C3
138.1(4), C4 ± C5 138.9(3), C5 ± C7 146.8(3), C7 ± C10 135.6(3), C8 ± C9
136.6(3), C9 ± C18 148.5(3), C11 ± C12 140.4(3), C12 ± C13 154.2(3), C13 ±
C30 156.7(3), C15 ± C16 137.7(4), C1 ± C2 138.5(4), C3 ± C4 139.1(3), C5 ±
C6 140.0(3), C6 ± C9 148.0(3), C7 ± C8 146.9(3), C8 ± C13 152.5(3), C10 ±
C11 147.2(3), C11 ± C14 140.3(3), C12 ± C17 139.3(3); C6-C1-C2 119.2(2),
C2-C3-C4 120.9(3), C4-C5-C6 120.0(2), C1-C6-C9 130.4(2), C10-C7-C8
122.2(2), C6-C9-C18 119.7(2), C10-C7-C5 130.9(2), C7-C8-C13 118.9(2),
C17-C12-C11 118.7(2).


molecule. Therefore, 10H-benzo[b]fluorenes 9 a ± e are chiral.
This was independently demonstrated by separation of the
two atropic enantiomers of 8 a by HPLC on a chiral stationary
phase (see the Experimental Section for details). According
to the bond lengths, C7 ± C10 and C8 ± C9 are true double
bonds whereas C6 ± C9 and C7 ± C8 represent single bonds.


The formation of 10H-benzo[b]fluorenes 9 can be ex-
plained by what we believe to be the first domino Nazarov ±
Friedel ± Crafts reaction: carbocation G is initially generated
by the elimination of water (Scheme 6). The central allene
carbon atom is attacked by the ortho carbon atom of one of
the aryl groups to give the five-membered ring in intermediate
H. Aromatization and elimination of water subsequently
leads to formation of the cationic intermediate I. The ortho
carbon of the allene-derived phenyl group is attacked by the
carbocation adjacent to the ketone-derived aryl groups.
Aromatization finally leads to the products 9 a ± e. This
mechanism is supported by the following observation: starting
with the p-methoxyphenyl-substituted allene 8 c, the benzo-
fulvene 10 a is obtained as a minor product in 10 % yield.
Formation of 10 a can be explained by the formation of the
benzofulvene moiety and subsequent elimination of di(p-
methoxyphenyl)ketone or, alternatively, by initial elimination
of the ketone, formation of a cumulene (vide infra), and
subsequent isomerization of the latter. During the formation


Scheme 6. Mechanism for the formation of 10H-benzo[b]fluorenes 9.


of 10H-benzo[b]fluorene 9 a, the benzofulvene 10 b was
obtained as a side-product in low yield. For practical reasons,
the product was isolated and crystallized as a trimethylsilyl
ether. The structure of 10 b was independently proven by
X-ray crystallography (Figure 2). This result further supports
the mechanism suggested for the formation of 10H-benzo[b]-
fluorenes 9.


It is noteworthy that in the domino reaction that leads to
9 a ± e, the allenic phenyl group became sterically accessible
for the cationic p cyclization only after the previous cycliza-
tion that involved the rigid allene moiety had occurred. The
domino reaction thus represents a combination of cyclizations
as observed for mono(hydroxymethyl)allenes[19a] and for aryl-
substituted di(hydroxymethyl)alkenes Ar2C�C[C(OH)Ar2]2.
The latter have been used as precursors for the generation of
(hexaaryltrimethylene)methane dications.[19b] Domino reac-
tions[20] of alkynes have been used for the efficient synthesis of
carbocycles and polycyclic aromatic hydrocarbons (PAHs).[21]


Hydroxymethylalkynes have been converted into the more
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Figure 2. ORTEP plot of 10 b with the atom numbering scheme. The
thermal ellipsoids with 50% probability are shown for the non-hydrogen
atoms. Selected bond lengths [�] and angles [8]: Si ± O 1.639(5), O ± C4
1.440(7), C2 ± C41 1.480(8), C2 ± C3 1.482(9), C3 ± C29 1.386(8), C29 ± C36
1.458(9), C36 ± C41 1.399(9), C36 ± C37 1.412(8), C37 ± C38 1.395(9), C38 ±
C39 1.346(9), C39 ± C40 1.404(9), C40 ± C41 1.390(9); C41-C2-C3 106.8(5),
C29-C3-C2 108.3(5), C41-C36-C37 121.3(6), C41-C36-C29 110.6(5), C37-
C36-C29 128.2(6), C38-C39-C40 122.3(6).


labile allenes and cumulenes which were used in situ for the
preparation of [4]radialenes, macrocycles and 1,2-dihydrocy-
clobutaarenes.[21b] However, only a few domino reactions that
use allenes as starting materials have been reported so
far.[22](Figure 3)


Figure 3. ORTEP plot of 8 g with the atom numbering scheme. The
thermal ellipsoids with 50% probability are shown for the non-hydrogen
atoms. Selected bond lengths [�] and angles [8]: C1 ± C5 154.3(5), C3 ± C12
147.8(5), C1 ± C2 131.3(6), C1 ± C4 155.3(6), C2 ± C3 131.6(6); C2-C1-C5
119.6(3), C1-C2-C3 173.6(4), C2-C3-C12 117.6(3), O2-C5-C36 104.4(3), O1-
C4-C1 107.1(3).


The reaction of dilithioallene F with two equivalents of
fluorenone and xanthone gave the colorless allenes 8 f and 8 g
in 72 and 68 % yields, respectively (Scheme 7). As minor
products, the yellow cumulenes 11 a and 11 b were isolated in
10 and 14 % yields, respectively. The structure of allene 8 g was
independently proven by X-ray crystallography (Figure 3).
The two xanthone moieties have different orientations
relative to the allene unit because of steric reasons. Each
xanthone moiety is slightly twisted out of plane. The allene
unit is slightly bent (by 78).


Scheme 7. Synthesis and elimination reactions of allenes 8 f and 8g.


Treatment of the allenes 8 f and 8 g with p-toluenesulfonic
acid resulted in the elimination of fluorenone or xanthone and
formation of the cumulenes 11 a and 11 b in 85 and 70 %
yields, respectively, rather than in cyclization (Scheme 7).
Previously, formation of cumulenes has only been observed
for a-unsubstituted (hydroxymethyl)allenes.[23] The striking
difference between the reactions of allenes 8 a ± e and 8 f ± g
with p-toluenesulfonic acid can be explained by the fact that
cyclization would lead to a strained unsaturated 5,5,6-ring
system.[24] In addition, the antiaromatic character of the
9-fluorenyl cation in the ground state and the rigid character
of the ketone-derived subunits of 8 f and 8 g are presumed to
direct the course of the reaction.[25]


Variation of the silyl enol ether in our new allene synthesis
was studied next. Silyl enol ether 12 a was prepared from 1,3-
diphenylacetone in good yield (Scheme 8). Addition of 12 a to


Scheme 8. Lithiation of silyl enol ethers 12 a and 12 b. a) 1) 1.2 equiv LDA,
THF, 0 8C; 2) 1.5 equiv tBuMe2SiCl, 0 8C; b) 1) 3.3 equiv LDA, THF, 0 8C;
2) 3.5 equiv Me3SiCl.


a solution of 3.3 equivalents of LDA in THF and addition of
Me3SiCl after stirring for 6 h afforded 1,3-diphenyl-1,3-
bis(trimethylsilyl)allene (13 a) in 82 % yield via the 1,3-
dilithioallene intermediate J.[26] Starting with triisopropylsilyl
enol ether 12 b, allene 13 a was formed in 80 % yield.
Interception of dianion J with Me3SnCl afforded the bisstan-
nylated allene 13 b (Table 4). Reaction of J with ethanol







FULL PAPER P. Langer et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0578 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 3578


afforded the cyclobutane derivative 13 c which was formed by
the dimerization of 1,3-diphenylallene.[27] Treatment of 1,3-
dilithioallene J with dimethyl sulfate afforded a separable 2:1
mixture of alkyne 13 d and the isomeric allene 13 e.[28] The
regioselectivities observed can again be explained based on
the HSAB concept.


The applicability of our new allene synthesis to silyl enol
ethers that contain only one aryl group was studied next
(Scheme 9). 2-Quinolylacetone (14)[29] was prepared by con-


Scheme 9. Lithiation of silyl enol ether 15. a) 1) 1.2 equiv LDA, THF, 0 8C,
2 h; 2) 1.5 equiv EtOAc, 0 8C! 20 8C, 24 H; 38% (14':14''� 4:1);
b) 1) 1.1 equiv KH, THF, 1 h; 2) 1.5 equiv tBuMe2SiCl, 0 8C! 20 8C,
48 H; 84 %; c) 4.4 equiv LDA, THF, 0 8C! 20 8C, 6 h; d) 4.5 equiv Me3SiCl,
0 8C! 20 8C, 12 H; 85 %.


densation of the carbanion of 2-methylquinoline with ethyl
acetate. This compound mainly resides in the enolic form 14'
(1H NMR spectroscopy). Ketone 14 was transformed into silyl
enol ether 15 in 84 % yield. Treatment of 15 with 3.3 equiv-
alents of LDA, stirring for 6 h, and subsequent addition of
Me3SiCl resulted in the formation of a complex mixture. In
contrast, addition of 15 to a solution of 4.4 equivalents of
LDA in THF, stirring for 6 h, and subsequent addition of
Me3SiCl cleanly afforded the trisilylated allene 16 in 85 %
yield via the trilithiated allene K.


Treatment of the pyridyl-substituted silyl enol ether 17
(prepared from 2-pyridylacetone) afforded allene 18 in low
yield. Reaction of the phenylacetone-derived silyl enol ether


19 afforded allene 20 (as indicated by MS and IR spectra of
the crude product).[30] Unfortunately, this product could not
be isolated in a pure form. Silyl enol ether 21 was prepared
from 1-phenyl-2-butanone in good yield. Treatment of 21 with
3.3 equivalents of LDA and subsequent addition of Me3SiCl
afforded allene 22. Starting with the propiophenone-derived
silyl enol ether 23, a complex mixture was obtained. The IR
spectrum of the crude product showed a strong allene
vibration band. However, only the C-silylated silyl enol ether
24 could be isolated from the mixture (52 %).


A brief discussion of the spectroscopic properties of
selected examples of the new silyl- and stannyl-substituted
allenes is appropriate (Table 5). The central carbon atom is


more deshielded in silylated allenes than in stannylated
allenes. The chemical shifts of the respective carbons do not
depend on the substitution mode (1,1 versus 1,3-substitution).
In contrast, the SiPh2Me moiety (6 c) effects a shift to lower
field. The relative order of vibration bands (IR) is as follows:
13 b (nÄ � 1879 cmÿ1)< 6 d< 16< 13 a< 6 c< 6 a< 6 b< 1,1-di-
methyl-3,3-diphenylallene (nÄ � 1960 cmÿ1).


The new elimination reaction proved applicable to silyl
imino ethers which were readily prepared from the corre-
sponding amides (Scheme 10). Treatment of the acetanilide-
derived silyl imino ether 25 with 3.3 equivalents of LDA,


Table 4. Reaction of 1,3-dilithio-1,3-diphenylallene with electrophiles.


13 Electrophile Product Yield [%][a]


a Me3SiCl Ph(Me3Si)C�C�C(SiMe3)Ph 82
b Me3SnCl Ph(Me3Sn)C�C�C(SnMe3)Ph 53


c EtOH 51


d (MeO)2SO2 Ph(Me)2C-C�CPh, 65[b]


e Ph(Me)C�C�C(Me)Ph


[a] Yield of isolated product. [b] Combined yield of a separable 2:1 mixture
of 13 d and 13 e.


Table 5. Selected spectral features of silyl- and stannyl-substituted allenes.


Allene IR[cmÿ1] 1H NMR[d] 13C NMR [d]


6a 1899 0.17 208.89
6b 1912 0.24 210.45
6c 1895 0.56 215.80
6d 1882 0.24 201.35
13a 1891 0.21 209.22
13b 1879 0.32 200.50
16 1887 0.19, 0.31 208.98
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Scheme 10. Lithiation of silyl imino ethers 25 and 27. a) a) 1.1 equiv LDA,
THF, 0 8C ; b) 1.5 equiv tBuMe2SiCl, ÿ78 8C; b) 1) 3.3 equiv LDA, THF,
0 8C; 2) 3.5 equiv Me3SiCl; c) 1) 3.3 equiv LDA, THF, 0 8C; 2) 3.5 equiv
EtOH (for 30), 3.5 equiv HNEt2 (for 31); pyr� 2-pyridyl.


stirring for 6 h, and subsequent addition of Me3SiCl afforded
the silylated ketenimine 26 via the dilithiated ketenimine
PhNC�C�CLi2.[31] Reaction of pyridyl-substituted silyl imino
ether 27 (prepared from (2-Pyr)NH(CO)CH3 in 73 % yield)
with 3.0 equivalents of LDA, stirring for 6 h, and subsequent
addition of Me3SiCl afforded ketenimine 28 via the dilithiated
ketenimine PyrNC�C�CLi2. Under the conditions of prepa-
rative gas chromatography, ketenimine 28 underwent an
interesting rearrangement reaction to give the imidazo[1,2-
a]pyridine 29. In the course of this cyclization, a 1,2-migration
of a Me3Si group occurred. Interception of dianion
PyrNC�C�CLi2 with ethanol afforded the imino ether 30
and treatment with diethylamine afforded the amidine 31.
These reactions proceeded by protonation of PyrNC�C�CLi2


to give the ketenimine PyrN�C�CH2. The central carbon
atom of the latter is subsequently attacked by ethanol and
diethylamine to give the final products 30 and 31, respectively.


Conclusion


We have developed what we believe to be the first direct
transformation of silyl enol ethers and silyl imino ethers into
lithiated allenes and ketenimines, respectively. An important
parameter for the success of this reaction is the steric demand
of the silyl group. Allene formation was observed with the
SiMe2tBu and the Si(iPr)3 groups, but not with the SiMe3


group. On the one hand, our methodology allows the use of
readily available silyl enol ethers as starting materials which
opens a new synthetic pathway; on the other hand, the
transformations are currently limited to the use of aryl-
substituted substrates. In the Skattebùl dibromocarbene
method, both aliphatic and aromatic alkenes can be used;
however, the starting materials are not always readily
available. In contrast to the Skattebùl method and to the
formation of allenes from enol phosphates, our reactions
allow a direct synthesis of functionalized allenes, since
lithiated allenes are formed as intermediates which can be
trapped with electrophiles. In fact, this methodology appears
to be most convenient at present for preparation of the


polylithiated allenes Ph2C�C�CLi2, Ph(Li)C�C�C(Li)Ph,
and Ar(Li)C�C�CLi2 which have recently been applied to
organic synthesis.[32] Known procedures for the formation of
polylithiated allenes have to rely on less readily available
starting materials. In addition, our transformations are easy to
carry out. For the sake of convenience of isolation and
characterization, we have chosen for the most part to convert
the polylithiated intermediates to organosilicon products.
Also, silyl-substituted allenes have demonstrated utility in
organic synthesis,[33] as have stannyl-substituted allenes.[34]


Our current work is directed towards extension of the
preparative scope of the reaction and towards the application
of our methodology in organic synthesis.


Experimental Section


General comments : All reactions were carried out under an inert
atmosphere and solvents were dried by standard methods. Chlorosilanes
were purchased from Hüls Inc. and distilled from magnesium chips before
use. n-Butyllithium was used as obtained from Aldrich (1.6m solution in
hexane). Potassium hydride was purified by washing with a solution of
lithium aluminum hydride in THF. Analytical gas chromatography (GC)
analyses were performed on a Hewlett ± Packard 5890A gas chromato-
graph equipped with a 6 foot, 0.25 in column packed with 10 % SE-30
silicon rubber gum on Chromosorb P. Preparative GC was performed on a
Gow-Mac Instrument Gas Chromatograph Series 350 with a thermal
conductivity cell. The following temperatures were used for all separations:
injector port 220 8C, column 200 8C, detector 240 8C. The identity of the
products isolated by preparative GC and those contained in the crude
reaction mixture was checked by comparison of the respective 1H NMR
data and retention times (analytical GC).
1H NMR spectra were recorded at 200, 250, or 300 MHz and the shifts are
reported in ppm relative to tetramethylsilane. 13C NMR spectra were
obtained at 75, 62.5, or 50 MHz and carbons were quoted as: CH3, CH2,
CH, and C for primary, secondary, tertiary, and quaternary carbon atoms,
respectively. The 29Si NMR spectra were recorded at 59.59 MHz in CDCl3


with tetramethylsilane as the external standard. Mass spectra were
obtained with the electron impact method (70 eV) or the chemical
ionization technique (H2O or NH3). Preparative-scale chromatography
was carried out on J. T. Baker silica gel (60 ± 200 mesh) or aluminum oxide
(active neutral, activity 1, 70 ± 230 mesh). Melting points were measured on
a Büchi apparatus and are uncorrected. Elemental analyses were per-
formed by the Scandinavian Microanalytical Laboratory, Herlev (Den-
mark) or by the Microanalytical Laboratory of the University of Göttingen
(Germany).


Preparation of 2-quinolylacetone (14): This ketone was prepared according
to a literature procedure.[29] 1H NMR (CDCl3, 200 MHz) data of 14 have, to
our knowledge, not been previously reported: d� 2.14 (s, CH3, 14'), 2.75 (s,
CH3, 14''), 4.12 (s, CH2, 14''), 5.33 (s,�CH-, 14'), 6.6 ± 8.2 (m, Ar), 11.69 (br,
OH, 14'); equilibrium of enol and ketone tautomers 14' and 14'' (14':14''�
4:1).


General procedure for the preparation of silyl enol ethers (1), (5a), (15),
and (17): To a suspension of potassium hydride (1.1 g, 27.5 mmol) in THF
(50 mL) was added a solution of the ketone (25 mmol) in THF (10 mL) at
0 8C. The color of the solution became orange-red and the evolution of
hydrogen was observed. After stirring at 20 8C for 2 h, a solution of
tBuMe2SiCl (5.6 g, 1.5 equiv) in THF (10 mL) was added and precipitation
of LiCl was observed. The suspension was stirred for 48 h at 20 8C. The
solvent was removed in vacuo and the residue was extracted with hexane
(3� 80 mL). The extracts were filtered through Celite and the solvent was
removed in vacuo. The product was isolated by vacuum distillation.


Trimethyl[(1-methyl-2,2-diphenylethenyl)oxy]silane (1): Starting with 1,1-
diphenylacetone (5.24 g, 25 mmol), 1 was isolated as a colorless oil (6.55 g,
88%). The spectroscopic data of 1 were identical to that reported in the
literature.[6]
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tert-Butyldimethyl[(1-methyl-2,2-diphenylethenyl)oxy]silane (5a): Pre-
pared from 1,1-diphenylacetone (15.72 g, 75 mmol). Pale yellow oil
(19.95 g, 82%); b.p. 106 ± 108 8C/0.03 mbar; 1H NMR (CDCl3, 300 MHz):
d�ÿ0.05 (s, 6 H; Me2Si), 0.79 (s, 9 H; tBu), 1.93 (s, 3 H; CH3), 7.10 ± 7.35 (m,
10H; Ph); 13C NMR (CDCl3, 75 MHz): dC�ÿ4.19 (CH3, Me2Si), 18.19 (C,
CMe3), 21.60 (CH3), 25.64 (CH3, CMe3), 123.03 (C, CPh2), 125.69, 126.06,
127.54, 127.97, 130.56, 130.57 (CH, Ph), 141.12, 142.40 (C, Ph), 146.22 (C,
COSi); 29Si NMR (CDCl3, 300 MHz): dSi�ÿ18.87. IR (CHCl3): nÄ � 3075
(m), 3015 (m), 2965 (s), 2910 (m), 1615 (s), 1490 (s), 1440 (s), 1400 (m), 1270
(s), 1230 (s), 1190 (s), 1105 (s) cmÿ1; elemental analysis calcd (%) for
C21H28OSi: C 77.72, H 8.70; found: C 77.68, H 8.95.


tert-Butyldimethyl[(1-methyl-2-(2'-quinolyl)ethenyl)oxy]silane (15): Pre-
pared from 2-quinolylacetone (14, 3.83 g, 20.7 mmol). Orange oil (5.2 g,
84%; E :Z� 5:1 or 1:5); 1H NMR (CDCl3, 300 MHz): d� 0.20 (s, 6H;
Me2Si), 0.96 (s, 9 H; tBu), 2.10 (s, 3H; CH3), 5.88 (s, 1H;�CH-), 7.43 (t, 1H;
Ar), 7.72 (d, 1H; Ar), 7.63 (t, 1H; Ar), 7.96, 8.10, 8.15 (d, 2H; Ar);
elemental analysis calcd (%) for C18H25NOSi: C 72.19, H 8.41; found: C
71.94, H 8.52.


tert-Butyldimethyl[(1-methyl-2-(2'-pyridyl)ethenyl)oxy]silane (17): Pre-
pared from 2-pyridylacetone (1.62 g, 12 mmol). Yellow oil (2.3 g, 78%;
E :Z� 1.2:1 or 1:1.2); 1H NMR (CDCl3, 80 MHz): d� 0.18, 0.23 (s, 6H;
Me2Si), 0.95, 0.98 (s, 9H; tBu), 2.02, 2.28 (s, 3 H; CH3), 7.10 ± 7.80 (m, 3H;
Pyr), 8.55 (m, 1H; Pyr); MS (20 8C): m/z : 250 [M��1].


General procedure for the preparation of silyl enol ethers (12 a), (12 b),
(19), (21), and (23): To a solution of LDA (27.5 mmol) in THF (50 mL)
[prepared by the addition of nBuLi (18.9 mL) to a solution of diisopropyl-
amine (4.1 mL) in THF], was added a solution of the ketone (25 mmol) in
THF (10 mL) at 0 8C. The solution turned red. After the mixture had been
stirred for 2 h at 20 8C, a solution of tBuMe2SiCl (5.6 g, 1.5 equiv) in THF
(10 mL) was added and precipitation of LiCl was observed. After the
mixture had been stirred for 48 h, the products were isolated according to
the procedure for the preparation of 1.


tert-Butyldimethyl[(1-phenylmethyl-2-phenylethenyl)oxy]silane (12 a):
Prepared from 1,3-diphenylacetone (5.25 g, 25 mmol). Pale yellow solid
(6.64 g, 82%; one isomer, E or Z); m.p. 44 ± 46 8C; 1H NMR (CDCl3,
300 MHz): d� 0.05 (s, 6H; Me2Si), 0.88 (s, 9 H; tBu), 3.52 (s, 2H; CH2), 5.31
(s, 1 H;�CH-), 7.10 ± 7.40 (m, 10 H; Ph); 13C NMR (CDCl3, 75 MHz): dC�
ÿ3.51 (Me2Si), 18.31 (C, CMe3), 25.85 (CH3, CMe3), 43.83 (CH2), 110.18
(�CHÿ), 125.51, 126.36, 127.77, 128.33, 128.43, 129.16 (CH, Ph), 136.52,
138.13 (C, Ph), 151.19 (C, COSi); 29Si NMR (CDCl3): dSi� 19.22; IR
(CHCl3): nÄ � 1254 (Me3Si) cmÿ1; elemental analysis calcd (%) for C21H28O-
Si: C 77.72, H 8.70; found: C 77.38, H 8.82.


Triisopropyl[(1-phenylmethyl-2-phenylethenyl)oxy]silane (12 b): Prepared
from 1,3-diphenylacetone (5.00 g, 23.8 mmol); 12 b was isolated by
kugelrohr distillation as a viscous, colorless oil (6.80 g, 78%; one isomer,
E or Z); b.p. 1508/0.05 mbar; 1H NMR (CDCl3, 300 MHz): d� 1.04 (d, J�
7 Hz, 18 H; Me), 1.07 (sept, J� 7 Hz, 3 H; CHMe2), 3.58 (s, 2H; CH2), 5.12
(s, 1 H;�CH-), 7.05 ± 7.50 (m, 10 H; Ph); 13C NMR (CDCl3, 75 MHz): dC�
13.63 (CHMe2), 17.88 (Me), 43.85 (CH2), 109.85 (�CH-), 125.37, 126.36,
127.65, 128.21, 128.31, 129.23 (CH, Ph), 136.58, 137.85 (C, Ph), 152.27 (C,
COSi); 29Si NMR (CDCl3): dSi� 13.71; IR (CHCl3): nÄ � 1277
(Me2CHSi) cmÿ1; elemental analysis calcd (%) for C24H34OSi: C 78.63, H
9.35; found: C 78.34, H 9.16.


tert-Butyldimethyl[(1-ethyl-2-phenylethenyl)oxy]silane (21): Prepared
from 1-phenyl-2-butanone (2.8 mL, 19.57 mmol). Isolated by chromato-
graphy (activated Al2O3, hexane) as a light yellow, viscous oil (3.60 g, 70%;
E :Z� 1:1); b.p. 129 ± 133 8C/0.1 mbar; 1H NMR (CDCl3, 300 MHz): d�
0.15, 0.31 (s, 6 H; Me2Si), 1.00, 1.05 (s, 9H; tBu), 1.20, 1.23 (t, J� 9 Hz, 3H;
CH2CH3), 2.30, 2.37 (q, J� 9 Hz, 2H; CH2CH3), 5.20, 5.84 (s, 1H;�CH-),
7.05 ± 7.65 (m, 5H; Ph); 13C NMR (CDCl3, 75 MHz): dC�ÿ4.38, ÿ3.56
(Me2Si), 11.88, 12.15 (CH2CH3), 18.18, 18.38 (C, CMe3), 25.48, 25.65
(CH2CH3), 25.74, 25.92 (CH3, CMe3), 106.51, 108.64 (�CH-), 125.24, 125.34,
127.80, 128.13, 128.38, 128.47 (CH, Ph), 136.89, 137.57 (C, Ph), 155.77, 156.50
(C, COSi); 29Si NMR (CDCl3): dSi� 17.95; IR (CHCl3): nÄ � 1255
(Me2Si) cmÿ1; elemental analysis calcd (%) for C16H26OSi: C 73.22, H
9.99; found: C 73.88, H 9.85.


tert-Butyldimethyl[(1-methyl-2-phenylethenyl)oxy]silane (19): Prepared
from phenylacetone (2.0 g, 15.0 mmol). Colorless oil (3.20 g, 86 %; E :Z�
3:1 or 1:3); 1H NMR (CDCl3, 80 MHz, the first values of each pair of
signals refer to those of the major component): d� 0.16, 0.23 (s, 6H;


Me2Si), 0.96, 1.00 (s, 9H; tBu), 2.00, 2.02 (q, J� 9 Hz, 3 H; CH3), 5.42, 5.87
(s, 1 H; �CH-), 7.10 ± 7.60 (m, 5 H; Ph); 13C NMR (CDCl3, 50 MHz): dC�
ÿ3.36, ÿ4.34 (Me2Si), 18.34, 18.09 (C, CMe3), 24.19, 19.55 (CH3), 25.89,
25.59 (CH3, CMe3), 108.16, 110.32 (�CH-), 125.15, 125.82, 126.17, 126.69,
128.04, 128.33 (CH, Ph), 136.89, 137.60 (C, Ph), 149.41, 151.43 (C, COSi).


tert-Butyldimethyl[(1-phenyl-1-propenyl)oxy]silane (23): Prepared from
propiophenone (2.0 g, 15.0 mmol). Colorless oil (2.68 g, 72%); 1H NMR
(CDCl3, 300 MHz): d�ÿ0.02 (s, 6 H; Me2Si), 1.00 (s, 9 H; tBu), 1.75 (d, J�
10 Hz, 3H; �CHCH3), 5.20 (q, J� 10 Hz, 1H; �CH-), 7.20 ± 7.50 (m, 5H;
Ph).


General procedure for the transformation of silyl enol ethers into allenes :
All reactions were carried out on a 4 ± 10 mmol scale. To a solution of LDA
(19.8 mmol, 3.3 molar equiv) in THF (50 mL) [prepared by addition of
nBuLi (13.6 mL) to a solution of diisopropylamine (3.0 mL) in THF], was
added a solution of the silyl enol ether in THF (10 mL) at 0 8C. The ice bath
was removed and the color of the solution turned deep red. A solution of
the electrophile (3.5 equiv) in THF (10 mL) was added at 0 8C after stirring
for 6 h. Precipitation of LiCl was observed. The suspension was stirred for
12 h at 20 8C. The solvent was removed and the residue was dried in vacuo
and extracted with hexane (3� 50 mL). The extracts were filtered through
Celite, the solvent was removed in vacuo, and the product was isolated and
purified as indicated.


1,1-Bis(trimethylsilyl)-3,3-diphenylallene (6a): Prepared from 5a (1.94 g,
6 mmol) and Me3SiCl (2.7 mL, 3.5 equiv). Isolated by chromatography
(activated Al2O3, hexane) as a colorless viscous oil which crystallized at
0 8C (1.70 g, 84 %); m.p. 58 ± 60 8C. The 1H NMR, 13C NMR and IR data are
identical to those reported in the literature.[13] Elemental analysis calcd (%)
for C21H28Si2: C 74.93, H 8.38; found: C 75.09, H 8.51.


1,1-Bis(dimethylsilyl)-3,3-diphenylallene (6b): Prepared from 5a (1.94 g,
6 mmol) and Me2HSiCl (2.3 mL, 3.5 equiv). Isolated by chromatography
(activated Al2O3, hexane) as a colorless viscous oil (1.52 g, 82 %); 1H NMR
(CDCl3, 300 MHz): d� 0.24 (d, J� 3.5 Hz, 12H; Me2Si), 4.26 (d, J� 3.5 Hz,
2H; SiH), 7.28 (m, 10H; Ph); 13C NMR{1H} (CDCl3, 75 MHz): dC�ÿ3.02
(q, J� 120.0 Hz, Me2Si), 88.18 (s, CSi2), 97.67 (s, CPh2), 126.01, 127.73,
128.44 (d, J� 160.2 Hz, Ph), 137.08 (s, Ph), 210.45 (s, C�C�C); 29Si NMR
(CDCl3): dSi�ÿ16.08; IR (KBr): nÄ � 2125 (SiH), 1912 (C�C�C), 1253
(MeSi) cmÿ1; elemental analysis calcd (%) for C19H24Si2: C 73.98, H 7.84;
found: C 74.48; H 8.15.


1,1-Bis(methyldiphenylsilyl)-3,3-diphenylallene (6c) and tert-Butyldime-
thylmethyldiphenylsiloxane : Prepared from 5a (2.38 g, 7.3 mmol) and
Ph2MeSiCl (4.88 g, 3.5 equiv). Isolated by kugelrohr distillation (air bath
190 8C, 0.05 mbar) as a colorless solid (2.62 g, 61%); m.p. 73 ± 75 8C;
1H NMR (CDCl3, 300 MHz): d� 0.56 (s, 6 H; MeSi), 7.10 ± 7.50 (m, 30H;
Ph); 13C NMR (CDCl3, 75 MHz): dC�ÿ2.20 (MeSi), 87.90 (CSi2), 98.80
(CPh2), 125.99, 127.62, 127.77, 128.08, 129.30, 134.93 (CH, Ph), 135.76,
136.85 (C, Ph), 215.80 (C, C�C�C); 29Si NMR (CDCl3): dSi�ÿ12.69; IR
(KBr): nÄ � 1895 (m, C�C�C), 1253 (s) cmÿ1; elemental analysis calcd (%)
for C41H36Si2: C 84.19, H 6.20; found: C 83.83, H 6.28. Vacuum distillation
afforded tert-butyldimethylmethyldiphenylsiloxane as a colorless liquid
(1.47 g, 61%); b.p. 97 ± 100 8C (0.05 mbar); 1H NMR (CDCl3, 300 MHz):
d� 0.03 (s, 6 H; Me2Si), 0.62 (s, 3 H; MeSi), 0.88(s, 9 H; tBu), 7.20 (m, 10H;
Ph); elemental analysis calcd (%) for C19H28OSi2: C 69.45, H 8.59; found: C
69.03, H 8.78.


1,1-Bis(trimethylstannyl)-3,3-diphenylallene (6 d): Prepared from 5a
(2.38 g, 7.3 mmol) and Me3SnCl (5.1 g, 3.5 equiv). Yellow 6 d was crystal-
lized from hexane (2.29 g, 60%); m.p. 70 ± 72 8C; 1H NMR (CDCl3,
300 MHz): d� 0.24 (s, 18H; Me3Sn), 7.20 ± 7.30 (m, 10H; Ph); 13C NMR
(CDCl3, 75 MHz): dC�ÿ7.39 (Me3Sn), 81.93 (CSn2), 91.02 (CPh2), 124.84,
127.49, 128.28 (CH, Ph), 139.16 (C, Ph), 201.35 (C, C�C�C); 119Sn NMR
(CDCl3): dSn� 1.20; IR (CHCl3): 1882 (C�C�C) cmÿ1; elemental analysis
calcd (%) for C21H28Sn2: C 48.71, H 5.45; found: C 48.93, H 5.59.


1,1-Diphenylallene (6e): Prepared from 5a (1.94 g, 6 mmol) and ethanol
(6 equiv). Isolated by rapid chromatography (activated Al2O3, hexane) as a
light yellow oil (415 mg, 36 %).[14] The 13C NMR data of 6 e have not been
previously reported. 1H NMR (CDCl3, 300 MHz): d� 5.25 (s, 2 H;�CH2),
7.25 ± 7.35 (m, 10H; Ph); 13C NMR (CDCl3, 75 MHz): dC� 78.05 (�CH2),
109.08 (�CPh2), 127.10, 128.05, 128.13 (CH, Ph), 136.09 (C, Ph), 209.60 (C,
C�C�C); IR (KBr): nÄ � 3057 (s), 3028 (m), 1934 (m, C�C�C), 1598 (s),
1491 (s), 1452 (s), 1030 (m) cmÿ1; MS (20 8C): m/z : 192 [M�].
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4,4-Diphenyl-prop-2-yne (6 f): Prepared from 5 a (1.94 g, 6 mmol) and
dimethyl sulfate (2.0 mL, 3.5 equiv). Isolated by vacuum distillation as a
colorless oil (898 mg, 68%); b.p. 132 ± 136 8C/2 mbar). The spectroscopic
data are identical to those reported in the literature;[15b] elemental analysis
calcd (%) for C17H16: C 92.68, H 7.32; found: C 92.62, H 7.31.


1,3-Bis(trimethylsilyl)-1,3-diphenylallene (13 a): Prepared from 12 a (1.94 g,
6 mmol) and Me3SiCl (2.7 mL, 3.5 equiv). Isolated by chromatography
(activated Al2O3, hexane) as a light yellow oil (1.65 g, 82 %). When
prepared from 12b (2.20 g, 6 mmol), 1.57 g (80 %) of 13 a was isolated.
1H NMR (CDCl3, 300 MHz): d� 0.21 (s, 18 H; Me3Si), 7.05 ± 7.30 (m, 10H;
Ph); 13C NMR (CDCl3, 75 MHz): dC� 0.17 (Me3Si), 94.99 (�CPhSi),
125.78, 127.38, 128.44 (CH, Ph), 136.97 (C, Ph), 209.22 (C, C�C�C); 29Si
NMR (CDCl3): dSi�ÿ18.88; IR (CHCl3): nÄ � 1891 (C�C�C), 1250
(Me3Si) cmÿ1; elemental analysis calcd (%) for C21H28Si2: C 74.93, H
8.38; found: C 75.11, H 8.67.


1,3-Bis(trimethylstannyl)-1,3-diphenylallene (13 b): Prepared from 7 a
(2.34 g, 7.3 mmol) and Me3SnCl (5.1 g, 3.5 equiv). Crystallized from hexane
(2.00 g, 53%); m.p. 58 ± 60 8C; 1H NMR (CDCl3, 300 MHz): d� 0.32 (s,
18H; Me3Sn), 7.10 ± 7.30 (m, 10 H; Ph); 13C NMR (CDCl3, 75 MHz): dC�
ÿ7.80 (Me3Sn), 89.98 (�CPhSn), 125.61, 127.76, 128.64 (CH, Ph), 138.61 (C,
Ph), 200.50 (C, C�C�C); 119Sn NMR (CDCl3): dSn�ÿ10.51; IR (CHCl3):
1879 (C�C�C) cmÿ1; elemental analysis calcd (%) for C21H28Sn2: C 48.71, H
5.45; found: C 48.58, H 5.29.


1,3-Dimethyl-1,3-diphenylallene (13 e) and 3-methyl-1,3-diphenylbut-1-yne
(13 d): The reaction of 12a (1.84 g, 5.65 mmol) and dimethyl sulfate
(1.90 mL, 3.5 equiv) gave a 1:2 mixture of 13e and 13 d (816 mg, 65%). The
mixture was separated by preparative GC.


13d : 1H NMR (CDCl3, 300 MHz): d� 1.68 (s, 6 H; CH3), 7.20 ± 7.65 (m,
10H; Ph); 13C NMR (CDCl3, 75 MHz): dC� 31.70 (CH3), 36.39 (C�C-
CPhMe2), 82.06 C�C-CPhMe2, 96.49 (-C�C-Ph), 123.82, 125.59, 126.40,
127.68, 128.18, 128.28 (CH, Ph), 131.60 (C, -C�C-Ph), 146.95 (C, Ph); IR
(CHCl3): nÄ � 3058 (w), 3030 (m), 2974 (s), 2360 (w), 1598 (m), 1491 (s), 1444
(s), 1360 (m), 1293 (m), 1101 (m) cmÿ1; MS (70 eV): 220 [M�], 205 [M�ÿ
Me], 190 [M�ÿ 2Me]; elemental analysis calcd (%) for C17H16: C 92.68, H
7.32; found: C 92.62, H 7.31.


cis-1,2-Diphenyl-anti-3,4-dibenzylidenecyclobutane (13 c): Prepared from
12a (2.31 g, 7.15 mmol) and ethanol (excess). A crude product was obtained
which was dissolved in THF and refluxed for 2 h. Subsequently, the solvent
was removed in vacuo and yellow 13c was recrystallized from ether
(700 mg, 51 %). The 1H NMR and IR data and the melting point of 13 c
were identical to those reported in the literature,[27] m.p. 194 ± 196 8C. To
our knowledge, 13C NMR data of 13 c have not been previously reported;
1H NMR (CDCl3, 300 MHz): d� 5.05 (s, 2H; -CHPh), 6.89 (s, 10H), 6.90 ±
7.25 (m, 12H; Ph, �CHPh); 13C NMR (CDCl3, 75 MHz): dC� 54.58
(-CHPh-), 119.88 (�CHPh), 125.83, 126.73, 127.44, 128.07, 128.65, 128.80
(CH, Ph), 135.91, 136.74 (C, Ph), 142.47 (C�CHPh); IR (KBr): nÄ � 3065
(m), 3020 (m), 1605 (m), 1495 (s), 1460 (m), 905 (s), 735 (s) cmÿ1; MS
(20 8C): m/z : 384 [M�], 307 [M�ÿPh], 192 [0.5 M�].


1,3-Bis(trimethylsilyl)-1-phenyl-3-methylallene (22): Prepared from 21
(2.06 g, 7.86 mmol) and Me3SiCl (3.5 mL, 3.5 equiv). Isolated by prepara-
tive GC as a light yellow oil (410 mg, 19 %, GC); 1H NMR (CDCl3,
300 MHz): d� 0.13 (s, 9H; Me3Si), 0.22 (s, 9 H; Me3Si), 1.75 (s, 3H; CH3),
7.05 ± 7.30 (m, 5 H; Ph); 13C NMR (CDCl3, 75 MHz): dC�ÿ1.62, ÿ0.04
(Me3Si), 14.33 (CH3), 85.38 (�C(CH3)Si), 91.78 (�C(Ph)Si), 125.31, 127.35,
128.35 (CH, Ph), 138.57 (C, Ph), 207.34 (C, C�C�C); 29Si NMR (CDCl3):
dSi�ÿ4.74, ÿ2.94. IR (CHCl3): nÄ � 1904 (C�C�C), 1249 (Me3Si) cmÿ1;
elemental analysis calcd (%) for C16H26Si2: C 70.00, H 9.55; found: C 70.04,
H 9.83.


Lithiation of silyl enol ether (1): To a solution of LDA (6.6 mmol, 1.1 equiv)
in THF (30 mL) [prepared by the addition of nBuLi (4.5 mL) to a solution
of diisopropylamine (1.0 mL) in THF], was added one equivalent of silyl
enol ether 1 dissolved in THF (10 mL) at 0 8C. The ice bath was removed
and the solution was stirred at 20 8C for 4 h. Dimethylchlorosilane
(0.79 mL, 1.2 equiv) was added at 0 8C and precipitation of LiCl was
observed. Nonaqueous work-up afforded a 1:1 mixture of 2 and 3 in 76%
combined yield. Pure samples of 2 and 3 were isolated by preparative GC.


2 : 1H NMR (CDCl3, 300 MHz): d� 0.03 (s, 9 H; Me3Si), 0.07 (d, J� 2.5 Hz,
6H; Me2SiO), 1.78 (s, 2 H; CH2Si), 4.52 (sept, J� 2.5 Hz, 1H; SiH), 7.25 (m,
10H; Ph); 13C NMR (CDCl3, 75 MHz): dC�ÿ0.10, ÿ0.08, 25.1, 120.8,
125.2, 125.8, 126.4, 127.2, 129.7, 130.4, 141.2, 142.9, 149.5; 29Si NMR


(CDCl3): dSi� 4.20 (CSi), 4.75 (OSi); elemental analysis calcd (%) for
C20H28OSi2: C 70.53, H 8.29; found: C 70.97, H 8.18.


Preparation of di(hydroxymethyl)allenes (8): A solution of silyl enol ether
5a (950 mg, 2.95 mmol) in THF (10 mL) was added to a solution of LDA in
THF [prepared by the addition of nBuLi (1.6m solution in hexane)] to a
solution of diisopropylamine (3.3 equiv) in THF (30 mL) at 0 8C. The
mixture was stirred at 20 8C for 6 h during which time the color of the
solution became deep red. A solution of benzophenone (1.34 g, 7.38 mmol)
in THF (10 mL) was added at ÿ78 8C by syringe. The temperature was
allowed to rise to 20 8C within 12 h to give a deep blue solution. The
mixture was poured into water (50 mL) and then extracted with diethyl
ether (4� 60 mL). The combined yellow organic layers were dried
(MgSO4), filtered, and the solvent of the filtrate was removed in vacuo.
Purification by column chromatography (silica gel, diethyl ether:petroleum
ether� 1:5! 1:1) afforded the allene 8 a (1.31 g, 80 %) as a colorless solid.
M.p. 110 8C (decomp).


8a : 1H NMR (CDCl3, 200 MHz): d� 3.82 (s, 2H; OH), 6.32 (m, 4H; Ph),
7.10 ± 7.40 (m, 26H; Ph); 13C NMR (CDCl3, 50 MHz): dc� 82.90 (C, COH),
114.85, 116.11 (C, C�C�C), 126.79, 127.91, 128.04 (CH, Ph), 127.18, 127.29,
127.83 (CH, Ph), 136.56, 146.56 (C, Ph), 205.26 (C, C�C�C); IR (KBr): nÄ �
3385 (w), 3057 (w), 1949 (m, C�C�C), 1598 (w), 1493 (m), 1447 (m), 1348
(w), 1177 (w), 1031 (m), 698 (s) cmÿ1; MS (CI, H2O): 539 [M��1ÿH2O),
521 [M��1ÿ 2 H2O); MS (EI): m/z (%): 356 (100) [Ph2C�C�C�CPh2];
elemental analysis calcd (%) for C41H32O2: C 88.46, H 5.79; found: C 88.23,
H 5.75.


8b : Yield: 62%; 1H NMR (CDCl3, 200 MHz): d� 3.78 (s, 6 H; OCH3), 5.80
(s, 2 H; OH), 6.38 (m, 4H; Ar), 6.70 ± 6.90 (m, 4H; Ar), 7.10 ± 7.50 (m, 20H;
Ar); 13C NMR ([D8]THF, 75 MHz): dc� 69.82, 86.11, 116.05, 116.78, 129.94,
130.67, 130.96, 131.15, 131.22, 131.31, 131.76, 132.07, 143.69, 151.77, 162.39,
162.48, 208.68; IR (KBr): nÄ � 1950 (m, C�C�C), 1594 (w), 1490 (m), 1448
(m), 1346 (w), 1175 (w), 1028 (m) cmÿ1; MS (CI, H2O, Na�): 639
[(M�Na)�]. MS (EI): 598 [M�ÿH2O], 580 [M�ÿ 2 H2O].


8c : Yield: 75%; 1H NMR (CDCl3, 250 MHz): d� 3.80 (s, 12H; OCH3),
5.72 (s, 2H; OH), 6.50 (m, 4 H; Ar), 6.80 (d, J� 10 Hz, 8H; Ar), 7.25 (m,
6H; Ar), 7.30 (d, J� 10 Hz, 8H; Ar); 13C NMR ([D6]acetone, 75 MHz):
dc� 55.47 (OCH3), 83.15 (C, COH), 114.75, 118.90 (C, C�C�C), 113.37,
127.96, 128.66, 128.85, 129.19 (CH, Ph), 137.84, 140.99, 159.48 (C, Ph),
206.11 (C, C�C�C); IR (KBr): nÄ � 1954 (m, C�C�C) cmÿ1; MS (CI, H2O,
Na�): 699 [(M�Na)�]; elemental analysis calcd (%) for C45H40O6: C 79.86,
H 5.96; found: C 79.97, H 6.09.


8d : Yield: 76%; 1H NMR (CDCl3, 250 MHz): d� 2.40 (s, 12H; CH3), 3.98
(s, 2 H; OH), 6.42 (m, 4H; Ar), 7.10 ± 7.40 (m, 22 H; Ar); 13C NMR (CDCl3,
50 MHz): dc� 20.97 (CH3), 82.65 (C, COH), 114.45, 116.31 (C, C�C�C),
126.64, 127.12, 127.75, 128.11, 128.42 (CH, Ar), 136.60, 136.83, 144.00 (C,
Ph), 205.07 (C, C�C�C). IR (KBr): nÄ � 1948 (m, C�C�C) cmÿ1; MS (CI,
H2O, Na�): 635 [(M�Na)�]; MS (EI): m/z (%): 384 (100)
[Ph2C�C�C�CTol2]; elemental analysis calcd (%) for C45H40O2: C 88.20,
H 6.58; found: C 88.06, H 6.49.


8e : Yield: 71%; 1H NMR (CDCl3, 250 MHz): d� 4.21 (s, 2H; OH), 6.44
(m, 4H; Ar), 7.20 ± 7.45 (m, 22H; Ar); 13C NMR (CDCl3, 62.5 MHz): dc�
82.33 (C, COH), 112.25, 115.72 (C, C�C�C), 127.87, 128.18, 128.27, 128.34,
128.56 (CH, Ar), 133.59, 135.79, 144.69 (C, Ph), 205.10 (C, C�C�C); IR
(KBr): nÄ � 1950 (m, C�C�C) cmÿ1; MS (CI, NH3): 712 [M��1� 17], 695
[M��1]; MS (EI): 676 [M�ÿ 18], 424 (100) [Ph2C�C�C�C(C6H4Cl)2];
elemental analysis calcd (%) for C41H28O2Cl4: C 70.91, H 4.06; found: C
70.60, H 3.86.


8 f: Yield: 72%; 1H NMR (CDCl3, 200 MHz): d� 3.78 (br, 2 H; OH), 6.70 ±
7.40 (m, 26H; Ph); 13C NMR (CDCl3, 50 MHz): dc� 83.40 (C, COH),
114.89, 115.60 (C, C�C�C), 119.51, 124.82, 127.01, 127.69, 127.81, 128.00,
128.57 (CH, Ar), 135.84, 139.37, 148.77 (C, Ph), 202.84 (C, C�C�C); IR
(KBr): nÄ � 1952 (m, C�C�C) cmÿ1; MS (CI, H2O, Na�): 575 [(M�Na)�];
elemental analysis calcd (%) for C41H28O2: C 91.76, H 5.26; found: C 91.52,
H 5.20.


8g : Yield: 68 %; 1H NMR ([D8]THF, 200 MHz): d� 5.58 (s, 2 H; OH), 6.70
(m, 10 H; Ar), 7.00 ± 7.40 (m, 16 H; Ar); 13C NMR ([D8]THF, 50 MHz): dc�
69.63 (C, COH), 115.51 (C, C�C�C), 116.28, 122.80 (CH), 125.53 (C,
C�C�C), 127.49 (CH), 127.84 (C), 128.62, 129.18, 129.68 (CH), 138.08,
150.69 (C, Ph), 205.93 (C, C�C�C); IR (CHCl3): nÄ � 1955 (m,
C�C�C) cmÿ1; MS (CI, H2O): m/z : 586 [M��1], 584 [M�ÿ 1], 568
[M��1ÿH2O]; MS (EI): 566.5 (1) [M�ÿH2O], 370 (100)
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[Ph2C�C�C�C(C12H8O)]; elemental analysis calcd (%) for C41H28O4: C
84.23; H 4.83; found: C 84.46, H 4.60.


Preparation of 5,10,10,11-tetraphenyl-10H-benzo[b]fluorenes (9): Allene
8a (200 mg, 0.36 mmol) and para-toluenesulfonic acid (60 mg) were heated
in toluene (30 mL) at 80 8C for 2 h. The color of the solution changed from
light yellow to deep orange. The crude mixture was purified by column
chromatography (silica gel, diethyl ether:petroleum ether 1:5! 1:1) to give
9a (159 mg, 85%) as orange crystals. M.p. 176 8C; 1H NMR (CDCl3,
200 MHz): d� 6.20 (d, J� 7 Hz, 1 H; Ar), 6.56 (m, 2H; Ar), 6.71 (d, J�
7 Hz, 1H; Ar), 6.11 (dd, J� 7 Hz, J� 1.5 Hz, 1 H; Ar), 6.41 (m, 2H; Ar),
6.58 (m, 3 H; Ar), 6.85 ± 7.25 (m, 18 H; Ar); 13C NMR (CDCl3, 50 MHz):
dc� 57.42 (C, CPh2), 119.89, 123.25, 124.70, 126.05, 126.23, 127.33, 127.34,
127.81, 127.99, 128.08, 128.20, 128.77, 128.99, 129.28, 130.14, 130.15, 130.37
(CH, Ar), 133.57, 133.81, 134.32, 135.51, 137.78, 139.80, 140.13, 142.24,
145.54, 145.82, 147.23 (C, Ar); IR (KBr): nÄ � 3056 (m), 3024 (m), 2924 (m),
1600 (m), 1492 (m), 1448 (m), 1368 (w), 1076 (w), 1032 (w), 760 (s), 744 (s),
724 (s), 700 (s) cmÿ1; MS (FAB): m/z : 521 (100) [M��1]; elemental analysis
calcd (%) for C41H28: C 94.58, H 5.42; found: C 94.27, H 5.50. During the
formation of 9a, benzofulvene 10b was isolated as a sideproduct in low
yield: 1H NMR (CDCl3, 250 MHz): d� 6.85 ± 7.65 (m, Ar).


Conditions for the separation of the enantiomers of (9 a): Stationary phase:
tris(phenylcarbamoyl)cellulose/SiO2; eluent: EtOH; UV detection: l�
320 nm; polarimetric detection: l� 436 nm; c� 1 mgmLÿ1 (injection of
50 mL); p� 63 bar; T� 25 8C; flow: 0.5 mL minÿ1; t1� 9 min; k1'� 0.44.
These results were independently confirmed by the use of different
conditions: stationary phase: triacetylcellulose/SiO2; eluent: MeOH; UV
detection: l� 278 nm; polarimetric detection: l� 405 nm; c� 1 mg mLÿ1


(injection of 150 mL); p� 68 bar; T� 25 8C; flow: 1.0 mL minÿ1; t1�
12.6 min; k1'� 0.60.


9b : Yield: 73%; 1H NMR (CDCl3, 250 MHz): d� 3.76, 3.78 (2� s, 2� 3H;
OCH3), 5.75 (d, 2H; Ar), 6.30 (s, 1H; Ar), 6.40 ± 6.70 (m, 6 H; Ar), 6.80 ±
7.20 (m, 17H; Ar), 7.40 ± 7.70 (m, 6 H; Ar); 13C NMR (CDCl3, 75 MHz):
dc� 55.15, 55.31 (OCH3), 56.84 (C, CPh2), 112.64, 113.22, 121.71, 125.65,
125.83, 126.10, 126.94, 127.24, 127.56, 127.76, 127.93, 128.61, 129.04, 129.11,
129.36, 130.13, 130.32, 131.19 (CH), 131.81, 132.92, 133.69, 134.75, 135.29,
135.93, 137.93, 138.05, 138.95, 142.29, 144.14, 147.43, 155.00, 157.61 (C); MS
(EI): m/z : 580 [M�], 374 [88]; elemental analysis calcd (%) for C43H32O2: C
88.94, H 5.55; found: C 88.68, H 5.44.


9c : Yield: 76%; 1H NMR (CDCl3, 250 MHz): d� 3.25 (s, 3H; OCH3), 3.36
(s, 2� 3H; OCH3), 3.37 (s, 3 H; OCH3), 6.19 (m, 1H; Ar), 6.50 ± 7.10 (m,
11H; Ar), 7.15 ± 7.50 (m, 12H; Ar); 13C NMR (C6D6, 75 MHz): dc� 54.73,
54.79 (OCH3), 57.15 (C, CPh2), 110.65, 113.18, 113.34, 113.37, 113.67, 120.93,
126.46, 128.07 (CH), 128.12, 128.73 (C), 129.28, 129.63, 130.29, 130.56,
131.71, 132.40 (CH), 134.59, 135.70, 136.25, 138.43, 138.60, 139.32, 139.40,
139.63, 143.05, 148.24, 158.44, 158.62 (C); MS (EI): m/z (%): 640 (100)
[M�], 533 (42); elemental analysis calcd (%) for C45H36O4: C 84.35, H 5.66;
found: C 84.46, H 5.56.


During the formation of 9 c, benzofulvene 10 a was isolated as a side
product in 10 % yield; 1H NMR (CDCl3, 250 MHz): d� 3.49 (s, 3H;
OCH3), 3.90 (s, 3H; OCH3), 6.21 (d, J� 2 Hz, 1H; Ar), 6.60 (s, 1H; Ar),
6.75 (dd, J� 2 Hz, J� 7 Hz, 1H; Ar), 6.96 (m, 2 H; Ar), 7.35 ± 7.65 (m, 13H;
Ar); 13C NMR (CDCl3, 62.5 MHz): dc� 55.06, 55.33 (OCH3), 109.94,
112.72, 113.97, 120.43, 124.84, 127.87, 127.96, 128.34 (CH), 128.49 (C),
128.66, 128.73, 130.22, 131.42 (CH), 136.04, 138.11, 139.04, 141.65, 142.30,
143.89, 145.30, 157.67, 159.32 (C); MS (EI): 416 (100) [M�]; MS (CI, NH3):
m/z : 417 [M��1]; elemental analysis calcd (%) for C30H24O2: C 86.51, H
5.81; found: C 86.35, H 5.62.


9d : Yield: 83%; 1H NMR (CDCl3, 250 MHz): d� 2.20 (s, 3H; CH3), 2.30
(s, 3� 3 H; CH3), 6.02 (s, 1H; Ar), 6.55 (d, 2H; Ar), 6.70 ± 7.70 (m, 21H;
Ar); 13C NMR (CDCl3, 62.5 MHz): dc� 20.87, 21.13, 21.52 (CH3), 56.92 (C,
CPh2), 119.56, 124.28, 126.04, 127.58, 127.71, 127.82, 127.89, 128.19, 128.44,
128.51, 128.85, 128.99, 129.21, 129.39, 130.05, 130.12, 130.46, 131.52, 132.73,
133.94, 133.97, 134.06, 134.66, 135.21, 135.33, 137.99, 139.11, 139.70, 142.28,
143.02, 143.21, 147.40; MS (EI): m/z (%): 576 (36) [M�], 384 (100);
elemental analysis calcd (%) for C45H36: C 93.71, H 6.29; found: C 93.58, H
6.18.


9e : Yield: 86 %; 1H NMR (CDCl3, 250 MHz): d� 6.20 (s, 1H; Ar), 6.58 (d,
J� 1.5 Hz, 2 H; Ar), 7.10 ± 7.70 (m, 21 H; Ar); 13C NMR (CDCl3,
62.5 MHz): dc� 56.87 (C, CPh2), 120.68, 123.86, 125.38, 127.07, 127.46,
127.84, 127.93, 128.13, 128.31, 128.72, 128.76, 128.81, 128.87, 128.92, 129.03,


129.11, 129.32, 129.81, 129.85, 130.46, 131.23, 131.33, 131.70, 132.74, 132.86,
133.37, 133.64, 134.94, 136.72, 140.24, 141.03, 141.78, 142.96, 143.64, 146.27;
MS (CI, NH3): m/z : 659 [M��1].


11a : Yield: 85%; 1H NMR (CDCl3, 250 MHz): d� 7.20 ± 7.80 (m, 18H;
Ar); 13C NMR (CDCl3, 75 MHz): dc� 120.13, 123.39, 127.15 (CH), 127.46
(C), 128.29, 128.61 (CH), 128.75 (C), 128.88, 129.64 (CH), 138.48, 139.00,
139.73, 146.66, 151.93 (C); MS (EI): m/z (%): 354 (100) [M�]; elemental
analysis calcd (%) for C28H18: C 94.88, H 5.12; found: C 94.56, H 4.94.


11b : Yield: 70%; 1H NMR (CDCl3, 250 MHz): d� 7.10 ± 7.20, 7.25 ± 7.55,
7.65 (m, 18H; Ar); 13C NMR (CDCl3, 75 MHz, APT): dc� 110.49 (C),
116.85 (CH), 118.89 (C), 121.74 (C), 123.98, 127.48, 127.70, 128.50, 129.23,
129.67 (CH), 137.20, 139.24, 150.90, 151.22 (C); MS (EI): m/z (%): 370 (100)
[M�]; elemental analysis calcd (%) for C28H18O: C 90.78, H 4.90; found: C
90.48, H 4.72.


General procedure for the generation of trisilylated allenes from silyl enol
ethers : All reactions were carried out on a 4 ± 10 mmol scale. To a solution
of LDA (26.4 mmol, 4.4 equiv) in THF (50 mL) [prepared by the addition
of nBuLi (18.1 mL) to a solution of diisopropylamine (4.0 mL) in THF
(50 mL)], was added a solution of the silyl enol ether (1 equiv) in THF
(10 mL) at 0 8C. The ice bath was removed and the solution was stirred at
20 8C for 6 h. A solution of Me3SiCl (4.5 equiv) in THF (10 mL) was added
at 0 8C. The reaction was worked-up according to the procedure given for
the preparation of allene 6 a.


Tris(trimethylsilyl)-(2'-quinolyl)allene (16): Prepared from 15 (1.80 g,
6 mmol) and Me3SiCl (3.5 mL, 4.5 equiv). Isolated by chromatography
(activated Al2O3, hexane) as a yellow oil (1.95 g, 85%); 1H NMR (CDCl3,
300 MHz): d� 0.19 (s, 18 H; Me3Si), 0.31 (s, 9 H; Me3Si), 7.35 (t, 1H; Ar);
7.42 (d, 1H; Ar), 7.57 (t, 1 H; Ar), 7.68 (d, 1 H; Ar), 7.87, 7.88 (d, 2H; Ar);
13C NMR (CDCl3, 75 MHz): dC� 0.04, 0.48 (Me3Si), 83.98, 85.94 (C,�CSi,
�CSi2), 119.61, 124.72, 125.77, 127.21, 128.77, 128.86, 135.01, 148.28 (CH, C,
Ar), 208.98 (C, C�C�C); 29Si NMR: (CDCl3): dSi�ÿ5.07, ÿ2.76; IR
(CHCl3): nÄ � 1887 (C�C�C), 1249 (Me3Si) cmÿ1; elemental analysis calcd
(%) for C21H33NSi3: C 65.73, H 8.67; found: C 66.20, H 8.61.


Tris(trimethylsilyl)-(2'-pyridyl)allene (18): Prepared from 17 (750 mg,
3 mmol) and Me3SiCl (1.75 mL, 4.5 equiv). Isolated by preparative GC as
a yellow oil (18 %, GC); 1H NMR (CDCl3, 300 MHz): d� 0.13 (s, 18H;
Me3Si), 0.20 (s, 9H; Me3Si), 6.90, 7.37, 7.48, 7.47 (m, 4H; Pyr); 13C NMR
(CDCl3, 75 MHz): dc� 0.01, 0.40 (Me3Si), 84.40, 84.72 (C, �CSi, �CSi2),
118.73, 120.68, 135.39, 148.73 (CH, Pyr), 159.73 (C, Pyr), 208.98 (C,
C�C�C); IR (CHCl3): nÄ � 1888 (s, C�C�C), 1252 (s, Me3Si) cmÿ1; MS
(20 8C): m/z : 333 [M�].


Tris(trimethylsilyl)phenylallene (20): Prepared from 19 (753 mg, 3 mmol)
and Me3SiCl (1.75 mL, 4.5 equiv). A complex reaction mixture was
obtained. An nonpolar fraction (280 mg) was obtained by chromatography
(silica gel, hexane). The 1H NMR, MS, and IR data indicated the presence
of 20 by comparison with the data reported for this compound in the
literature.[30] IR (CHCl3): 1880 (s, C�C�C), 1248 (s, Me3Si) cmÿ1; MS
(20 8C): m/z : 332 [M�].


Lithiation of silyl enol ether (23): Prepared from 23 (753 mg, 3 mmol) and
Me3SiCl (1.75 mL, 4.5 equiv). A complex reaction mixture was obtained.
Presence of an allene product was detected by IR. GC-MS indicated
formation of 24 as the main product which was isolated by preparative GC
(52 %); 1H NMR (CDCl3, 300 MHz): d� 0.07 (s, 6H; Me2Si), 0.09 (s, 9H;
Me3Si), 0.86 (s, 9 H; tBu), 1.52 (d, J� 10 Hz, 2 H; CH2), 5.2 (t, J� 10 Hz,
1H;�CH-), 7.10 ± 7.40 (m, 4 H; Ph).


General procedure for the preparation of silyl imino ethers (25), (27), and
(32): To a solution of LDA (27.5 mmol) in THF (50 mL) [prepared by
addition of nBuLi (18.9 mL) to a solution of diisopropylamine (4.1 mL) in
THF], was added a solution of the amide (25 mmol) in THF (10 mL) at
0 8C. The color of the solution became yellow. After the mixture had been
stirred at 20 8C for 2h, a solution of tBuMe2SiCl (5.6 g, 1.5 equiv) in THF
(10 mL) was added and the precipitation of LiCl was observed. The
suspension was stirred for 48 h at 20 8C. The solvent was removed and the
residue was dried in vacuo and extracted with hexane (3� 80 mL). The
extracts were filtered through Celite and the solvent was removed in vacuo.


tert-Butyldimethyl[(1-phenylimino)ethyloxy]silane (25): Prepared from
acetanilide (4.42 g, 32.8 mmol). Yellow oil (6.7 g, 82%) which was purified
for elemental analysis by preparative GC. 1H NMR (CDCl3, 300 MHz):
d� 0.31 (s, 6 H; Me2Si), 0.95 (s, 9 H; tBu), 1.79 (s, 3H; CH3), 7.00 ± 7.30 (m,
5H; Ph); 13C NMR (CDCl3, 75 MHz): dC�ÿ4.55 (CH3, Me2Si), 17.13
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(CH3), 17.81 (C, CMe3), 25.87 (CMe3), 120.85, 122.58, 128.78 (CH, Ph),
149.17 (C, Ph), 160.15 (C, COSi); 29Si NMR (CDCl3): dSi� 21.73; IR
(CHCl3): nÄ � 1290 (Me2Si) cmÿ1; elemental analysis calcd (%) for
C14H23ONSi: C 67.42, H 9.30; found: C 67.07, H 9.40.


tert-Butyldimethyl[(1-(2'-pyridyl)imino)ethyloxy]silane (27): Prepared
from 2-pyridylacetamide (4.85 g, 35.6 mmol). Isolated by kugelrohr dis-
tillation (air bath 90 8C, 0.05 mbar) as a colorless, analytically pure oil
(6.5 g, 73%). 1H NMR (CDCl3, 300 MHz): d� 0.34 (s, 6 H; Me2Si), 0.95 (s,
9H; tBu), 1.88 (s, 3H; CH3), 6.70, 6.92, 7.57, 8.34 (m, 4H; Pyr); 13C NMR
(CDCl3, 50 MHz): dC�ÿ4.70 (CH3, Me2Si), 17.66 (CH3), 18.12 (C, CMe3),
25.66 (CMe3), 116.64, 118.22, 137.39, 148.55 (CH, Pyr), 160.97, 162.55 (C,
COSi, Pyr); 29Si NMR (CDCl3): dSi� 23.04; IR (CHCl3): nÄ � 1254
(Me2Si) cmÿ1; elemental analysis calcd (%) for C13H22N2OSi: C 62.26, H
8.83; found: C 62.53, H 9.22.


General procedure for the lithiation of silyl imino ethers : All reactions
were carried out on a 4 ± 10 mmol scale. To a suspension of LDA (18 mmol,
3.0 equiv) in THF (50 mL) [prepared by the addition of nBuLi (12.4 mL) to
a solution of diisopropylamine (2.7 mL) in THF], was added a solution of
the silyl enol ether (1 equiv) in THF (10 mL) at 0 8C. The ice bath was
removed and the solution was stirred at 20 8C for 6 h. A solution of the
electrophile (3.5 equiv) in THF (10 mL) was added at 0 8C and precip-
itation of LiCl was observed. The suspension was stirred for 12 h at 20 8C.
The solvent was removed in vacuo and the residue was dried in vacuo and
extracted with hexane (3� 50 mL). The extracts were filtered through
Celite and the solvent was removed in vacuo.


N-Phenyl-bis(trimethylsilyl)-1-aza-1,2-propadiene (26): Prepared from 25
(1.88 g, 7.54 mmol). Isolated from 1.5 g of crude product as a colorless oil by
preparative GC (38 %, GC). 1H NMR (CDCl3, 300 MHz): d� 0.05 (s, 18H;
Me3Si), 6.85 ± 7.25 (m, 5 H; Ph); 13C NMR (CDCl3, 75 MHz): dc� 1.08
(CH3, Me3Si), 119.35 (C, �C(SiMe3)2), 91.78 (C, �CPhSi), 122.91, 125.47,
129.72 (CH, Ph), 142.34 (C, Ph), 172.82 (C, N�C�C); 29Si NMR (CDCl3):
dSi�ÿ0.45; IR (CHCl3): nÄ � 2146 (N�C�C), 1250 (Me3Si) cmÿ1; elemental
analysis calcd (%) for C14H23NSi2: C 64.30, H 8.87; found: C 64.40, H 9.16.


N-(2'-Pyridyl)-bis(trimethylsilyl)-1-aza-1,2-propadiene (28): Prepared
from 27 (2.12 g, 8.48 mmol) to give 1.45 g of crude 28 (�85 % purity,
�65 % yield); 1H NMR (CDCl3, 300 MHz): d� 0.06 (s, 18H; Me3Si);
6.70 ± 8.34 (4H; Pyr); IR (CHCl3): nÄ � 2145 (N�C�C), 1250 (Me3Si) cmÿ1.


2,3-Bis(trimethylsilyl)imidazo[1,2-a]pyridine (29): A sample of crude 28
was subjected to preparative GC to give 29 as an orange oil (82 %, GC).
1H NMR (CDCl3, 300 MHz): d� 0.40, 0.45 (s, 18H; Me3Si), 6.68 (t, H6),
7.08 (t, H7), 7.69 (d, H8); 8.25 (d, H5); 13C NMR (CDCl3, 75 MHz): dc�
0.78, 1.02 (CH3, Me3Si), 111.80, 118.11, 124.11, 126.69, 128.68, 149.03 (C,
CH, Ar), 155.81 (C�N); 29Si NMR (CDCl3): dSi�ÿ11.91, ÿ7.32; IR
(CHCl3): nÄ � 3073 (m), 2954 (s), 2896 (s), 1629 (m), 1526 (m), 1496 (s), 1446
(m), 1345 (s), 1329 (s), 1253 (s), 1177 (m), 1040 (m) cmÿ1; elemental analysis
calcd (%) for C12H22Si2: C 59.49, H 8.45; found: C 59.59, H 8.55.


2-Ethoxy-1-(2'-pyridyl)-1-azaprop-1-ene (30): Prepared from 27 (2.10 g,
8.48 mmol). Isolated by chromatography (activated Al2O3, hexane:diethyl
ether� 3:1) as an orange oil (570 mg, 41%). 1H NMR (CDCl3, 300 MHz):
d� 1.30 (t, J� 7 Hz, 3 H; CH2CH3), 1.85 (s, 3 H; CH3), 4.23 (q, J� 7 Hz,
2H; CH2CH3), 6.72 (d, J� 7 Hz, 1H; Pyr), 6.93 (t, J� 7 Hz, 1H; Pyr), 7.56
(t, J� 7 Hz, 1 H; Pyr), 8.33 (d, J� 7 Hz, 1H; Pyr); 13C NMR (CDCl3,
75 MHz): dc� 14.11 (CH2CH3), 16.94 (CH3), 61.93 (CH2CH3), 116.43,
118.40, 137.67, 148.74 (CH, Pyr), 161.39, 163.31 (C, Pyr, N�COEt); IR
(CHCl3): nÄ � 2980 (m), 1669 (m), 1590 (s), 1559 (m), 1488 (s), 1429 (m),
1374 (s), 1289 (s), 1255 (s), 1145 (m), 1095 (m) cmÿ1.


[(1-(2'-Pyridyl)imino)ethyl]diethylamine (31): Prepared from 27 (2.10 g,
8.48 mmol). Isolated by chromatography (activated Al2O3, hexane:diethyl
ether 3:1) as an orange oil (648 mg, 40 %). 1H NMR (CDCl3, 300 MHz):
d� 1.15 (t, J� 7 Hz, 6 H; CH2CH3), 1.93 (s, 3 H; CH3), 3.45 (q, J� 7 Hz,
4H; CH2CH3), 6.67 (d, J� 7 Hz, 1H; Pyr), 6.78 (t, J� 7 Hz, 1H; Pyr), 7.48
(t, J� 7 Hz, 1H; Pyr), 8.28 (d, J� 7 Hz, 1H; Pyr) ; 13C NMR (CDCl3,
75 MHz): dc� 13.33 (CH2CH3), 15.22 (CH3), 41.98 (CH2CH3), 116.21,
117.50, 136.99, 148.23 (CH, Pyr), 156.83, 163.75 (C, Pyr, N�COEt) ; IR
(CHCl3): nÄ � 2971 (m), 2931 (m), 1604 (m), 1582 (s), 1549 (m), 1453 (s),
1415 (s), 1360 (s), 1266 (s), 1204 (m), 1143 (m), 1040 (m) cmÿ1 ; MS (20 8C):
m/z : 191 [M�], 162 [M�ÿEt], 119 [M�ÿNEt2].


Crystal structure analyses :[35] The intensity data for the compounds were
collected on a Nonius Kappa CCD diffractometer, using graphite-mono-
chromated MoKa radiation. Data were corrected for Lorentz and polar-


ization effects, but not for absorption.[36] The structures were solved by
direct methods (SHELXS)[37] and refined by full-matrix least-squares
techniques against F 2


o (SHELXL-97)[38] . The hydrogen atoms of the
structures were included at the calculated positions with fixed thermal
parameters. All non-hydrogen atoms were refined anisotropically.[38] XP
(SIEMENS Analytical X-ray Instruments, Inc.) was used for structure
representations.


Crystal data for 8g : C41H28O4, Mr� 584.63 gmolÿ1, colorless prism, 1.00�
0.90� 0.20 mm3, monoclinic, space group P21/n, a� 13.154(17), b�
15.14(3), c� 14.52(2) �, b� 91.90(10)8, V� 5527(1) �3 , T� 200(2) K,
Z� 4, l� 0.71073 �, 1calcd� 1.343 g cmÿ3, F(000)� 1224, absorption coef-
ficient� 0.086 mmÿ1, 3778 reflections in ÿ14� h� 14, 0� k� 16, ÿ10�
l� 15, measured in the range 3.52� q� 22.518, 3766 [R(int)� 0.1196]
independent reflections, data/restraints/parameters� 3751/0/406, final R
indices [I> 2s(I)]: R1� 0.0598, wR2� 0.1268, R indices (all data): R1�
0.0979, wR2� 0.1653, GOF� 1.080, largest difference peak and hole: 0.219
and ÿ0.260 e �ÿ3.


Crystal data for 9a : C41H28, Mr� 520.63 gmolÿ1, colorless prism, 0.40�
0.38� 0.20 mm3, monoclinic, space group C2/c, a� 22.292(4), b�
14.475(2), c� 19.982(3) �, b� 120.99(1)8, V� 5527(1) �3 , T� 183(2) K,
Z� 8, l� 0.71073 �, 1calcd� 1.251 g cmÿ3, m�MoKa� 3.62 cmÿ1, F(000)�
2192, absorption coefficient� 0.071 mmÿ1, 5346 reflections inÿ23� h� 26,
ÿ18� k� 0, ÿ24� l� 0, measured in the range 2.23� q� 26.318, 5191
[R(int)� 0.0243] independent reflections, data/restraints/parameters�
3863/0/371, final R indices [I> 2s(I)]: R1� 0.0472, wR2� 0.1033, R indices
(all data): R1� 0.1637, wR2� 0.1405, GOF� 0.954, extinction coefficient:
0.0010(2), largest difference peak and hole: 0.207 and ÿ0.193 e�ÿ3.


Crystal data for 10b : Empirical formula: C44H38OSi, Mr� 610.83 gmolÿ1,
colorless prism, 0.40� 0.38� 0.36 mm3, monoclinic, space group P2(1)/c,
a� 19.594(4), b� 13.658(3), c� 12.189(2) �, b� 91.51(3)8, V�
3260.8(11) �3, T� 183(2) K, Z� 4, l� 0.71073 �, 1calcd� 1.244 gcmÿ3,
m�MoKa� 3.62 cmÿ1, F(000)� 1296, absorption coefficient� 0.107 mmÿ1,
602 reflections in ÿ23� h� 23, ÿ16�k� 0, ÿ14� l� 0, measured in the
range 2.98� q� 25.008, 5732 [R(int)� 0.025] independent reflections, data/
restraints/parameters� 5671/0/415, final R indices [I> 2s(I)]: R1� 0.0847,
wR2� 0.1854, R indices (all data): R1� 0.2456, wR2� 0. 0.3672, GOF�
1.431, extinction coefficient: 0.0010(2), largest difference peak and hole:
0.594 and ÿ0.439 e �ÿ3.
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Facile Solid-Phase Synthesis of an Antifreeze Glycoprotein


Ping-Hui Tseng, Weir-Torn Jiaang, Meng-Yang Chang, and Shui-Tein Chen*[a]


Abstract: The antifreeze glycoproteins (AFGPs) 1 are composed of a repeating
tripeptide unit (Ala-Thr-Ala) in which the threonine residue is glycosylated with the
disaccharide b-d-Gal-(1! 3)-a-d-GalNAc. A new procedure for synthesizing
AFGPs using Fmoc-(Ac4-b-d-Gal-(1! 3)-benzylidene-a-d-GalNAc)Thr-OH (10)
as a building block has been developed. Total synthesis of the AFGPs (n� 4, 8) in
overall yields of 61 % and 33 %, respectively, has demonstrated the usefulness of the
method. The synthetic AFGPs 1 (n� 4, 8) showed a similar conformation to the
native AFGPs in their circular dichroism spectra.


Keywords: antifreeze ´ glyco-
proteins ´ peptides ´ solid-phase
synthesis ´ TF antigen


Introduction


Five distinct macromolecular antifreezes (antifreeze peptide
type I, type II, type III, and type IV, and antifreeze
glycoproteins) have been isolated and characterized from
different marine fishes.[1] The antifreeze glycoproteins
(AFGPs) 1 are found exclusively in certain Antarctic fish
families and in the north temperate cod.[2] These proteins are
mucin-like polymers of Ala-Ala-Thr with minor sequence
variations and may be expressed as Ala-[Ala-(b-d-Gal-(1!
3)-a-d-GalNAc)Thr-Ala]n-Ala.[3] Their relative molecular
masses range from about 2000 to 33 000 (n� 4 ± 55).[4] Because
of their characteristic prevention of the growth of ice
crystals[5] , antifreeze (glyco)proteins have potential applica-
tions in cryopreservation and the hypothermic storage of
materials of biomedical interest.[6±8] However, a good charac-
terization of AFGPs is difficult, due to the heterogeneity of
AFGPs which are usually isolated as a mixture.[9] There are
many reports on obtaining the antifreeze peptides through
molecular cloning, but not on the carbohydrate-containing
AFGPs.[10] Synthesis of these antifreezes has generated great
interest in research circles, owing to the difficulties encoun-
tered in obtaining large enough amounts of AFGPs in a
homogenous state, especially when synthesizing AFGPs in a
single sequence. In addition to reports on the synthesis of
some related analogues,[11] the synthesis of high-molecular-
weight mixtures of AFGP has recently been reported by
Nishimura et al.[12] Unfortunately, none of these AFGPs and
analogues has been tested for antifreeze-protein-specific


activity. Thus, a facile and efficient synthesis of AFGPs with
a biological function is urgently required in order to give a
complete explanation of the antifreezing phenomenon.[11b]


In this paper, we describe a facile route for preparing
homogeneous AFGPs by a solid-phase method that uses
protected TF antigen 10[13] as building blocks. We adopted a
concise synthetic strategy to prepare the protected TF antigen
10. The key starting point was the use of phenyl selenoglyco-
side as a glycosyl donor to build a TN construct as a ªcassetteº,
which would have the a-O-linked amino acid prebuilt into the
GalNAc. This cassette serves as an acceptor to complete the
synthesis of the O-linked glycopeptide building block 10 and
enabled us to synthesize a single-sequence AFGP (n� 4, 8) by
using the solid-phase method.


Results and Discussion


Building block synthesis : Because the AFGPs 1 have a
repeating tripeptide sequence (Ala-Thr-Ala), the solid-phase
synthesis method can be applied to the synthesis of AFGPs
when suitable building blocks are available. The retrosyn-
thesis of AFGPs 1 is shown in Scheme 1. The key step in the
strategy for the synthesis of AFGPs 1 is the preparation of the
TF antigen 10. The fully protected TF antigen has previously
been prepared by a variety of methods.[13, 14] We have
developed an alternative method for preparing the antigen,
which is compatible with solid-phase peptide chemistry.[15]


The synthetic procedure for building block 10 is as follows.
The known 2-azido-2-deoxy-1-selenoglycoside (2)[16] (pre-
pared from the known tri-O-acetyl-d-galactal in 81 % yield)
was O-deacetylated with NH3(aq) in MeOH, followed by
regioselective 4,6-O-benzylidenation with PhCH(OMe)2 and
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Scheme 1. Retrosynthesis of antifreeze glycopeptide 1


para-toluenesulfonic acid (p-TsOH) to afford compound 3
(Scheme 2). We tried to use 3 as a glycosyl acceptor[17] in the
reaction of the donor 2,3,4,6-tetra-O-acetyl-a-d-galactopyran-
osyl imidate in CH2Cl2 atÿ78 8C in the presence of a catalytic
amount of trimethylsilyl triflate (TMSOTf), but the desired
disaccharide product was not obtained. In this case,


Scheme 2. Reagents and conditions: a) MeOH, NH3(aq). b) PTSA,
PhCH(OMe)2, THF, 90% from 2. c) (ClCH2CO)2O, NaHCO3, THF, quant.
d) AgOTf, K2CO3, TMU, 87% from 4, a/b� 7.2/1.


we found that the phenyl selenoglycoside 3 prefers to be a
donor, as PhSe- makes a better leaving group than the imidate
when TMSOTf is used as the Lewis acid.[15] On the basis of
this result, we adopted an alternative strategy. Reaction of
3-O-unprotected selenoglycoside 3 with (ClCH2CO)2O and
NaHCO3 gave 4 in quantitative yield (Scheme 2).[18] The a-
phenylselenide 4 was coupled with the l-threonine derivative
5, and the reactivity was influenced by conducting the reaction
under various conditions (Table 1). We found that the better


a/b selectivity occurred in the presence of tetramethyl urea
(TMU; entries 4 and 5), and that a lower reaction temper-
ature also led to a higher a/b ratio (entry 5). The coupling
reaction of compound 4 and the l-threonine derivative 5 with
AgOTf in the presence of K2CO3


[17] and TMU[19] at lower
temperatures (stirred at ÿ10 8C, 4 8C, and 25 8C for 16 h, 12 h,
and 8 h, respectively) afforded 6 as a separable 7.2:1 a/b
mixture of anomers in 87 % yield (entry 5).[15] As shown in
Scheme 3, the stereoselectivity could be explained by a
reverse anomeric effect.[19b, 20]


Scheme 3. Possible mode of reaction of 5 with the transition state of TMU-
protected 4 showing a reverse anomeric effect.


The chloroacetylated a-glycoside 6 was deblocked with
thiourea to give 7 (Scheme 4).[18] Glycosylation of the
threoninyl a-glycoside 7 as an acceptor with the known
thioglycoside donor 8 in the presence of N-iodosuccinimide
(NIS) and TfOH gave the desired disaccharide 9 in 93 %
yield.[21] A large amount of TfOH (0.4 equiv) was used in
order to avoid formation of the ortho-ester. In the last step,
the azido moiety and the benzyl ester of 9 were hydrogenated
with 5 % Pd/C under H2 to provide the amino glycoside. The
amine was converted to the acetamido derivative by Ac2O in
the presence of Et3N to afford the building block 10 as a
mixture of rotamers in 87 % yield (two steps).[14b] Thus, in the
synthetic strategy to establish the protected TF antigen 10, it
took only seven steps and the total yield from the known tri-
O-acetyl-d-galactal was 40 %.


Table 1. Glycosylation reactions of 4 with 5[a]


Catalyst (equiv) Base (equiv) T [oC][b] a/b yield [%]


1 TMSOTf[c] ÿ 20 no reaction
2 AgOTf (3) K2CO3 (5) 25 1/1 93
3 AgOTf (4) K2CO3 (6) ÿ 20 1.3/1[d] 94
4 AgOTf (4) K2CO3 (6)/TMU (2) 25 3.8/1 89
5 AgOTf (4) K2CO3 (6)/TMU (2) ÿ 10 ± 25[e] 7.2/1 87


[a] 1.5 equiv. [b] Reaction time 6 ± 12 h at 25 oC or ÿ20 oC, followed by TLC.
[c] 0.05 equiv. [d] Reaction time 12 h. [e] Stirred at ÿ10 oC, 4 oC, and 25 oC for
16 h, 12 h, and 8 h, respectively.
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Scheme 4. Reagents and conditions: a) Thiourea, MeOH, 95% from 6.
b) NIS, TfOH, CH3CN, CH2Cl2, ÿ45 8C, 93%. c) H2, Pd/C, MeOH.
d) Ac2O, Et3N, 87% from 9.


Antifreeze glycoprotein synthesis : By using 10 as a building
block, the synthesis of AFGPs 1 (n� 4, 8) was performed by
the standard 9-fluorenylmethyloxycarbonyl (Fmoc) proto-
col[22] on an automatic peptide
synthesizer. The synthetic scheme
adopted for the solid-phase gly-
copeptide synthesis is illustrated
in Scheme 5. The loading of the
first amino acid to the HMP resin
was achieved by the dicyclohex-
ylcarbodiimide (DCC) method in
the presence of 4-dimethylamino-
pyridine (4-DMAP). Apart from
the first amino acid, the coupling
of the amino acids was carried out
by activating amino acid deriva-
tives in situ with benzotriazole-1-
yloxytris(pyrrolidino)phosphoni-
um hexafluorophosphate (Py-
BOP)[23] in 0.4m N-methylmo-
phorine (NMM). The Fmoc group
was deprotected by 20 % piperi-
dine. When the synthesis of the
desired glycopeptide was finished,
the cleavage of the elongated
glycopeptide from the resin and
O-debenzylidenation was carried
out with 95 % trifluoroacetic acid
(TFA). The crude glycopeptide
fraction was then dissolved in
dry MeOH with a catalytic
amount of sodium methoxide
(pH 10)[14b] to remove the acetyl
groups that serve as protection for
the hydroxyl groups of the disac-
charide. The progress of the de-
acetylation was carefully moni-
tored by analytical HPLC. The
crude product of AFGPs 1 (n� 4,


8) was purified by HPLC with a RP-C18 column. Figure 1
shows the HPLC purification profiles of synthetic AFGPs 1
(n� 4, 8). As shown in Table 2, the total yield of AFGP 1 (n�
4) was 61 % and that of AFGP 1 (n� 8) was 33 % from Fmoc-
Ala-OH attached to HMP resin until purification.


Analysis of synthetic AFGPs 1 (n� 4, 8) by CD spectra : The
CD spectra of AFGPs 1 (n� 4, 8) are shown in Figure 2. Both
spectra of these two AFGPs are similar and have positive CD
bands at 218 nm and negative bands at 196 nm. Although
there are several alternative models for the preferred
conformations of AFGPs,[24] as well as questions as to the
existence of the threefold left-handed-helix conformation,
compared with the earlier reports of CD spectra of AFGPs[25]


our result showed that synthetic AFGPs 1 (n� 4, 8) have a
similar secondary structure to native AFGPs.


We have shown that a homogeneous sequence of AFGP
can be produced by solid-phase peptide synthesis. This differs
from that of Nishimura et al.[12] who used a polymerization
reaction and gel-permeation chromatography to efficiently
produce a glycopolymer of a well-defined molecular weight,
estimated to be 6000 ± 7300 (10 ± 12 repeating units). The


Scheme 5. Typical protocol used for the solid phase peptide synthesis.
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Figure 1. RP-HPLC purification profiles of synthetic AFGPs 1 (n� 4, 8).
Acetonitrile and water (both containing 0.1 % TFA) were used as the
solvent system at a flow rate of 1.0 ml minÿ1 on a Nucleosil C18 column
(4.6� 250 mm) at room temperature.


Figure 2. The CD spectra of AFGP 1 (n� 4) and AFGP (n� 8).


building block TF antigen 10 was synthesized in a facile
procedure with 40 % yield. Both macromolecular AFGPs
1 (n� 4, 8) synthesized in this method (61 % and 33 %
yield, respectively) are ready for further biological study.
In the future, the solid-phase approach will enable the
synthesis and study of AFGP analogues in a combinatorial
fashion.


Experimental Section


General procedures : The solid-phase peptide synthesis was performed on
PS3 (Rainin). Column chromatography was performed on silica gel 60
(70 ± 230 mesh, 230 ± 400 mesh, Merck) and preparative HPLC on nucleosil
C18 (4.6� 250 mm). All RP-HPLC procedures were carried out with a
gradient system consisting of two buffers: 0.1 % TFA in MeCN/H2O, 5:95
and 0.1% TFA in MeCN/H2O, 95:5. Analytical TLC was carried out with
silica gel 60 F254 (Merck), detected with UV light (254 nm) and with 5%
12MoO3 ´ H3PO4 ´ X H2O in ethanol and heated on a hotplate. Dichloro-
methane, acetonitrile, and TMU were dried over CaH2 and distilled. The
1H NMR spectra were recorded on a Bruker ASPECT 3000 (400 MHz)
spectrometer. The value of d is expressed in ppm relative to the solvent
signal as internal standard (CHCl3: d� 7.24, HOD: d� 4.7, HD2C(O)CD3:
d� 2.03, HD2S(O)CD3: d� 2.49). Electrospray mass spectra were mea-
sured with a Finnigan LCQ spectrometer. FAB mass spectra were
measured with a JEOL SX-102A spectrometer. All reagents were com-
mercially available. CD spectra were recorded at 177 ± 250 nm on a Jasco-
J 715 spectrometer with quartz cells of 0.02 mm path length at 25 8C.


Phenyl 3-O-acetyl-2-azido-4,6-benzylidene-2-deoxy-1-seleno-a-d-galacto-
pyranoside (3): Compound 2 (23.5 g, 50.0 mmol) was dissolved in MeOH
(120 mL), then NH3 (aq, 25 %, 50 mL) was added. The resulting solution
was stirred at room temperature for 4 h and concentrated in vacuo. The
residue was dissolved in dry acetonitrile (120 mL), benzaldehyde dimethyl
acetal (10.3 g, 67.5 mmol) and p-TsOH (80 mg) were added, and the
reaction mixture was stirred at room temperature for 3 h. The reaction was
quenched with solid potassium carbonate (2 g). The mixture was then
shaken for 30 min, filtered, and concentrated in vacuo. Flash chromatog-
raphy of the residue (ethyl acetate/dichloromethane/hexane, 1:1:2) yielded
3 (19.4 g, 90%) as a light yellow liquid. 1H NMR (400 MHz, [D6]acetone):
d� 7.62 ± 7.59 (m, 2 H, ArH), 7.52 ± 7.49 (m, 2H), 7.35 ± 7.29 (m, 6 H), 6.09 (d,
J� 5.0 Hz, 1H, H1), 5.66 (s, 1H, PhCH), 4.39 (dd, J� 3.4, 0.7 Hz, 1H), 4.25
(dd, J� 10.5, 5.0 Hz), 4.17 ± 4.14 (m, 2 H), 4.00 (dd, J� 12.8, 1.8 Hz, 1H),
3.93 (m, 1H); 13C NMR (100 MHz, [D6] acetone): d� 139.1, 134.5, 129.5,
129.1, 128.3, 127.9, 126.9, 101.1, 86.5, 86.4, 76.1, 70.8, 69.1, 66.1, 62.2; MS
(FAB): m/z (%): 432.0 (30) [M]� , 276.1 (100); HRMS (FAB) calcd for
C17H23ClN3O3Se: 432.0571; found 432.0565.


Phenyl 2-azido-4,6-benzylidene-3-O-chloroacetyl-2-deoxy-1-seleno-a-d-
galactopyranoside (4): Compound 3 (21.6 g, 50.0 mmol) and NaHCO3


(16.8 g, 200 mmol) in dry THF (150 mL) were added to chloroacetic
anhydride (17.2 g, 100 mmol), and the mixture was stirred at room
temperature overnight. The mixture was then filtered and concentrated
in vacuo. Purification of the residue by flash chromatography (ethyl
acetate/dichloromethane/hexane, 1:1:3) yielded 4 (25.5 g, 100 %) as a white
solid. M.p. 127 ± 129 8C; 1H NMR (400 MHz, [D6]acetone): d� 7.65 ± 7.62
(m, 2 H, ArH), 7.50 ± 7.48 (m, 2 H, ArH), 7.35 ± 7.32 (m, 6H, ArH), 6.25 (d,
J� 5.2 Hz, 1H, H1), 5.67 (s, 1H, PhCH), 5.13 (dd, J� 11.0, 3.4 Hz, 1H, H3),
4.64 ± 4.60 (m, 2H), 4.35 (s, 2H, ClCH2), 4.24 (br s, 1H), 4.20 (dd, J� 12.6,
1.8 Hz, 1 H), 4.00 (dd, J� 12.6, 1.5 Hz, 1 H); 13C NMR (100 MHz,
[D6]acetone): d� 167.1, 138.9, 134.9, 129.7, 129.2, 128.8, 128.4, 128.3,
126.8, 100.8, 85.4, 85.4, 73.7, 73.3, 73.3, 68.9, 65.5, 59.2, 41.0; MS (FAB): m/z
(%): 510.1 (38) [M]� , 352.0 (100), 307.1 (52), 289.0 (30); HRMS (FAB)
calcd for C21H21ClN3O5Se: 510.0321; found 510.0317.


N-(9-Fluorenylmethoxycarbonyl)-O-(2-azido-4,6-benzylidene-3-O-chlor-
oacetyl-2-deoxy-a-d-galactopyranosyl)-l-threonine benzyl ester (6): A
mixture of AgOTf (10.3 g, 40.0 mmol), K2CO3 (8.30 g, 60 mmol), TMU
(2.32 g, 20 mmol), threonine derivative 5 (6.47 g, 15.0 mmol) and drierite
(5 g) in dry CH2Cl2 (100 mL) was stirred at room temperature for 30 min
and then cooled toÿ10 8C for 30 min. Compound 4 (5.10 g, 10.0 mmol) was
added and the mixture was stirred at ÿ10 8C, 0 8C, and 25 8C for 16 h, 12 h,
and 8 h, respectively. The resulting mixture was filtered through Celite. The
filtrate was washed with saturated NaHCO3 solution (80 mL) and water
(80 mL), dried (MgSO4), and concentrated in vacuo. Purification by flash
column chromatography (ethyl acetate/dichloromethane/hexane, 1:1:2)
yielded a-6 (5.98 g, 76 %) and b-6 (0.83 g, 10.6 %) each as a foam. a-6 :
1H NMR (400 MHz, CDCl3): d� 7.76 (d, J� 7.5 Hz, 2H, ArH), 7.61 (d, J�
7.4 Hz, 2H, ArH), 7.49 ± 7.46 (m, 2H, ArH), 7.41 ± 7.23 (m, 12H, ArH), 5.76
(d, J� 9.4 Hz, 1H, NH), 5.50 (s, 1H, PhCH), 5.26 ± 5.21 (m, 3 H, H3,
OCH2Ph), 4.98 (d, J� 3.5 Hz, 1 H, H1), 4.47 ± 4.43 (m, 4H), 4.37 ± 4.32 (m,
1H), 4.26 ± 4.21 (m, 2 H), 4.14 (s, 2 H, ClCH), 4.02 ± 3.99 (m, 1H), 3.92 (dd,


Table 2. The characteristics of the AFGPs 1 (n� 4, 8)


MW Found ES-MS Rf value Yield in SPPS
[M�H]� [min][a] [mg]! [%]


AFGP (n� 4) 2594.5 2594.0 10.14 158! 61
AFGP (n� 8) 5028.9 5028.0 11.22 166! 33


[a] Each HPLC analysis was carried out by a gradient elution (see
Figure 1).
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J� 11.0, 3.6 Hz, 1H, H2), 3.70 (br s, 1H), 1.30 (d, J� 6.4 Hz, 3H, Thr-g-
CH3); 13C NMR (100 MHz, CDCl3): d� 170.2, 166.9, 156.7, 143.8, 143.7,
141.3, 141.2, 137.2, 134.9, 129.2, 128.7, 128.6, 128.5, 128.2, 127.7, 127.1, 126.0,
125.2, 125.1, 119.9, 100.7, 98.7, 76.3, 72.8, 71.6, 68.9, 67.7, 67.4, 62.8, 58.6, 57.6,
47.1, 40.6, 18.6; MS (FAB): m/z (%): 783.3 (45) [M]� , 352.0 (100), 307.0 (48);
HRMS (FAB) calcd for C41H40ClN4O10: 783.2465; found 783.2470. b-6 :
1H NMR (400 MHz, CDCl3): d� 7.73 (d, J� 7.6 Hz, 2 H, ArH), 7.60 ± 7.58
(m, 2H, ArH), 7.46 ± 7.45 (m, 2H, ArH), 7.36 ± 7.22 (m, 12 H, ArH), 5.78 (d,
J� 9.6 Hz, 1 H, NH), 5.46 (s, 1H, PhCH), 5.19 ± 5.17 (m, 3 H, H3, OCH2Ph),
4.66 ± 4.60 (m, 2H), 4.51 (dd, J� 9.8, 1.8 Hz, 1H), 4.40 ± 4.30 (m, 3 H), 4.23 ±
4.20 (m, 3 H), 4.14 (s, 2 H, ClCH), 3.90 ± 3.85 (m, 2 H), 3.03 (s, 1 H), 1.36 (d,
J� 6.4 Hz, 3 H, Thr-g-CH3); MS (electrospray) m/z (%): 783.0 (100) [M]� ,
531.2 (27), 432.1 (51), 415.2 (36).


N-(9-Fluorenylmethoxycarbonyl)-O-(2-azido-4,6-benzylidene-2-deoxy-a-
d-galactopyranosyl)-l-threonine benzyl ester (7): A solution of compound
6 (7.83 g, 10.0 mmol), 2,6-lutidine (1.18 g, 11 mmol), and thiourea (2.28 g,
30.0 mmol) in MeOH (50 mL) was stirred at room temperature overnight.
The resulting solution was concentrated in vacuo. The residue was diluted
with EtOAc (100 mL), washed with saturated NaHCO3 solution (80 mL)
and water (80 mL), dried (MgSO4), and concentrated in vacuo. Purification
by flash column chromatography (ethyl acetate/dichloromethane/hexane,
1.5:1:2) yielded 7 (6.72 g, 95 %) as a foam: 1H NMR (400 MHz, CDCl3):
d� 7.76 (d, J� 7.5 Hz, 2 H, ArH), 7.61 (d, J� 7.4 Hz, 2 H, ArH), 7.49 ± 7.46
(m, 2 H, ArH), 7.42 ± 7.25 (m, 12 H, ArH), 5.79 (d, J� 9.3 Hz, 1 H, NH), 5.55
(s, 1H, PhCH), 5.23 (s, 2H, OCH2Ph), 4.93 (d, J� 3.3 Hz, 1H, H1), 4.50 ±
4.40 (m, 4H), 4.36 ± 4.32 (m, 1 H), 4.26 ± 4.20 (m, 3 H), 4.10 ± 4.01 (m, 2H),
3.69 (s, 1 H), 3.53 (dd, J� 10.5, 3.4 Hz, 1 H), 1.29 (d, J� 6.4 Hz, 3H, Thr-g-
CH3); 13C NMR (100 MHz, CDCl3): d� 170.1, 156.8, 143.9, 143.6, 141.3,
137.2, 135.0, 129.4, 128.6, 128.5, 128.3, 127.7, 127.1, 127.1, 126.2, 125.2, 125.1,
119.9, 101.2, 99.2, 76.2, 75.3, 69.1, 67.7, 67.4, 67.3, 63.2, 61.1, 58.7, 47.1, 18.6;
MS (FAB): m/z (%): 707.3 (35) [M]� , 307.0 (90), 276.0 (100); HRMS (FAB)
calcd for C39H39N4O9: 707.2732; found 707.2734.


N-(9-Fluorenylmethoxycarbonyl)-O-[2,3,4,6-tetra-O-acetyl-b-d-galacto-
pyranosyl-(1! 3)-2-azido-4,6-benzylidene-2-deoxy-a-d-galactopyrano-
syl]-l-threonine benzyl ester (9): A solution of compound 7 (10.6 g,
15.0 mmol) and thioglycoside 8 (8.80 g, 20.0 mmol) in dry CH2Cl2 (50 mL)
was cooled toÿ45 8C. A solution of N-iodosuccinimide (13.5 g, 60 mmol) in
CH3CN (60 mL) was added, followed by trifluoromethanesulfonic acid
(0.90 g, 6.0 mmol) in one portion. The mixture was stirred atÿ45 8C for 2 h.
The resulting solution was diluted with ethyl acetate and filtered through
Celite. The filtrate was washed with 10% aqueous Na2S2O3 (120 mL),
saturated NaHCO3 solution (100 mL), and water (100 mL), dried (MgSO4),
and concentrated in vacuo. Purification by flash column chromatography
(ethyl acetate/dichloromethane/hexane, 2:1:1) yielded 9 (14.5 g, 93 %) as a
foam. 1H NMR (400 MHz, CDCl3): d� 7.76 (d, J� 7.5 Hz, 2H, ArH), 7.60
(d, J� 7.4 Hz, 2H, ArH), 7.52 ± 7.50 (m, 2H, ArH), 7.42 ± 7.24 (m, 12H,
ArH), 5.78 (d, J� 9.4 Hz, 1H, NH), 5.52 (s, 1 H, PhCH), 5.40 (d, J� 3.4 Hz,
1H, H4'), 5.28 (m, 1H, H2'), 5.21 (s, 2 H, OCH2Ph), 5.04 ± 5.02 (m, 1 H), 4.92
(d, J� 3.5 Hz, 1 H, H1), 4.77 (d, J� 7.9 Hz, 1H, H1'), 4.53 ± 4.44 (m, 3H),
4.35 ± 4.30 (m, 2 H), 4.24 ± 4.12 (m, 4H), 4.02 ± 3.92 (m, 3 H), 3.80 ± 3.70 (m,
1H), 3.65 (s, 1 H), 2.15, 2.04, 2.01, 1.98 (4s, 12 H, 4�C(O)CH3), 1.30 (d, J�
6.3 Hz, 3 H, Thr-g-CH3); 13C NMR (100 MHz, CDCl3): d� 170.2, 170.2,
170.1, 170.1, 169.4, 156.7, 143.8, 143.6, 141.3, 137.5, 134.8, 128.9, 128.7, 128.6,
128.5, 127.7, 127.1, 127.0, 126.1, 125.1, 125.0, 120.0, 102.3, 100.6, 99.3, 76.0,
75.8, 75.6, 71.0, 70.9, 69.0, 68.6, 67.7, 67.3, 66.9, 63.4, 61.3, 59.1, 58.7, 47.1, 20.6,
20.5, 18.8; MS (FAB): m/z (%): 1037.4 (23) [M]� , 606.2 (52), 331.0 (100).


N-(9-Fluorenylmethoxycarbonyl)-O-[2,3,4,6-tetra-O-acetyl-b-d-galacto-
pyranosyl-(1! 3)-2-acetamido-4,6-benzylidene-2-deoxy-a-d-galactopyra-
nosyl]-l-threonine (10): Compound 9 (10.4 g, 10 mmol) was dissolved in
MeOH (800 mL) and water (60 mL), and 5% palladium on activated
carbon (4 g) was added. This mixture was vigorously stirred under H2


(2 atm) for one day. The Pd/C was filtered off from the suspension, and the
solution was evaporated in vacuo. The residue was stirred in dichloro-
methane (50 mL) in the presence of acetic anhydride (13 mmol) and
triethylamine (30 mmol) at room temperature for 20 min. The resulting
solution was diluted with dichloromethane (100 mL), washed with 10%
aqueous citric acid (100 mL) and water (100 mL), dried over MgSO4, and
concentrated in vacuo. The residue was purified by flash column
chromatography (ethyl acetate/ethanol/acetic acid, 90:10:1) to yield 10
(8.38 g, 87 %) as a foam. Since the Fmoc amino acid derivatives exist as a
mixture of rotamers, only characteristic 1H NMR and mass data are


presented. 1H NMR (400 MHz, CDCl3): d� 7.89 (d, J� 7.5 Hz, 2H, ArH),
7.74 ± 7.71 (m, 2 H, ArH), 7.43 ± 7.30 (m, 9 H, ArH and NH), 5.51 (s, 1H,
PhCH), 5.27 (d, J� 3.4 Hz, 1 H, H4'), 5.08 (dd, J� 10.3, 3.4 Hz, 1 H, H3'),
4.90 (t, J� 10.4 Hz, 1 H, H2'), 4.35 ± 4.25 (m, 2H), 4.50 ± 3.90 (m, 12 H), 3.80
(dd, J� 11.3, 2.8 Hz, 1 H), 3.71 (s, 1 H), 2.01, 2.00, 1.90, 1.85 (4s, 12 H, 4�
C(O)CH3), 1.10 (d, J� 6.3 Hz, 3H, Thr-g-CH3); MS (FAB): m/z (%): 963.4
(24) [M]� , 622.3 (100), 331.0 (94); HRMS (FAB) calcd for C48H55N2O19:
963.3383; found 963.3381.


Antifreeze glycopeptide (n� 4, 8), synthesis protocol : Amino acid
couplings were allowed to run for at least 2 h. After the coupling of one
amino acid or of building block 10, the resin was washed with DMF,
followed by twice deprotecting the a-amino group with piperidine (20 % in
DMF) for 15 min. After the resin was washed with DMF, the cycle was
repeated with another amino acid or with building block 10. During the
periods of elongation, Ninhydrin reagent[26] was used to indicate the
completion of the coupling or the deprotection reaction. For each AFGP,
an HMP resin (1.03 mmol gÿ1, 98 mg, 0.1 mmol) was used.


A preactivated (15 min) mixture of Fmoc-Ala-OH (125 mg, 0.4 mmol,
4 equiv) and DCC (1.0m, 0.5 mL) was added to the resin (98 mg swelled in
4 mL DMF) in the presence of 4-DMAP (0.1m, 0.36 mL). After 2 h, the
resin was washed with MeOH and DMF to remove the DCU and the
unreacted reagent. The coupling of other amino acids was carried out by
activating 4 equiv of amino acid derivatives in situ with 4 equiv PyBOP[23] in
NMM (0.4m, 5 mL) for 2 h. However, during the assembly of the
glycosylated building block 10 at the desired position in the peptide
sequence, only 2 equiv of 10 were used, and the coupling reaction period
was prolonged from 2 h to 4 h. After the last amino acid was coupled to the
resin, the Fmoc group was removed, and the resin was washed with DMF
and DCM, dried by lyophilization, and then treated with a mixture of TFA/
H2O (10 mL, 95:5 v/v) for 2 h to cleave the glycopeptide from the resin and
to remove the benzylidene protecting group from GalNAc. After removal
of the TFA solution, the resin was washed with 10% acetic acid (200 mL) to
dissolve the glycopeptide and dried by lyophilization. It was then treated
for 5 h in MeOH (20 mL), to which NaOMe (0.1m) had been added until
pH 10 was reached; this led to deacetylation. The crude solution of AFGP
was neutralized, lyophilized, and purified by RP-HPLC. The fractions
containing the correct compounds according to ES mass spectra were
collected and lyophilized. The characteristics of AFGP 1 (n� 4, 8) are
presented in Table 2.
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Probing the Reactivity of OxomanganeseÿSalen Complexes: An Electrospray
Tandem Mass Spectrometric Study of Highly Reactive Intermediates


Derek Feichtinger and Dietmar A. Plattner*[a]


Abstract: Electrospray ionization in
combination with tandem mass spectro-
metric techniques has been employed to
study the formation of oxomanga-
neseÿsalen complexes upon oxidation
of [MnIII(salen)]� cations as well as the
properties and reactions of the oxidized
species in the gas phase. Two species
could be characterized as the principal
oxidation products: the oxomanga-
nese(v) complex, [Mn�O(salen)]� , which
is the actual oxygen-transfer agent in
epoxidation reactions, and the dinuclear,


m-oxo bridged [L(salen)MnÿOÿMn-
(salen)L]2� with two terminal ligands L;
the latter acts as a reservoir species. The
effects of various substituents in the 5-
and 5'-positions, respectively, of the
salen ligand on the reactivity of the
epoxidation catalyst were determined


quantitatively from CID (collision-in-
duced dissociation) experiments and
B3LYP density functional calculations.
Accordingly, the effect of axial donor
ligands on the reactivity of the epoxida-
tion catalyst was studied. Electron-with-
drawing substitutents on the salen ligand
and additional axial ligands decrease the
stability and thus enhance the reactivity
of the Mn�O moiety, while electron-
donating salen substituents have a
strong stabilizing effect.


Keywords: density functional calcu-
lations ´ epoxidations ´ gas-phase
chemistry ´ manganese ´
mass spectrometry


Introduction


The oxidation of organic substrates in biological systems is
accomplished by oxygenase enzymes with high-valent oxo-
metalloporphyrin moieties in the active site.[1±9] The study of
cytochrome P-450 and porphyrin model complexes designed
to mimic its reactivity has yielded a number of synthetically
useful catalysts for the epoxidation and hydroxylation of
organic substrates.[10±12] The insight gained by the study of
metalÿporphyrin-based systems was readily transferred to
metalÿsalen complexes (salen�N,N'-bis(salicylidene)ethyl-
enediamine), introduced by Kochi and co-workers as versatile
epoxidation catalysts in the 1980s.[13±17] A breakthrough was
achieved in the field of enantioselective epoxidation through
the introduction of chiral manganeseÿsalen catalysts by
Jacobsen and co-workers,[18] with a similar system developed
by Katsuki and co-workers at about the same time.[19] The
Jacobsen ± Katsuki reaction is universally recognized as one of
the most useful and widely applicable methods for the
epoxidation of unfunctionalized olefins.[20, 21]


The mechanistic scheme adopted for oxygen transfer to
organic substrates by salen complexes is based on the isolation
and characterization of an oxochromium(v) species by Kochi
and co-workers (Scheme 1).[13±15] This mechanism was in
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L L


PhIO


+    PhIO
[MIII(salen)]X


+    PhI


[O=MV(salen)L]+  + [MIV(salen)L]+ +


– PhI


+ +


M = Cr, Mn


Scheme 1. The mechanism of alkene epoxidation catalyzed by metalÿsalen
complexes.


accordance with the properties and reactivity of an analogous
oxoporphinatochromium(v) complex studied earlier by
Groves and Kruper, who coined the term ªoxygen-rebound
mechanismº.[22] Switching from chromium to manganese,
Kochi and co-workers discovered a much more versatile
salen-based oxidation catalyst.[16, 17] However, mechanistic
studies on these systems have so far been hampered by the
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fact that the catalytically active species appear only as fleeting
putative intermediates.


We have found that the reactivity of short-lived intermedi-
ates in the oxidation process can readily be addressed by
transferring the metalÿoxo complexes to the gas phase. By
mass selection, the species of interest can be singled out and
studied separately without interference by additional com-
plexes present in solution. The reactivity of the crucial
intermediates can be monitored by directed collision with
an appropriate substrate; due to high-vacuum conditions, the
intermediates� short solution-phase lifetimes do not pose a
problem. Electrospray ionization provides a powerful tool for
the transfer of medium-to-large molecular ions to the gas
phase with minimum fragmentation.[23±25] Recently, electro-
spray mass spectrometry (ESMS) has become increasingly
popular as an analytical tool in inorganic/organometallic
chemistry.[26, 27] We have demonstrated the usefulness of
electrospray tandem mass spectrometry for mechanistic and
thermochemical analysis in organometallic chemistry in
accounts on the CÿH activation by [CpIr(PMe3)(CH3)]� ,[28]


gas-phase olefin oligomerization by ªnakedº alkylzircono-
cene cations,[29] and the oxygen-transfer reactivity as well as
coordination chemistry of [O�MnV(salen)]� .[30±32] In this
report, we present a systematic study of substituent and
ligand effects on the intrinsic reactivity of high-valent
oxomanganeseÿsalen complexes that are the catalytically
active species in the Kochi ± Jacobsen ± Katsuki epoxidation.


Results and Discussion


m-Oxomanganese complexes : Previously, we reported the
detection of oxomanganese(v)ÿsalen complexes by electro-
spray of in situ mixtures of MnIII(salen) and suitable oxygen
transferring agents, for example, iodosobenzene.[30, 32] The
oxidized species most prominent in the spectrum are the
parent oxo-complex [O�MnV(salen)]� and the dinuclear, m-
oxo bridged complex with two terminal PhIO ligands
[PhIO(salen)MnÿOÿMn(salen)OIPh]2� ; the latter acts as a
reservoir species for parking the catalytically active complex
in a more persistent form [Eq. (1)]. In addition to the
analytical detection of the [O�MnV(salen)]� cation, we were
able to demonstrate that [O�Mn(salen)]� displays oxygen-
transfer reactivity with respect to suitable substrate molecules
(olefins, sulfides).[30, 31]


[O�MnV(salen)]�� [MnIII(salen)]�> [(salen)MnIVÿOÿMnIV(salen)]2� (1)


m-Oxomanganese(iv) complexes without terminal ligands
or with acetonitrile instead of iodosobenzene were conspic-
uously absent in all the mass spectra recorded. Since
acetonitrile binds readily to the .[MnIII(salen)] complex and
can only be removed by applying moderate tube lens
potentials (>40 V), we came to the conclusion that m-oxo
bridged species have to be coordinated by much better ligands
in order to increase their lifetimes in solution to a level, at
which they become detectable by ESMS. Iodosobenzene is
clearly efficient in stabilizing a m-oxo complex,[32] but the
lability of the IÿO bond and the problems experienced with


different samples of varying properties caused us to look for
alternatives. Amine N-oxides have been widely used as
ligands for manganeseÿporphyrin and salen complexes.[16, 33]


Since amine N-oxides are much poorer oxidants as compared
with PhIO, the best method to prepare relatively stable m-oxo
complexes was found in the mixing of [MnIII(salen)]� and the
amine N-oxide (�1:10) in a slurry of iodosobenzene in
acetonitrile. A representative spectrum of the electrosprayed
supernatant solution with p-CNÿC6H4NMe2O as the ligand is
shown in Figure 1. The species that appear most prominently


Figure 1. Electrospray mass spectrum of a solution of [Mn(salen)]ClO4, p-
CN-N,N-dimethylaniline N-oxide, and iodosobenzene in acetonitrile; this
shows the formation of N-oxide ligated manganese(iii) and oxomanganese
species.


in the spectrum are [MnIII(salen)p-CNÿC6H4NMe2O]� (m/z :
483), [MnV�O(salen)p-CNÿC6H4NMe2O]� (m/z : 499), and
[p-CNÿC6H4NMe2O(salen)MnIVÿOÿMnIV(salen)OMe2N-p-
CNÿC6H4]2� (m/z : 491). The signal at m/z : 325 is due to the
H�-bridged N-oxide adduct [p-CNÿC6H4NMe2OÿHÿ
ONMe2-p-CNÿC6H4]� . Amine N-oxides apparently are much
better ligands than iodosobenzene or acetonitrile, which are
both displaced, and they are very effective in stabilizing the m-
oxo bridged manganese(iv) complexes.


Effects of electronic tuning of the salen ligand : The possibility
to generate and stabilize a species too reactive to be
detectable in condensed phases tempted us to extend our
experiments to study electronic effects of salen substituents
on the reactivity of the catalytically active oxomanganese(v)
species. Evidently, the way to probe the influence of electronic
tuning, namely CID (collision-induced dissociation) threshold
measurements[34] of differently substituted [MnIII(salen) ´
PhIO] adducts, was precluded by the sheer size of the
molecules. In the case of the cyclometallation reaction
[CpIr(PMe3)(CH3)]�! [CpIr(h2-CH2PMe2)]��CH4, we
were able to demonstrate that reliable thermochemical
data can be obtained by CID threshold measurements
with our experimental setup,[28b] but it also became clear from
this study that the number of degrees of freedom and
the quality of the frequencies obtained from quantum
chemical calculations needed for the RRKM (Rice ± Ram-
sperger ± Kassel ± Marcus) correction pose a serious problem
when solution-phase species with a full ligand sphere are
studied.
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The presence of the m-oxomanganese(iv) complexes led us
to devise an alternative experiment to assess substituent
effects on the reactivity of the Mn�O species. When a
dinuclear m-oxo complex with different salen ligands on each
side is fragmented, the ratio of the resulting two oxomanga-
nese(v) complexes (and, accordingly, the corresponding
MnIII(salen) fragments) will reflect their kinetic stability
(Scheme 2). On the assumption that the reverse barrier for


Scheme 2. Possible fragmentation products upon CID of m-oxomanga-
nese(iv)ÿsalen complexes with salen ligands with different substituents in
the 5- and 5'-positions.


both reaction channels is roughly equal, entropic factors
cancel out, and the energy distribution of the reactant ions can
be approximated by a Boltzmann distribution; the observed
difference in kinetic stability will reflect the difference in
thermodynamic stability as well (the assumptions used for the
evaluation of the branching ratios and the physical back-
ground on which they are based are specified in the Support-
ing information).[35] Thus, it is possible to establish an ordering
of the relative stabilities of oxomanganese(v)ÿsalen com-
plexes; this stability depends on the electronic influence of the
salen substituents.


It is known from the literature that substituents in the 5-
and 5'-positions of the salen ligand strongly perturb the redox
properties of [metal(salen)] complexes.[36] We chose the
following salen derivatives for our studies: 5,5'-dinitro-, 5,5'-
difluoro-, 5,5'-dichloro-, 5,5'-dimethyl-, 5,5'-dimethoxy-, and
the unsubstituted salen itself. The results of the fragmentation
of the ªmixedº m-oxo complexes are shown in Table 1. The
destabilizing effect on the oxomanganese(v) complex is in the


following order: NO2>Cl�H>F>CH3>OMe. The net
effect of the 5,5'-dichloro-substituted ligand as compared with
the unsubstituted salen is zero within the limits of exper-
imental error. With the electron-donating substituents, the
5,5'-dimethyl-oxomanganese(v) complex is twice as stable as
the unsubstituted one. The maximum stability is achieved by
the 5,5'-dimethoxy substitution, which yields an oxomanga-
nese(v) species fifteen times more stable than the unsubsti-
tuted salen complex (Figure 2). A small stabilizing effect was


Figure 2. Top: electrospray mass spectrum of a solution of
[Mn((MeO)2ÿsalen)]ClO4, [Mn(salen)]ClO4, p-CN-N,N-dimethylaniline
N-oxide, and iodosobenzene in acetonitrile, and this shows the formation
of homogeneous and mixed m-oxo complexes with terminal N-oxide
ligands; bottom: daughter-ion spectrum (0.09 Pa Ar, collision energy
34 eV) of the mixed dinuclear complex [L((MeO)2ÿsalen)MnÿOÿMn-
(salen)L]2� (m/z : 521, L� p-CN-N,N-dimethylaniline N-oxide), and this
shows both the fragmentation to [MnL((MeO)2ÿsalen)]� (m/z : 543) and to
the corresponding oxo complex (m/z : 559).


found with the 5,5'-difluorosubstituted salen. Conversely,
substitution with electron-withdrawing groups decreases the
stability of the oxygen transferring species markedly. The
dinuclear m-oxo complex with the 5,5'-dinitrosubstituted salen
can only be seen right after mixing with amine N-oxide/PhIO
and disappears within seconds from the spectrum. Accord-
ingly, the formation of mixed dinuclear complexes with 5,5'-
dinitrosalen is very difficult to detect, and we found them to
be too short-lived for conducting fragmentation experiments.


The product yields in the fragmentation experiments reflect
the trend in stability of the oxomanganese(v) ions that one
would conceive intuitively when one considers the electronic


Table 1. Branching ratios (IR/IH) and differences in activation energies for
the two principal pathways of the dissociation of the ªmixedº m-oxo
complex. A value >1 indicates a stabilizing effect of the substituent on the
oxomanganese(v) species.


Substituent OMe Me F H Cl NO2
[a]


IR/IH 14.6 2.16 1.39 (1) 1.03 ±
� 2.6 � 0.16 � 0.10 � 0.11


s�p ÿ 0.78 ÿ 0.32 ÿ 0.07 0 0.11 0.79
DE 3.93 1.56 0.35 0 ÿ 0.55 (ÿ3.98)


[a] The branching ratio could not be determined due to the extremely fast
decay of the m-oxo complex.
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properties of the substituted salen ligands. The Mn�O moiety
in these high-valent complexes is stabilized by electron-
donating and destabilized by electron-withdrawing substitu-
tents. This result can easily be rationalized by the electron
deficiency imposed on the manganese center upon oxidation
to MnV�O. The differences in stability derived from gas-phase
experiments are quite pronounced. The ordering of the
substituent effects suggests an underlying linear free energy
relationship. When we plotted ln(k1/k2) versus Hammett
parameters found in the literature, the best correlation was
obtained with the s� values given by H. C. Brown et al.
(Figure 3).[37] These electrophilic substituent constants are


Figure 3. Correlation of the branching ratios of ªmixedº m-oxomanga-
nese(iv)ÿsalen complexes and s� values of the 5,5'-substituents.


based on the solvolysis of tert-cumyl chlorides, that is, for
reactions, in which an electron-donating group interacts with a
developing positive charge in the transition state. The good
correlation with the s� values in our experiments can be
rationalized by the analogy between a developing carbocation
and the increase in oxidation state of the manganese center in
the course of the fragmentation.


Two different approaches have been taken in order to relate
the experimental branching ratio of one dissociation reaction
to absolute differences in activation energy (see Supporting
information). Based on the linear free energy relationship
displayed in Figure 3, all the remaining dissociation energies
can be interpolated. The thermochemistry of the homodes-
motic reaction shown in Equation (2) reflects the energy


[Mn(salen)]�� [O�Mn(5,5'-(CH3)2ÿsalen)]� ÿ!
[O�Mn(salen)]�� [Mn(5,5'-(CH3)2ÿsalen)]�


(2)


difference of the transition states of the two possible
fragmentation pathways. For an accurate determination of
the thermochemistry, the hybrid Hartree ± Fock/density func-
tional method (B3LYP) together with the 6 ± 311G* basis set
was employed. The fully optimized structures of reactants and
products are shown in Figure 4.[38]


In an alternative approach, the energetics of the dissocia-
tion reaction (Scheme 2) have been calculated using a
statistical model of the collision process and of the unim-
olecular reaction kinetics (see Supporting information for
details). The DFT (density functional theory) calculation gave
a difference between the activation energies of 5.0 kJ molÿ1,
whereas the statistical kinetic model gave an energy differ-
ence of 2.3 kJ molÿ1. The DFT calculations should give a very
accurate description of the thermochemistry as a result of the
high level of theory employed and the homodesmotic nature
of the reaction. The kinetic model, on the other hand,
provides an approximate lower boundary for the energy
differences by treating the dication as an ideally ergodic
system. However, the major substructures (Mn(salen), termi-
nal ligands) are only linked by MnÿO bonds and thus
probably weakly coupled. Because of the approximations
used in the statistical model, we are inclined to favor the
energetics derived from the DFT calculation.


How do our results (displaying the ªintrinsicº reactivity of
the active catalyst) compare with those for the reactivity in
solution? It was recognized at an early stage by Kochi that
[Mn(salen)] complexes with electron-donating substituents,
such as the 5,5'-dimethoxy derivative, give only poor yields of
epoxide, whereas the catalyst with 5,5'-dinitro substituents
gave the best product yields.[16] While the reactivity differ-
ences seen with differently substituted achiral salens suggest


Figure 4. B3LYP/6 ± 311G* structures of the manganese(iii) and oxomanganese(v)ÿsalen complexes of the homodesmotic reaction given in Equation (2).
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that the more electron-deficient ligand will give the more
effective catalyst, the interplay between epoxidation efficien-
cy and selectivity is much more subtle and less predictable for
asymmetric epoxidation. In 1991, Jacobsen reported the
dramatic effects of electronic tuning, that is, using different
substituents in the para-position to the ligating oxygens (5,5'-
disubstitution), on the enantioselectivity of the [Mn(salen)]
catalyzed epoxidation of cis-disubstituted olefins.[39] In a more
recent account, Jacobsen and co-workers systematically
investigated the correlation between enantioselectivity and
the electronic character of the Jacobsen catalyst by varying
the substituents in the 5,5'-positions (NO2, Cl, H, Me, and
OMe).[40] In all cases, electron-donating groups on the catalyst
were found to give higher enantioselectivities in epoxidation,
whereas electron-withdrawing substitutents led to decreased
enantioselectivity. The possibility that the substitutents might
induce conformational distortions in the oxygen transferring
complexes or provoke changes in the MnÿO bond lengths and
thus in the substrate ± ligand interactions was dismissed as
highly improbable by these authors. Instead, the electronic
effect on the enantioselectivity was attributed to changes in
the reactivity of the MnV�O moiety.


Our gas-phase experiments provide the first direct probe
for the intrinsic properties of the reactive intermediates in the
Jacobsen ± Katsuki epoxidation. The intermolecular experi-
ment, in which the two metal centers in the ªmixedº m-oxo
complex compete for the bridging oxygen atom, provides us
with a direct measure of the oxygen-transfer capabilities of
the oxomanganese(v) species, without the need for an olefinic
substrate. We have shown that electron-donating substituents
indeed stabilize the oxomanganese(v) moiety, which should
attenuate its reactivity and give a relatively milder oxidant.
Electron-withdrawing substituents, on the other hand, desta-
bilize the oxomanganese(v) moiety and make it a more
reactive oxidant. Accordingly, the milder oxidant, which
delivers the oxygen to the substrate in a more product-like
transition state, will achieve a higher degree of stereochemical
communication between substrate and catalyst, whereas the
more reactive oxidant�s differentiation of the diastereomeric
transition structures will be much poorer. The analogous
trends in the reactivities seen in solution-phase and in our gas-
phase stability measurements indicate that the mechanism of
oxygen transfer to the substrate in solution is primarily
governed by the intrinsic reactivity of the oxomanganese(v)
complexes.


Effects of axial ligands : The reactivity of salen catalysts in
epoxidation reactions cannot only be tuned by substitution of
the salen, but also by adding donor ligands to the reaction
mixture.[14, 17] The question arises whether or not donor
ligands directly modulate the reactivity of the oxygen trans-
ferring species by ligation.[33, 41] The methodology employed
by us for the investigation of electronic influences on the
stability of the oxomanganese(v) complexes can be extended
to study the effects of additional axial ligands. For this
purpose, a m-oxomanganese(iv) complex with two different
terminal ligands has to be prepared, which upon fragmenta-
tion will give rise to two differently ligated MnV�O species
(Scheme 3). This experiment provides us with a direct probe


for possible stabilizing/destabilizing effects of donor ligands
on the Mn�O moiety. The following ligands were studied: p-
CN-N,N-dimethylaniline N-oxide, p-Me-N,N-dimethylaniline
N-oxide, p-Br-N,N-dimethylaniline N-oxide, N,N-dimethyl-
aniline N-oxide, acetonitrile, pyridine N-oxide, and triethyl-
phosphine oxide.


Scheme 3. Possible fragmentation products upon CID of m-oxomanga-
nese(iv)ÿsalen complexes with two different terminal ligands on each side.


The first axial ligand studied was pyridine N-oxide. Kochi
had already reported the use of pyridine N-oxide in man-
ganeseÿ and chromiumÿsalen catalyzed epoxidations, which
resulted in a significant enhancement of epoxide yields.[14, 16]


By carefully adjusting the stoichiometry of the in situ mix-
ture of [MnIII(salen)]ClO4, iodosobenzene, and pyridine N-
oxide as well as the spraying conditions, we succeeded in
generating the asymmetrical dinuclear m-oxo complex
[pyO(salen)MnÿOÿMn(salen)]2� (m/z : 376.5) in the gas
phase. The primary fragmentation products observed are
[Mn�O(salen)]� (m/z : 337) and [MnIIIpyO(salen)]� (m/z :
416), with no traces of alternative fragmentation detectable
(Scheme 4). Fragmentation of the bridging m-oxo bond takes
place exclusively on the side where the terminal ligand is
bound.


The relative destabilizing effects of different amine N-
oxides on the Mnÿoxo moiety can be seen from the
fragmentation of the m-oxomanganese(iv) complex with p-
CN-N,N-dimethylaniline N-oxide and pyridine N-oxide, re-


Scheme 4. Fragmentation of the asymmetrical m-oxo complex
[(salen)MnÿOÿMn(salen)Opy]2� upon CID.
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spectively, as terminal ligands (Figure 5). Fragmentation of
the MnÿO bond occurs predominantly on the side where the
aniline N-oxide is bound; this means that pyridine N-oxide is
much less destabilizing and should thus be the less effective


Figure 5. Top: electrospray mass spectrum of a solution of [Mn(salen)]-
ClO4 and iodosobenzene with pyridine N-oxide and p-CN-N,N-dimethyl-
aniline N-oxide in acetonitrile; bottom: daughter-ion spectrum
(0.08 PaAr, collision energy 14 eV) of the dinuclear m-oxo complex
[L1(salen)MnÿOÿMn(salen)L2]2� (m/z : 457.5, L1�pyridine N-oxide, L2�
p-CN-N,N-dimethylaniline N-oxide), and this shows exclusive fragmen-
tation to [MnL2(salen)]� (m/z : 483) and to the oxo complex
[L1(salen)Mn�O]� (m/z : 432).


promoter for oxidation catalysis. N,N-dimethylaniline N-
oxide and its derivatives are not only capable of oxygen
transfer to manganeseÿporphyrin,[42] but also to manga-
neseÿsalen complexes (see Figure 6 top), albeit less efficiently
than iodosobenzene.[43] Pyridine N-oxide, on the other hand,
does not transfer oxygen to Mnÿsalen complexes, as can be
seen from the fragmentation depicted in Figure 6 (bottom).
The only loss observed is that of pyridine N-oxide (95 mass
units). The alternative fragmentation of the NÿO bond cannot
be detected even at collision energies of up to 50 eV.


The surprisingly big difference in destabilization between
p-CN-N,N-dimethylaniline N-oxide and pyridine N-oxide
prompted us to test N,N-dimethylaniline N-oxides with
different substituents in the para-position. As can be seen
from Table 2, the only ratio significantly deviating from 1
comes from the competition experiment between the p-CN
and the p-Br derivatives. As the site of substitution is far
removed from the site of coordination, the ratios of �1


Figure 6. Top: daughter-ion spectrum (0.13 PaAr, collision energy 20 eV)
of [p-CNÿC6H4NMe2OÿMnIII(salen)]� , and this shows fragmentation of
the MnÿO as well as of the NÿO bond; bottom: daughter-ion spectrum
(0.13 PaAr, collision energy 20 eV) of [MnIII(pyO)(salen)]� , and this shows
exclusive loss of pyridine N-oxide.


between the Br-, Me-, and H-substituted aniline N-oxides are
not unexpected. A small but significant difference is observed
between p-CN-N,N-dimethylaniline N-oxides and Et3PO; the
latter also acts as a promoter in metalÿsalen catalyzed
epoxidations.[14] Triethylphosphine oxide binds very strongly
to [MnIII(salen)]� and has only a slightly less destabilizing
effect on the Mn�O moiety than p-CN-N,N-dimethylaniline
N-oxide. As a result of the very strong P�O bond, however,
the phosphine oxide does not transfer oxygen to the metal
center.


The following picture emerges from our electrospray MS
data. Since we have never detected m-oxo complexes without
terminal ligands in the in situ mixtures, we conclude that the
additional axial ligands strongly promote formation of


Table 2. Branching ratios (IL1/IL2) for the two principal pathways of the dissociation
of the ªmixedº m-oxo complex with two different terminal ligands (L2� p-
CNÿC6H4NMe2O). A value >1 indicates a stabilizing effect of the terminal ligand
on the Mn�O moiety with respect to the reference ligand L2.


Ligand C6H5NMe2O p-BrÿC6H4NMe2O p-MeÿC6H4NMe2O[a] Et3PO pyO


IL1/IL2 1.12 1.30 1.30 1.33 > 10
� 0.17 � 0.13 � 0.15 � 0.12


[a] Value extrapolated from a competition experiment against L2� p-
BrÿC6H4NMe2O because of overlap between parent and daughter peaks in the
daughter-ion spectrum of [p-MeÿC6H4NMe2O(salen)MnÿOÿMn(salen)OMe2N-p-
CNÿC6H4]2�.
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dinuclear complexes. This can easily be rationalized by
regarding the formation of the m-oxomanganese(iv) species
as a partial oxygen transfer from [L(salen)Mn�O]� to
[MnL(salen)]� . As evidenced in our stability measurements,
axial ligands enhance the oxygen-transfer capability and thus
the formation of dinuclear m-oxo complexes. The conpropor-
tionation can be viewed as an escape route for the extremely
reactive oxomanganese(v) species to ªhideº in a more
persistent form. After disproportionation of the dinuclear
complex, that is, after the release of [L(salen)Mn�O]� , the
coordinating ligand stays at the metal center and will now
promote the reactivity of the catalyst in the epoxidation (or in
the back reaction to the m-oxo complex).


Conclusion


Electrospray ionization tandem mass spectrometry is a
convenient approach to the study of transition metal cata-
lyzed reactions and reactive intermediates that are too elusive
for solution-phase characterization, as has been demonstrated
for the oxomanganeseÿsalen complex [O�Mn(salen)]� . Once
in the gas phase, reactivity studies of species that have so far
escaped any solution-phase characterization can be conducted
both qualitatively as well as quantitatively. As shown for
electronic and ligand effects on oxomanganese(v)ÿsalen
complexes, insight into the intrinsic reactivity of transient
species can be gained far beyond the limits of solution-phase
techniques. The similarities and the differences between the
observed gas-phase and solution-phase chemistry will then
yield the information that is necessary to dissect the complex
mechanisms of transition metal catalysis.


Experimental Section


Materials : Diacetoxyiodobenzene, pyridine N-oxide, 5-chloro-2-hydroxy-
benzaldehyde, 5-methyl-2-hydroxybenzaldehyde, 5-methoxy-2-hydroxy-
benzaldehyde, and 5-nitro-2-hydroxybenzaldehyde were purchased from
Aldrich and Fluka, respectively, while 5-fluoro-2-hydroxybenzaldehyde
was obtained from Melford Laboratories (UK). Triethylphosphine oxide
was obtained from Strem. Acetonitrile (HPLC grade quality) for the
preparation of the electrospray solutions was purchased from Fluka.


Synthesis of salen ligands : Salen (N,N'-bis(salicylidene)ethylene diamine)
was bought from Fluka and used as received. The 5,5'-substituted salen
ligands were synthesized from the respective aldehydes and ethylene
diamine according to the procedure given by Jacobsen et al.[44] All spectra
matched the analytical data given in the literature. The 5,5'-difluorosalen
ligand has so far not been described in the literature.


N,N'-Bis(5,5'-difluorosalicylidene)ethylene diamine (5,5'-Difluorosalen):
Yield 50 %. M.p. 205 ± 206.5 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.32 (s, 2H; ArCH�N), 6.89 ± 7.05 (m, 6H; Ar), 3.98 (4H;
NCH2CH2N); IR (KBr pellet): nÄ � 3447(w), 2939(w), 2909(w), 2853(w),
1634(s), 1498(s), 1364(m), 1140(m), 831(m), 702(s) cmÿ1; elemental analysis
calcd (%) for C16H14N2O2F2 (304.3): C 63.15, H 4.64, N 9.21; found C 63.09,
H 4.77, N 9.01.


Synthesis of manganese(iii)ÿsalen complexes : The manganese(iii)ÿsalen
complexes were prepared either following the procedure of Kochi et al.[16]


([Mn(5,5'-dinitrosalen)]PF6 and [Mn(5,5'-difluorosalen)]PF6) or the pro-
cedure of Jacobsen et al.[44] [(Mn(salen)]Cl, [Mn(5,5'-dimethoxysalen)]Cl,
[Mn(5,5'-dimethylsalen)]Cl, and [Mn(5,5'-dichlorosalen)]Cl). In the case of
manganese(iii)PF6


ÿ salts, the electrospray solutions were prepared by
dissolving the salt in CH3CN and diluting to 10ÿ5m concentration. Solutions


of the chlorides in acetonitrile were treated with an equimolar amount of
silver perchlorate and stirred for fiveteen minutes. After removal of AgCl
by filtration, the solution was diluted to 10ÿ5m.


Synthesis of para-substituted dimethylaniline N-oxides : Dimethylaniline N-
oxide, p-CN-dimethylaniline N-oxide, p-methyl-dimethylaniline N-oxide,
and p-Br-dimethylaniline N-oxide were prepared according to the proce-
dure of Cymerman Craig and Purushothaman[45] by MCPBA (m-chloro-
peroxybenzoic acid) oxidation of the respective N,N-dimethylanilines (all
bought and used as received from Fluka). All N-oxide spectra matched the
analytical data given in the literature. For the experiments with terminal
ligands, the amine N-oxide or Et3PO was used in a tenfold excess with
respect to the manganese complex. Solutions that contained m-oxomanga-
neseÿsalen complexes were prepared by adding stock solutions (10ÿ3m in
CH3CN) of the terminal ligand to a suspension of iodosobenzene in
acetonitrile, and then adding the manganese(iii)ÿsalen salt just prior to
electrospray.


Instruments : For the mass spectrometric measurements, the slightly
modified Finnigan MAT TSQ7000 electrospray tandem mass spectrometer
described previously[28b] (octopole, quadrupole, octopole, quadrupole
setup) was used. The first octopole was fitted with an open cylindrical
sheath around the rods into which a collision gas could be bled for
thermalization or reaction up to 2.5 Pa.


General ESMS setup for the experiments : All quantitative measurements
were carried out in daughter-ion mode, that is, the first quadrupole was
used to mass select ions of a single mass, which were then collided with a
target gas in the second octopole. The second quadrupole was operated in
scanning mode in order to detect the ionic fragments. The collision energy
could be varied by applying different potentials (to a lens in front of the
second octopole), which altered the velocity of the ions on their way into
the collision region (the collision energies are given in eV, lab frame). The
incoming ions were thermalized in the first octopole with argon at a
pressure of �1.3 Pa and at a temperature of 70 8C. The tube lens was
typically operated at 70 V (referenced to m/z : 500).


Determination of branching ratios


CID of complexes of the type [p-CN-C5H4NMe2O(salen)MnÿO-Mn(5,5'-
R2ÿsalen)OMe2N-p-CN-C5H4]: A set of 122 separate measurements of
[p-CN-C5H4NMe2O(salen)MnÿOÿMn(5,5'-(CH3)2ÿsalen)OMe2N-p-CN-
C5H4]2� was taken at collision energies ranging from 4 ± 44 eV (lab frame,
collision gas Ar, that is, 0.15 ± 1.68 eV in c.o.m. frame) and from 4 ± 24 eV
(lab frame, collision gas Xe, that is, 0.46 ± 2.76 eV in c.o.m. frame),
respectively, in order to obtain information about the collision-energy
dependence and the statistical errors of the experiments. The collision gas
was at a pressure of 0.027 Pa as measured by a cold cathode gauge.
Additional measurements at 0.013 and 0.007 Pa yielded the same branching
ratios. The measurements of the remaining mixed dinuclear m-oxo
complexes were conducted at a pressure of 0.027 Pa Ar and 34 eV collision
energy (lab frame). Under these conditions, the total fragment yield was
about 10%, and secondary fragmentation products were only present in
negligible amounts. Spectra were added in the course of 2 ± 3 minutes at a
rate of one scan per second. Please note that the CID spectra shown in
Figures 2 and 5 were recorded at significantly higher gas pressures (0.07 ±
0.13 PaAr) in order to represent all different parent and fragment peaks in
an adequate size.


For the calculation of the branching ratio, the ratio between the inten-
sities of the manganese(iii) fragment masses corresponding to
[p-CNÿC5H4NMe2OÿMn(5,5'-R2ÿsalen)]� and [p-CNÿC5H4NMe2OÿMn-
(salen)]� was chosen. To account for the secondary fragmentation products
[Mn(5,5'-R2ÿsalen)]� and [Mn(salen)]� derived from the loss of the
terminal ligand, the total ion yield for each channel was calculated by
adding the intensity of the secondary fragment to its respective parent. The
branching ratio of every experiment was assigned a statistical weighting
factor proportional to the total fragment intensities in order to calculate
mean values.


CID of complexes of the type [L1(salen)MnÿOÿMn(salen)L2]2� : The
branching ratio was calculated from the intensities of [Mn(salen)L1]� and
[Mn(salen)L2]� . In contrast to the experiments with different salen ligands
on each side of the m-oxo complex, the ratio could not be corrected for
secondary fragmentation products in this case, as loss of the terminal ligand
led to the same product [Mn(salen)]� for both channels. The experimental
conditions were chosen such that the [Mn(salen)]� peak intensity never
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exceeded 5 % of the primary fragment intensities. In the case of acetonitrile
or pyridine N-oxide, there was an additional reaction channel, and this
yielded an asymmetrical [(salen)MnÿOÿMn(salen)L]2� fragment by dis-
sociation of one of the terminal ligands. Those species could also be
obtained in high enough intensities to conduct CID experiments by
applying higher tube lens potentials (�90 V). The CID experiment on
[(salen)MnÿOÿMn(salen)NCCH3]2� turned out to be inconclusive, since
the only fragment mass which can be unambiguously assigned to a specific
reaction channel corresponded to [Mn(salen)(NCCH3)]� , which was only a
minor peak in the spectrum.


Computational methods : Quantum chemical calculations for the com-
pounds shown in Figure 4 have been performed using the Gaussian94 series
of programs[46] on DECAlpha 8400 computers at ETH Zürich. The quintet
and triplet ground states of the manganese(iii) and manganese(v) com-
plexes, respectively, were fully optimized without symmetry constraints
using the hybrid Becke3Lee ± Yang ± Parr (B3LYP) exchange correlation
functional.[47] A 6 ± 311G* valence triple zeta� polarization basis set was
used. The structure and energy of [O�Mn(salen)]� have been reported in a
previous account.[31]
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Molecular Dynamics Simulations of MRI-Relevant GdIII Chelates:
Direct Access to Outer-Sphere Relaxivity


Alain Borel, Lothar Helm, and AndreÂ E. Merbach*[a]


Abstract: The structure and dynamics
of the surrounding water were studied
through molecular dynamics (MD) sim-
ulations for several GdIII polyaminocar-
boxylate and polyaminophosphonate
complexes in aqueous solution. The
radial distribution functions (rdf) show
that a few water molecules are bonded
to the ligand through hydrogen bonds to
hydrophilic groups such as carboxylates
and phosphonates. Residence times are
of the order of 20 ± 25 ps for the poly-
aminocarboxylate and 56 ps for the
polyaminophosphonate chelates. No
preferred orientation or bonding of


water molecules is observed in the
hydrophobic region of the anisotropic
macrocyclic complexes. Our rdf allow
calculation of the outer-sphere contri-
bution to the nuclear magnetic reso-
nance dispersion (NMRD) profiles us-
ing Freed�s finite differences method,
including electronic relaxation. The re-
sults show that the commonly used
analytical force-free model is only an


empirical relationship. When experi-
mental outer-sphere NMRD profiles
are available ([Gd(teta)]ÿ and
[Gd(dotp)]5ÿ (teta� N,N',N'',N'''-tetra-
carboxymethyl-1,4,8,11-tetraazacyclo-
tetradecane; dotp�N,N',N'',N'''-tetra-
phosphonatomethyl-1,4,7,10-tetraazacy-
clododecane) the calculated curves are
in good agreement. In the case of
[Gd(teta)]ÿ , the comparison with the
experimental NMRD profile has led us
to predict a very fast electronic relaxa-
tion, which has been confirmed by the
EPR spectrum.


Keywords: chelates ´ gadolinium ´
magnetic resonance imaging ´ mo-
lecular dynamics ´ relaxivity


Introduction


Gadolinium(iii) complexes are used routinely as contrast
agents in magnetic resonance imaging (MRI). Contrast
improvement is a consequence of the enhancement of the
water proton magnetic relaxation rate in tissues through
interactions with the seven unpaired f electrons of the GdIII


center. The relaxation rate enhancement at a fixed [Gd3�]
(1 mm) concentration (relaxivity) is commonly divided into
two contributions: inner-sphere (due to protons of water
molecules directly coordinated to the metal and transmitted
to the bulk by chemical exchange) and outer-sphere (dipolar
interactions through space with surrounding water mole-
cules).[1, 2] The former is well understood on the microscopic
scale, but the latter is usually described using Freed�s
approximate force-free model,[3, 4] in which the only param-
eters are the relative diffusion coefficient between the para-
magnetic center and the water molecules, and the distance of


closest approach for the protons. This simple relation has been
questioned recently,[5, 6] with the introduction of a ªsecond
coordination sphereº. To obtain a more detailed view, we
have used molecular dynamics (MD) simulations to study the
structure and dynamics of water around several GdIII com-
plexes: three with macrocyclic ligands, [Gd(teta)]ÿ (teta�
N,N',N'',N'''-tetracarboxymethyl-1,4,8,11-tetraazacyclotetra-
decane), [Gd(dota)(H2O)]ÿ (dota�N,N',N'',N'''-tetracarboxy-
methyl-1,4,7,10-tetraazacyclododecane), and [Gd(dotp)]5ÿ


(dotp�N,N',N'',N'''-tetraphosphonatomethyl-1,4,7,10-tetra-
azacyclododecane), and two with acyclic ligands,
[Gd(dtpa)(H2O)]2ÿ (dtpa�N,N,N',N'',N''-pentacarboxymeth-
yl-1,4,7-triazapentane), and [Gd(dtpa-bma)(H2O)] (dtpa-
bma�N,N''-bis[(N-methylcarbamoyl)methyl]-N,N',N''-tris-
carboxymethyl-1,4,7-triazapentane) . Two of these complexes
([Gd(teta)]ÿ and [Gd(dotp)]5ÿ) have no inner-sphere water,
allowing direct experimental study of the outer-sphere
relaxivity. Comparison of the theoretical and experimental
results for these two compounds is therefore an important
step in understanding the relaxivity of MRI contrast agents
beyond the inner sphere.


This work is part of an ongoing effort to study the
properties of transition metal and lanthanide ions and their
complexes in aqueous solution using computational methods.
Earlier studies by our group included MD simulations of
trivalent lanthanide ions[7±9] and the chromium(iii) heaxaaqua


[a] Prof. A. E. Merbach
Institut de Chimie MineÂrale et Analytique
UniversiteÂ de Lausanne
BCH, 1015 Lausanne (Switzerland)
Fax: (�41) 21-692-38-75
E-mail : andre.merbach@icma.unil.ch


Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0600 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 3600







600 ± 610


Chem. Eur. J. 2001, 7, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0601 $ 17.50+.50/0 601


complex.[10] In all these systems, the existence of a labile
coordination sphere (first sphere for the lanthanides, second
sphere for chromium) was well established by experimental
methods such as 17O NMR and the agreement between


experimental and computational results was found to be fairly
good. No direct structural and dynamic data were available
for the outer-sphere MRI contrast agents and related
complexes. Our goal was to obtain such information through
classical MD simulations.


The magnetic property of interest for potential MRI
contrast agents is the total relaxivity r1 itself. As it stands,
Freed�s force-free model has been an important tool for
estimating the outer-sphere contribution to relaxivity. Our
aim was not only to confirm, or otherwise, the validity of this
model, but also to calculate the outer-sphere relaxivity
contribution directly from our simulations.


Computer modeling has been used in the past to investigate
the properties of gadolinium MRI contrast agents. Molecular
mechanics,[11±13] Hartree ± Fock,[14, 15] and density functional
theory[16] have been applied, generally with an emphasis on
the structure and energy of these compounds. In this study we
were interested in the interaction of these complexes with the
surrounding water molecules so the main purpose of our force
field was to describe intermolecular forces using ad hoc
parameters derived from ab initio calculations.


Computational Methods


Outline of the simulation
Force field parameters : To achieve a proper description of the electrostatic
potential, which is essential to simulations involving ions and polar
molecules, we calculated partial atomic charges for the various complexes
by the Merz ± Kollman method[17] as implemented in the Gaussian 94
package.[18] This method outputs atomic charges by fitting them to the
electrostatic potential at a fixed distance through a dielectric medium. Ab
initio calculations were performed on the four available crystal struc-
tures[19±22] at the 6 ± 31G** level (H, C, N, O, P) with pseudopotentials
according to Dolg and Stoll[23] accounting for relativistic corrections in the
treatment of the core electrons of Gd. The calculated charges (Table 1)
were then averaged over all atoms of the same type. For the [Gd(dotp)]5ÿ


complex no experimental crystal structure was available, so we calculated
an optimized structure (Table 2) using the density functional theory (DFT)
program ADF.[24] This calculation was performed at the nonlocal density
approximation (NLDA) with Becke[25] and Perdew[26] gradients for the
exchange and correlation functionals. The basis set was Slater type atomic


Table 1. Atomic charges derived from ab initio calculations for [Gd(Lÿn)(H2O)x]3ÿn.


[Gd(teta)]ÿ [Gd(dota)(H2O)]ÿ [Gd(dotp)]5ÿ [Gd(dtpa)(H2O)]2ÿ [Gd(dtpaÿbma)(H2O)]


Gd 2.17 2.12 2.35 2.30 1.96
N amine ÿ 0.10 ÿ 0.81 ÿ 0.25 0.20 0.00[a]/0.60
C ethylene bridge ÿ 0.15 ÿ 0.042 ÿ 0.18 0.00 0.00[a]/ÿ 0.20[b]


H ethylene bridge 0.09 0.13 0.14 0.03 0.10
C methyl/methylene ÿ 0.55 0.02 ÿ 0.50 ÿ 0.50 ÿ 0.20
H methylene 0.20 0.14 0.14 0.03 0.13
C carboxylate/P 1.00 0.81 1.40 0.90 0.90
Oc carboxylate/phosphonate
(coordinating) ÿ 0.85 ÿ 0.81 ÿ 1.00 ÿ 0.90 ÿ 0.65[c] / ÿ0.80[d]


Of carboxylate/phosphonate (free) ÿ 0.75 ÿ 0.71 ÿ 0.98 ÿ 0.80 ÿ 0.70
O inner-sphere water ± ÿ 0.60 ± ÿ 1.00 ÿ 0.80
H inner-sphere water ± 0.30 ± 0.50 0.40
N amide ± ± ± ± ÿ 0.45
O amide ± ± ± ± ÿ 0.65
H amide ± ± ± ± 0.35
C N-methyl ± ± ± ± ÿ 0.25
X-ray structure ref. [19] ref. [20] N/A[e] ref. [21] ref. [22][e]


[a] Central. [b] Terminal. [c] Amide group. [d] Carboxylate group. [e] Full structure available as Supporting Information.
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orbitals (STO) with triple zeta and polarization, using the smallest possible
relativistic core for each element (He core for O, C, N; Ne core for P; Xe
core for Gd).


The Merz ± Kollman approach leads to a good representation of the
electrostatic potential at the molecular surface but only to a rather poor
description of intramolecular electrostatic interactions. In our systems, the
bonding of negatively charged donor groups such as carboxylates, and of
inner-sphere water, to the metal center was found to be especially
problematic. To avoid undesired behavior during the simulation (such as
the substitution of a carboxylate group by solvent molecules or departure
of the inner-sphere water molecule) we introduced bonds of crystallo-
graphic length for the GdIII coordination. We can justify this treatment
because the complexes can be considered rigid on the molecular dynamics
time scale. Using 17O NMR, Powell et al.[27] found that the inner-sphere
residence time of water molecules was of the order of microseconds for the
fastest exchanging complexes in our study, [Gd(dota)(H2O)]ÿ and
[Gd(dtpa)(H2O)]2ÿ. The [Gd(dota)(H2O)]ÿ complex is present in solution
as a mixture of a major M (80 %) and a minor m (20 %) isomer with
different structures.[28] Whereas the two isomers display significant differ-
ences in their first coordination sphere, we expected their influence on the
second shell to be a minor one. Therefore we used the M isomer structure,
which we may also consider to be a rigid molecule as the exchange rate
between the isomers is slow throughout the lanthanide series even on the
1H NMR time scale.


We used the TIP3P model of Jorgensen et al.[29] for water molecules, and
the van der Waals parameters for Gd3� published by Kowall et al.[7±9] Other
parameters for the force field were taken from the GROMOS86[30]


package.


Computation details : Molecular dynamics runs were performed in the NTP
ensemble using the GROMOS86 program running on a Silicon Graphics
workstation. Bond lengths for all molecules in the system were fixed by the
SHAKE procedure;[31] temperature and pressure were conserved using
Berendsen�s algorithm.[32] For each system the solute molecule was
immersed in an initial 25 �� 25 �� 25 � cubic periodic box (35 ��
35 �� 35 � for the highly charged [Gd(dotp)]5ÿ complex). No counterions
were included in the simulation. Although this might be inappropriate for
the complexes with a high negative charge, it makes the analysis easier and
more systematic when complexes with different ligands are being
compared. Other important parameters are summarized in Table 3.


Results and Discussion


Complexes with macrocyclic ligands


Structural results : The radial distribtion function g(r) (rdf) for
complexes with macrocyclic ligands (teta4ÿ, dota4ÿ, and
dotp8ÿ) was calculated as an average over the simulation
configurations of the ratio of the local density of a given
particle (in our case water molecules, given by their O or H
atoms) at a distance r from a given center (for example the
GdIII ion) to the overall density [Eq. (1)].


g(r)� n�r�
4pr2Dr1


(1)


In the case of [Gd(dota)(H2O)]ÿ , the inner-sphere water
molecule was excluded from the gadolinium ± solvent water
radial distribution function g(r) as given by water O and H
atoms, respectively (Figure 1), since its distance from the
metal was constrained in the simulations. For all complexes,
the rdf values for both GdÿH and GdÿO display a rather well-
defined peak in the 3.0 ± 5.0 � region (Table 4), which shows
that the behavior of the water between these distances is


Table 2. Selected distances from the DFT-optimized structure of
[Gd(dotp)]5ÿ.


Distance �


GdÿO 2.390� 0.018
GdÿN 3.041� 0.055
CÿP 1.908� 0.007
PÿO 1.577� 0.018


Table 3. Overview of simulation parameters for [Gd(Lÿn)(H2O)x]3ÿn.


[Gd(teta)]ÿ [Gd(dota)(H2O)]ÿ [Gd(dotp)]5ÿ [Gd(dtpa)(H2O)]2ÿ [Gd(dtpa-bma)(H2O)]


number of water molecules 500 490 1426 498 498
equilibration time [ps] 32 32 32 32 32
simulation time [ps] 262 262 524 262 262
stored configurations 4096 4096 8192 4096 4096
cutoff radius [�] 11.0 11.0 16.0 10.5 11.0
tT [ps][a] 0.01 0.01 0.01 0.01 0.01
tP [ps][a] 0.05 0.05 0.05 0.05 0.05
average density [g cmÿ3] 1.0315 1.0227 1.0315 1.0200 1.0486
temperature [K] 285 285 285 285 285
pressure [atm] 1 1 1 1 1


[a] Relaxation times for temperature and pressure in the algorithm of Berendsen.


Figure 1. Radial distribution functions for water a) O atoms and b) H atoms around Gd of [Gd(teta)]ÿ (ÐÐ), [Gd(dota)(H2O)]ÿ ( ´´ ´ ´ ) and [Gd(dotp)]5ÿ


(- - - -).
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distinct from that of the bulk water. The relative positions of
the H and O peaks indicate that water H atoms are involved in
bonding to the solute molecule. By integrating g(r) from 0 to
the first minimum of the curve, we can define coordination
numbers qO and qH for the O and H atoms respectively in the
second coordination shell. This number is too small (qO� 2 ±
5) for the whole complex to be encompassed by a complete
hydration sphere. Therefore a more detailed analysis was
required.


The axial symmetry of the [Gd(teta)]ÿ , [Gd(dota)(H2O)]ÿ ,
and [Gd(dotp)]5ÿ complexes allows us to divide space around
the complex into two regions, one hydrophilic (containing the
carboxylates/phosphonates) and one hydrophobic (containing
the macrocycle), as in Figure 2. The dividing plane is
perpendicular to the main rotation axis, which can be
described adequately by the vector joining the GdIII ion and
the center of mass of the eight carboxylate O atoms. Thus we
can distinguish water molecules in both regions and observe


Figure 2. Top) Model of [Gd(teta)]ÿ , and division of the surrounding space
into hydrophilic (above) and hydrophobic (below) hemispheres. Bottom)
Electrostatic potential [au] at the molecular surface of [Gd(teta)]ÿ in the
hydrophilic (carboxylate, left) and hydrophobic (macrocycle, right) regions.


possible differences between them. We calculated the partial
rdf in both the hydrophilic (carboxylate/phosphonate) and the
hydrophobic (azacycle) regions. The water molecules respon-
sible for the hydration peak are located in only the carbox-
ylate/phosphonate hemisphere of the complexes (Figure 3).
Bonding to the carboxylate/phosphonate O atoms was con-
firmed by the rdf around these atoms (Figure 4). A sharp peak
in the rdf for both the hydrogen and oxygen was observed
(with a maximum at r� 1.6 � for H and r� 2.6 � for O). The
closer H peak indicates hydrogen bonds between water and
the carboxylate O atoms. The free carboxylate O atoms (Of)


Figure 3. Partial rdf for water O atoms in the hydrophilic (top) and
hydrophobic hemispheres (bottom) of [Gd(teta)]ÿ (ÐÐ),
[Gd(dota)(H2O)]ÿ ( ´´ ´ ´ ), and [Gd(dotp)]5ÿ (- - - -).


Figure 4. The rdf around carboxylate O atoms (top) and N atoms (bottom)
of [Gd(teta)]ÿ . A distinction is made between O atoms bonded to the metal
ion (Oc) and free O atoms (Of).


Table 4. The rdf peak parameters and corresponding coordination number q
for water oxygen and hydrogens.


Complex O peak
position
[�]


Half
height
width [�]


qO H peak
position
[�]


Half
height
width [�]


qH


[Gd(teta)]ÿ 4.5 0.5 2.5 3.7 0.5 2.6
[Gd(dota)(H2O)]ÿ 4.3 1.0 5.1 3.5 0.65 6.4
[Gd(dotp)]5ÿ 4.2 0.3 4.6 3.4 0.3 5.3
[Gd(dtpa)(H2O)]2ÿ 4.1 1.0 8.6 3.4 1.0 12.8
[Gd(dtpa-bma)(H2O)] 4.1 (0.8) 5.0 3.3 (0.5) 7.0
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are more accessible to the water H atoms than their
coordinated counterparts (Oc), so they give rise to a greater
number of hydrogen bonds and to a consequently higher rdf
peak. However, no preferred orientation was apparent
around the less accessible N atoms of the ring. The smooth
rise of g(r) from 0 to 1 at a distance of about 4 � indicates a
shielding of the N atoms by the shear volume of the
neighboring macrocyclic C and H atoms, and there is
essentially no difference between the H and O distributions.
The [Gd(dota)(H2O)]ÿ and [Gd(dotp)]5ÿ complexes display
the same features.


Bonding of water molecules through their H atoms can also
be shown by their dipole orientation, characterized by cos V


(V is the angle between the Gd ± O vector and the water
dipole; Figure 5). Figures 6 and 7 demonstrate that water
molecules close to the metal center (rGdO< 5 �) are prefer-
entially oriented with one or both of their H atoms toward the
complex core (cos V is close to ÿ1, and the angle distribution


Figure 6. Average cos V as a function of the metal ± oxygen distance rGdO


for [Gd(teta)]ÿ .


Figure 7. Average cos V as a function of the metal ± oxygen distance for
[Gd(teta)]ÿ (ÐÐ), [Gd(dota)(H2O)]ÿ ( ´´ ´ ´ ) and [Gd(dotp)]5- (- - - -).


remains narrow). At a greater distance water molecules are
randomly oriented (the average cos V is nearly zero and the
distribution broadens, as shown by its standard deviation).
This is consistent with the bonding of water protons to
carboxylate/phosphonate oxygen. For [Gd(dotp)]5ÿ, cosV


rises again to less negative values when the metal ± oxygen
distance diminishes, the closest approach distance during the
simulation being rGdO� 2.76 �, only 0.3 � longer than the
inner-sphere rGdO in [Gd(dota)(H2O)]ÿ . The shoulder of the
oxygen g(r) curve in the 2.5 ± 3.5 � region in Figure 1a also
supports the picture of one water molecule in the close
vicinity of the metal. This event occurred very rarely,
however, as only 0.2 % of the stored configurations showed
a water molecule closer than 2.9 � from the metal. The
integration of g(r) from 0 to 3.5 � only corresponds to 0.4
water O atoms. To say there is coordination of one inner-
sphere water molecule would not be fully justified in this case,
considering the rarity of the event.


Dynamic properties : Water
molecules located in the second
coordination shell typically ex-
change with molecules from the
bulk after an average residence
time tM, which can be calculat-
ed from the persisting coordi-
nation correlation function
n(t)[33] [Eq. (2)], where Pj is
unity if water molecule j is in


n(t)� 1


N


XN


i�1


X
j


Pj(tn,t,t*) (2)


the coordination shell (defined in our case by the first
minimum of the Gd ± O rdf at 5.0 � as an outer limit) at times
tn and tn � t and is only allowed to leave this shell for small
delays shorter than t*. One can assume a decaying exponential
form for this correlation function [Eq. (3)].


n(t)�qexp
ÿt


tM


� �
(3)


By fitting Equation (3) to the calculated n(t), one obtains
the coordination number q and the residence time tM.
However, the result depends on t* and should increase
monotonically with this parameter. We used a canonical value
of 2 ps for t*.[33] The calculated parameters and the errors from
the fit are given in Table 5.


Residence times obtained for H2O molecules in our second
coordination shell are in the 20 ± 25 ps range for the poly-
aminocarboxylate complexes (56 ps for the polyamino-
phosphonate-based [Gd(dotp)]5ÿ), indicating a fast exchange


Figure 5. Orientation angle V and limiting values of cos V.


Table 5. Second-shell hydration parameters from coordination correlation
function n(t).


Complex Hydration number q Residence time tM [ps]


[Gd(teta)]ÿ 1.9 24.3
[Gd(dota)(H2O)]ÿ 4.3 27.4
[Gd(dotp)]5ÿ 4.3 56.1
[Gd(dtpa)(H2O)]2ÿ 6.9 20.3
[Gd(dtpa-bma)(H2O)] 4.4 22.5
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with bulk water: in comparison, the second-sphere residence
time of water molecules around the inert [Cr(H2O)6]3�


complex has been determined both experimentally through
17O NMR and theoretically through MD simulations to be
over 120 ps,[10] whereas in their simulations Kowall et al.[9]


showed a residence time of 12, 13, and 18 ps in the second
shell of Sm3�, Nd3�, and Yb3�, respectively. However, our
values should be compared with these results only with
extreme caution, as the hydrogen bonding of solvent water
molecules to the complex proceeds through water O atoms in
these aqua complexes. Our residence times are more properly
compared with other results obtained for organic and bio-
logical molecules (4.8 ps for DMSO in a 1:2 DMSO ± water
mixture;[34] 3.9 ± 7.7 ps for the
alanine dipeptide;[35] 10 ± 15 ps
for ribose and phosphate O
atoms on the trp operator
double-stranded DNA frag-
ment[36, 37]).


Our metal-centric second
shell definition is open to criti-
cism; indeed, another definition
is quite possible for the pres-
ence function Pj [Eq. (2)]. By
studying the presence of water
H atoms around carboxylate or
phosphonate O atoms, the
mean lifetime of hydrogen
bonds between the complex and solvent molecules may be
obtained. As before, Gd-bonded carboxylate/phosphonate
and free O atoms can be distinguished. The distance limit is
fixed at rOH� 2.2 �.


That hydrogen bond lifetimes (Table 6) are shorter than the
mean residence times in the second coordination shell can be
explained by the possible jumping of water molecules from
one donor O atom to another without leaving the second
coordination shell. Indeed, we observed a rather high
frequency for water molecules (Table 7) simultaneously
hydrogen-bonded to two carboxylate/phosphonate O atoms.
For the free O atoms Of the ability to bond to more water


molecules than the coordinating oxygen Oc (hydration
number qf> qc) is balanced by a greater lability (the hydrogen
bond lifetime is shorter).


Complexes with acyclic ligands


Structural results : Unlike their macrocyclic counterparts, the
acyclic ligand complexes [Gd(dtpa)(H2O)]2ÿ and [Gd(dtpa-
bma)(H2O)] do not have the benefit of high symmetry.
Therefore we present only average values over the whole
space for the radial distribution around the Gd3� ion (Fig-
ure 8). We observed the same general features as for the
macrocyclic compounds: the position of the first peak of the H
rdf is closer to the metal than that of the O rdf. However, the


average number of water molecules present in the second
coordination shell (Table 4) is higher than for the [Gd(teta)]ÿ ,
[Gd(dota)(H2O)]ÿ , and [Gd(dotp)]5ÿ complexes, consistently
with a more extended bonding site. Indeed, the hydrophilic
part of the complex is proportionally larger for the acyclic
complexes. The ligand occupies eight sites in the capped
square antiprism geometry, five of which are used by
carboxylate/amide O atoms in the acyclic ligands (compared
with only four in the macrocyclic ligands). The second-shell
coordination number is higher for the doubly charged
[Gd(dtpa)(H2O)]2ÿ than for the neutral [Gd(dtpa-bma)-
(H2O)].


Influence of the inner-sphere water molecule on the second
coordination shell : Since the dipole orientation of the water in
the second coordination shell water is almost the opposite of
that of the inner-sphere water molecule, one may wonder
about the interaction of the latter with water molecules
belonging to the second shell. The radial distribution of
solvent water around the inner-sphere water protons (Fig-
ure 9) has a peak near 2.0 �, with a following minimum at
2.3 �. The height of the peak depends on the ligand: it is quite
strong for the [Gd(dtpa)(H2O)]2ÿ complex, but almost
disappears for [Gd(dtpa-bma)(H2O)] and only a shoulder is
observable for [Gd(dota)(H2O)]ÿ . We calculated the occur-
rence of hydrogen bonds between the inner-sphere water
molecule and the solvent using a geometrical definition.
Besides a distance criterion rHis±Osolvent


< 2.3 � given by the first
minimum of the rdf of solvent oxygen around the inner-sphere
water hydrogen, a further angular condition VOis-His-Osolvent


< 308


Table 6. Hydrogen bond number and lifetime around coordinating (Oc)
and free (Of) carboxylate/phosphonate oxygens.


Complex q(Oc) tM [ps] q(Of) tM [ps]


[Gd(teta)]ÿ 1.1 8.9 1.9 4.5
[Gd(dota)(H2O)]ÿ 1.0 14.7 2.3 6.8
[Gd(dotp)]5ÿ 1.6 27.8 2.7 27.7
[Gd(dtpa)(H2O)]2ÿ 1.1 9.0 2.6 7.8
[Gd(dtpa-bma)(H2O)] 0.7 13.9 2.1 6.1


Table 7. Probability for water molecules to form two hydrogen bonds
simultaneously.


Complex Oc [%] Of [%]


[Gd(teta)]ÿ 17.3 9.7
[Gd(dota)(H2O)]ÿ 34.5 10.3
[Gd(dotp)]5ÿ 92.0 22.4
[Gd(dtpa)(H2O)]2ÿ 54.8 27.1
[Gd(dtpa-bma)(H2O)] 49.4 14.0


Figure 8. The rdf for water O atoms (left) and H atoms (right) around Gd of [Gd(dtpa)(H2O)]2ÿ (ÐÐ) and
[Gd(dtpa-bma)(H2O)] (- - - -).
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Figure 9. The rdf for water O atoms around inner-sphere water H atoms of
[Gd(dtpa)(H2O)]2ÿ (- - - -), [Gd(dtpa-bma)(H2O)] ( ´´ ´ ´ ), and
[Gd(dota)(H2O)]ÿ (ÐÐ).


was required to define a hydrogen bond[34, 38] (Figure 10). The
results show that inner-sphere water indeed interacts with the
second-shell water molecules, since 10 ± 30 % of the stored
configurations (depending on the ligand) show second-shell
water molecules bonded to it in this way (Table 8).


Figure 10. Criteria for hydrogen bonding between inner-sphere and outer-
sphere water.


Dynamic results : The dynamic hydration parameters of
[Gd(dtpa)(H2O)]2ÿ and [Gd(dtpa-bma)(H2O)] were very
similar to those of [Gd(dota)(H2O)]ÿ and [Gd(teta)]ÿ . Again,
residence times were 20 ± 25 ps with respect to the metal
center ion (Table 5), and around 10 ps for the hydrogen bond
lifetimes (Table 6).


The similarity of macrocyclic and acyclic ligand chelates in
this respect allows the preliminary generalization that a
second coordination shell involving a small number of water
molecules in fast exchange (20 ± 30 ps residence time) with the
bulk water seems to be a feature of gadolinium (and probably
other lanthanide) polyaminocarboxylates. Ligands of this type
appear to differ only in the number of water molecules
involved. However, the example of [Gd(dotp)]5ÿ shows that
modification of the functional groups of the ligand can
produce significant changes in the residence time of water
molecules in the second coordination shell.


Calculation of the outer-sphere relaxivity from molecular
dynamics simulations


Outer-sphere relaxivity of 1H spins is usually described using
Freed�s analytical force-free model,[3, 4] assuming a free
relative diffusion of water molecules in the neighborhood of
the paramagnetic center. In the light of the MD results
presented so far this assumption is not valid for our systems.
We have checked the consequences of this apparently invalid
approximation, and compared the predictions of the simu-
lations with the experimental data obtained so far.


Freed�s general translational diffusion model incorporates
the standard equation given by Abragam[39] for the dipole ±
dipole relaxation of a nuclear spin I interacting with an
electronic spin S [Eq. (4)] and calculates spectral density
functions J(w) from the Smoluchowski diffusion equation
[Eq. (5)].
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The spectral density functions J(w) are calculated by means
of Abragam�s time ± correlation function [Eq. (6)], where P is
the average number density.
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The potential of mean force U(r) between two particles is
related to the radial distribution function through Equa-
tion (7).


lng(r)�ÿU�r�
kT


(7)


Thus intermolecular forces can be taken into account for
arbitrary radial distributions. However, an analytical form of
J(w) can only be obtained for the simplest models, such as free
diffusion. This is the approximation made by Freed in the
widely applied force-free model. In the general case it is
possible to perform a numerical calculation based on finite
difference methods. Instead of a continuous diffusion as
described by the Smoluchowski equation, let us consider a
succession of finite jumps between discrete distances ri. One
can then reformulate the problem of evaluating J(w) as in
Equations (8) and (9).[4]


[ÿW�Bÿ 1/Tie1ÿ iw1]Q�RÅ (8)


J(w)� 2P
XN


i�0


Dri


r2
i


Re(Qi) (9)


The matrix equation given by Hwang and Freed[4] does not
include the electron relaxation rate 1/Tie, but comparison of
the derivations of the analytical equations with and without
this contribution leads straightforwardly to Equation (8). W is
the transition probability matrix between discrete values of
the distance r, whose elements include free diffusion and the
force derived from the potential U(r).[4] The elements of the


Table 8. Hydrogen bonding probability for the inner-sphere water mole-
cule.


Complex [%]


[Gd(dota)(H2O)]ÿ 13.8
[Gd(dtpa)(H2O)]2ÿ 30.3
[Gd(dtpa-bma)(H2O)] 21.4
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various matrices and vectors are given by Equations (10) and
(11).


Ri� g(ri)/r2
i (10)


Bij�dij6D/r2
i (11)


where D is the diffusion coefficient (22.36� 10ÿ9 mÿ2 sÿ1 for
water at room temperature[40]). Thus if the average diffusion
coefficient and electron relaxation rate are known, calculation
of the spectral distribution function J(w) from the radial
distribution function g(r) is simply a matter of solving the
matrix Equation (8) to find the elements of Q(r). Continuous
variation of w then leads to the calculation of the nuclear
magnetic relaxation rate 1/T1 as a function of the observation
frequency: that is, the nuclear magnetic resonance dispersion
(NMRD) profile.


Besides the structural information provided by the rdf, one
also needs to know the electronic relaxation rate 1/Tie as a
function of the observation frequency w. In the last few years
several equations have been proposed to account for the
electronic relaxation of GdIII chelates,[41±45] with varying
success. In the following calculations we used the approach
and parameters of Powell et al.,[27] where simplified expres-
sions provide an adequate description of the electron
relaxation [Eqs. (12) and (13)] and spin rotation [Eq. (14)]
contributions to the 1H and 17O nuclear magnetic relaxation of
these complexes.
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In spite of the clear weaknesses identified by Powell
et al. ,[27] they have the advantage of relative simplicity.


A custom-made program (available upon request) based on
Equations (4) ± (13) was developed for the calculation of the
outer-sphere relaxivity from the rdf and electron relaxation
equations. For [Gd(dota)(H2O)]ÿ , [Gd(dtpa)(H2O)]2ÿ, and
[Gd(dtpa-bma)(H2O)] we have compared our calculations
with the estimated outer-sphere contribution given by the
simultaneous 17O NMR/NMRD/EPR fitting procedure of
Powell et al., who used Freed�s force-free model (Table 9).
Experimental room-temperature NMRD profiles are report-
ed when no inner-sphere contribution exists ([Gd(teta)]ÿ and


[Gd(dotp)]5ÿ). The [Gd(dotp)]5ÿ NMRD profile was taken
from the literature,[46] whereas [Gd(teta)]ÿ was measured in-
house.


The outer-sphere relaxivity profile calculated for
[Gd(dota)(H2O)]ÿ and [Gd(dtpa-bma)(H2O)] using the gen-
eral model compare favorably with Freed�s force-free model,
with the advantage that it is not necessary to guess the
distance of closest approach aGdH (Figure 11). Freed�s ana-
lytical force-free model can be used as an empirical relation-
ship, involving two parameters, DGdH and aGdH. In practice, the
closest approach distance aGdH is fixed at a reasonable value
and the relative diffusion constant DGdH is adjusted. The
parameters extracted from this model are only effective ones,
however, with no direct physical meaning.


Figure 11. Outer-sphere relaxivity profile of [Gd(dota)(H2O)]ÿ (top),
[Gd(dtpa-bma)(H2O)] (middle), and [Gd(dtpa)(H2O)]2ÿ (bottom) from
MD simulations (ÐÐ), from Freed�s force-free model (- - - -), and with
aGdH� 3.0 � ( ´´´ ´ ).


In the case of [Gd(dtpa)(H2O)]2ÿ, our calculated low-field
relaxivity is 20 % higher than the value obtained using
Powell�s empirical parameters. This discrepancy can be
removed by reducing the closest approach distance in Powell�s
model from its typical value of 3.5 � to 3.0 �, which is
significantly lower than the Gd ± H distance for the first


Table 9. Electronic relaxation and diffusion parameters used in the simulation
of NMRD profiles.


Complex D2 tv dg2 tR DGdH aGdH


[1019sÿ2] [ps] [ps] [10ÿ10 mÿ2sÿ1] [�]


[Gd(teta)]ÿ [a] 9 16 0 ± ± ±
[Gd(dota)(H2O)]ÿ [b] 1.6 11 0.019 77 20.2 3.5
[Gd(dotp)]5ÿ [a] 0.9 11 0.019 77 ± ±
[Gd(dtpa)(H2O)]2ÿ [b] 4.6 25 0.012 58 20 3.5
[Gd(dtpa-bma)(H2O)] [b] 4.1 25 0.008 66 23 3.5


[a] Electronic parameters from fit to the experimental NMRD data. [b]
Parameters from ref. [27].
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maximum of the rdf (3.4 �) and should be considered as an
effective parameter only. [Gd(dtpa)(H2O)]2ÿ is the only
compound in our study for which the rdf peak of the second
shell rises well above unity (Figure 1right and Figure 8right),
corresponding to 12.8 protons in the second shell (Table 4).
The higher calculated relaxivity might be explained by the
presence of a significant number of protons at r< 3 �
compared with [Gd(dota)(H2O)]ÿ and [Gd(dtpa-bma)-
(H2O)]. The residence time of water molecules in the second
shell of [Gd(dtpa)(H2O)]2ÿ is in the same range as for the
other polyaminocarboxylates, so the only apparent difference
is the number of these molecules. It is possible that our
simulations overestimate the second-shell hydration number
in this case. However, since no direct experimental data are
available, it is impossible at this stage to compare the
respective accuracy of the experimental and theoretical
estimates.


Since direct experimental measurements are possible for
[Gd(teta)]ÿ and [Gd(dotp)]5ÿ, they clearly require a more
detailed discussion. The NMRD profile obtained for
[Gd(teta)]ÿ with the [Gd(dota)(H2O)]ÿ electronic parameters
is essentially the same as for [Gd(dota)(H2O)]ÿ , about twice
as high as the experimental profile (Figure 12). It was only


Figure 12. NMRD profile of [Gd(teta)]ÿ (top) and [Gd(dotp)]5ÿ (bottom);
´´ ´ ´ , profiles incorporating the electron relaxation parameters determined
by Powell et al. for [Gd(dota)(H2O)]ÿ .


possible to reproduce the rather low [Gd(teta)]ÿ relaxivity
(2.8 mmÿ1 sÿ1 at 0.02 MHz) by drastically changing the elec-
tronic parameters from those of [Gd(dota)(H2O)]ÿ . As a
crude visual fitting procedure, we set the trace of the square of
the zero-field splitting operator D2 to 9� 1019 sÿ2. This leads to
a much faster electron spin relaxation than that obtained by
Powell et al. for [Gd(dota)(H2O)]ÿ , thus significantly reduc-
ing the relaxivity. Preliminary X-band (9.425 G Hz) EPR
measurements indicated that the electron spin relaxation of
[Gd(teta)]ÿ was indeed extremely fast, with a linewidth ten


times as high as [Gd(dota)(H2O)]ÿ (Figure 13). In this respect
[Gd(teta)]ÿ is definitely not such a good model of the outer-
sphere relaxivity of [Gd(dota)(H2O)]ÿ as it is sometimes said
to be.[2] A more complete analysis of the properties of this
compound is beyond the scope of this work.


Figure 13. Room-temperature X-band EPR spectra of [Gd(teta)]ÿ and
[Gd(dota)(H2O)]ÿ .


The NMRD profile we have calculated for [Gd(dotp)]5ÿ


with the [Gd(dota)(H2O)]ÿ parameters is only 6 % too low
(6.8 instead of 7.2 mmÿ1 sÿ1 at 0.01 MHz). Aime et al.[46]


obtained a good fit of their NMRD data using two contribu-
tions: Freed�s force-free model with aGdH� 3.76 � (r1os


�
3.3 mmÿ1 sÿ1at 0.1 MHz), and an inner-sphere-like contribu-
tion with hydration number q� 1 and a residence time of
3000 ps. Our results indicate that such a long correlation time
is not necessary, as we are already able to account for the
major part of the observed relaxivity in terms of our second-
shell data (with a much shorter residence time of 56 ps). The
low-field part of the profile is correctly reproduced after a
slight adjustment of the electron spin parameters (results of
the fitting procedure are reported in Table 9), but the
agreement is not exact at higher fields. Admittedly our
structural model of [Gd(dotp)]5ÿ is not perfect. The calculated
GdÿN distance (3.0 �; Table 2) is significantly longer than the
observed distances in similar polyaminocarboxylate and
polyaminophosphinate complexes (typically 2.6 ± 2.7 �). Fur-
thermore the possible presence of counterions in close contact
with the complex, as shown, for example, by Sherry using 23Na
NMR spectroscopy,[47] would certainly affect the second
coordination shell. Taking counterions into account in the
simulation would greatly increase the computational cost,
however, requiring a much larger periodic box. Even more
fundamentally, the discrepancy at higher field may well
originate in the inadequacy of the model of relaxation
through translational diffusion for this complex. Indeed, the
residence time we have observed in the second shell of
[Gd(dotp)]5ÿ (56 ps) is not negligible with respect to the usual
rotational correlation time of such complexes (60 ± 80 ps[27]).
Thus a purely translational diffusive motion (as described by
Smoluchowski�s equation) might not be strictly valid in this
case.


In the case of the macrocyclic complexes, the partial rdf for
the hydrophilic and hydrophobic regions (Figure 3) enables us
to estimate their respective contributions to the outer-sphere
relaxivity. Depending on the complex, the hydrophilic con-
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tribution increases from 63 % of the overall low-field outer-
sphere relaxivity for [Gd(teta)]ÿ to 71 % for [Gd(dota)-
(H2O)]ÿ and 73 % for [Gd(dotp)]5ÿ.


Conclusion


We have investigated the outer-sphere hydration of polyami-
nocarboxylate and polyaminophosphonate gadolinium che-
lates, for which a force-free model had previously been
assumed in the analysis of magnetic resonance experiments. A
more realistic description is necessary for a better under-
standing of the nuclear relaxation properties of aqueous
solutions of these compounds.


Beyond the structural differences of the complexes studied,
there are similarities that extend to other compounds of the
same class. A few water molecules are hydrogen-bonded to
the hydrophilic groups of the ligand (their exact number
depends on the number of such residues available for
bonding), forming a second coordination shell. The behavior
of this second shell is therefore highly dependent on the
charge distribution of the GdIII chelate. Depending on the
ligand, the structure can be highly anisotropic, as for the
complexes of the macrocyclic ligands teta4ÿ, dota4ÿ, and
dotp8ÿ. These water molecules have a very short lifetime in
this second shell compared with that in the inner sphere,
typically 20 ± 25 ps for polyaminocarboxylate complexes in
contrast to microseconds for an inner-sphere water molecule.
The water molecules surrounding the hydrophobic part of the
complexes are randomly oriented and their lifetime ap-
proaches that of water for self-diffusion in neat water
(3 ps[10]). As can be seen from the example of [Gd(dotp)]5ÿ


the use of different ligand types (such as polyaminophospho-
nates) can increase the outer-sphere relaxivity by stabilizing
the second coordination shell. Furthermore, due to the
anisotropy of this hydration shell, the hydrophilic side of the
complex can be the source of as much as 73 % of the outer-
sphere relaxivity at low field.


We have demonstrated the limitations of Freed�s force-free
model for some complexes, notably [Gd(dotp)]5ÿ. We can
relate our results to experimental data through a numerical
approach based on Freed�s general model, including electron
spin relaxation. By a method based on finite differences,
one can calculate spectral density functions from the readily
available radial distribution function g(r). Our results are
in general agreement with the experimental data without
the need to introduce too many adjustable parameters.
However, a quantitative agreement in all cases will only be
possible when the electron spin relaxation is further eluci-
dated.
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Planar Chirality: Cycloaddition and Transannular Reactions of Optically
Active Azoninones that Contain (E)-Olefins


Alexander Sudau,[a] Winfried Münch,[a] Jan W. Bats,[b] and Udo Nubbemeyer*[a]


Abstract: Unsaturated nine-membered
ring lactams that contain (E)-olefins
within the ring are characterized by
planar chiral properties. Thus, selective
conversions of the double bond allowed
a complete transfer of the planar chiral
information into new stereogenic cen-
ters. The basis of the transformations
was the high activation barrier that
prevented efficient flipping of the dou-
ble bond at room temperature (epim-


erization pR, pS) with respect to the
ring. Cycloadditions led diastereoselec-
tively to cyclopropano, epimino, epoxy,
and dihydroxy azonanones under mild
conditions with moderately high yields.
The epoxy azonanones were subjected


to regio- and diastereoselective trans-
annular epoxide opening/ring contrac-
tion sequences to give hydroxy indolizi-
dinones. The regiochemical and stereo-
chemical outcome strongly depends on
the configuration of the oxirane and the
chiral information of the lactam unit.
The so-formed optically active bicycles
with defined substitution patterns
should serve as versatile building blocks
in alkaloid synthesis.


Keywords: chirality ´ cycloaddition
´ hydroxylation ´ lactams ´ ring
contraction


Introduction


ªPlanar chiralityº is a controversial terminus technicus: on the
one hand, such stereogenic information can be described as a
chirality that originates from a helix. A sequence of three
nonplanar vectors is characterized by a defined torsion angle
with a topographic descriptor P (plus) or M (minus), depend-
ing on its sign.[1] By using the terms stereogenic center, axis,
plane, and helix defined by Cahn, Ingold, and Prelog,[2] a
stereogenic plane can be described as a planar arrangement of
at least four centers (atoms) with a fifth center placed outside
of this original plane. A ring that contains an E double bond
corresponds to these requirements. Following the Schlögl
nomenclature,[3] the descriptors pS (M) and pR (P) can be
used to describe the topographic properties of the ring
arrangement (p� planar).


The planar chiral properties of medium-sized rings that
contain (E)-olefins can be investigated because they have a


measurable half-life. While optically active, planar chiral,
eight-membered rings are known to be stable, nine- and ten-
membered rings suffer from a fast racemization because of the
facile flipping of the double bond with respect to the ring.[4] In
contrast, a range of unsaturated nine-membered ring lactams
was found to maintain the planar chiral information of the
(E)-olefin at room temperature.[5] Preliminary kinetic inves-
tigations and molecular mechanics calculations gave a half-
life of �10 h at 40 8C and an epimerization activation energy
of >23 kcalÿ1, depending on the substitution pattern. The
highly hindered rotation of the double bond with respect to
the ring allows the planar diastereomers to undergo trans-
annular reactions depending on the conformation: the
addition of soft electrophiles, such as PhSeBr, Br2, and I2 at
the double bond leads to a consecutive attack by the lactam
nitrogen at the nascent onium ion. Subsequent debenzylation
leads regioselectively and diastereoselectively to the corre-
sponding indolizidinones with a defined substitution pattern.
The planar chiral information is completely converted into
new chiral centers. Here we report on cycloadditions of the
unsaturated planar diastereomeric nine-membered ring lac-
tams. The 5,6-unsaturated 3,8-disubstituted azoninones, pS-3
and pR-4, serve as reactants in the syntheses of 3,5,6,8-
tetrafunctionalized nine-membered ring lactams 5 ± 18 and
indolizidinones 19 ± 21.[6]


Results and Discussion


The 2-azoninones pS-3 and pR-4, which contain 5,6-(E)
double-bonds, were efficiently generated by a seven-step
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sequence that started from trans-4-hydroxy-l-(ÿ)-proline (1)
with an overall yield of �50 % (Scheme 1):[5] after esterifica-
tion of 1, the N-benzyl group was introduced by treatment of
the secondary amine with benzyl chloride in the presence of
triethylamine. The protection of the alcohol as a TBS ether
(TBS� tert-butyldimethylsilyl) generated the proline ester.


Scheme 1. Synthesis of the planar diastereomeric azoninones pS-3 and
pR-4.


The reduction of the carboxyl function with diisobutyl
aluminum hydride (DIBALH) yielded the primary carbinol.
A subsequent Swern oxidation led to the corresponding
aldehyde, which was immediately converted into the vinyl-
pyrrolidine 2 by a Wittig olefination with methylenetriphe-
nylphosphorane to avoid any epimerization to the 2,4-cis
product. The zwitterionic aza-Claisen rearrangement of the
trans-4-silyloxy-2-vinylpyrrolidine (2) to the g,d-unsaturated
lactams pS-3 proceeded with an almost complete 1,4-chirality
transfer and the formation of an (E)-olefin in the medium-
sized ring, which is characterized by additional planar chiral
properties: immediately after the reaction, lactams 3 a ± c
were isolated which had conformations that contain a rigid pS
conformation of the olefin and a fairly flexible arrangement of
the lactam unit. The relaxation from the kinetically generated
conformations into the thermodynamically stable forms 4 a ±
c, with almost rigid arrangements of lactam and olefin with
respect to the ring, required a significantly high activation
energy (Scheme 1).[7]


With the intention of testing some cycloaddition reactions
at the E double-bonds of the azoninones, two potential
problems should be considered. On the one hand, the nine-
membered ring framework is maintained, even in the product.
Several azoninones 3 and 4 have characteristic, fairly flexible
amide groups that complicate the NMR spectra and the
correct determination of the structural properties. On synthe-
sizing azonanones, the probability of generating flexible
compounds should increase.[8] On the other hand, the reactant
olefin lacks substituents that determine the regioselectivity.
Hence, the generation of regioisomers is avoided by employ-
ing exclusively symmetric reagents on investigating the first
set of cycloadditions. The results starting from pS-3 a,c are
outlined in Scheme 2; the results starting from pR-4 a ± c are
outlined in Scheme 3. Details of the results of the cyclo-
addition reactions are given in Table 1. For nomenclature see
Table 2.


Initial cyclopropanations were carried out by subjecting the
azoninones pS-3 a,c and pR-4 a ± c to the conditions published


Scheme 2. Cycloadditions of azoninone pS-3a,c and oxirane opening-ring
contraction of epoxy azonane 11: a) CH2N2, [Pd(OAc)2] cat. , Et2O, RT,
12 h; b) N2C(CO2Et)2, [Pd(OAc)2] cat. , PhMe, 60 8C, 12 h; c) pTosN�I-Ph,
[Cu(OTf)2] cat. , MeCN, 10 8C, 0.5 ± 3 h; d) mCPBA, CH2Cl2, phosphate
buffer (pH� 7), 0 8C or RT, 3 ± 5 h; e) RuCl3 cat., NaIO4, H2O, MeCN,
EtOAc, 5 min, 0 8C; f) Ac2O, Py, DMAP cat., CH2Cl2, RT, 3 h; g) Me2-


C(OMe)2, pTsOH cat., Me2CO, RT, 3 h; h) TMSI, (LiI), CHCl3, RT, 0.5 ±
5 min; i) TMSI, LiI, CHCl3, ÿ10 8C, 3 min. Yields: see Tables 2 and 3.


Scheme 3. Cycloadditions of azoninone pR-4a ± c and oxirane opening-
ring contraction of epoxy azonane 12. Reaction conditions: see legend of
Scheme 2. Yields: see Tables 2 and 3.


by Vorbrüggen on the treatment of olefins with diazomethane
in presence of catalytic amounts of palladium(ii) acetate.[9]


Low reaction temperatures of maximal 23 8C were recom-
mended because of the long reaction time of more than 12 h.
Epimerization (pS-3 c, pR-4 c) did not occur; for example,
single diastereomers of 5 c or 6 c were isolated with high yield
(Table 1, Entries a and b).[7] In contrast, the analogous
cyclopropanation with diethyl diazomalonate as the carbe-
noid equivalent required significantly higher reaction temper-
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atures of 65 8C. Hence, the reaction of azoninone pS-3 c led to
the formation of a mixture of the diastereomeric 5,6-cyclo-
propano azonanones 7 c and 8 c in a 2:3 ratio. This indicated a
partial epimerization of pS-3 c into pR-4 c during the course of
the reaction (Table 1, Entry c).


The generation of 5,6-aziridino azonanones was somewhat
tricky. The best reagent to introduce the nitrogen at low
temperatures was found to be (N-(p-toluenesulfonyl)imino)-
phenyl iodinane, as reported by Yamada.[10] The lactams pS-
3 a,c and pR-4 c were treated with the reagent in presence of
catalytic amounts of copper(ii) triflate to give the aziridines
9 a, 9 c, and 10 c, respectively, as single diastereomers (Table 2,
Entries d ± f).[11] Although the reaction was found to be
complete after 0.5 ± 3 h according TLC analyses, the
yields obtained were only moderate (50 ± 60 %) after
aqueous work-up. The N-tosyl aziridines were found to be
unstable: azonanone 9 a decomposed completely after
being stored at room temperature overnight; the major
product generated was the five-membered ring lactam 23
(Scheme 4) which indicated a reorganization of the bicyclic
skeleton.[12]


The epoxidation of the azoninones pS-3 and pR-4 in a
buffered m-chloroperbenzoic acid (mCPBA) solution
proceeded with fairly high yields to give the 5,6-epoxy
azonanones 11 and 12 (Table 2, Entries g ± k).[13] The cyclo-
addition was always found to be diastereoselective because
of an efficient and fast reaction, even at low temperatures
(0 ± 5 8C), that mostly prevented epimerization (pS-3, pR-4).
In contrast to the epimino azonanones, the corresponding
epoxides 11 were more stable: column chromatography and
HPLC could be run under neutral conditions to avoid any
skeletal rearrangement to give the corresponding lactones


Scheme 4. Competing reactions of epoxy azonanones 11 during the course
of the transannular ring contractions.


22 (Scheme 4). The products could be stored for several
months without decomposition.


The introduction of two adjacent OH groups was effected
by a procedure published by Shing:[14] the azoninones pS-3
and pR-4 were treated with NaIO4 in the presence of catalytic
amounts of RuCl3 to give diastereoselectively the dihydroxy-
azonanes 13 and 14, respectively (Table 2, Entries l ± p). The
purification of the polar diols and the consecutive proof of the
stereochemical properties by spectral analyses was difficult.
Hence, the crude diols 13 and 14 were immediately protected
under standard basic conditions with Ac2O to give the 5,6-
bisacetates 15 and 16,[15] or, alternatively, with dimethoxypro-
pane in presence of catalytic amounts of pTsOH, to give the
5,6-acetonides 17 and 18.[16] Both protective-group insertions
proceeded with moderately high yields, the resulting products
were easily to handle as regards isolation and purification.
The ease of spectral analyses depended strongly on the
substitution pattern of the materials: compounds 16 and 18
were characterized by the coexistence of at least two
conformations at room temperature.


All cycloadditions led diastereoselectively to single azona-
nones 5 ± 14, with respect to the newly formed stereogenic
centers.[7] The relative configuration of the protons of C5 and
C6 was always found to be trans, as proved beyond doubt by
NOE analyses.[17] These results were confirmed independently
by X-ray analyses of some azonanones (Figures 1 ± 3).[18] On


Figure 1. ORTEP plot of azonanone 11c (without TBS and Ph).


Table 1. Results of the cycloaddition reactions.


Entry Azoninone Reagent Scale[a] Yield Azonanones (ratio)
[%] from pS from pR


a pS-3 c CH2N2 p 92 5c (1) 6c ( ± )
b pR-4 c CH2N2 p 96 5c (9) 6c (91)
c pR-4 c N2C(CO2Et)2 a 30 7c (2) 8c (3)
d pS-3 a pTsN�IPh a 58 9a (1) 10a ( ± )
e pS-3 c pTsN�IPh a 56 9c (1) 10c ( ± )
f pR-4 c pTsN�IPh p 52 9c ( ± ) 10c (1)
g pS-3 a mCPBA p 100 11a (1) 12a ( ± )
h pR-4 a mCPBA p 95 11a (1) 12a (6)
i pR-4 b mCPBA p 91 11b ( ± ) 12b (1)
j pS-3 c mCPBA p 92 11c (1) 12c ( ± )
k pR-4 c mCPBA a 86 11c ( ± ) 12c (1)
l pS-3 a RuCl3/NaIO4/DMP p 95 17a (1) 18a ( ± )
m pS-3 c RuCl3/NaIO4/Ac2O a 70 15c (1) 16c ( ± )
n pR-4 c RuCl3/NaIO4/Ac2O a 98 15c (10) 16c (88)
o pS-3 c RuCl3/NaIO4/DMP a 71 17c (1) 18c ( ± )
p pR-4 c RuCl3/NaIO4/DMP a 72 17c (17) 18c (55)


[a] a� analytical scale, not optimized; p�preparative scale.


Table 2. Nomenclature of the azonanones.


R1\X CH2 C(CO2Et)2 NTos O (OH)2 (OAc)2 OC(Me2)O


from pS-3 5 7 9 11 13 15 17
Ph/Cl ±/c ±/c a/c a/c a/c ±/c a/c
from pR-4 6 8 10 12 14 16 18
Ph/OBn/Cl ±/ ± /c ±/ ± /c ±/ ± /c a/b/c ±/ ± /c ±/ ± /c ±/ ± /c







FULL PAPER U. Nubbemeyer et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0614 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 3614


Figure 2. ORTEP plot of azonanone 12 c (without TBS and Ph)


generating the azonanones that contain an additional three-
membered ring (5 ± 12), the properties of the 1H and 13C NMR
spectra were closely related to those of the unsaturated
reactants: the cyclopropano, epimino, and epoxy azonanones
5, 7, 9, and 11 that originated from pS-3 were identified by the
proximity of the H3, H6, and H9a protons. The lactam unit
showed a cis arrangement of C3 and C9 (about 20 % NOE
amplification of H3 and H9a) with respect to its partial
double-bond character and a syn arrangement of the carbonyl
O atom and H5. In contrast to the reactant pS-azoninones 3,
no evidence of further species (conformers, equilibration of
the lactam function) could be detected in the NMR spectra
which implies almost rigid conformations.


The cyclopropano, epimino, and epoxy azonanones 6, 8, 10,
and 12 that originate from pR-4, were characterized by the
proximity of the protons H3, H5, and H9a. Again, the lactam
unit showed a cis arrangement of C3 and C9 (about 20 %
NOE amplification of H3 and H9a) with respect to its partial
double bond. However, a syn arrangement between the
carbonyl O atom and H6 was found. In several cases, two sets
of peaks occurred in the NMR spectra. Furthermore, in the
NOE spectra, the irradiation of several peaks induced
negative peaks at different shift values. Evidently, a transfer
of magnetization from the major compound to a minor
diastereomer was found. Both types of results indicated a
potential equilibrium of at least two conformations (planar


diastereomers) of the lactam function (partial double bond).
In contrast, the reactant azoninones pR-4 showed no evidence
of further species, an indication of almost rigid conforma-
tions.[5]


In the analysis of the dihydroxyazonanones 13 and 14 as
well as the protected derivatives 15 to 18, the determination of
the configuration of the newly generated stereogenic centers
was more complicated: at room temperature; all NMR
spectra were characterized by a doubled set of signals or by
very broad peaks which indicated conformational mobility.
The lower temperature NMR spectra (10 to ÿ10 8C) always
contained two sets of sharp peaks which represents an
equilibrium of two discrete conformations. The structural
properties of at least one of these conformations was
determined by NOE analysis to prove the complete diaster-
eoselectivity of the dihydroxylation.[17]


Apparently, the stereochemical course of the reactions was
quite reasonable, all reactions underwent well-known electro-
philic [2�1] cycloaddition or syn dihydroxylation at the olefin
(Scheme 5). In the case of the pS-lactams 3, the reagent
attacked the unshielded Re face of the double bond to give the
5R,6R azonanones 5, 9, 11, and 13. Because of the change in
the planar chirality, the double bond of the pR-lactams 4
suffered from a attack on the Si face of the reagent to give the
5S,6S azonanones 6, 10, 12, and 14. As expected, no mixtures
of the two series of azonanones were found if the reaction


Scheme 5. Cycloaddition and regio- and diastereoselective transannular
ring contraction paths of the azoninones pS-3 and pR-4.


Figure 3. ORTEP plot of azonanone 12 b (without TBS and Ph)
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temperature was low enough and the time was sufficiently
short to prevent the flipping of the double bond with respect
to the ring (pS-3,pR-4). The activation energy of the
epimerization of the planar chiral information was signifi-
cantly higher than that of the addition reaction (anti-Curtin ±
Hammett). As a limitation, the cyclopropanation of pS-3 c
with diazodiethyl malonate gave a mixture of 7 c and 8 c
(resulting from pR-4 c formed during the course of the
reaction) because of the high reaction temperature. Evidently,
both azoninones pS-3 and pR-4 were characterized by related
reactivities, no resolution (only one of the diastereomers
underwent the cycloaddition) could be achieved by the use of
the present conditions.


Transannular ring contractions : Recent investigations have
shown that diastereoselective and regioselective transannular
ring contractions could be achieved by the treatment of pS-3
and pR-4 azoninones with PhSeBr, Br2, and I2 to yield the
corresponding 8-phenylselenyl, 8-bromo, and 8-iodo indolizi-
din-5-ones (of type 19 and 20), respectively.[5, 6] With the
intention of generating 8-hydroxy indolizidin-5-ones 19 and
20, the epoxy azonanones 11 and 12 were chosen as suitable
intermediates to investigate the transannular oxirane opening.


The epoxides 11 and 12 were treated with TMSBr, TMSI,
or, alternatively, with TMSI/LiI in CHCl3 at room temper-
ature to induce a fast transannular reaction.[19] The contrac-
tion of the nine-membered rings in 11 and 12 was complete
almost immediately after the reagent had been added. The
products, 8-hydroxy indolizidin-5-ones 19 (from 11) and 20
(from 12), were diastereoselectively and regioselectively
generated, respectively. In the absence of LiI, the resulting
8-OH function of 19 and 20 was still protected as a TMS ether.


Two aspects were found to be crucial: any water should be
carefully excluded to avoid the formation of the competing 22
lactones that originate from an aqueous cleavage of the
intermediate acylammonium salt (Scheme 4).[20, 21] Further-
more, the cyclizations of 3-benzyloxy azonanone 12 b and the
3-chloro analogue 11 c and 12 c were found to suffer from
some side reactions. The O-benzyl group in 12 b was found to
be partly removed by the use of excess TMSI or/and by an
increase in the reaction time.[22] The chloride in 11 c and 12 c
was found to be partly exchanged for bromide (TMSBr) or
iodide in the presence of excess LiI or by an increase in the
reaction time (Scheme 4).[23] Summing up these findings, a
smooth reaction of the epoxy azonanones 11/12 required
carefully optimized reaction conditions to achieve a maximal
yield of the indolizidinones 19/20 (Schemes 2 and 3). If the
reaction conditions were changed so that a solution of the
nine-membered ring lactam 11 a was added to a solution of the
reagent at ÿ10 8C, the regioisomeric indolizidin-3-one 21 a
was isolated as the major product (Scheme 2).[5]


The relative configuration of the new stereogenic centers
and the position of the ring junction were proved by NOE
analyses[17] and, in one attempt (20 b), by X-ray analysis
(Figure 4 and Table 3).[24]


Mechanistic conclusions : Apparently, the stereochemical
course of the ring contractions was quite reasonable: all
reactions underwent well-known anti-epoxide openings. The


Figure 4. ORTEP plot of indolizidinone 20b.


electrophilic TMS halide activated the oxirane by attack on
the oxygen. The nascent cation at C6 was trapped by an
intramolecular attack of the nitrogen to generate the inter-
mediate acylammonium salt. The benzyl group was finally
removed by nucleophilic substitution with the halide anion to
yield the indolizidinones 19 a/c and 20 a/b, respectively
(Scheme 5). Recapitulating the sequence, the azoninone pS-
3 a/c underwent an anti addition of an electrophilic oxygen
and a nucleophilic nitrogen. The initial Re attack of the
electrophile (O) generated the 5R,6R epoxy azonanones 11 a/
c, the final Si attack of the nitrogen led to the corresponding
indolizidinones 19 a/c. Because of the inverted planar chiral
information, pR-4 a/b underwent a Si face addition of the
electrophile (O) to give the 5S,6S-epoxy azonanones 12 a/b.
Consequently, the final Re attack of the nitrogen at C6 formed
the indolizidinones 20 a/b. As expected, no mixtures of the
indolizidinones 19 or 20 were found.


The explanation of the regiochemical course of the reaction
is still somewhat speculative; however, a preliminary hypoth-
esis should be submitted. All planar diastereomeric arrange-
ments of the azonanones 11 and 12 were characterized by
defined transannular distances between the nitrogen and C5
or C6 of the olefin (Table 4). A potential fast equilibrium of at
least two conformations (planar diastereomers) could be
presupposed according to the NMR analyses, although one of
these conformers might have been sparsely populated.[25] The
central assumption is that the shortest distance between the
nitrogen and C5 or C6 of the olefin, respectively, governs the
regiochemical outcome of the transannular reactions that
generate the indolizidinones 19 and 20 or 21.


Determination of the transannular distances (Table 4,
Figures 2 and 3) between the nitrogen and C5 or C6 in the
5S,6S-lactams 12 by X-ray analyses and some simple struc-


Table 3. Data of the transannular reactions.


Entry Epoxide Reagent Scale[a] Yield [%] of Lactam (R3) Yield [%]
19 20 21 lactone 22


a 11 a TMSI p 60 (H) ± ± 15
b 11 a TMSI/LiI a ± ± 19 (H) ±
c 12 a TMSI a 32 (H) ±


TMSBr a n.d. (TMS)
d 12 b TMSI/LiI p 57 (H) ±
e 11 c TMSI a 47 (TMS) ± ± n.d.[b]


TMSI/LiI a 32 (H) ± ±


[a] a� analytical scale, not optimized; p� preparative scale. [b] n.d.�not
detected.
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tures optimized by force-field calculations[26] indicated that
N1 was positioned somewhat closer to C6 than to C5. In spite
of flexible conformations of these lactams (conformational
mobility of the lactam group according NMR and NOE
experiments), the ring contraction generated regioselectively
the new bond between N1 and C6, as found in the
indolizidinones 20 (Figure 4).


Apparently, the analogous argumentation failed to explain
the formation of the indolizidinones 19 starting from the
5R,6R-epoxy lactams 11: in the present case the transannular
distances (Table 4, Figure 1) between the nitrogen and C5
were found to be somewhat shorter than that to C6, according
to the X-ray analysis and some simple structures optimized by
force-field calculations.[26] Considering the predominant con-
formation of these lactams, the ground state should have led
to the indolizidinones 21, as found in a single experiment: at
ÿ10 8C, the transannular ring contraction was significantly
faster than a conformational relaxation of the lactam function.
This resulted in the regioselective formation of the indolizi-
dinone 21 a (anti-Curtin ± Hammett). In contrast, the reaction
led to the regioisomeric indolizidinones 19 at room temper-
ature, even though no further predominant conformation 11
(planar diastereomer) could be detected (all spectral data of
the lactams 11 measured at ÿ20 8C, 0 8C, and room temper-
ature were almost identical). Actually, the dictates of the
Curtin ± Hammett principle seemed to be the crucial factor
that concerns the relative arrangement of the lactam function
with respect to the ring. A further conformation, minor-11
(though sparsely populated), must have been much more
reactive with respect to the transannular reaction than the
predominant arrangement of 11, although NOE and NMR
data of the 5R,6R-lactams gave no cogent information
concerning the conformational mobility. Simple structures
optimized by force-field calculations resulted in short trans-
annular distances between N1 and C6 (relative to that
between N1 and C5) in a 5S,6S-epoxy azonanone that had a
conformation of type minor-11; however, severe repulsive
interactions (at low concentrations) might have circumvented
the occurrence of adequate peaks in the spectral analyses.
Scheme 5 and Table 4 should enlighten this argumentation.
However, selective formation of two regioisomeric products
starting from one and the same reactant presupposed the
existence of at least two reactive conformations of the
azonanones with (planar) diastereomeric properties of the


lactam function. Nevertheless, the exact reaction path is still
not proven.


Conclusions


The planar diastereomeric azoninones pS-3 and pR-4 were
subjected to cycloadditions to synthesize the azonanones 5 ±
18. Low-temperature reactions allowed an almost complete
conversion of the planar chiral information of the reactants
into new chiral centers of the products. Cyclopropane-,
aziridine-, and oxirane-annulated azonanones were synthe-
sized as well as dihydroxylated (protected) nine-membered
ring lactams.


The oxirane functions of the epoxy azonanones 11 and 12
underwent regioselective openings and consecutive trans-
annular ring contraction sequences to generate the 8-hydroxy
indolizidinones 19 ± 21 with a complete stereoselectivity and a
high regioselectivity. The exclusive formation of d-valerolac-
tams was always found when the reactions were carried out at
room temperature, although the reactant azonanones were
characterized by high conformational mobility of the amide
function with diastereomeric properties. As expected, the
conversions of the 5S,6S-azonanones 12 yielded, exclusively,
bicycles 20 because of their short N ± C6 distances, as
determined by X-ray analyses and some force-field optimized
calculations. In contrast, the 5R,6R-azonanones 11 used
different reaction paths to generate the bicycles 19. The
direct conversion of the conformation, determined by X-ray
and NOE analyses, indicated a slightly shorter N ± C5
distance, which implied the formation of (some) g-butyrolac-
tam product 21. Evidently, the lactam function of the
azonanones 11 was characterized by some flexibility to
generate at least one additional, significantly more reactive
conformer, minor-11, with a shorter N ± C6 distance to induce
an efficient formation of d-valerolactam 19.


We are currently investigating the scope and limitations of
the regioselective and diastereoseletive cycloaddition reac-
tions and, if operative, a subsequent ring contraction to
employ an appropriate sequence in a natural product syn-
thesis.


Experimental Section


1H NMR and 13C NMR spectra, and NOE experiments were recorded on a
Bruker AC250 or on a Bruker AC550 spectrometer at room temperature
unless otherwise specified. Tetramethylsilane was used as the internal
standard. IR spectra were obtained from a Perkin Elmer 257 or 580 B
spectrophotometer. Optical rotations were measured with a Perkin Elmer
P 241 polarimeter in a 1 dm cell. Mass spectra were recorded on a Varian
MAT 711 or 112S, The high-resolution mass spectra (HRMS) were
obtained with a Varian MAT711 spectrometer. Polyfluro kerosene (PFK)
was used as the reference and the results were determined by a peak-
matching method, resolution: >10000. Ion source temperature: 250 8C;
electron energy: 0.8 mA. The melting points (not corrected) were
measured with a Büchi SMP 20. For HPLC, Knaur pumps UV and RI
detectors and Rheodyne injection systems were used. Preparative amounts
of the lactams were separated with on a 32 mm� 120 mm column and 5 mm
nucleosil 50 ± 5 obtained from Macherey and Nagel, with a flow of about
80 mL minÿ1. Column chromatography was carried out on Merck silica gel
0.063 ± 0.2 mm, 70 ± 230 mesh A. Progress of the reactions was monitored by


Table 4. Transannular distances in 5,6-epoxy azonanones.


5,6-Epoxy Transannular distance [�][a]


azonanone N to C5 N to C6
calcd found calcd found


11a 3.18 3.23
minor-11a 3.29 2.88
trans-11a 3.23 2.81
11c 3.18 3.13 3.23 3.24
minor-11c 3.30 2.82
trans-11c 3.24 2.77
12a 3.39 3.01
12b 3.35 3.38 2.92 3.05
12c 3.36 3.39 2.91 3.00


[a] Calcd: MM� optimized structure; found: X-ray analysis.
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thin-layer chromatography (TLC) performed on aluminum sheets pre-
coated with silica gel60 (thickness 0.25 mm). All solvents were dried before
use by means of standard procedures. X-ray analyses were performed with
MoKa radiation (l� 0.71073 �). The structures were determined by direct
methods with the program SHELXS. The H atoms were taken from a
difference Fourier synthesis and were refined with isotropic thermal
parameters. The non-H atoms were refined with anisotropic thermal
parameters. The structure was refined on F values with the following
weighting scheme: w(F)� 4 F 2/[s2(F 2)� (0.03 F 2)2]. The final difference
density was between ÿ0.29 and �0.36 eAÿ3.


Standard procedure for the cyclopropanation : The azoninone (1 mol
equiv) was dissolved in Et2O (10 mL) at room temperature. A saturated
solution of freshly prepared diazomethane (in excess) in Et2O and
[Pd(OAc)2] (2.5 ± 13 mol %) were added subsequently. The mixture was
stirred overnight and then washed (aqueous NaHCO3) and dried (Na2SO4).
The solvent was removed and the crude product was purified by column
chromatography or by re-crystallization.


(3R,5R,6R,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-3-chloro-5,6-
methanoazonan-2-one (5c): Reaction with pS-3c (200 mg, 0.51 mmol) and
[Pd(OAc)2] (13 mol %) followed the standard cyclopropanation procedure.
Chromatography: n-hexane/EtOAc 3:1, Rf� 0.42; yield: 190 mg
(0.47 mmol, 91.7 %) as colorless crystals; m.p. 133 ± 134 8C; [a]20


D �ÿ96.1
(c� 1.6 in CHCl3); 1H NMR (270 MHz, CDCl3): d� 7.50 ± 7.20 (m, 5H),
5.20 (d, J� 14 Hz, 1H), 5.20 ± 5.10 (dd, J� 10, 10 Hz, 1 H), 4.20 ± 4.10 (m,
1H), 4.20 ± 4.10 (m, 1 H), 4.08 ± 4.00 (d, J� 14 Hz, 1 H), 3.88 ± 3.78 (dd, J�
15, 9.6, 0.5 Hz, 1 H), 3.18 ± 3.08 (dd, J� 15, 5 Hz, 1 H), 2.60 ± 2.50 (ddd, J�
12.5, 10, 5 Hz, 1 H), 2.02 ± 1.95 (d, J� 14 Hz, 1H), 1.55 ± 1.42 (ddd, J� 12.5,
11, 7 Hz, 1 H), 0.8 (s, 9 H), 0.75 ± 0.40 (m, 4 H), 0.30 ± 0.10 (m, 1H), ÿ0.01 (s,
3H), ÿ0.10 (s, 3H); 13C NMR (67.9 MHz, CDCl3): d� 170.1 (s), 136.6 (s),
128.7 (d), 128.6 (d), 127.8 (d), 67.7 (d), 52.4 (d), 50.9 (t), 49.0 (t), 39.3 (t), 39.2
(t), 25.7 (q, ), 20.4 (d), 17.9 (s), 11.7 (t), 9.9 (d),ÿ4.9 (q),ÿ5.0 (q); IR (KBr)
nÄ � 3426 (m), 2928 (s), 2855 (s), 1656 (s, C�O), 1449 (s), 1254 (m), 1197 cmÿ1


(s); MS (80 eV, EI, 80 8C): m/z (%): 407 (9) [M]� , 392 (16) [MÿCH3]� , 372
(44) [MÿCl]� , 350 (94) [MÿC4H9]� ; HRMS C22H34ClNO2Si [M]�: calcd
407.20742; found 407.204736.


(3R,5S,6S,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-3-chloro-5,6-meth-
anoazonan-2-one (6c): Before starting the cyclopropanation, the reactant
azoninone pS-3c was heated for at least 3 h to 65 8C to achieve a high
degree of conversion into azoninone pR-4c (3c :4c� 1:4.3). Reaction of
azoninone pR-4 c (0.42 g, 1.06 mmol) and [Pd(OAc)2] (5 mg, 2 mol %) by
the standard cyclopropanation procedure, followed by chromatography
hexane/EtOAc 3:1, Rf� 0.42 gave a colorless oil as a mixture of 6 c and 5 c
(4.3:1), yield: 0.41 g (1.02 mmol, 95.7 %). Fractional crystallization of 5 c
(solid) from Et2O/n-hexane gave 6c (oil, purity 96%). [a]20


D �ÿ20.1 (c� 2
in CHCl3); 1H NMR (270 MHz, CDCl3): d � 7.50 ± 7.20 (m, 5 H), 5.40 ± 5.30
(d, J� 15 Hz, 1 H), 5.00 (dd, J� 12, 2 Hz, 1H), 4.20 ± 4.00 (m, 3H), 4.20 ±
4.00 (m, 3H), 3.18 ± 3.10 (d, J� 12 Hz, 1H), 2.55 ± 2.45 (ddd, J� 13, 3, 3 Hz,
1H), 2.40 ± 2.30 (dd, J� 14, 6 Hz, 1H), 0.8 (s, 9 H), 0.75 ± 0.40 (m, 5H),
ÿ0.01 (s, 3 H), ÿ0.10 (s, 3 H); 13C NMR (67.9 MHz, CDCl3): d� 171.1 (s),
136.6 (s), 128.6 (d), 127.9 (d), 127.5 (d), 67.4 (d), 55.7 (d), 53.5 (t), 49.2 (t),
41.9 (t), 39.6 (t), 25.5 (q, SiÿC(CH3)3), 20.6 (d), 17.7 (s, SiÿC(CH3)3), 12.5
(d), 9.3 (t), ÿ4.4 (q, SiÿCH3), ÿ4.9 (q, SiÿCH3); IR (KBr): nÄ � 2953 (s),
2928 (s), 2857 (s), 1654 (s), 1447 (s), 1257 (m), 1197 (m), 1090 cmÿ1 (s); MS


(80 eV, EI, 80 8C): m/z (%): 407 (13) [M]� , 392 (7) [MÿCH3]� , 372 (34)
[MÿCl]� , 350 (100) [MÿC4H9]� ; HRMS (80 eV, 80 8C): C22H34ClNO2Si
[M]�: calcd 407.204736; found 407.20196.


(3R,5R,6R,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-5,6-bis-(ethyloxy-
carbonyl)-methano-3-chloroazonane-2-one (7 c) and (3R,5S,6S,8R)-1-ben-
zyl-8-(tert-butyldimethylsilyloxy)-5,6-bis-(ethyloxycarbonyl)-methano-3-
chloroazonan-2-one (8 c): Reaction of pS-3c (0.16 g, 0.414 mmol), diethyl
diazomalonate (2 equiv) and [Pd(OAc)2] (10 mg, 10 mol %) in dry toluene
(20 mL) at 60 8C, otherwise following the standard cyclopropanation
procedure. Purification: filtration through a short silica gel column.
Separation by HPLC: 8 % EtOAc/n-hexane. Yield: 28.5 mg (0.05 mmol,
12.4 %) 7c and 40.4 mg (0.07 mmol, 17.7%) of 8c as colorless oils.


Minor diastereomer 7c : [a]20
D �ÿ46.1 (c� 1.4 in CHCl3); 1H NMR


(270 MHz, CDCl3): d � 7.50 ± 7.20 (m, 5H), 5.25 ± 5.15 (d, J� 14 Hz, 1H),
5.12 ± 5.05 (dd, J� 10, 6 Hz, 1 H), 4.30 ± 4.10 (m, 5H), 4.05 ± 3.95 (d, J�
14 Hz, 1 H), 3.80 ± 3.75 (ddd, J� 15, 10, 0.5 Hz, 1H), 3.20 ± 3.10 (dd, J� 15,
6 Hz, 1H), 2.50 ± 2.40 (ddd, J� 12, 11, 6 Hz, 1H), 1.90 ± 1.76 (m, 3H), 1.60 ±


1.50 (ddd, J� 11, 8, 6 Hz, 1 H), 1.30 ± 1.20 (m, 6H), 1.02 ± 0.90 (m, 1 H), 0.8
(s, 9H), ÿ0.01 (s, 3 H), ÿ0.10 (s, 3H); 13C NMR (67.9 MHz, CDCl3): d�
168.3 (s), 167.7 (s), 167.2 (s), 136.2 (s), 128.7 (d), 128.6 (d), 127.9 (d), 66.9 (d,
C8), 61.8 (t), 61.5 (t), 51.6 (d), 50.7 (t), 49.2 (t), 39.6 (s), 34.6 (t), 32.6 (t), 32.1
(d), 25.7 (q, SiÿC(CH3)3), 23.7 (d), 17.9 (s, SiÿC(CH3)3), 14.2 (q), 14.1(q),
ÿ4.9 (q, SiÿCH3),ÿ5.0 (q, SiÿCH3); IR (KBr): nÄ � 3444 (w), 2954 (s), 2935
(s), 2856 (s), 1726 (s, C�O), 1661 (s, C�O), 1443 (s), 1366 (s), 1292 (s),
1074 cmÿ1 (s); MS (80 eV, EI, 110 8C): m/z (%): 551 (23) [M]� , 536 (4) [Mÿ
CH3]� , 516 (8) [MÿCl]� , 506 (17) [MÿC2H5O]� , 494 (100) [MÿC4H9]� ,
460 (8), 394 (10), 356 (8), 296 (28); HRMS (80 eV, 110 8C): C28H42NO6SiCl
[M]�: calcd 551.24700; found 551.24730.


Major diastereomer 8c : The NMR spectra of 8c showed a second set of
minor peaks that originated from a minor conformation (ratio 1:5, flexible
amide geometry?). NOE experiments indicated a fast interconversion of
minor-8c and major-8 c. [a]20


D � 16.4 (c� 1.3 in CHCl3); 1H NMR
(500 MHz, CDCl3): d� 7.50 ± 7.20 (m, 5H), 5.16 ± 5.12 (d, J� 15 Hz, 1H),
5.00 ± 4.96 (dd, J� 12, 2 Hz, 1 H), 4.34 ± 4.28 (d, J� 15 Hz, 1H), 4.34 ± 4.28
(d, J� 15 Hz, 1H), 4.25 ± 4.10 (m, 5 H), 4.10 ± 4.00 (m, 1 H), 3.80 ± 3.75 (ddd,
J� 14.5, 9 Hz, 1H), 3.20 ± 3.15 (d, J� 14.5 Hz, 1H), 2.45 ± 2.40 (d, J�
13 Hz, 1H), 2.15 ± 2.09 (dd, J� 13, 6 Hz, 1 H), 1.93 ± 1.85 (ddd, J� 12, 8,
4 Hz, 1H), 1.85 ± 1.78 (ddd, J� 12, 12, 12 Hz, 1 H), 1.62 ± 1.58 (dd, J� 11,
8 Hz, 1 H), 1.30 ± 1.20 (m, 6 H), 1.05 ± 0.98 (ddd, J� 13, 10, 10 Hz, 1H), 0.8
(s, 9H), ÿ0.01 (s, 3 H), ÿ0.10 (s, 3H); 13C NMR (67.9 MHz, CDCl3): d�
169.8 (s), 167.4 (s), 166.9 (s), 136.6 (s), 128.7 (d), 128.0 (d), 127.6 (d), 67.3 (d),
61.8 (t), 61.7 (t), 54.6 (d), 54.4 (t), 49.9 (t), 37.6 (s), 36.4 (t), 34.1 (t), 32.3 (d),
25.7 (q, SiÿC(CH3)3), 25.5 (d), 17.7 (s, SiÿC(CH3)3), 14.2 (q), ÿ4.4
(SiÿCH3), ÿ4.8 (SiÿCH3); IR (KBr): nÄ � 3065 (m), 3032 (m), 2932 (s),
2858 (s), 1727 (s, C�O), 1660 (s, C�O), 1449 (s), 1368 (s), 1213 (s),
1094 cmÿ1 (s); MS (80 eV, EI, 120 8C): m/z (%): 551 (7) [M]� , 536 (2) [Mÿ
CH3]� , 516 (5) [MÿCl]� , 506 (11) [MÿC2H5O]� , 494 (100) [MÿC4H9]� ,
460 (13), 394 (10), 356 (10), 296 (20); HRMS (80 eV, 120 8C): C28H42NO6-
SiCl [M]�: calcd 551.24700; found 551.24762.


Standard procedure for the aziridination: The azoninone (1 mol equiv) in
dry MeCN was treated with (p-toluenesulfonylimino)phenyliodinane (1.2 ±
1.4 equiv) and [Cu(OTf)2] (1 ± 5 mol %) at 10 8C. After complete conver-
sion of the reactant (careful monitoring by TLC) the mixture was
hydrolyzed with aqueous NaHCO3. The aqueous layer was extracted with
Et2O and washed with brine. After drying (Na2SO4), the solvent was
removed and the crude product was purified by column chromatography or
by HPLC.


(3S,5R,6R,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-5,6-(N-tosyl)-epi-
mino-3-phenylazonan-2-one (9a): Reaction with pS-3 a (0.15 g, 0.34 mmol),
PhI�NTos (1.4 equiv) and [Cu(OTf)2] (2 mg, 1.2 mol %) in dry MeCN
(15 mL). Reaction time: 30 min. Purification: the crude oil was dissolved in
Et2O, most of the p-toluenesulfonylamide that originated from decom-
posed PhI�NTos precipitated after addition of excess hexane (!Et2O/
hexane 1:5). After filtration, the crude oil was purified by means of HPLC
(12 % EtOAc/n-hexane). Yield 0.12 g (0.2 mmol, 57.7 %) of 9 a as a
colorless oil. Compound 9a was found to be unstable, and converted to give
23 with some decomposition. [a]20


D �ÿ54.8 (c� 1.5 in CHCl3); 1H NMR
(270 MHz, CDCl3): d 7.90 ± 7.80 (d, J� 8 Hz, 2H), 7.60 ± 7.10 (m, 12H), 5.20 ±
5.10 (d, J� 14 Hz, 1 H), 4.55 ± 4.45 (m, 1H), 4.30 ± 4.20 (m, 1 H), 4.28 ± 4.10
(d, J� 14 Hz, 1H), 4.11 ± 4.01 (dd, J� 15, 10 Hz, 1H), 3.36 ± 3.26 (dd, J�
15, 6 Hz, 1H), 3.00 ± 2.90 (dd, J� 10, 4 Hz, 1H), 2.80 ± 2.60 (m, 2 H), 2.44 (s,
3H), 2.32 ± 2.25 (d, J� 14.6 Hz, 1H), 2.10 ± 1.95 (m, 1 H), 1.65 ± 1.50 (m,
1H), 0.8 (s, 9H), 0.01 (s, 3H), ÿ0.01 (s, 3H); 13C NMR (67.9 MHz, CDCl3):
d� 173.3 (s, C�O), 144.2 (s), 138.5 (s), 137.1 (s), 136.8 (s), 129.6 (d), 128.7
(d), 128.5 (d), 128.4 (d), 127.9 (d), 127.4 (d), 127.3 (d), 66.5 (d, C8), 51.0 (t),
49.0 (t), 48.9 (d), 43.7 (d), 41.8 (t), 35.1 (t), 31.8 (t), 25.7 (q, SiÿC(CH3)3),
21.6 (q, p-Tos-CH3), 17.9 (s, SiÿC(CH3)3), ÿ4.9 (q, SiÿCH3).


(3R,5R,6R,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-3-chloro-5,6-(N-
tosyl)-epiminoazonan-2-one (9 c): Reaction with pS-3c (0.15 g, 0.38 mmol),
PhI�NTos (1.3 equiv) and [Cu(OTf)2] (6 mg, 5 mol %) in dry MeCN
(15 mL). Reaction time: 3 h. Purification: The crude product was dissolved
in EtOAc and passed through a short silica gel column to remove the p-
TosNH2. Chromatography by HPLC (12 % EtOAc/n-hexane). Yield: 0.12 g
(0.21 mmol, 56.1 %) of 9c as a colorless oil. [a]20


D �ÿ31.6 (c� 1.6 in
CHCl3); 1H NMR (270 MHz, CDCl3): d� 7.85 ± 7.75 (m, 2H), 7.50 ± 7.10 (m,
7H), 5.20 ± 5.15 (d, J� 14 Hz, 1H), 5.15 ± 5.08 (dd, J� 10, 7 Hz, 1H), 4.30 ±
4.19 (m, 1H), 4.15 ± 4.05 (d, J� 14 Hz, 1H), 3.72 ± 3.60 (dd, J� 15, 10 Hz,
1H), 3.38 ± 3.28 (dd, J� 15, 6 Hz, 1H), 2.85 ± 2.75 (dd, J� 11, 5 Hz, 1H),
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2.65 ± 2.50 (ddd, J� 12, 12, 5 Hz, 1H), 2.50 ± 2.38 (m, 1H), 2.42 (s, 3H),
2.35 ± 2.25 (m, 1H), 2.25 ± 2.20 (d, J� 14.6 Hz, 1H), 1.58 ± 1.45 (m, 1H), 0.83
(s, 9 H), 0.00 (s, 3 H), ÿ0.06 (s, 3H); 13C NMR (67.9 MHz, CDCl3):d� 168.8
(s, C�O), 144.5 (s), 136.6 (s), 135.9 (s), 129.7 (d), 128.9 (d), 128.6 (d), 128.2
(d), 127.3 (d), 66.1 (d, C8), 50.7 (t), 50.2 (d), 49.5 (t), 46.5 (d), 41.1 (d), 34.7
(t, 2 peaks?), 25.6 (q, SiÿC(CH3)3), 21.5 (q), 17.8 (SiÿC(CH3)3), ÿ5.0 (q,
SiÿCH3), ÿ5.1 (q, SiÿCH3); IR (KBr): nÄ � 2954 (s), 2929 (m), 2857 (m),
1747 (m, C�O), 1656 (s, C�O), 1598 (m), 1495 (m), 1471 (s), 1447 (s), 1325
(s), 1258 (s), 1161 (s), 1090 cmÿ1 (s); MS (80 eV, EI, 60 ± 100 8C): m/z (%):
562 (0.6) [M]� , 547 (2) [MÿCH3]� , 527 (0.7) [MÿCl]� , 505 (2) [MÿC4H9]� ,
290 (100), 281 (8), 157 (4), 126 (3), 91 (42), 75 (9), 73 (4); HRMS (80 eV,
120 8C): C27H36N2O4SClSi [MÿCH3]�: calcd 547.185361; found 547.18194.


(3R,5S,6S,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-3-chloro-5,6-(N-to-
syl)-epiminoazonan-2-one (10 c): Reaction with pR-4c (0.2 g, 0.51 mmol),
PhI�NTos (1.2 equiv) and [Cu(OTf)2] (9 mg, 5 mol %) in dry MeCN
(15 mL). Reaction time: 2 h. Purification: The crude product was dissolved
in EtOAc and passed through a short silica gel column to remove the p-
TosNH2. Chromatography by HPLC (12 % EtOAc/n-hexane). Yield: 0.15 g
(0.27 mmol, 52.5 %) of 10c as a colorless oil. The NMR spectra of 10 c
showed a second set of minor peaks that originated from a minor
conformation (ratio 3:7, flexible amide geometry?). NOE experiments
indicated a fast interconversion of minor-10 c and major-10 c. [a]20


D � 5.3
(c� 1.6 in CHCl3); 1H NMR (major conformation, 270 MHz, CDCl3): d�
7.85 ± 7.75 (m, 2 H), 7.50 ± 7.10 (m, 7H), 5.13 ± 5.05 (d, J� 14.6 Hz, 1H),
5.00 ± 4.90 (dd, J� 12, 1.5 Hz, 1 H), 5.00 ± 4.90 (dd, J� 12, 1.5 Hz, 1H),
4.35 ± 4.30 (d, J� 14.6 Hz, 1H), 4.13 ± 4.05 (m, 1 H), 3.95 ± 3.83 (dd, J� 14.6,
9 Hz, 1H), 3.35 ± 3.25 (d, J� 14.6 Hz, 1H), 2.90 ± 2.80 (ddd, J� 11, 4, 4 Hz,
1H), 2.70 ± 2.45 (m, 3H), 2.43 (s, 3 H), 2.25 ± 2.10 (ddd, J� 12, 12, 12 Hz,
1H), 1.70 ± 1.58 (ddd, J� 12, 12, 10 Hz, 1H), 0.8 (s, 9 H), 0.01 (s, 6H);
13C NMR (major conformation, 67.9 MHz, CDCl3): d� 169.4 (s), 144.5 (s),
136.7 (s), 136.3 (s), 135.5 (s), 129.7 (d), 128.8 (d), 127.9 (d), 127.3 (d), 126.6
(d), 66.3 (d), 54.3 (t), 52.5 (d), 50.1 (t), 46.5 (d), 42.7 (d), 37.6 (t), 36.3 (t),
25.4 (q, SiÿC(CH3)3), 21.5 (q), 17.6 (s, SiÿC(CH3)3),ÿ4.5 (q, SiÿCH3),ÿ4.9
(q, SiÿCH3); 1H NMR (minor conformation, 270 MHz, CDCl3): d� 7.85 ±
7.75 (m, 2H), 7.50 ± 7.10 (m, 7 H), 5.12 ± 5.05 (d, J� 15 Hz, 1 H), 5.05 ± 5.00
(m, 1 H), 4.68 ± 4.52 (m, 1 H), 4.45 ± 4.35 (d, J� 15 Hz, 1H), 4.20 ± 4.15 (m,
1H), 2.70 ± 2.45 (m, 3 H), 2.43 (s, 3H), 2.32 ± 2.25 (m, 1 H), 1.95 ± 1.80 (m,
2H), 0.83 (s, 9 H), 0.04 (s, 6H); IR (KBr): nÄ � 2954 (s), 2929 (m), 2857 (m),
1656 (s, C�O), 1598 (m), 1495 (m), 1471 (s), 1449 (s), 1325 (s), 1260 (s), 1161
(s), 1090 (s), 1006 cmÿ1 (m); MS (80 eV, EI, 150 8C): m/z (%): 562 (0.8) [M]� ,
547 (3) [MÿCH3]� , 527 (0.8) [MÿCl]� , 505 (4) [MÿC4H9]� , 290 (100),
281 (88), 157 (14), 126 (27), 91 (93), 75 (34), 73 (11); HRMS (80 eV, 120 8C):
C27H36N2O4SClSi [MÿCH3]�: calcd 547.185361; found 547.18377.


Standard procedure for the epoxidation: The azoninone (1 mol equiv) was
dissolved in a 1:1 mixture of CH2Cl2 and phosphate buffer (pH� 7). m-
Chloroperbenzoic acid (1.2 mol equiv) was added and the mixture was
stirred at 4 8C or room temperature. After 3 ± 5 h, the reaction was found to
be complete as monitored by TLC analysis. The reaction mixture was then
poured into saturated aqueous NaHCO3/NaHSO3. The organic layer was
washed (saturated aqueous NaHCO3 and brine) and dried (Na2SO4). After
evaporation of the solvent, the product was purified by recrystallization or
by HPLC.


(3S,5R,6R,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-5,6-epoxy-3-phen-
ylazonan-2-one (11 a): Reaction with pS-3 a (1.06 g, 2.4 mmol) followed
the standard epoxidation procedure. Purification by crystallization from
Et2O/n-hexane. Yield: 1.19 g (2.4 mmol, 100 %) as colorless crystals. M.p.
111 ± 114 8C; [a]20


D �ÿ128.7 (c� 1.8 in CHCl3); 1H NMR (270 MHz,
CDCl3): d� 7.5 ± 7.2 (m, 5H), 5.02 ± 4.95 (d, J� 14 Hz, 1 H), 4.52 ± 4.45
(dd, J� 12, 7 Hz, 1H), 4.3 ± 4.25 (d, J� 14 Hz, 1H), 4.25 ± 4.2 (m, 1H), 4.2 ±
4.05 (dd, J� 14, 11 Hz, 1H), 3.35 ± 3.2 (dd, J� 14, 5 Hz, 1 H), 3.03 ± 2.95 (m,
1H), 2.85 ± 2.75 (ddd, J� 12, 12, 5 Hz, 1H), 2.70 ± 2.60 (ddd, J� 8, 5, 2 Hz,
1H), 2.25 ± 2.15 (m, 1 H), 1.60 ± 1.50 (ddd, J� 12, 8, 7 Hz, 1H), 1.10 ± 1.00
(ddd, J� 14, 11, 5 Hz; 1 H), 0.80 (s, 9 H), 0.05 (s, 3H), ÿ0.05 (s, 3H);
13C NMR (67.9 MHz, CDCl3): d� 173.6 (s, C�O), 138.8 (s), 137.1 (s), 128.7
(d), 128.5 (d), 128.3 (d), 127.8 (d), 127.3 (d), 66.2 (d), 59.7 (d), 52.4 (d), 51.8
(t), 49.2 (t), 43.8 (d), 37.0 (t), 34.3 (t), 25.7 (q, SiÿC(CH3)3), 17.9 (s,
SiÿC(CH3)3), ÿ4.9 (q, SiÿCH3); IR (KBr): nÄ � 2929 (s), 2950 (s), 2856 (s),
1646 (s, NÿCO), 1446 (m), 1415 (m), 1252 (m), 1187 cmÿ1 (m); MS (80 eV,
EI, 110 8C): m/z (%): 451 (100) [M]� , 436 (10) [MÿCH3]� , 394 (20)
[MÿC4H9]� , 360 (20), 290 (90), 91 (15), 73 (8); HRMS (80 eV, 110 8C):
C27H37NO3Si [M]�: calcd 451.25427; found 451.25439.


(3S,5S,6S,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-5,6-epoxy-3-phenyl-
azonan-2-one (12 a): Before starting the epoxidation, the reactant azoni-
none pS-3a was heated for at least 8 h to 60 8C to achieve a high degree of
conversion into azoninone pR-4a (3a :4 a� 1:8). Reaction of pR-4 a
(170 mg, 0.39 mmol) followed the standard epoxidation procedure. Puri-
fication by HPLC (12 % EtOAc/n-hexane). Yield: 167.3 mg (0.37 mmol,
95%) as an inseparable mixture of 12a (81.5 %) and 11a (13.5 %), colorless
oil. Some 11a could be separated by crystallization from Et2O/n-hexane at
ÿ20 8C. The resulting mixture contained �10 % of remaining 11a in 90%
of 12a. The NMR spectra of 12a showed a second set of minor peaks
originating from a minor conformation (<5%, flexible amide geometry?).
NOE experiments indicated a fast interconversion of minor-12 a and major-
12a. [a]20


D �ÿ64.1 (c� 1.8, CHCl3); 1H NMR (270 MHz, CDCl3, major
conformer): d � 7.5 ± 7.2 (m, 5 H), 5.02 ± 5.10 (d, J� 15 Hz, 1H), 4.40 ± 4.10
(m, 4H), 3.30 ± 3.20 (d, J� 14 Hz, 1 H), 3.03 ± 2.95 (ddd, J� 10, 6, 4 Hz,
1H), 2.75 ± 2.68 (ddd, J� 11, 2, 2 Hz, 1 H), 2.70 ± 2.60 (ddd, J� 8, 5, 2 Hz,
1H), 2.70 ± 2.50 (m, 2 H), 2.02 ± 1.98 (ddd, J� 13, 13, 10 Hz, 1H), 1.40 ± 1.20
(m, 1H), 0.80 (s, 9 H), 0.05 (s, 3H), ÿ0.05 (s, 3H); 13C NMR (62.9 MHz,
CDCl3): d� 174.8 (s), 140.4 (s), 137.2 (s), 129.1 (d), 128.6 (d), 128.4 (d), 127.8
(d), 127.5 (d), 127.2 (d), 126.6 (d), 66.1 (d), 59.7 (d), 54.1 (t), 53.3 (d), 49.4 (t),
44.4 (d), 40.7 (t), 34.9 (t), 25.6 (q), 14.0 (s), ÿ4.6 (SiÿCH3), ÿ4.9 (SiÿCH3);
IR (KBr) nÄ � 2953 (s), 2928 (s), 1641 (s, CO), 1265 cmÿ1 (m); MS (80 eV, EI,
100 ± 120 8C): m/z (%): 451 (73) [M]� , 436 (21) [MÿCH3]� , 394 (76)
[MÿC4H9]� , 360 (34), 290 (100), 197 (20), 158 (65), 91 (90); HRMS (80 eV,
120 8C): C27H37NO3Si [M]�: calcd 451.254273; found 451.25073.


(3R,5S,6S,8R)-1-Benzyl-3-benzyloxy-8-(tert-butyldimethylsilyloxy)-5,6-
epoxyazonan-2-one (12 b): Before starting the epoxidation, the reactant
azoninone pS-3b was heated for at least 3 h to 60 8C to achieve a high
degree of conversion into azoninone pR-4 b (3b :4b� 1:12). Reaction of
pR-4b (1.86 g, 3.99 mmol) followed the standard epoxidation procedure.
Purification by HPLC (12 % EtOAc/n-hexane) Yield: 1.75 g (3.36 mmol,
91%) as colorless crystals. M.p. 119 ± 121 8C; [a]20


D � 76.3 (c� 1.6 in CHCl3);
1H NMR (270 MHz, CDCl3): d� 7.40 ± 7.10 (m, 10H), 5.28 ± 5.19 (d, J�
14 Hz, 1H), 4.65 ± 4.57 (d, J� 12 Hz, 1H), 4.45 ± 4.38 (dd, J� 12.5, 2 Hz,
1H), 4.45 ± 4.38 (dd, J� 12.5, 2 Hz, 1H), 4.38 ± 4.21 (d, J� 14 Hz, 1H),
4.35 ± 4.29 (d, J� 12 Hz, 1H), 4.28 ± 4.10 (m, 1H), 3.83 ± 3.70 (ddd, J� 14.7,
9.6, 2 Hz, 1H), 3.13 ± 3.05 (d, J� 14.7 Hz, 1H), 2.80 ± 2.70 (m, 1H), 2.60 ±
2.50 (m, 3 H), 1.70 ± 1.53 (ddd, J� 12.5, 12.5, 12.5 Hz, 1H), 1.12 ± 0.99 (ddd,
J� 15.5, 12, 9 Hz, 1 H), 0.8 (s, 9 H), 0.01 (s, 6H); 13C NMR (67.9 MHz,
CDCl3): d� 172.2 (s), 136.9 (s), 136.8 (s), 128.6 (d), 128.6 (d), 128.1 (d),
128.0 (d), 127.8 (d), 127.6 (d), 71.4 (d), 71.0 (t), 65.9 (d), 53.2 (d), 53.0 (t),
49.3 (t), 40.2 (t), 35.3 (t), 25.4 (q, SiÿC(CH3)3), 17.6 (s, SiÿC(CH3)3), ÿ4.6
(SiÿCH3), ÿ5.0 (SiÿCH3); IR (KBr): nÄ � 2950 (s), 2933 (s), 2858 (m), 1652
(s, C�O), 1458 (m), 1441 (m), 1259 (m), 1129 (m), 1110 (m), 1077 cmÿ1 (s);
MS (80 eV, EI, 150 8C): m/z (%): 481 (6) [M]� , 466 (1) [MÿCH3]� , 424 (12)
[MÿC4H9]� , 390 (38), 375 (32), 290 (50), 91 (100), 73 (20); HRMS (80 eV,
130 8C): C28H39NO4Si [M]�: calcd 481.264838; found 481.26187.


(3R,5R,6R,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-3-chloro-5,6-epoxy-
azonan-2-one (11 c): Reaction of pS-3 c (500 mg, 1.31 mmol) followed the
standard epoxidation procedure. Purification by crystallization. Yield:
480 mg (1.2 mmol, 92%) of 11 c as colorless crystals; m.p.� 148 ± 152 8C;
[a]20


D �ÿ100.3 (c� 1.6 in CHCl3); 1H NMR (270 MHz, CDCl3): a � 7.5 ± 7.2
(m, 5H), 5.02 ± 4.95 (d, J� 14 Hz, 1H) 4.52 ± 4.45 (dd, J �12, 7 Hz, 1H),
4.3 ± 4.25 (d, J� 14 Hz, 1H), 4.25 ± 4.2 (m, 1 H), 4.2 ± 4.05 (dd, J� 14, 11 Hz,
1H), 3.35 ± 3.2 (dd, J� 14, 5 Hz, 1 H), 3.03 ± 2.95 (m, 1H), 2.85 ± 2.75 (ddd,
J� 12, 12, 5 Hz, 1 H), 2.70 ± 2.60 (ddd, J� 8, 5, 2 Hz, 1H), 2.25 ± 2.15 (m,
1H), 1.60 ± 1.50 (ddd, J� 12, 8, 7 Hz, 1H), 1.10 ± 1.00 (ddd, J� 14, 11, 5 Hz,
1H), 0.80 (s, 9H), 0.05 (s, 3 H), ÿ0.05 (s, 3 H); 13C NMR (67.9 MHz,
CDCl3): d� 169.3 (s), 136.2 (s), 128.8 (d), 128.7 (d), 65.9 (d), 57.4 (d), 52.0
(d), 51.5 (t), 50.2 (d), 49.9 (t), 37.6 (t), 36.7 (t), 25.6 (q), 17.9 (s), ÿ4.9 (q),
ÿ5.06 (q); IR (KBr): nÄ � 2932 (s), 2950 (s), 2889 (s), 2857 (m), 1650 (s,
C�O), 1453 (s), 1427 (s), 1254 cmÿ1 (s); MS (80 eV, EI, 150 8C): m/z (%):
409 (15) [M]� , 394 (3) [MÿCH3]� , 374 (6) [MÿCl]� , 352 (8) [MÿC4H9]� ,
290 (100) [MÿC4H4ClO2]� , 91 (80); HRMS: C21H32ClNO3Si [M]�: calcd
409.18400; found 409.18426.


(3R,5S,6S,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-3-chloro-5,6-epoxy-
azonan-2-one (12 c): Reaction of pR-4 c (150 mg, 0.39 mmol) followed
the standard epoxidation procedure. Purification by crystallization. Yield:
134 mg (0.34 mmol, 86%), colorless crystals of an inseparable mixture of
12c (95 %) and 11 c (5%). M.p. 152 ± 154 8C; [a]20


D �ÿ14.0 (c� 1.9, CHCl3);
1H NMR (270 MHz, CDCl3): d� 7.50 ± 7.20 (m, 5 H), 5.21 ± 5.12 (d, J�
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15 Hz, 1 H), 5.02 ± 4.95 (dd, J� 12, 2 Hz, 1 H), 4.30 ± 4.20 (d, J� 15 Hz, 1H),
4.30 ± 4.20 (d, J� 15 Hz, 1 H), 4.20 ± 4.10 (m, 1 H), 3.93 ± 3.83 (ddd,
J� 14.5, 10, 0.5 Hz, 1 H), 3.20 ± 3.13 (dd, J� 14.5, 1.5 Hz, 1 H), 2.90 ± 2.82
(ddd, J� 10, 4, 2.5 Hz, 1 H), 2.73 ± 2.63 (ddd, J� 12, 4, 4 Hz, 1H), 2.60 ± 2.50
(m, 2H), 1.95 ± 1.80 (ddd, J� 12.5, 10, 10 Hz, 1H), 1.20 ± 1.00 (ddd, J� 13,
11, 8 Hz, 1 H), 0.8 (s, 9H), ÿ0.01 (s, 3 H); 13C NMR (67.9 MHz, CDCl3):
d� 170.0 (s, C�O), 136.3 (s), 128.8 (d), 128.0 (d), 127.8 (d), 65.9 (d, C8), 57.0
(d, C3), 53.9 (t), 53.0 (d), 51.9 (d), 50.1 (t), 40.2 (t), 38.9 (t), 25.5
(q, SiÿC(CH3)3), 17.7 (s, SiÿC(CH3)3),ÿ4.5 (q, SiÿCH3), ÿ4.9 (q, SiÿCH3);
IR (KBr): nÄ � 3427 (w), 2948 (s), 2928 (s), 2883 (s), 2856 (m), 1651 cmÿ1


(s, C�O); MS (80 eV, EI, 150 8C): m/z (%): 409 (20) [M]� , 374 (8)
[MÿCl]� , 352 (14) [MÿC4H9]� , 318 (6), 290 (33), 120 (23), 91 (100);
HRMS (80 eV, 130 8C): C21H32NO3ClSi [M]�: calcd 409.18400; found
409.18054.


Standard procedure for the dihydroxylation : The azoninone (1 mol equiv)
in MeCN/EtOAc (1:1, 18 mL) was treated with a mixture of NaIO4


(1.5 equiv) and RuCl3 (5 mol %) in H2O at 0 8C. After 5 min of vigorous
stirring, the reaction was stopped by the addition of aqueous NaHSO3. The
aqueous layer was extracted twice with EtOAc, after drying (Na2SO4) and
removal of the solvent the crude dihydroxyazonanone 13 or 14 was subjected
to the protective group insertions without any further purification.


Protection as a bis-acetate 15 or 16 : The crude diol in dry CH2Cl2 was
treated with pyridine (4 equiv), a catalytic amount of DMAP, and Ac2O
(4 equiv), and the aqueous layer was extracted with CH2Cl2 (4� ) and dried
(Na2SO4). The crude product was purified by column chromatography.


Protection as an isopropylidene ketal 17 or 18 : The crude diol in dry
acetone was treated with 2,2-dimethoxypropane (4 equiv) and catalytic
amounts of p-TsOH. After stirring at room temperature for 3 h, the
mixture was quenched with aqueous NaHCO3. The aqueous layer was
extracted with EtOAc (2� ) and dried (Na2SO4). The crude product was
purified by column chromatography.


(3R,5R,6R,8R)-1-Benzyl-5,6-diacetoxy-8-(tert-butyldimethylsilyloxy)-3-
chloroazonan-2-one (15 c): Reaction with pS-3 c (100 mg, 0.25 mmol),
NaIO4 (1.5 equiv), and RuCl3 (7 mol %) followed the standard dihydrox-
ylation/bisacetate protection procedure. Chromatography (EtOAc/n-hex-
ane 1:4, Rf� 0.28). Yield 92 mg (0.18 mmol, 70.5 %) of 15c as a colorless oil.
At room temperature, 1H and 13C and NMR spectra of 15c were
characterized by broad lines. At 10 8C, a second set of minor peaks that
originated from a minor conformation appeared. [a]20


D �ÿ16.4 (c� 1.6 in
CHCl3); 1H NMR (500 MHz, 287 K, C6D6, major conformation): d� 7.40 ±
7.10 (m, 5 H), 5.13 ± 5.05 (m, 2H), 4.80 ± 4.75 (d, J� 15 Hz, 1 H), 4.65 ± 4.60
(dd, J� 10, 4 Hz, 1H), 4.15 ± 4.05 (d, J� 15 Hz, 1 H), 3.60 ± 3.52 (m, 1H),
2.90 ± 2.80 (dd, J� 15, 10 Hz, 1H), 2.75 ± 2.68 (d, J� 15 Hz, 1 H), 2.55 ± 2.46
(dd, J� 12, 12 Hz, 1 H), 2.15 ± 2.08 (m, 1 H), 1.85 ± 1.78 (d, J� 16 Hz, 1H),
1.72 (s, 3 H), 1.60 (s, 3 H), 0.83 (s, 9H), ÿ0.14 (s, 3H), ÿ0.17 (s, 3H);
13C NMR (67.9 MHz, 287 K, C6D6, major conformation): d� 169.2 (s),
168.8 (s), 137.3 (d), 129.2 (d), 128.9 (d), 71.7 (d), 71.4 (d), 65.3 (d), 54.3 (t),
51.2 (t), 49.6 (d), 39.6 (t), 38.4 (t), 25.7 (q, SiÿC(CH3)3), 20.6 (q, OCOCH3),
20.4 (q, OCOCH3), 17.9 (s, SiÿC(CH3)3), ÿ4.8 (q, SiÿCH3), ÿ5.0 (q,
SiÿCH3); IR (KBr): nÄ � 2954 (s), 2930 (s), 2886 (s), 2857 (s), 1745 (s, C�O),
1667 (s, C�O), 1471 (m), 1446 (m), 1368 (m), 1243 (s), 1082 (s), 1032 cmÿ1


(s); MS (80 eV, EI, 130 8C): m/z (%): 511 (0.7) [M]� , 496 (0.3) [MÿCH3]� ,
476 (3) [MÿCl]� , 468 (0.7) [MÿCOCH3]� , 454 (26) [MÿC4H9]� , 394
(10), 304 (47), 244 (15), 200 (25), 117 (6), 91 (100), 73 (12); HRMS (80 eV,
130 8C): C25H38NO6SiCl [M]�: calcd 511.215694; found 511.21911.


(3R,5S,6S,8R)-1-Benzyl-5,6-diacetoxy-8-(tert-butyldimethylsilyloxy)-3-
chloroazonan-2-one (16 c): Reaction with pR-4 c (150 mg, 0.38 mmol),
NaIO4 (1.5 equiv), and RuCl3 (7 mol %) followed the standard dihydrox-
ylation/bisacetate protection procedure. Chromatography (EtOAc/n-hex-
ane 1:4, Rf� 0.28). Yield 172 mg (0.38 mmol, 88.2 %) of 16c as a colorless
oil, �20 mg (0.04 mmol, 10%) of 15 c were separated in an additional
fraction. (At room temperature, the 1H and 13C and NMR spectra of 16 c
were characterized by broad lines. At ÿ10 8C, a second set of minor peaks
that originated from a minor conformation appeared. [a]20


D � 6.9 (c� 1.5 in
CHCl3); 1H NMR (500 MHz, 263 K, CD2Cl2, major conformation): d �
7.40 ± 7.20 (m, 5 H), 5.50 ± 5.40 (d, J� 15 Hz, 1H), 5.20 ± 5.15 (m, 1H), 5.10 ±
5.05 (m, 1 H), 4.95 ± 4.85 (m, 1 H), 4.15 ± 4.05 (m, 1 H), 3.85 ± 3.80 (d, J�
15 Hz, 1H), 3.65 ± 3.59 (dd, J� 12, 5 Hz, 1H), 3.20 ± 3.15 (m, 1 H), 2.70 ±
2.60 (m, 2H), 2.20 ± 2.05 (m, 2H), 2.01 (s, 6H), 0.80 (s, 9H), 0.06 (s, 3H),
0.03 (s, 3 H); 1H NMR (500 MHz, 263 K, CD2Cl2, minor conformation): d


� 7.40 ± 7.20 (m, 5 H), 5.45 ± 5.40 (d, J� 15 Hz, 1H), 5.00 ± 4.80 (m, 2H),
4.47 ± 4.43 (m, 1H), 4.25 ± 4.15 (m, 2 H), 4.05 ± 4.00 (d, J� 15 Hz, 1H),
3.20 ± 3.10 (m, 1H), 2.35 ± 2.30 (m, 1H), 2.20 ± 2.00 (m, 2 H), 2.04 (s, 6H),
1.90 ± 1.85 (m, 1H), 0.84 (s, 9H), 0.01 (s, 3 H), 0.00 (s, 3H); 13C NMR
(125.8 MHz, 263 K, CD2Cl2 both conformers): d� 169.7, 169.6, 167.3, 136.3,
136.2, 128.8, 128.6, 128.2, 127.9, 127.8, 127.4, 77.8, 71.6, 70.5, 70.2, 68.8, 65.3,
56.9, 54.4, 51.7, 50.4, 50.0, 49.6, 41.8, 40.6, 38.1, 37.6, 25.5, 25.4, 21.0, 17.8,
ÿ5.2, ÿ5.3; IR (KBr): nÄ � 2954 (s), 2930 (s), 2857 (s), 1744 (s, C�O), 1646
(s, NÿCO), 1657 (s, NÿCO), 1462 (s), 1453 (s), 1366 (s), 1240 (s), 1218 cmÿ1


(s); MS (80 eV, EI, 135 8C): m/z (%): 511 (6) [M]� , 496 (3) [MÿCH3]� , 476
(6) [MÿCl]� , 454 (38) [MÿC4H9]� , 394 (91), 304 (33), 200 (25), 117 (26), 91
(100); HRMS (80 eV, 130 8C): C25H38NO6SiCl [M]�: calcd 511.215694;
found 511.21415.


(3S,5R,6R,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-5,6-isopropyliden-
dioxy-3-phenylazonan-2-one (17 a): Reaction with pS-3 a (350 mg,
0.80 mmol), NaIO4 (1.3 equiv), and RuCl3 (4.2 mol %) followed the
standard dihydroxylation/isopropylidene acetal protection procedure.
Chromatography (EtOAc/n-hexane 1:3, Rf� 0.48). Yield 0.39 g
(0.77 mmol, 95.2 %) of 17a as a colorless oil. [a]20


D �ÿ85.2 (c� 1.3,
CHCl3); 1H NMR (270 MHz, CD2Cl2): d� 7.50 ± 7.40 (m, 2H), 7.40 ± 7.10 (m,
8H), 5.10 ± 5.00 (d, J� 14 Hz, 1 H), 4.35 ± 4.25 (dd, J� 12.7, 5 Hz, 1H),
4.20 ± 4.10 (m, 2 H), 4.10 ± 4.00 (d, J� 14 Hz, 1H), 3.81 ± 3.72 (ddd, J� 11, 8,
5 Hz, 1H), 3.72 ± 3.60 (dd, J� 15.6, 8 Hz, 1H), 3.42 ± 3.35 (dd, J� 15.6,
6 Hz, 1H), 2.82 ± 2.70 (ddd, J� 12.7, 12.7, 5 Hz, 1H), 2.25 ± 2.15 (ddd, J� 16,
6, 2 Hz, 1H), 1.98 ± 1.85 (m, 2 H), 1.35 (s, 3 H), 1.34 (s, 3 H), 0.83 (s, 9H), 0.08
(s, 3H), 0.00 (s, 3 H); 13C NMR (67.9 MHz, CD2Cl2): d� 174.2 (s), 140.4 (s),
137.7 (s), 129.2 (d), 128.9 (d), 128.8 (d), 128.6 (d), 128.2 (d), 127.7 (d), 107.8
(s), 81.1 (d), 75.7 (d), 68.0 (d, C8), 54.6 (t), 50.4 (t), 42.2 (d), 41.5 (t), 38.5 (t),
27.0 (q), 26.9 (q), 26.1 (q, SiÿC(CH3)3), 18.5 (s, SiÿC(CH3)3), ÿ4.5 (q,
SiÿCH3), ÿ4.6 (q, SiÿCH3); IR (KBr): nÄ � 2984 (s), 2929 (s), 2885 (s), 2855
(s), 1649 (s, NÿCO), 1253 (m), 1209 (s), 1096 cmÿ1 (s); MS (80 eV, EI,
120 8C): m/z (%): 509 (15) [M]� , 494 (16) [MÿCH3]� , 451 (38) [Mÿ
C3H6O]� , 436 (8), 394 (100) [MÿC4H9ÿC3H6O]� , 319 (63), 252 (43);
HRMS (80 eV, 120 8C): C30H43NO4Si [M]�: calcd 509.296140; found
509.29627.


(3R,5R,6R,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-3-chloro-5,6-iso-
propylidendioxyazonan-2-one (17 c): Reaction with pS-3c (150 mg,
0.38 mmol), NaIO4 (1.5 equiv), and RuCl3 (4.6 mol %) followed the
standard dihydroxylation/isopropylidene acetal protection procedure.
Chromatography (EtOAc/n-hexane 1:3, Rf� 0.48). Yield 0.128 g
(0.27 mmol, 70.9 %) of 17c as a colorless oil. [a]20


D �ÿ42.8 (c� 1.6, CHCl3).
Though most of the signals appeared as sharp lines in the 1H NMR
spectrum, broad lines of some signal indicated the existence of a second
(flexible amide geometry?). NOE experiments indicated a fast intercon-
version of both species. Furthermore, broad lines with a weak intensity
were found in the 13C NMR spectrum for C6/C5 and C7/C4. 1H NMR
(270 MHz, CD2Cl2): d� 7.40 ± 7.10 (m, 5H), 5.10 ± 5.00 (m, 2 H), 4.20 ± 4.10
(m, 1 H), 4.10 ± 4.00 (m, 2 H), 3.65 ± 3.55 (m, 1H), 3.55 ± 3.45 (dd, J� 15.6,
8 Hz, 1 H), 3.45 ± 3.30 (m, 1H), 2.75 ± 2.65 (dd, J� 12, 12, 4 Hz, 1H), 2.28 ±
2.15 (ddd, J� 12.6, 11, 6 Hz, 1 H), 2.19 ± 2.09 (ddd, J� 15.6, 6, 2 Hz, 1H),
1.80 ± 1.68 (dd, J� 15.6, 6 Hz, 1H), 1.35 (s, 3 H), 1.31 (s, 3H), 0.83 (s, 9H),
0.08 (s, 3 H), ÿ0.00 (s, 3H); 13C NMR (67.9 MHz, CD2Cl2): d� 169.8 (s),
136.8 (s), 129.4 (d), 129.0 (d), 128.5 (d), 108.1 (s, acetonide C), 79.8 (d), 75.2
(d), 67.4 (d, C8), 53.9 (t), 50.8 (t), 49.4 (d), 41.1 (t), 40.2 (t), 26.9 (q), 26.8 (q),
26.0 (q, SiÿC(CH3)3), 18.3 (SiÿC(CH3)3), ÿ4.5 (q, SiÿCH3), ÿ4.7 (q,
SiÿCH3); IR (KBr): nÄ � 2985 (s), 2953 (s), 2930 (s), 2886 (s), 2857 (s), 1662
(s, NÿCO), 1472 (s), 1450 (s), 1432 (m), 1380 (s), 1369 (s), 1259 (s), 1209 (s),
1169 (s), 1098 (s), 1061 (s), 1028 cmÿ1 (s); MS (80 eV, EI, 110 8C): m/z (%):
467 (3) [M]� , 452 (8) [MÿCH3]� , 431 (3) [MÿHCl]� , 410 (13) [MÿC4H9]� ,
394 (2), 373 (7), 352 (60); HRMS (80 eV, 120 8C): C24H38NO4SiCl [M]�:
calcd 467.225865; found 467.22723.


(3R,5S,6S,8R)-1-Benzyl-8-(tert-butyldimethylsilyloxy)-3-chloro-5,6-iso-
propylidendioxyazonan-2-one (18 c): Before starting the dihydroxylation,
the reactant azoninone pS-3 c was heated for at least 1 h to 65 8C to achieve
a high degree of conversion into azoninone pR-4c (3c :4c� 1:3.5). Reaction
with pS-3 c (150 mg, 0.38 mmol), NaIO4 (1.5 equiv), and RuCl3 (4.6 mol %)
followed the standard dihydroxylation/isopropylidene acetal protection
procedure. Chromatography (EtOAc/n-hexane 1:5, Rf� 0.56). Yield 98 mg
(0.21 mmol, 55.5 %) of 18 c as a colorless oil and 29 mg (6.3 mmol, 16.5%)
of 17c. [a]20


D � 28.0 (c� 1.7, CHCl3). The 1H NMR spectrum of 18 c showed an
unseparated mixture of at least two conformers at room temperature (very
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broad lines only). At 233 K the two discrete conformers appeared. NOE
experiments indicated a fast interconversion of both species (flexible amide
geometry?). 1H NMR (500 MHz, 233 K, CD2Cl2, major conformation):
d � 7.40 ± 7.10 (m, 5H), 5.30 ± 5.25 (d, J� 15 Hz, 1 H), 4.85 ± 4.78 (dd, J�
10.6, 10.6 Hz, 1 H), 4.48 ± 4.43 (d, J� 15 Hz, 1 H), 4.06 ± 4.00 (m, 1 H), 3.90 ±
3.85 (m, 1H), 3.55 ± 3.48 (m, 2 H), 3.29 ± 3.24 (d, J� 16 Hz, 1 H), 2.80 ± 2.73
(dd, J� 16, 10 Hz, 1 H), 2.18 ± 2.08 (m, 2 H), 2.05 ± 1.95 (m, 1H), 1.32 (s,
3H), 1.28 (s, 3H), 0.79 (s, 9 H), 0.04 (s, 3H), ÿ0.08 (s, 3H); 1H NMR
(500 MHz, 233 K, CD2Cl2, minor conformation): d � 7.40 ± 7.10 (m, 5H),
5.28 ± 5.22 (d, J� 15 Hz, 1 H), 4.92 ± 4.88 (d, J� 10.1 Hz, 1H), 3.98 ± 3.93
(m, 1 H), 3.93 ± 3.85 (m, 2 H), 3.72 ± 3.67 (m, 1H), 3.62 ± 3.55 (dd, J� 15.5,
10 Hz, 1 H), 3.17 ± 3.12 (d, J� 15.3 Hz, 1H), 2.65 ± 2.55 (m, 2H), 2.25 ± 2.18
(d, J� 15 Hz, 1 H), 2.03 ± 1.93 (m, 1 H), 1.31 (s, 3 H), 1.26 (s, 3H), 0.79 (s,
9H), 0.04 (s, 3H), 0.02 (s, 3H); 13C NMR (125.76 MHz, 233 K, CD2Cl2,
both conformers): d� 171.9, 169.0, 137.4, 137.3, 130.0, 129.7, 129.2, 129.1,
128.2, 128.1, 109.2, 107.7, 81.0, 80.8, 79.1, 78.6, 75.1, 71.3, 67.5, 58.1, 56.1, 51.8,
51.3, 49.5, 48.5, 44.6, 41.9, 38.9, 36.5, 27.8, 27.7, 27.5, 26.6, 26.5, 19.0, 18.9,
ÿ3.9, ÿ4.0, ÿ4.1, ÿ4.2; IR (KBr): nÄ � 2985 (s), 2953 (s), 2930 (s), 2857 (s),
1652 (s, NÿCO), 1472 (s), 1452 (s), 1432 (m), 1379 (s), 1369 (s), 1254 cmÿ1


(s); MS (80 eV, EI, 130 8C): m/z (%): 467 (2) [M]� , 452 (3) [MÿCH3]� , 431
(1) [MÿHCl]� , 410 (9) [MÿC4H9]� , 91 (100); HRMS (80 eV, 130 8C):
C24H38NO4SiCl [M]�: calcd 467.225865; found 467.22934.


Standard procedure for the transannular epoxide opening : The epoxy
azonanone (1 mol equiv) in CHCl3 (10 mL) was treated with anhydrous LiI
(1 equiv) and TMSI (1.3 equiv) at room temperature. After max. 5 min of
vigorous stirring the reaction was quenched by the addition of saturated
aqueous NaHCO3 and 10% aqueous Na2S2O3 (3:1); after a few minutes, a
clear colorless solution was obtained. The aqueous layer was extracted
twice with Et2O, after drying (Na2SO4) and removal of the solvent, the
crude indolizidinones 19 ± 21 and lactones 22 were purified by column
chromatography or HPLC.


(2R,6S,8R,8aS)-2-(tert-Butyldimethylsilyloxy)-8-hydroxy-6-phenyl-5(8 H)-
indolizidinone (19 a): Reaction with 11a (1.1 g, 2.44 mmol), TMSI
(1.1 equiv) without LiI followed the standard transannular epoxide opening
procedure. Chromatography (gradient EtOAc/n-hexane 1:3 to EtOAc,
Rf� 0.28). Yield 530 mg (1.47 mmol, 60 %) of 19a (crystallized from n-
hexane/Et2O 3:1, first fraction: 250 mg, 0.69 mmol, 28.3 %) and 170 mg
(0.38 mmol, 15.4 %) of 22a as a colorless oil.


Indolizidinone 19a : Colorless crystals; m.p. 143 ± 145 8C; [a]20
D �ÿ60.8


(c� 2.0, CHCl3); 1H NMR (270 MHz, CDCl3): d � 7.30 ± 7.15 (m, 3H), 7.10 ±
7.00 (m, 2H), 4.45 ± 4.40 (dd, J� 5, 5 Hz, 1 H), 3.80 ± 3.68 (dd, J� 13, 5 Hz,
1H), 3.70 ± 3.55 (m, 3H), 3.42 ± 3.35 (br s, 1H), 3.35 ± 3.30 (d, J� 13 Hz,
1H), 2.25 ± 2.15 (dd, J� 12.7, 4 Hz, 1H), 2.10 ± 2.00 (m, 2H), 1.62 ± 1.50
(ddd, J� 12.7, 10.7, 4 Hz, 1H), 0.89 (s, 9H), ÿ0.09 (s, 6H); 13C NMR
(67.9 MHz, CD2Cl2): d� 169.6 (s), 142.8 (s), 128.9 (d), 128.8 (d), 127.1 (d),
69.7 (d), 68.2 (d), 62.3 (d), 56.1 (t), 46.8 (d), 42.1 (t), 39.4 (t), 26.1
(SiÿC(CH3)3), 18.5 (SiÿC(CH3)3), ÿ4.5 (SiÿCH3), ÿ4.6 (SiÿCH3); IR
(KBr): nÄ � 3307 (br s), 2955 (s), 2928 (s), 2885 (m), 2856 (s), 1613 (s, C�O),
1450 (s), 1278 (m), 1257 cmÿ1 (m); MS (70 eV, EI, 100 8C): m/z (%): 360
(0.1) [MÿH]� , 346 (4) [MÿCH3]� , 304 (100) [MÿC4H9]� , 286 (13), 258 (29),
116 (11); HRMS (80 eV, 100 8C): C25H38NO6SiCl [MÿCH3]�: calcd
346.183847; found 346.18722.


(2R,6S,8S,8aR)-2-(tert-Butyldimethylsilyloxy)-8-hydroxy-6-phenyl-5(8 H)-
indolizidinone (20 a): Reaction with 12 a (160 mg, 0.35 mmol) followed the
standard transannular epoxide opening procedure. Chromatography
(EtOAc/n-hexane 1:1, Rf� 0.13). Yield 41 mg (0.11 mmol, 32 %) of 20a
as colorless crystals. M.p. 170 ± 178 8C. Data of 20a (OH): [a]20


D ��37.2
(c� 1.9, CHCl3); 1H NMR (270 MHz, CDCl3): d � 7.50 ± 7.20 (m, 5 H), 4.41 ±
4.31 (m, 1 H), 3.60 ± 3.40 (m, 5 H), 2.42 ± 2.32 (ddd, J� 12, 6, 6 Hz, 1H),
2.22 ± 2.12 (m, 1 H), 1.85 ± 1.75 (dd, J� 11, 11, 2 Hz, 1H), 1.71 ± 1.61 (ddd,
J� 12, 11, 8 Hz, 1 H), 0.90 (s, 9H), 0.01 (s, 3H), 0.00 (s, 3 H); 13C NMR
(67.9 MHz, CDCl3): d� 169.2 (s), 141.0 (s), 128.5 (d), 128.1 (d), 126.7 (d),
70.2 (d), 69.2 (d), 62.5 (d), 53.5 (t), 47.7 (d), 40.3 (t), 40.2 (t), 25.7 (q,
SiÿC(CH3)3), 17.9 (s, SiÿC(CH3)3), ÿ4.9 (q, SiÿCH3); IR (KBr): nÄ � 3442
(s), 2956 (s), 2929 (s), 2895 (m), 2857 (s), 1616 (s, C�O), 1465 (s), 1445 (s),
1260 cmÿ1 (s); MS (80 eV, EI, 140 8C): m/z (%): 361 (0.1) [M]� , 346 (2)
[MÿCH3]� , 304 (100) [MÿC4H9]� , 200 (3), 176 (5), 118 (5); HRMS (80 eV,
140 8C): C19H28NO3Si [MÿCH3]�: calcd 346.183847; found 346.18634.


(2R,6R,8S,8aR)-6-Benzyloxy-2-(tert-butyldimethylsilyloxy)-8-hydroxy-
5(8 H)-indolizidinone (20 b): Reaction with 12b (2.8 g, 5.81 mmol) followed


the standard transannular epoxide opening procedure. Reaction time
<2 min to avoid the cleavage of the benzylether. Chromatography
(EtOAc/n-hexane 1:1, Rf� 0.13). Yield 1.3 g (3.32 mmol, 57 %) as colorless
crystals. M.p. 140 ± 143 8C; [a]20


D � 69.8 (c� 1.9 in CHCl3); 1H NMR
(270 MHz, CDCl3): d � 7.40 ± 7.20 (m, 5H), 4.85 ± 4.80 (d, J� 12 Hz, 1H),
4.70 ± 4.65 (d, J� 12 Hz, 1 H), 4.40 ± 4.30 (m, 1 H), 4.00 ± 3.95 (dd, J� 7,
5 Hz, 1 H), 3.75 ± 3.68 (ddd, J� 8, 8, 6 Hz, 1H), 3.60 ± 3.50 (ddd, J� 8, 8,
8 Hz, 1 H), 3.45 ± 3.40 (m, 2 H), 3.00 ± 2.80 (br s, 1H), 2.45 ± 2.35 (ddd, J� 12,
6, 6 Hz, 1H), 2.35 ± 2.28 (ddd, J� 14, 6, 6 Hz, 1H), 2.00 ± 1.90 (ddd, J� 14, 8,
8 Hz, 1 H), 1.82 ± 1.70 (ddd, J� 13, 8, 7 Hz, 1H), 0.85 (s, 9 H), 0.05 (s, 6H);
13C NMR (67.9 MHz, CDCl3): d� 168.2 (s), 137.6 (s), 128.3 (d), 127.9 (d),
127.7 (d), 74.7 (d), 72.5 (t), 69.6 (d), 69.2 (d), 61.8 (d), 52.9 (t), 40.1 (t), 37.4
(t), 25.7 (q, SiÿC(CH3)3), 17.9 (s, SiÿC(CH3)3),ÿ4.9 (q, SiÿCH3); IR (KBr):
nÄ � 3327 (br s), 2953 (s), 2928 (s), 2896 (s), 2856 (s), 1622 cmÿ1 (s, C�O); MS
(80 eV, EI, 130 8C): C�O� 390 (0.2) [M]� , 376 (2) [MÿCH3]� , 334 (100)
[MÿC4H9]� , 285 (97) [MÿCH3ÿC7H7]� ; HRMS (80 eV, 120 8C):
C17H24NO4Si [MÿC4H9]�: calcd 334.147462; found 334.14364.


(2R,6R,8R,8aS)-2-(tert-Butyldimethylsilyloxy)-6-chloro-8-hydroxy-5(8H)-
indolizidinone (19 c): Reaction with 11 c (0.5 g, 1.22 mmol) and TMSI
(1.2 equiv) followed the standard transannular epoxide opening procedure.
Reaction time <90 s to avoid most of the chlorine ± iodine exchange (in
some attempts up to 10 % of 6-iodo compounds were detected by NMR
spectroscopy and MS). Chromatography (EtOAc/n-hexane 1:1, Rf� 0.15).
Yield 124 mg (0.39 mmol, 32%) of 19c (OH) as colorless crystals. M.p.
152 8C; [a]20


D �ÿ62.0 (c� 1.9 in CHCl3); 1H NMR (270 MHz, CDCl3): d �
4.55 ± 4.50 (dd, J� 5, 2 Hz, 1H), 4.48 ± 4.42 (dd, J� 12.8, 12.8 Hz, 1H),
4.10 ± 3.96 (ddd, J� 14, 8.8, 4 Hz, 1H), 3.81 ± 3.72 (dd, J� 13.6, 5 Hz, 1H),
3.72 ± 3.62 (m, 1 H), 3.40 ± 3.33 (d, J� 13.6 Hz, 1 H), 3.10 ± 3.05 (s, 1H),
2.51 ± 2.42 (ddd, J� 14, 4, 2 Hz, 1 H), 2.40 ± 2.20 (m, 2H), 1.73 ± 1.61 (ddd,
J� 12, 12, 4 Hz, 1H), 0.90 (s, 9H), 0.01 (s, 6H); 13C NMR (67.9 MHz,
CDCl3): d� 164.4 (s, C�O), 68.6 (d), 66.9 (d), 62.2 (d), 56.3 (t), 53.7 (d), 41.3
(t), 40.2 (t), 25.7 (q, SiÿC(CH3)3), 17.9 (s, SiÿC(CH3)3), ÿ4.8 (q, SiÿCH3),
ÿ4.9 (q, SiÿCH3); IR (KBr): nÄ � 3319 (br s), 2956 (s), 2929 (s), 2856 (s),
1629 (S, C�O), 1472 (s), 1274 cmÿ1 (s); MS (70 eV, EI, 140 8C): m/z (%): 304
(3) [MÿCH3]� , 262 (100) [MÿC4H9]� , 228 (10), 186 (5), 116 (5) ; HRMS (80 eV,
130 8C): C13H23NO3SiCl [MÿCH3]�: calcd 304.113575; found 304.11690.


(2S,6R,8R,8aS)-6-(tert-Butyldimethylsilyloxy)-8-hydroxy-2-phenyl-3(8 H)-
indolizidinone (21 a): Reaction with epoxy azonanone 11 a (190 mg,
0.42 mmol) and LiI (1.2 equiv), fast addition of TMSI (1.2 equiv) at
ÿ10 8C. Reaction time: 3 min, work-up following the standard transannular
epoxide opening procedure. Chromatography (EtOAc/n-hexane 1:3, Rf�
0.1). Yield 29 mg (0.08 mmol, 19%) of 21 a (OH) as colorless crystals. M.p.
145 8C; [a]20


D
�ÿ39.4 (c� 1.5 in CHCl3); 1H NMR (270 MHz, CDCl3): d �


7.50 ± 7.20 (m, 5 H), 4.10 ± 4.08 (m, 1H), 4.03 ± 3.98 (d, J� 13 Hz, 1H), 3.82 ±
3.70 (ddd, J� 10, 10, 4 Hz, 1 H), 3.70 ± 3.60 (dd, J� 10, 8 Hz, 1H), 3.32 ±
3.23 (ddd, J� 12, 8, 4 Hz, 1 H), 2.78 ± 2.72 (d, J� 13 Hz, 1 H), 2.67 ± 2.60 (s,
1H), 2.52 ± 2.40 (ddd, J� 13.6, 10, 4 Hz, 1 H), 2.30 ± 2.20 (ddd, J� 13.6, 8,
8 Hz, 1H), 2.15 ± 2.05 (m, 1 H), 1.52 ± 1.42 (ddd, J� 13, 12, 2 Hz, 1 H), 0.90
(s, 9H), 0.01 (s, 3H), 0.00 (s, 3 H); 13C NMR (67.9 MHz, CDCl3): d� 174.4
(s), 140.3 (s), 128.6 (d), 127.8 (d), 126.8 (d), 67.4 (d), 66.3 (d), 61.3 (d), 46.9
(d), 46.4 (t), 40.8 (t), 31.4 (t), 25.7 (q, SiÿC(CH3)3), 17.9 (s, SiÿC(CH3)3),
ÿ4.98 (q, SiÿCH3), ÿ5.13 (q, SiÿCH3); IR (KBr): nÄ � 3312 (s), 2954 (s),
2926 (s), 2852 (s), 1652 (s, C�O), 1473 (s), 1463 (s), 1255 (s), 1078 cmÿ1 (s);
MS (80 eV, EI, 145 8C): m/z (%): 361 (0.1) [M]� , 346 (2) [MÿCH3]� , 304
(100) [MÿC4H9]� ; HRMS (80 eV, 140 8C): C19H28NO3Si1 [MÿCH3]�: calcd
346.183847; found 346.18588.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Data
Centre as supplementary publication nos. CCDC-145065 (5c), CCDC-
145066 (11c), CCDC-145067 (12c), CCDC-145068 (12b), CCDC-145069
(20b). Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ.UK (fax: (�44) 1223 336 ±
033, e-mail : deposit@ccdc.cam.ac.uk).
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Complete Defluorination of 1,2,3,4-Tetramethyl-5-(trifluoromethyl)cyclo-
pentadiene by Titanium Tetrakis(dimethylamide)ÐSelective
Formation of a Cyclic Hexanuclear Titanium Fluoroamide and
6,6-Dimethylaminotetramethylfulvene


Cristina Santamaría[a], Rüdiger Beckhaus,* Detlev Haase, Wolfgang Saak, and
Rainer Koch


Abstract: 1,2,3,4-Tetramethyl-5-(trifluo-
romethyl)cyclopentadiene (Cp*CF3-H, 1)
reacts with [Ti(NMe2)4] (2) under mild
conditions to give [Ti(m-NMe2)(N-
Me2)(m-F)(F)]6 (3) in nearly quantitative
yield. The molecular structure of 3
consists of a ring of six [TiF2(NMe2)2]
edge-bridged octahedra. Titanium com-
plexes containing the Cp*CF3 ligand,


which was the primary intention of these
investigations, were not observed.
C5Me4�C(NMe2)2 (4) was isolated as a
by-product. The complete defluorina-
tion of an aliphatic CF3 group occurs


during the reaction. The reaction mech-
anism involves the primary formation
of a difluorofulvene intermediate
C5Me4�CF2 (5), which was monitored
by NMR studies. Density functional
theory calculations predict a highly
charged C6 atom (�0.87) in 5, which is
discussed as the driving force of the
reaction.


Keywords: amides ´ CÿF bond
activation ´ fluorine ´ titanium


Introduction


Cyclopentadienide (Cp) and pentamethylcyclopentadienide
(Cp*) are two of the most commonly used ligands in
organometallic chemistry.[1] Replacement of the hydrogen
atoms on Cp by methyl groups results in major changes in
both physical and chemical properties of the transition metal
complexes.[2, 3] In order to understand steric and electronic
effects of Cp and Cp* ligands, especially as a driving force in
metallocene chemistry, Gassman et al. developed the
1,2,3,4-tetramethyl-5-(trifluoromethyl)cyclopentadiene ligand
(Cp*CF3, 1).[4] The Cp*CF3 ligand shows the electronic proper-
ties of a Cp and the steric bulk of Cp* (Scheme 1).


Scheme 1. Electronic versus steric properties of Cp ligands.


The synthetic potential of this ligand is limited by the fact
that corresponding lithium, potassium, or thallium salts, which
can be used in further syntheses,[5] are unknown unlike
nonmethylated [C5H4(CF3)Tl]. Transition metal compounds
of Cp*CF3 are accessible from the neutral 2,3,4,5-tetra-methyl-
1-trifluoromethylcyclopentadiene (Cp*CF3-H, 1).[4] Addition-
ally, tetramethyltrifluoromethylcyclopentadienide can be
readily generated in gas phase, and it was proposed by Kass
et. al. that under appropriate conditions it may be possible to
form Cp*CF3 anions also in solution.[6] Based on this report, we
have investigated the possibility of deprotonation of 1 by
[Ti(NMe2)4] (2) in order to replace one or two amide ligands
by Cp*CF3 by amine elimination, as shown for metallocene
complexes of early transition metals.[7]


Results and Discussion


Treatment of a solution of 2 in n-hexane with an equimolar
amount of 1[8] leads to the precipitation of orange crystals
(98 %). Surprisingly, the 1H and 13C NMR spectra of the
isolated crystals (m. p. 202 8C (decomp)) each show only four
signals in a 1:1:1:1 ratio, typical for resonances of methyl
groups linked to nitrogen (1H NMR d� 2.64, 2.73, 3.53, 3.66;
13C NMR d� 46.5 (s), 50.3 (s), 50.6 (s), 52.2 (d, 3JC,F�
10.6 Hz)). The spectra do not show signals of carbon-bonded
methyl groups (1H NMR: d� 1.5 ± 2.5, 13C NMR: d� 9 ± 11)
as expected for coordination of Cp*CF3 to the titanium center.
The NMR spectra can be explained in terms of two sets of
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signals corresponding to terminal and bridging NMe2 groups,
as found in the molecular structure of 3 (Figure 1).


Complex 3 is characterized as a cyclic hexanuclear structure
which is formed from distorted octahedrally coordinated
titanium centers.[9] The octahedrons are bridged by fluoride
and amide groups. However, only atoms of the fluoride groups
are located in the inner part of the hexameric unit. The
structure of 3 represents a new type of [Ti(NMe2)2F2]
oligomer. A tetranuclear species was discussed by Bürger
et al. in the reaction of [TiF4] and [Ti(NMe2)4],[10a] which was
confirmed by X-ray structure analysis.[10b]


The complex 3 crystallizes in space group R3Å . The unit cell
contains two geometrically distinguishable molecules A and
B. Type A occupies the highly symmetrical position 3Å (site 3b),
B is located on 1Å (site 9d). The deviation from the threefold
axis for B is small but significant (TiÿTi distances see
Figure 1). However, the average TiÿTi distance in B
(6.509 �) is the same as the TiÿTi distance in A (6.507 �).


As a consequence, a more (B) or less (A) distorted octahedral
gap is located in the center of 3, defined by the six inner
fluorine atoms. In type A equivalent distances from a fictive
center (Dx) to fluorine atoms are found (2.238 �), whereas in
B different values are observed (DxÿF1: 2.279; DxÿF3: 2.165,
DxÿF5: 2.2706 �).


For further discussion of the octahedral moiety on each
titanium center, the coordination geometry of Ti4 in Figure 1
is used (Figure 2). The average lengths of the terminal TiÿF
bond (1.807 �) is shorter than the TiÿF distances in the


Figure 2. Selected bond lengths [�] and angles [8] of a suboctahedron in 3
(A): Ti4ÿF8 2.138(11), Ti4ÿF8' 1.9350(10), Ti4ÿF7 1.8064(11), Ti4ÿN8
2.1500(15), Ti4ÿN7 1.8899(16), Ti4ÿN8' 2.1562(15); F7-Ti4-F8 88.61(5), F8-
Ti4-F8' 85.39(6), F8'-Ti4-N7 92.89(6), F7-Ti4-N7 94.61(6).


octahedrally coordinated titanium compounds [K2TiF6]
(1.916 �), [Cu(H2O)4]TiF6 (1.86 �), and [Cu(H2O)4)]TiF6 ´
NH4F (1.88 �),[11] as well as in most known tetrahedral
titanocene fluorides.[12] The bridging Tiÿm-F distances are
generally longer. In the F-Ti-m-F axis, an average distance of
1.935 � is measured, whereas an elongation to 2.138 � (av) is
found for the Me2N-Ti-m-F axis. This significant difference of
0.2 � is evidence for the trans influence of the terminal Me2N
group. This results in asymmetric Ti-F-Ti bridges, in contrast


Abstract in German: 1,2,3,4-Tetramethyl-5-(trifluoromethyl)-
cyclopentadien (Cp*CF3-H, 1) reagiert mit [Ti(NMe2)4] (2)
unter milden Bedingungen zu [Ti(m-NMe2)(NMe2)(m-F)(F)]6


(3) in nahezu quantitativer Ausbeute. Die Molekülstruktur von
3 ist durch die Bildung eines sechsgliedrigen Ringes charak-
terisiert, der aus kantenverknüpfte [TiF2(NMe2)2] Oktaeder
besteht. Ursprünglich angestrebte Titankomplexe mit Cp*CF3-
Liganden werden nicht beobachtet. Als weiteres Produkt wird
C5Me4�C(NMe2)2 (4) isoliert. Der Reaktionsverlauf ist augen-
scheinlich durch die vollständige Defluorierung einer aliphati-
schen CF3-Gruppe bestimmt. NMR Untersuchungen zeigen
das Auftreten des Difluorfulvenintermediates C5Me4�CF2 (5)
als primären Schritt der Reaktion. Das hochgeladene C6 Atom
(�0.87) in 5, gefunden in DFT Rechnungen, wird als die
Triebkraft der Reaktion angesehen.


Figure 1. Molecular structure of the hexameric complex [Ti(m-NMe2)(NMe2)(m-F)(F)]6 (3) (ORTEP drawing). Two types of molecules (A, left; B, right) are
found in the unit cell. Selected distances [�]: TiÿTi A : 6.507; B : Ti1ÿTi1' 6.428, Ti2ÿTi2' 6.506, Ti3ÿTi3' 6.595.







FULL PAPER R. Beckhaus et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0624 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 3624


to the symmetric Ti-NMe2-Ti units. Moreover, the terminal
TiÿN distances (1.887 � av) in 3 are shorter than those
reported for other titanium amides.[13] The planar environ-
ment of the terminal nitrogen atoms can be discussed as a
partial TiÿN double bond.[14] The bridging TiÿN distances
(2.151 � av) are in the expected range.[10b]


For the formation of the edge-bridged cyclic hexameric
structure a distortion of the octahedral geometry at the
titanium centers is necessary (Figure 3). The largest deviation
from linearity for the diagonal in the octahedrons are detected


Figure 3. Coordination polyhedra in 3 (molecule type A).


for the m-Me2N-Ti-m-NMe2 axes (N8-Ti4-N8': 159.89(7)8),
while the terminal Me2N-Ti-m-F axes (N7-Ti4-F8': 171.08(6)8)
are close to 1808. The angle about the F-Ti-m-F axis is between
those discussed before (F7-Ti4-F8': 167.92(5)8). In contrast to
the case in [{Ti(Me2N)2F2}4], all the Ti-(m-X)-Ti bond angles
(X: F, NMe2) are larger than 908 (Ti4'-F8-Ti4 106.51(5)8, Ti4'-
N8-Ti4 98.45(6)8).


In a [D1]chloroform solution of 3 only one type of molecule
is detected. No rearrangements to tetramers or open-chain
oligomers are observed at room temperature. In the 19F NMR
spectra two pairs of signals appear at d� 190.46 (d, JF,F�
219 Hz) for the terminal fluorine atoms and at higher field
d�ÿ3.40 (d, JF,F� 209 Hz) assigned to the bridging fluorine
atoms.[15] The EI mass spectrum reveals the fragment corre-
sponding to the monomer unit, [Ti(NMe2)2F2] (m/z 174,
50 %). After the separation of 3 from the reaction mixture,
orange needles are obtained from the remaining solution by
cooling (ÿ20 8C, 5 d), which were identified as 6,6-dimethy-
laminofulvene (4; 71 %) by correct elemental analysis, EI
mass spectra (m/z 220.1, 98 %), and NMR spectra [Eq. (1)].


The 1H NMR spectrum of 4 displays two signals assignable
to the ring methyl groups (d� 2.11, 2.25), and two broad
resonances at d� 2.25 and 2.67 (N(CH3)2). The 13C NMR
spectrum shows two signals at d� 38.8 and 42.1 for N(CH3)2,
which become equivalent at 60 8C.[16] These data are in good
agreement with density functional theory (DFT) calculations
which show also nonequivalent amino groups (d� 38.3, 40.9),


due to a twisting of the exocyclic double bond (C2-C1-C6-N
35.48). In the molecular structure of C5H4�C(NMe2)2


[17] a twist
angle of 298 is found, compared to the DFT-calculated value
of 26.08.


The overall stoichiometry of the reaction shows that a total
defluorination of the aliphatic CF3 group has taken place. A
vigorous reaction of 1 and 2 is found in the absence of
solvents. The formation of free amine during the reaction was
not detectable. To establish the mechanism for the formation
of 3 and 4, the reaction was monitored by 1H NMR spectro-
scopy in C6D6 solution. As the reaction progresses, a rapid
consumption of both starting materials is observed, together
with the growth of the signals corresponding to the 6,6-
disubstituted pentafulvene 4 (Scheme 2). This immediate


Scheme 2. Proposed reaction mechanism of the formation of 3 and 4.


consumption of the double bond isomeric mixture[8] of 1 is
consistent with the formation of Cp*CF3 anion; however,
complexation with titanium is not observed. Alternatively, the
anion can be stabilized by fluoride elimination to give 6,6-
difluorofulvene (5).[18] Accordingly, a low fluoride affinity of 5
(171 kJ molÿ1, gas phase) is found.[6] In addition to the signals
of 4, a further set of two singlets in a 1:1 ratio appears at d�
1.50 and 1.81, which are assigned to the proposed 6,6-
difluorofulvene 5 (19F NMR d�ÿ65.51 (s)). Finally, the
destiny of one molecule HF in the overall stoichiometry
remains unsolved, a reaction with glassware as well as
nitrogen-containing products besides 3 seems plausible.[19]


The appearance of intermediate 5 explains the formation of
4 in terms of nucleophilic substitution of fluoride by amide at
the�CF2 center.


DFT calculations of 5 show a unusually highly charged C6
atom (�0.87; Figure 4). Owing to the negative charge present
in the ring moiety, this positive charge is even higher than that
for H2C�CF2 (�0.79) and makes the unexpected nucleophilic
substitution more feasible.[20, 21]


Conclusion


With regard to the general interest in CÿF bond activation
processes,[22] the reaction of 1 and 2 represents an example of a
complete defluorination gradation of a CF3


[23] group by
titanium complexes.[24] The search for alternative synthetic
routes to 3 from common starting materials is in progress with
the aim of forming inclusion compounds.
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Figure 4. Partial charges of 5, obtained from DFT calculations.


Experimental Section


General procedures : All manipulations of the described compounds were
carried out under the exclusion of air and moisture using Schlenk-line or
glovebox techniques. Solvents were distilled prior to use. C, H, and N
analyses were performed at the Analytischen Laboratorien in Lindlar
(Germany). 1H NMR and 13C NMR spectra were recorded on a 500 MHz
Bruker AVANCE spectrometer. Residual protons of the solvent were used
as reference (CDCl3: d� 7.24; C6D6: d� 7.15), while a sealed tube
containing CFCl3 in C6D6 was used as the external reference for the 19F
NMR spectra.
Electron impact (EI) mass spectra were recorded on a Finnigan MAT 212
spectrometer. IR spectra were taken with a BIO-RAD FTS-7 spectrom-
eter. Ti(NMe2)4 is commercially available (STREM) and was used without
further purification. Cp*CF3 was prepared according to the literature
procedure.[8]


3 : C5Me4CF3H (0.85g, 4.47 mmol) was added to a solution of [Ti(NMe2)4]
(1) (1.0 g, 4.46 mmol) in n-hexane (50 mL) at room temperature. The
reaction mixture was heated at 60 8C for 17 h. The orange-reddish solution
was left at room temperature to give a first fraction of orange crystals of 3,
which were collected by filtration. A second fraction was obtained from the
filtrate after cooling at ÿ20 8C. The combined yield was 0.76 g (98 %).
1H NMR (500 MHz, CDCl3, 27 8C): d� 2.64, 2.73 (s, 18H; m-NMe2), 3.53,
3.66 (s, 18H; NMe2); 13C{1H}NMR (125 MHz, CDCl3, 27 8C): d� 46.5, 50.6
(s; m-NMe2), 50.3 (s; NMe2), 52.2 (d, 3JC,F� 10.6 Hz; NMe2); 19F NMR
(282.4 MHz, CDCl3, 27 8C): d�ÿ3.40 (d, JF,F� 209 Hz; m-F), 190.46 (d,
JF,F� 219 Hz; Fterminal) ; IR (KBr, cmÿ1): nÄ � 300 (m), 392 (m), (d frame-
work), 490 (s), 515 (s), (nTiFTi), 584 (m) 637 (vs) (nTiN, TiF), 802 (s), 905
(s), 963 (s), 1032 (s), 1107 (s), 1262 (s), 1464 (s); MS (EI, 70 eV): m/z : 174.0
([TiF2(NMe2)2]� , 50%); elemental analysis calcd (%) for C24H72N12F12Ti6


(1044.10): C 27.61, H 6.95, N 16.09; found: C 27.63, H 6.84, N 16.17.


The remaining orange-reddish solution was concentrated (ca. 5 mL) to give
a red oil from which the complex 4 was crystallized as orange-reddish
needles (m. p. ca. 5 8C) by cooling to ÿ20 8C for 5 days. Yield: 0.70 g,
71%. 1H NMR (500 MHz, C6D6, 27 8C): d� 2.11, 2.25 (s, 6 H;
C5Me4(�C(NMe2)2)), 2.25, 2.67 (br s, 6H; C5Me4(�C(NMe2)2));
13C{1H}NMR (125 MHz, C6D6, 27 8C): d�� 11.9, 12.7
(C5Me4(�C(NMe2)2)), 38.8, 42.1 (C5Me4(�C(NMe2)2)), 109.3, 118.5, 126.0,
161.0 (C5Me4(�C(NMe2)2)); IR (KBr, cmÿ1): nÄ � 640 (m), 903 (m), 941 (s),
1032 (s), 1092 (s), 1134 (s), 1213 (s), 1350 (s), 1391 (s), 1452 (s), 1472 (s),
1520 (s), 1551 (s), 1620 (m), 2849 (m), 2915 (m); MS (EI, 70 eV): m/z (%):
220.1 ([M�], 98); elemental analysis (%) calcd for C14H24N2 (220.33): C
76.31, H 10.98, N 12.71; found: C 76.35, H 10.70, N 12.67.


Crystal structure of 3: Intensity data collections were carried out on a
STOE-IPDS diffractometer with MoKa radiation, 222 exposures Vincr 0.9 8,
T� 193 K. Crystal dimensions 0.38� 0.19� 0.19 mm, C16H48F8N8Ti4; Mr�
696.22, trigonal, space group R3Å , a� 43.3158(13), c� 8.4952(2) �, V�
13803.7(7) �3, Z� 18, 1calcd� 1.508 gcmÿ3, m(MoKa)� 1.072 mmÿ1,
F(000)� 6480, Vmax� 25.968. A total of 36 458 reflections were collected,
of which 5657 were unique (Rint� 0.047). Structure solution with SHELXS-


97 by direct phase determination and refinement against F 2 (SHELXL-
97)[25] with anisotropic thermal parameters for all non-hydrogen atoms.
Calculated hydrogen positions with riding isotropic thermal parameters.
4402 reflections I> 2s(I) and 325 parameters refined, GOF (F 2) 0.935, final
R indices: R1� 0.0255, wR2� 0.0605 max./min. residual electron density
0.265 and ÿ0.252 e�ÿ3. Crystallographic data (excluding structure factors)
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-147118 (3). 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).


Computational details : The DFT calculations were carried out using the
hybrid functional Becke3LYP[26] with 6 ± 31G(d) and 6 ± 311G(3df,2p) basis
sets, employing the program package Gaussian 98.[27] The population
analysis is based on the integrated NBO 3.1 module.[28] All structures were
optimized and verified as local minima at the B3LYP/6 ± 31G(d) level of
theory. The NMR shifts with tetramethylsilane as reference were computed
at the same level of theory as well as NPA charges. The obtained data did
not improve significantly when 6,6-difluorofulvene was optimized by using
the larger Becke3LYP/6 ± 311G(3df,2p) basis set. Further details of the
individual calculations are given in the Supporting Information.
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Exchange Coupling in Carboxylato-Bridged Dinuclear Copper(ii)
Compounds: A Density Functional Study


Antonio Rodríguez-Fortea,[a] Pere Alemany,*[a] Santiago Alvarez,[b] and Eliseo Ruiz[b]


Abstract: A computational study of the exchange coupling is presented for a
selected sample of carboxylato-bridged dinuclear copper(ii) compounds. Model
calculations have been used to examine the influence of several factors on the
coupling constants: a) the electron-withdrawing power of the bridging ligands; b) the
nature of the axial ligands; c) the number of bridging carboxylato groups; d) some
structural distortions frequently found in this family of compounds; and e) the
coordination mode of the carboxylato bridge. Coupling constants calculated for some
complete structures, as determined by X-ray diffraction, are in excellent agreement
with experimental data, confirming the ability of the computational strategy used in
this work to predict the coupling constant for compounds for which experimental
data are not yet available.


Keywords: coupling constants ´
density functional calculations ´
magnetic properties ´ magnetostruc-
tural correlations ´ transition metals


Introduction


In transition metal complexes containing more than one metal
atom with unpaired electrons, the observed magnetic behav-
ior often differs from the predicted sum of the properties of
the component units. This phenomenon is due to a coupling of
the electron spins and is termed intramolecular antiferromag-
netism or ferromagnetism, depending upon whether antipar-
allel or parallel spin coupling, respectively, is found in the
ground state. Much experimental and theoretical work in
recent decades has been done on the mechanism of this
exchange coupling in polynuclear complexes, leading to the
now well-established field of molecular magnetism, that is, the
synthesis and study of the magnetic behavior of materials
based on molecular entities.[1±5]


One of the most striking features in molecular magnetism is
the ability of some polyatomic ligands to provide pathways for
exchange coupling between atoms that are not directly
bonded. Intramolecular spin coupling was discovered in
1951 by Guha;[6] Bleaney and Bowers[7] then found it in a


compound known at that time as copper(ii) acetate mono-
hydrate, which was revealed by further studies to be dimeric
with four acetate ligands bridging the two copper atoms[8]


(Figure 1). The copper(ii) ions, each with one unpaired


Figure 1. Crystal structure of [Cu2(m-CH3COO)4(H2O)2]. Structural pa-
rameters were taken from reference [91].


electron, are in square-pyramidal environments, with oxygen
atoms from the acetato groups in the basal planes and water
molecules occupying the apical positions. The magnetic
susceptibility of this compound exhibits a broad maximum
as a function of temperature and becomes negligible below
100 K.[9] This behavior can be rationalized through a phenom-
enological Heisenberg Hamiltonian HÃ [Eq. (1)] that describes


HÃ �ÿJ~SA
~SB (1)
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the exchange interaction between the two paramagnetic
centers. SA and SB are the total spins on each metal ion
(SA� SB� 1/2 in copper(ii) acetate) and J is the coupling
constant. Positive values of J indicate a ground state with
parallel spins, that is, a ferromagnetic interaction, whereas
negative values correspond to an antiferromagnetic coupling,
with antiparallel spins. The experimental data show that the
two electron spins in copper(ii) acetate are antiferromagneti-
cally coupled[3] with J�ÿ296 cmÿ1.


The study of intramolecular exchange interactions has since
been extended to a large number of binuclear and polynuclear
compounds with a great variety of bridging ligands (such as
carboxylato, hydroxo, azido, oxalato).[3, 5, 10, 11] Among these,
the copper(ii) carboxylates form a large family with many
structurally characterized compounds for which magnetic
properties have been measured.[12±20] This wealth of exper-
imental information permits detailed study of the influence of
various factors on the exchange interaction between the two
unpaired electrons. The different coordination modes of the
carboxylato group (1 ± 4), together with the choice of the
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substituent (R) at the bridging ligand, the axial ligand (L), and
the number of bridging ligands, give rise to many tools for
designing new compounds with desired magnetic properties.
However, a key step in this process is a detailed knowledge of
the mechanism of spin coupling in these compounds and how
it is affected by the nature of the bridging and axial ligands
and by the coordination geometry around the copper atoms.
Although theoretical work on exchange coupling in carbox-
ylato-bridged copper(ii) dinuclear compounds has shed light
on some of these aspects,[21±25] there is still no comprehensive
study of all the factors mentioned above. The aim of the
present work is to examine the exchange coupling phenom-
enon in carboxylato-bridged copper(ii) binuclear compounds
by applying a recently developed computational strategy that,
as shown in previous work,[26±33] is able to reproduce
quantitatively the coupling constants for a great variety of
compounds with different bridging ligands and/or paramag-
netic centers.


Computational Methodology


Since detailed descriptions of the computational strategy
adopted in this work can be found elsewhere,[26±33] we will limit
our discussion here to its most relevant aspects. The magnetic
behavior of a dinuclear exchange-coupled compound is
usually analyzed by using a phenomenological Heisenberg
Hamiltonian [Eq. (1)]. In the case of copper(ii) dimers, for
which SA� SB� 1/2, the coupling constant J is directly related
to the energy difference between the resulting triplet and
singlet states by Equation (2).


ESÿET� J (2)


Positive values of J indicate a triplet ground state (that is,
ferromagnetic coupling), while for negative values the singlet
state is lower in energy (antiferromagnetic coupling). The
calculation of J by Equation (2) is made difficult by the fact
that the singlet state cannot be expressed as a single
determinant. To avoid this problem, Noodleman et al.[34±39]


suggested the use of a broken symmetry (BS) wavefunction
which is not a spin eigenstate, although it has MS� 0. The
energy of the BS solution can easily be related to the energies
of the singlet and triplet states by Equation (3). Combination
of Equation (3) with Equation (2) leads to Equation (4),
which has been used by several authors within the framework
of various quantum chemical methods to calculate exchange
coupling constants.[37, 38, 40±76]


EBS�
1


2
(ES�ET) (3)


J� 2(EBSÿEBT) (4)


In recent work,[26±28, 30±33] however, we have found that,
when density functional theory (DFT)-based wavefunctions
are used, the coupling constant can be approximated simply
by Equation (5).


J�EBSÿET (5)


Abstract in Catalan: En aquest treball es presenta un estudi
computacional de l�acoblament magneÁtic en compostos dinu-
clears de coure(ii) amb ponts carboxilat. S�han realitzat caÁlculs
amb compostos model per estudiar la influeÁncia que tenen els
factors següents sobre les constants d�acoblament: a) la
capacitat atractora d�electrons dels lligands pont; b) la natu-
ralesa química dels lligands terminals; c) el nombre de ponts
carboxilat; d) algunes de les distorsions estructurals meÂs
freqüents en aquesta família de compostos; i e) el mode de
coordinacioÂ dels lligands carboxilat pont. Les constants
d�acoblament calculades per a les estructures completes
determinades per difraccioÂ de raigs X d�alguns compostos
representatius d�aquesta família estan en molt bon acord amb
les dades experimentals, confirmant la fiabilitat de l�estrateÁgia
computacional emprada en aquest treball per predir la constant
d�acoblament per a compostos dels quals no es disposa encara
d�informacioÂ experimental.
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Experience has shown that this equation, in which the
energy of the singlet state is estimated directly from the
energy of the broken symmetry solution without performing
any spin projection, leads to a good agreement with exper-
imental data for a large variety of compounds with exchange-
coupled electrons. The use of Equation (5) instead of
Equation (4) has led to some controversy in the recent
literature.[30, 77±80] For wavefunction-based methods, such as
UHF, it is clear that the spin projection procedure that leads
to Equation (4) is indeed the right way to tackle the problem.
However, in density functional calculations the problem is
somewhat different. In DFT, the wavefunction that is
calculated in the Kohn ± Sham method is only a tool for
obtaining the ground-state electron density from which the
energy is calculated. The use of spin projection techniques
applied to the wavefunction constructed from the Kohn ±
Sham orbitals has been questioned recently in the literature.
Wittbrodt and Schlegel[81] have discussed the influence of spin
projection on potential energy surfaces, finding that its
application certainly improves UHF and UMP2 results,
whereas the best results from DFT methods are obtained
with the energy values of the broken symmetry state without
projection. In this context it is also interesting that Perdew
et al.[82, 83] observe that the broken symmetry function de-
scribes the electron density and the on-top electron pair
density with remarkable accuracy even if it gives an unrealistic
spin density distribution. These authors conclude that the
broken symmetry function is indeed the correct single-
determinant solution for the Kohn ± Sham equations for these
systems. The adequacy of using broken symmetry solutions to
estimate the energy of the singlet-state energy in organic
biradicals has also been discussed recently by Gräfenstein
et al.[84] Earlier papers give a more thorough discussion of this
topic.[26±33]


At a practical level, for the evaluation of the coupling
constant of each compound, two separate calculations are
carried out using DFT, one for the triplet state and another
one for the low-spin, broken symmetry state. The hybrid
B3LYP method,[85] as implemented in Gaussian 94, has been
used in all calculations,[86] mixing the exact Hartree ± Fock
exchange with Becke�s expression for the exchange[87] and
using the correlation functional proposed by Lee et al.[88] The
double-z quality basis set proposed by Schaefer et al.[89] has
been adopted for all atoms except copper ones, which have
been described using the triple-z basis set proposed by the
same authors.[90]


Results and Discussion


Exchange coupling in copper(ii) acetate : When the carbox-
ylate ions bridge two copper atoms in syn ± syn mode (1) the
most usual case is that of four bridging ligands, giving
compounds with an overall molecular symmetry close to D4h


as in the case of copper acetate described above (Figure 1).
We will describe first the exchange coupling in this compound,
to investigate afterwards the effect on this phenomenon of
changes in either the bridge (R) or the axial ligand (L).


Our calculations using the experimental structure[91] of
[Cu2(m-CH3CO2)4(H2O)2] predict a moderate antiferromag-
netic coupling for this compound, J�ÿ308 cmÿ1, in excellent
agreement with the experimental determinations available
(J�ÿ296 cmÿ1 obtained from magnetic susceptibility data
and J�ÿ298 cmÿ1 from inelastic neutron scattering on a
deuterated sample).[3, 92, 93] It is extremely important to use a
good crystal structure determination in order to reproduce the
coupling constant properly, since deviations in the geomet-
rical parameters can induce large changes in the calculated
coupling constant. For instance, we have calculated the
coupling constant of copper acetate using the geometry taken
from an earlier structural determination.[8] Although the
Cu ´´ ´ Cu distance from both structural determinations is
practically the same, other geometrical parameters differ
significantly from the usually accepted values (for example,
the O-C-O angle varies from 1078 to 1258). As a consequence
of these structural changes the calculated coupling constant is
strongly affected: its value (ÿ127 cmÿ1) is in strong disagree-
ment with the experimental one and significantly smaller than
that found using the more accurate structural data.


The unpaired electron on each copper atom occupies an
x2ÿ y2-like orbital oriented toward the four oxygen atoms of
the acetato bridges. Although the relatively short Cu ´´ ´ Cu
distance (2.62 �) suggests a through-space interaction be-
tween the two unpaired electrons, it is now evident that the d


overlap between d orbitals is too small and superexchange has
been found to be the dominating mechanism for coupling in
this type of compound. The symmetric and antisymmetric
combinations of the x2ÿ y2-like
orbitals on both paramagnetic
centers interact with the sym-
metry-adapted combinations
of lone-pair acetate orbitals to
give the two singly occupied
molecular orbitals (SOMOs),
with the symmetric combina-
tion above the antisymmetric
one (5).


Effect of the nature of the
bridging ligand : Changing the
nature of R, the group bonded
to the carbon atom in the
carboxylato bridge, in compounds with four bridges has a
dramatic effect on the coupling constant. When the methyl
group in acetate is replaced by CCl3 the coupling constant is
reduced from ÿ296 to less than ÿ200 cmÿ1.[14, 94, 95] A more
spectacular change is obtained if R� SiR'3 , enhancing
the antiferromagnetic coupling to a strong value
(J�ÿ 1000 cmÿ1).[96] The experimental value for a given
bridging ligand is not unique since the compounds that have
been magnetically characterized with different axial ligands
have slightly different structural data.[12, 14, 96] The experimen-
tal average values for the coupling constant with various
carboxylato bridges (Table 1) seem to indicate that the effect
of electron-withdrawing groups is to reduce the strength of
exchange coupling, although the case of trifluoroacetato
compounds, with a coupling constant very similar to that
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found for acetato bridges and higher than that of trichlor-
oacetate, may cast doubt on this simple explanation.


To avoid possible effects of small structural changes on the
calculated coupling constant we have adopted the same
Cu2(OCO)4 core in all our calculations (for geometrical
details of this model structure, see Methods of Calculation).
Agreement between calculated and experimental coupling
constants for model compounds with H2O and NH3 as axial
ligands (Table 1) is good, showing the same trends for J with
respect to the electron-withdrawing power of the R groups.
Since possible variations in J due to small changes in the
structural parameters cannot be claimed for the computed
coupling constants, the anomaly found for the trifluoroacetate
ion can be unambiguously assigned to the nature of the
bridging ligand.


The trends shown by the calculated coupling constants
can be analyzed using the qualitative model developed by
Hay, Thibeault, and Hoffmann (HTH)[97] to relate the
magnetic properties of an exchange-coupled dinuclear com-
plex to its electronic structure. For a system with two metal
atoms each bearing one unpaired electron, the magnetic
coupling constant according to this model is given by
Equation (6), where e1 and e2 are the energies of the two
SOMOs and Kab, Jaa, and Jab are two-electron integrals
involving orthogonal localized molecular orbitals constructed
from these SOMOs.


J� 2Kabÿ
�e1 ÿ e2�2
Jaa ÿ Jab


(6)


Combining this qualitative model with our calculated
coupling constants, we analyze below the effect of various
factors on the magnetic behavior of carboxylato-bridged
dinuclear compounds. A plot of J versus the square of the
orbital energy gap is shown in Figure 2a for different
compounds with four carboxylato bridges (the coupling
constants for the same compounds in Table 1 were calculated
by using slightly different geometries; see the section on
magnetostructural correlations below for details). The devia-
tion of the correlation between J and (e1ÿ e2)2 from the linear
behavior predicted from Equation (6) could be expected from
the fact that the two-electron terms, Kab and Jaaÿ Jab, for
compounds with different bridging ligands are not expected to
be equal. The overall trend seen in Figure 2a indicates
nevertheless that the energy splitting of the two SOMOs is
indeed the key factor in determining the magnitude of J in
these compounds: antiferromagnetic coupling increases with
the square of the energy gap, while changes in the two-
electron terms introduce only small modifications for each
type of bridge which are responsible for the departure from
linearity found for the whole set of data.


Figure 2. Exchange coupling constants calculated for [L2Cu2(m-RCOO)4]:
a) as a function of the squared energy gap between SOMOs; b) as a
function of the Cu ± O overlap spin population.


Previous studies suggest a correlation between J and the
electronegativity of the atom directly bonded to the carbon
atom of the carboxylato group.[12, 14, 98] If one considers an
average value for acetato, trifluoroacetato, and trichloroace-
tato bridges, this correlation seems to indicate that the more
electronegative this atom, the weaker is the coupling.
According to this trend, compounds with haloformiato
bridges should be those with the weakest coupling. To confirm
this prediction we have evaluated the coupling constant for
our model structure with R�F, Cl, and Br, each with NH3 as
axial ligands. The calculated J values (ÿ86, ÿ22, and
ÿ37 cmÿ1, respectively) confirm this general trend. A more
detailed analysis shows, however, that the case of fluorofor-
miato bridges is again anomalous, with a stronger antiferro-
magnetic coupling than for the other two cases. Moreover,
spin coupling is more complicated in these three cases: the
participation of metal atoms in the SOMOs is much greater
than in compounds with less electronegative atoms directly
bonded to the carbon atom in the bridge. This situation
implies an inversion in their relative energies and a greater
participation of direct exchange in the coupling mechanism
that make comparison with other cases difficult. Our results
show that the correlation between the magnetic behavior and
the electronegativity of the atom bridged to the carbon atom
is in general valid, but caution is needed when very electro-
negative atoms are taken into consideration.


Table 1. Calculated coupling constants [cmÿ1] for [L2Cu2(m-RCOO)4].
Experimental data indicated in the last row are average values for
compounds with slightly different geometries and/or axial ligands.


R� SiH3 R�H R�CH3 R�CF3 R�CCl3


L�H2O ÿ 806 ÿ 417 ÿ 299 ÿ 254 ÿ 158
L�NH3 ÿ 749 ÿ 393 ÿ 284 ÿ 241 ÿ 152
experimental ÿ 1000 ÿ 550 ÿ 300 ÿ 300 ÿ 200
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The effect of the electronegativity of atoms that are not
directly bonded to the carbon atom of the bridge (for
example, acetate, fluoroacetate, and chloroacetate bridges)
is more difficult to analyze, but the same trend is found, with
the fluoroacetato compound having an anomalously strong
coupling. To test further the influence of the electron-with-
drawing power of the R group on the coupling constant we
have also studied the series of model compounds with R�
CH3, CH2Cl, CHCl2, and CCl3, each with NH3 as axial ligands.
As expected, an increase in the number of chlorine atoms in R
leads to a decrease in the coupling constant. The calculated J
values (ÿ284, ÿ273, ÿ220, and ÿ152 cmÿ1, respectively)
decrease almost linearly with the number of chlorine atoms in
the bridge. These results are in good agreement with the
experimental trends, which show that replacement of hydro-
gen by halogen atoms in the acetato bridge decreases the
antiferromagnetic coupling.[13, 14, 99]


A replacement of R induces changes in the electron
distribution of the bridging atoms that might be expected to
affect the superexchange mechanism. The most evident
change that could be related to the variation of the coupling
constant is the covalency of the eight CuÿO bonds that hold
the molecular framework together. A search for a possible
dependence of the the coupling constant on the CuÿO overlap
population, however, is unsuccessful because this parameter is
influenced by all the electrons involved in the CuÿO bonds,
not just by the unpaired electrons involved in the exchange
coupling. If one restricts the analysis to these two electrons,
the corresponding overlap spin population shows an excellent
correlation with the calculated J values (Figure 2b): the more
negative the overlap spin population (a negative sign indicates
the CuÿO antibonding character of the SOMOs) the more
negative (antiferromagnetic) is the coupling constant. The
trend found for this magnitude is in agreement with that found
for the energy gap between the SOMOs (Figure 2a): more
negative spin overlap populations indicate a stronger (anti-
bonding) interaction between the metal and the ligand
orbitals which results in a larger energy gap between SOMOs
and in a greater superexchange coupling.


Effect of the nature of the axial ligand : A change in the axial
ligands induces smaller variations in the coupling constant.
Replacement of H2O by NH3 reduces the strength of the
antiferromagnetic coupling by about 5 % (Table 1). Different
trends have been established for replacement of terminal
ligands, not directly involved in the superexchange pathway,
in other compounds. For oxalato-bridged compounds,[27] an
increase in the electronegativity of the donor atoms in the
equatorial terminal ligands results in stronger antiferromag-
netic coupling. The effect is inverted, however, when the
substitution takes place at the axial position. In hydroxo-
bridged compounds,[31] the strength of the antiferromagnetic
coupling shows the same trend as the basicity of the ligand,
whereas this trend is reversed for oximato-bridged com-
pounds.[33] In each case a detailed analysis of the SOMOs is
needed to explain the observed shifts in the coupling constant
and no general rules can be established.


The variation of J observed in the carboxylato-bridged
compounds when the axial ligands are replaced is specially


interesting since it cannot be rationalized by using qualitative
models like that proposed by Hay et al.[97] One of the key
approximations of this model is to consider only the effect of
the unpaired electrons, neglecting all possible influences on
the exchange phenomena from the rest of the electrons in the
molecule (active electron approximation). Within this ap-
proximation, all changes in the coupling mechanism intro-
duced by modifications of the molecular framework can be
interpreted in terms of changes in the SOMOs. In the case of
carboxylato-bridged compounds, however, participation of
the orbitals of the axial ligands in the SOMOs is forbidden by
symmetry because of their d character. Hence, the observed
change, even if small, should be attributed to indirect effects
associated with interactions of the unpaired electrons with
lower lying electrons.


Effect of the number of bridging ligands : Exchange coupling
between two paramagnetic centers that are not directly
bonded is frequently rationalized by adding the contributions
of the different superexchange pathways mediated by the
bridging ligands.[3] Since dimers with four, three, two, and one
carboxylato bridges have been structurally and magnetically
characterized,[15, 100±107] this family of compounds offers an
excellent opportunity to confirm the validity of such an
approach. For this purpose we have built model compounds
with three, two, or one bridges by progressively replacing
carboxylato bridges by water molecules, retaining in this way
the same coordination sphere for the two copper atoms in all
four models. The Cu ´´´ Cu distance taken for these models is
the average distance found in compounds with four, three,
two, or one bridges (2.82 �) and is somewhat greater than that
used for complexes with four bridges studied in the previous
section (2.62 �). The variation of J with the Cu ´´ ´ Cu distance
will be analyzed in the next section.


Figure 3 shows the variation of the coupling constant with
the number (nb) of carboxylato bridges (R�H, CH3, CF3,


Figure 3. Exchange coupling constants calculated for [(H2O)5ÿnb
Cu(m-


RCOO)nb
Cu(H2O)5ÿnb


](4ÿnb)� as a function of the number of bridging
carboxylato ligands, nb.


CCl3) having water as axial ligand. For all four cases a linear
behavior is observed [Eq. (7)]. JF can be regarded as a


J� JF �nbJAF (7)
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ferromagnetic contribution to the coupling constant that does
not depend on the number of bridges, and JAF as an
antiferromagnetic contribution per bridge (Table 2).


The linear dependence of J on the number of carboxylato
bridges can be rationalized within the qualitative HTH model
[Eq. (6)], according to which the ferromagnetic contribution
to J corresponds with the exchange term 2Kab. Since the local
coordination environment of the copper atoms is not changed
when carboxylato bridges are substituted by water molecules,
one does not expect great changes in Kab with the number of
bridges, even for the hypothetical case in which all four
bridges have been removed. The ferromagnetic contribution,
JF, found from the linear least-squares fits presented in
Figure 3, can thus be associated with the 2Kab term. Within the
HTH model, the dominating antiferromagnetic contribution
to J is given by the ratio of the squared energy gap between
the two SOMOs and the difference between the two-electron
integrals. Taking these two parameters from our calculations
on the triplet state, (e1ÿ e2)2 is found to change as the square
of the number of bridges, nb


2, while (Jaaÿ Jab) is found to
decrease approximately linearly with nb. The expected overall
trend for J is therefore the linear increase with nb found in
Figure 3, with JAF representing the effective antiferromagnetic
contribution to J for each type of bridge.


An interesting compound with three benzoato bridges and
a relatively weak coupling (J�ÿ81.4 cmÿ1) has been reported


recently by Geetha and Chak-
ravarty.[107] As these authors
noted, one of the benzoato
ligands should be ªmagnetical-
ly inactiveº since one of its
oxygen atoms is coordinated to
the axial position of one of the
copper atoms (6). To test the
validity of this hypothesis we
have computed the coupling


constant for a model structure of this compound in which the
bulky benzoato groups have been replaced by acetato ligands.
The calculated value (ÿ111 cmÿ1) is in good agreement with


the experimental value, and much closer to that found for
compounds with two acetato bridges than for other structures
with three bridges.


The additive contribution to J for each bridge found in
Figure 3 should also be valid for hypothetical compounds with
mixed bridges. The coupling constant for a compound with a
total of nb bridges would then be given by Equation (8), where


J�
X


i


ni


nb


�
JF


i�niJAF
i


�
(8)


ni is the number of bridges of type i. To check the validity of
this relation we have calculated the coupling constants for
various model compounds with mixed bridges and water as
axial ligand. The results (Table 3) are in good agreement with
the estimated coupling constants obtained by applying
Equation(8). These findings indicate that the contribution
to the overall coupling constant of each bridging carboxylato
group is practically independent of the rest of the bridges in
the complex.


Magnetostructural correlations : Experimental structures for
carboxylato-bridged dinuclear copper(ii) compounds often
deviate from the idealized geometry adopted in our model
compounds. In this section we will analyze the effect of the
most common distortions on the coupling constant.


In complexes with four bridges, there is a varying degree of
out-of-plane displacement of the copper atoms from the basal
plane of the square pyramid. To analyze the effect of this
parameter on the coupling constant we have changed the
distance between the two copper atoms while maintaining all
other structural parameters (CuÿO and CuÿL distances and
the geometries of the axial and bridging ligands) fixed. The
absolute value of the coupling constant (Table 4) increases as
the copper atoms are separated, regardless of the axial and
bridging ligands. The calculated variation of J with the Cu ´´´
Cu distance is practically linear, as can be seen for the case
with acetato bridges (Figure 4a). The energy of the antiferro-
magnetic ground state in the four-bridged case (Figure 4b)
varies little around dCuÿCu� 2.8 �, and only about 5 kcal molÿ1


Table 2. JF and JAF values [cmÿ1] obtained for [L(H2O)(4-nb)Cu(m-
RCOO)nb


Cu(H2O)(4ÿnb)L](4ÿnb)� with nb� 1 ± 4 by least squares fitting of
the calculated coupling constants to Equation (7).


L�H2O L�NH3


R JAF JF JAF JF


H ÿ 139 127 ÿ 138 151
CH3 ÿ 102 91 ÿ 98 94
CF3 ÿ 88 90 ÿ 94 124
CCl3 ÿ 72 115 ÿ 66 101


6


Table 3. Calculated and estimated coupling constants [cmÿ1] for
model compounds [(H2O)5ÿmÿnCu(m-HCOO)m(m-CCl3COO)nCu-
(H2O)5ÿmÿn](4ÿmÿn)�. The estimated values have been obtained by applying
Equation (8) using the JAF and JF values collected in Table 2.


nb m n Jcalcd J from Equation (8)


4 3 1 ÿ 365 ÿ 365
2 2 ÿ 300 (cis), ÿ293 (trans) ÿ 301
1 3 ÿ 235 ÿ 237


3 2 1 ÿ 204 ÿ 227
1 2 ÿ 129 ÿ 164


2 1 1 ÿ 98 ÿ 90


Table 4. Calculated coupling constants [cmÿ1] for model compounds [L2Cu2(m-RCOO)4] as a function of the Cu ´´´ Cu distance.


R�SiH3 R�H R�CH3 R�CF3 R�CCl3


dCuÿCu [�] H2O NH3 H2O NH3 H2O NH3 H2O NH3 H2O NH3


2.22 ÿ 780 ÿ 727 ÿ 388 ÿ 369 ÿ 265 ÿ 254 ÿ 222 ÿ 214 ÿ 127 ÿ 125
2.42 ÿ 795 ÿ 740 ÿ 404 ÿ 383 ÿ 283 ÿ 270 ÿ 240 ÿ 229 ÿ 142 ÿ 139
2.62 ÿ 806 ÿ 749 ÿ 417 ÿ 393 ÿ 299 ÿ 284 ÿ 254 ÿ 241 ÿ 158 ÿ 152
2.82 ÿ 821 ÿ 768 ÿ 435 ÿ 408 ÿ 321 ÿ 302 ÿ 272 ÿ 256 ÿ 178 ÿ 169
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Figure 4. a) Exchange coupling constant calculated for [(H2O)2(5ÿnb)Cu2(m-
CH3COO)nb


](4ÿnb)�, varying nb from 1 to 4, as a function of the distance
between the two copper atoms, dCuÿCu. Experimentally determined data are
indicated by squares (nb� 4), circles (nb� 2), and triangles (nb� 1).
b) Relative energy of the antiferromagnetic ground state calculated for
[(H2O)2Cu2(m-CH3COO)4] as a function of the distance between the two
copper atoms, dCuÿCu.


are necessary to shorten the distance between the metal atoms
to 2.5 �, in agreement with the experimental variability found
for this structural parameter, with distances ranging from 2.6
to 2.8 �. Similar trends are found for compounds with the
other bridging ligands considered in this work.


It is interesting that the enhancement of the antiferromag-
netic coupling found upon increasing the Cu ´´´ Cu distance
can only be explained in terms of a superexchange mecha-
nism. If direct through-space interaction between the two
unpaired electrons were at the origin of the magnetic behavior
in these compounds, one would expect a decrease in the
strength of the coupling as the atoms bearing the unpaired
spins are separated.


The same behavior, although less pronounced, is found for
complexes with three or two bridges (Figure 4a). Removal of
bridging ligands results in a loss of structural rigidity that is
expressed in the longer average Cu ´´ ´ Cu distances found in
compounds with fewer than four bridges. This finding is
confirmed by the small energies (less than 3 kcal molÿ1)
required for stretching the Cu ´´´ Cu distance from its equili-
brium value (around 2.8 �) to 3 �. The behavior of com-
pounds with a single carboxylato bridge is different, however:
the coupling constant of ÿ5 cmÿ1 found for the acetato-


bridged structure with dCuÿCu� 2.82 � vanishes at distances
over 3 � (see Figure 4a). In this case the direct interaction
predominates over the superexchange mechanism, as can be
deduced from the inverted order of the two SOMOs found for
compounds with a single carboxylato bridge, with the Cu ´´´
Cu bonding combination found below the antibonding one.


In compounds with two carboxylato bridges the basal
planes of the square pyramids around the copper atoms are
often not parallel as assumed in the models used so
far.[15, 102, 104] To consider the effect of this structural feature
on the coupling constant we have displaced the four water
molecules that replace two carboxylato bridges (7) by
increasing the Ob-Cu-Ot angle to 1808 and moving the axial


Cu Cu


Ob Ob


Ot Ot


Oa
Oa


x


z
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ligand in such a way that the oxygen atoms form Oa-Cu-Ob


and Oa-Cu-Ot angles of 908 with the four oxygen atoms in the
basal plane of the pyramid. The Cu ´´´ Cu distance considered
in this case is 3.08 �, the average found experimentally for
compounds with this distortion. When increasing the Ob-Cu-
Ot angle from 1558 to 1808 the coupling constant for the
compound with two acetato bridges decreases from ÿ134 to
ÿ179 cmÿ1. The geometry with an Ob-Cu-Ot angle of 1808 is
considerably lower in energy (by 33 kcal molÿ1), in good
agreement with the structural data found for experimental
structures which normally present this type of geometry.


In compounds with two carboxylato bridges, the two
terminal coordination positions in the basal plane are in most
cases occupied by nitrogen, and not by oxygen atoms as
considered in our model.[15, 102, 104] Replacement of the four
water molecules by ammonia decreases the strength of the
antiferromagnetic coupling. For acetato-bridged compounds
the coupling constant is reduced by 20 cmÿ1, from ÿ179 to
ÿ159 cmÿ1. The effect is somewhat greater for carboxylato
bridges with stronger antiferromagnetic coupling: the cou-
pling constant is reduced from ÿ213 to ÿ183 cmÿ1 in the
model structure with two formiato bridges.


A distortion from the ideal structure that is often found in
complexes with four trichloroacetato bridges is one that
changes the coordination environment of the copper
atoms from square-pyramidal to trigonal-bipyramidal
(8).[13, 94, 95, 108, 109] To study the effect of this distortion on the
coupling constant we have considered a model structure with
ammonia molecules in the axial position and a Cu ´´ ´ Cu
distance of 3.22 �, the average value found for compounds
with this distorted geometry. The only parameters that have
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been changed from the ideal to the distorted structure are the
two N-Cu-O angles (a and b in 8), while all other structural
parameters, including the Cu ´´´ Cu distance, are kept fixed.
This distortion can be expressed as a function of a unique
angular parameter,[110] defined for pentacoordinated struc-
tures as t�j gÿ d j /608, where g and d are the two largest
L-M-L angles. This parameter varies continuously, indicating
the degree of distortion between a square pyramid (t� 0) and
a trigonal bipyramid (t� 1). The effect of this distortion on J
has been analyzed for the trichloroacetato and the formiato
bridges: it results in a decrease in the antiferromagnetic
coupling (Figure 5). The most stable structure is found for a
distorted structure with a� 97.38 and b� 112.38 (t� 0.5),
although the starting geometry, with a square pyramid in
which a� b� 104.78 (t� 0) is only about 3 kcal molÿ1 higher
in energy, indicating a high flexibility of the structure with
four carboxylato bridges toward this mode of distortion.


Figure 5. Exchange coupling constant for [(NH3)2Cu2(m-RCOO)4] as a
function of the parameter t (t� 0 corresponds to a square pyramid, and t�
1 to a trigonal bipyramid). Solid circles correspond to experimentally
determined data for compounds with trichloroacetato bridges.


The last structural distortion that we have analyzed is the
variation of the Cu-O-O-Cu dihedral angle found in com-
plexes with a single carboxylato bridge (9). The effect of


increasing this dihedral angle from 08 in the ideal structure to
108 is a reduction in the antiferromagnetic coupling. For the
model with a single acetato bridge the coupling constant
changes fromÿ5.0 toÿ1.7 cmÿ1 when the Cu ´´´ Cu distance is
2.82 �. If the Cu ´´´ Cu distance is somewhat longer (3.02 �),
the coupling becomes weakly ferromagnetic, with J changing
from 0.0 to �1.4 cmÿ1 when the dihedral angle increases from
08 to 108. Our calculations indicate that this structural
distortion is not energetically very demanding (about
3 kcal molÿ1), in good agreement with the experimental
distorted structures.[111]


Effect of the coordination mode of bridging carboxylato
ligands on the exchange coupling : Although in a great
majority of binuclear copper(ii) complexes with carboxylato
bridges the bridging groups are coordinated in a syn ± syn
fashion (1), some compounds with other possible bridging
modes have been described and their magnetic properties
measured.[16±18, 20, 111±116] In this section we will compare the
exchange coupling between two copper(ii) ions mediated by a
single formiato bridge in syn ± syn, syn ± anti (2), and anti ± anti
(3) coordination modes. To compare the coupling constants
for these bridging geometries we have studied model struc-
tures in which the geometry of the formiato bridge and the
coordination geometry around the copper atoms are pre-
served. In all three cases, the CuÿO distance and the Cu-O-C
angle have been fixed at 1.98 � and 126.158, respectively. The
resulting Cu ´´´ Cu distances in these model structures are
2.82, 5.15, and 5.77 � for the syn ± syn, syn ± anti, and anti ±
anti compounds, respectively. In these models water has been
used as the axial ligand. The calculated coupling constants
range from weakly ferromagnetic (�10.2 cmÿ1) in the syn ±
anti case to moderately antiferromagnetic (ÿ61.3 cmÿ1) in the
anti ± anti case, in good agreement with the available exper-
imental data: the only known compound with syn ± anti
coordination presents a coupling constant of �14 cmÿ1,
whereas those with an anti ± anti coordination mode have an
average coupling constant of ÿ50 cmÿ1.[111] The model with a
syn ± syn coordination at the bridge shows an intermediate
behavior, that is, a weak antiferromagnetic coupling with a
coupling constant of ÿ11.3 cmÿ1.


The different magnetic behaviors found for the three bridge
geometries can easily be rationalized by using the HTH
model. If the coupling constant is given by Equation (6), in a
compound with syn ± anti coordination the second term will
probably be much smaller than in the other two cases, because
of the poor overlap between the orbitals on the bridge with
those bearing the unpaired electrons on each copper ion (10).
In this situation we would expect the first term, 2Kab, to
dominate, giving an overall positive value for the coupling


constant. In the opposite case,
when we consider an anti ± anti
coordination mode for the
bridging ligand, the first term
is expected to be much smaller
than in the other cases. This
behavior can be understood by
taking into account the physical
nature of this term: since Kab is9


Cu CuO OC Cu Cu


O


O


C
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an exchange integral relating two molecular orbitals each
localized on one of the copper atoms, its value is expected to
decrease with an increase in the Cu ´´ ´ Cu distance. For a
similar energy separation between the two SOMOs, the
compound with an anti ± anti coordination mode (11) should
present, according to this reasoning, a stronger antiferromag-
netic coupling than the compound with a syn ± syn bridge (5).


11


Calculation of exchange coupling constants for complete
structures : The accuracy of the computational model em-
ployed in this work has been demonstrated previously by
calculating the coupling constant for complete structures of
dinuclear transition metal compounds with different bridging
ligands and/or different transition metals.[26±33] The use of
these unmodeled systems allows a straightforward compar-
ison of the calculated coupling constants with the available
experimental data and can be used to assess the accuracy of
the predictions obtained with the simplified models applied
above to the analysis of magnetostructural correlations. To
increase further the number of complete structures for which
the coupling constant has been evaluated, we have included
here the calculation of J for copper acetate, to represent
compounds with four bridges, and for two other compounds
with two and one carboxylato bridges, respectively. The
results obtained for the unmodeled structure of copper
acetate have already been discussed above and will be only
briefly mentioned here: the calculated value for J in this case


(ÿ308 cmÿ1) is in excellent agreement with the experimental
one (ÿ296 cmÿ1).


As far as the complexes with two bridges are concerned we
have calculated the coupling constant for [Cu2(m-CH3COO)2-
(phen)2(H2O)2](NO3)2 ´ 4 H2O (Figure 6). In this compound,
the two aromatic ligands are facing each other, with important


Figure 6. Crystal structure of [Cu2(m-CH3COO)2(phen)2(H2O)2](NO3)2 ´
4H2O (phen� 1,10-phenanthroline). Structural parameters were taken
from reference [104]. NO3


ÿ ions have been omitted for clarity.


p ± p stacking interactions stabilizing the whole structure. The
solvation water molecules not directly bonded to the copper
atoms have not been included in the calculation since they are
not expected to influence significantly the exchange coupling,
as they are so far from the bridging region. The calculated
coupling constant for this compound (ÿ89 cmÿ1) is in
excellent agreement with the experimental value[104]


(ÿ86 cmÿ1), confirming the great accuracy of our computa-
tional procedure, even for compounds with a considerable
number of atoms.


The second complete structure that has been studied,
[(MeTACN)2Cu2Cl2(m-benzoato)](ClO4), where MeTACN�
1,4,7-trimethyl-1,4,7-triazacyclononane, (Figure 7) is a typical


Figure 7. Crystal structure of [(MeTACN)2Cu2Cl2(m-benzoato)](ClO4)
(MeTACN� 1,4,7-trimethyl-1,4,7-triazacyclononane). Structural parame-
ters were taken from reference [106].
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representative of compounds with a single carboxylato bridge.
For this structure, we have included the perchlorato counter-
ion in our calculation. The benzoato bridge in this compound
is slightly distorted with respect to its ideal geometry,
presenting a dihedral Cu-O-O-Cu angle of 2.48. Another
important feature of this compound that makes it different
from the models considered above is that in this case the
chlorine atoms directly coordinated to the copper ions are
occupying positions not far from bridging between the two
metal centers (which would have a [5�1] distorted octahedral
coordination sphere) and could provide an additional super-
exchange pathway for spin coupling.[106] The calculated
coupling constant for this compound (ÿ3.5 cmÿ1) is again in
excellent agreement with the experimental data (J�
ÿ2.4 cmÿ1) in both its magnitude and sign.


Conclusion


We have applied a recently developed computational strategy
to investigate exchange interactions in carboxylato-bridged
copper(ii) dinuclear complexes. The influence on the coupling
constant of several factors related to the nature of the bridging
and axial ligands has been analyzed using various model
structures. Our results indicate that for almost all carboxylato-
bridged compounds a moderate to strong antiferromagnetic
coupling is expected. An exception to this general rule occurs
in compounds with a single carboxylato bridge, where weak
ferromagnetic coupling can be found, especially in complexes
bridged in syn ± anti mode. The accuracy of the method used
in this work, together with its moderate demand for computer
time, has allowed us to investigate separately the effect on the
coupling constant of the nature of the axial and bridging
ligands as well as that of the most usual structural distortions
for this family of compounds. Especially interesting is the
additive character found for the contribution to the coupling
constant from each bridging group, which allows, in principle,
the design of new molecules with a desired value of J by
combining different bridges in a single compound.


Computational Details


Calculations for model compounds [Cu2(m-RCOO)4L2] were carried out
using the following bond lengths [�] and angles [8]: for the common
molecular framework: CuÿO 1.98, CÿO 1.25, CuÿL 2.15; Cu-O-C 123.3,
O-C-O 125.0; for the axial ligands: CÿH 1.08 (R�H), CÿF 1.37 (R�F),
CÿCl 1.75 (R�Cl), CÿBr 1.88 (R�Br), CÿC 1.52, CÿH 1.06; H-C-C 109.0
(R�CH3, CClH2, CCl2H); CÿCl 1.73, Cl-C-C 109.0 (R�CCl3, CCl2H,
CClH2); CÿF 1.34, F-C-C� 109.0 (R�CF3); CÿSi 1.92, SiÿH 1.45, H-Si-C
109.0 (R� SiH3); OÿH 0.96, H-O-H 104.5; NÿH 1.02, H-N-H 109.0.
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The First Acetimine Gold(i) and Gold(iii) Complexes and the First Acetonine
Complexes**


JoseÂ Vicente,*[a] M. Teresa Chicote,*[a] Rita Guerrero,[a] Isabel M. Saura-Llamas,[a]


Peter G. Jones,*[b] and M. Carmen Ramírez de Arellano*[a]


Abstract: Ketimino(phosphino)gold(i)
complexes of the type [Au{NR�C-
(Me)R'}L]X (X�ClO4, R�H, L�
PPh3, R'�Me (1 a), Et (2 a); L�PAr3


(Ar�C6H4OMe-4), R'�Me (1 b), Et
(2 b); L�PPh3, R�R'�Me (3); X�
CF3SO3 (OTf), L�PPh3, R�R'�Me
(3'); R�Ar, R'�Me (4)) have been
prepared from [Au(acac)L] (acac� ace-
tyl acetonate) and ammonium salts
[RNH3]X dissolved in the appropriate
ketone MeC(O)R'. Complexes
[Au(NH�CMe2)2]X (X�ClO4 (6), OTf
(6')) were obtained from solutions of


[Au(NH3)2]X in acetone. The reac-
tion of 6 with PPN[AuCl2] or with
PhICl2 gave [AuCl(NH�CMe2)] (7) or
[AuCl2(NH�CMe2)2]ClO4 (8), respec-
tively. Complex 7 was oxidized with
PhICl2 to give [AuCl3(NH�CMe2)] (9).
The reaction of [AuCl(tht)] (tht� tetra-
hydrothiophene), NaClO4, and ammo-
nia in acetone gave [Au(acetonine)2]-


ClO4 (10) (acetonine� 2,2,4,4,6-pen-
tamethyl-2,3,4,5-tetrahydropyrimidine)
which reacted with PPh3 or with
PPN[AuCl2] to give [Au(PPh3)-
(acetonine)]ClO4 (11) or [AuCl(aceto-
nine)] (12), respectively. Complex 11
reacts with [Au(PPh3)(Me2CO)]ClO4 to
give [(AuPPh3)2(m-acetonine)](ClO4)2


(13). The reaction of AgClO4 with
acetonine gave [Ag(acetonine)(OClO3)]
(14). The crystal structures of [Au-
(NH2Ar)(PPh3)]OTf (5), 6' and 10 have
been determined.


Keywords: acetimine ´ acetonine ´
gold ´ N ligands ´ structure elucida-
tion


Introduction


Imines are important synthetic intermediates since they
perform a significant role in functional group transformations,
carbon ± carbon bond formation, and ring construction.[2]


N-substituted imines are generally stable, can be obtained
by several straightforward methods and serve as ligands in


many metal complexes.[3] Unlike N-substituted imines, the
unsubstituted NH-aldimines, HN�CHR, or NH-ketimines,
HN�CRR', are, with the exception of diarylketimines,
unstable compounds that need to be trapped with various
reagents.[2] In particular, HN�CMe2 (acetimine) can be
prepared from acetone and ammonia, but requires an
ammonium chloride-catalyzed reaction at 50 bar and
120 8C[4] or the use of zeolite HZSM-5 over 250 8C.[5] Although
it is stable at 0 8C for short periods of time it decomposes on
storage to give 2,2,4,4,6-pentamethyl-2,3,4,5-tetrahydropyr-
imidine (acetonine; see Scheme 1).[6] The difficulties asso-
ciated with the preparation and handling of acetimine could
account for the scarcity of complexes with this ligand; in
particular, there are none with gold.[7±17] The only gold(i)
complexes with NH-ketimines contain the stable ligands
diphenylmethanimine[18] and tetramethylguanidine and are


Scheme 1. The formation of acetimine from acetone and ammonia.
Conditions: either a) NH4Cl catalyst, 50 bar, 120 8C; or b) zeolite HZSM-
5 catalyst, 250 8C. Acetimine is stable for short periods at 0 8C, but
eventually decomposes to give acetonine.
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prepared by using replacement reactions.[19] There exists
only one gold(i) complex with an NH-aldimine,
[AuCl(NH�CHnPr)], formed in the reaction between
[AuCl4]ÿ and nBuNH2.[20] The only reported gold(iii) com-
plexes with imines contain cyclic ketimines (pyridines, pyr-
azolato, porphyrins, etc.).[21] Here we report a family of gold(i)
and gold(iii) complexes with noncyclic ketimines, including
acetimine, using two different synthetic methods. We have
preliminarily reported the synthesis and the crystal structure
of [Au(NH�CMe2)2]OTf.[22]


Acetonine (Scheme 1) was first characterized by Bradbury
et al.[23] in 1947 based on its molecular refraction and its
reduction and hydrolysis products, although it could have
been first prepared by Städeler[24] more than a century ago. It
has been reported to form among the decomposition products
of acetimine (NH�CMe2)[6] but it is best obtained from the
reaction of acetone with ammonia, and many attempts are
currently reported, most of them patents, to improve its
synthesis. Thermal[25] or photochemical[26] activation as well as
a wide variety of catalysts including Mg/Al complexes,[27] Fe
carboxylates,[28] halo complexes of B, Al, Si, P, As, Ti, Pd, Pt,[29]


zeolites,[30] NH4Cl,[31] or p-nitro-calix[4]arene[32] have been
used to that purpose. Acetonine finds its main use in its
reaction with acetone to give triacetonamine (2,2,6,6-tetra-
methyl-4-oxopiperidine). This reaction has been also the
subject of many patents[27, 29, 33±35] and may be a major
industrial method for the synthesis of this compound, which
is an attractive intermediate for the synthesis of nitroxides,
oxoammonium salts,[36] pharmaceutical products, pesticides
and photostabilizers for polymers. After so much work
devoted to this subject and the interest in this compound we
were surprised to find that, as far as we can establish, no X-ray
study had been reported on acetonine or any other 2,2,4,4,6-
substituted tetrahydropyrimidine and not a single acetonine
complex of any element has been described. Here we report a
family of acetonine complexes of gold(i) and one of silver(i).
The synthesis and the crystal structure of [Au(acetonine)2]-
ClO4


[1] was the subject of a preliminary communication.


Results and Discussion


Synthesis of imino complexes of gold(i) and (iii): Ketimino-
(phosphino)gold(i) complexes of the type [Au{N(R)�
C(Me)R'}L]X (1 ± 3'; Scheme 2, method A) were synthesized
by reacting equimolar amounts of [Au(acac)L] (acac� acetyl
acetonate)[37] and ammonium salts, [RNH3]X, dissolved in the
appropriate ketone MeC(O)R'. We have previously report-
ed[38, 39] the synthesis of amino(phosphino)gold(i) complexes
[Au(NHnR3ÿn)L]� from the same reagents ([Au(acac)L] and
[RnNH4ÿn]� , L�PPh3, PAr3) that we have now used in the
syntheses of 1 ± 3. In that report we stated that, whereas
complexes containing secondary or tertiary amines as ligands
could be prepared in acetone, in the synthesis of those with
primary amines, Et2O must be used instead of acetone. We
reasoned that the insolubility of [Au(NH2R)L]� in Et2O
prevented its contamination with dinuclear complexes
[(AuL)2(m-NHR)]� , formed from the reaction between
[Au(acac)L] and [Au(NH2R)L]� . According to the present


Scheme 2. The synthesis of ketimino(phosphino)gold(i) complexes (1 ± 4)
from equimolar amounts of [Au(acac)L] and [RNH3]X dissolved in the
appropiate ketone MeC(O)R'.


results, the above facts could be interpretated differently as a
consequence of formation of ketimine complexes
[Au{N(R)�CMe2}L]� . In fact, complexes 1 a and 3' can also
be obtained by stirring solutions of the corresponding
[Au(NH2R)L]� complexes in acetone (Scheme 2, method
B). The complex [Au{N(Ar)�CMe2}PPh3]OTf (4) has been
prepared by using method B. Therefore, reactions giving
complexes 1 ± 3 by method A occur through the intermediacy
of amino complexes [Au(NH2R)L]� . However, the reverse
reaction of the condensation process leading to complexes 1 ±
3 (hydrolysis) is important in some cases. Thus, the 1H NMR
spectrum of an analytically pure sample of complex 2 a shows
traces of the hydrolysis product [Au(NH3)(PPh3)]ClO4.
Similarly, complex 4 partly hydrolyzes upon standing in
solution to give [Au(NH2Ar)(PPh3)]OTf (5) which accounts
for both the low yield of pure 4 and the growth of single
crystals of 5 (see Figure 1) from solutions of 4.


In several reactions meant to establish the generality of this
method for the synthesis of imino(phosphino)gold(i) com-
plexes we have found that 1) complexes [Au(n-NH2C6H4NO2)-
(PPh3)]X (n� o, p) and [{Au(PPh3)}2{m-NH2(CH2)2NH2}]X2


(X�OTf) do not react with acetone, 2) [Au(NH3)(PPh3)]-
ClO4 does not react with the ketones Ph2CO, MeC(O)CH2-
C(O)Me, PhC(O)CH2C(O)Me or the aldehydes MeCH2-
CHO, PhCHO and 3,4,5-(OMe)3C6H2CHO, and 3)
[Au(NH3)(PAr3)]ClO4 does not react with MeC(O)CH2-


C(O)Me. In all these reactions, no evidence of the formation
of imino species could be obtained. Therefore, substituents
attached to the carbonyl groups with inductive effect lower
than that of Me (H, aryl, MeC(O)) prevent the condensation.


When complexes 1 a or 1 b were treated with an equimolar
amount of the corresponding [Au(acac)L] in an attempt to
synthesize complexes [(AuL)2(m-N�CMe2)]ClO4, mixtures
were obtained that we could not separate. According to 31P
NMR spectral data, the dinuclear complexes seem to form
(d� 30.28 (s, L�PPh3) or 26.26 (s, L�PAr3)) but they
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partially hydrolyze to produce [(AuL)2(m-NH2)]ClO4 (d�
30.75 (L�PPh3), 26.66 (s, L�PAr3)) and [{Au(PAr3)}4(m4-
N)]ClO4 (d� 19.89).[39]


Complexes [Au(NH�CMe2)2]X (X�ClO4 (6), OTf (6'))
were obtained in good yields by stirring [Au(NH3)2]X (X�
ClO4 or OTf)[39] in acetone for five days (Scheme 3). The


Scheme 3. Synthesis of ketimino gold(i) complexes [Au(NH�CMe2)2]X
(X�ClO4 (6), OTf (6')) from [Au(NH3)2]X in acetone.


1H NMR spectrum of the reaction mixture after three days of
stirring showed the resonances corresponding to complex 6
along with three other resonances at d� 2.35 (d, 4J(H,H)�
1.4 Hz), 2.41 (s) and 4.51 (s, br), which could correspond to the
Me group trans to hydrogen, the Me group trans to gold and
the NH3 ligand, respectively, in the intermediate complex
[Au(NH�CMe2)(NH3)]ClO4, which we could not isolate. We
attempted the synthesis of 6 from acetone solutions of
NaClO4 and [Au(NH3)2]Cl[39] but no reaction was observed,
probably because of the low solubility of this complex in
acetone. The reactions between NH4ClO4 and Q[Au(acac)2]
(Q�NMe4, PPN) (2:1, in acetone) produced 6 or 6' in a much
shorter time (3 h), thus proving that these reactions do not
involve [Au(NH3)2]� as an intermediate. Rather, intermedi-
ates such as [Au(acac)(NH3)], [Au(acac)(NH�CMe2)] and
[Au(NH�CMe2)(NH3)]� could be involved. Unfortunately,
this is not a convenient route to 6 since separation of the by-
product QClO4 has proved very difficult. Single crystals of 6'
(see Figure 2) grew in an attempt to grow crystals of
[Au(NH3)2]OTf by the liquid diffusion method using ace-
tone/Et2O.


The complex [AuCl(NH�CMe2)] (7) was obtained by
metathesis between equimolar amounts of 6 and
PPN[AuCl2][37] in acetone (Scheme 3). Extracting the crude
product with a mixture of acetone and Et2O, in which only 7
dissolved, led to the separation of the by-product PPNClO4.
When complex 6 or 7 was treated with an equimolecular


amount of PhICl2, oxidative addition of chlorine took place to
give [AuCl2(NH�CMe2)2]ClO4 (8) or [AuCl3(NH�CMe2)] (9),
respectively (Scheme 3). These are the first gold(iii) com-
plexes with a noncyclic ketimine.


Synthesis of acetonino complexes of gold(i) and silver(i): We
have previously described the synthesis of [Au(NH3)2]Cl by
bubbling NH3 through an acetone solution of [AuCl(tht)]
(tht� tetrahydrothiophene).[39] This complex does not react
with NaClO4 to give [Au(NH3)2]ClO4, nor with acetone to
give [Au(NH�CMe2)2]Cl or 7, probably because of its
insolubility in all common solvents. However, it does react
with AgClO4 in acetone to produce insoluble AgCl and
[Au(NH3)2]ClO4. We presumed that this complex could be
better obtained in the one pot reaction of NH3 with
[AuCl(tht)] in acetone in the presence of NaClO4. However,
when NH3 was bubbled (15 min) through an acetone solution
containing equimolar amounts of [AuCl(tht)] and NaClO4


and the resulting suspension was further stirred for 1 h, the
complex [Au(acetonine)2]ClO4 (10) (Scheme 4) was obtained


Scheme 4. Synthesis of acetonino gold(i) and silver(i) complexes from the
reaction of various gold(i) complexes with NH3 and acetone.


as the major product (88 %). A small amount of [Au(NH3)2]Cl
precipitated during the reaction and was removed by filtra-
tion. However, neither the desired complex [Au(NH3)2]ClO4


nor its reaction product with acetone (6) were even detected
among the final products. If such two complexes were formed
in the reaction, the result would be the same because, as we
have independently proved, 10 is also formed when NH3 is
bubbled through their acetone solutions. The same result is







Acetimine and Acetonine Gold Complexes 638 ± 646


Chem. Eur. J. 2001, 7, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0641 $ 17.50+.50/0 641


obtained when NH3 was bubbled through acetone (20 mL) for
15 min and then [Au(NH3)2]ClO4 (ca.1 mmol) added and the
resulting mixture was stirred for 1 h. According to all these
experiments it seems that the acetonine ligand forms on
bubbling NH3 through acetone and replaces not only the
labile tht ligand but also the chloro ligand in [AuCl(tht)], NH3


in [Au(NH3)2]ClO4 or acetimine in the possible intermediate
species [Au(NH3)(NH�CMe2)]ClO4 or [Au(NH�CMe2)2]-
ClO4. The rapid formation of 10 compared to that of
[Au(NH�CMe2)L]� or [Au(NH�CMe2)2]� (1 h, 2 ± 5 h, 5 days,
respectively) means that acetimine rapidly forms and con-
denses to acetonine in the reaction between ammonia and
acetone, whereas formation of acetimine from ammonia
coordinated to gold(i) is a slow process, especially in the case
of both ammonia molecules in [Au(NH3)2]� .


The reaction of 10 with triphenylphosphane in 1:1 or
1:2 molar ratio results in the displacement of one or both
acetonine ligands to give [Au(acetonine)(PPh3)]ClO4 (11) or
[Au(PPh3)2]ClO4, respectively. Complex 11 was also obtained,
along with other unidentified species, when NH3 was bubbled
through acetone solutions of 1 a or [Au(PPh3)(Me2CO)]ClO4.
The metathesis reaction of 10 and PPN[AuCl2] produces
[AuCl(acetonine)] (12) and PPNClO4, which can be sepa-
rated easily because of the solubility of 12 in Et2O. Complex
12 was also obtained in similar yield when [AuCl(tht)] and
acetonine (1.2:1) were allowed to react in acetone for 30 min.
In contrast, the reaction between equimolecular amounts of
11 and [Au(PPh3)(Me2CO)]ClO4 leads to the displacement of
the labile acetone ligand by the uncoordinated amine function
present in 11 to give the dinuclear complex [(AuPPh3)2(m-
acetonine)](ClO4)2 (13) (Scheme 4).


The reaction of acetonine and AgClO4 (1.1:1) in Et2O
caused immediate precipitation of the complex [Ag(acetoni-
ne)(OClO3)] (14), which was isolated by filtration in almost
quantitative yield. Complexes 10 ± 14 are the first coordina-
tion complexes containing acetonine.


Crystal structure of 5: This complex was previously described
by us[38] and has now been used as the starting material for the
synthesis of 4. In an attempt to grow single crystals of 4 by the
liquid diffusion method using dichloromethane and n-hexane,
crystals of 5 suitable for an X-ray diffraction analysis were
obtained as the result of hydrolysis. The crystal structure of 5
(Figure 1) consists of [Au(NH2Ar)(PPh3)]� ions and triflate
anions. The cation shows the gold atom in an almost linear
environment (P-Au-N 178.10(11)8) with AuÿN (2.112(4) �)
and AuÿP (2.2376(12) �) bond lengths similar to those found
in the related complexes [Au(NMe3)(PPh3)]ClO4 ´ CH2Cl2


[38]


(2.108(7) and 2.231(2) �), [Au(quinuclidine)(PPh3)]BF4
[40]


(2.11(1) and 2.240(4) �) and [Au(NH2tBu)L]BF4 (L�PMe3,
PMePh2)[41] (2.105(8) ± 2.11(1) and 2.235(3) ± 2.236(3) �). The
last two complexes are the only ones related with 5 that
contain a primary amine. In spite of the tendency of gold(i)
complexes to aggregate through short Au ´´´ Au contacts
(aurophilicity),[42±44] such contacts are absent in 5. The size
of the ligands attached to the gold atom is very important for
the existence of such a weak interaction. In fact, the smaller
PMe3 ligand in [Au(NH2tBu)(PMe3)]BF4, as compared with
PPh3 in 5, allows a short Au ´´´ Au contact (3.047(1) �).[41]


Figure 1. Crystal structure of 5. Selected bond lengths [�] and angles [8]:
AuÿN 2.112(4), AuÿP 2.2376(12); N-Au-P 178.10(11), Au-N-C11 116.9(3).


Instead, two hydrogen bonds NH ´´´ OSO2CF3 are formed that
link two ion pairs across an inversion centre (NÿH01 ´´ ´ O3
with H ´´´ O 1.89(3) �, NH ´´´ O 174(4)8 and NÿH02 ´´ ´ O4
with H ´´´ O 1.92(3) �, NH ´´´ O 155(3)8, operator ÿx, 1ÿ y,
1ÿ z). The dimers are further linked into chains by a
nonclassical hydrogen bond C35ÿH35 ´´´ O2 with H ´´´ O
2.48 �, CÿH ´´´ O 1378.


Crystal structure of 6': The crystal structure of this complex
was already preliminarily reported[22] by us (Figure 2) and
shows as the main features: 1) two independent formula units


Figure 2. Crystal structure of 6' projected down the x axis. Only the
asymmetric unit is numbered. H atoms are omitted for clarity. Secondary
interactions (aurophilic and hydrogen bonds) are indicated by broken
bonds. Selected bond lengths [�] and angles [8]: Au1ÿN1 2.017(5), N1ÿC1
1.285(8), Au1ÿN2 2.018(2), N2ÿC4 1.271(7), Au1ÿAu2 3.1663(5), Au1ÿAu3
3.1705(5); N1-Au1-N2 178.7(2), Au2-Au1-Au3 153.346(10), other N-Au-N
and Au-Au-Au 1808 by symmetry.


but three independent gold atom positions (Au2 and Au3
lie on inversion centers); 2) a polymeric chain of
[Au(NH�CMe2)2]� ions formed through short Au ´´´ Au con-
tacts (3.1663(5), 3.1705(5) �) with Au2-Au1-Au3 angles of
153.364(10)8 and all other Au-Au-Au angles of 1808 by
symmetry; 3) linear disposition of the AuN2 moieties
(N1-Au1-N2, 178.7(2)8 and all other N-Au-N angles 1808 by
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symmetry) with AuÿN bond lengths (2.017(5), 2.018(2) �)
similar to those found in AuI complexes with the NH�CPh2


ligand (in the range 1.985 ± 2.07 �),[10, 13] and 4) four inde-
pendent hydrogen bonds formed between the triflate anions
and the NH groups of the acetimine ligands (N ´´´ O 2.89 ±
2.91 � and NÿH ´´´ O 158 ± 1678). As far as we know, there are
only two other complexes in which Au ´´´ Au contacts are
established among cationic species, the pentameric [Au(pyr-
idine-2-thione)2]ClO4


[45] and the dimeric [Au(NH2tBu)-
(PMe3)]BF4.[41] In complex 6' the additional hydrogen bond
interactions could be the factor supporting the polymer-
ization.


Only three crystal structures of acetimine complexes are
available for comparison with that of 6'.[10, 13, 14] The acetimino
ligands present in 6', in [AlCl3(NH�CMe2)],[14] and in
[W(PhC�CPh)3(NH�CMe2)][10] show almost identical C�N
bond lengths (6': 1.285(8), 1.271(7) �; [AlCl3(NH�CMe2)],
1.282(4) �; [W(PhC�CPh)3(NH�CMe2)], 1.284(7) �) and
angles around the iminic carbon atom [6': Me-C-Me,
116.9(6), 119.3(6)8 ; Me-C-N, 120.4(7)8, 120.3(7)8, 121.6(6)8
121.5(6)8 ; [AlCl3(NH�CMe2)], Me-C-Me 117.7(3)8, Me-C-N,
120.5(3)8, 121.8(3)8 ; [W(PhC�CPh)3(NH�CMe2)]: Me-C-Me,
116.6(5)8 ; Me-C-N, 120.6(5)8, 122.6(5)8]. However, the imino
ligands present in [Ru(NH�CMe2)2(bipy)2](PF6)2


[13] display
shorter C�N bond lengths (1.159 �), a narrower Me-C-Me
bond angle (998), and Me-C-N angles of 1488 and 1138.


Crystal structure of [Au(acetonine)2]ClO4 (10): The crystal
structure of this complex was already preliminarily reported
by us (Figure 3).[1] Neither acetonine complexes nor X-ray
crystal studies on acetonine or any other 2,2,4,4,6-substituted


Figure 3. a) Crystal structure of the cation 10 showing the atom numbering
scheme. Selected bond lengths [�] and angles [8]: AuÿN1 2.040(5), N1ÿC1
1.297(8), C1ÿC2 1.502(8), C2ÿC3 1.528(7), C3ÿN2 1.469(7), N2ÿC4
1.474(7), C4ÿN1 1.510(7); N1-C1-C2 122.1(5), C1-C2-C3 112.6(5), C2-C3-
N2 108.0(4), C3-N2-C4 118.3(4), N2-C4-N1 113.6(4), C4-N1-C1 122.6(5).
b) Packing diagram along the c axis of compound 10 ´ ClO4 showing the
hydrogen bond N2CH2 ´´´ O2 [N2 ´´´ O2 3.26(1), H2 ´´´ O2 2.46(4),
N2ÿH2 ´´´ O2 157(5)8]


tetrahydropyrimidine have been previously reported. The
structure of 10 consists of [Au(acetonine)2]� ions and per-
chlorate anions (see Figure 3a). In the cation, the gold atom
lies on an inversion center. The acetonine ring is on a half-
chair conformation with the atom C(3) 0.62 � out of the main
plane (mean deviation 0.005 �). The AuÿN bond length
found in 10 (2.040(5) �) is similar to those found in 6'
(2.017(5), 2.018(2) �) or other complexes containing
AuÿN(sp2) bonds (range 1.985 ± 2.07 �).[10, 13] The bond
lengths in the acetonine ring are normal when compared with
those found in compounds with similar hybridization and
bond order.[46] Thus, 1) N1�C1 1.297(8) � is similar to
C(sp2)�N(sp2) in furoxan (1.316 �), 2) C1ÿC2, 1.502(8) �
and C2ÿC3 1.528(7) � are similar to C(sp2)ÿC(sp3) (1.506 �)
and C(sp3)ÿC(sp3) (1.535 �), respectively, found in cyclo-
hexene, 3) C3ÿN2 1.469(7) � and C4ÿN2 are similar to the
mean distance found for C(sp3)ÿN(sp3) (1.469 �), and 4)
C4ÿN1 1.510(7) is in the range found for various
C(sp3)ÿN(sp2) (1.454 ± 1.479 �). A zigzag chain perpendicular
to the bc plane is formed through a N(2)ÿH(2) ´´´ O(2)
hydrogen bond (N(2) ´´ ´ O(2) 3.225(9), H(2) ´´´ O(2)
2.42(3) �, and N(2)ÿH(2) ´´ ´ O(2) 154(5)8 for the main
component of the disordered perchlorate anion (72 % refined
occupancy)). A linear arrangement of the gold atoms along
the c axis has been found (see Figure 3b).


NMR, IR and FAB spectra: The 1H NMR spectrum of
NH�CMe2 (in CDCl3) has been reported[6] to show one singlet
at d� 1.93 for both Me groups while the resonance for the NH
proton was not observed. The 1H NMR spectra (see Exper-
imental Section) of those complexes containing this ligand
show the NH resonance as a broad singlet (d� 10.15 (1 a),
10.36 (1 b), 10.17 (6), 10.28 (6'), 9.42 (7)) or as a 1:1:1 triplet
(d� 8.55 (9), 1J(H,N)� 62 Hz). We have previously observed
1H coupling to 14N in [Au(NH3)2]� although with a lower
1J(H,N) value (37 ± 39 Hz) as expected for the lower s
character of the hybrids at N. [39] . The NH resonance is absent
in the CD3OD-1H NMR spectrum of 8 probably because of
H/D interchange. In complexes 2 a and 2 b, two NH reso-
nances (d� 9.93, 10.10 (2 a); 10.12, 10.31 (2 b)) are observed
because of the presence of two isomers (see below).


The spectra of the acetimino gold complexes show also two
additional resonances indicating inequivalent Me groups,
arising from restricted rotation around the N�C bond at
room temperature. The resonance at lower field (d� 2.43
(1a), 2.38 (1b), 2.44 (6), 2.46 (6'), 2.32 (7), 2.80 (8), 2.64 (9)) is a
singlet that we assign to the Me group trans to the AuPR3


moiety, while that at higher field is a somewhat broadened
singlet (d� 2.37 (1 a), 2.71 (8), 2.56 (9)) or a doublet (d� 2.37
(1 b), 4J(H,H)� 1.2 Hz; 2.38 (6), 4J(H,H)� 1.2 Hz; 2.39 (6'),
4J(H,H)� 1.2 Hz; 2.24 (7), 4J(H,H)� 1.8 Hz) that we assign to
the Me group trans to the hydrogen atom of the NH group,
based on irradiation at the NH proton frequency. We have
carried out a variable-temperature 1H NMR spectroscopy
study for complex 1 a and found the coalescence temperature
and the free energy of activation for the rotation around the
C�N bond to be 52.5 (�0.15) 8C and 13.22 (�0.1) Kcal molÿ1,
respectively. At 60 8C the spectrum shows a singlet at d� 2.38
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for both equivalent Me groups. In the case of 1 b free rotation
is observed above 55 8C.


The 1H NMR spectra of complexes 2 containing the
NH�C(Me)Et ligand reveal the presence in solution of a
mixture (2 a 1.7:1, 2 b 1.3:1) of the two possible isomers.
According to the assignment made for complexes 1, the most
abundant isomer for complexes 2 a and 2 b is that with the Me
group trans to the AuPR3 moiety. The spectrum of 2 a is
contaminated with trace amounts of the hydrolysis product
[Au(PPh3)(NH3)]ClO4,[39] presumably formed from traces of
water in the deuterated solvent.


Complexes 3 and 4 contain the ligands N(R)�CMe2 (R�
Me, Ar), respectively, and show resonances expected for the R
group attached to nitrogen and also two separate resonances
for both methyl groups of the CMe2 moiety; one of them is a
singlet (d� 2.26 (3), 2.27 (3'), 2.16 (4)) while the other is a
doublet (d� 2.62 (3, 3'), 5J(P,H)� 1.2 Hz) or a singlet (d�
2.82 (4)). The 5J(P,H) coupling constant in these complexes is
equal or very close to the 4J(H,H) value found in 1 b, 6, 6', and
7 (1.8 Hz). When the spectrum of 4 was measured several
hours after dissolving the sample, it showed the presence of a
small amount of 5[38] which must form by hydrolysis, as was
observed when single crystals of 5 were obtained from
solutions of 4. The 31P{1H} NMR spectra of complexes 1 ± 4
show a singlet resonance for the PR3 ligand at around d� 26
(R�Ar) or in the range d� 28.7 ± 30(R�Ph) (see Exper-
imental Section).


The 1H NMR spectra of the acetonino complexes 10 ± 14
(see Experimental Section) show the expected resonances
that we have assigned by comparison with those of the free
ligand, assuming that in all these complexes the metal center
is coordinated to N1 (see Scheme 1) as shown in the crystal
structure of 10. In fact the maximum and minimum differ-
ences with respect to the corresponding resonances in the free
ligand correspond to the Me group on C6 (d� 1.96 (aceto-
nine), 2.53 (10), 2.57 (11), 2.48 (12), 2.70 (13), 2.37 (14)) and
the Me groups on C4, (d� 1.12 (acetonine), 1.21 (10), 1.21
(11), 1.19 (12), 1.74, 1.78 (13), 1.21 (14)), while the opposite
should be observed if coordination took place through N3. All
resonances in the spectra of complexes 10 ± 12 and 14 are
singlets in spite of the chiral nature of N3, indicating a fast
inversion process. The 1H NMR spectrum of 13 shows an AB
system for the CH2 protons and one singlet for each of the
four different Me groups. The 31P{1H} NMR spectrum shows a
singlet for each of the AuPPh3 groups. Both spectra prove that
coordination of the AuPPh3 groups occurs at different nitro-
gen atoms. The 31P{1H} NMR spectrum of 11 shows a singlet at
d� 29.29. The 13C{1H} NMR spectra of complexes 1 a, 1 b, 2 a,
2 b, and 10 were measured (see Experimental Section) and
support the proposed structures.


The vibrational spectra of NH�CMe2 show two weak NH
bands (Raman, 3326 and 3260 cmÿ1) and also two C�N bands
(IR, 1658, 1670 sh cmÿ1).[6] With the exception of 3, 4, and 13,
which do not have NH groups, all the complexes described
here show one medium to strong broad n(NH) band in the
3195 ± 3312 cmÿ1 region (3213 (1 a), 3230 (1 b), 3230 (2 a), 3249
(2 b), 3248 (6), 3215 (6'), 3219 (7), 3195 (8), 3312 (9 ; in CH2Cl2


solution), 3305 (10), 3297 (11), 3291 (12), 3215 (14) cmÿ1). The
monoimino complexes 1 ± 4 show one medium to strong


n(C�N) band in the 1620 ± 1670 cmÿ1 region (1638 (1 a), 1646
(1 b), 1640 (2 a), 1641 (2 b), 1651 (3), 1644 (3'), 1627 (4) cmÿ1)
while the bis-imino complexes 6 and 6' show two n(C�N)
bands in the same region (6 : 1660, 1643; 6': 1663, 1647 cmÿ1).
However, complexes 7 and 9 show two n(C�N) bands (7: 1659,
1643, 9 : 1670, 1650 cmÿ1 (in dichloromethane solution)) in
spite of having only one imino function. Schmidbaur et al.
have reported[19, 47] that complexes related to 6 and 7, the
isomers [Au(imine)2][AuCl2] and [AuCl(imine)] (imine�
R2C�NH, R�Ph, NMe2), are in equilibrium in solution. In
our case, an equilibrium between 7 and [Au(NH�C-
Me2)2][AuCl2] can be ruled out because of the solubility of 7
in Et2O and its low molar conductivity in acetone
(7 Wÿ1 cm2 molÿ1). The acetonino complexes 10 ± 14 show
one n(C�N) band (10 : 1629, 11: 1638, 12 : 1639, 13 : 1642, 14 :
1651 cmÿ1).


The chloro complexes 7 and 8 show one n(AuCl) band at
342 and 344 cmÿ1, respectively. Complex 9 could not be
suspended in Nujol, so its IR spectrum was measured in a
CH2Cl2 solution. The low energy region of the spectrum is
very noisy, preventing any assignment. The trans geometry of
complex 12 is supported by the single n(AuCl) band at
374 cmÿ1. The cationic derivatives 1 ± 6, 8, 9, 11, and 13 show
bands of the corresponding counterions (ClO4 at around 1100
and 620 cmÿ1 and OTf at around 1275 cmÿ1).


The mass spectra (FAB�) of complexes 1 b, 2 a, 2 b, 8, and
11, have been measured (see Experimental Section) and all
show the [M�] peak and other fragments consistent with the
proposed stoichiomeries.


Conclusion


The unstable acetimine can be stabilized as a ligand co-
ordinated to gold(i) or gold(iii). Gold(i) complexes,
[Au(NH�CMe2)L]� , [Au(NH�CMe2)2]� , or [AuCl-
(NH�CMe2)] are prepared by reacting acetone with am-
minegold(i) complexes ([Au(NH3)L]� or [Au(NH3)2]�) or by
reacting [Au(NH�CMe2)2]� with [AuCl2]ÿ , respectively. Ace-
timino gold(iii) complexes, [AuCl2(NH�CMe2)2]� or
[AuCl3(NH�CMe2)], have been obtained by reacting PhICl2


with [Au(NH�CMe2)2]� or [AuCl(NH�CMe2)], respectively.
Bubbling ammonia through acetone leads rapidly to aceto-
nine. If a gold(i) or silver(i) species is present in solution or
added after bubbling, complexes with this important com-
pound can be isolated. The X-ray diffraction studies of some
of these complexes show interesting hydrogen bonds and
aurophilic interactions.


Experimental Section


Infrared spectra were recorded in the range 4000 ± 200 cmÿ1 on a Perkin-
Elmer 16F PC FT-IR spectrophotometer using Nujol mulls between poly-
ethylene sheets except in the case of complex 9, where the IR spectrum was
measured in a dichloromethane solution to avoid massive decomposition.
Conductivities were measured with a Philips PW 9501 conductimeter.
Melting points were determined on a Reichert apparatus and are
uncorrected. C, H, N, and S analyses were carried out with a Carlo Erba
1106 microanalyzer. The NMR spectra were recorded on a Varian Unity
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300 MHz spectrometer at room temperature in CDCl3 unless otherwise
stated. TMS was used as a reference for the 1H and 13C{1H} NMR spectra
and H3PO4 was used for 31P{1H} NMR spectra. Mass spectra (FAB�) were
measured with a Fisons VG-Autospec spectrometer using 3-nitrobenzyl
alcohol (NBA) as the matrix. Unless otherwise stated, the reactions were
carried out at room temperature, without any special precautions against
daylight or moisture. The solvents were dried using standard methods and
freshly distilled, except in the case of n-pentane that was used as received.
Complexes 6' and 10 were preliminarily reported by us including a crystal
structure.[22]


Warning! Mixtures of perchlorate salts with organic cations may be
explosive. Preparations on a larger scale than that reported herein should
be avoided.


[AuCl(tht)],[48] PPN[AuCl2],[37] [Au(acac)PR3] (R�Ph, Ar),[37, 39] [Au(NH2-
Me)(PPh3)]Otf,[39] 5,[38] [Au(NH3)2]X (X�Cl, ClO4, Otf),[39] and PhICl2,[49]


were prepared as previously described.


[MeNH3]OTf was prepared in 76 % yield by bubbling a stream of MeNH2


(obtained by dropwise addition of a concentrated aqueous solution of
NaOH to solid MeNH2 ´ HCl (from Fluka)) through a solution of HOTf in
Et2O. The white precipitate was filtered and washed with Et2O. It was dried
and stored under nitrogen. The homologous perchlorate salt [NH3Me]ClO4


was obtained in 61% yield by reacting equimolar amounts of MeNH2 ´ HCl
and NaClO4 ´ H2O in acetone. Both gave correct elemental analyses.


We have prepared acetonine by bubbling NH3 through acetone for 15 min,
stirring the resulting mixture for three days, and removing the solvent
under vacuum below 35 8C. The same semisolid behavior previously
described by Bobbit[50] was observed. 1H NMR (CDCl3, 300 MHz, 25 8C,
TMS (see Scheme 1 for numbering scheme): d� 1.12 (s, 6 H; Me4), 1.38 (s,
6H; Me2), 1.87 (s, CH2; 2 H), 1.96 (s, 3 H; Me6).


(NH4)ClO4 was purchased from Probus and recrystallized from acetone
and Et2O while MeC(O)Et was purchased from Merck and used as
received.


[Au(NH�CMe2)(PR3)]ClO4 (R�Ph (1 a), Ar (1b)): An equimolar amount
of the corresponding [Au(acac)PR3] was slowly added to a solution of
(NH4)ClO4 (1 a: 60 mg, 0.51 mmol; 1 b: 45 mg, 0.38 mmol) in acetone
(15 mL). The reaction mixture was stirred at room temperature for 2 (1a)
or 2.5 (1 b) h and filtered through celite. The solution was concentrated
(1 mL) under vacuum and Et2O (15 mL) added. An oily material formed,
which was washed with Et2O (3� 10 mL). Recrystallization from acetone
(1 mL)/Et2O (15 mL) gave 1 a or vacuum drying for 4 h gave 1 b. Both
complexes are white solids.


1a: Yield: 270 mg, 86%; decomposition point 172 8C; 1H NMR (200 MHz):
d� 2.37 (s, br 3H; Me), 2.43 (s, 3 H; Me), 7.42 ± 7.65 (m, 15 H; Ph), 10.15 (s,
br, 1H; NH); 13C{1H} NMR (50 MHz): d� 28.41 (s; Me), 29.36 (s; Me),
127.28 (d, 1J(C,P)� 64 Hz; ipso-Ph), 129.32 (d, 3J(C,P)� 9.9 Hz; m-Ph),
132.37 (d, 4J(C,P)� 2.6 Hz; p-Ph), 133.80 (d, 2J(C,P)� 13.5 Hz; o-Ph,),
191.25 (s; C�N); 31P{1H}: d� 29.7 (s); IR (Nujol): nÄ � 3213 (NH), 1638
(C�N) cmÿ1; LM (acetone, 6.43� 10ÿ4 m): 126 Wÿ1 cm2 molÿ1; elemental
analysis calcd (%) for C21H22AuClNO4P: C 40.96, H 3.60, N 2.27; found: C
40.91, H 3.47, N 2.24.
1b: Yield: 174 mg, 65%; m.p. 74 8C; 1H NMR: d� 2.37 (d, 4J(H,H)�
1.2 Hz, 3H; Me), 2.38 (s, 3H; Me), 3.86 (s, 9 H; OMe), 6.97 ± 7.47 (m,
12H, AA'BB'X system; Ar), 10.36 (s, br, 1H; NH); 13C{1H} NMR
(50 MHz): d� 28.31 (d, 4J(C,P)� 4 Hz; Me), 29.26 (s; Me), 55.49 (s;
MeO), 115.37 (d, 3J(C,P)� 32 Hz; o-C6H4), 118.94 (d, 1J(C,P)� 75 Hz;
ipso-C6H4), 135.50 (d, 3J(C,P)� 15 Hz; m-C6H4), 162.61 (d, 4J(C,P)� 2 Hz;
p-C6H4), 190.67 (s; C�N); 31P{1H}: d� 25.99 (s); IR (Nujol): nÄ � 3230 (NH),
1646 (C�N) cmÿ1; LM (acetone, 2.15� 10ÿ4 m): 110 W-1 cm2 molÿ1; MS
(FAB�): m/z (%): 606.38 (100) [M�], 549.34 (56) [AuPAr3], 58.10 (58)
[NH2CMe2]; elemental analysis calcd (%) for C24H28AuClNO7P: C 40.84, H
3.99, N 1.98; found: C 40.75, H 3.87, N 1.95.


[Au{NH�C(Me)(Et)}(PR3)]ClO4 (R�Ph (2 a), Ar (2b)): An equimolar
amount of the corresponding [Au(acac)PR3] was slowly added to a
suspension of (NH4)ClO4 (2a: 60 mg, 0.51 mmol; 2 b: 52 mg, 0.44 mmol)
in MeC(O)Et (15 mL). The reaction mixture was stirred at room temper-
ature for 1 h (2a) or 5 h (2b) and filtered through celite. The solution was
concentrated (1 mL) and Et2O (15 mL) added to give a white oil which was
washed with Et2O (3� 15 mL). In the case of 2 a it was recrystallized from
dichloromethane (2 mL) and Et2O (20 mL) and dried under vacuum for


3 h, while 2 b was obtained upon drying the oily material under vacuum for
4 h.
2a : Yield: 185 mg, 58 %; m.p. 77 8C; 1H NMR (mixture of two isomers in
1.7:1 molar ratio), the more abundant isomer: d� 1.22 (t, 3J(H,H)� 7.5 Hz,
3H; CH2Me), 2.41 (s, 3H; CMe), 2.59 (q, 2 H; CH2Me), 9.93 (s, br, 1H;
NH); the less abundant isomer: d� 1.31 (t, 3J(H,H)� 7.5 Hz, 3 H; CH2Me),
2.32 (s, 3 H; CMe), 2.65 (q, 2H; CH2Me), 7.50 (m, 30H; Ph), 10.10 (s, 1H,
br; NH); 13C{1H} NMR (50 MHz): d� 9.59 (s; CH2Me), 11.29 (s; CH2Me),
20.0 (s; Me), 27.67 (s; Me), 34.64 (s; CH2Me), 35.99 (s; CH2Me), 127.36
(1J(C,P)� 64 Hz; ipso-Ph), 129.45 (d, 3J(C,P)� 12 Hz; m-Ph), 132.08 (s; p-
Ph), 134.07 (d, 2J(C,P)� 13 Hz; o-Ph), 194.73 (s; C�N), 195.35 (s, C�N);
31P{1H}: d� 29.98 (s); IR (Nujol): nÄ � 3230 (NH), 1640 (C�N) cmÿ1; LM


(acetone, 4.19� 10ÿ4 m): 124 W-1 cm2 molÿ1; MS (FAB�): m/z (%): 530.48
(100) [M�], 459.34 (76) [AuPPh3], 721.34, (17) [Au(PPh3)2]; elemental
analysis calcd (%) for C22H24AuClNO4P: C 41.95, H 3.84, N 2.22; found: C
41.51, H 3.58, N 2.16.


2b: Yield: 216 mg, 68 %; m.p. 78 8C; 1H NMR (mixture of two isomers):
d� 1.21 (t, 3J(H,H)� 7 Hz, 3H; CH2Me), 1.25 (t, 3J(H,H)� 7 Hz, 3H;
CH2Me), 2.34 (s, br, 3H; Me), 2.40(s, 3 H; Me), 2.60 (q, 2H; CH2Me), 2.65
(q, 2H; CH2Me), 3.85 (s, 18 H; OMe), 6.98 ± 7.54 (m, 24 H, AA'BB'X
system; Ar), 10.12 (s, br, 1 H; NH), 10.31 (s, br, 1 H; NH); 13C{1H} NMR
(50 MHz): d� 9.75 (s; CH2Me), 11.32 (s; CH2Me), 26.03 (s; Me), 27.53 (s;
Me), 34.78 (s; CH2Me), 35.97 (s; CH2Me), 55.73 (s; OMe), 115.17 (m; o-
C6H4), 119.07 (d, 1J(C,P)� 70 Hz; ipso-C6H4), 119.73 (d, 1J(C,P)� 67 Hz;
ipso-C6H4) 135.27 (m; m-C6H4), 162.60 (m; p-C6H4), 193.96 (s, C�N), 194.55
(s, C�N); 31P{1H}, 25.97 (s); IR (Nujol): nÄ � 3249 (NH), 1641 (C�N) cmÿ1;
LM (acetone, 3.83� 10ÿ4 m): 128 Wÿ1 cm2 molÿ1; MS (FAB�): m/z (%):
901.40 (22) [Au(PAr3)2], 620.46 (56) [M�], 549.4 (100) [AuPAr3], 245.15
(54) [PAr2]; elemental analysis calcd (%) for C25H30AuClNO7P: C 41.71, H
4.20, N 1.94; found: C 41.32, H 4.08, N 1.58.


[Au{N(Me)�CMe2}(PPh3)]ClO4 (3): Method A: [Au(acac)(PPh3)]
(275 mg, 0.49 mmol) was added to a solution containing (MeNH3)ClO4


(59 mg, 0.49 mmol) in acetone (15 mL), and the resulting mixture was
stirred for 2.5 h. After filtering, the solution was concentrated (2 mL), and
Et2O (20 mL) added to give a white solid that was recrystallized from
acetone and Et2O and then from dichloromethane and Et2O, washed with
Et2O (2� 15 mL), and air dried.


[Au{N(R)�CMe2}(PPh3)]OTf [R�Me (3') Ar (4)]: Method B: Solutions
of complexes [Au(NH2R)(PPh3)]OTf[38, 39] (R�Me (123 mg, 0.25 mmol),
Ar (150 mg, 0.21 mmol)) in acetone (15 mL) were stirred for 2 h and then
filtered through celite. The filtrates were concentrated (1 mL), Et2O added
(20 mL), and the resulting solids recrystallized twice from acetone and
Et2O to give 3', or from acetone and n-hexane and then from CH2Cl2 and n-
hexane to give 4, both as colorless solids. Complex 3' was also obtained,
although in low yield, when method A was followed using [Au(acac)(PPh3)]
and (NH3Me)OTf.


3: Yield: 200 mg, 87 %; m.p. 137 8C; 1H NMR: d� 2.26 (s, 3 H; Me), 2.62 (d,
5J(P,H)� 1.2 Hz, 3H; Me), 3.56 (s, 3 H; NMe), 7.47 ± 7.61 (m, 15 H; Ph);
31P{1H}, 28.73 (s); IR (Nujol): nÄ � 1651 (C�N) cmÿ1; LM (acetone, 5.54�
10ÿ4 m): 123 Wÿ1 cm2 molÿ1; elemental analysis calcd (%) for C22H24AuCl-
NO4P: C 41.95, H, 3.84, N 2.22; found: C 42.06, H 3.72, N 2.11.


3': Yield: 115 mg, 72%; m.p. 103 8C; 1H NMR: d� 2.27 (s, 3H; Me), 2.62 (d,
5J(P,H)� 1.2 Hz, 3H; Me), 3.56 (s, 3 H; NMe), 7.41 ± 7.61 (m, 15 H; Ph);
31P{1H}, 28.71 (s); IR (Nujol): nÄ � 1644 cmÿ1 (C�N); LM (acetone, 5.36�
10ÿ4 m): 127 Wÿcm2 molÿ1; elemental analysis calcd (%) for C23H24AuF3-
NO3PS: C 40.66, H 3.56, N 2.06, S 4.72; found: C 40.24, H 3.45, N 2.06, S
4.62.


4: Yield: 25 mg, 16 %, m.p. 63 8C; 1H NMR: d� 2.16 (s, 3 H; Me), 2.82 (s,
3H; Me), 3,83 (s, 3 H; OCH3), 6.93 ± 7.21 (m, 4 H, AA'BB' system; Ar),
7.42 ± 7.59 (m, 15H; Ph); 31P{1H}, 28.89 (s); IR (Nujol): nÄ � 1627
(C�N) cmÿ1; LM (acetone, 6� 10ÿ4 m)): 116 Wÿ1 cm2 molÿ1; elemental
analysis calcd (%) for C29H28AuF3NO4PS: C 45.15, H 3.66, N 1.82, S 4.16;
found: C 44.84, H 3.50, N 1.90, S 3.71.


[Au(NH�CMe2)2]X (X �ClO4 (6), OTf (6')): A solution of [Au(NH3)2]X
(X�ClO4, 323 mg, 1.21 mmol; OTf, 100 mg, 0.26 mmol) in acetone
(30 mL) was protected from light and stirred for 5 days. The solution was
filtered through MgSO4, concentrated under vacuum (2 mL), and Et2O
(20 mL) added to precipitate a white solid, which was filtered and air-dried.
6: Yield: 389 mg, 78%. Decomposition point 105 8C; 1H NMR: d� 2.34 (d,
4J(H,H)� 1.2 Hz, 3 H; Me), 2.37 (s, 3H; Me); 1H NMR (200 MHz,
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[D6]acetone): d� 2.38 (d, 3 H; Me), 2.44 (s, 3 H; Me), 10.17 (s, br, 1 H; NH);
IR (Nujol): nÄ � 3248 (NH), 1660, 1643 (C�N) cmÿ1; LM (acetone, 5.5�
10ÿ4 m): 147 Wÿ1 cm2 molÿ1; elemental analysis calcd (%) for C6H14AuCl-
N2O4: C 17.55, H 3.44, N, 6.82; found: C 17.42, H 3.33, N 6.80.


6': Yield: 85 mg, 70 %. Decomposition point 134 8C; 1H NMR (200 MHz,
[D6]acetone): d� 2.39 (d, 4J(H,H)� 1.2 Hz, 3H; Me), 2.46 (s, 3 H; Me),
10.28 (s, br, 1H; NH); IR (Nujol): nÄ � 3215 (NH), 1663, 1647 (C�N) cmÿ1;
LM (acetone, 3.9� 10ÿ4 m)): 126 Wÿ1 cm2 molÿ1; elemental analysis calcd
(%) for C7H14AuF3N2O3S: C 18.27, H 3.07, N 6.09, S 6.97; found: C 18.10, H
2.99, N 6.11.


[AuCl(NH�CMe2)] (7): Solid 6 (80 mg, 0.19 mmol) was added to a solution
of PPN[AuCl2] (157 mg, 0.19 mmol) in acetone (20 mL). The resulting
solution was stirred for 1.5 h, filtered through celite, and the solvent
removed under vacuum. The residue was extracted with two portions
(26 mL) of a mixture of acetone and Et2O (1:25), and the extracts filtered
through celite to remove insoluble PPNClO4. The solution was concen-
trated (2 mL) and n-hexane added to precipitate 7 as an off-white solid,
which was filtered and air-dried. Yield: 68 mg, 60 %; m.p. 85 8C; 1H NMR:
d� 2.24 (d, 4J(H,H)� 1.8 Hz, 3H; Me), 2.32 (s, 3H; Me), 9.42 (s, 1 H; NH);
IR (Nujol): nÄ � 3219 (NH), 1659, 1643 (C�N) cmÿ1; LM (acetone, 7.38�
10ÿ4 m)): 7 Wÿ1 cm2 molÿ1; elemental analysis calcd (%) for C3H7AuClN: C
12.45, H 2.44, N 4.84; found: C 12.52; H 2.11; N 4.73.


[AuCl2(NH�CMe2)2]ClO4 (8): To a white suspension of 6 (100 mg,
0.24 mmol) in CHCl3 (10 mL) was added PhICl2 (67 mg, 0.24 mmol). After
the mixture had been stirred for 10 min, the resulting yellow suspension
was filtered, and the solid washed with a mixture of acetone and Et2O to
give 8 as a yellow solid that was filtered, washed with Et2O (5 mL) and air
dried. Yield: 105 mg, 90 %; m.p. 126 oC; 1H NMR (200 MHz, CD3OD): d�
2.709 (s, 3 H; Me), 2.799 (s, 3H; Me); IR (Nujol): nÄ � 3195 (NH), 1667, 1648
(C�N), 374 (AuCl) cmÿ1; LM (acetone 5.0� 10ÿ4 m): 180 Wÿ1 cm2 molÿ1;
FAB� mass spectrum: m/z (%) 382 (33) [M�], 311 (62) [Au(NH�CMe2)2];
elemental analysis (%) calcd for C6H14AuCl3N2O4: C 14.97, H 2.93, N 5.82;
found: C 14.73, H 2.81, N 5.85.


[AuCl3(NH�CMe2)] (9): Solid PhICl2 (104 mg, 0.38 mmol) was added to a
solution of 6 (100 mg, 0.35 mmol) in CH2Cl2 (5 mL). A yellow solid formed
within a few seconds. After the mixture had been stirred for 15 min, the
solvent was removed under vacuum, and the residue recrystallized from
dichloromethane and n-pentane and dried under vacuum for 1 h to give 9 as
a yellow solid. Yield: 93 mg, 75 %; m.p. 81 8C; 1H NMR: d� 2.56 (s, 3H;
Me), 2.64 (s, 3 H; Me), 8.58 [t, 1J(H, N)� 62 Hz, 1H; NH]; IR (Nujol): nÄ �
3312 (NH), 1670, 1650 (C�N) cmÿ1; LM (acetone, 5� 10ÿ4 m)):
11 Wÿ1 cm2 molÿ1; elemental analysis calcd (%) for C3H7AuCl3N: C 10.00,
H 1.96, N 3.89; found: C 9.95, H 1.78, N 3.74.


[Au(acetonine)2]ClO4 (10): The precipitation of a white solid was observed
when NH3 was bubbled for 15 min through a solution containing NaClO4


(196 mg, 1.6 mmol) and [AuCl(tht)] (tht� tetrahydrothiophene) (514 mg,
1.6 mmol) in acetone (50 mL). The suspension was stirred for 1 h, the
solvent removed under vacuum, and the residue extracted with CH2Cl2


(2� 50 mL). The combined extracts were filtered through MgSO4, the
solution concentrated (1 mL) and Et2O (25 mL) added. The initial oily
product transformed into a solid upon stirring, which was filtered and air-
dried to give 10 as a white solid. Yield: 856 mg, 88%; m.p. 112 8C (decomp);
1H NMR: d� 1.21 (s, 6 H; Me4), 1.73 (s, 6H; Me2), 2.46 (s, 2H; CH2), 2.53
(s, 3 H; Me6); 13C{1H} NMR (50 MHz): d� 30.30 (s; Me4), 31.83 (s; Me6),
32.57 (s; Me2), 43.48 (s; CH2), 46.84 (s; C4), 76.14 (s; C2), 180.24 (s; C�N);
IR (Nujol): nÄ � 3305 (NH), 1629 (C�N) cmÿ1; LM (acetone, 5� 10ÿ4 m):
140 Wÿ1 cm2 molÿ1; MS (FAB�): m/z (%): 506 (100) [M�], 351 (8)
[Au(acetonine)], 98 (31); elemental analysis calcd (%) for C18H36AuCl-
N4O4: C 35.74, H 6.00, N 9.26; found: C 35.55, H 6.04, N 8.93.


[Au(acetonine)(PPh3)]ClO4 (11): Solid PPh3 (44 mg, 0.17 mmol) was
added to a solution of 10 (100 mg, 0.17 mmol) in CH2Cl2 (10 mL). The
resulting solution was stirred for 2 h and concentrated under vacuum to
1 mL. Addition of Et2O (25 mL) produced an oily material that converted
into a white solid upon stirring with further additions of Et2O (2� 15 mL).
Yield: 106 mg, 90%; m.p. 85 8C (decomp); 1H NMR: d� 1.21 (s, 6H; Me4),
1.77 (s, 6H; Me2), 2.52 (s, 2 H; CH2,), 2.57 (s, 3 H; Me6), 7.45 ± 7.63 (m, 15H;
Ph); 31P{1H}, 29.29 (s); IR (Nujol): nÄ � 3297 (NH), 1638 (C�N) cmÿ1; LM


(acetone, 5� 10ÿ4 m): 136 Wÿ1 cm2 molÿ1; MS (FAB�): m/z (%): 614 (100)
[M�], 598 (10), 557 (5), 517 (23), 459 (66) [AuPPh3], 183 (17), 154 (10)


[acetonine]; elemental analysis calcd (%) for C27H33AuClN2O4P: C 45.49,
H 4.67, N 3.93; found: C 45.32, H 4.42, N 3.64.


[AuCl(acetonine)] (12): To a solution of 10 (200 mg, 0.34 mmol) in CH2Cl2


(10 mL), solid PPN[AuCl2] (266 mg, 0.34 mmol) was added, and the
reaction mixture stirred for 3 h. It was filtered through MgSO4 and the
solution concentrated to dryness. The residue was extracted with Et2O (3�
20 mL), the combined extracts filtered through celite, the solution
concentrated under vacuum (1 mL), and n-hexane (25 mL) was added to
give 12 (167 mg, 63 %) as a white solid. Yield: 81 mg, 66%; m.p. 92 8C
(decomp); 1H NMR (200 MHz): d� 1.19 (s, 6H; Me4), 1.72 (s, 6H; Me2),
2.25 (s, 2H; CH2), 2.48 (s, 3 H; Me6); IR (Nujol): nÄ � 3291 (NH), 1639
(C�N) 344, (AuCl) cmÿ1; LM (acetone, 5� 10ÿ4 m): 15 Wÿ1 cm2 molÿ1;
elemental analysis calcd (%) for C9H18AuClN2: C 27.96, H 4.69, N, 7.25;
found: C 27.70, H 4.50, N 6.87.


[(AuPPh3)2(m-acetonine)](ClO4)2 (13): A solution of [Au(PPh3) (Me2-


CO)]ClO4 (obtained by reacting [AuCl(PPh3)] (115 mg, 0.23 mmol) and
AgClO4 (48 mg, 0.23 mmol) in acetone (10 mL) for 10 min under nitrogen
atmosphere and filtered to remove AgCl) was added to solid 11 (151 mg,
0.21 mmol) under a nitrogen atmosphere. After the mixture had been
stirred for 30 min, the solvent was removed under vacuum, the residue
extracted with CH2Cl2 (2 mL), the extract filtered through MgSO4, and the
solution added dropwise with stirring to Et2O (25 mL). An oily material
formed, which was recrystallized from CH2Cl2 and Et2O to give 13 as a
white solid. Yield: 199 mg, 74%; m.p. 151 8C; 1H NMR: d� 1.74 (s, 3H;
Me4), 1.78 (s, 3 H; Me4), 2.27 (s, 3H; Me2), 2.31 (s, 3 H; Me2), 2.70 (s, 3H;
Me6), 2.94, 2.86 (AB system, 2J(H,H)� 16.5 Hz, 2 H; CH2), 5.89 (d, br, 1H;
NH), 7.43 ± 7.56 (m, 30 H, Ph); 31P{1H}, 28.89 (s), 29.64 (s); IR (Nujol): nÄ �
1642 (C�N) cmÿ1; LM (acetone, 4.5� 10ÿ4 m)): 184 Wÿ1 cm2 molÿ1; elemen-
tal analysis calcd (%) for C45H48Au2Cl2N2O8P2: C 42.50, H 3.80, N 2.20;
found: C 42.15, H 3.68, N 2.21.


[Ag(acetonine)(OClO3)] (14): A solution of acetonine (80 mg, 0.52 mmol)
in Et2O (5 mL) was added dropwise to a solution of AgClO4 (100 mg,
0.48 mmol) in the same solvent (10 mL). A white precipitate formed
immediately. After the mixture had been stirred for 15 min, the resulting
suspension was filtered and the solid was washed with Et2O (3� 25 mL)
and dried under vacuum. Yield: 167 mg, 96%; m.p. 158 8C (decomp);
1H NMR ([D6]acetone): d� 1.21 (s, 6H; Me4), 1.63 (s, 6 H; Me2), 2.37 (s,
3H; Me6), 2.40 (s, 2H; CH2); IR (Nujol): nÄ � 3215 (NH), 1651 (C�N) cmÿ1;
LM (acetone, 5.5� 10ÿ4 m): 138 Wÿ1 cm2 molÿ1; elemental analysis calcd (%)
for C9H18AgClN2O4: C 29.90, H 5.02, N 7.75; found: C 29.93, H 5.12, N 7.40.


X-ray crystal structure analysis of 5: Crystal data: C26H24AuF3NO4PS,
monoclinic, P21/n, a� 10.7396(10), b� 16.748(2), c� 15.316(2) �, b�
100.247(8)8, V� 2711.0 �3, Z� 4. Data collection: Siemens P4, T�
ÿ100 8C, MoKa radiation, 2qmax 508, 6282 reflections, 4767 unique.
Absorption correction was performed using y-scans. Structure refinement:
anisotropic on F 2 (program SHELXL-97, G. M. Sheldrick, University of
Göttingen, Germany), NH was refined using distance restraints, methyl
groups were refined as rigid groups and other protons were allowed to ride
freely. Final wR2� 0.046, R1� 0.027, S� 0.85, max. residual electron
density 0.50 e�ÿ3. Crystallographic data (excluding structure factors) have
been deposited with the Cambridge Crystallographic Data Centre under
the number CCDC-145572. Copies may be obtained without charge from:
CCDC, 12 Union Road, Cambridge CB2 1EZ (UK) (fax: � (44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


Crystallographic data for complexes 6'[1] and 10[22] were previously
deposited with the CCDC under Nos. 100059 and 182/1322, respectively.
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Titanium Alkali Metal Nitrido Complexes


María García-Castro, Avelino Martín, Miguel Mena,*
AdriaÂn PeÂrez-Redondo, and Carlos YeÂ lamos[a]


Abstract: Treatment of [{Ti(h5-C5Me5)(m-NH)}3(m3-N)] with alkali metal bis(tri-
methylsilyl)amido reagents in toluene afforded the complexes [M(m3-N)(m3-
NH)2{Ti3(h5-C5Me5)3(m3-N)}]2 (M�Li (2), Na, (3), K (4)). The molecular structures
of 2 and 3 have been determined by X-ray crystallographic studies and show two
azaheterometallocubane cores [MTi3N4] linked by metal ± nitrogen bonds. Reaction
of the lithium derivative 2 with chlorotrimethylsilane or trimethyltin chloride in
toluene gave the incomplete cube nitrido complexes [Ti3(h5-C5Me5)3(m-NH)2(m-
NMMe3)(m3-N)] (M� Si (5), Sn (6)). A similar reaction with indium(i) or thallium(i)
chlorides yielded cube-type derivatives [M(m3-N)(m3-NH)2{Ti(h5-C5Me5)}3(m3-N)]
(M� In (7), Tl (8)).


Keywords: alkali metals ´ cubanes ´
nitrido complexes ´ titanium


Introduction


In our investigations on polynuclear nitrido complexes, we
reported the preparation of the first cube-type nitrido
derivative [{Ti(h5-C5Me5)}4(m3-N)4] by reaction of [{Ti(h5-
C5Me5)(NMe2)3] with ammonia.[1, 2] Prior to our work, Roesky
et al. had described the imido ± nitrido complex [{Ti(h5-
C5Me5)(m-NH)}3(m3-N)] (1) obtained by the ammonolysis of
[{Ti(h5-C5Me5)Me3].[3] We have recently showed that 1 is
capable of displacing labile ligands (mesitylene, carbonyls)
coordinated to Group 6 metals to give d0 ± d6 azaheterome-
tallocubane compounds.[4] Moreover, if other highly reactive
metal ± ligand bonds are present in the incorporated metal, as
in the case of Group 4 amido and imido complexes, NÿH bond
activation occurs in 1 to give titanium and zirconium corner-
shared double cube complexes.[5] Although this methodology
provides a great number of potential sources for the synthesis
of heterometallic molecular precursors of ternary nitrides
MTixNy, we are exploring other alternative pathways which
may offer more possibilities. Herein we report the synthesis,
structure, and preliminary reactivity studies of alkali metal
derivatives of 1.


Results and Discussion


Treatment of [{Ti(h5-C5Me5)(m-NH)}3(m3-N)] (1) with Group 1
bis(trimethylsilyl)amido reagents (1 equiv) in toluene at room
temperature led to bis(trimethylsilyl)amine and precipitation
of the alkali metal derivatives [M(m3-N)(m3-NH)2{Ti3(h5-
C5Me5)3(m3-N)}]2 (M�Li (2), Na (3), K (4)) (Scheme 1).
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Scheme 1. Synthesis of the edge-linked double azaheterometallocubane
complexes 2 ± 4. [Ti]�Ti(h5-C5Me5).


Complexes 2 ± 4 were isolated as orange or yellow crystals in
good yields (57 ± 80 %), and were characterized by IR
spectroscopy and C,H,N microanalysis.[6] Owing to the low
solubility of 2 ± 4 in nonreactive solvents, it was not possible to
obtain 1H and 13C{1H} NMR data. However, complex 3 was
found to be slightly soluble in [D6]benzene, and its 1H NMR
spectrum in this solvent reveals resonance signals for two h5-
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C5Me5 ligands (2:1 ratio) and a broad signal for the NH
groups. These data are consistent with Cs symmetry in
solution. Attempts to elucidate the degree of association of
the compounds in the gas phase by mass spectrometry (EI,
70 eV) were unsuccessful due to the lack of volatility.


The X-ray crystal structure analyses of 2 and 3 revealed the
geometry and aggregation in the solid state. The crystal
structure of the lithium complex 2 showed an unprecedented
edge-linked double azaheterometallocubane core [LiTi3N4]
(Figure 1).[7]


Figure 1. Simplified view of the molecular structure of 2. The penta-
methylcyclopentadienyl ligands are omitted for clarity. The C7H8 solvent
molecules are also excluded. Selected lengths [�] and angles [8]: Li1ÿN2
2.03(2), Li1ÿN3b 2.13(2), Li1ÿN2b 2.42(2), Li1 ´´ ´ Li1b 2.64(3), Ti1ÿN2
1.855(5), Ti1ÿN1 1.931(6), Ti1ÿN3 1.970(5), Ti2ÿN1 1.912(7), Ti2ÿN3
1.925(6); N2-Li1-N2b 107.8(8), N2-Li1-N3b 136.3(4), N3b-Li1-N3c 87.1(7),
N3b-Li1-N2b 80.4(5).


Molecules of 2 lie on a crystallographic inversion center and
also present a mirror plane bearing the Li1, Li1b, N2, N2b, N1,
N1b, Ti2, and Ti2b core atoms. The two ªLi(m3-N)(m3-
NH)2{Ti3(h5-C5Me5)3(m3-N)}º units adopt a mutually stag-
gered conformation which may correspond to the minimiza-


tion of the steric repulsion of the bulky pentamethylcyclo-
pentadienyl ligands. The lithium atoms are four-coordinate;
the angles range from 80.4(5) to 136.3(4)8. The N-Li-N angles
in the same [LiTi3N4] unit are smaller than 908 (80.4(5) and
87.1(7)8), whereas those between the cubes are 107.8(8) and
136.3(4)8. The four-coordination of the lithium (L1) atom is
achieved by bonding to the nitrido (N2) group at 2.03(2) �,
two dative imido ligands (N3b and N3c) at 2.13(2) �, and a
long-range interaction with the nitrido group (N2b) at
2.42(2) �. The L1ÿN2, Li1ÿN3b and Li1ÿN3c distances are
similar to those reported for both complexed and uncom-
plexed lithium amido derivatives.[8, 9]


Complex 3 shows a similar geometry to that of 2 (Figure 2).
There is a center of symmetry on the midpoint of the two
sodium atoms, but the molecule does not possess a mirror
plane. The double cube-type structure of 3 is more distorted
owing to the different atomic radii of the sodium and the
lithium atoms. Thus, complex 3 shows longer sodiumÿnitro-
gen bonds (ca. 0.35 �), narrower angles between sodium and
the nitrogen atoms of the cubes (69.2(1) ± 75.1(1)8), and wider
angles between the nitrogen atoms of different cubes
(105.6(1) ± 145.7(1)8). The Na1ÿN12a, Na1ÿN13 and
Na1ÿN23 distances are similar to those reported for sodium
amido derivatives.[10]


The utility of 2 as a transfer reagent of the º(m3-N)(m-NH)2-
{Ti3(h5-C5Me5)3(m3-N)}º system was explored (Scheme 2).
Treatment of MMe3Cl (M� Si, Sn) with 2 (0.5 equiv) in
toluene for 40 h afforded the new complexes [Ti3(h5-
C5Me5)3(m-NH)2(m-NMMe3)(m3-N)] (M� Si (5, 59 %), Sn (6,
63 %)) as orange crystals. Analogous treatment of indium(i)
chloride or thallium(i) chloride with 2 (0.5 equiv) gave orange
crystals of [M(m3-N)(m3-NH)2{Ti(h5-C5Me5)}3(m3-N)] (M� In
(7, 55 %), Tl (8, 62 %)). The metathesis reactions progress
cleanly at room temperature and, once isolated, the new
compounds appear to be invariable to UV radiation and high
temperatures (>150 8C) in [D6]benzene solutions.


The compositions of 5 ± 8 were established from their
spectral and analytical data. 1H NMR spectra in [D6]benzene
reveal resonance signals for two h5-C5Me5 groups in a 2:1 ratio
and broad signals for equivalent NH fragments. These data
are consistent with Cs-symmetric structures in solution.
Interestingly, the NH resonance signals of complexes 5 (d�
14.22) and 6 (d� 14.13) are shifted to lower field than those
found in 1 (d� 13.80), while complexes 7 and 8 exhibit NH
resonance signals shifted to higher field (d� 11.61 and 12.14,
respectively). We have observed an analogous shift to high
field in 3, and in several transition azaheterometallocubane
derivatives,[4, 5] where the coordination of the NH groups to
the metal (Na or Ti) have been demonstrated. Furthermore,
the 1H NMR spectrum of 8 reveals 1H ± 203, 205Tl couplings
(2JH,Tl� 78 Hz) for the imido groups, suggesting the presence
of important Tl :NH�covalent interactions in this complex.
These data led us to propose a cube-type structure with three-
coordinate indium[11]/thallium[12, 13] centers for 7 and 8
(Scheme 2). However, the NMR data of 5 and 6 are in
agreement with an incomplete cube structure similar to the
organometallic ligand 1,[3] and rule out a six-coordinate tin
center in solution as that determined in the solid state for the
complex [{HB(pz)3}SnMe3] (pz� pyrazole).[14]


Abstract in Spanish: El complejo [{Ti(h5-C5Me5)(m-NH)}3-
(m3-N)] reacciona con bis(trimetilsilil)amiduros de metales
alcalinos para dar los compuestos [M(m3-N)(m3-NH)2{Ti3(h5-
C5Me5)3(m3-N)}]2 (M�Li (2), Na (3), K (4)). Las estructuras
de los derivados 2 y 3 han sido determinadas por difraccioÂn de
rayos-X y muestran dos unidades azaheterometalocubano
conectadas por aristas a travØs de enlaces metal-nitroÂgeno. La
reaccioÂn del complejo 2 con los derivados de silicio y estanÄo
[MMe3Cl] conduce a la preparacioÂn, con altos rendimientos,
de las especies [Ti3(h5-C5Me5)3(m-NH)2(m-NMMe3)(m3-N)]
(M� Si (5), Sn (6)) con una estructura de cubo incompleto.
El tratamiento anaÂlogo utilizando los cloruros de indio(i) y
talio(i) da lugar a los complejos tipo cubo [M(m3-N)-
(m3-NH)2{Ti(h5-C5Me5)}3(m3-N)] (M� In (7), Tl (8)).
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Scheme 2. Behavior of complex 2 as a metathesis reagent. [Ti]�Ti(h5-
C5Me5).


In summary, the complexes [M(m3-N)(m3-NH)2{Ti(h5-
C5Me5)}3(m3-N)]2 (M�Li (2), Na (3)) feature an unusual
edge-linked double cube structure with nitrido groups among
the titanium and alkali metal centers. Compound 2 is very
useful in the synthesis of new titanium nitrido derivatives (5 ±
8) containing silicon, tin, indium, or thallium atoms. We are
currently exploring the reactivity of these systems as mild
reagents to introduce the incomplete cube º(m3-N)(m3-
NH)2{Ti(h5-C5Me5)}3(m3-N)º in other inorganic and organo-
metallic halides.


Experimental Section


General considerations : All manipu-
lations were carried out under an
argon atmosphere using Schlenk line
or glovebox techniques. Hexane was
distilled from Na/K amalgam prior to
use. Toluene was freshly distilled from
sodium. NMR solvent (C6D6) was
dried with Na/K amalgam and vac-
uum-distilled. [MN(SiMe3)2] (M�Li,
Na, K), [MMe3Cl] (M� Si, Sn), and
[MCl] (M� In, Tl) were purchased
from Aldrich and used as received.
[{Ti(h5-C5Me5)(m-NH)}3(m3-N)] (1)
was prepared as described in the
literature.[2, 3]


Samples for IR spectroscopy were
prepared as KBr pellets. 1H and
13C{1H} NMR spectra were recorded
on a Varian Unity-300 spectrometer.
Chemical shifts (d, ppm) are given
relative to residual protons or to
carbon of the solvent. Electron impact
mass spectra were obtained at 70 eV
on a Hewlett-Packard 5988 spectrom-
eter. Microanalysis (C, H, N) were
performed in a Heraeus CHN-O-
Rapid microanalyzer.


Synthesis of [Li(m3-N)(m3-NH)2{Ti3(h5-C5Me5)3(m3-N)}]2 (2): A solution of
[LiN(SiMe3)2] (0.14 g, 0.82 mmol) in toluene (5 mL) was carefully added to
1 (0.50 g, 0.82 mmol) in toluene (10 mL). The system was allowed to react
without any stirring for 20 h. After decantation, the resultant orange
crystals were vacuum-dried to afford 2 ´ C7H8 (0.43 g, 80%). IR (KBr): nÄ �
3352 (w), 2906 (s), 2855 (s), 2718 (w), 1605 (w), 1495 (m), 1436 (s), 1375 (s),
1065 (w), 1024 (m), 956 (w), 839 (w), 719 (vs), 695 (s), 658 (m), 643 (s), 634
(s), 621 (m), 586 (s), 478 (w), 464 (m), 415 (s) cmÿ1; elemental analysis calcd
for C67H102N8Li2Ti6 (%): C 60.93, H 7.78, N 8.48; found: C 60.82, H 7.75, N
8.09.


Synthesis of [Na(m3-N)(m3-NH)2{Ti3(h5-C5Me5)3(m3-N)}]2 (3): In a fashion
similar to the preparation of 2, [NaN(SiMe3)2] (0.15 g, 0.82 mmol) and 1
(0.50 g, 0.82 mmol) were allowed to react in toluene (40 mL) to afford
orange crystals of 3 (0.38 g, 74 %). IR (KBr): nÄ � 3336 (m), 2968 (m), 2908
(s), 2856 (s), 2719 (w), 1493 (m), 1436 (s), 1374 (s), 1248 (w), 1167 (w), 1110
(w), 1064 (w), 1023 (m), 953 (w), 802 (w), 727 (vs), 655 (s), 636 (s), 624 (s),
572 (s), 522 (w), 477 (m), 438 (w), 410 (s) cmÿ1; 1H NMR (300 MHz, C6D6,
20 8C, TMS): d� 12.67 (s br., 2H; NH), 2.10 (s, 30 H; C5Me5), 1.98 (s, 15H;
C5Me5); elemental analysis calcd for C60H94N8Na2Ti6 (%): C 57.17, H 7.51, N
8.89; found: C 57.59, H 7.52, N 8.29.


Synthesis of [K(m3-N)(m3-NH)2{Ti3(h5-C5Me5)3(m3-N)}]2 (4): In a similar
way to the preparation of 2, [KN(SiMe3)2] (0.16 g, 0.82 mmol) and 1 (0.50 g,
0.82 mmol) in toluene (40 mL) gave 4 as yellow crystals (0.30 g, 57 %). IR
(KBr): nÄ � 3338 (w), 2907 (s), 2855 (s), 2716 (w), 1495 (m), 1434 (s), 1372
(s), 1240 (w), 1231 (w), 1065 (w), 1020 (m), 949 (w), 804 (w), 738 (vs), 704
(s), 658 (m), 611 (vs), 543 (s), 468 (w), 436 (w), 405 (s) cmÿ1; elemental
analysis calcd for C60H94N8K2Ti6 (%): C 55.74, H 7.33, N 8.67; found: C
55.36, H 7.32, N 7.92.


Synthesis of [Ti3(h5-C5Me5)3(m-NH)2(m-NSiMe3)(m3-N)] (5): Chlorotri-
methylsilane (0.092 mL, 0.73 mmol) was added dropwise to 2 ´ C7H8


(0.40 g, 0.30 mmol) in toluene (30 mL) at ambient temperature. After
stirring for 40 h, the volatile components were removed under vacuum. The
orange solid was extracted with hexane (40 mL), filtered, and the volume of
the resultant orange solution was reduced under vacuum to about 10 mL.
Cooling at ÿ40 8C for two days gave orange crystals of 5 (0.24 g, 59%). IR
(KBr): nÄ � 3351 (m), 2971 (s), 2907 (s), 2856 (s), 2720 (w), 1494 (m), 1432
(s), 1374 (s), 1238 (s), 1166 (w), 1099 (w), 1065 (w), 1023 (m), 918 (vs), 830
(s), 790 (m), 758 (s), 711 (s), 665 (vs), 646 (vs), 550 (w), 522 (s), 481 (w), 453
(m), 410 (s) cmÿ1; 1H NMR (300 MHz, C6D6, 20 8C, TMS): d� 14.22 (s br.,
2H; NH), 2.09 (s, 30 H; C5Me5), 1.88 (s, 15H; C5Me5), 0.15 (s, 9 H; SiMe3);
13C{1H} NMR (75 MHz, C6D6, 20 8C, TMS): d� 118.2 (C5Me5), 117.8


Figure 2. Molecular structure of 3. Selected lengths [�] and angles [8]: Na1ÿN12a 2.337(4), Na1ÿN13 2.477(4),
Na1ÿN23 2.486(4), Na1ÿN12 2.785(4), Na1 ´´´ Na1a 3.118(4), Ti1ÿN12 1.860(4), Ti1ÿN1 1.934(3), Ti1ÿN13
1.970(4), Ti2ÿN12 1.860(4), Ti2ÿN1 1.944(3), Ti2ÿN23 1.981(4), Ti3ÿN1 1.911(4), Ti3ÿN23 1.942(4), Ti3ÿN13
1.948(4); N12-Na1-N12a 105.6(1), N12a-Na1-N13 136.5(1), N12a-Na1-N23 145.7(1), N13-Na1-N23b 75.1(1), N12-
Na1-N13 69.2(1), N12-Na1-N23 69.3(1).
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(C5Me5), 12.5 (C5Me5), 11.8 (C5Me5), 7.0 (SiMe3); MS (EI,
70 eV): m/z (%): 681 (21) [M�], 666 (12) [MÿMe�], 546
(16) [MÿC5Me5


�], 531 (11) [MÿMeÿC5Me5
�], 516 (17)


[Mÿ 2MeÿC5Me5
�]; elemental analysis calcd for


C33H56N4SiTi3 (%): C 58.24, H 8.29, N 8.23; found: C
58.69, H 8.32, N 7.26.


Synthesis of [Ti3(h5-C5Me5)3(m-NH)2(m-NSnMe3)(m3-N)]
(6): A 100-mL Schlenk flask was charged with 2 ´ C7H8


(0.30 g, 0.23 mmol), trimethyltin chloride (0.09 g,
0.45 mmol), and toluene (40 mL). The mixture was stirred
for 40 h at room temperature. The volatile components
were removed under vacuum to give an orange solid. This
solid was extracted with hexane (50 mL) and filtered to
afford an orange solution. After reducing the volume to
about 10 mL, the solution was cooled to ÿ40 8C for three
days to afford orange crystals of 6 (0.22 g, 63%). IR (KBr):
nÄ � 3349 (m), 2971 (s), 2909 (s), 2856 (s), 2719 (w), 1493
(m), 1433 (s), 1374 (s), 1189 (w), 1182 (w), 1174 (w), 1065
(w), 1023 (m), 948 (w), 852 (m), 747 (s), 712 (vs), 669 (vs),
657 (vs), 645 (vs), 636 (s), 592 (m), 550 (w), 524 (s), 508 (s),
473 (w), 450 (m), 410 (s) cmÿ1; 1H NMR (300 MHz, C6D6,
20 8C, TMS): d� 14.13 (s br., 2H; NH), 2.09 (s, 30 H;
C5Me5), 1.91 (s, 15H; C5Me5), 0.21 (s, 2J(H,Sn)� 54.3 Hz,
9H; SnMe3); 13C{1H} NMR (75 MHz, C6D6, 20 8C, TMS):
d� 117.5 (C5Me5), 117.2 (C5Me5), 12.3 (C5Me5), 11.8
(C5Me5), 1.1 (SnMe3); MS (EI, 70 eV): m/z (%): 756 (1)
[MÿMe�], 622 (2) [Mÿ SnMe2


�], 607 (11) [Mÿ SnMe3
�],


591 (7) [MÿNH2SnMe3
�], 472 (7) [MÿSnMe3ÿC5Me5


�],
456 (20) [MÿNH2SnMe3ÿC5Me5


�], 321 (23) [Mÿ
NH2SnMe3ÿ 2C5Me5


�]; elemental analysis calcd for
C33H56N4SnTi3 (%): C 51.40, H 7.32, N 7.27; found: C
51.60, H 7.48, N 6.60.


Synthesis of [In(m3-N)(m3-NH)2{Ti(h5-C5Me5)}3(m3-N)] (7): Similarly to the
preparation of 6, 2 ´ C7H8 (0.30 g, 0.23 mmol), indium(i) chloride (0.068 g,
0.45 mmol) and toluene (40 mL) reacted to afford 7 as orange crystals
(0.18 g, 55%). IR (KBr): nÄ � 3353 (m), 2908 (s), 2855 (s), 1491 (m),
1430(m), 1375 (m), 1260 (m), 1095 (w), 1024 (m), 782 (s), 718 (vs), 700 (vs),
687 (s), 664 (s), 620 (s), 531 (m), 480 (w), 452 (w), 421 (s) cmÿ1; 1H NMR
(300 MHz, C6D6, 20 8C, TMS): d� 11.61 (s br., 2 H, NH), 2.09 (s, 30H;
C5Me5), 1.86 (s, 15H; C5Me5); 13C{1H} NMR (75 MHz, C6D6, 20 8C, TMS):
d� 117.9 (C5Me5), 117.2 (C5Me5), 12.0 (C5Me5), 11.9 (C5Me5); MS (EI,
70 eV): m/z (%): 722 (3) [M�], 607 (1) [Mÿ In�], 587 (2) [MÿC5Me5


�],
472 (1) [Mÿ InÿC5Me5


�], 452 (3) [Mÿ 2 C5Me5
�], 115 (100) [In�];


elemental analysis calcd for C30H47N4InTi3 (%): C 49.90, H 6.56, N 7.76;
found: C 50.19, H 6.64, N 6.69.


Synthesis of [Tl(m3-N)(m3-NH)2{Ti(h5-C5Me5)}3(m3-N)] (8): In a fashion
similar to the preparation of 6, 2 ´ C7H8 (0.30 g, 0.23 mmol), thallium(i)
chloride (0.11 g, 0.45 mmol), and toluene (40 mL) reacted to afford 8 as
orange crystals (0.23 g, 63 %). IR (KBr): nÄ � 3348 (m), 2907 (s), 2854 (s),
1493 (m), 1431 (s), 1374 (s), 1023 (m), 714 (vs), 687 (s), 659 (s), 640 (s), 620
(s), 528 (m), 478 (w), 449 (w), 417(s) cmÿ1; 1H NMR (300 MHz, C6D6, 20 8C,
TMS): d� 12.14 (d, 2J(H,Tl)� 78.0 Hz, 2H; NH), 2.12 (s, 30H; C5Me5),
1.89 (s, 15 H; C5Me5); 13C{1H} NMR (75 MHz, C6D6, 20 8C, TMS): d� 117.3
(C5Me5), 116.4 (C5Me5), 12.1 (C5Me5), 12.0 (C5Me5); MS (EI, 70 eV): m/z
(%): 812 (1) [M�], 677 (1) [MÿC5Me5


�], 608 (3) [MÿTl�], 542 (2) [Mÿ
2C5Me5


�], 473 (9) [MÿTlÿC5Me5
�]; elemental analysis calcd for


C30H47N4Ti3Tl (%): C 44.39, H 5.84, N 6.90; found: C 45.47, H 6.05, N 6.28.


X-ray structure determination of 2 and 3 : Orange crystals of 2 and 3 were
obtained by slow crystallization from saturated toluene solutions. Data
were collected on an Enraf Nonius CAD4 diffractometer at room
temperature. Crystallographic data for complexes 2 and 3 are presented
in Table 1. Intensity measurements for 2 were performed by w ± 2q scans in
the range 48< 2q< 468. Of the 3187 measured reflections, 2892 were
independent; R1� 0.069 and wR2� 0.190 (for 1551 reflections with F>
4s(F)). Intensity measurements for 3 were performed by w ± q scans in the
range 68< 2q< 448. Of the 4298 measured reflections, 4050 were inde-
pendent; R1� 0.050 and wR2� 0.137 (for 3424 reflections with F> 4s(F)).
The values of R1 and wR2 are defined R1�S j jF0 jÿjFc j j /[S jF0 j ]; wR2�
{[Sw(F2


oÿF2
c�2]/[Sw(F2


o�2]}1/2.
Both structures were solved by direct methods (SHELXS-97), using the
WINGX package[15] and refined by least-squares against F 2 (SHELXL-


97).[16] Compound 2 crystallized with two molecules of toluene, which were
disordered, but this disorder did not affect the location of the core of the
molecule. All non-hydrogen atoms, except those of the solvent, were
refined anisotropically. The hydrogen atoms of the molecule were
positioned geometrically and refined by using a riding model except that
linked to N3 which was located and refined isotropically, those of the
solvent were not added. All non-hydrogen atoms of 3 refined anisotropi-
cally and hydrogen atoms were positioned geometrically and refined by
using a riding model. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publications
nos. CCDC-147372 (2) and CCDC-147373 (3). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).


Acknowledgement


This work was supported by the Spanish DGES (PB96 ± 0672), DGICAM
(07N/0044/1999), and the Universidad de AlcalaÂ (E003/2000). C. Y. thanks
the CAM for a Postdoctoral Grant.


[1] P. GoÂ mez-Sal, A. Martín, M. Mena, C. YeÂ lamos, J. Chem. Soc. Chem.
Commun. 1995, 2185 ± 2186.


[2] A. Abarca, P. GoÂ mez-Sal, A. Martín, M. Mena, J. M. Poblet, C.
YeÂ lamos, Inorg. Chem. 2000, 39, 642 ± 651.


[3] H. W. Roesky, Y. Bai, M. Noltemeyer, Angew Chem. 1989, 101, 788 ±
789; Angew Chem. Int. Ed. Engl. 1989, 28, 754 ± 755.


[4] A. Abarca, M. Galakhov, P. GoÂ mez-Sal, A. Martín, M. Mena, J. M.
Poblet, C. Santamaría, J. P. Sarasa, Angew Chem. 2000, 112, 544 ± 547;
Angew Chem. Int. Ed. 2000, 39, 534 ± 537.


[5] A. Abarca, A. Martín, M. Mena, C. YeÂlamos, Angew Chem. 2000, 112,
3602 ± 3605; Angew Chem. Int. Ed. 2000, 39, 3460 ± 3463.


[6] Combustion analysis for the complexes reported in this paper gave
always low values of nitrogen (0.4 ± 1 %).


Table 1. Summary of the crystallographic data for complexes 2 and 3.


2 3


formula C60H94Li2N8Ti6 ´ 2C7H8 C60H94N8Na2Ti6


Mr 1412.8 1260.82
T [K] 293(2) 293(2)
l [�] 0.71073 0.71073
crystal system orthorhombic triclinic
space group Pnnm P1Å


a [�]; a [8] 15.027(1) 11.306(8);106.42(4)
b [�]; b [8] 15.444(1) 11.384(4);94.54(3)
c [�]; g [8] 16.344(1) 15.188(4);113.96(4)
V [�3] 3793.1(4) 1671.0(14)
Z 2 1
1calcd [g cmÿ3] 1.223 1.253
mMoKa [mmÿ1] 0.645 0.736
F(000) 1464 664
crystal size [mm] 0.42� 0.35� 0.28 0.34� 0.30� 0.26
q range 2.26 to 23.418 3.12 to 21.988
index ranges 0� h� 16,


ÿ17� k� 0, 0� l� 18
ÿ 11� h� 0, ÿ10� k� 11,
ÿ15� l� 15


reflections collected 2892 4298
unique data 2892 4050
obsd data [I> 2s(I)] 1551 3424
absorption correction N/A
goodness-of-fit on F 2 0.999 1.028
final R indices [I> 2s(I)] R1� 0.069, wR2� 0.190 R1� 0.050, wR2� 0.137
R indices (all data) R1� 0.172, wR2� 0.238 R1� 0.061, wR2� 0.148
largest diff. peak/hole [e �ÿ3] 1.040/ÿ 0.424 0.427/ÿ 0.349







Titanium Alkali Metal Nitrido Complexes 647 ± 651


Chem. Eur. J. 2000, 6, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0603-0651 $ 17.50+.50/0 651


[7] For X-ray crystal structures of edge-linked double cube sulfido
clusters see: a) T. Shibahara, H. Akashi, H. Kuroya, J. Am. Chem. Soc.
1988, 110, 3313 ± 3314; b) T. Shibahara, H. Akashi, M. Yamasaki, K.
Hashimoto, Chem. Lett. 1991, 689 ± 692; c) T. Murata, H. Gao, Y.
Mizobe, F. Nakano, S. Motoruma, T. Tanase, S. Yano, M. Hidai, J. Am.
Chem. Soc. 1992, 114, 8287 ± 8288; d) T. Murata, Y. Mizobe, H. Gao, Y.
Ishii, T. Wakabayashi, F. Nakano, T. Tanase, S. Yano, M. Hidai, I.
Echizen, H. Nanikawa, S. Motoruma, J. Am. Chem. Soc. 1994, 116,
3389 ± 3398; e) T. Shibahara, T. Yamamoto, G. Sakane, Chem. Lett.
1994, 1231 ± 1234; f) L. Cai, B. M. Segal, J. R. Long, M. J. Scott, R. H.
Holm, J. Am. Chem. Soc. 1995, 117, 8863 ± 8864; g) K. D. Demadis,
C. F. Campana, D. Coucouvanis, J. Am. Chem. Soc. 1995, 117, 7832 ±
7833; h) C. Goh, B. M. Segal, J. Huang, J. R. Long, R. H. Holm, J. Am.
Chem. Soc. 1996, 118, 11844 ± 11853; i) F. Osterloh, B. M. Segal, C.
Achim, R. H. Holm, Inorg. Chem. 2000, 39, 980 ± 989.


[8] M. F. Lappert, P. P. Power, A. R. Sanger, R. C. Srivastava, Metal and
Metalloid Amides, Ellis Horwood, Chichester, West Sussex, UK, 1980.


[9] For structures of nitrogen-lithium compounds, see: a) K. Gregory,
P. von R. Schleyer, R. Snaith, Adv. Inorg. Chem. 1991, 37, 47 ± 142;
b) R. E. Mulvey, Chem. Soc. Rev. 1991, 20, 167 ± 209; c) R. E. Mulvey,
Chem. Soc. Rev. 1998, 27, 339 ± 346.


[10] See for example: a) K. Gregory, M. Bremer, W. Bauer, P. von R.
Schleyer, N. P. Lorenzen, J. Kopf, E. Weiss, Organometallics 1990, 9,
1485 ± 1492; b) N. Kuhn, G. Henkel, J. Kreutzberg, Angew. Chem.
1990, 102, 1179; Angew. Chem. Int. Ed. Engl. 1990, 29, 1143 ± 1144;
c) P. C. Andrews, W. Clegg, R. E. Mulvey, Angew. Chem. 1990, 102,
1480; Angew. Chem. Int. Ed. Engl. 1990, 29, 1440 ± 1441; d) N. P.
Lorenzen, J. Kopf, F. Olbrich, U. Schümann, E. Weiss, Angew. Chem.
1990, 102, 1481; Angew. Chem. Int. Ed. Engl. 1990, 29, 1441 ± 1444.


[11] For crystal structures of tris(pyrazolyl)borate indium(i) complexes, see
for example: a) A. Frazer, B. Piggott, J. Am. Chem. Soc. 1994, 116,
4127 ± 4128; b) H. V. Rasika Dias, L. Huai, W. Jin, S. G. Bott, Inorg.
Chem. 1995, 34, 1973 ± 1974; c) M. C. Kuchta, H. V. Rasika Dias, S. G.
Bott, G. Parkin, Inorg. Chem. 1996, 35, 943 ± 948; d) H. V. Rasika Dias,
W. Jin, Inorg. Chem. 1996, 35, 267 ± 268.


[12] For crystal structures of tris(pyrazolyl)borate thallium(i) complexes,
see for example: a) A. H. Cowley, R. L. Geerts, C. M. Nunn, S.
Trofimenko, J. Organomet. Chem. 1989, 365, 19 ± 22; b) E. Libertini,
K. Yoon, G. Parkin, Polyhedron 1993, 12, 2539 ± 2542; c) A. J.
Amoroso, J. C. Jeffery, P. L. Jones, J. A. McCleverty, E. Psillakis,
M. D. Ward, J. Chem. Soc. Chem. Commun. 1995, 1175 ± 1176; d) D. L.
Reger, J. E. Colins, R. Layland, R. D. Adams, Inorg. Chem. 1996, 35,
1372 ± 1376; e) R. Han, P. Ghosh, P. J. Desrosiers, S. Trofimenko, G.
Parkin, J. Chem. Soc. Dalton Trans. 1997, 3713 ± 3717; f) T. Fillebeen,
T. Hascall, G. Parkin, Inorg. Chem. 1997, 36, 3787 ± 3790; g) E.
Herdtweck, F. Peters, W. Scherer, M. Wagner, Polyhedron 1998, 17,
1149 ± 1157.


[13] For a 1,4,7-triazacyclononane thallium(i) complex, see: K. Wieghardt,
M. Kleine-Boymann, B. Nuber, J. Weiss, Inorg. Chem. 1986, 25, 1309 ±
1313.


[14] B. K. Nicholson, J. Organomet. Chem. 1984, 265, 153 ± 157.
[15] L. J. Farrugia, WinGXÐA Windows Program for Crystal Structure


Analysis, University of Glasgow, Glasgow, 1998.
[16] G. M. Sheldrick, SHELX97, Program for Crystal Structure Analysis


(Release 97 ± 2), Universität Göttingen, Germany, 1998.


Received: September 28, 2000 [F2760]








Novel Cationic Selenium-Cluster Nitride Species [SenN]� (n� 1 ± 11) Formed
by Laser Ablation of a Se Target in the Presence of N2


Haichuan Liu,[a] Xin Yang,[a] Zhenyang Lin,[a] Michael M. T. Loy,[b]


and Shihe Yang*[a]


Abstract: Nitride cations of selenium
clusters [SenN]� (n� 1 ± 11) were readily
produced by laser ablation of a selenium
disk that was surrounded by a trace
amount of nitrogen seeded in helium
and followed by supersonic expansion
into a high vacuum. Even at high nitro-
gen partial pressures, the cluster mono-
nitride cations were found to be essen-
tially the only nitride products in the


whole size range we studied. The ex-
ception was [Se3N2]� , which is known to
be a stable five-membered ring with
seven p electrons. We propose that, in
the laser-ablation plasma, the selenium


clusters with n> 2 take on a chain
conformation, and that the N species
links the two ends of the selenium
chains, thus forming stable mononitride
cations of the cyclic selenium clusters.
Their stability is supported by the results
of ab initio calculations (at both B3LYP/
6-31�G* and MP2/6-31�G* levels)
and of mass-selected cluster-ion photo-
dissociation experiments.


Keywords: ab initio calculations ´
cluster compounds ´ laser chemistry
´ nitrides ´ selenium


Introduction


Growing interest in selenium ± nitrogen chemistry has been
directed towards exploring the possibly unusual structures
and properties of SeÿN compounds, as compared with SÿN
compounds.[1±3] Although the highly explosive molecule Se4N4


has been known for many years, its laboratory synthesis was
not accomplished until 1992.[1, 4] In 1994, a new synthesis of
Se4N4 was described, and crystals of this compound were
obtained directly from solution.[5] With the development of
the experimental methods, many binary SeÿN cations and
ternary selenium-nitrogen-halides have been synthesised. The
binary selenium-nitrogen cations include the five-membered
seven p- and six p-electron systems, [Se3N2]� and [Se3N2]2�,
which can be obtained by direct oxidation of Se4N4.[1, 6] In SO2


solution, the dication [Se3N2]2� rapidly reaches equilibrium
with [SeN]� and [Se2N]� , according to the 77Se NMR
spectroscopic data. Most work thus far has focused on the
synthesis of new SeÿN chlorides. For example, the ternary
compound Se2NCl3 was prepared by the action of tris(trime-
thylsilyl)amine on a suspension of selenium tetrachloride in


boiling dichloromethane.[7] The subsequent reaction of
Se2NCl3 with the strong Lewis acid gallium trichloride led to
the formation of [Se2NCl2]�[GaCl4]ÿ . Similar compounds such
as [Se3N2Cl]�Clÿ,[4] Se2NBr3,[8] Se2NCl5,[8] [Se2NCl6]ÿ ,[8]


[(SeCl)2N]�[7, 9a] and [(SeCl2)2N]�[AsF6]ÿ ´ MeCN[9b] have been
successfully synthesised by using different chemical methods.
Most recently, a method that involved microwave-discharge,
followed by deposition onto a 12 K substrate and detection by
IR absorption, was employed by Andrews and co-workers for
producing and studying selenium ± nitrogen species.[10]


Although significant progress has been made in the area of
selenium ± nitrogen chemistry, almost all the SeÿN compounds
synthesised so far are limited to, at most, four selenium atoms.
An emerging issue is the synthesis, stability and structural
propensity of large selenium-cluster nitrides. This is important
in view of the fact polymeric (SN)x is a well-known supercon-
ductor. In addition, doping selenium with nitrogen may be a
useful method for tailoring its semiconducting properties for
electronic and photonic applications. During our studies of
selenium clusters, we have recently discovered that nitride
cations of selenium clusters in a wide range of sizes can be
produced with remarkable ease by laser ablation of a selenium
disk in the presence of nitrogen, followed by supersonic
expansion.[11] In this paper, we report the synthesis of nitride
cations of selenium clusters by this method. We identified the
molecular masses of these clusters by reflectron time-of-flight
mass spectrometry (TOFMS). Combining the laser-photo-
dissociation experiments and ab initio calculations, the special
affinity of the selenium-cluster cations for nitrogen atoms can
be understood. We also discuss possible mechanisms for the
formation of the nitride cations of selenium clusters.
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Results and Discussion


Formation of nitride cations of selenium clusters : A typical
time-of-flight mass spectrum of selenium-cluster cations is
shown in Figure 1 (top). Selenium-cluster cations Sen


� with
n> 11 can be easily identified by their characteristic intensity
distribution.[11±13] Notice that these clusters were generated
without adding N2 to the carrier gas. However, careful mass


Figure 1. Top: Time-of-flight mass spectrum of selenium-cluster cations
with no N2 added to the He carrier gas. Bottom: Time-of-flight mass
spectrum with 10 % N2 added to the He carrier gas. Otherwise, the spectra
were recorded under the same conditions.


analysis of the mass spectrum in Figure 1 (top) shows that
nitride cations of selenium clusters [SenN]� are still apparent
for n� 2 ± 5. The only source of nitrogen atoms appears to be
from adsorption onto the selenium sample, because the
cluster-nitride signals decrease with an extended period of
laser ablation. It is remarkable that, even with a trace amount
of N2 on the selenium sample, the cluster-nitride cations can
still be formed by laser ablation. This clearly shows that
selenium does indeed have a special affinity for nitrogen.
When N2 was introduced into the carrier gas, the cluster-
nitride cation signals start to soar. Figure 1 (bottom) shows
the mass spectrum when the fraction of N2 in the carrier gas is
20 %; this seems to be close to the optimum condition for the
formation of nitride cations of selenium clusters. For small
clusters (n� 5), the intensity of the nitride cations is even
greater than that of the corresponding bare cluster cations. In
the larger cluster size range (n� 6), the relative intensity of
the nitride cations decreases. It is worth noting that, when the
fraction of N2 in the carrier gas increases, only the mono-
nitride cations show a dramatic increase. Perhaps the only
exception is the formation of the dinitride cation [Se3N2]� .
The fact that [Se3N2]� is known to be stable as a seven p-
electron system on a five-membered ring suggests that the
nitride cations of selenium clusters we produced have a
certain amount of stability. In other words, for selenium


clusters, the mononitride cations are likely to be more stable
than multinitride cations. Kinetic effects may also be impor-
tant in the formation of the mononitride cations of selenium
clusters.


When we replaced N2 with NH3 as the source of nitrogen
atoms, no nitride cations of selenium clusters were produced.
Because both NH3 and N2 can provide N atoms in laser-
ablation plasma; this result implies that N2 molecules rather
than N atoms are important in the reaction that leads to the
formation of the nitride cations of selenium clusters. One
possible mechanism involves the activation of N2 by the
excited selenium-cluster cations in the laser-ablation plasma.
The excited selenium-cluster cations may prefer a chain
configuration and, when they react with N2, the two chain
ends are likely to be connected by one nitrogen atom after the
splitting off the other nitrogen atom. This naturally explains
why the mononitride cations of the selenium clusters are the
predominant products in the reaction.


We also recorded the mass spectrum of the cluster anions by
reversing the polarity of our detection system. While we
observed a series of bare selenium-cluster anions Sen


ÿ (n� 1 ±
13) under the same reaction conditions as in Figure 1
(bottom), no nitride anions of selenium clusters were
detected. This is understandable if one notices that most
SeÿN compounds synthesised so far involve selenium nitride
cations.[4±9] From a chemical point of view, N is more likely to
be linked to positively charged selenium atoms. Our ab initio
calculations, below, also support this inference.


Photodissociation of mass-selected cluster cations : Photo-
dissociation experiments were carried out on mass-selected
[SenN]� (n� 1 ± 5). [SeN]� and [Se2N]� cannot be dissociated
with a single photon at 342 nm; this indicates high SeÿN bond
strengths in these two species. Considering that [SeN]� and
[Se2N]� are valence-isoelectronic to N2 and CO2, respectively,
their photo-stability is evident. Photodissociation difference
mass spectra of [Se3N]� , [Se4N]� and [Se5N]� at 342 nm are
presented in Figure 2. In general, all the photofragments we
observed involved the breakage of SeÿSe bonds, and the
channel of N elimination is completely closed. In fact, the
photofragments (see Figure 2) are mostly smaller nitride
cations of selenium clusters such as [SeN]� , [Se2N]� , and so
on. This constitutes more support for the photo-stability of
these species. The photodissociation-difference mass spec-
trum of [Se5N]� (Figure 2 (bottom)) is contaminated by Se5


�


due to the low resolution of our mass gate; nevertheless, this
does not really alter our conclusion above. Based on our
previous work, [11] we believe that the daughters Se2


� and Se3
�


(Figure 2 (bottom)) are mostly from photodissociation of the
contaminant Se5


�.
The fragments shown in Figure 2 are all from one-photon


dissociation processes, because the photon energy at 342 nm is
sufficient to drive the photodissociation events. For example,
the formation of [SeN]� from the photodissociation of [Se3N]�


is found to have a threshold at �420 nm as shown in Figure 3.
The fact that we did not observe any of the fragments
associated with N ejection at 342 nm suggests that the
threshold of this dissociation channel is much higher.
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Figure 2. Photodissociation-difference mass spectra for top: [Se3N]� , mid-
dle: [Se4N]� and bottom: [Se5N]� at 342 nm. The laser fluence used was
5 mJcmÿ2.


Figure 3. Photodissociation-yield curve of the fragment cation SeN� from
mass-selected [Se3N]� as a function of photon energy.


Ab initio calculations : Further evidence for the special
affinity of selenium-cluster cations for nitrogen is obtained


from our ab initio calculations. Although some theoretical
investigations were carried out on SeÿN systems, most
previous calculations concerned either neutral or ternary
species.[4, 6, 8±10] In our calculations, the ground-state geometry
of [SenN]� (n� 1 ± 5) was fully optimised at both the B3LYP
and the MP2 level for comparison by using the GAUSSI-
AN98 program package.[14] The basis set of 6-31�G* was
used in all the calculations reported in this paper. Both levels
of theory gave similar results in terms of the structural aspects
(see Table 1) and, therefore, only the results of the B3LYP
calculations are reported here. To test the relativistic effect on
the results of our calculations, we also performed B3LYP
geometry optimisations of the two structural isomers III a and
III b of [Se3N]� by using Stuttgart-type quasi-relativistic
pseudopotentials for Se.[15] The pseudopotential basis set
was augmented with polarisation functions (z� 0.315) used
in 6-31�G*. These testing calculations give only slight
changes in the calculated structural parameters when com-
pared with those from the all-electron calculations. The
changes in the bond lengths and bond angles are within
0.03 � and 18, respectively. The energy difference changes
from 24.29 to 29.07 kcal molÿ1. Clearly, these calculations
suggest that the relativistic effect is not important in
calculating the structures and relative stabilities of the [SenN]�


species.
The optimised structures for [Se1±5N]� are shown in


Figures 4 and 5, and the energies associated with these
structures are listed in Table 1. The calculated bond lengths,
charge distributions and bond angles for all the structures are
also indicated in Figures 4 and 5. The bond of [Se�N]�


(1.58 �) is significantly shorter than the single bond SeÿN
(1.86 �).[8, 16] This is consistent with the similar triple bond in
the valence-isoelectronic N2. [Se2N]� is found to have a nearly
perfect linear structure (D1h) in much the same way as in its


Figure 4. Calculated structures of [SeN]� (I) and [Se2N]� (II) (B3LYP/6-
31�G*).


Table 1. Calculated energies of [SenN]� (n� 1 ± 5) (B3LYP or MP2/6-31�G*)


Species Structure Energies (B3LYP) Relative energies Energies (MP2) Relative energies
(Hartree) (kcal molÿ1) (Hartree) (kcal molÿ1)


[SeN]� I linear ÿ 2 453.7314904 ± ÿ 2 451.9462431 ±
[Se2N]� II linear ÿ 4 853.2259427 ± ÿ 4 849.7469101 ±
[Se3N]� III a cyclic ÿ 7 252.6340149 0 ÿ 7 247.4409058 0


III b linear ÿ 7 252.5953050 24.29 ÿ 7 247.4098402 19.49
[Se4N]� IVa cyclic ÿ 9 652.0635779 0 ÿ 9 645.1704192 0


IVb linear (U-shape) ÿ 9 652.0265109 23.26 ÿ 9 645.1504598 12.52
IVc (S-shape) ÿ 9 652.0234982 25.15 ÿ 9 645.1434276 16.93
IVd (W-shape) ÿ 9 652.0202651 27.18 ÿ 9 645.1382845 20.16


[Se5N]� V cyclic ÿ 12 051.487326 ± ÿ 12 042.9018743 ±
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valence-isoelectronic partner CO2. Owing to the special
electronic structure, together with the strong SeÿN bonds,
[Se2N]� is also a rather stable species. Our calculations also
give the bond-dissociation energies of [SeN]� (9.75 eV:
[SeN]�!Se��N) and [Se2N]� (6.18 eV: [Se2N]�!
[SeN]��Se), which are close to the bond dissociation energies
of N2 (9.8 eV)[17] and CO2 (5.5 eV)[17] , respectively. At 1.64 �,
the Se�N bond in [Se2N]� is somewhat longer than the Se�N
triple bond, but shorter than the SeÿN single bond. From the
results of our calculations presented above, [SeN]� and
[Se2N]� are very stable species; this explains why no photo-
dissociation occurred for these species at 342 nm and why they
are the dominant daughters from the photodissociation of
[Se3±5N]� . In fact, these species were also found to be
abundant in the neutralisation ± re-ionisation mass spectrum
of a five-membered ring compound [F3C(CSeNSeC)CF3]�-
[SbCl6]ÿ , in which the ring contains [Se2N]� and an unsatu-
rated C�C bond.[18]


From Table 1, one can conclude that the most stable
structures for [Se3±5N]� are mono-cyclic rings (C2v) (structures
III a, IVa and V in Figure 5). For [Se3N]� and [Se4N]� , some
possible linear structures were also calculated (see III b, IV b,
IV c and IV d in Figure 5). Although the four-membered ring


[Se3N]� (III a) may have great
ring strain, this is balanced by
its favourable aromatic six p-
electron system. A similar
strained ring system is the iso-
electronic, neutral species
Se2N2.[10] The five-membered
ring [Se4N]� (IVa) and six-
membered ring [Se5N]� (V)
are also found to be quite
stable. This is especially true
for [Se5N]� due to its aromatic
ten p-electron ring system. In
[Se3N]� and [Se5N]� , all the
SeÿSe bond lengths are
�2.36 �; this is very close to
the SeÿSe bond length in
pure Se6 (rSeÿSe� 2.34 �)[19]


and in the Se6 unit of
[NEt4]�4[(Se5)2Se6(Se7)2]2ÿ


(rSeÿSe� 2.375 �).[20] However,
due to the ring strain in the
[Se3N]� ring and the tendency
to satisfy the aromatic 4n�2
rule, the SeÿN bond lengths in
[Se3N]� are substantially great-
er (0.06 �) than those in
[Se5N]� . For the same reason,
the Se-N-Se angle in [Se5N]� is
significantly larger than that in
[Se3N]� .


We noticed that the nitrogen
atom carries a partial negative
charge in all the structures for
which we did calculations, and
that the positive charge is main-


ly localised on the two neighbouring Se atoms. In principle,
the mononitride cation rings of the selenium clusters can be
considered as a juxtaposition of this [Se-N-Se]� unit and the
remaining part, Senÿ2, which is almost neutral. Interestingly,
the bond lengths are rather insensitive to the variation in bond
angles for both units, and this bonding flexibility largely
accounts for the stability of the monocyclic rings.


Conclusion


In summary, we have produced novel nitride cations of
selenium clusters by combination of laser ablation and
supersonic expansion. N2 was used as the reagent, and its
atomic constituents, N atoms, are shown to be easily
incorporated into the selenium-cluster cations. Mononitride
cations of selenium clusters are found to be the dominant
products. Small nitride cations of selenium clusters within the
size range of n� 1 ± 5 were mass-selected for photodissocia-
tion. The results of the photodissociation experiment demon-
strate the photo-stability of the mononitride cations of
selenium clusters. Ab initio calculations on [SenN]� (n�
1 ± 5) have been performed to fully optimise their structures


Figure 5. Calculated structures of [Se3N]� (III a and b), [Se4N]� (IVa ± d) and [Se5N]� (V) (B3LYP/6-31�G*).
Note that the most stable structures for [Se3±5N]� are monocyclic rings.
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at both the B3LYP level and the MP2 level by using the
6-31�G* basis set. The calculations show that [Se2N]� has a
very stable linear structure, while the most stable structures
for [SenN]� (n� 3 ± 5) are monocyclic rings (C2v). The possible
formation mechanism of the nitride cations of selenium
clusters has been considered, and it may involve the activation
of the nitrogen bond by the two ends of the highly excited
linear selenium-cluster cations.


Experimental Section


The main apparatus for the present experiments was described previous-
ly,[11] and thus only parts relevant to the present experiments are given here.
A schematic of our nozzle source is shown in Figure 6. Selenium powder
(100 mesh; 99.999 %) was compressed, at an hydraulic pressure of�0.8 GP,
into a disk �1.3 cm in diameter on a sample holder. The sample disk was
then mounted 15 mm downstream from the exit of the pulsed valve


Figure 6. Schematic diagram of the nozzle used for generating the nitride
cations of selenium clusters [SenN]� . Carrier gas pressure: 10 psi; Gas pulse
width: 800 ms.


(General Valve). Driven by a step motor, the sample disk rotates on each
laser pulse to expose the fresh surface during the laser-ablation experi-
ments. The second harmonic of a Nd:YAG laser was focused on a 0.5 mm
diameter spot on the selenium disk to generate selenium-cluster cations.
The optimum ablation-laser energy for producing the cluster cations was
found to be �20 mJ per pulse: average cluster sizes become smaller at
higher laser energies, while cluster signal intensities become weaker at
lower laser energies. The laser-ablated plume was entrained into the helium
carrier gas plus a fraction of N2 (partial pressure: 1 ± 2 psi), with a total
pressure of �10 psi. The clusters were formed in a channel 2 mm in
diameter and 3.5 cm long and cooled through He expansion into a high
vacuum. The cluster beam then travelled 14 cm down to the extraction
region of the reflectron time-of-flight mass spectrometer (RTOFMS).


The cluster cations in the extraction region were extracted vertically by a
two-stage accelerator by using a high-voltage pulse with an amplitude of
1120 V and a width of 25 ms. After extraction, the cluster cations were
steered by a pair of horizontal and a pair of vertical deflection plates. The
voltages on these plates were set at �800 V and ÿ100 V, respectively. All
the cluster cations were reflected by the reflectron (VR1� 650 V and


VR2� 1050 V) and finally detected by a dual-plate microchannel detector
(MCP).


For photodissociation experiments, a two-plate mass gate equipped with a
high-voltage pulser (normally high at �900 V) was used to select the
desired cluster cations. After arriving at the turn-around region of the
reflectron, the mass-selected cluster cations were irradiated with a
collimated beam from a dye laser. The parent and nascent daughter
cations were re-accelerated by the reflectron electric field and detected by
the MCP detector. The dye laser for photodissociation was pumped by an
XeCl excimer laser (Lambda Physik LPX210i/LPD3002). Several dyes,
p-Terphenyl, DMQ and BBQ, were used to cover the spectral region
between 310 ± 405 nm.
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Zirconium(iv) Complexes of Oxydiacetic Acid in Aqueous Solution and in the
Solid State as Studied by Multinuclear NMR and X-ray Crystallography


Weiwen Ma, Henk van Koningsveld, Joop A. Peters,* and Thomas Maschmeyer[a]


Abstract: The structures of complexes
of ZrIV and oxydiacetate (ODA2ÿ) in
aqueous solutions of pH 0 ± 7 were in-
vestigated with the use of 1H, 13C, and
17O NMR spectroscopy. Equilibria of
mononuclear [Zr(oda)]2�, [Zr(oda)2],
and [Zr(oda)3]2ÿ complexes have been
observed. In all complexes ODA2ÿ is
bound in a tridentate fashion through
the two carboxylate groups and the
ether oxygen. No di- or oligonuclear
species containing ODA2ÿ were ob-
served. An excess of free ZrIV remains
in solution, probably as a result of weak
electrostatic interactions between nega-


tively charged Zr ± ODA complexes or
free ODA2ÿ and a positively charged
cyclic tetranuclear hydroxy zirconium
complex. CP-MAS 13C NMR spectra of
solid compounds isolated from the sam-
ples indicated that the structures of the
[Zr(oda)2] and [Zr(oda)3]2ÿ complexes
in solution are similar to those in the
solid state. This is corroborated by the


single-crystal X-ray structure of Na2-
[Zr(oda)3] ´ 5.5 H2O, which was obtained
from a solution containing exclusively
the [Zr(oda)3]2ÿ complex. In this struc-
ture ZrIV is nine-coordinate with the
three ODA2ÿ ligands bound in a tricap-
ped trigonal prismatic geometry. The
negative charge of this [Zr(oda)3]2ÿ


complex is balanced by two Na� ions,
one of which is on a center of symmetry
between D and L enantiomers of
[Zr(oda)3]2ÿ. This Na� is octahedrally
coordinated to six (non ZrIV-bound)
carboxylate oxygen atoms of six differ-
ent [Zr(oda)3]2ÿ units.


Keywords: coordination modes ´
NMR spectroscopy ´ oxydiacetic
acid ´ structure elucidation ´ zirco-
nium


Introduction


Zirconium(iv) complexes have found widespread applications
in many fields of technology,[1] for example, in the sol ± gel
process to synthesize glasses, in ceramics and inorganic ± or-
ganic materials,[2] in metal organic chemical vapor deposition
(MOCVD) of ZrO2 film as a precursor,[3] in the preparation of
hydraulic liquids in oil exploration[4] as crosslinker of poly-
saccharides, and in coatings of paper and textile.[1] In the
latter, interactions between ZrIV and polysaccharides and
derivatives thereof play an important role. The structures of
the ZrIV complexes of organic ligands in aqueous solution,
however, are hardly studied. The main reason for this is the


well-known tendency of ZrIV complexes to hydrolyze and
polymerize even at low pH,[5, 6] which often leads to gelation
or precipitation. An X-ray study of ZrOCl2 ´ 8 H2O has shown
that, already in the solid state, ZrIV is hydrolyzed into a cyclic
tetrameric structure with bridging m-OH groups (1, see
Figure 1).[7] A 1H and 17O NMR study of the aqueous solution
of zirconium perchlorate has shown that this tetrameric
structure is retained in aqueous solution at low pH.[8] Several
solid ZrIV complexes of carboxylic acids have been inves-
tigated by infrared and X-ray spectroscopy,[1, 9±14] but the
solution structures of only a few complexes have been studied


Figure 1. The structure of the [Zr4(OH)8(H2O)16] cation as observed in
crystals of ZrOCl2 ´ 8H2O.[7]
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by NMR[15] as a result of the hydrolysis and polymerisation
described above.


In this paper, we report a study of complexes of ZrIV with
oxydiacetate (ODA2ÿ) in aqueous solution and in the solid
state under both acidic and neutral conditions using 1H, 13C,
and 17O NMR spectroscopy and X-ray crystallography. So far,
two solid ZrIV ± ODA complexes have been structurally
characterized by single-crystal X-ray diffraction: the organo-
metallic stabilized [cp2Zr(oda)][16] and [Zr(oda)2(H2O)2] ´
4 H2O (3).[9] Both of them show mononuclear ZrIV cations,
which are coordinated with the ODA2ÿ ligand in a tridentate
fashion via the two carboxylate groups and the ether oxygen
atom. Solution studies of the latter complex were not
performed, because the authors experienced problems with
the solubility of these complexes.[9] In the present study, a
comparison of the solid state 13C NMR spectra of the single
crystals of [Zr(oda)2(H2O)2] ´ 4 H2O with solution spectra is
the starting point for our analysis of ZrIV complexes of
ODA2ÿ, both in the solid state and in aqueous solution.


Results and Discussion


Solid state CP-MAS 13C NMR spectrum of [Zr(oda)2-
(H2O)2] ´ 4 H2O : Single crystals of [Zr(oda)2(H2O)2] ´ 4 H2O
(3) were prepared by addition of H2ODA to a solution of
ZrOCl2 ´ 8 H2O in water at pH 1.0 ± 1.5. The IR spectrum of
the resulting compound was identical to that reported by
Baggio et al.[9] The solid state CP-MAS 13C NMR spectrum of
this compound (see Figure 2) displays two resonances of equal


Figure 2. CP-MAS 13C NMR spectrum of [Zr(oda)2(H2O)2].


intensity both for the carboxylate (d� 178.28 and 177.12) and
the methylene carbons (d� 72.30 and 69.82). The crystal
structure shows the complex to be mononuclear with ZrIV


coordinated by each of the two ODA2ÿ ligands in a tridentate
fashion via the ether oxygen and the two carboxylate groups.[9]


Two water molecules complete the inner-coordination sphere
of ZrIV (see Figure 3). An inspection of this structure shows
that the two carboxymethyl moieties within each ODA2ÿ


ligand are chemically non-equivalent, whereas the chemical
environments of corresponding 13C nuclei of the two ligands
are rather similar. Therefore, the doubling of the carboxylate
and methylene 13C NMR resonances can be ascribed to the
chemical non-equivalent environment within the ODA2ÿ


ligands.


Figure 3. Solid state structure of [Zr(oda)2(H2O)2].[9]


For comparison 13C CP-MAS NMR spectra of amorphous
Na2ODA and H2ODA were also recorded. These spectra both
showed a single set of 13C signals for the ODA nuclei at
chemical shifts which are 1 ± 2 ppm lower than the averaged
chemical shifts of the ZrIV complex (see Table 1); this also
reflects the strong electron-withdrawing character of ZrIV.


NMR of aqueous solutions of H2ODA and ZrIV at pH 0.6 :
Upon stepwise addition of ZrOCl2 to a 0.03m solution of
H2ODA at pH 0.6 and 25 8C, first a new resonance at d� 4.51
(3) was observed next to the signal for free H2ODA at d� 4.25
in the 1H NMR spectrum. The intensity of this signal
increased in intensity up to a molar ratio [ZrIV]tot/[ODA]tot


(1) of 0.5. At 1�0.3, another signal appeared at d� 4.45 (2),
which increased in intensity at the expense of the signals at
both d� 4.51 and that of the free ligand. The sample remained
homogeneous up to 1� 2.2. The initial slope of a graph of the
amounts of ODA2ÿ bound in species 3 (see Figure 4) is 2,


Figure 4. Distribution of species (given as mol % of ODA bound in the
concerning species) as a function of 1 at pH 0.6 and 25 8C. Total
concentration ODA 0.03m. & free ODA; * [Zr(oda)2]; ~ [Zr(oda)]2�.


Table 1. 13C NMR chemical shifts of Zr ± ODA complexes and some
related compounds in the solid state and in solution.


Compound COO CH2


solid H2ODA 178.29 66.62
solid Na2ODA 176.39 69.83
solid [Zr(oda)2(H2O)2] 178.28/177.12 72.30/69.83
solid Na2[Zr(oda)3] 178.3/176.91 69.77
H2ODA in D2O 173.97 67.81
Na2ODA in D2O 178.23 69.72
[Zr(oda)2] in D2O 176.18 71.88
[Zr(oda)3] in D2O 177.28 70.25
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which shows that this complex has a 1:2 ZrIV:ODA stoichi-
ometry. This is consistent with the maximum in the curve at
1� 0.5. Most likely, species 2 has a 1:1 ZrIV:ODA stoichiom-
etry. The exchange between species 2, 3, and free ODA2ÿ/
H2ODA is slow on the 1H NMR time scale, although some
broadening due to exchange processes was observed in the
signals.


Samples prepared with higher concentrations of H2ODA
showed slow precipitation of crystalline [Zr(oda)2(H2O)2] ´
4 H2O (3). However, a supersaturated sample of H2ODA
and ZrOCl2 with 1� 0.32, [H2ODA]� 0.394m at pH 0.55 and
room temperature remained homogeneous for long enough to
measure both a 1H and 13C NMR spectrum. The 1H spectrum
was similar to that measured at low concentration and the
13C NMR spectrum displayed resonances for the free ligand at
d� 67.81 and 173.97 in addition to a new set of signals at d�
71.88 and 176.18. The large downfield shift of the latter signals
with respect to the corresponding signals for free H2ODA
indicates that they can be attributed to a ZrIV ± ODA complex,
in which both the ether oxygen and the carboxylate groups are
bound to the metal ion. Therefore, it can be concluded that
species 3 is the [Zr(oda)2(H2O)2] complex, which was already
observed in the solid state, and which precipitated from the
NMR samples upon standing. The presence of only a single
CH2 and a single COO 13C NMR resonance for this complex
in the aqueous samples shows that in solution the exchange of
the two sets of chemically non-equivalent carboxymethyl
nuclei is rapid on the 13C NMR time scale. Most likely, this
exchange takes place through decoordination ± coordination
of the ODA2ÿ ligand, which is consistent with the observation
of a single singlet for the CH2 protons. All CH2 protons in the
[Zr(oda)2(H2O)2]2� complex 3 are chemically non-equivalent.
The observation of a single CH2


1H NMR resonance suggests
that the exchange of these nuclei is rapid on the 1H NMR time
scale. The most common coordination number of this type of
ZrIV complexes is 8, and therefore, the most likely species 2 is
[Zr(oda)(H2O)5]2�.


pH dependence of the NMR spectra : The pH of a sample with
1� 0.2 was increased stepwise from 0.6 to 6.2. At pH 1.76, an
AB-system (d� 4.315 and 4.197, jJ j� 14.4 Hz) (species 4)
appeared in the 1H NMR spectrum. The value of the coupling
constant is characteristic for a geminal H,H coupling. For
example, a value of 14.8 Hz was measured for the coupling
between corresponding protons in carboxymethyl oxysucci-
nate, both in the free ligand and in LnIII complexes.[17] The
amount of ODA2ÿ bound in this complex increased until a
maximum of about 60 mol % at pH 4 and then decreased
under the formation of free ligand upon further increase of
the pH. Finally, precipitation occurred at a pH of about 6.2. A
similar experiment with a sample with 1� 0.87 resulted in
precipitation already at a pH of about 2.


A 1H NMR 2D exchange spectrum (EXSY)[18] of a sample
of ZrIV and ODA in a molar ratio of 0.25 (total ODA
concentration 0.03m, pH 2.3, 25 8C) showed cross peaks
between the methylene resonances for [Zr(oda)2] (3), 4, and
free ODA2ÿ (see Figure 5), indicating that exchange processes
between all these species are taking place.


Figure 5. Two-dimensional exchange spectrum of a 0.03m solution of
Na2ODA upon addition of ZrIV, 1� 0.25, pH 2.3, T� 25 8C. In the
horizontal projection at the top, the peaks for species A and C are
truncated.


The 13C NMR spectrum showed signals for 4 at d� 70.25
and 177.28. The 1H and 13C NMR chemical shifts of ZrIV


complexes 3 and 4 are independent of the pH, which indicates
that the carboxylate groups are deprotonated over the pH
range where they are observable. By contrast, the 1H and
13C NMR titration curves of the free ligand show a jump in
chemical shifts between pH 2 and 4.5, which is in agreement
with the reported pKas of this compound (pKa1 3.93,
pKa2 2.79).[19]


A possible reaction of [Zr(oda)2(H2O)2] (3) upon increase
of the pH would be ionization of the bound water molecules
followed by self-association to a dimeric complex with m-OH
bridges. A similar dimerization reaction is suggested to be the
first step in the hydrolysis of [Zr(H2O)8]4� as many di- and
oligomeric crystal structures of ZrIV complexes have been
reported so far.


However, observation of up to 60 mol % bound ODA in
species 4 indicates a Zr:ODA stoichiometry of 1:3. Therefore,
any di- or oligonuclear structure for 4 is very unlikely.
Accordingly, we propose a structure with three ODA2ÿ


ligands bound in a tridentate fashion through its ether oxygen
atom and the two carboxylate groups for species 4. The
proposed structure has a chiral configuration around ZrIV and,
therefore, the geminal methylene protons are diastereotopic.
The exchange among the enantiomeric forms is slow on the
1H NMR time scale, because otherwise a singlet would be
expected. It should be noted that ZrIV usually has a maximum
coordination number of eight. Therefore, it cannot be
excluded that in solution one of the ODA2ÿ ligands is bound
in a bidentate fashion via the ether oxygen and only one of the
carboxylate groups. Such a structure has low symmetry and as
a consequence differences in the chemical shifts of the nuclei
of the individual ODA2ÿ ligands may be expected. However,
this was not observed; the methylene protons give rise to only
a single AB system and in the 13C NMR spectrum only single
resonances were present for methylene and carboxylate
groups. This might be rationalized by rapid internal substitu-
tions of ZrIV-bound by free carboxylate groups. Previously, we
have shown that a similar structure occurs, next to a nine-
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coordinate species, in aqueous solutions of complexes of
ODA2ÿ and the heavier lanthanide(iii) ions (Ln�Ho!
Lu).[20]


In the solutions of ZrIV and ODA with 1� 0.2 described
above the intensity of the signal of species 4 decreased upon
increase of the pH above 4, whereas the resonance of the ªfree
ligandº increased in intensity. From the mass balance it can
then be deduced that not all ZrIV present in the solution is
present in complex 4. In the absence of ODA, however,
precipitation occurred under similar conditions. It must be
concluded that the highly charged (8� ) cyclic tetrameric
hydrolyzed species of ZrIV (1 or possibly higher oligomers),
which are present in a fresh solution of ZrOCl2 in water, are
stabilized by interaction with either free ODA2ÿ or
[Zr(oda)3]2ÿ (4). The interaction is weak, since the chemical
shifts of both species are independent of the composition of
the sample. Upon increase of the pH, the distribution of the
species was always established before an NMR measurement
was performed. However, upon decrease of the pH (starting
at pH> 4), it took usually 15 ± 30 min before an equilibrium
was reached; this indicates that depolymerization of the
oligomeric hydrolyzed ZrIV is a relatively slow process, as
should be expected. Apart from this phenomenon, the
composition of the samples remained unaltered for months.


17O NMR spectra : 17O NMR measurements were performed
on aqueous solutions of ZrOCl2 ´ 8 H2O and 5 % 17O-enriched
Na2ODA with 1� 0.19; [Na2ODA]� 0.14m, pH 7.62 and 1.76,
respectively. In order to reduce the line widths, which are
determined by the quadrupolar relaxation, the measurements
were performed at elevated temperature (80 8C). Three
resonances were observed at d� 292, 273, and 270. In view
of the results of 1H and 13C NMR spectra, the peaks at d� 292
and 273 were assigned to the carboxylate oxygen nuclei of
[Zr(oda)2] (3) and [Zr(oda)3]2ÿ (4), while the other signal at
d� 270 is attributed to the carboxylate oxygens of free
ODA2ÿ. After the pH of the sample was lowered by addition
of DCl, only two carboxylate resonances were observed at
d� 291 and 254, which are assigned to species 3 and free
ODA, respectively. This means that complex 4 is completely
converted into 3 upon decrease of the pH, which is in
agreement with the conclusions from 1H and 13C NMR
spectra.


Longitudinal relaxation times : In order to get further support
for the mononuclear character of complex 4, we measured
longitudinal relaxation times of the methylene carbon of this
complex in a sample of a 0.3m solution of Na2ODA to which
ZrOCl2 ´ 8 H2O was added (1� 0.6, pH 6)). The 1H and
13C NMR spectra of this sample showed only resonances for
4 and free ODA2ÿ.


The value of the rotational correlation, tR, can be estimated
from the intramolecular dipole ± dipole relaxation rate
(1/T1,DD) of a 13C nucleus of the ligand using Equation (1).[21]


1


T1;DD


�N
m0


4p


� �2 �h2g2�13C�g2�1H�
r 6


CH


tR (1)


Here, N is the number of protons bound to the 13C nucleus
under study, m0/4p the magnetic permeability of a vacuum, g a


magnetogyric ratio, �h is the Dirac constant, and rCH the CH
bond length. The dipole ± dipole contribution to the observed
relaxation rate (1/T1,obs) was determined using the nuclear
Overhauser enhancement (hobs) and Equation (2).


1


T1;DD


� hobs


1:986 T1;obs


(2)


By assuming that the species can be considered as a sphere,
the value of tR can be related to the molecular volume with
the Debye ± Stokes ± Einstein Equation (3),[22±24] where hS is
the viscosity of the solvent, a is the effective radius of the
complex and k is the Boltzmann constant.


tR�
4p a3 hS


3 kT
(3)


In Table 2, the relaxation rates and nuclear Overhauser
enhancements measured for complex 4 and free Na2ODA are
given. From these data and Equations (1) ± (3), the molecular
radii of these species were calculated, which appeared to be in
good agreement with radii measured in molecular models of
Na2ODA and [Zr(oda)3] (see Table 2). An inspection of
molecular models shows that any dimeric or oligomeric Zr ±
ODA species would have a molecular radius of at least 4.3 �,
which would correspond to dipolar relaxation rates that are at
1.7 times higher.


Solid Na2[Zr(oda)3]: Pure 4 could be prepared by evaporation
of the solvent from a sample obtained upon mixing of aqueous
solutions of ZrOCl2 and Na2(ODA) with a molar ratio of
ZrIV:ODA of 0.33, followed by crystallization from water. A
CP-MAS solid state NMR spectrum showed a carboxylate
resonance at d� 176.9 accompanied with a shoulder at
somewhat higher chemical shift (see Figure 6), which is
consistent with the proposed structure.


Single-crystal X-ray structure of Na2[Zr(oda)3] ´ 5.5 H2O :
Upon slow evaporation of water from an aqueous solution
of 4, colorless crystals were obtained that were suitable for
X-ray analysis, yielding Na2[Zr(oda)3] ´ 5.5 H2O (4). Its struc-
ture is illustrated in Figure 7; the fractional coordinates are
given in Table 3 and selected bond lengths and angles in
Table 4. The ZrIV ion is nine-coordinate comprising three
ODA2ÿ ligands each bound in a tridentate fashion through the
ether oxygen atom (O2) and two monodentate carboxylate


Table 2. 13C NMR longitudinal relaxation data for the methylene carbon
nuclei of a 0.3 m solution of Na2ODA and of [Zr(oda)3] in D2O at pH 6,[a]


25 8C and 75 MHz.


Na2ODA [Zr(oda)3]


T1obs (s) 1.82 0.44
hobs 1.38 1.65
tR [ps] 8.9 43.4
a [�], estimated from T1


[b] 2.1 3.6
a [�], estimated from molecular model 2.0 3.6


[a] Measured in a solution of 0.3m Na2ODA after addition of ZrOCl2 ´
8H2O (1� 0.6); [b] calculated from T1obs values using Eqautions (1) ± (3).
For the viscosity, the value for water was taken.
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Figure 6. CP-MAS 13C NMR spectrum of Na2[Zr(oda)3]. The peak at
about d� 120 is a spinning side band of the carboxylate resonance.


Figure 7. Structure of 4 with atom labels. No thermal ellipsoids are drawn,
because of clarity (R� 0.049).


oxygen atoms (O3). Nine-coordination is exceptional for Zr4�


complexes which is also proven by the fact that no complexes
with a ZrO9 inner coordination sphere could be found in the
Cambridge Structural Database.


The crystal structure has a threefold axis through ZrIV


perpendicular to the plane formed by the O2 atoms.
Furthermore, the structure is defined by twofold axes of
symmetry along the ZrÿO2 bonds. Two pairs of three O3
atoms form two planes, which are perpendicular to a threefold
axis. The coordination polyhedron of ZrIV can be best
described as a tricapped trigonal prism. The chelate rings
Zr-O3-C1-C2-O2 are almost perfectly planar (maximum
deviation from planarity: 0.027 � (C1)). The ZrÿO2 bond
coincides with the twofold axis and, consequently, the two
five-membered chelate rings of the ZrIV bound ODA2ÿ ligands
are coplanar.


Two types of ZrÿO bond lengths are observed. The ZrÿO3
bond lengths are 2.179(3) �, which are similar to those
observed in the crystal structure of [Zr(oda)2(H2O)2] (3)
(2.134 ± 2.166 �).[9] However, the ZrÿO2 bond lengths are
2.372(2) �, which appears to be significantly longer than the
corresponding bond lengths in 3 (2.282 and 2.273 �). This may
be ascribed to a minimization of the repulsion energy in the
tricapped trigonal prismatic coordination polyhedron by
stretching of the bonds to the capping atoms.[25]


The negative charge of the [Zr(oda)3]2ÿ core is balanced by
two Na� cations. Each of the carboxylate oxygens not bound
to ZrIV (O1) coordinates a Na� cation (Na1). One of the six
carboxylate O1 atoms in each [Zr(oda)3]2ÿ unit is also
coordinated to another Na� ion (Na2a) with a partial
occupation of 0.406. Consequently, the carboxylate func-
tions are locally different, which is in agreement with the
shoulder observed on the carboxylate 13C resonance in
the CP-MAS 13C NMR spectrum. The Na1 ions are bridging
the [Zr(oda)3]2ÿ moieties; each Na1 is coordinated, in an
octahedral arrangement, by six O1 atoms of six different
[Zr(oda)3]2ÿ units. A threefold axis is passing through Zr and
Na1.


Table 3. Atomic positional, isotropic displacement [�2] and site occupa-
tion parameters for 4.


x/a y/b z/c U/U(eq)[a] PP


Zr1 1/4 1/4 1/4 0.0311(1)[a]


Na1 0 1/4 1/4 0.0421(5)[a]


Na2a 0.0722(3) ÿX� 1/4 ÿX� 1/4 0.114(3)[a] 0.406(7)
Na2b 1/8 1/8 1/8 0.18(1)[a] 0.38(3)
C1 0.1299(1) 0.2595(1) 0.2443(2) 0.042(2)[a]


C2 0.1339(2) 0.2552(2) 0.3014(2) 0.065(2)[a]


O1 0.0879(1) 0.2637(1) 0.2241(1) 0.056(1)[a]


O2 0.18574(9) 1/4 ÿX� 1/2 0.045(1)[a]


O3 0.1726(1) 0.2595(1) 0.2201(1) 0.043(1)[a]


O1w 1/8 0.2125(3) 1/8 0.184(5)[a]


O2w 1/8 0.3247(6) 1/8 0.239(9)[a] 0.86(2)
H1 0.120(1) 0.2850(6) 0.3169(2) 0.070
H2 0.116(1) 0.2258(7) 0.3127(2) 0.070


[a] U(eq) is defined as one-third of the trace of the orthogonalized Uij


tensor.


Table 4. Some relevant bond lengths [�] and angles [8] for 4.


Zr1ÿO2 2.372(2) C2ÿH1 0.95(2)
Zr1ÿO3 2.179(3) C2ÿH2 0.95(2)
C1ÿC2 1.498(6) Na1ÿO1 2.418(3)
C1ÿO1 1.221(5) Na2aÿO1 2.578(8)
C1ÿO3 1.279(5) Na2aÿO1w 2.148(8)
C2ÿO2 1.399(5) Na2bÿO1w 2.283(9)
O2-Zr1-O2[a] 120.00(5) O1-Na2a-O1w[i] 157.6(4)
O2-Zr1-O3 66.31(9) O1w-Na2a-O1w[b] 97.4(4)
O2-Zr1-O3[a] 137.44(9) O1w-Na2b-O1w[j] 180.0(0)
O2-Zr1-O3[b] 70.52(8) O1w-Na2b-O1w[a] 90.0(0)
O3-Zr1-O3[a] 79.3(1) C2-C1-O1 120.0(4)
O3-Zr1-O3[c] 85.2(1) C2-C1-O3 115.4(4)
O3-Zr1-O3[d] 132.5(1) O1-C1-O3 124.6(4)
O3-Zr1-O3[e] 141.0(1) C1-C2-O2 108.3(2)
O1-Na1-O1[f] 85.2(1) C1-C2-H1 109.4(8)
O1-Na1-O1[g] 94.8(1) C1-C2-H2 109.5(8)
O1-Na1-O1[h] 180.0(0) O2-C2-H1 111(2)
O1-Na2a-O1[f] 78.8(2) O2-C2-H2 109(2)
O1-Na2a-O1w 80.3(3) H1-C2-H2 109(2)
O1-Na2a-O1w[b] 104.9(3) C2-O2-C2d 118.3(3)


[a] Symmetry codes: a) y, z, x ; b) z, x, y ; c) 0.5ÿ y, 0.5ÿ x, 0.5ÿ z ; d) 0.5ÿ
z, 0.5ÿ y, 0.5ÿ x ; e) 0.5ÿ x, 0.5ÿ z, 0.5ÿ y ; f) 0.25ÿ z, 0.25ÿ x, y ;
g) ÿ0.25�y, 0.5ÿ z, 0.25�x ; h) ÿx, 0.5ÿ y, 0.5ÿ z ; i) 0.25ÿ y, 0.25ÿ z, x ;
j) x, 0.25ÿ y, 0.25ÿ z.
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The mode of wrapping of the ODA2ÿ ligands around the
ZrIV makes this metal ion chiral. Both the D and the L


enantiomers of [Zr(oda)3]2ÿ occur in the unit cell, which are
bridged by a Na1 ion at a center of symmetry.


Conclusion


Coordination of oxydiacetic acid by ZrIV results in a large
increase of its acidity. Already at a pH value as low as 0, ODA
with ZrIV bound to fully deprotonated carboxylates can be
observed. This reflects the high acidity of ZrIV. This high
acidity frequently results in oligomeric ZrIV species. However,
in the solutions with ODA, exclusively mononuclear com-
plexes with 1:1, 1:2, and 1:3 metal:ligand stoichiometries are
formed. In these complexes ODA2ÿ is bound in a tridentate
fashion via the two carboxylate groups and the ether oxygen.
It cannot be excluded that in solutions of [Zr(oda)3]2ÿ one of
the carboxylate groups is not bound to ZrIV. In that case, an
internal substitution of bound and free carboxylate groups
takes place, which is rapid on the NMR time scale. The
structure of solid [Zr(oda)2] is similar to that in aqueous
solution. Solid [Zr(oda)3]2ÿ has a nine-coordinate ZrIV with
three tridentately bound ODA2ÿ ligands.


In solution the stabilities of the complexes, obviously,
decrease upon increasing ligation and, consequently, the
[Zr(oda)3]2ÿ complex is only observed at pH values larger
than 1.7, where the concentration of the dissociated free
dicarboxylate starts to increase substantially. Some excess of
ZrIV is kept in solution due to weak interactions between
oligomeric hydrolyzed ZrIV species and the free Zr ± ODA
complexes or free ODA2ÿ. At high pH, OHÿ competes with
ODA2ÿ for coordination of ZrIV, which results in precipitation.
The pH value at which precipitation starts depends on the
total concentrations of ZrIV and ODA. The equilibria involved
are summarized in Scheme 1.


Scheme 1.


Experimental Section


Materials : Oxydiacetic acid (H2ODA) and ZrOCl2 ´ 8 H2O were obtained
from Aldrich and Fluka, respectively. Both were used without further
purification. Na2ODA was prepared by neutralization of an aqueous
solution of H2ODA with NaOH, followed by precipitation with ethanol.
17O-enriched (5 % labeling) oxydiacetate was synthesized as described
previously.[20] Single crystals of [Zr(oda)2(H2O)2] ´ 4H2O were prepared
according to the procedure described by Baggio et al.[9]


Preparation of Na2[Zr(oda)3]: A 0.1m aqueous solution of ZrOCl2 ´ 8H2O
(30 mL) was added dropwise to a stirred 0.1m solution of Na2ODA (90 mL)
at room temperature. After stirring overnight, a small amount of white


precipitate formed was removed by centrifugation. The resulting solution
was evaporated until dryness to yield a white powder. Colorless single
crystals suitable for X-ray analysis were obtained by slow evaporation of
water from an aqueous solution of the powder.


NMR measurements : 1H and 13C NMR spectra were recorded on a Varian
VXR-400 S spectrometer, at 399.952 and 100.577 MHz, respectively.
Chemical shifts are reported with respect to 1,4-dioxane as internal
standard (d� 3.6 and 66.8 for 1H and 13C NMR, respectively). 17O NMR
spectra were obtained on a Varian Inova-300 spectrometer, at 40.696 MHz
and 80 8C using a 10 mm sample tube. The signal of D2O was used as
internal reference at d� 0 for 17O chemical shift. The 13C MAS NMR
spectrum was measured on the Varian VXR-400 S spectrometer with a
broadband Doty probe (5 mm diameter). Chemical shifts are reported with
respect to SiMe4 in CDCl3 as external standard at d� 0. All 1H and
13C NMR measurements were carried out at 25 8C, except if stated
otherwise. Line widths and chemical shifts were determined by fitting the
NMR signals with Lorentzian line functions. When necessary, deconvolu-
tion was applied. Spin-lattice relaxation rates (T1) were measured using the
inversion recovery method.[26] Two-dimensional exchange spectra were
performed in the phase sensitive mode using the States ± Haberkorn ±
Ruben method,[27] a mixing time varying between 0.01 and 0.2 s, and an
acquisition delay of 2.5 s. An array of 64 spectra of 320 data points was
collected. Samples for measurement of T1 data and two-dimensional
exchange spectra were deoxygenated by bubbling through nitrogen for
15 min.


All pH measurements were made at room temperature using a Corning125
pH meter and a calibrated micro combination electrode purchased from
Aldrich Chemical Co. The pH was adjusted with diluted D2O solution of
DCl and Na2OD (all supplied by Merck). No correction was made for the
deuterium isotope effect.


X-ray crystallography : Crystallographic data are summarized in Table 5. A
colorless crystal of 4 was mounted in a glass fiber on a Nonius CAD4
diffractometer equipped with a graphite monochromator and MoKa (l�
0.71073 �) radiation. The unit cell parameters were determined by least-
squares refinement of 25 reflections with 108�q� 158. Intensity data were
collected to qmax� 308 by the w/2q scan technique. For (h,k,l)� 36, 5086
reflections were collected and merged (Rmerge� 0.035) to 1082 independent
reflections, of which 488 were considered observed (F 2


0 > 2.0s(F 2
0 �).


Intensities were corrected for Lorentz and polarization effects. No
absorption correction was applied. Three standard reflections were
measured every 2 h of X-ray measuring time. The observed decay of 2%
in the intensities was applied to the measured intensities. The structure was
solved by difference Fourier syntheses. Refinement of the structure was
done by full-matrix least-squares on F 2


0 with anisotropic parameters for the
non-hydrogen atoms.


The positions of the Zr and Na atoms are constrained by the space group
symmetry to the positions with point symmetry 32 (1�4,1�4,1�4) and 3Å (0,1�4,1�4),
respectively, with Z� 32.


Table 5. Crystallographic data for 4.


formula C12H23O22.5ZrNa2


Mw 640.50
crystal system cubic
space group Fd3Åc (No. 228)
crystal size [mm] 0.30� 0.30� 0.20
a [�] 26.084(8)
V [�3] 17747(4)
Z 32
1calcd [g cmÿ3] 1.89
F(000) 10272
m [mmÿ1] 0.64
transm. factors 0.84, 0.90
data, parameters 488, 68
goodness-of-fit on F 2 2.22
R, R(w) [F 2> 2s(F 2)][a] 0.049, 0.057
R, R(w) [all data][a] 0.146, 0.066
max and min peaks [e�ÿ3] ÿ 1.51, 1.92


[a] R(w)� [S[(w)(F 2
0 ÿF 2


c �2]/S[((w)F 2
0 �2]]0.5.
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The two independent methylene hydrogen atoms were placed at calculated
tetrahedral positions (d(CÿH)� 0.95 �) and allowed to ride on the atoms
to which they are attached. Water hydrogen atoms were not located.


All calculations were performed on a SUN-IPX workstation using
programs of the Xtal 3.2 system.[28] The final fractional coordinates and
some selected (bond) lengths and angles are listed in Tables 3 and 4,
respectively.


Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-142 151.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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Molecular Recognition of Carbohydrates by Artificial Receptors:
Systematic Studies towards Recognition Motifs for Carbohydrates


Monika Mazik* and Willi Sicking[a]


Abstract: The synthesis and binding properties for carbohydrates of several
artificial, acyclic receptors containing two or three heterocyclic recognition units
covalently attached to a phenyl spacer is described. These host molecules having
uncharged hydrogen-bonding sites were used in a systematic study towards the
evaluation of recognition motifs for carbohydrates. A novel effective, acyclic
hydrogen-bonding receptor possessing naphthyridine ± amide moieties as hetero-
cyclic recognition units has been developed.


Keywords: carbohydrates ´ carbo-
hydrate receptors ´ hydrogen bonds
´ molecular recognition ´ supramo-
lecular chemistry


Introduction


The design of effective and selective receptors for carbohy-
drates is subject of current intensive research. Although many
interesting host molecules have been developed,[1±4] the
recognition of carbohydrates by artificial receptors is still
one of the challenging goals of supramolecular and biomi-
metic chemistry.[1] The difficulty in designing selective and
effective hosts for these very important biomolecules[5] is
inherent in the three-dimensional complexity of sugar struc-
tures. Consideration of the crystal structures of sugar ± protein
complexes can give some insight into how the formation of
stable carbohydrate-receptor complexes might be achieved.
According to the X-ray analyses of sugar ± protein complexes
the hydrogen bonds between sugar OH groups as well as ring
oxygens and polar residues of the protein are the main factors
determining the specificity and affinity of protein ± carbohy-
drate interactions.[6] The sugar OH groups have the tendency
to participate in cooperative hydrogen bonds, which result
from the simultaneous participation of sugar hydroxyls as
donor and acceptor of hydrogen bonds. Furthermore, stacking
of sugar CH moieties with aromatic residues of amino acids
influences the stability of protein ± carbohydrate complexes.
Moreover, numerous van der Waals contacts involving all the
atoms of the bound sugar contribute to the stabilisation of
complexes between protein and carbohydrates. The impor-
tance of hydrogen bonding in protein ± sugar complexes has
inspired the design of artificial hydrogen bonding carbohy-
drate receptors.[1, 2] The host molecules described so far are
characterized mostly by a macrocyclic structure and are


accessible only by multistep synthesis. Due to their macro-
cyclic structure, the binding sites for hydrogen bonds in these
receptors are rarely arranged in a three-dimensional mode.[7]


To our knowledge, very little has been done to study
systematically the preconditions for effective hydrogen bond-
ing recognition motifs for carbohydrates. Well-chosen system-
atic changes in the receptor structure may provide invaluable
insights into molecular recognition phenomena. We believe
that a strategy of systematic search for recognition motifs can
lead to an easier development of new carbohydrate receptors
with favorable binding properties.


Our interest in this area concentrates on receptors which
possess a simple, acyclic structure and which are expected to
complex carbohydrates through hydrogen bonding in combi-
nation with stacking interactions. Furthermore, the employed
arrangement of hydrogen-bonding sites should allow the
three-dimensional recognition of sugar molecules. The simple
acyclic structure offers the possibility for an easy variation of
the receptor structure in order to modulate the binding
properties of the host molecules. Recently, we have found that
receptors 1 and 2, which incorporate three pyridine-amide or
pyrimidine-amide moieties linked by a phenyl spacer, are
effective host molecules for recognition of pyranosides in
chloroform solution.[8] The binding properties of 1 and 2 have
demonstrated the adjustability of the pyridine-amide and
pyrimidine-amide subunits as hydrogen bonding motifs for
carbohydrates.


Herein we report on a systematic study towards the
evaluation of recognition motifs for carbohydrates. In order
to explore which hydrogen-bonding motifs are essential for
recognition of monosaccharides structures 1 and 2 were
modified. To evaluate the recognition capabilities of the new
receptors for glucopyranosides in aprotic solvents such as
chloroform and compare their binding properties with
properties of 1 and 2, octyl-b-d-glucopyranoside (3) was
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selected as a probe. In the new host molecules the phenyl
spacer was kept constant and the three hydrogen bonding
recognition units were varied (compounds 4, 6, and 7).
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Additionally, comparative com-
plexation studies with hosts
based on 1,3-benzenedicarbon-
yl unit (compounds 5 and 8)
were carried out. Remarkably
strong uncharged hydrogen-
bonding interactions were ob-
served between glucopyrano-
side and the new acyclic recep-
tor 4.


Results and Discussion


Receptors 4, 6 b, and 7 were prepared from benzene-1,3,5-
tricarbonyl chloride (trimesic chloride) and with either
2-amino-7-methyl-1,8-naphthyridine,[9] or 3,5-dimethyl-ani-
line, or 2-hydroxy-6-methyl-pyridine. Although 2-hydroxy-6-
methylpyridine exists predominantly in the keto form, the
compound 7 could be obtained in high yield (see Experimen-
tal Section) under the given reaction conditions. Host 5 was
prepared by reaction of isophthaloyl chloride with 2-amino-7-
methyl-1,8-naphthyridine.[10] The synthesis of host 8 involved
the reaction of 9 with 4-bromomethyl-6,7-dimethoxy-cumar-
ine.


The interactions of all hosts and glucopyranoside were
investigated by 1H NMR spectroscopy. The binding constants
were determined in chloroform at 25 8C by titration experi-
ments and the titration data were analyzed by nonlinear
regression analysis using the Hostest 5.6 program.[11] For all
binding experiments the ratio method[12] indicates a 1:1
stoichiometry. The titration data were therefore fitted to a
1:1 binding model.


The analysis of the protein ± carbohydrate interactions
reveals that good binding constants for the receptor ± sugar
complexes require the involvement of recognition units with
multiple, adjacent hydrogen bonding sites, that is such which
participate in cooperative and bidentate hydrogen bonds with
sugar hydroxyls. Such multiple adjacent hydrogen bonding
sites can be realised by employing a limited range of nitrogen
based donor/acceptor moieties, such as naphthyridine-amide
units.[13] With the aim of increasing the affinity of the
carbohydrate receptors of type 1 ± 2 the polynaphthyridine
host 4 was therefore synthesized and its complexation
behavior was examined. Replacement of the pyridine or
pyrimidine subunits in the previously studied hosts by
naphthyridine groups resulted in a substantial enhancement
of guest-binding properties. The formation of a complex
between 4, which is poorly soluble in chloroform, and 3
became evident when powdered 3 was added to a suspension
of receptor 4 in chloroform, leading to facile dissolution to
give a clear solution. The complexation of glucopyranoside 3
through receptor 4 was also evidenced by the significant
downfield shifts of the receptor amide protons (Dd� 0.83) in
the NMR spectrum of the complex, reflecting the formation
of a hydrogen-bonded complex. The association constant for
the complex of 4 and 3 was determined to Ka� 26 500mÿ1


(ÿDG 0� 25.2 kJ molÿ1). Thus the three naphthyridine-amide
moieties in 4 led to a three-fold higher binding constant with


Abstract in German: Es werden die Synthesen von künst-
lichen, acyclischen Rezeptoren 4 ± 8 und ihre Bindungseigen-
schaften gegenüber Kohlenhydraten beschrieben. Diese Rezeptor-
verbindungen enthalten zwei oder drei heterocyclische Erken-
nungseinheiten, die kovalent über einen Phenyl-Spacer verbunden
sind. Diese Wirtmoleküle, die nicht ionische Wasserstoffbrü-
ckenbindungs-Gruppen besitzen, wurden für systematische Stu-
dien zur Bestimmung von Erkennungsmotiven für Kohlenhy-
drate verwendet. Der neue, effektive, über Wasserstoffbrücken
bindende Rezeptor 4, der Naphthyridin-Amid-Einheiten als
heterocyclische Erkennungsstrukturen enthält, wurde entwickelt.
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glucopyranoside compared with 1; this
suggests that all naphthyridine nitro-
gens are probably involved in hydro-
gen-bonding complexation and dem-
onstrate the particular suitability of
the amido-naphthyridine arrangement
as a hydrogen bonding recognition
motif for monosaccharides. The addi-
tional stability in the glucopyranoside
complex with 4 compared with that
with 1 may be due to long range
electrostatic interactions with hydrox-
yl hydrogens of glucopyranoside (sec-
ondary hydrogen bonds, Scheme 1).


NN


H


N CH3
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Scheme 1. a) Cooperative hydrogen-bond pat-
tern in carbohydrate complexes with 1.
b) Cooperative and secondary hydrogen-bond
pattern in carbohydrate complexes with 4.


Such secondary hydrogen bonds
were also found in other supramolec-
ular, multiple hydrogen bonded sys-
tems described for example in
ref.[10, 14, 15] The configuration where
the hydrogen atom is located between
three electronegative atoms, being co-
valently bound to one and hydrogen
bonded to the other two, is also
referred to as three-center hydrogen
bonds. Examples of these have been
well established by the neutron dif-
fraction studies of the amino acids and
the pyranose sugars.[16] Molecular
modelling[17] indicated the suitable
multipoint hydrogen-bonding arrange-
ment between the hydroxyl groups of 3
and the naphthyridine units of 4 (Fig-
ure 1).


All glucopyranoside hydroxy groups
and the alkoxy oxygen are involved in
the formation of hydrogen bonds. A
complex between 3 and 4 can poten-
tially be stabilized by at least seven intermolecular hydrogen
bonds (four O-H ´ ´ ´ N-naph and three amide-NH ´ ´ ´ O) in-
cluding two cooperative hydrogen bonds. Additionally, at
least three secondary hydrogen bonds may be present in the
complex because the OH group can serve as a long-range
donor to the second naphthyridine nitrogen. Furthermore,
molecular modelling studies indicated the formation of
stacking interactions between the pyranoside ring and the


central phenyl ring of 4 and supported the three-dimensional
recognition of the glucopyranoside.


The significance of a three-dimensional recognition was
also reflected by a comparison of the binding properties of
host 4 with those of host 5. The receptor 5 revealed a Ka value
of 4530mÿ1 (ÿDG 0� 20.9 kJ molÿ1) for glucopyranoside 3,
that is the hydrogen-bonding interactions with host 5 having a
multiple but essentially two-dimensional binding site are less


Figure 1. The energy-minimized structure of the complex formed between 4 and 3 (Monte Carlo
conformational searches, 50 000 steps, MacroModel V. 6.5, Amber* force field). The intermolecular
amide-NH ´ ´ ´ O and naph-N ´ ´ ´ HO hydrogen bonds and stacking interactions in the complex are shown.
A: side view, B: top view.
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favorable than with host 4. A possible structure for the
complex of 5 and 3 revealed molecular modelling, which
suggested the formation of four primary hydrogen bonds (two
amide-NH ´ ´ ´ O and two naphthyridine-N ´ ´ ´ HO hydrogen
bonds), at least two secondary hydrogen bonds and stacking
interactions between the pyranoside ring and the phenyl ring
of 5 (Figure 2). Molecular modelling studies indicated that
two OH groups of 3 do not participate in hydrogen bonding
with 5, thus confirming the weaker binding with 5 compared
with that with 4.


The determined binding constant for complex of 3 and 5
was about four-fold larger than the previously estimated
binding constant for complex of 3 and bipyridyl receptor 10.[8]


This fact showed once again that the hydrogen-bonding
interactions with naphthyridine-amide units are more favor-
able than with pyridine-amide moieties and revealed the
suitability of the naphthyridine-amide unit as a recognition
motif for carbohydrates.


The favorable binding properties of the receptors possess-
ing naphthyridine-amide subunits displayed the significance
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of the nitrogen based donors/acceptors in the receptor
structure. The importance of the presence of nitrogen based
acceptors, such as pyridine nitrogen atoms, has been already
determined in our recent study on host 6 a where the pyridine-
amide units were replaced by phenyl-amide groups. Host 6 a
could not be solubilized in chloroform even at high concen-
trations of octyl glucopyranoside, thus it was not possible to
estimate the binding constant between 6 a and glucopyrano-
sides in this solvent. In order to determine the binding
constant for a receptor containing only phenyl-amide subunits
the better soluble dimethyl-phenyl derivative 6 b was synthe-


sized. In contrast to 1, the amide
proton of 6 b showed minimal
displacement on complexation
with 3 (Ddmax� 0.07 compared
with 0.70 for 1), confirming the
weak binding. The Ka value of 6 b
amounted to 750mÿ1 (ÿDG 0�
16.4 kJ molÿ1); thus the binding
constant was more than 11-fold
lower as that for the complex
between 1 and 3. Molecular mod-
elling studies also supported the
observed weak complexation be-
tween 6 b and 3 ; this indicates that
the three arms of receptor 6 b do
not act together in complexing of
glucopyranoside. The comparison
of the binding constant for host 6 b
with that for 1 revealed the sig-
nificant contribution of pyridine
nitrogens to the stabilisation of
the receptor ± sugar complexes.


To quantify the influence of the
amide NH protons on the forma-
tion of stable complexes, the bind-
ing properties of host 1 were
compared with those of host 7
containing instead of amide
groups the ester groups. Such a
receptor can only act as an accept-
or for hydrogen bonding thereby
prohibiting a cooperative hydro-
gen bond sequence. On titration
of host 7 with 3 no significant
shifts for aromatic receptor pro-
tons were observed, thus indicat-
ing weaker binding than between
1 and 3. For this reason, the
complexation was further investi-


Figure 2. The energy-minimized structure of the complex formed between 5 and 3 (Monte Carlo conforma-
tional searches, 50 000 steps, MacroModel V. 6.5, Amber* force field). The intermolecular amide-NH ´ ´ ´ O and
naph-N ´ ´ ´ HO hydrogen bonds and stacking interactions in the complex. A: side view, B: top view.
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gated by titration of 3 with host 7. The 1H NMR spectra
obtained during binding experiments showed downfield
shifting of the guest hydroxyl resonances, which indicated
hydrogen bond formation; however, the broadening of these
resonances complicated their use in the estimation of the
binding constant. The CHOH protons of the guest shifted
upfield and remained sharp, but the shifts were small. The
binding constant was determined to 800mÿ1 (ÿDG 0�
16.6 kJ molÿ1). Molecular modelling suggested that the glu-
copyranoside tends to associate with only two arms of the
receptor forming hydrogen bonding with pyridine nitrogens.
The comparison of the binding properties of hosts 1, 6 b, and 7
implied the importance of cooperative hydrogen bonding in
receptor ± carbohydrate recognition. The determined binding
constants indicated, that both the pyridine nitrogen atoms and
the amide NH protons contribute significantly to the stabili-
sation of carbohydrate ± receptor complexes.


The results of the complexation experiments of glucopyr-
anoside with the previously studied hosts 1 ± 2 and with the
new hosts 4 ± 7 show clearly that hydrogen bonding between
amide-NH/pyridine-N, amide-NH/pyrimidine-N, or amide-
NH/naphthyridine-N of receptors and OH groups of gluco-
pyranoside is primarily responsible for the complexation in
chloroform.


The importance of additional van der Waals interactions in
determining the energy of complex formation was reflected
by the comparison of the binding properties of host 8 with
those of the previously studied host 10. The molecular
modelling studies indicated the participation of two sugar
hydroxyls and alkoxy oxygen in hydrogen bonding with two
pyridine-amide units of 8 (similar as in complex with 10) and
the formation of additional van der Waals interactions be-
tween 3 and the cumarine unit of 8, giving rise to the placing of
the sugar molecule in the cavity of the receptor (Figure 3).
According to molecular modelling the cumarine oxygens are
not suitably positioned to bridge the hydroxyl protons of 3
thereby terminating the participation of OH ´ ´ ´ O hydrogen
bonds in complex stabilisation. The binding constant of 3 and
8 was found to be 4270mÿ1 (ÿDG 0� 20.7 kJ molÿ1), that is
almost four-fold better than that of host 10. Thus, similar as in
protein ± sugar complexes, the van der Waals interactions
favor the binding between artificial receptor and carbohy-
drate.


The affinities of octyl-b-d-glucopyranoside (3) to the
receptors explored in this study decreased in the following
order 4> 2> 1> 5> 8> 10> 7� 6 b. Table 1 lists all binding
constants and corresponding free energy changes for the
various receptors and glucopyranoside 3.


Conclusion


We described herein a study towards the evaluation of
efficient recognition motifs for carbohydrates. The receptor
structures investigated were found to have the sufficient
simplicity for a systematic study. The binding properties of the
receptors described herein demonstrated the adaptability of
the pyridine-amide, pyrimidine-amide, and particularly naph-
thyridine-amide recognition units as a hydrogen-bonding
motif for glucopyranosides. This study showed, that in the
case of uncharged hydrogen-bonding interactions only recog-
nition units containing both donors and acceptors for hydro-
gen bonding are effective for the recognition of monosac-
charides. Thus, an important design criterion is that the hosts
contain donor/acceptor groups which are able to participate in
the cooperative and bidentate hydrogen bonds with the
carbohydrate OH groups, similar as in the protein ± carbohy-
drate complexes. The highly variable stability of the hy-
drogen-bonded complexes examined in this work do correlate
with the number of hydrogen bonds. The three-dimen-
sional arrangement of the binding sites was shown to be-
of great importance. Furthermore, the presence of moieties
which are able to take part in additional secondary hy-
drogen bonds with sugar hydroxyl groups causes a substan-
tial enhancement of guest binding properties. More-
over, structural elements forming additional van der Waals
contacts with the carbohydrate molecule favor the binding
process.


The principal advantages of the acyclic receptor systems
developed herein are the simple and straightforward syn-
thesis, and therefore an easy variation of the structures, the
presence of both hydrogen bonding sites, p bonds for
facilitating stacking interactions, and the capability of the
three-dimensional recognition of guest molecules. The pre-
sented type of studies supplies important information about
the quality of the hydrogen bonding units which can be used


for recognition and binding of
carbohydrates. As such, they
provide an important screening
platform for candidates to be
incorporated into receptor
structures. The manipulation
of binding sites and structural
units leads to a better under-
standing of energetic and
geometric factors which control
molecular association and
recognition of carbohydrates.
The obtained results serve as a
basis for the construction of
new effective artificial recep-
tors.


Figure 3. The energy-minimized structure of the complex formed between receptor 8 and 3 (Monte Carlo
conformational searches, 50000 steps, MacroModel V. 6.5, Amber* force field).
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Experimental Section


1H and 13C NMR spectra were recorded on a Bruker DRX 500
spectrometer; chemical shifts are reported in ppm downfield to TMS as
internal standard. Mass spectra were measured with a Fisons VG Prospec
3000 and a Hewlett Packard HP 5971A MSD spectrometer. Analytical
TLC was carried out on Merck Kieselgel 60 F254 plates employing a
methanol/chloroform 1:7 v/v as the mobile phase.


N,N',N''-Tris(7-methyl-1,8-naphthyridin-2-yl)-benzene-1,3,5-tricarbon-
amide (4): A solution of 1,3,5-benzenetricarbonyl trichloride (1.35 g,
5.09 mmol) in dry CH2Cl2 (20 mL) was added dropwise to a solution of
2-amino-7-methyl-naphthyridine[9] (2.47 g, 15.53 mmol) and triethylamine


(2.1 mL) in dry CH2Cl2 (100 mL). After complete addition, the mixture was
stirred at room temperature for 24 h. The reaction mixture was treated with
water (100 mL), stirred for 20 min and CH2Cl2 was removed under reduced
pressure. The resulting precipitate was filtered, washed several times with
water, dried at room temperature and suspended in CH2Cl2. After filtration
and drying of the precipitate, 4 was obtained as a yellow powder (2.41 g,
75%). M.p. 220 8C (decomp.); Rf� 0.53; 1H NMR (CDCl3): d� 2.76 (s, 9H,
3�CH3), 7.30 ± 7.31 (3Hnaph), 8.05 ± 8.07 (3Hnaph), 8.20 ± 8.22 (3Hnaph),
8.63 ± 8.64 (3Hnaph), 8.97 (s, 3 HPh), 9.60 (s, 3 H, 3�NH); 1H NMR
([D6]DMSO): d� 2.69 (s, 9 H, 3�CH3), 7.45 ± 7.46 (3Hnaph), 8.30 ± 8.32
(3Hnaph), 8.48 ± 8.53 (6Hnaph), 8.89 (s, 3 HPh), 11.62 (s, 3H, 3�NH); 13C NMR
([D6]DMSO): d� 25.37, 114.37, 118.33, 121.65, 131.46, 134.34, 136.88,
139.47, 153.99, 154.46, 162.72, 165.37; FAB-MS (3-nitrobenzylalcohol) m/z
(%): 634 (100) [M�H]� , 656 (88) [M�Na]� ; elemental analysis calcd (%)
for C36H27N9O3 (633.6): C 68.25, H 4.26, N 19.90; found C 68.15, H 4.40, N
19.85.


N,N'-Bis(7-methyl-1,8-naphthyridin-2-yl)benzene-1,3-dicarbonamide (5):
A solution of 1,3,5-benzenetricarbonyl trichloride (1.01 g, 4.97 mmol) in
dry CH2Cl2 (20 mL) was added dropwise to a solution of 2-amino-7-methyl-
naphthyridine (1.60 g, 10.06 mmol) and triethylamine (1.4 mL) in dry
CH2Cl2 (80 mL). After complete addition, the mixture was stirred at room
temperature for 24 h. The reaction mixture was treated with water, stirred
for 20 min and CH2Cl2 was removed under reduced pressure. The resulting
precipitate was filtered, washed several times with water, dried at room
temperature. The crude product was recrystallized from CH2Cl2 yielding 5
(1.95 g, 88%). M.p. 190 8C (decomp.); Rf� 0.50; 1H NMR (CDCl3): d� 2.78
(s, 6H, 2�CH3), 7.31 (d, 2 Hnaph, J� 8.2 Hz), 7.70 (t, 1HPh, J� 7.5 Hz), 8.06
(d, 2 Hnaph, J� 8.2 Hz), 8.18 (d, 2 HPh, J� 7.5 Hz), 8.23 (d, 2 Hnaph, J�
8.5 Hz), 8.64 (br s, 2 Hnaph), 8.72 (s, 1HPh), 9.30 (s, 2H, 2�NH); 13C NMR
(CDCl3): d� 25.11, 114.18, 118.31, 121.41, 126.69, 129.20, 131.37, 134.40,
136.26, 138.55, 153.71, 154.06, 162.90, 165.19; MS (70 eV) m/z
(%): 448 (58) [M]� , 419 (29), 289 (60), 263 (78), 260 (54), 234 (25), 186
(100), 160 (88), 143 (33), 132 (12), 116 (12), 104 (14), 76 (18); HR-MS:
calcd for C26H20N6O2: 448.1648; found: 448.1655; elemental analysis calcd
(%) for C26H20N6O2: C 69.64, H 4.46, N 18.75; found C 69.48, H 4.61,
N 18.59.


N,N',N''-Tris(-(3',5'-dimethylphenyl)benzene-1,3,5-tricarbonamide (6b): A
solution of 1,3,5-benzenetricarbonyl trichloride (0.99 g, 3.71 mmol) in dry
CH2Cl2 (20 mL) was added dropwise to a solution of 3,5-dimethylaniline
(1.35 g, 11.16 mmol) and triethylamine (2.5 mL) in dry CH2Cl2 (70 mL).
After complete addition, the mixture was stirred at room temperature for
24 h. The reaction mixture was treated with water (100 mL), stirred for
20 min and the resulting precipitate was filtered. The crude product was
washed several times with water, dried at room temperature and suspended
in CH2Cl2. After filtration and drying of the precipitate, 6b was obtained as
a white powder (1.60 g, 83%). M.p. 300 8C; Rf� 0.75; 1H NMR (CDCl3):
d� 2.32 (s, 18 H, 6�CH3), 6.82 (s, 3HPh), 7.82 (s, 6 HPh), 8.10 (s, 3H, 3�
NH), 8.49 (s, 3 HPh-spacer); 1H NMR ([D8]THF): d� 2.28 (s, 18 H, 6�CH3),
6.74 (s, 3 HPh), 7.44 (s, 6 HPh), 8.58 (s, 3 H, HPh-spacer), 9.61 (s, 3H, 3�NH);
13C NMR ([D8]THF): d� 21.59, 118.78, 126.21, 129.76, 137.31, 138.80,
140.16, 165.11; MS (70 eV): m/z (%): 519 (84) [M]� , 399 (100), 278 (6), 250
(26), 222 (15), 210 (7), 121 (20), 75 (13); HR-MS: calcd for C33H33N3O3:
519.2522; found: 519.2541; elemental analysis calcd (%) for C33H33N3O3: C
76.30, H 6.36, N 8.09; found C 76.17, H 6.26, N 8.24.


Benzene-1,3,5-tricarboxylic acid tris(6-methyl-2-pyridinyl) ester (7): A
solution of 1,3,5-benzenetricarbonyl trichloride (0.30 g, 1.13 mmol) in dry
CH2Cl2 (15 mL) was added to a solution 2-hydroxy-6-methylpyridine
(0.36 g, 3.40 mmol) and triethylamine (0.5 mL) in CH2Cl2. Then, the
reaction mixture was heated under reflux for 6 h, stirred at room
temperature for 18 h, treated with water (30 mL), stirred for further
20 min and CH2Cl2 was removed in vacuum. The precipitate was filtred and
washed with diethyl ether. The crude product was obtained as a white
powder with a purity of about 95 % (0.45 g, 83%). Further purification by
preparative TLC chromatography gave pure 7. M.p. 195 ± 197 8C; Rf� 0.70;
1H NMR (CDCl3): d� 2.54 (s, 3 H, CH3), 7.01 (d, 3Hpyr, J� 8 Hz), 7.13 (d,
3Hpyr, J� 7.5 Hz), 7.72 (t, 3 Hpyr, J� 8 Hz), 9.26 (s, 3 HPh); 13C NMR
(CDCl3): d� 23.99, 113.14, 121.99, 130.86, 136.56, 139.85, 156.94, 158.42,
162.96; MS (70 eV): m/z (%): 483 (15) [M]� , 375 (100), 346 (9), 314 (7), 210
(9), 194 (7), 154 (4), 109 (7), 75 (5); HR-MS: calcd for C27H21N3O6:
483.1430; found: 483.1420; elemental analysis calcd (%) for C27H21N3O6: C
67.08, H 4.35, N 8.69; found C 67.20, H 4.43, N 8.60.


Table 1. Binding constants Ka
[a] and corresponding free energy changes DG0


(298 K) for various receptors and glucopyranoside 3. Also shown are the
maximum complexation-induced shifts Ddmax (Ka [mÿ1],ÿDG 0 [kJ molÿ1], Ddmax


[ppm]).


R Ka ÿDG0 Ddmax


O


R


O R


O


R


NN


H


N CH3
4:  R = 26500 25.2 0.83[b]


N


NN CH3


H


CH3


2:  R =
13700 23.6 0.68[b]


NN CH3


H


1:  R = 8700 22.5 0.70[b]


NO CH3
7:  R =


800[d] 16.6 0.03[c]


N


H


CH3


CH3


6b:  R =
750 16.4 0.07[b]


O


R


O


R


NN


H


N CH3
5:  R = 4530 20.9 0.81[b]


NN CH3


H


10:  R = 1100 17.3 0.25[b]


OO


O
R1


R R


NN CH3


H


O O


CH2


OCH3


OCH3


R1 =


8:  R =


4270 20.7 0.32[b]


[a] Average Ka values from multiple titrations (CDCl3). The reproducibility of
the Ka values was �10 ± 20%. Uncertainty in a single Ka estimation was �2 ±
10%. [b] The shifts were observed for the amide NH of receptor, values
provided by HOSTEST. [c] The concentration of 3 was kept constant and the
host concentration varied, the shifts were observed for the CH of glucopyrano-
side 3. [d] Higher uncertainty in Ka due to the small Ddmax.
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5-[(6,7-Dimethoxy-2-oxo-2H-chromen-4-yl)methyl]oxy-N,N'-bis(6-meth-
yl-2-pyridinyl)benzene-1,3-dicarbonamide (8): A mixture of 9 (0.10 g,
0.28 mmol), 4-bromomethyl-6,7-dimethoxycumarine (0.082 g, 0.28 mmol),
and K2CO3 (0.09 g) in acetonitrile (30 mL) was heated under reflux for 4 h.
After the reaction mixture had been cooled to the room temperature, the
precipitate was filtered. The pure product was isolated from the precipitate
by washing with chloroform. After removing the solvent in vacuum
compound 9 was obtained as a yellow powder (0.13 g, 81%). M.p. 200 8C
(decomp.); Rf� 0.72; 1H NMR (CDCl3): d� 2.47 (s, 6H, 2�CH3), 3.93 (s,
3H, OCH3), 3.94 (s, 3 H, OCH3), 5.31 (s, 2H, OCH2), 6.54 (s, 1Hcum), 6.88,
6.89 (2 s, 2 Hcum), 6.94 (d, 2Hpyr, J� 7.8 Hz), 7.65 (t, 2Hpyr, J� 8 Hz), 7.79
(2HPh), 8.09 (s, 1 HPh), 8.13 (d, 2Hpyr, J� 8 Hz), 8.63 (s, 2 H, 2�NH);
13C NMR (CDCl3): d� 24.01, 56.39, 56.68, 66.25, 100.47, 104.00, 109.46,
110.96, 117.44, 118.43, 119.87, 136.80, 138.84, 146.51, 148.78, 149.88, 150.34,
153.13, 157.16, 158.61, 160.96, 163.87; MS (70 eV): m/z (%): 580 (7) [M]� ,
434 (100), 362 (21), 333 (13), 255 (20), 220 (26), 177 (8), 135 (26), 92 (17), 57
(14); HR-MS: calcd for C32H28N4O7: 580.1958; found: 580.1950; elemental
analysis calcd (%) for C32H28N4O7: C 66.21, H 4.83, N 9.66; found C 66.39, H
4.88, N 9.60.


5-Hydroxy-N,N'-(6-methyl-pyridin-2-yl)-benzene-1,3-dicarbonamide (9)


a) Synthesis of 5-hydroxy-benzene-1,3-dicarbonyl chloride: A mixture
of 5-hydroxy-isophthalic acid (3.0 g, 0.016 mol) (protection of OH
group was not necessary) and thionyl chloride (5 mL, 0.069 mol) in
THF (50 mL) was heated under reflux for 3 h. The solvent was re-
moved in vacuum. Then, THF (50 mL) was added and again the solvent
was removed in vacuum. The crude product was used directly for further
reaction.


b) Synthesis of 9 : A solution of the above 5-hydroxy-benzene-1,3-dicar-
bonyl chloride (0.016 mol) in dry THF (20 mL) was added dropwise to a
solution of 2-amino-6-methyl-pyridine (5.3 g, 0.05 mol) and triethylamine
(4.6 mL) in dry THF (80 mL). After complete addition, the mixture was
stirred at room temperature for 24 h. The reaction mixture was treated with
water (100 mL), stirred for 20 min and THF was removed under reduced
pressure. The resulting precipitate was filtered, washed several times with
water, dried at room temperature, and recrystallised from CH3CN yielding
9 as a white powder (4.3 g, 75 %). M.p. 235 8C; 1H NMR ([D8]THF): d�
2.43 (s, 6H, 2�CH3), 6.91 ± 6.93 (d, 2Hpyr), 7.59 ± 7.64 (m, 2HPh, 2Hpyr),
8.13 ± 8.25 (m, 1 HPh, 2Hpyr), 9.86 (s, 2 H, 2�NH); 13C NMR ([D8]THF):
d� 24.13, 111.73, 117.35, 119.25, 119.32, 137.25, 138.86, 152.90, 157.56,
159.19, 165.60; MS (70 eV): m/z (%): 362 (88) [M]� , 333 (63), 255 (100), 228
(42), 186 (24), 162 (11), 135 (71), 109 (18), 92 (33), 70 (25), 41 (17); HR-MS:
calcd for C20H18N4O3: 362.1379; found: 362.1366.


Binding studies : 1H NMR titrations were performed at 298 K in CDCl3


stored over activated molecular sieves (4 �). Examples: [4]� 0.75 mm
([3]� 0.15 ± 3.75 mm); [6b]� 0.55 mm ([3]� 0.06 ± 2.45 mm); [5], [7], or
[8]� 1.00 ± 2.70 mm ([3]� 0.20 ± 13.70 mm). Dilution experiments show that
receptors 4 ± 8 do not self-aggregate in the used concentration range. The
titration data were analyzed by nonlinear regression analysis using the
Hostest 5.6 program.[11]
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Chiral Bicyclic PhosphoramiditesÐ
A New Class of Ligands for Asymmetric Catalysis


Oliver Huttenloch,[a] Jan Spieler,[b] and Herbert Waldmann*[a]


Abstract: The development of new li-
gands for catalytic asymmetric CÿC
bond formation is of great interest to
organic synthesis. We describe here a
new class of chiral phosphoramidites
that embody one or two binaphthol
units attached to an achiral azabicyclic
[3.3.1] or [3.3.0] framework. These li-
gands were easily accessible from (R)-
1,1'-binaphthyl-2,2'-dioxaphosphor-


chloridite (4) and the corresponding
heterobicyclic core 1, 2, or 3. They were
employed in enantioselective Cu-cata-
lyzed additions of different dialkylzinc
reagents to cyclic and acyclic enones.


The chiral ketones were obtained with
an enantiomeric ratio up to 91:9. The
choice of the best ligand proved to be
strongly dependent on each substrate. In
addition, ligand 6 was found to be the
most suitable for Rh-catalyzed hydro-
genations of a,b-unsaturated esters, giv-
ing rise to dimethyl 2-methylsuccinate
and methyl N-acetylalaninate with
enantiomer ratios up to 95:5.


Keywords: addition ´ asymmetric
catalysis ´ heterocycles ´ hydroge-
nation ´ phosphoramidites


Introduction


The development of new methods for the enantioselective
catalysis of widely applicable synthetic transformations like
CÿC bond formation and reduction reactions is at the heart of
organic synthesis.[1] Of paramount importance to this field is
the accessibility of efficient stereodirecting ligands that are
readily available in both enantiomeric forms. Addressing this
need, recently Feringa et al.[2] introduced chiral phosphor-
amidite ligands for the highly enantioselective copper-cata-
lyzed conjugate addition[3] of dialkylzinc compounds to
enones and a,b-unsaturated nitro compounds.[4] The combi-
nation of an axially chiral binaphthol with a bis(1-phenyl-
ethyl)amine proved to be particularly effective. A second
example for the advantageous use of chiral phosphoramidites,
in this case embodying a chirally modified quinoline back-
bone, was described by Leitner et al.[5] for the Rh-catalyzed
hydrogenation of olefins such as methyl itaconate.


Results and Discussion


Herein we report on the development of a new class of chiral
phosphoramidite ligands for asymmetric catalysis. These
ligands incorporate an achiral bicyclic backbone, which
determines their underlying structure, and either one or two
amino groups. The heterocycle serves as basic framework to
which phosphoric acid binaphthol esters are attached. The
fine tuning of the heterocycle structure can serve to vary the
spatial arrangement of the stereodirecting binaphthyl groups
and to adapt the ligand structure to the requirements for
highly enantioselective transformations of the varying sub-
strates.


Compounds 1 ± 3 were chosen as heterocyclic backbones.
Bispidine 1[6, 7] and the oxa-analogue 2[8] were synthesized


N
H


N
H


N
H


O N
H


N
H


Me Me


1 2 3


according to the convergent synthesis concept recently
forwarded by us for the preparation of chiral amino alcohols
embodying a bispidine framework.[6] Bicyclic diamine 3 was
synthesized according to the literature.[9] C2-symmetric phos-
phoramidites 5 and 6 were prepared with in situ generated
phosphoric acid chloride 4[2a] (Scheme 1) and isolated in pure
form after chromatography on neutral alumina. Synthesis of
ligand 7 required the use of isolated reagent 4[10] at elevated
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Scheme 1. Synthesis of ligands 5 ± 7 with the coupling reagent 4.


temperature and chromatography on magnesium silicate
(Florisil). In line with observations of Feringa et al. ,[2a,b]


phosphorus(iii) compounds 5 ± 7 are surprisingly stable to
oxygenation. However, they are acid-labile ruling out chro-
matographic separation on regular silica gel.


In a first set of experiments ligands 5 ± 7 were used in the
Cu-catalyzed conjugate addition of dimethyl- and diethylzinc
to cyclohexenone (8 a) and cycloheptenone (8 b) (Table 1). To
this end, a solution of the enone and the Cu/ligand complex
was treated with a solution of the dialkylzinc reagent at
ÿ30 8C, and the enantiomer ratio of the addition product was
determined by gas chromatography by employing a chiral
stationary phase. The addition of dimethylzinc to cyclohex-
enone had to be carried out at 0 8C, at ÿ30 8C no conversion
was observed.


In the addition of diethylzinc to cyclohexenone, ligand 7
was clearly superior to C2-symmetric bis(phosphoramidite)
ligands 5 and 6 (Table 1, entries 1 ± 3). For 5 and 6 only
moderate stereoselectivity was observed, however, ligand 7
made the addition product 9 a available with an enantiomer
ratio of 90:10, a result that is in the preparatively useful range.
In the addition of dimethylzinc to cyclohexenone, however,
C2-symmetric ligand 5 was the best giving rise to the desired
product with a selectivity of 91:9 (Table 1, entries 4 and 5).
The addition of this zinc reagent to cycloheptenone in the
presence of bis(phosphoramidite) 5 proceeded with very
comparable results (Table 1, entry 6).


In a second series the addition of zinc reagents to an acyclic
enone, namely chalcone 10 was investigated (Table 2). In the
addition of diethylzinc to chalcone, bispidine-derived bi-
s(phosphoramidite) 5 proved to be the best ligand. However,
for non-C2-symmetric ligand 7 a similar result was recorded


(Table 2, entries 1 ± 3). If dibutylzinc was employed, ligand 7
delivered the most advantageous results (Table 2, entries 4 ± 6).


From the results detailed in Tables 1 and 2 a clear trend in
favor of one of the three ligands cannot be delineated. Rather,
it appears that the substrates and reagents need a fine tuning
of ligand structure with respect to the precise structure of the
bicyclic framework and the presence of one or two stereo-
directing binaphthol units.


We would like to stress, however, that in the reactions with
both the cyclic and the acyclic enones the zinc reagent attacks
the b-carbon atom of the double bond from the Re face (Re


Table 1. Cu-catalyzed enantioselective 1,4-addition of different dialkylzinc
reagents to cyclic enones 8a and 8b.[a]


Entry Ligand Substrate R Yield [%][b] Enantiomer ratio[c]


1 5 8 a Et 96 78:22
2 6 8 a Et 93 73:27
3 7 8 a Et 94 90:10
4 5 8 a Me 91 91:9[d]


5[e] 7 8 a Me 67 74:26[d]


6 5 8 b Me 89 91:9


[a] All reactions were carried out in toluene/CH2Cl2 (6/1) at ÿ30 8C for 3 h
in the presence of Cu(OTf)2 (3 mol %) and ligand (3.3 mol %) unless
otherwise indicated. Dialkylzinc solution was added within 5 min to a
catalyst/substrate mixture. [b] Yield of isolated product after chromatog-
raphy on silica gel. [c] Determined by gas chromatographic analysis using a
capillary column (Lipodex E, Macherey&Nagel), in all cases the R
enantiomer was formed predominantly. [d] Determined by gas chromato-
graphic analysis using a capillary column (Lipodex E, Macherey&Nagel)
using the d-(ÿ)-2,3-butandiol acetal of 9b. [e] Reaction temperature 08C.


Table 2. Cu-catalyzed enantioselective 1,4-addition of different dialkylzinc
reagents to chalcone 10.[a]


Entry Ligand R T [8C] Yield [%][b] Enantiomer ratio[c]


1[d] 5 Et ÿ 15 98 89:11
2[d] 6 Et ÿ 15 98 79:21
3[d] 7 Et ÿ 15 97 87:13
4[e] 5 Bu ÿ 30 99 80:20
5[e] 6 Bu ÿ 30 97 80:20
6[e] 7 Bu ÿ 30 97 91:9


[a] All reactions were carried out in toluene/CH2Cl2 (4/1) at the indicated
temperature for 3 h in the presence of Cu(OTf)2 (3 mol %) and ligand
(3.3 mol %). [b] Yield of isolated product after chromatography on silica
gel. [c] Determined by HPLC using a Daicel Chiracel OD, in each case the
S enantiomer of 11 was formed predominantly. [d] Diethylzinc solution was
added within 5 min at ÿ15 8C to a catalyst/chalcone mixture. [e] Chalcone
10 was added within 1 h at the indicated reaction temperature to the
catalyst/dibutylzinc solution.
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with respect to the b-carbon atom). This result differs from the
observations made for the phosphoramidite ligands devel-
oped by Feringa et al.,[2e] for which a change in face-selectivity
occurs. We assume that this property is imposed on our ligands
by the presence of the bicyclic backbone. Evidently, the
preorganization of the reactants and the ligand in the
transition state is primarily determined by the steric influence
of the bicyclic framework of the ligands, whereas the
efficiency of the stereoselection is due to fine tuning of ligand
structure. This finding indicates that our original intention
(vide supra) is met by ligands 5 ± 7 and clearly distinguishes
this class of phosphoramidites from the ligands introduced by
Feringa et al.


In order to demonstrate whether the chiral bicyclic
phosphoramidites may also serve as efficient ligands in
different types of reactions, the Rh-catalyzed enantioselective
hydrogenation of a,b-unsaturated esters was investigated. To
this end, dimethyl itaconate and methyl acetamidoacrylate
were hydrogenated (Table 3). For the itaconate 12 a C2-


symmetric bicyclic ligand 6 showed the best results yielding
the desired product 13 a with an enantiomer ratio of 95:5. In
addition, methyl N-acetylalaninate (13 b) was obtained with
useful stereoselectivity. In this case the enantiomer ratio could
be raised substantially by increasing the hydrogen pressure.


Conclusion


We have developed a new set of chiral phosphoramidite
ligands embodying one or two binaphthol units attached to an
achiral azabicyclic [3.3.1] or [3.3.0] framework. These ligands
were successfully employed in enantioselective Cu-catalyzed
conjugate additon reactions of different dialkylzinc reagents
to cyclic and acyclic enones. The Re face selectivity of our
ligands differs from observations made by Feringa et al.[2e]


Moreover the same class of ligands could be applied for the
highly enantioselective Rh-catalyzed hydrogenation of a,b-
unsaturated esters. The performance of each ligand is depen-
dent on the type of substrate as well as the metal catalyst
employed.


Experimental Section


General remarks : Melting points were determined in open capillaries by
using a Büchi 535 apparatus and are uncorrected. 1H and 13C NMR spectra
were recorded on a Bruker AC 250, AM 400, or DRX 500 spectrometer at
room temperature. IR spectra were recorded on a Bruker IFS 88
spectrometer. Mass spectra, high-resolution mass spectra (HRMS), and
fast-atom bombardment mass spectra (FAB) were measured on a Finnigan
MAT MS70 spectrometer. Specific optical rotation values were determined
with a Perkin-Elmer polarimeter 241. High-performance liquid chroma-
tography (HPLC) was performed with a Merck Hitachi instrument
equipped with a L-3000 diode array detector and for all gas chromatog-
raphy a Hewlett Packard 5890 Series II gas chromatograph was used.


Materials : Solvents were dried by standard methods and used immediately
or stored over molecular sieves. For hydrogenation, solvents were degassed
by freezing in vacuo. For column chromatography silica gel (40 ± 60 mm,
Baker or Fluka), neutral alumina (Fluka), or Florisil (Fluka) were used.
Commercial reagents were used without further purification except for
PCl3 which was distilled. (R)-1,1'-Binaphthyl-2,2'-diol was purchased from
Merck, dibutylzinc (1.1m in heptane) and diethylzinc (1.1m in toluene) were
purchased from Fluka and dimethylzinc (2m in toluene) was purchased
from Aldrich. Pd/C (10 %) was donated by Degussa-Hüls AG. 3,7-
Diazabicyclo[3. 3.1]nonane (1)[6, 7] , 1,5-dimethyl-3,7-diazabicyclo[3. 3.0]oc-
tane (3),[9] and (R)-1,1'-binaphthyl-2,2'-dioxaphosphorchloridite (4)[10] were
prepared according to literature methods.


3-Benzyl-3-aza-7-oxabicyclo[3.3.1]nonane (14):[8] A solution of benzyl-
amine (9.7 mL, 89 mmol), tetrahydropyran-4-one (6) (8.3 mL, 89 mmol),
and acetic acid (5.1 mL, 89 mmol) in MeOH (80 mL) was added over a
period of 1 h to a suspension of paraformaldehyde (5.6 g, 186 mmol), acetic
acid (5.1 mL, 89 mmol) and concentrated HCl (2 mL, 25 mmol) in MeOH
(80 mL) at 65 8C, and stirred for 6 h. After evaporation of the solvent, water
(200 mL) was added and the pH was adjusted to 10 with 20% KOH. The
aqueous phase was extracted with diethyl ether (4� 100 mL) and the
combined organic layers were dried over Na2SO4. Concentration in vacuo
yielded a viscous yellow oil which was used without further purification in
the next step. KOH (30.3 g, 0.54 mol) was added to a solution of the
Mannich product and hydrazine monohydrate (21.9 mL, 0.45 mol) in
diethylene glycol (300 mL). The mixture was stirred for 3 h at 140 8C. After
removing the hydrazine and water by distillation at 200 8C, cooling the
reaction mixture to room temperature and addition of water (300 mL), the
aqueous phase was extracted with diethyl ether (4� 100 mL). The
combined organic layers were dried over Na2SO4 and the solvent was
evaporated in vacuo. Distillation under reduced pressure yielded a
colorless oil. Yield: 12.95 g, 59.6 mmol, 67 %; b.p. 87 8C (p� 5�
10ÿ1 mbar); 1H NMR (250 MHz, CDCl3): d� 7.42 ± 7.18 (m, 5H; arom.
CH), 3.93 (d, 2J� 10.7 Hz, 2H; OCH2eq), 3.78 (d, 2J� 10.7 Hz, 2 H;
OCH2ax), 3.51 (s, 2 H; CH2Ph), 2.96 (d, 2J� 11.8 Hz, 2 H; NCH2eq), 2.24
(d, 2J� 11.8 Hz, 2H; NCH2ax), 1.84 ± 1.53 (m, 4 H; CHCH2, CH2-bridge).


3-Aza-7-oxabicyclo[3.3.1]nonane (2): Pd/C (10 %, 4 g) was added to a
solution of 3-benzyl-3-aza-7-oxabicyclo[3.3.1]nonane (14) (12.9 g,
59.4 mmol) and acetic acid (17.4 mL, 0.3 mol) in MeOH (50 mL). The
resulting suspension was stirred at room temperature overnight under an
atmosphere of hydrogen. After filtration through Celite and concentration
in vacuo, water (50 mL) was added. The pH of the aqueous phase was
adjusted to pH 14 with 20 % KOH under ice bath cooling and the aqueous
phase was extracted with CH2Cl2 (4� 100 mL). After drying the combined
organic layers over Na2SO4 and evaporation of the solvent under reduced
pressure the residue was purified by Kugelrohr distillation. Yield: 6.86 g,
53.9 mmol, 91%; m.p. 64 8C; 1H NMR (500 MHz, CDCl3): d� 4.03 ± 3.98
(m, 2 H; OCH2eq), 3.85 ± 3.82 (m, 2 H; OCH2ax), 3.18 ± 3.13 (m, 2 H;
NCH2eq), 3.04 ± 2.98 (m, 2 H; NCH2ax), 2.76 (br s, 1 H; NH), 1.97 ± 1.88 (m,
2H; CH2CH), 1.46 ± 1.44 (m, 2H; CH2-bridge); 13C NMR (125.7 MHz,


Table 3. Rh-catalyzed asymmetric hydrogenation of dimethyl itaconate
(12a) and 2-acetamido methyl acrylate (12 b).[a]


Entry Ligand Substrate p(H2) [bar] Conversion [%][b] Enantiomer ratio


1 5 12a 1.3 > 99 77:23[c]


2 6 12a 1.3 > 99 95:5[c]


3 7 12a 1.3 5 89:11[c]


4 6 12a 20 > 99 95:5[c]


5 6 12b 1.3 98[d] 90:10
6 6 12b 20 97[d] 93:7


[a] All reactions were carried out in CH2Cl2 at room temperature for 12 h
under the indicated pressure in the presence of [Rh(cod)2]BF4 (1 mol %)
and ligand (1.2 mol %), c(substrate)� 0.05 mol Lÿ1. [b] Determined by gas
chromatographic analysis. [c] Determined by gas chromatographic analysis
using a capillary column (Lipodex E, Macherey&Nagel), in all cases the R
enantiomer was formed predominantly. [d] Yield of isolated product after
chromatography on silica gel.
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CDCl3): d� 73.29 (OCH2), 51.69 (NCH2), 32.00 (CH2-bridge), 30.11 (CH);
IR (drift): nÄ � 3346 (NH), 2903, 2848 (Bohlmann-band),[11] 1559 (NH),
1456, 1415, 1326, 1264, 1198, and 1100 (OCH2), 853 cmÿ1; MS (70 eV); m/z
(%): 127 (72) [M�], 126 (13) [M�ÿH], 106 (11), 96 (11), 94 (11), 83 (13), 82
(26) [M�ÿC2H5O], 70 (13), 69 (11), 68 (23), 67 (23), 57 (16), 44 (100), 43
(53), 42 (29) [C2H4N�], 39 (19); HRMS (70 eV) calcd for C7H13NO:
127.0997, found: 127.0973.


General procedure for the synthesis of the C2-symmetric ligands 5 and 6 : A
solution of (R)-1,1'-binaphthyl-2,2'-diol (1.29 g, 4.5 mmol) (4) in hot
toluene (50 mL)[2e] was added over a period of 30 min to a solution of
freshly destilled PCl3 (390 mL, 4.5 mmol) and NEt3 (1.32 mL, 9.5 mmol) in
toluene (8 mL) at ÿ60 8C. The mixture was stirred for 2 h at ÿ60 8C and
15 min at room temperature. After cooling to ÿ40 8C a solution of the
bicyclic amine (1 or 3) (2 mmol) and NEt3 (0.63 mL, 4.5 mmol) in toluene
(2 mL) was added. The suspension was stirred at room temperature for two
days. After filtration through Celite and evaporation of the solvent under
reduced pressure the residue was purified by flash chromatography on
neutral alumina [2 % NEt3 in n-hexane/CH2Cl2, 2:1 (v/v)].


3,7-Bis[(R)-1,1'-binaphthyl-2,2'-dioxaphosphepinyl]-3,7-diazabicyclo[3.3.1]-
nonane (5): Yield: 0.85 g, 1.12 mmol, 56 %; m.p. 220 8C (decomp); [a]20


D �
ÿ698.5 (c� 1, CHCl3); 1H NMR (500 MHz, CDCl3): d� 8.01 (d, 3J�
8.8 Hz, 2H; arom. CH), 7.95 (d, 3J� 8.1 Hz, 2H; arom. CH), 7.89 ± 7.81
(m, 4 H; arom. CH), 7.78 (d, 3J� 8.8 Hz, 2 H; arom. CH), 7.44 ± 7.33 (m, 8H;
arom. CH), 7.28 ± 7.17 (m, 6 H; arom. CH), 3.58 ± 3.51 (m, 2H; NCH2eq),
3.39 (d, 2J� 12.9 Hz, 2H; NCH2eq), 3.15 (d, 2J� 15.7 Hz, 2H; NCH2ax), 2.45
(d, 2J� 12.7 Hz, 2 H; NCH2ax), 1.69 ± 1.67 (m, 2H; NCH2CH), 1.35 ± 1.33 (m,
2H; CH2-bridge); 13C NMR (100.6 MHz, CDCl3) d� 150.49, 149.92,
132.94, 132.61, 131.30, 130.73 (arom. C), 130.15, 129.97, 128.32, 128.28,
127.03, 126.90, 126.04, 125.99, 124.71, 124.46 (arom. CH), 123.19, 122.37
(arom. C), 122.17 (arom. CH), 49.54, 49.11, 46.38, 46.11 (NCH2), 32.49
(CH2-bridge), 27.27 (NCH2CH); 31P NMR (202.5 MHz, CDCl3) d� 148.06;
IR (drift): nÄ � 3058, 2927, 2838 (Bohlmann band),[11] 1619, 1590, 1507, 1464,
1330, 1233 (PO), 1216 (PO), 1148, 1064, 978, 949, 824, 752, 696, 680,
617 cmÿ1; HR-FAB (3-nitrobenzyl alcohol (3-NBA)) calcd for
C47H37N2O4P2: 755.2229, found: 755.2203.


1,5-Dimethyl-3,7-bis[(R)-1,1'-binaphthyl-2,2'-dioxaphosphepinyl]-3,7-di-
azabicyclo-[3.3.0]octane (6): Yield: 0.89 g, 1.16 mmol, 58%; m. p. 168 8C;
[a]20


D �ÿ459.6 (c� 1, CHCl3); 1H NMR (500 MHz, CDCl3): d� 8.01 (d,
3J� 8.8 Hz, 2 H; arom. CH), 7.94 (d, 3J� 8.1 Hz, 2H; arom. CH), 7.82 (d,
3J� 8.1 Hz, 2 H; arom. CH), 7.71 (d, 3J� 8.8 Hz, 2H; arom. CH), 7.60 (d,
3J� 8.7 Hz, 2H; arom. CH), 7.46 (d, 3J� 8.5 Hz, 2 H; arom. CH), 7.44 ± 7.40
(m, 6 H; arom. CH), 7.37 (d, 3J� 8.3 Hz, 2 H; arom. CH), 7.32 ± 7.23 (m, 4H;
arom. CH), 3.27 (dd, 2J� 10.6 Hz, 4J� 2.7 Hz, 2H; NCH2), 3.01 (dd, 2J�
10.6 Hz, 4J� 5.2 Hz, 2 H; NCH2), 2.97 (dd, 2J� 10.5 Hz, 4J� 3.1 Hz, 2H;
NCH2), 2.69 (dd, 2J� 10.5 Hz, 4J� 3.7 Hz, 2H; NCH2), 0.87 (s, 6H; CH3);
13C NMR (125.8 MHz, CDCl3): d� 149.88, 149.66, 132.86, 132.58, 131.37,
130.76 (arom. C), 130.29, 129.87, 128.38, 126.99, 126.92, 126.10, 126.08,
124.77, 124.54 (arom. CH), 123.93, 123.83 (arom. C), 122.12, 121.97 (arom.
CH), 57.13, 57.03, 56.90, 56.76 (NCH2), 50.46 (CCH3), 19.07 (CH3); 31P
NMR (202.5 MHz, CDCl3) d� 148.63; IR (drift): nÄ � 3055, 2967, 2870, 2410,
2183, 1904, 1619, 1591, 1507, 1464, 1328, 1232 (PO), 1205 (PO), 1066, 949,
824, 751, 697, 628 cmÿ1; HR-FAB (3-NBA) calcd. for C48H38N2O4P2:
769.2385, found: 769.2351.


3-[(R)-1,1'-Binaphthyl-2,2'-dioxaphosphepinyl]-3-aza-7-oxa-bicyclo[3.3.1]-
nonane (7): A solution of (R)-1,1'-binaphthyl-2,2'-dioxaphosphorchloridite
(4)[10] (0.77 g, 2.2 mmol) in toluene (2 mL) was added at room temperature
to a solution of 3-aza-7-oxabicyclo[3. 3.1]nonane (2) (254 mg, 2 mmol) and
NEt3 (2.8 mL, 20 mmol) in toluene (2 mL). The resulting mixture was
stirred at 80 8C overnight. After filtration through Celite and evaporation
of the solvent under reduced pressure the residue was purified by flash
chromatography on Florisil deactivated by NEt3 [2% NEt3 in n-hexane/
CH2Cl2, 2:1 (v/v)]. Yield: 0.47 g, 1.06 mmol, 53 %; m.p. 249 8C (decomp);
[a]20


D �ÿ503.3 (c� 1, CH2Cl2); 1H NMR (500 MHz, CDCl3): d� 7.96 (d,
3J� 8.8 Hz, 1H; arom. CH), 7.92 ± 7.89 (m, 3 H; arom. CH), 7.58 (d, 3J�
8.8 Hz, 1H; arom. CH), 7.45 ± 7.39 (m, 4H; arom. CH), 7.35 (d, 3J� 8.5 Hz,
1H; arom. CH), 7.30 ± 7.22 (m, 2H; arom. CH), 3.97 (d, 2J� 11.1 Hz, 1H;
OCH2eq), 3.87 (d, 2J� 11.1 Hz, 1H; OCH2eq), 3.75 (d, 2J� 11.1 Hz, 1H;
OCH2ax), 3.65 (d, 2J� 11.1 Hz, 1H; OCH2ax), 3.63 ± 3.58 (m, 1H; NCH2eq),
3.41 (d, 2J� 12.7 Hz, 1 H; NCH2eq), 3.30 (d, 2J� 13.0 Hz, 1H; NCH2ax),
2.72 ± 2.66 (m, 1 H; NCH2ax), 1.87 (d, 2J� 12.4 Hz, 1H; CH2-bridge), 1.76 (d,
2J� 12.4 Hz, 1H; CH2-bridge), 1.64 ± 1.61 (m, 1H; OCH2CH), 1.38 ± 1.35


(m, 1H; OCH2CH); 13C NMR (125.8 MHz, CDCl3): d� 150.16, 149.79,
132.80, 132.59, 131.32, 130.70 (arom. C), 130.14, 129.81, 128.32, 128.26,
126.97, 125.96, 125.93, 124.65, 124.46 (arom. CH), 123.89, 123.05 (arom. C),
122.41, 122.32 (arom. CH), 71.41, 71.05 (OCH2), 49.55, 47.18 (NCH2), 30.88
(CH2-bridge), 29.20, 29.07 (OCH2CH); 31P NMR (202.5 MHz, CDCl3) d�
148.41; IR (drift): nÄ � 3059, 2941, 2928, 2842 (Bohlmann-band),[11] 2185,
1921, 1825, 1590, 1504, 1463, 1327, 1233 (PO), 1207 (PO), 1070, 1063, 952,
826, 791, 756 cmÿ1; HR-FAB (3-NBA) calcd for C27H24N2O4P2: 442.1572,
found: 442.1588.


General procedure for the addition of dialkylzinc reagents to cyclic enones
(9a, 9b, and 9c) in the presence of chiral ligands : A suspension of Cu(OTf)2


(11 mg, 0.03 mmol) and the phosphoramidite (0.033 mmol) in toluene/
CH2Cl2� 6:1 (v/v) (3.5 mL) was stirred at room temperature for 1 h. The
suspension was cooled to the indicated temperature and the substrate
(1 mmol) was added. After addition of the dialkylzinc solution (1.2 mmol)
the resulting mixture was stirred at that temperature for 3 h. The solution
was poured onto saturated NH4Cl and extracted with diethyl ether (3�
20 mL). The combined organic layers were dried over Na2SO4 and the
solvent was carefully removed in vacuo. The residue was chromatographed
on silica gel to yield the corresponding ketone. The enantiomeric ratio of
9a and 9c was determined by gas chromatography (capillary column:
Machery&Nagel FS Lipodex E (0.25mm� 50 m)). For ketone 9b the
corresponding acetal with (d)-(ÿ)-2,3-butanediol was used for GC analysis.


3-Ethylcyclohexanone (9a) (Table 1, entry 3): Yield: 94 %; 79% ee, R
enantiomer predominating; Rf� 0.35 [pentane/diethyl ether, 7:1 (v/v)];
[a]D


20��16.0 (c� 2.0, CHCl3, 79% ee) {ref. [12]: optical rotation positive
for R enantiomer}; 1H NMR (250 MHz, CDCl3): d� 2.48 ± 2.18 (m, 3H),
2.12 ± 1.85 (m, 3H), 1.76 ± 1.55 (m, 2H), 1.43 ± 1.26 (m, 3 H), 0.91 (t, 3J�
9 Hz, 3 H; CH3); GC (100 8C, isothermal): tR� 16.7 min [R enantiomer],
tR� 17.4 min [S enantiomer].


3-Methylcyclohexanone (9 b) (Table 1, entry 4): Yield: 91 %; 81% ee, R
enantiomer predominating; Rf� 0.40 [pentane/diethyl ether, 7:1 (v/v)];
[a]20


D ��8.5 (c� 2.5, CHCl3, 81% ee) {ref. [13]: [a]28
D ��11.7 (CHCl3 for R


enantiomer)}; 1H NMR (250 MHz, CDCl3): d� 2.42 ± 2.17 (m, 3 H), 2.09 ±
1.80 (m, 4H), 1.76 ± 1.57 (m, 1H), 1.42 ± 1.25 (m, 1H), 1.03 (t, 3J� 7 Hz, 3H;
CH3); GC (90 8C, isothermal, corresponding (d)-(ÿ)-2,3-butanediol acetal):
tR� 15.6 min [S diastereomer], tR� 15.9 min [R diastereomer].


3-Methylcycloheptanone (9 c) (Table 1, entry 6): Yield: 89 %; 82 % ee, R
enantiomer predominating; Rf� 0.32 [pentane/diethyl ether, 10:1 (v/v)];
[a]20


D ��60.9 (c� 1.13, CHCl3, 82% ee) {ref. [14]: [a]25
D ��55.2 (MeOH


for R enantiomer)}; 1H NMR (250 MHz, CDCl3): d� 2.52 ± 2.40 (m, 4H),
1.96 ± 1.82 (m, 4 H), 1.70 ± 1.57 (m, 1 H), 1.49 ± 1.22 (m, 2H), 1.00 (t, 3J�
9 Hz, 3 H; CH3); GC (100 8C, isothermal): tR� 17.4 min [S enantiomer],
tR� 18.1 min [R enantiomer].


General procedure for the addition of dialkylzinc reagents to acyclic
enones (11 a and 11b) in the presence of chiral ligands


Method A : Addition of the zinc reagent to the catalyst/substrate mixture
(Table 2, entries 1 ± 3). A suspension of Cu(OTf)2 (11 mg, 0.03 mmol) and
the phosphoramidite (0.033 mmol) in toluene/CH2Cl2 (4:1; v/v) (4 mL) was
stirred at room temperature for 1 h. The substrate (1 mmol) was added and
the solution was cooled to ÿ15 8C. After addition of the dialkylzinc
solution (1.5 mmol) the resulting mixture was stirred at that temperature
for 3 h. The suspension was poured onto 2m HCl (20 mL) and extracted
with diethyl ether (3� 30 mL). The combined organic layers were dried
over Na2SO4 and the solvent was removed in vacuo. The residue was
chromatographed on silica gel [n-hexane/ethyl acetate, 30:1 (v/v)] to yield
the corresponding 1,3-diphenyl ketone.


Method B : Addition of the substrate to a catalyst/dialkylzinc mixture
(Table 2, entries 4 ± 6). A suspension of Cu(OTf)2 (11 mg, 0.03 mmol) and
the phosphoramidite (0.033 mmol) in toluene/CH2Cl2 (4:1; v/v) (4 mL) was
stirred at room temperature for 1 h. After cooling toÿ30 8C the dialkylzinc
solution (1.5 mmol) was added within 5 min. To this mixture was added
over a period of 1 h a solution of the substrate (1 mmol) in toluene/CH2Cl2


(4:1; v/v) (1 mL). The resulting solution was stirred at that temperature for
3 h. The isolation and purification of the product was achieved following
the procedure described above.


Enantiomeric ratios were determined by HPLC (column: DAICEL
CHIRACEL OD, 0.2 % iPrOH in n-hexane, flow rate 1.0 mL minÿ1, UV
detector (255 nm)).
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1,3-Diphenylpentan-1-one (11 a) (Table 2, entry 1): Yield: 96%; 78% ee, S
enantiomer predominating; Rf� 0.24 [n-hexane/ethyl acetate, 30:1 (v/v)];
[a]20


D ��7.9 (c� 2.5, EtOH, 78 % ee) {ref. [15]: [a]20
D ��10.5 (c� 2.5,


EtOH for S enantiomer}; 1H NMR (250 MHz, CDCl3): d� 7.93 ± 7.87 (m,
2H; arom. CH), 7.55 ± 7.50 (m, 1H; arom. CH), 7.45 ± 7.39 (m, 2 H; arom.
CH), 7.31 ± 7.15 (m, 5 H; arom. CH), 3.28 ± 3.20 (m, 3H; CH2CO and CH-
Ph), 1.83 ± 1.54 (m, 2H; CH2CH3), 0.79 (t, 3J� 7 Hz, CH3); HPLC: tR�
19.7 min [S enantiomer], tR� 24.2 min [R enantiomer].


1,3-Diphenylheptan-1-one (11 b) (Table 2, entry 6): Yield: 97%; 81% ee, S
enantiomer predominating; Rf� 0.15 [n-hexane/ethyl acetate, 30:1 (v/v)];
m.p. 57 8C {ref. [16]: m.p. 58 8C}; [a]20


D ��14.8 (c� 2.6, CCl4, 81% ee) {ref.
[16]: [a]20


D �ÿ2.07 (c� 2.598, CCl4 for R enantiomer with 11 % ee};
1H NMR (250 MHz, CDCl3): d� 7.94 ± 7.88 (m, 2H; arom. CH), 7.57 ± 7.39
(m, 3H; arom. CH), 7.34 ± 7.17 (m, 5 H; arom. CH), 3.37 ± 3.25 (m, 3 H; CH,
CHCH2CO), 1.79 ± 1.60 (m, 2H; CHCH2CH2), 1.35 ± 1.08 (m, 4H;
CH2CH2CH3), 0.86 (d, 3J� 8.6 Hz, 3H; CH3); HPLC: tR� 16.9 min [S
enantiomer], tR� 20.8 min [R enantiomer].


General procedure for the rhodium-catalyzed hydrogenation of olefins :
After stirring a solution of the chiral ligand (0.012 mmol) and
[Rh(cod)2BF4] (4 mg, 0.01 mmol) in degassed CH2Cl2 (2 mL) at room
temperature for 30 min a solution of the respective substrate (1 mmol) in
degassed CH2Cl2 (16 mL) was added. The resulting mixture was stirred at
room temperature for 12 h under an atmosphere of hydrogen (p� 1.3 bar).
In the case of high pressure hydrogenation the mixture was transferred by
syringe into an autoclave previously purged with argon. The solution was
stirred at room temperature for 12 h under an atmosphere of hydrogen
(p� 20 bar). After evaporation of the solvent under reduced pressure the
residue was purified by flash chromatography on silica gel. The enantio-
meric ratio of 13 a was determined by gas chromatography (see above),
whereas for 13b the optical rotation value was used.


Dimethyl 2-methylsuccinate (13 a) (Table 3, entry 4): Yield: 99 %; 90% ee,
R enantiomer predominating; Rf� 0.26 [n-hexane/ethyl acetate, 10:1
(v/v)]; [a]20


D ��4.2 (c� 2.9, CHCl3, 52% ee) {ref. [17]: [a]20
D ��4.8 (c�


2.3, CHCl3 for R enantiomer}; 1H NMR (250 MHz, CDCl3): d� 3.69 (s, 3H;
OCH3), 3.67 (s, 3H; OCH3), 3.01 ± 2.86 (m, 1 H; CH), 2.75 (dd, 2J� 16.5 Hz,
3J� 9.1 Hz, 1H; CH2), 2.41 (dd, 2J� 16.5 Hz, 3J� 6.4 Hz, 1 H; CH2), 1.21 (d,
3J� 7.5 Hz, 3H; CHCH3); GC (85 8C, isothermal): tR� 22.6 min [S enan-
tiomer], tR� 23.5 min [R enantiomer].


Methyl N-acetylalaninate (13 b) (Table 3, entry 6): Yield: 97%; 86% ee, R
enantiomer predominating; Rf� 0.23 [n-hexane/ethyl acetate, 4:1 (v/v)];
[a]20


D ��7.8 (c� 1, CHCl3, 86% ee) {ref. [18]: [a]20
D �ÿ9.1 (c� 1, CHCl3 for


S enantiomer}; 1H NMR (250 MHz, CDCl3): d� 6.08 (br s, 1H; NH), 4.67 ±
4.54 (m, 1 H; CH), 3.76 (s, 3H; OCH3), 2.02 (s, 3H; C(O)CH3), 1.41 (d, 3J�
6.4 Hz, 3 H; CHCH3).
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Synthesis and Spectroscopic and Electrochemical Characterisation of a
Conducting Polythiophene Bearing a Chiral b-Substituent: Polymerisation of
(�)-4,4'-Bis[(S)-2-methylbutylsulfanyl]-2,2'-bithiophene


Dario Iarossi,[a] Adele Mucci,*[a] Francesca Parenti,[a] Luisa Schenetti,*[a] Renato Seeber,[a]


Chiara Zanardi,[a] Arrigo Forni,[a] and Massimo Tonelli[b]


Abstract: A regioregular head-to-head/
tail-to-tail poly(b,b'-disubstituted bithio-
phene) P 1 was synthesised by chemical
and electrochemical polymerisation of
2,2'-bithiophene that bears (S)-2-meth-
ylbutylsulfanyl chains in the b and b'-
positions. The polymer was character-
ised by GPC, NMR and UV/Vis spec-
troscopy, CD, AFM and by electrochem-
ical and conductivity measurements.
The CD spectra of P 1 in solutions in
which poor solvents are present show


interesting features and allow the pres-
ence of different optically active species
to be distinguished. Upon varying the
casting conditions of P 1, different rela-
tive amounts of grainy and homogene-
ous aggregated phases were observed in


AFM micrographies of films and corre-
sponding negative or positive first Cot-
ton effects were found in the CD spec-
tra. AFM, CD and UV/Vis character-
isations were also performed on an
electrogenerated optically active poly-
mer PE 1, in order to make a comparison
with the chemically synthesised one. The
interesting, small band gap of P 1 allows
for easy p- and n-electrochemical dop-
ing.


Keywords: aggregation ´ circular
dichroism ´ electrochemistry ´
polymers ´ scanning probe micros-
copy ´ thin films


Introduction


Polythiophenes (PTs) that have b-substituents have, for the
last few years, constituted one of the most interesting classes
of conductive polymers. They have attracted great interest
due to their potential application in the field of secondary
batteries, electronic and electro-optical devices and electro-
chemical sensors.[1] Poly(b-substituted thiophene)s can be
chemically or electrochemically synthesised from the corre-
sponding b-substituted thiophenes or b,b'-disubstituted bi-
thiophenes.[1] Their physical properties are strongly depen-
dent on the regiochemistry; for example, a greater increase in
conductivity upon doping is observed in regioregular head-to-
tail (HT) PTs compared with regiorandom PTs.[2]


This is one reason why two of the first steps in the
characterisation of PTs are usually the correct identification


of the regiochemistry of the polymer and evaluation of the
molecular-weight distribution. The former goal can be achieved
through the judicious use of two-dimensional heterocorre-
lated NMR experiments in inverse detection,[3] while the
latter is usually obtained through Gel Permeation Chroma-
tography (GPC) by using a calibration curve of monodisperse
polystyrene standards. Investigation of the electrical, electro-
optical and electrochemical properties represents a further
step in relation to possible applications of these materials in
the field of electro-optical or electronic devices, or electro-
chemical sensors. An additional target is gaining insight into
the correlation between the structure and properties of PTs by
studying the intramolecular and supramolecular architecture
of this class of materials. A number of recent studies on the
aggregation of PTs can be considered in this light.[4±6] Among
them, those dealing with the introduction of chiral pendant
groups at the b-positions of the thiophene moiety[4, 5] partic-
ularly attracted our attention. Enantiomerically pure side
chains can, in fact, induce main-chain chirality into the
thiophene backbone. This permits the observation of chiro-
optical properties,[1a] in addition to solvatochromic and
thermochromic properties, that can be utilised to extract
information on the organisation of the polymer chains.


In this paper, we report on the synthesis and character-
isation of polymers P 1 and PE 1, obtained by the oxidative
(FeCl3) and electrochemical polymerisation of (�)-4,4'-
bis[(S)-2-methylbutylsulfanyl]-2,2'-bithiophene (1). Morpho-
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logical studies through atomic force microscopy (AFM) of
films cast on mica or electrodeposited on Pt electrodes were
added to the classical approaches to characterisation (GPC,
NMR Spectroscopy, UV/Vis spectroscopy, Circular Dichro-
ism (CD), electrochemical and conductivity measurements)
to extract further information on the macromolecule aggre-
gation.


Results


Chemical synthesis : Polymer P 1 was obtained through
oxidative polymerisation of dimer 1 with FeCl3 (Scheme 1).
The synthesis of 1 (Scheme 2) was carried out from the
corresponding dibromo derivative through bromine ± lithium
exchange with butyl lithium, followed by reaction with (�)-
bis[(S)-2-methylbutyl]disulfide.[7] Disulfide was obtained
from the corresponding thioacetate,[8] derived from (S)-(ÿ)-
2-methylbutane-1-ol, through a bromination step to (S)-(�)-
1-bromo-2-methylbutane.


Scheme 1. a) FeCl3, CHCl3/CH3NO2 (1:1), 20 h RT (59 % P1).


Scheme 2. a) PBr3, pyridine, 0 8C. b) AcSH, Et3N, 1,2-dimethoxyethane,
1 h reflux. c) NaOH, EtOH/H2O (1:1), 1 h reflux. d) Pentane, I2, RT.
e) BuLi, THF/hexane, ÿ60 to ÿ50 8C. f) THF, ÿ5 to 0 8C.


Molecular weight determination : The weight-average molec-
ular weight, Mw, and number-average molecular weight, Mn, of
P 1 were 50 000 and 17 000 (D� 2.9), respectively.


NMR characterisation : The 1H NMR spectrum of P 1 (Fig-
ure 1a) has a peak at d� 7.19, in the aromatic region, due to
H3 proton of the thiophene ring. The aliphatic region shows
seven groups of signals that can be attributed to the protons of
the alkylsulfanyl chain. The 13C chemical shifts were detected
and assigned through heteronuclear multiple quantum coher-
ence (HMQC) experiments,[9] with an evolution delay of
50 ms (Figure 1b). This evolution delay allows for the
detection of all four of the aromatic H,C correlations (both
direct and long range). Discrimination among the different
carbon signals is based on the coupling constant J(H,C) values
and on the long-range correlation detected between SCH2


protons and the aromatic carbon bearing the alkysulfanyl
chain. The 1H and 13C data of P 1 are reported in Table 1.
Aromatic proton and carbon chemical shifts are very close to
those reported for poly[4,4'-bis(alkylsulfanyl)-2,2'-bithio-
phene]s,[10] as expected given that they have the same head-
to-head/tail-to-tail (HH/TT) regiochemistry.


Figure 1. a) 1H NMR spectrum of P1. b) HMQC spectrum of the aromatic
region of P 1, 50 ms evolution delay.


Infrared spectroscopy : The native polymer was analysed with
an IR microscope. The alkylsulfanyl chain gives rise to
stretching vibrations in the region 2960 ± 2850 cmÿ1 and to
deformation modes around 1474, 1430 (SÿCH2) and
1377 cmÿ1. The aromatic (CÿH)b stretching and out-of-plane
deformation were found at 3074 and 817 cmÿ1, respectively.
The thiophene ring stretching contributes to the band at
1474 cmÿ1.


UV/Vis and CD spectroscopy: UV/Vis and CD spectra of P 1
in different solvent mixtures are shown in Figures 2 and 3. The
solvatochromic behaviour, as shown by the UV/Vis spectra of
P 1 (Figure 2b) in chloroform/methanol mixtures, is very
similar to that observed for poly[4,4'-bis(alkylsulfanyl)-2,2'-
bithiophene]s[10] and for regioregular HT poly(3-alkylthio-
phene)s.[4a, 4c, 11] An absorption maximum is present in chloro-
form solution at 469 nm; this is associated with the p ± p*
transition, whereas a red-shifted band, characterised by
vibronic structure (with three new maxima at 530, 565,
623 nm), appears when increasing amounts of methanol are
added. Correspondingly, a change in colour from orange to
violet is observed. The p ± p* transition at lmax� 469 nm is


Table 1. 1H and 13C Chemical Shifts (in ppm) of P 1.


H3 C1'-H2 C2'-H C3'-H2 C4'-H3 C2'-H3


7.19 2.91/2.73 1.64 1.52/1.25 0.89 1.00
C2 C3 C4 C5 C1' C2' C3' C4' C2'-H3


136.1 127.4 133.0 131.7 43.5 34.9 28.6 11.3 18.9
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Figure 2. a) CD and b) UV/Vis spectra of P1 in chloroform/methanol
mixtures: 10:1 (****), 8:2 (*±*±), 7:3 (ÐÐ), 6:4 (- - - -).


Figure 3. a) CD and b) UV/Vis spectra of P1 in chloroform/n-hexane
mixtures: 10:1 (- ´ ´ - ´ ´ -), 5:5 (*±*±), 4:6 (****), 3:7 (- - - -), 1:9 (ÐÐ).


optically inactive in chloroform (Figure 2a). However, upon
increasing the amount of methanol, a bisignate Cotton effect
(CE) is observed at longer wavelengths. Comparison of the
spectra in Figures 2a and 2b shows that the CE does not
parallel UV/Vis solvatochromism. The CE shows its max-
imum negative g (DA/A) value (ÿ1� 10ÿ3 at l� 638 nm) in
chloroform/methanol 7:3, whereas the maximum of the red-
shifted vibronic band is further enhanced at a ratio of 6:4. An
accurate analysis of the spectra shows that the shape of CE
changes when passing from a chloroform/methanol ratio of
8:2 to 7:3, but remains the same from 6:4 onwards.


Interestingly, solvatochromic behaviour is also observed
when a poor apolar solvent, such as n-hexane, is employed.
The UV/Vis spectra of P 1 (Figure 3b) in chloroform/n-hexane
mixtures are very similar to those in mixed chloroform/
methanol solvents. In this case the three maxima of the red-
shifted band (that appears when increasing amounts of n-
hexane are added) are found at 538, 570 and 626 nm. The
corresponding CD spectra show a trend similar to that
previously found in chloroform/methanol mixtures. Firstly,
at a 4:6 chloroform/n-hexane ratio, a bisignate CE, very
similar to that found at the 8:2 chloroform/methanol ratio,
appears but for increasing amounts of n-hexane a further


positive CE band is observed at 669 nm; this does not
correspond to a significant UV/Vis absorption band. Com-
parison of the spectra in Figures 3a and 3b shows that CE
parallels UV/Vis solvatochromism in chloroform/n-hexane
mixtures with a maximum negative g factor of ÿ3� 10ÿ3 at
l� 578 nm at 1:9 ratio.


CD and UV/Vis spectra corresponding to minimum and
maximum optical activity in both chloroform/methanol and
chloroform/n-hexane mixtures are compared in Figures 4 and
5. By comparing the spectra, we can infer that at a high
chloroform/poor solvent ratio, the same optically active


Figure 4. a) CD and b) UV/Vis spectra of P1 in chloroform/methanol 8:2
and chloroform/n-hexane 4:6 mixtures.


Figure 5. a) CD and b) UV/Vis spectra of P1 in chloroform/methanol 7:3
and chloroform/n-hexane 1:9 mixtures.


species are formed in both mixtures, whereas the markedly
different UV/Vis spectra suggest a different degree of order.
In both cases, further additions of the poor solvent induce
different changes in the two CD spectra and greater similarity
between the two UV/Vis spectra (Figure 5). In particular, we
observed the presence of a positive CE at 669 nm in chloro-
form/n-hexane, which is undetectable in chloroform/metha-
nol, and a major blue-shift of about 10 nm of the second
positive band. In addition, the CE induced by adding n-
hexane is globally higher than that observed when methanol
had been added.
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We have also investigated the CD behaviour of P 1 films
cast onto glass from chloroform and THF solutions under
different evaporation rate conditions (see Experimental
Section). Figure 6 shows two CD and UV/Vis spectra


Figure 6. a) CD and b) UV/Vis spectra of P 1 films cast from chloroform
under slow evaporation conditions.


obtained by casting from chloroform solution at a slow rate of
evaporation (>20 min). To allow for different film thicknesses
the spectra are normalised with respect to UV/Vis absorp-
tions. Under these conditions, the maximum g factor is around
�6� 10ÿ2 at l� 639 nm (solid line), which is among the
highest values reported for chiral PTs in the literature.[4a, 4d] It
is, however, apparent that, although very similar to each
other, the two spectra are not identical in shape, even if the
casting conditions were intended to be the same. The CD
spectrum of the film cast from chloroform solution under fast
evaporation conditions (Figure 7, solid line) is opposite in sign
(maximum g factor equal to ÿ3� 10ÿ3 at l� 648 nm), but not
an exact mirror image of the former ones (Figure 6). When


Figure 7. a) CD and b) UV/Vis spectra of film fast cast from chloroform
solution (ÐÐ); film cast slowly from THF solution (****); difference
between the spectra of Figure 6 (- - - -).


casting slowly (>20 min) from THF solution, a very similar
CD spectrum (Figure 7, dotted line) to that obtained by fast
casting from chloroform (Figure 7, solid line) is obtained, with
a g factor that reaches the value of ÿ8� 10ÿ2 at l� 650 nm. It
is worth noting that the corresponding UV/Vis spectra are
different. Two well distinguishable maxima, at 590 and
650 nm, are present in the UV/Vis spectrum recorded by
casting from THF (affected by light diffusion owing to the
presence of an aggregate phase and shown by optical-micro-
scope inspection). Both are red-shifted with respect to the first
two vibronic bands, at 565 and 619 nm, of the film obtained
from chloroform. A very similar pattern to that observed by
casting from THF is also found in the difference CD spectrum
obtained by subtracting the solid-line from the dotted-line
spectrum of Figure 6 (dashed line in Figure 7).


Morphological analysis : Films of P 1 were formed on freshly
cut mica under four different casting conditions: from chloro-
form solution (1 mg in 2.5 mL), under a) high (<1 min) and
b) slow (>20 min) evaporation-rate conditions; from
c) saturated and d) diluted (1:100 with respect to the
saturated) THF solutions under slow (>20 min) evaporation
rate conditions. The corresponding topographical images
obtained in non-contact mode show four quite different
morphologies:
a) Ground roughness around 4 nm (lower than 2 nm in some


regions), with grains of between 120 and 300 nm in
diameter and heights up to 40 nm (Figure 8).


Figure 8. AFM image of P 1 film cast from chloroform under fast
evaporation conditions.


b) Astonishingly flat surface, characterised by a roughness
lower than 2 �, with rare grains of around 40 nm in
diameter and a few � high. By passing from noncontact to
contact mode, the AFM tip alters the polymer surface and
a marked area, whose dimensions match the region
scanned in contact mode, is visible on the film surface
when the topographical image of a larger area is sub-
sequently acquired (Figure 9).
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Figure 9. AFM image of P 1 film cast from chloroform under slow
evaporation conditions.


c) Grains of various dimensions, with diameters between
1 mm and 10 nm and heights between 50 nm and few �,
over a polymer surface with average roughness of around
4 �.


d) Rare grains over a film resembling a sort of ªneuronal
networkº. The analysis of representative profiles shows
the presence of steps with heights of around 45 � in the
border regions, whereas higher profiles are found in the
central zones of the ªneuronalº patches (Figure 10).


Figure 10. AFM image of P1 film cast from diluted THF under slow
evaporation conditions.


Electrical conductivity : The conductivity values of the p-
doped P1 were obtained by the four-probe method. Films
were generated by casting the chloroform solutions onto glass
and were oxidised by exposition them to I2 vapour. The doped
films show a conductivity of 1.6 Scmÿ1 for P1, values similar
to those reported for regioregular HH/TT poly[b,b'-bis(alkyl-
sulfanyl)-, (b,b'-dialkyl)- and (b,b'-dialkoxy)bithiophene]s.[10, 12]


Electropolymerisation and electrochemical characterisation :
Electropolymerisation of 1 was carried out in a 5 mm
monomer solution with tetraethylammonium hexafluoro-
phosphate (TEAPF6) as supporting electrolyte. The resulting
polymer is denoted by PE 1. Figure 11 shows typical cyclic
voltammetry curves recorded during the electrogeneration of
PE 1 by repeatedly cycling the electrode potential from 0.00 to
�1.10 V at a scan rate of 0.05 V sÿ1. The increase of the
current, scan after scan, is diagnostic of a progressive increase
of the quantity of polymer deposited on the electrode surface.


Figure 11. Potentiodynamic growth of PE 1 on a Pt electrode. The curves
relative to the first 5 scans are reported: 0.05 Vsÿ1 potential scan rate; 5 mm
monomer, 0.1m TEAPF6 supporting electrolyte concentrations, CH3CN
solution.


The electrochemical characterisation of the PE 1 films was
performed by dipping the modified electrode into a monomer-
free solution of CH3CN containing TEAPF6 as supporting
electrolyte. No difference between the electrochemical be-
haviour of the two polymers was observed. Figure 12 shows
the characterisation of the PE 1 film in the anodic region: two
distinct anodic-cathodic peak systems are detectable. The less
anodic response is indicative of the occurrence of the
p-doping process with formation of polarons;[10, 13] this makes
the polymer coverage conductive, while the second anodic
peak corresponds to the formation of a bipolaron, that is, of a
stable two-charge state associated with local geometric


Figure 12. Anodic portion of the cyclic voltammetric curves recorded on a
PE 1-covered Pt electrode: 0.1m TEAPF6 supporting electrolyte, CH3CN
solution. The first scan cyclic voltammetry plot is clearly distinguishable
from the steady-state curves. 0.05 V sÿ1 potential scan rate.
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distortions in the polymeric chains. In the backwards scan, two
cathodic peaks, associated with the subsequent neutralisation
of the two doping states, are detected.


An interesting, small band gap, suggested by the low value
(ca. 1.90 V) of the difference between the onset potentials of
the anodic and cathodic peaks,[14] allows the observation of a
n-doping process in the cathodic region. A de-doping process,
associated with a cathodic peak at about ÿ1.85 V, is seen to
occur in correspondence to a broader anodic backwards peak.
As shown in Figure 13, a different cathodic behaviour is


Figure 13. Cathodic portion of the cyclic voltammetric curves recorded on
a PE 1-covered Pt electrode. Different electrochemical behaviour is found
in TEAPF6 (- - - -) and in TBAPF6 (ÐÐ) supporting electrolyte. 0.05 V sÿ1


potential scan rate.


exhibited on varying the supporting electrolyte, depending on
the cation dimension. In particular, in experiments carried out
with tetrabutylammonium hexafluorophosphate (TBAPF6),
two significant differences are observed: the n-doping process
takes place at less anodic potentials[15] and the de-doping
process occurs with a sharper peak. The current-potential
curves recorded over the whole analysed potential interval are
reported in Figure 14.


Similar electrochemical characterisation was also carried
out on chemically synthesised polymers that were deposited
on a platinum electrode by dissolving them in chloroform and


Figure 14. Cyclic voltammetric curves recorded on the polymer PE 1
coated electrode in the potential region where both p- and n-doping take
place. The starting potential is ÿ0.20 V for the first anodic scan (ÐÐ). The
dashed line is relative to the second scan, starting when the whole cycle,
including cathodic potentials, had been completed. 0.05 V sÿ1 potential scan
rate.


permitting a slow evaporation of the solution onto the
electrode. This was then dipped into a CH3CN solution with
TEAPF6 as supporting electrolyte. Voltammetric curves very
similar to those of the electrogenerated polymer are obtained,
both in the anodic and in the cathodic ranges.


In order to estimate the distribution of the molecular
weights of the electrogenerated polymer, relatively large
amounts were collected by a number of depositions and
subsequent dissolutions of the films obtained. Two different
procedures can be used to electrogenerate polymer coatings,
that is, potentiodynamic and potentiostatic growth. The first
one, described in the first part of this section, occurs during a
continuously varying potential scan, while the second one
requires the electrode to be polarised at a fixed potential
which permits monomer oxidation, in this case �1.10 V (see
Figure 11). To estimate the possible dependence of the weight
distribution on the electrogeneration technique followed,
tests were performed under both conditions, with a 10 mm
monomer concentration. No significant dependence of the
molecular-weight distribution on either of the growing
variables explored could be ascertained, in either case Mw


and Mn in the range 20 000 ± 30 000 and 8000 ± 9000, respec-
tively, were obtained. This result agrees perfectly with that
found for poly[4,4'-bis(butylsulfanyl)-2,2'-bithiophene], in
which neither the concentration nor the electrogeneration
method has been found to affect the molecular weight
distribution.[16]


Discussion


The analysis of UV/Vis, CD and AFM data seems to give
significant hints about the self-organisation properties of
regioregular PTs, both in solution and in the solid state. As far
as the behaviour in solution is concerned, the UV/Vis
measurements reported here have shown that solvatochrom-
ism can be induced in P 1 not only by polar poor solvents, such
as the widely used methanol, but also by apolar poor solvents,
such as n-hexane. In this latter case, higher ratios for poor (n-
hexane) to good (chloroform) solvent, with respect to the
classical chloroform/methanol mixtures, have to be used in
order to induce aggregation.


Two different models can be found in the litera-
ture[4a, 6, 11a, 17] to explain the solvatochromic and thermo-
chromic behaviour of regioregular HT or HH/TT PTs. One
model considers an intrachain mechanism, based on the
existence of an equilibrium process between an ordered, more
extensively conjugated, rod-like form that is present in poor
solvents or at low temperature, and a disordered, less
conjugated, coil-like form that prevails in good solvents and
at high temperature and absorbs at a shorter wavelength. The
second model considers the formation, in poor solvents or at
low temperature, of aggregates in suspension that are in
equilibrium with the polymer in solution. This is an interchain
mechanism that can be influenced by intrachain phenomena.
In principle, microcrystallisation should only occur after the
polymer has transformed into a more ordered conformation,
but it is not clear yet whether the more ordered conformation
is actually induced in regioregular PTs by non-solvents or if
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the polymers possess a highly stiff structure even in good
solvents, as recently suggested by Yamamoto et al.[6] In this
last hypothesis, the bathochromic shift and the vibronic
structure observed on passing from chloroform solutions to
colloids and films have been attributed to the formation of p-
stacked structures. This represents quite a different interpre-
tation of the UV/Vis spectra of PTs. Actually, the vibronic
structure is usually interpreted as a symptom of the stiffness of
the PT backbone[4c, 5] and is absent in chloroform solution.
Moreover, the large red shift consequent to aggregation is not
compatible with H-type aggregates,[18] as implied by Yama-
moto�s discussion, but rather with conformational changes[19]


and with J-type aggregates. These are characterised by a sharp
band at longer wavelengths and by a broader one (more or
less allowed) at shorter wavelengths, due to exciton cou-
pling.[18, 20] UV/Vis spectra of P 1 in poor solvents and of
regioregular PTs indeed show a better-resolved red-shifted
band with vibronic structure, but do not allow us to distinguish
the second (broader) band expected at shorter wavelengths.
Nevertheless, this second band has been detected through CD
spectroscopy in the case of P 1 and other chiral regioregular
PTs[4, 5] under aggregation conditions: these findings suggest a
J-type chiral chromophoric disposition in the aggregate phase.
Bisignate CD spectra induced by poor solvents or casting on
optically active PTs[4, 5] have already been interpreted as being
due to exciton coupling and usually have a Davydov splitting
of the same order as the vibronic one. Exciton coupling
requires the presence of unconjugated (or loosely conjugated)
chromophores in a chiral arrangement with each other.[21] This
arrangement can derive from intra- and interchain interac-
tions in aggregate PTs. The base chromophore can be
considered to be formed by a number of conjugated thio-
phene units that belong to nearly planar regions of the main
chain. A distorted helical conformation, similar to a folded
ribbon with alternate planar and distorted regions, can be
suggested in the case of prevalent intrachain chromophoric
interactions. A number of possibilities can be hypothesised if
interchain interactions dominate. Up to now it is not clear
which is the dominant mechanism in PTs,[5b] even though
interchain mechanisms have been suggested on the basis of
the results of an investigation on model oligothiophenes[22a]


and phenylene vinylene oligomers.[22b]


The CD-spectral behaviour of P 1 actually deserves further
comment in relation to the different experimental conditions
employed. The changes observed in the CD spectra of P 1
upon addition of non-solvents suggest the initial formation of
an optically active species common to chloroform/methanol
and chloroform/n-hexane systems (Figure 4). This converts
into a second optically active form (Figure 5) which differs in
the two media or, alternatively, into different mixtures of at
least two kinds of polymer aggregates. The CD behaviour of
P 1 suggests a two-step reorganisation process induced in
solution by poor solvents of either polarity. The random,
optically inactive, monomeric phase present in good solvents
is first converted into a chiral monomeric (or loosely
aggregated) phase and then into one or more associate phases.


The presence of more than one single aggregate phase is
also strongly suggested by the CD analysis of films obtained
under different casting conditions. The results of the compar-


ison of the CD spectra of film cast on glass from a good
solvent (chloroform) with those from a poorer solvent (THF)
may be interpreted on the basis of the presence of at least two
different aggregate forms which exhibit different CD spectra:
slow evaporation from a good solvent favours an aggregate
phase characterised by a bisignate CD spectrum with a first
positive CE, whereas fast evaporation from chloroform or
slow evaporation from THF favours an aggregate phase with a
first negative CE, which is much higher than in the first case. It
is interesting to observe that a CD spectrum of this second
type is also obtained from the difference of the two CD
spectra in Figure 6. This strongly suggests that slow casting
from chloroform solution can also produce films containing
two different aggregate phases and that films of different
constitutions are produced under similar casting conditions.
This last observation is common to various authors.[4b, 23]


AFM morphological analysis can be utilised to investigate
the presence of different aggregate phases. Grainy aggregates
can be distinguished in the topographical images of films
obtained by casting P 1 from chloroform under fast evapo-
ration conditions (Figure 8) or from THF under slow evap-
oration conditions, whereas an astonishingly flat film surface
is found when the film obtained by casting P 1 from chloro-
form under slow evaporation conditions is analysed (Fig-
ure 9). A parallelism between the presence of a very
homogeneous aggregate phase and CD spectra of the type
of those in Figure 6, and between the grainy structures and
CD spectra of the type of those in Figure 7 seems to be
present. Nevertheless, it should also be considered that the
aggregate phase formed from chloroform through fast evap-
oration is much less optically active or, more probably,
contains a much smaller proportion of optically active form
than the film obtained from THF (Figure 7). Furthermore, the
latter shows an UV/Vis spectrum different from those of all
the aggregate phases reported in this work. To explore the
possibility of evidencing a second, less grainy phase in films
from THF solution, casting on mica from a very diluted THF
solution was attempted. The results are quite amazing: a
completely different morphology is evidenced by AFM
(Figure 10); this confirms the presence of a second, more
homogeneous but not continuous phase. Analysis of the
heights in the border regions allows us to estimate that the
figure of approximately 45 � should be a multiple of one
relevant molecular dimension. Unfortunately, neither UV/Vis
nor CD signals were detected for this sample due to its
extreme thinness.


With the aim of comparing electrochemically and chemi-
cally synthesised optically active polymers, P 1E was also
analysed through AFM, UV/Vis and CD spectroscopy. As
shown in Figure 15, the morphological investigation of P 1E
grown on Pt disk electrode revealed a dunelike surface with a
homogeneous texture, without showing any grainy phase.
However, the wavy appearance is at least partially due to the
non-perfect flatness of the Pt support. The UV/Vis spectrum
of P 1E grown on an ITO (indium tin oxide) covered
transparent conducting-glass electrode displays the typical
vibronic structure already observed for P1 films of compa-
rable thickness cast on glass. The corresponding CD spectrum
of P 1E shows a very weak bisignate CE, positive at longer







Conducting Polythiophene 676 ± 685


Chem. Eur. J. 2001, 7, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0683 $ 17.50+.50/0 683


Figure 15. AFM image of PE 1 grown on Pt disk electrode.


wavelengths, similar to that reported in Figure 6 for P 1. This
suggests that an homogeneous phase, with CD characteristics
qualitatively similar to those observed in films of P 1 cast on
glass and mica, is generated electrochemically. However, the
very low optical activity observed is probably due to the fast
film formation under the experimental conditions adopted.
Further investigations to evaluate the influence of electro-
generation growing conditions on optical activity are in
progress.


A first observation that can be drawn from the electro-
chemical characterisation of both the chemically prepared
and the electrogenerated polymers points to the fact that, for
both the anodic (p-doping) and the cathodic (n-doping)
forward responses, the first curve recorded after a long
enough rest time is significantly different from the subsequent
ones, recorded by continuous cycling. This behaviour is in
good agreement with literature reports on other polymers[24]


and fits the requirements of the so-called Electrochemically
Stimulated Relaxation Model.[25] This theory suggests a
different morphology for the polymer corresponding to
different potentials. In particular, the polymer is supposed
to become increasingly compact as the negative values of the
polarisation potential increase, while it is characterised by a
porous structure at sufficiently positive potentials, particularly
when it reaches the region at which p-doping actually occurs.
The transition from a porous to a compact structure is a slow
process, so that increasing the time at negative potentials
increases the compactness of the structure.


The cyclic voltammetry curves in Figure 14 show notable
differences in the anodic region that depend on whether the
deposit had not been previously n-doped or whether, when a
whole potential cycle had been completed, enough sufficient-
ly cathodic potentials had been crossed. In particular, in
the latter case, only one much sharper and more anodic peak
is recorded; once more this difference in behaviour can be
explained by realising that more close packing of the
polymeric chains occurs when quite negative potentials
are reached; this makes the penetration of anionic counter-
ions into the polymer film when the p-doping region is


reached more difficult. Detailed studies to account for the
dependence on morphology of the electrical properties of
these and of other polythiophenes are in progress in our
laboratories.


Conclusion


We have characterised, through spectroscopic, electrochem-
ical, surface analysis and MW determination, a new HH/TT
polythiophene P1 with (S)-2-methylbutylsulfanyl chains that
was synthesised by both chemical and electrochemical
methods. The aim was to gain a better insight into the
aggregation processes of PTs, which are supposed to be
closely related to the solvato-, thermo-, photo- and electro-
chromic properties as well as to the electrical conductivity of
this class of compounds. Analysis of the CD and AFM spectra
of the optically active P 1 shows that at least two different
aggregate phases, one with homogeneous and the other with
grainy characteristics, are present in the solid state. These
phases exhibit different CD and UV/Vis spectra and different
morphology. They are formed in various relative proportions,
which depend on the experimental conditions. They are of
opposite chirality, in the hypothesis of exciton coupling, but it
should be underlined that their CD spectra are not related to
each other as mirror images. More than two aggregate phases
are also formed by adding poor solvents (methanol and n-
hexane) to a solution of P 1 in chloroform. The CD spectra of
the aggregate phases obtained in chloroform/methanol mix-
tures are very close to the mirror image of the CD spectrum of
the film produced by slow casting from chloroform; this
suggests an opposite chirality of the chromophore arrange-
ment in these two particular cases. Further experimental as
well as theoretical studies are necessary in order to under-
stand the relationship between the type and size of aggregates
evidenced by AFM and the parameters that influence the
shape, size and sign of the CD signals.


Experimental Section


General techniques : All air- or moisture-sensitive reactions were per-
formed under prepurified nitrogen with dry glassware. Tetrahydrofuran
(THF) was distilled from sodium and benzophenone prior to use. Pyridine,
chloroform and nitromethane were dried by standard procedures. Iron(iii)
chloride was purchased from Fluka and dried under vacuum. Melting
points (Buchi apparatus) and boiling points are uncorrected.


GPC was carried out by using a Waters Millipore590 equipped with a TSK
gel G4000 HXL column and a Perkin-Elmer LC95 UV/Vis spectropho-
tometer detector, with THF as eluent. The average molecular weights were
calculated by using a calibration curve of monodisperse polystyrene
standards.


NMR spectra were recorded on a Bruker AMX 400 operating at 400.13 and
100.61 MHz for 1H and 13C, respectively. The residue signal of CHCl3 at d�
7.26 was used as reference for the proton chemical shifts in CDCl3 solutions
and the 13C signal of CDCl3 at d� 77.0 as reference for carbon chemical
shifts. HMQC parameters for aromatic and aliphatic regions are: spectral
width (f2) at d� 1 ± 4; 512 ± 2k points; spectral width (f1) at d� 25 ± 150;
64 ± 256 t1 increments with 192 ± 128 scans per t1 value; relaxation and
evolution delays� 0.2 s and 50 ms, respectively; zero filling in f1 and f2 and
sine function in f1 and f2 were applied before Fourier transformation.
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FT-IR spectra were recorded by using a Perkin-Elmer i-Series 2000 FT-IR
microscope. CD spectra and UV/Vis spectra on 11.0 mg dmÿ3 solutions of
P1 were performed on a JASCO J-710 spectropolarimeter with 1 cm path
length.


Atomic force microscopy: 256� 256 pixel images were recorded with a
Park Autoprobe CP scanning probe microscope equipped with silicon
cantilevers with sharp conical tips (Ultralever) operating in non-contact
mode and at resonance frequencies in the range 200 ± 300 kHz.


Fast casting was obtained by evaporating solutions of P 1 onto freshly cut
mica surfaces (AFM) or onto glass (CD and UV/Vis) in air. Slow
evaporation was obtained in a solvent-saturated atmosphere.


The electrical resistance was measured by using a Kuliche & Soffa
series 333 four-point probe. The thickness of the thin films was measured by
an Alpha Step-Tensor200.
Electropolymerisation and electrochemical characterisation of both elec-
trogenerated and chemically synthesised polymers were performed by
using an Autolab PGSTAT30 Electrochemical Instrument. All electro-
chemical tests were carried out in a single-compartment, three-electrode
cell at room temperature and under a nitrogen atmosphere. Platinum disk
electrodes (Metrohm), with 0.07 cm2 and about 3 cm2 geometric areas, and
an ITO covered glass electrode that is transparent at UV/Vis radiations
were used as working electrodes in the different electrochemical character-
isations. The counter electrode was a glassy carbon-rod electrode (Met-
rohm). The working electrode was polished with 1 and 0.3 mm alumina
powder and then rinsed with distilled water in an ultrasonic bath for
5 minutes before use. All potential values are referenced to an aqueous
saturated calomel electrode (SCE, Amel).


All the experiments were carried out in acetonitrile solvent (Aldrich,
�99.8 % pure, anhydrous, packaged under nitrogen) by using 0.1m
tetrabutylammonium hexafluorophosphate (TBAPF6, Fluka, �99 %) or
0.1m tetraethylammonium hexafluorophosphate (TEAPF6, Fluka, �99%)
as supporting electrolyte.


The polymer for AFM measurements was grown on Pt disk electrode
(3 cm2 area) under potentiodynamic conditions (4 scans from 0 to 1.10 V,
0.05 Vsÿ1 scan rate), with a 5 mm monomer and 0.1m TEAPF6 supporting
electrolyte. The polymer for spectroscopic characterisations was synthe-
sised onto ITO glass (20 scans from 0 up to�1.25 V, higher uncompensated
resistance being present), the other experimental conditions being the
same.


(S)-(�)-1-Bromo-2-methylbutane : Phosphorus tribromide (24.6 g,
91 mmol) was added dropwise (2 h) to a stirred solution of (S)-(ÿ)-2-
methylbutane-1-ol (Aldrich) (20.0 g, 226 mmol), [a]23


D �ÿ5.8 (c� 1.3 in
CHCl3), in dry pyridine (6.8 g, 78.4 mmol) at 0 8C. The reaction mixture was
stirred for 2 h at this temperature, for 30 min at 10 8C and was left to stand
overnight in the refrigerator. The crude product was distilled at 150 mm Hg
and dissolved in light petroleum (50 mL, b.p. 40 ± 70 8C). The solution was
washed successively with water (40 mL), NaOH (aq) (5%, 15 mL), H2SO4


(aq) (10 %, 15 mL), concentrated H2SO4 (10 mL) and water (30 mL). The
organic phase was dried (Na2SO4) and evaporated. The residue was short-
path distilled to give the (S)-(�)-1-bromo-2-methylbutane. Yield: 22.8 g,
66%; b.p. 122 ± 123 8C at 760 mm Hg; [a]20


D ��4 (c� 1.1 in CHCl3) (lit. b.p.
69 8C at 135 mm Hg [a]25


D ��4.05 (CHCl3) ref. [26]; 1H NMR (400 MHz,
CDCl3, TMS): d� 3.39 (dd, 2J�ÿ9.8 Hz, 3J� 5.9 Hz, 1H; H1b), 3.38 (dd,
2J�ÿ9.8 Hz, 3J� 5.2 Hz, 1H; H1a), 1.7 (m, 3J� 5.8 Hz, 3J� 5.2 Hz, 3J�
6.6 Hz, 1 H; H2), 1.5 (m, 2J�ÿ12.4 Hz, 3J� 5.8 Hz, 3J� 7.4 Hz, 1H; H3b),
1.3 (m, 2J�ÿ12.4 Hz, 3J� 5.2 Hz, 3J� 7.4 Hz, 1H; H3a), 1.0 (d, 3J� 6.6 Hz,
3H; C2-H3), 0.9 (t, 3J� 7.4 Hz, 3H; C4-H3).


(S)-(�)-2-Methylbutyl-S-thioacetate : This compound was obtained from
(S)-(�)-1-bromo-2-methylbutane (9.35 g, 62 mmol) according to ref. [8].
For the racemic compound: 7.3 g, 80%; b.p. 85 ± 87 8C at 29 mm Hg; [a]20


D �
�15 (c� 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3, TMS): d� 2.93 (dd,
2J�ÿ13.2 Hz, 3J� 5.7 Hz, 1 H; H1b), 2.75 (dd, 2J�ÿ13.2 Hz, 3J� 6.9 Hz,
1H; H1a), 2.35 (s, 3H; CH3CO), 1.56 (m, 3J� 6.6 Hz, 3J� 6.9 Hz, 3J�
5.7 Hz, 1 H; H2), 1.42 (m, 2J�ÿ13.4 Hz, 3J� 5.9 Hz, 3J� 7.4 Hz, 1H;
H3b), 1.21 (m, 2J�ÿ13.4 Hz, 3J� 6.5 Hz, 3J� 7.4 Hz, 1 H; H3a), 0.93 (d,
3J� 6.6 Hz, 3 H; C2-H3), 0.90 (t, 3J� 7.4 Hz, 3H; C4-H3); elemental analysis
calcd (%) for C7H14OS (146.26): C 57.49, H 9.65, O 10.94, S 21.92; found C
57.54, H 9.48, S 22.15.


(�)-Bis[(S)-2-methylbutyl]disulfide : This compound was obtained from
(S)-(�)-2-methylbutyl-S-thioacetate (7.2 g, 49 mmol) according to the


method described in ref. [8]. For the racemic compound: 4.0 g, 79%; b.p.
89 ± 91 8C at 2 mm Hg; [a]20


D ��85.8 (c� 0.9 in CHCl3); 1H NMR
(400 MHz, CDCl3, TMS): d� 2.74 (dd, 2J�ÿ12.8 Hz, 3J� 5.9 Hz, 1H;
H1b), 2.54 (dd, 2J�ÿ12.8 Hz, 3J� 7.4 Hz, 1H; H1a), 1.72 (m, 3J� 6.6 Hz,
3J� 7.4 Hz, 3J� 5.9 Hz, 1H; H2), 1.50 (m, 2J�ÿ13.0 Hz, 3J� 5.2 Hz, 3J�
7.4 Hz, 1H; H3b), 1.22 (m, 2J�ÿ13.0 Hz, 3J� 6.8 Hz, 3J� 7.4 Hz, 1H;
H3a), 0.99 (d, 3J� 6.7 Hz, C2-H3), 0.91 (t, 3J� 7.4 Hz, 3H; 3 H; C4-H3);
elemental analysis calcd (%) for C10H22S2 (206.40): C 58.19, H 10.74, S
31.07; found C 58.45, H 10.45, S 31.92.


(�)-4,4'-Bis[(S)-2-methylbutylsulfanyl]-2,2'-bithiophene (1): A solution of
4,4'-dibromo-2,2'-bithiophene[7] (1.53 g, 4.7 mmol) in dry THF (7.6 mL) was
added dropwise (20 min) at a temperature of betweenÿ60 andÿ50 8C to a
solution of butyllithium (2.1m, 7.8 mL, 10.3 mmol) in dry THF (9.3 mL) at
ÿ70 8C. The reaction mixture was stirred for 20 min atÿ50 8C, and then the
temperature was raised to ÿ20 8C. A solution of (�)-bis[(S)-2-methylbu-
tyl]disulfide (3.9 g, 18.9 mmol) in dry THF (1.0 mL) was added in one
portion, and the temperature allowed to rise to ÿ5 ± 0 8C. This temperature
was maintained for 1 h, then water (20 mL) and diethyl ether (30 mL) were
added. The aqueous layer was separated and extracted with diethyl ether
(50 mL). The combined organic extracts were washed successively with
NaOH (aq) (10 %, 15 mL) and water (15 mL) and dried over MgSO4. The
volatile materials were carefully removed under reduced pressure and the
crude oil was dissolved in pentane (5 mL). The precipitate obtained by
cooling the solution to ÿ5 8C was allowed to settle and crystallised from
isopropyl alcohol to give the chiral dimer 1. Yield: 0.45 g, 26 %; m.p. 44 8C;
[a]20


D ��37.5 (c� 1.1 in CHCl3); 1H NMR (400 MHz, CDCl3, TMS): d�
7.06 (d, 4J� 1.4 Hz, 1H; H3), 6.96 (d, 4J� 1.4 Hz, 1 H; H5), 2.89 (dd, 2J�
ÿ12.4 Hz, 3J� 5.7 Hz, 1H; H1b), 2.70 (dd, 2J�ÿ12.4 Hz, 3J� 7.3 Hz, 1H;
H1a), 1.66 (m, 3J� 6.6 Hz, 3J� 7.3 Hz, J(H2,H1b)� 5.7 Hz, 1 H; H2), 1.53
(m, 2J�ÿ13.0 Hz, 3J� 5.2 Hz, 3J� 7.4 Hz, 1H; H3b), 1.24 (m, 2J�
ÿ13.0 Hz, 3J� 6.8 Hz, 3J� 7.4 Hz, 1H; H3a), 1.02 (d, 3J� 6.7 Hz, 3H; C2-
H3), 0.90 (t, 3J� 7.4 Hz, 3H; C4-H3); 13C NMR (100 MHz, CDCl3, TMS):
d� 137.2 (C2), 133.6 (C4), 126.0 (C3), 121.3 (C5), 42.0 (C1'), 34.5 (C2'), 28.0
(C3'), 18.7 (C2'-H3), 10.5 (C4'-H3); elemental analysis calcd (%) for
C18H26S4 (370.64): C 58.33, H 7.07, S 34.60; found C 58.28, H 6.97, S 34.83.


Poly[4,4'-bis[(S)-2-methylbutylsulfanyl]-2,2'-bithiophene] (P 1): A solution
of FeCl3 (0.37 g, 2.3 mmol) in CH3NO2 (10 mL) was added dropwise (2 h)
to a stirred solution of dimer 1 (0.21 g, 0.60 mmol) in CHCl3 (10 mL) under
a flow of dry nitrogen. The greenish mixture was stirred for 20 h at room
temperature and evaporated. The residue was stirred (1 h) with HCl-
acidified methanol (40 mL). The dark product was centrifuged, washed
with methanol and Soxhlet-extracted with methanol (24 h), n-pentane
(24 h) and CHCl3 (24 h). The purplish CHCl3 solution (200 mL) was
concentrated to nearly dryness and methanol (10 mL) was added to give
the polymer P 1 (0.12 g, 59%) as a free-standing, easily detachable
greenish-golden film on the glassware. This polymeric film is a flexible
material that can be cut with scissors and is soluble in common organic
solvents such as CHCl3, CH2Cl2, CCl4, CS2, benzene, toluene and THF at
room temperature. 1H NMR (400 MHz, CDCl3, TMS): d� 7.19 (s, 1H;
H3), 2.91 (dd, 2J�ÿ12.2 Hz, 3J� 5.7 Hz, 1H; H1b), 2.73 (dd, 2J�
ÿ12.2 Hz, 3J� 7.5 Hz, 1 H; H1a), 1.64 (m, 3J� 6.5 Hz, 3J� 7.5 Hz,
J(H2,H1b)� 5.7 Hz, 1 H; H2), 1.52 (m, 1H; H3b), 1.25 (m, 1H; H3a),
1.00 (d, 3J� 6.5 Hz, 3 H; C2-H3), 0.89 (t, 3J� 7.5 Hz, 3 H; C4-H3); 13C NMR
(100 MHz, CDCl3, TMS): d� 136.1 (C2), 133.0 (C4), 131.7 (C5), 127.4 (C3),
43.5 (C1'), 34.9 (C2'), 28.6 (C3'), 18.9 (C2'-H3), 11.3 (C4'-H3).
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b-Alanine-Based Dendritic b-Peptides: Dendrimers Possessing Unusually
Strong Binding Ability Towards Protic Solvents and Their Self-Assembly into
Nanoscale Aggregates through Hydrogen-Bond Interactions


Tony K.-K. Mong,[a] Aizhen Niu,[a] Hak-Fun Chow,*[a] Chi Wu,[a]


Liang Li,[b] and Rui Chen[b]


Abstract: A series of poly(b-alanine)
dendrimers 1 ± 4 with Boc-carbamate as
the surface functionality, b-alanine as
the dendritic branch, 3,5-diaminobenzo-
ic acid as the branching agent, and 1,2-
diaminoethane as the interior core has
been synthesized by a solution-phase
peptide-coupling method. The structural
identities and purities of the products
have been fully characterized by spec-
troscopic and chromatographic meth-
ods. 1H NMR studies on the dendrimers
indicated that the Boc-carbamate sur-


face groups exist as a mixture of syn and
anti rotamers in solution, and that the
dendrimers adopt an open structure in
polar solvents; this allows the free
interaction of the interior core function-
ality with solvent molecules. Due to the
cooperative effect of a large number of
carbamate and amide groups, the den-
drimers exhibit an unusually strong


binding ability towards protic solvents
and behave as H-bond sponges. As a
result, the H/D exchange rates of the
NÿH protons are significantly enhanced
in such dendritic structures, as compared
to those of nondendritic carbamates and
amides. These dendritic peptide den-
drimers also exhibit a strong tendency to
form nanoscopic aggregates in nonpolar
or polar aprotic solvents through inter-
molecular H-bond interactions.Keywords: aggregation ´ amides ´


dendrimers ´ peptides


Introduction


There is an increasing interest in the synthesis of peptide-
based[1] (i.e. those in which the amino acid units are directly
connected to each other) and a-amino acid based (i.e. those in
which the amino acid units are not directly linked to each
other) dendrimers[2] owing to their structural resemblance to
globular proteins. Such biomimetic dendrimers represent
potentially novel drug-delivery agents or bio-drugs with
enhanced biocompatibilities. They have also been used as
biological mimics for the exploration and understanding of
the biological functions of proteins.[3] However, the synthesis
of such peptide- or polyamide-based compounds also presents
a substantial synthetic challenge because of their high polar-
ity. To facilitate their preparations, amino acid based den-
drimers with nonpolar linkages such as CÿC [2a] or CÿO [2c]


bonds to connect the amino acid residues together have been
reported.


We have been interested in using synthetic dendritic
systems to model the properties of redox proteins[4] and
enzyme molecules.[5] Prompted by the impressive work on
dendritic peptides by Zimmerman[1d] and the recent surge of
interest in the conformational and biological properties of b-
peptides,[6] we began to look into the preparation of dendritic
macromolecules constructed from b-amino acid residues and
to investigate their peptide-like properties. In fact, b-peptide
dendrimers, apart from poly(amidoamine) (PAMAM) den-
drimers,[7] have been less well studied than a-peptide den-
drimers. Herein, we report a facile solution-phase convergent
synthesis of a series of poly(b-alanine) dendrimers 1 ± 4, in
which the b-alanine units are connected by amide linkages by
using aromatic branching units, and show that they form
nonspecific yet discrete self-assembling aggregates of differ-
ent nanoscopic sizes in various solvent systems. Furthermore,
due to the presence of a large number of amide functionalities
inside the dendritic structure, they exhibit unusually high
cooperative binding abilities towards protic solvents as a
result of H-bond interactions relative to their nondendritic
counterparts.


Although the formation of well-defined aggregates from
carefully pre-designed dendritic subunits has been well
documented,[8] the preparation and self-assembly mechanism
of nonspecific dendritic aggregates from simple dendritic
fragments has been less well studied. This approach deserves
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further attention because it allows the construction of nano-
systems with novel functions and properties without resorting
to elaborate syntheses of highly functionalized subunits. It
therefore represents an alternative and efficient strategy for
the preparation of large nanoscopic systems. For example,
cylindrical and spherical nanostructures have been generated
through the self-assembly of flat tapered and conical poly-
ether monodendrons, respectively, presumably as a result of
hydrophobic interactions.[9] Highly spherical metallodendri-
mers of 200 nm in diameter have also been assembled by
virtue of the coordination chemistry of AB2 organopalladium
monomers.[10] Aggregates with long fibrous rod-like structures
have been prepared from arborols, again through hydro-
phobic interactions.[11] In this report, we wish to demonstrate


that large nanoscopic aggregates may also be generated by
hydrogen bonding from this series of poly(b-alanine) den-
drimers.


Results and Discussion


Structural features of the poly(b-alanine) dendrimers 1 ± 4 :
The target poly(b-alanine) dendrimers consist of b-alanine as
the dendritic branch, 3,5-diaminobenzoic acid 5 as the
branching agent, and 1,2-diaminoethane 6 as the central core
unit. With this design, both the amino and carboxylic acid
moieties in the various building blocks could be coupled to b-
alanine solely through amide/peptide linkages.[12] Further-
more, we wished to develop a synthetic route that could be
extended to allow the incorporation of different amino acid
residues into the dendritic architecture if we were to replace
the b-alanine residue with different amino acids in the future.
The synthetic operation should also be amenable to large-
scale preparation of the dendrimers in order to facilitate
investigation of their properties. A convergent synthetic
scheme[13] was chosen because it provided a better control
over the placement of different amino acid residues in
different dendritic layers and a better chance of producing
structurally perfect dendrimers. To avoid uncontrolled cou-
pling between 3,5-diaminobenzoic acid 5 and b-alanine,
selective protection of the amino and carboxylic acid func-
tions was necessary. Our initial goal was to prepare a series of
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carboxylic acid dendrons 7 ± 9, which were subsequently
coupled to the central 1,2-diaminoethane core to furnish the
target dendrimers.


Synthesis : Ethyl 3,5-diaminobenzoate 10, prepared by acid-
catalyzed esterification from the acid 5, was treated with two
equivalents of Boc-b-alanine in the presence of 2-ethoxy-1-


ethoxycarbonyl-1,2-dihydroquinoline (EEDQ)[14] to provide
the G1-ester 11 as the key AB2 monomer unit (Scheme 1).
Base hydrolysis of the ester group of 11 and subsequent work-
up afforded the carboxylic acid 7 as a crystalline solid.
Alternatively, the Boc-protecting groups could be removed by
treatment of 11 with HCl (1.2m) to furnish the diammonium
salt 12.


Scheme 1. i) H2SO4, EtOH; ii) Na2CO3; iii) Boc-b-alanine, EEDQ, THF; iv) NaOH, H2O, MeOH, THF; v) HCl, EtOH, H2O; vi) DCC, HOBt, DIPEA,
DMF, 12.
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Reaction of 7 and 12 in the presence of EEDQ and
triethylamine failed to produce the desired G2-ester dendron
13. After several attempts, it was found that effective coupling
between these two fragments could be realized through the
use of dicyclohexylcarbodiimide (DCC), hydroxybenzotri-
azole (HOBt), and diisopropylethylamine (DIPEA) in DMF,
providing the G2-ester 13 in 70 % yield. Compound 13,
despite having eight amide and four carbamate functionali-
ties, proved to be soluble in a number of organic solvents such
as alcohols, THF, and DMF. Ester 13 was then subjected to
base hydrolysis to furnish the Boc-protected G2-(carboxylic
acid) 8, which could be obtained in a pure state (74 % yield)
after flash chromatography on silica gel. By using the same
iterative reaction sequence, the Boc-protected G3-ester 14
was synthesized as a white amorphous solid in 70 % yield from
the carboxylic acid 8 and the diammonium salt 12. Base
hydrolysis of the ester 14 gave the Boc-protected G3-
(carboxylic acid) 9 in 70 % yield. The overall yield of the
Boc-protected G3-ester 14 based on Boc-b-alanine was 23 %.


The target dendrimers 1 ± 3 could, in principle, be assem-
bled by treating the respective Boc-protected Gn-(carboxylic
acid) dendrons 7 ± 9 with 1,2-diaminoethane. In practice,
however, a multivalent central core unit 15 was synthesized in
order to shorten the synthetic route (Scheme 2). This core unit


Scheme 2. i) DCC, HOBt, DMF, 1,2-diaminoethane 6 ; ii) HCl, EtOH,
H2O; iii) DCC, HOBt, DIPEA, DMF, DMSO, 15.


15 was prepared in two steps
from the Boc-protected G1-
(carboxylic acid) 7. First, two
equivalents of the dendron 7
were treated with 1,2-diamino-
ethane 6 in the presence of
DCC and HOBt to yield the
G1-dendrimer 1 as a solid in
80 % yield. Secondly, the four
Boc-protecting groups were re-
moved by treatment of 1 with
HCl (1.2m) in aqueous ethanol
to produce the tetraammonium
salt 15 (80 %). The use of this
'hypercore' had the advantage
of bypassing the need to syn-
thesize the G4-(carboxylic acid)


dendron for use in the preparation of the G4-dendrimer 4.
The tetraammonium salt 15 was then converted in situ to


the corresponding free tetraamine by reaction with four
equivalents. of DIPEA, which was then coupled to the
respective carboxylic acid dendrons 7 ± 9 in the presence of
DCC and HOBt to furnish the G2- to G4-dendrimers 2 ± 4.
The target compounds were purified by flash chromatography
on either neutral alumina or silica gel to remove the by-
products. Due to the extremely high polarity of these
compounds, substantial loss of material, especially for the
higher generation dendrimers, was noted. Hence, the per-
centage yield of the G2-dendrimer 2 was 70 %, while those of
the G3- and G4-dendrimers 3 and 4 were both 40 %.


Characterization


1H NMR spectroscopy : All of the poly(b-alanine) dendrimers
and the relevant intermediates were characterized by 1H and
13C NMR spectroscopy. Because the poly(b-alanine) den-
drimers possess a large number of polar amide bonds, they
tend to entrap solvent molecules. Generally, the sample was
placed under high vacuum at elevated temperature (�80 8C)
for two days to remove the residual solvents. This operation
was essential in order to obtain a satisfactory NMR spectrum
free of solvent interference. Due to the poor solubility of the
dendrimers in chloroform, their NMR spectra were recorded
in [D6]DMSO. Because the residual proton signals and the
signals of the dissolved water in [D6]DMSO partially over-
lapped with the resonance signals of the methylene protons of
the b-alanine moiety and those of the central 1,2-diamino-
ethane core, the relative integrals in this region could not be
determined accurately.


The 1H NMR spectra of the various dendrons and
dendrimers are shown in Figures 1 and 2, respectively. Despite
their large molecular size, the symmetrical architecture of
these products simplified the task of peak assignment. Hence,
the aromatic proton signals were located in the range d� 7.5 ±
8.5, while the resonance signals of the methylene protons of
the b-alanine were identified in the range d� 2.4 ± 3.6. Three
groups of NÿH signals were noted. A set of downfield signals


Figure 1. 1H NMR spectra of the various Gn-ester dendrons 11, 13, 14.
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at d� 10 was attributed to the amide protons adjacent to the
aromatic ring, while a second set of signals (d� 8.4 ± 8.6) could
be assigned to the amide protons of the b-alanine unit. On the
other hand, the signals of the carbamate NÿH appeared at
around d� 6.87. Finally, the tert-butyl proton signal of the Boc
group appeared as a sharp singlet, invariably at d� 1.37.


Further examination of the 1H NMR data revealed addi-
tional information regarding the gradual change of the
dendritic microenvironment with increasing dendrimer gen-
eration. First, functional groups of the same nature located on
the surface sector of the various generations were found to
have almost identical chemical shift values (Table 1). Thus,
the resonance signals of the two different aromatic protons
located on the surface sector of the various dendrimers and
dendrons appear at d� 7.68 and 8.06. Likewise, the surface
anilide NÿH protons of all the compounds resonate at d�
10.08. Secondly, 1H nuclei exhibit a gradual shift of d value on
moving towards the interior core of the dendrimer. In general,
1H nuclei located in the middle layer of the dendrimer are
shifted downfield by about 0.03 ± 0.07 ppm when compared to
1H nuclei of the same nature located on the surface sector.
This downfield shift is more pronounced for nuclei situated in
the inner core (�0.07 ± 0.15 ppm). Similar shifts of NMR
signals have also been reported by Meijer et al. and Stoddart
et al.[15] in their 1H NMR studies and by Seebach et al. in 19F
NMR studies.[16]


Syn and anti rotamers : Upon close scrutiny of Figures 1 and 2,
a small signal (labeled *) appears at about 0.35 ppm upfield
from the carbamate NÿH signal (d� 6.87), irrespective of the


dendrimer generation. The rela-
tive integral of this small peak
was found to be approximately
one-tenth of that of the carba-
mate signal. A similar finding was
also reported by Schlüter et al. in
his study on Boc-terminated den-
dritic building blocks, in which
this small signal was proposed as
being due to the intermolecular
H-bonding dendrimer aggre-
gates.[17] This rationale was sup-
ported by the immediate disap-
pearance of the minor signal
upon addition of H-bonding sol-
vents such as methanol, which
effectively broke-up the intermo-
lecular H-bond interaction.


In the case of the poly(b-alanine) dendritic molecules, the
1H NMR spectra in [D6]DMSO were found to consist of sharp
signals. This suggested that there was little or no aggregate
formation, at least in DMSO. Although a dynamic laser light
scattering (DLLS) study (see later) on the G2-dendrimer 2
did reveal the presence of aggregates in DMSO, they were
found to be present at much lower concentration (<2 %) than
would account for the observed 1H NMR signal intensity
(�10 %). On the basis of literature data and the results of our
own experiments, we conclude that the dominant Boc-
carbamate NÿH resonance signal at d� 6.87 is due to the
anti rotamer, while the smaller upfield signal is caused by the
corresponding syn rotamer.


The characteristics of syn/anti rotamers of carbamates in
solution has been thoroughly studied by Nudelman et al.[18]


Due to the poor solubility of the dendritic poly(b-alanine)
molecules in chloroform, we were unable to monitor their
1H NMR characteristics in CDCl3. Hence, an aliphatic
carbamate, Boc-heptylamine 16, was prepared and used as a
model compound to examine its NMR spectroscopic behavior
in solvent systems (�3 % w/v solution) in which the poly(b-
alanine) dendrimers are soluble. The 1H NMR spectral
characteristics of compound 16 were found to be similar to
the spectra obtained by Nudelman et al. Thus, its 1H NMR
spectrum in CDCl3 at room temperature exhibited one NÿH
proton signal at d� 4.54. Meanwhile, addition of the donor
solvent [D6]DMSO to the CDCl3 solution resulted in a
downfield shift and a splitting of the NÿH signal. Hence, in
CDCl3/[D6]DMSO (3:1, v/v) solution, two NÿH proton signals
could be identified at d� 5.54 and 5.84. In pure [D6]DMSO


Figure 2. 1H NMR spectra of the various Gn-dendrimers 1 ± 4.


Table 1. Selected 1H NMR chemical shifts for the Gn-dendrimers 2 ± 4, Gn-(carboxylic acid)s 8, 9, and Gn-esters 13, 14.


Gn ArNH ArCONH ArH BocNH tBu
surface middle inner surface middle inner surface middle inner surface surface


2 G2 10.08 ± 10.15 8.46 ± 8.54 7.68, 8.06 ± 7.73, 8.08 6.86 1.37
3 G3 10.09 10.16 10.16 8.47 8.51 8.57 7.69, 8.06 7.71, 8.10 7.74, 8.10 6.86 1.37
4 G4 10.09 10.16 10.16 8.46 8.51 8.57, 8.61 7.69, 8.07 7.72, 8.10 7.72, 8.10 6.86 1.37
8 G2 10.08 ± 10.18 8.46 ± ± 7.67, 8.07 ± 7.94, 8.18 6.86 1.37
9 G3 10.09 10.15 10.18 8.47 ± 8.48 7.69, 8.07 7.71, 8.10 7.95, 8.16 6.86 1.37


13 G2 10.09 ± 10.23 8.48 ± ± 7.68, 8.06 ± 7.97, 8.22 6.87 1.37
14 G3 10.08 10.15 10.23 8.46 ± 8.50 7.68, 8.06 7.71, 8.08 7.97, 8.21 6.86 1.37
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solution, the two NÿH signals were further shifted downfield
to d� 6.40 and 6.75 with a relative integrals of 1:11. The
smaller hump was therefore assigned accordingly to the NÿH
signal of the syn rotamer, whilst the larger peak was attributed
to the corresponding signal of the anti rotamer. Furthermore,
addition of acetic acid to the above CDCl3/[D6]DMSO (3:1,
v/v) solution resulted in a large downfield shift of the syn-
rotamer NÿH protons (Figure 3), which is consistent with the
formation of stable intermolecular dimers between the syn
rotamer of compound 16 and acetic acid.[18]


For the series of poly(b-alanine) dendrimers, we chose the
Boc-protected G1-ester 11 as a representative in our study
due to its lower tendency to form aggregates in solution; the
observed NMR behavior could thus be assumed not to be the
consequence of intermolecular aggregation. In either CDCl3/
[D6]DMSO (3:1, v/v) or [D6]DMSO, two carbamate NÿH
signals were observed for the G1-ester 11. In both cases, the
predominant NÿH signal due to
the anti rotamer appeared
about 0.35 ppm further down-
field than that of the syn ro-
tamer. Titration of a [D6]DMSO
solution of the G1-ester 11 with
acetic acid resulted in a gradual
but noticeable downfield shift
of the syn-carbamate NÿH sig-
nal. Thus, in all cases the
1H NMR spectroscopic patterns
of the G1-ester 11 were found
to be similar to those of the
model compound 16. Hence, we
conclude that the small peak
adjacent to the NÿH signal is in
fact due to the minor syn ro-
tamer, and not due to aggre-
gates.


13C NMR spectroscopy : The
13C NMR resonance signals of
the various functional entities
of the poly(b-alanine) dendri-
mers were located in distinct
spectral regions. Stacked plots
of 13C NMR spectra for the
poly(b-alanine) dendrons and
dendrimers are shown in Fig-
ures 4 and 5. Two types of
amide carbonyl could be differ-
entiated; one originates from
the b-alanine moiety and the
other is due to the benzamide
brancher. The former gave rise
to 13C signals in the range d�
169 ± 171, the latter at d� 167.
By expanding the spectrum in this region, the b-alanine amide
moieties situated at the different locations (i.e., inner, middle,
or surface) in the dendrimer could be revealed. On the other
hand, the 13C signal of the Boc-carbamate carbonyl was seen
at d� 155. The 13C signals of the aromatic carbons were found


Figure 3. Plot of the chemical shift values (d) of the syn-carbamate NÿH
protons of compounds 11 and 16 against the % concentration of acetic acid
in CDCl3/[D6]DMSO (3:1, v/v).


in the range d� 110 ± 142. In the aliphatic region, the tertiary
and primary carbons of the prominent tert-butyl group
resonate at d� 77 and 28, respectively. The two methylene
carbons of the b-alanine branch were observed in the range
d� 33 ± 38. For the G1- to G4-dendrimers 1 ± 4, the 13C signal


Figure 4. 13C NMR spectra of the various Gn-ester dendrons 11, 13, 14.


Figure 5. 13C NMR spectra of the various Gn-dendrimers 1 ± 4.
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of the core ethylene unit was found to be obscured by the 13C
signals of [D6]DMSO. However, its presence in the G1- and
G2-dendrimers 1 and 2 could be revealed by heteronuclear
magnetic correlation resonance (HMQC) spectroscopy.


Mass spectrometry : The development of modern ionization
techniques has allowed polymers of high molecular weight
(MW) to be conveniently characterized by mass spectrometry.
For the poly(b-alanine) dendrimers, the fast-atom bombard-
ment (FAB) technique has proved to be more useful for
species with MW <1000 amu, while secondary ion mass
spectrometry (L-SIMS) method has been found to provide
more satisfactory results for those with MW >3000 amu
Unfortunately, both methods failed to detect the molecular
ions of poly(b-alanine) dendrimers with MW >4000 amu. For
dendrimers for which a mass spectrum could satisfactorily be
obtained, molecular ions in the form of [M]� , [M�H]� ,
[M�Na]� , or [M�Ag]� could always be detected. Further-
more, a characteristic fragmentation pattern involving the
successive loss of Boc groups (100 a.m.u.) from the molecular
ion could be noted. This was seen most clearly in the L-SIMS
mass spectrum of the G2-dendrimer 2 (Figure 6), in which the
abundance of the molecular ion [M�Na]� was relatively low
and was followed by a number of ion fragments with m/z
corresponding to [M�Hÿ (100� n)]� , in which n is the
number of Boc groups lost.


Figure 6. The L-SIMS mass spectrum of the G2-dendrimer 2 showing
successive loss of Boc groups.


Gel-permeation chromatography and weight-average molar
mass determination : Although all the synthesized dendrimers
were isolated and purified by flash chromatography, it was still
necessary to assess their purities before studying their
physicochemical properties. One of the most convenient
methods was to subject the dendrimers to gel-permeation
chromatographic analysis (GPC) (solvent: DMF) with laser
refractometer (LR)/multi-angle laser light scattering
(MALLS) detectors. Both the LR (Figure 7) and MALLS
chromatograms of all the dendrimers exhibited one single
sigmoidal peak. No defective products or unreacted starting
materials could be detected. Furthermore, no peak of lower
retention time than the main peak was seen in any of the
chromatograms, suggesting the absence of aggregates in DMF.
Due to the lack of mass spectral data for the G3- and G4-
dendrimers 3 and 4, the weight-average molar masses (Mw) of
the target dendrimers 1 ± 4 were determined by MALLS


Figure 7. GPC chromatogram (detector: LR) of the Gn -dendrimers 1 ± 4.


(Table 2). The deviation from the theoretical value was found
to be less than 7 % for the G2- to G4-dendrimers 2 ± 4, which
is within the acceptable error range for the GPC/MALLS
technique. The larger deviation in the Mw value for the
smallest G1-dendrimer 1 probably stemmed from the rela-
tively weak scattering signal of this small-size molecule.


Properties: Some natural proteins and peptides are able to
fold spontaneously from a denatured state to a unique
conformation. The driving force behind this folding process
involves the participation of various noncovalent interactions.
These interactions, in turn, originate from the various
structural units residing on the linear amino acid sequence
of the native peptide. Among these interactions, hydrogen
bonding plays a substantial role in dictating the secondary
structure of peptides.


Due to the presence of a large number of NÿH and C�O
functionalities in our poly(b-alanine) dendrimers, we were
intrigued to know whether they could also form intra- and
intermolecular H-bonding networks, thereby possibly giving
rise to some higher-order secondary structures. In this section,
we wish to describe our efforts aimed at probing the presence/
absence of inter/intramolecular hydrogen bonding in these
dendrimers; we considered this to be of great importance in
the elucidation of their solution structures and exploration of
their physical and chemical properties.


Solution structure


Proton ± deuterium exchange (H/D) experiment : In peptides,
hydrogen atoms attached to heteroatoms are sufficiently


Table 2. Weight-average molar mass Mw, polydispersity, and hydrodynam-
ic radii of dendrimers 1 ± 4.


Calcd Mw Measured Mw
[a] Polydispersity[a] Hydrodynamic


radius [nm][b]


1 1013 1.3� 103 1.03 ±
2 2519 2.8� 103 1.02 1.6[c]


3 5530 5.6� 103 1.01 2.1[d]


4 11553 1.1� 104 1.01 2.8[e]


[a] Determined by GPC with a MALLS detector in DMF as the eluent.
[b] Determined by DLLS in DMF solution. [c] Concn� 4.4mm, a small
aggregate peak at around 16 nm was noted. [d] Concn� 1.9mm, a small,
broad aggregate peak at around 60 nm was noted. [e] Concn� 0.9mm, no
higher aggregate was detected.
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labile to undergo exchange with deuterium provided by
deuterated solvents. Lenormant and Blout noted that the rate
of exchange was dependent on the local environment of the
NÿH group.[19] Generally speaking, perseverant or H-bonded
NÿH protons were found to exchange with protic solvents at a
much slower rate than NÿH protons exposed to the solvent.
To assess the effect of dendrimerization on the NÿH H/D
exchange behavior, four model compounds were studiedÐthe
previously mentioned carbamate 16, an aliphatic benzamide
17, an anilide 18, and a G1-benzamide dendron 19. The


exchange half-lives (t1/2) of the various NÿH protons of the
model compounds as well as those of the G1- to G4-
dendrimers 1 ± 4 are given in Table 3. The data were computed
by plotting the relative integrals as a function of time,
assuming that the H/D exchange process obeyed a pseudo
first-order rate law.[20]


For the model compounds, three different types of NÿH
protons (i.e. the Boc-carbamate, the anilide, and the benz-
amide NÿH) could be identified. Examination of the H/D
exchange behavior of the nondendritic models 16 ± 18 showed
that the t1/2 values of the various NÿH protons decreased in
the following order: Boc-carbamate NÿH (�1000 min)>
benzamide NÿH (�500 min)> anilide NÿH (�10 min). The
rate of exchange of the anilide NÿH was comparatively fast,
possibly due to the electronic stabilization effect of the
adjacent aromatic ring. The NMR spectra of these compounds
consisted of sharp signals, an indication that there was no
aggregate formation at the sample concentration range
(<5 %, w/v) in [D6]DMSO. Therefore, these t1/2 values should
reflect the ªintrinsicº exchange properties of the respective
NÿH protons in the absence of external factors such as intra-
and intermolecular H-bonding effects.


For the G1-benzamide dendron 19, a hybrid structure that
served to bridge the structural features of the simple
compounds 16 ± 18 and the more complex G1- to G4-
dendrimers 1 ± 4, the t1/2 values of all the NÿH protons, apart
from that of the anilide, were found to be slightly lower than
the corresponding figures for the model compounds; this


indicates that the H/D exchange rates were slightly enhanced
in this partially dendrimer-like structure. For the more
complex G1- to G4-dendrimers 1 ± 4, the t1/2 values of the
NÿH protons were found to be further reduced, regardless of
their location in the dendrimer (i.e. interior or surface). This
indicated that the H/D exchange of the NÿH protons was
further enhanced in a poly(b-alanine) dendritic framework.
For example, the t1/2 value for the carbamate NÿH in the
dendrimers decreased to 300 min, while those of the anilide
and benzamide NÿH protons were significantly reduced to
<20 min. The fast H/D exchange rates of the NÿH protons,
including those near the interior core of the dendrimer, also
suggested that these poly(b-alanine) dendrimers have an open
structure with the interior functionalities being fully exposed
to the solvent medium.


The enhancement of the H/D exchange rates of the various
NÿH protons in a dendritic environment, especially those
inside the dendrimer core, was unexpected. We attribute this
finding to the highly polar internal environment of the
dendrimers. Thus, the presence of a large number of
carbamate and amide functionalities in a confined space
serves as an H-bonding sponge for polar protic molecules such
as water. As a result of the strong H-bonding interactions
between water molecules and the dendrimers, the local
concentration of water in the vicinity and, in particular, in
the interior of the dendrimer could be much higher than that
in the bulk solvent, thereby accounting for the enhancement
in the H/D exchange rates as compared to those of non-
dendritic NÿH amides and carbamates. This strong water-
binding property is also consistent with the elemental analysis
data for these poly(b-alanine) dendrimers. It was found that
although the analytical data were reproducible for different
batches of the same compound, the carbon contents were
consistently lower than the expected values due to the
inclusion of water. Typically, one to seven water molecules
per dendrimer were included, with the higher generation
compounds incorporating the largest numbers. The inclusion
of water molecules in polar polyamide dendrimers has also
been reported by Rosowsky, Voit, and Schlüter.[21]


Temperature coefficients of NÿH : The change in the chemical
shift value (d) of NÿH protons as a function of temperature
(i.e., the temperature coefficient jDd/DT j ) has been em-
ployed as a criterion to differentiate intra- from intermolec-
ular hydrogen bonding. Generally, a jDd/DT j value of less
than 2.0� 10ÿ3 ppm Kÿ1 in [D6]DMSO can be taken to
indicate the presence of intramolecular hydrogen bonding.
When this coefficient is greater than 4.0� 10ÿ3 ppm Kÿ1, the
existence of intramolecular hydrogen bonds can be exclud-
ed.[22] The temperature coefficients of the various NÿH
protons of the G2-dendrimer 2 in DMSO were therefore
determined. Their values were all found to be greater than


Table 3. Exchange half-lives of NÿH protons of the Gn-dendrimers 1 ± 4, aliphatic carbamate 16, benzamide 17, anilide 18, and G1-dendron 19.


1 2 3 4 16 17 18 19


t1/2 of carbamate NÿH (min) 300 300 300 200 1000 ± ± 400
t1/2 of anilide NÿH (min) < 10 < 10 < 10 < 10 ± ± < 10 80
t1/2 of benzamide NÿH (min) 20 20 20 10 ± 500 ± 400
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6.0� 10ÿ3 ppm Kÿ1 (Figure 8), indicating the absence of intra-
molecular hydrogen bonding in this solvent and, thus, ruling
out the existence of a higher-order, thermodynamically stable
secondary structure for these poly(b-alanine) dendrimers in
such highly polar solvents.


Figure 8. Temperature coefficients (ppm Kÿ1) of G2-dendrimer 2.


Based on the results of the NMR experiments, the poly(b-
alanine) dendrimers are highly solvated in polar solvents and
have an open structure that allows the free diffusion of solvent
molecules into the interior. The cooperative effect of a large
number of highly polar NÿH and C�O functionalities within
the dendrimer also facilitates the formation of intermolecular
hydrogen bonds with polar protic solvents such as water,
resulting in an enhancement of the H/D exchange rates.


Aggregation behavior


Dynamic laser light scattering : Recently, several reports
dealing with the aggregation and self-association of dendri-
mers have appeared.[23] The large size and controllable
functionalities of dendritic molecules make them ideal build-
ing blocks for assembling into large nano- and mesoscopic
structures in solutions. On the basis of the aforementioned
NMR and GPC studies, both the poly(b-alanine) dendrons
and dendrimers appear to be monomeric species in polar
aprotic solvents, such as DMSO and DMF. However, such
polar dendrimers may be able to form aggregates in less polar
solvents. Besides solvent effects, the formation of intermo-
lecular aggregates is also a temperature-dependent process.
Here, we wish to report on a study of the aggregation behavior
of the poly(b-alanine) dendrimers in various solvent systems
and at different temperatures by the more sensitive, dynamic
laser light scattering (DLLS) method. This technique has also
enabled us to determine the average hydrodynamic radii
(hRhi) of the dendritic species.


The experimental hRhi values of the G2- to G4-dendrimers
2 ± 4 in DMF solution are presented in Table 2. Because of the
small size of the G1-dendrimer 1, its hRhi value could not be
determined with accuracy. Each dendrimer exhibited a major
peak with an hRhi value slightly larger than that of the
PAMAM dendrimer of the same generation.[24] Due to the
higher sensitivity of the laser beam used in the DLLS study, in
addition to the monomeric peak, an aggregate peak of very


low intensity was seen in the hydrodynamic radius distribution
diagram for the poly(b-alanine) dendrimers. Thus, the G2-
dendrimer 2 in pure DMF solution (4.4 mm) was shown to
consist of two narrowly distributed populations at 25 8C
(Figure 9). The first peak, located at 1 ± 2 nm, corresponded to


Figure 9. Temperature dependence of the hydrodynamic radius distribu-
tion f(Rh) of G2-dendrimer 2 (4.4 mm) in DMF (scattering angle� 158).


the expected monomeric species. The second peak, located at
10 ± 20 nm, was due to some higher molar mass intermolecular
aggregates, which disappeared at slightly elevated temper-
ature (35 8C). Judging from the relative areas of the peaks, the
amount of aggregate was very small. The scarcity of the
aggregates at 25 8C also accounts for the fact that they were
not detectable by the less sensitive GPC on-line MALLS/RI
technique. Likewise, an aggregation peak with an even
broader distribution centered at around 60 nm was seen in
the distribution diagram for the G3-dendrimer 3. However, no
aggregation peak was found for the G4-dendrimer 4, possibly
due to a higher polydispersity and a lower population of the
aggregates.


Solvent dependence : The aggregation behavior of the poly(b-
alanine) dendrimers was also investigated in different solvent
systems. Upon addition of a small amount of protic solvent
such as methanol (7 % v/v in DMF), the aggregate peak of the
G2-dendrimer 2 gradually disappeared (Figure 10). There


Figure 10. Time dependence of the hydrodynamic radius distribution f(Rh)
after addition of methanol to a DMF solution of the G2-dendrimer 2
(4.4 mm) at 25 8C (scattering angle� 158).







Dendritic b-Peptides 686 ± 699


Chem. Eur. J. 2001, 7, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0695 $ 17.50+.50/0 695


fore,H-bond donor solvents effectively break-up the inter-
molecular H-bonding network and stabilize the monomeric
state. On the other hand, the DLLS distribution diagram
changed dramatically when a nonpolar solvent such as
chloroform was added to the DMF solution of the G2-
dendrimer 2 (Figure 11). In a 33 % (v/v) CHCl3/DMF


Figure 11. Solvent dependence of the hydrodynamic radius distribution
f(Rh) after addition of chloroform to a DMF solution of the G2-dendrimer
2 (2.8 mm) at 25 8C (scattering angle� 158).


solution, the aggregate peak originally situated at 16 nm
disappeared, while another aggregate peak with a larger hRhi
value (�56 nm) emerged when the amount of CHCl3 was
increased to 45 % (v/v). In other words, the poly(b-alanine)
dendrimers self-assembled into larger aggregates in a non-
polar aprotic solvent. This phenomenon could also be
confirmed by a 1H NMR study. Solvent titration of solutions
of G2- to G4-dendrimers 2 ± 4 (�2 to 8 mm range) in
[D6]DMSO or [D7]DMF with CDCl3 resulted in significant
broadening of 1H NMR signals, indicating the formation of
intermolecular aggregates in nonpolar solvents.


Conclusion


We have developed a convenient method for the synthesis of a
series of highly polar poly(b-alanine) dendrimers from the
first to the fourth generation based on a solution-phase
coupling procedure. This synthetic operation has proved to be
more efficient than the solid-phase method in terms of
product yield and homogeneity. Based on 1H NMR studies,
these poly(b-alanine)-based dendritic species have been
shown to have an open structure in polar aprotic solvents,
which allows the free interaction of the interior functionalities
with solvent molecules. Due to the presence of a large number
of carbamate and amide groups, the dendrimers act as
H-bonding sponges, which strongly bind protic solvents such
as water. As a consequence, the H/D exchange rates of the
NÿH protons are significantly enhanced in such dendritic
structures as compared with those of nondendritic carbamates
and amides. These peptide dendrimers also form intermolec-
ular aggregates of nanoscopic size in both nonpolar and polar
aprotic solvents. Furthermore, the size of the aggregates has
been shown to be dependent on the nature of the solvent as


well as on the dendrimer generation. The aggregates broke up
at elevated temperatures or in the presence of H-bond donor
solvents. Work is underway aimed at studying the properties
of the Boc-deprotected native poly(b-alanine) dendrimers.


Experimental Section


Melting points were measured on an Electrothermal 9100 melting point
apparatus and are uncorrected. 1H (300 MHz) and 13C NMR (75.5 MHz)
spectra were acquired on a Bruker Advance DPX spectrometer and were
recorded in [D6]DMSO unless otherwise stated. Mass spectrometry was
performed either by fast atom bombardment (FAB) on a Hewlett
Packard 5989B mass spectrometer or by the liquid secondary ionization
mass spectrometry (L-SIMS) method on a Bruker APEX 47E FTMS model
spectrometer. The reported molecular mass (m/z) values refer to mono-
isotopic masses. Elemental analyses were carried out at MEDAC (UK).
Unless otherwise stated, all chemicals were purchased from either Acros or
Aldrich and were used without further purification. DMF and DMSO were
stirred over calcium hydride overnight and then distilled in vacuo. THF was
distilled from sodium and benzophenone. Thin-layer chromatography was
performed on Merck silica gel 60F254 plates and spots were visualized by
UV illumination. Flash chromatography was carried out on Macherey
Nagel silica gel (230 ± 400 mesh) or active Merck aluminium oxide 90,
neutral grade (70 ± 200 mesh).


Ethyl 3,5-diaminobenzoate (10): A suspension of 3,5-diaminobenzoic acid
5 (7.0 g, 46 mmol) in ethanol (300 mL) and 98 % sulfuric acid (14 mL) was
heated to reflux for 18 h. The organic solvent was then removed on a rotary
evaporator and the residual syrup was diluted with iced water (200 mL) and
made slightly alkaline by the addition of powdered Na2CO3. The resulting
mixture was extracted with EtOAc (3� 150 mL) and the combined organic
phases were washed with water (2� 300 mL), dried (Na2SO4), and
concentrated to dryness in vacuo. The residue was purified by flash
chromatography on silica gel (eluent: EtOAc/hexane 1:1) to give the ester
10 (7.5 g, 90%) as an amber liquid. 1H NMR: d� 1.27 (t, 3J(H,H)� 7 Hz,
3H; CH3), 4.21 (q, 3J(H,H)� 7 Hz, 2H; CH2), 5.00 (s, 4H; NH2), 6.03 (t,
4J(H,H)� 2 Hz, 1 H; ArH), 6.44 (d, 4J(H,H)� 2 Hz, 2 H; ArH); 13C NMR:
d� 14.5, 60.2, 103.8, 131.1, 149.6, 167.0; MS (FAB): m/z (%): 181 (100)
[M�H]� ; elemental analysis calcd (%) for C9H12N2O2 (180.2): C 59.99, H
6.71, N 15.55; found C 59.82, H 6.66, N 15.76.


Boc-protected G1-ester dendron (11): A mixture of Boc-b-alanine (10.5 g,
56 mmol) and EEDQ (14.0 g, 56 mmol) was added to a solution of the ester
10 (5.0 g, 28 mmol) in THF (200 mL) at 20 8C. After 24 h, the solvent was
removed on a rotary evaporator and the residue was taken up in ethyl
acetate (300 mL). The product 11 slowly precipitated from the solution and
was subsequently collected by filtration and washed with EtOAc/diethyl
ether (1:1) to give a white solid (11.7 g, 80%). M.p. 189 ± 190 8C; 1H NMR:
d� 1.32 (t, 3J(H,H)� 7 Hz, 3H; CH3), 1.38 (s, 18 H; tBu), 2.48 (t, 3J(H,H)�
7 Hz, 4H; CH2CO), 3.22 (q, 3J(H,H)� 7 Hz, 4H; NCH2), 4.31 (q,
3J(H,H)� 7 Hz, 2 H; OCH2), 6.89 (t, 3J(H,H)� 7 Hz, 2H; carbamate-
NH), 7.95 (s, 2 H; ArH), 8.22 (s, 1 H; ArH), 10.17 (s, 2 H; NHAr); 13C NMR:
d� 14.4, 28.4, 36.6, 36.9, 61.0, 77.8, 114.1, 114.6, 130.6, 139.9, 155.7, 165.7,
169.9; MS (FAB): m/z (%): 522 (25) [M]� ; elemental analysis calcd (%) for
C25H38N4O8 (522.6): C 57.46, H 7.33, N 10.72; found C 57.30, H 7.26, N 10.73.


General procedure I-±hydrolysis of ethyl esters : An aqueous solution of
NaOH (1M, 20 mL, 20 mmol) was added to a solution of the Boc-protected
Gn-CO2Et (4 mmol) in MeOH/THF (1:1, 100 mL) at 20 8C. The progress of
the reaction was monitored by TLC. When the hydrolysis was complete
(12 ± 36 h), the excess solvents were removed on a rotary evaporator, and
the residue was taken up in a mixture of 10% aqueous citric acid (200 mL)
and EtOAc (200 mL) with vigorous stirring. The organic phase was
separated and then washed with water (2� 200 mL). The Boc-protected
carboxylic acid dendron Gn-CO2H subsequently precipitated from the
organic phase and was collected by filtration. Purification by flash
chromatography (for details, see below) was required for the G2- and
G3-CO2H dendrons 8 and 9.


Boc-protected G1-(carboxylic acid) dendron (7): General procedure I:
Starting from Boc-protected G1-ester 11 (10.0 g, 20 mmol), after 12 h
under hydrolytic conditions the target compound 7 was isolated as a white
solid (9.0 g, 90%) after filtration. M.p. 199 ± 200 8C; 1H NMR (COOH not
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observed): d� 1.38 (s, 18 H; tBu), 2.48 (t, 3J(H,H)� 7 Hz, 4H; CH2CO),
3.22 (q, 3J(H,H)� 7 Hz, 4 H; NCH2), 6.88 (t, 3J(H,H)� 7 Hz, 2 H;
carbamate-NH), 7.93 (s, 2 H; ArH), 8.17 (s, 1H; ArH), 10.13 (s, 2H;
NHAr); 13C NMR: d� 28.4, 36.7, 37.0, 77.8, 113.9, 115.0, 131.6, 139.8, 155.7,
167.3, 169.9; MS (FAB): m/z (%): 517 (17) [M�Na]� ; HRMS (L-SIMS):
m/z : 495.2411 (C23H35N4O8 requires 495.2446).


Boc-protected G2-(carboxylic acid) dendron (8): General procedure I:
Starting from Boc-protected G2-ester 13 (5.0 g, 4.0 mmol), after 24 h under
hydrolytic conditions the target compound 8 (3.7 g, 74%) was obtained as a
white glassy solid after purification by flash chromatography on silica gel
(eluent: EtOAc/EtOH, 12:1, gradient to 8:1). 1H NMR (COOH not
observed): d� 1.37 (s, 36 H; tBu), 2.45 ± 2.51 (m, 8 H; surface CH2CO), 2.62
(t, 3J(H,H)� 7 Hz, 4 H; inner CH2CO), 3.21 (q, 3J(H,H)� 7 Hz, 8H;
surface NCH2), 3.52 (q, 3J(H,H)� 7 Hz, 4H; inner NCH2), 6.86 (t,
3J(H,H)� 7 Hz, 4 H; carbamate-NH), 7.67 (s, 4 H; surface ArH), 7.94 (s,
2H; inner ArH), 8.07 (s, 2 H; surface ArH), 8.18 (s, 1H; inner ArH), 8.46 (t,
3J(H,H)� 7 Hz, 2 H; ArCONH), 10.08 (s, 4H; surface NHAr), 10.18 (s,
2H; inner NHAr); 13C NMR: d� 28.5, 36.1, 36.4, 36.7, 36.9, 77.9, 112.8,
113.3, 113.8, 115.0, 136.0, 139.5, 139.8, 155.7, 166.9, 167.3, 169.8, 169.9; MS
(L-SIMS): m/z (%): 1269.6 (60) [M�Na]� ; elemental analysis calcd (%)
for C59H82N12O18 (1247.4): C 56.81, H 6.63, N 13.47; found C 56.47, H 6.79, N
13.12.


Boc-protected G3-(carboxylic acid) dendron (9): General procedure I:
Starting from Boc-protected G3-ester 14 (8.0 g, 2.9 mmol), after 36 h under
hydrolytic conditions the target product 9 (5.5 g, 70 %) was obtained as a
white amorphous solid after purification by flash chromatography on silica
gel (eluent: EtOAc/EtOH, 10:1, gradient to 6:1). 1H NMR (COOH not
observed): d� 1.37 (s, 72 H; tBu), 2.45 ± 2.53 (m, 16 H, surface CH2CO),
2.63 (t, 3J(H,H)� 7 Hz, 12 H; middle and inner CH2CO), 3.21 (q,
3J(H,H)� 7 Hz, 16 H; surface NCH2), 3.50 ± 3.55 (m, 12H; middle and
inner NCH2), 6.86 (t, 3J(H,H)� 7 Hz, 8H; carbamate-NH), 7.69 (s, 8H;
surface ArH), 7.71 (s, 4 H; middle ArH), 7.95 (s, 2H; inner ArH), 8.07 (s,
4H; surface ArH), 8.10 (s, 2 H; middle ArH), 8.16 (s, 1H; inner ArH), 8.47
(t, 3J(H,H)� 7 Hz, 4H; surface ArCONH), 8.48 (t, 3J(H,H)� 7 Hz, 2H;
inner ArCONH), 10.09 (s, 8H; surface NHAr), 10.15 (s, 4H; middle
NHAr), 10.18 (s, 2H; inner NHAr); 13C NMR: d� 28.4, 36.1, 36.4, 36.7,
36.9, 77.8, 112.8, 113.3, 136.0, 139.5, 155.7, 166.8, 169.7, 169.8, 169.9; MS
(L-SIMS): m/z (%): 2774 (60) [M�Na]� ; elemental analysis calcd (%) for
C131H178N28O38 ´ 2 H2O (2789.1): C 56.41, H 6.58, N 14.06; found C 56.05, H
6.75, N 13.88.


Boc-protected G1-dendrimer (1): DCC (1.13 g, 5.5 mmol) was added to a
stirred mixture of the G1-(carboxylic acid) dendron 7 (2.5 g, 5.0 mmol),
HOBt (0.74 g, 5.5 mmol), and 1,2-diaminoethane (0.17 mL, 2.5 mmol) in
DMF (150 mL) at 0 8C. The mixture was stirred at 0 8C for 12 h and then at
room temperature for an additional 24 h. It was then filtered and the
solvents were removed in vacuo. The residue was redissolved in EtOAc/
EtOH (12:1, 200 mL) and the resulting solution was washed successively
with 5% KHSO4 (2� 200 mL), water (2� 200 mL), and brine (2�
200 mL), dried (Na2SO4), filtered, and concentrated to dryness on a rotary
evaporator. The residue was chromatographed on silica gel (eluent:
EtOAc/EtOH/THF, 14:1:1) to give the target G1-dendrimer 1 (2.0 g,
80%) as a white amorphous solid. 1H NMR: d� 1.38 (s, 36H; tBu), 2.47 (t,
3J(H,H)� 7 Hz, 8H; CH2CO), 3.21 (q, 3J(H,H)� 7 Hz, 8H; NCH2), 3.35 ±
3.43 (m, 4 H; core NCH2), 6.87 (t, 3J(H,H)� 7 Hz, 4H; carbamate-NH),
7.69 (s, 4H; ArH), 8.06 (s, 2H; ArH), 8.50 (t, 3J(H,H)� 7 Hz, 2H;
ArCONH), 10.09 (s, 4 H; NHAr); 13C NMR (core NC overlapped with
solvent signals): d� 28.4, 36.7, 36.9, 77.8, 112.8, 113.3, 136.0, 139.5, 155.7,
167.0, 169.8; MS (L-SIMS): m/z (%): 1035.5 (100) [M�Na]� ; elemental
analysis calcd (%) for C48H72N10O14 (1013.2): C 56.90, H 7.16, N 13.82;
found C 56.30, H 6.70, N 13.99.


General procedure IIÐremoval of the Boc group : An ethanolic solution of
HCl (1.2M, 20 mL, 24 mmol) was added to a solution of the Boc-protected
compound (4 mmol) in EtOH/H2O (2:1, 100 mL) at 40 8C. The progress of
the reaction was monitored by withdrawing aliquots and examining them
for complete disappearance of the tert-butyl signal by 1H NMR spectros-
copy. Upon complete cleavage of the Boc group, the solvent was removed
in vacuo and the ammonium salt was precipitated from an EtOH/H2O
mixture (8:1, v/v).


Ethyl 3,5-di(b-aminopropionamido)benzoate dihydrochloride (12): Gen-
eral procedure II: Starting from Boc-protected G1-ester dendron 11 (4.0 g,


8 mmol), after 12 h of reaction the diammonium salt 12 (2.5 g, 80 %) was
isolated as a white amorphous solid. 1H NMR: d� 1.31 (t, 3J(H,H)� 7 Hz,
3H; CH3), 2.79 (t, 3J(H,H)� 7 Hz, 4H; CH2CO), 3.07 (t, 3J(H,H)� 7 Hz,
4H; NCH2), 4.31 (q, 3J(H,H)� 7 Hz, 2H; CH2), 8.02 (s, 2H; ArH), 8.05 ±
8.20 (br s, 6 H; N�H3), 8.20 (s, 1H; ArH), 10.60 (s, 2H; NHAr); 13C NMR:
d� 14.4, 33.5, 35.0, 61.1, 114.2, 115.0, 130.7, 139.7, 165.7, 168.9; MS (FAB):
m/z : 323 (100) [Mÿ 2HCl�H]� ; HRMS (L-SIMS): m/z : 323.1722
(C15H23N4O4 requires 323.1714).


Tetraammonium core (15): General procedure II: Starting from the Boc-
protected G1-dendrimer 1 (2.0 g, 2.0 mmol), after 24 h of reaction the
product 15 (1.2 g, 80%) was obtained as a white hygroscopic amorphous
solid. 1H NMR: d� 2.80 (t, 3J(H,H)� 7 Hz, 8 H; CH2CO), 3.07 (q,
3J(H,H)� 7 Hz, 8H; NCH2), 3.40 (br s, 4 H; core NCH2), 7.74 (s, 4H;
ArH), 8.10 (s, 2H; ArH), 8.16 (br s, 12H; N�H3), 8.53 (s, 2H; ArCONH),
10.52 (s, 4 H; NHAr); 13C NMR: d� 33.5, 35.1, 113.1, 113.8, 136.1, 139.3,
167.0, 168.7; MS (FAB): m/z (%): 613.32 (100) [Mÿ 4 HCl�H]� ; HRMS
(L-SIMS): m/z : 613.3207 (C28H41N10O6 requires 613.3202).


General procedure IIIÐsynthesis of Boc-protected ester dendrons : A
solution of the diammonium salt 12 (1.0 g, 2.5 mmol) and DIPEA (0.87 mL,
5.0 mmol) in DMF (25 mL) was added in one portion to a stirred solution
of the appropriate carboxylic acid dendron (5.0 mmol) and HOBt (0.74 g,
5.5 mmol) in DMF (150 mL) at 0 8C. DCC (1.13 g, 5.5 mmol) was then
added and the reaction mixture was stirred at 0 8C for 12 h and thereafter at
room temperature for a further 36 ± 60 h. The reaction mixture was then
filtered and the filtrate was concentrated to dryness in vacuo. The residue
was dissolved in EtOAc/EtOH (12:1, 200 mL) and the resulting solution
was washed successively with saturated NaHCO3 (2� 200 mL), 5 %
KHSO4 (2� 200 mL), and water (2� 200 mL), dried (Na2SO4), filtered,
and concentrated on a rotary evaporator. The concentrate was further
purified by flash chromatography.


Boc-protected G2-ester dendron (13): General procedure III: Starting
from G1-(carboxylic acid) dendron 7 (2.5 g, 5.0 mmol), after 48 h of
reaction the crude product was purified by flash chromatography on silica
gel (eluent: EtOAc/EtOH/THF, 20:1:1, gradient to 12:1:1) to give the
product 13 (2.2 g, 70 %) as a white amorphous solid. 1H NMR: d� 1.31 (t,
3J(H,H)� 7 Hz, 3 H; CH3), 1.37 (s, 36 H; tBu), 2.47 (t, 3J(H,H)� 7 Hz, 8H;
surface CH2CO), 2.62 (t, 3J(H,H)� 7 Hz, 4H; inner CH2CO), 3.21 (q,
3J(H,H)� 7 Hz, 8H; surface NCH2), 3.52 (q, 3J(H,H)� 7 Hz, 4 H; inner
NCH2), 4.31 (q, 3J(H,H)� 7 Hz, 2H; OCH2), 6.87 (t, 3J(H,H)� 7 Hz, 4H;
carbamate-NH), 7.68 (s, 4 H; surface ArH), 7.97 (s, 2H; inner ArH), 8.06 (s,
2H; surface ArH), 8.22 (s, 1 H; inner ArH), 8.48 (t, 3J(H,H)� 7 Hz, 2H;
ArCONH), 10.09 (s, 4 H; surface NHAr), 10.23 (s, 2 H; inner NHAr);
13C NMR: d� 14.4, 28.4, 36.1, 36.4, 36.7, 36.9, 61.0, 77.8, 112.8, 113.3, 114.1,
114.7, 130.7, 136.0, 139.5, 139.9, 155.7, 165.7, 166.9, 169.7, 170.0; MS
(L-SIMS): m/z (%): 1297.6 (50) [M�Na]� ; elemental analysis calcd (%)
for C61H86N12O18 ´ H2O (1293.4): C 56.65, H 6.86, N 12.99; found C 56.77, H
6.77, N 13.31.


Boc-protected G3-ester dendron (14): General procedure III: Starting
from the G2-(carboxylic acid) dendron 8 (6.2 g, 5.0 mmol), after 72 h of
reaction the crude product was purified by flash chromatography on silica
gel (eluent: EtOAc/EtOH/THF, 14:1:1, gradient to 6:1:1) to yield the final
product 14 (4.8 g, 70 %) as a white amorphous solid. 1H NMR: d� 1.31 (t,
3J(H,H)� 7 Hz, 3H; CH3), 1.37 (s, 72 H; tBu), 2.47 (t, 3J(H,H)� 7 Hz, 16H;
surface CH2CO), 2.62 (br s, 12 H; middle and inner CH2CO), 3.21 (q,
3J(H,H)� 7 Hz, 16 H; surface NCH2), 3.52 (q, 3J(H,H)� 7 Hz, 12H; middle
and inner NCH2), 4.30 (q, 3J(H,H)� 7 Hz, 2 H; OCH2), 6.86 (t, 3J(H,H)�
7 Hz, 8 H; carbamate-NH), 7.68 (s, 8 H; surface ArH), 7.71 (s, 4H; middle
ArH), 7.97 (s, 2 H; inner ArH), 8.06 (s, 4H; surface ArH), 8.08 (s, 2H;
middle ArH), 8.21 (s, 1 H; inner ArH), 8.46 (t, 3J(H,H)� 7 Hz, 4H; surface
ArCONH), 8.50 (t, 3J(H,H)� 7 Hz, 2 H; inner ArCONH), 10.08 (s, 8H;
surface NHAr), 10.15 (s, 4H; middle NHAr), 10.23 (s, 2H; inner NHAr);
13C NMR: d� 14.4, 28.4, 36.1, 36.4, 36.6, 36.7, 36.9, 37.1, 61.0, 77.9, 112.8,
113.3, 114.1, 114.7, 130.7, 136.0, 139.5, 140.0, 155.7, 165.7, 166.9, 169.7, 169.8,
170.0; MS (L-SIMS): m/z (%): 2802.2 (100) [M�Na]� ; elemental analysis
calcd (%) for C133H182N28O38 ´ H2O (2799.1): C 57.07, H 6.63, N 14.01; found
C 56.72, H 6.77, N 13.62.


General procedure IVÐsyntheses of Boc-protected G2- to G4-dendrimers
(2 ± 4): A solution of the tetraammonium salt 15 (1 equiv) and DIPEA
(5 equiv) in DMSO (20 mL) was added in one portion to a mixture of the
Gn-(carboxylic acid) dendron (5 equiv) and HOBt (5 equiv) in DMF
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(150 mL). DCC (5 equiv) was then added and the reaction mixture was
stirred at room temperature for 48 ± 72 h. The precipitate was filtered off
and the solvents were removed in vacuo to leave a syrup, which was
redissolved in EtOAc/EtOH (10:1, 200 mL). The organic phase was then
washed with 5% aqueous KHSO4 (2� 200 mL) and water (2� 200 mL),
dried (Na2SO4), filtered, and concentrated on a rotary evaporator. The
concentrate was then purified by flash chromatography.


Boc-protected G2-dendrimer (2): General procedure IV: Starting from the
G1-(carboxylic acid) dendron 7 (2.5 g, 5 mmol), after 48 h of reaction the
target product 2 (1.8 g, 70%) was obtained as a white amorphous solid after
flash chromatography on silica gel (eluent: EtOAc/EtOH/THF, 12:1:1,
gradient to 6:1:1). 1H NMR: d� 1.37 (s, 72H; tBu), 2.47 (t, 3J(H,H)� 7 Hz,
16H; surface CH2CO), 2.63 (t, 3J(H,H)� 7 Hz, 8H; inner CH2CO), 3.21 (q,
3J(H,H)� 7 Hz, 16 H; surface NCH2), 3.39 (br s, 4H; core NCH2), 3.52 (q,
3J(H,H)� 7 Hz, 8H; inner NCH2), 6.86 (t, 3J(H,H)� 7 Hz, 8 H; carbamate-
NH), 7.68 (s, 8 H; surface ArH), 7.73 (s, 4 H, inner ArH), 8.06 (s, 4H; surface
ArH), 8.08 (s, 2 H; inner ArH), 8.46 (t, 3J(H,H)� 7 Hz, 4H; surface
ArCONH), 8.54 (t, 3J(H,H)� 7 Hz, 2 H; inner ArCONH), 10.08 (s, 8H;
surface NHAr), 10.15 (s, 4 H; inner CONHAr); 13C NMR (core NC
overlapped with solvent signals): d� 28.4, 36.1, 36.4, 36.7, 36.9, 77.8, 112.8,
113.2, 136.0, 139.5, 155.7, 166.8, 166.9, 169.7, 169.8; MS (L-SIMS): m/z (%):
2540.2 (10) [M�Na]� ; elemental analysis calcd (%) for C120H168N26O34 ´
H2O (2536.8): C 56.82, H 6.75, N 14.36; found C 56.51, H 6.66, N 14.79.


Boc-protected G3-dendrimer (3): General procedure IV: Starting from the
G2-(carboxylic acid) dendron 8 (6.2 g, 5 mmol), after 72 h of reaction the
target compound 3 (2.2 g, 40 %) was obtained as a white amorphous solid
after flash chromatography on alumina (eluent: EtOAc/EtOH/H2O, 7:1:0,
gradient to 7:1:0.02) followed by precipitation from MeOH/EtOAc.
1H NMR: d� 1.37 (s, 144 H; tBu), 2.47 (t, 3J(H,H)� 7 Hz, 32H; surface
CH2CO), 2.63 (br s, 24 H; middle and inner CH2CO), 3.21 (q, 3J(H,H)�
7 Hz, 32H; surface NCH2), 3.40 ± 3.60 (m, 28 H; middle, inner, and core
NCH2), 6.86 (t, 3J(H,H)� 7 Hz, 16H; carbamate-NH), 7.69 (s, 16 H; surface
ArH), 7.71 (s, 8 H; middle ArH), 7.74 (s, 4 H; inner ArH), 8.06 (s, 8H;
surface ArH), 8.10 (s, 6 H; middle and inner ArH), 8.47 (t, 3J(H,H)� 7 Hz,
8H; surface ArCONH), 8.51 (t, 3J(H,H)� 7 Hz, 4H; middle ArCONH),
8.57 (t, 3J(H,H)� 7 Hz, 2 H; inner ArCONH), 10.09 (s, 16 H; surface
NHAr), 10.16 (s, 12H; middle and inner NHAr); 13C NMR (core NC
overlapped with solvent signals): d� 28.4, 36.1, 36.4, 36.7, 36.9, 77.9, 112.8,
113.3, 136.0, 139.5, 155.7, 166.9, 169.8, 169.9; elemental analysis calcd (%)
for C264H360N58O74 ´ 3H2O (5584.2): C 56.78, H 6.61, N 14.55; found C 56.54,
H 6.56, N 14.50; Mw (MALLS)� 5600� 200 g molÿ1.


Boc-protected G4-dendrimer (4): General procedure IV: Starting from the
G3-(carboxylic acid) dendron 9 (6.9 g, 2.5 mmol), after 72 h of reaction the
product 4 (2.3 g, 40%) was obtained as a white amorphous solid after flash
chromatography on alumina (eluent: EtOAc/EtOH/H2O, 6:1:0, gradient to
6:1:0.02) followed by precipitation from MeOH/EtOAc. 1H NMR: d� 1.37
(s, 288 H; tBu), 2.48 (t, 3J(H,H)� 7 Hz, 64H; surface CH2CO), 2.52 ± 2.75
(m, 56H; middle and inner CH2CO), 3.21 (q, 3J(H,H)� 7 Hz, 64H; surface
NCH2), 3.53 (br s, 60H; middle, inner, and core NCH2), 6.86 (t, 3J(H,H)�
7 Hz, 32 H; carbamate-NH), 7.69 (s, 32H; surface ArH), 7.72 (s, 28H;
middle and inner ArH), 8.07 (s, 16 H; surface ArH), 8.10 (s, 14H; middle
and inner ArH), 8.46 (t, 3J(H,H)� 7 Hz, 16 H; surface ArCONH), 8.51 (t,
3J(H,H)� 7 Hz, 8 H; middle ArCONH), 8.57 (t, 3J(H,H)� 7 Hz, 4H; inner
ArCONH), 8.61 (t, 3J(H,H)� 7 Hz, 2H; inner ArCONH), 10.09 (s, 32H;
surface NHAr), 10.16 (s, 28H; middle and inner NHAr); 13C NMR (core
NC overlapped with solvent signals): d� 28.4, 36.1, 36.4, 36.7, 36.9, 77.9,
112.8, 113.3, 136.0, 139.5, 155.7, 166.9, 169.7, 169.8; elemental analysis calcd
(%) for C552H744N122O154 ´ 7H2O (11678.8): C 56.77, H 6.54, N 14.63; found C
56.33, H 6.73, N 14.53; Mw (MALLS)� 11000� 600 gmolÿ1.


(N-tert-Butyloxycarbonyl)heptylamine (16): A mixture of 1-heptylamine
(2.1 g, 10 mmol) and di(tert-butyl) carbonate (2.2 g, 10 mmol) in THF
(20 mL) was stirred at 20 8C for 12 h. The solvent was then removed in
vacuo and the residue was extracted with EtOAc (2� 50 mL). The organic
extracts were washed with saturated NaHCO3 (2� 50 mL), 5% KHSO4


(2� 50 mL), and water (2� 50 mL), dried (Na2SO4), and filtered. The
filtrate was concentrated to dryness on a rotary evaporator and the residue
was purified by column chromatography on silica gel (eluent: EtOAc/
hexane, 1:20) to give the target product 16 (1.5 g, 70%) as a colorless liquid.
1H NMR: d� 0.85 (t, 3J(H,H)� 7 Hz, 3 H; CH3), 1.20 ± 1.24 (m, 10H; CH2),
1.36 (s, 9H; tBu), 2.88 (q, 3J(H,H)� 7 Hz, 2H; NCH2), 6.76 (t, 3J(H,H)�
7 Hz, 1H; NH); 13C NMR (NC overlapped with solvent signals): d� 14.1,


22.2, 26.4, 28.5, 28.6, 29.7, 31.5, 77.4, 155.7; HRMS (L-SIMS): m/z : 216.1950
(C12H26NO2 requires 216.1957).


Heptyl benzamide (17): 1-Heptylamine (1.48 mL, 10 mmol) and triethyl-
amine (1.2 mL, 15 mmol) were added to a stirred solution of benzoyl
chloride (1.75 mL, 15 mmol) in dry THF (30 mL). The mixture was stirred
at 0 8C for 6 h and then the excess solvents were removed in vacuo. The
residue was redissolved in EtOAc (2� 50 mL) and washed with saturated
NaHCO3 (2� 50 mL), 5 % aqueous KHSO4 (2� 200 mL), and water (2�
200 mL), dried (Na2SO4), filtered, and concentrated to dryness on a rotary
evaporator. The residue was chromatographed on silica gel (eluent:
EtOAc/hexane, 1:8) to give the product 17 (1.5 g, 70%) as a white solid.
M.p. 34 ± 35 8C; 1H NMR: d� 0.85 (t, 3J(H,H)� 7 Hz, 3 H; CH3), 1.20 ± 1.35
(m, 8 H; CH2), 1.45 ± 1.60 (m, 2H; CH2), 3.24 (q, 3J(H,H)� 7 Hz, 2H;
NCH2), 7.40 ± 7.52 (m, 3H; ArH), 7.80 ± 7.88 (m, 2H; ArH), 8.44 (t,
3J(H,H)� 7 Hz, 1 H; NH); 13C NMR (NC overlapped with solvent signals):
d� 14.1, 22.3, 26.7, 28.7, 29.3, 31.5, 127.3, 128.4, 131.1, 134.9, 166,2; HRMS
(L-SIMS): m/z : 220.1699 (C14H22NO requires 220.1696).


Ethyl 3,5-di(acetamido)benzoate (18): A mixture of acetic anhydride
(4.0 mL) and the diamine 10 (0.4 g, 2.2 mmol) was stirred at 40 8C for 12 h.
The volatiles were then evaporated in vacuo and the residue was extracted
with EtOAc (2� 30 mL). The organic extracts were washed with saturated
NaHCO3 (2� 50 mL), 5 % aqueous KHSO4 (2� 200 mL), and water (2�
200 mL), dried (Na2SO4), filtered, and concentrated to dryness on a rotary
evaporator. The residue was chromatographed on silica gel (eluent:
EtOAc/hexane, 3:1) to give the product 18 (0.4 g, 70 %) as a white solid:
M.p. 142 ± 143 8C; 1H NMR: d� 1.31 (t, 3J(H,H)� 7 Hz, 3H; CH3), 2.04 (s,
6H; CH3CO), 4.30 (q, 3J(H,H)� 7 Hz, 2H; CH2), 7.90 (s, 2H; ArH), 8.18 (s,
1H; ArH), 10.15 (s, 2H; NH); 13C NMR: d� 14.4, 24.2, 61.0, 113.8, 114.4,
130.7, 140.1, 165.7, 168.8; MS (FAB): m/z (%): 264 (90) [M]� ; HRMS
(L-SIMS): m/z : 265.1188 (C13H17N2O4 requires 265.1184).


Heptyl 3,5-di[b-(N-tert-butyloxylcarbonylamino)propionamido]benz-
amide (19): A mixture of pentachlorophenol dicyclohexylcarbodiimide[25]


(0.8 g, 0.8 mmol) and G1-(carboxylic acid) dendron 7 (0.4 g, 0.8 mmol) in
DMF (20 mL) was stirred at 20 8C for 12 h. The reaction mixture was then
filtered and diluted with THF (20 mL). 1-Heptylamine (0.13 mL, 0.9 mmol)
and DIPEA (0.15 mL, 0.9 mmol) were added and the resulting mixture was
stirred at 20 8C for a further 12 h. The solvents were then evaporated on a
rotary evaporator, and the residue was taken up in ethyl acetate (30 mL).
The organic phase was washed with saturated NaHCO3 (2� 50 mL), 5%
aqueous KHSO4 (2� 200 mL), and water (2� 200 mL), dried (Na2SO4),
filtered, and concentrated to dryness on a rotary evaporator. The residue
was chromatographed on silica gel (eluent: EtOAc/hexane, 3:1) to give the
product 19 (0.35 g, 75%) as a white solid. M.p. 92 ± 93 8C; 1H NMR: d�
0.84 (t, 3J(H,H)� 7 Hz, 3 H; CH3), 1.20 ± 1.40 (m, 10H; CH2), 1.38 (s, 18H;
tBu), 2.47 (t, 3J(H,H)� 7 Hz, 4 H; CH2CO), 3.20 ± 3.35 (m, 6H; NCH2),
6.85 (t, 3J(H,H)� 7 Hz, 2H; carbamate-NH), 7.65 (s, 2 H; ArH), 8.05 (s,
1H; ArH), 8.32 (t, 3J(H,H)� 7 Hz, 1 H; ArCONH), 10.05 (s, 2H; NHAr);
13C NMR (one NC obscured by solvent signals): d� 14.2, 22.3, 26.6, 28.4,
28.7, 29.3, 31.5, 36.7, 36.9, 77.8, 112.6, 113.2, 136.4, 139.4, 155.7, 166.7, 169.7;
elemental analysis calcd (%) for C30H49N5O7 (591.7): C 60.89, H 8.53, N
11.84; found C 60.73, H 8.46, N 11.69.


Proton ± deuterium exchange experiments : The experimental methodology
of the proton exchange study was an adaptation of that reported by
Krishna.[26] [D6]DMSO was treated with 3 � molecular sieves for 2 days
and the dendrimer samples were stored at 60 8C under high vacuum
(0.01 mmHg) for 3 weeks to remove the residual solvents and moisture. In a
typical example, a 4% (w/v) solution of G2-dendrimer 2 in [D6]DMSO
(0.50 mL) was prepared in a pre-dried NMR tube. D2O (50 mL) was then
added by means of a microsyringe and a series of 1H NMR spectra was
recorded at regular time intervals (�10 min, acquisition time �1 min per
spectrum) until all NÿH signals had vanished. From the relative integrals
thus obtained, a pseudo first-order rate constant for the PDX process of a
particular proton ± deuterium exchangeable functionality was computed,
from which an exchange half-life t1/2 (time for 50 % of the protons in such a
functionality to be exchanged) was evaluated.[20]


Variable-temperature NMR experiments : A 3% (w/v) solution of the G2-
dendrimer 2 in [D6]DMSO was prepared in an NMR tube, tetramethylsi-
lane was added as an internal standard, and the tube was sealed. The VT-
NMR experiment was performed on a Varian 400 MHz NMR spectrom-
eter. Spectra were recorded at 298, 303, 313, and 323 K, as set by a
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temperature programmer. The temperature coefficient jDd/DT j was
obtained by measuring the slope of a graph of chemical shift (d) versus
temperature (K).


Determination of dendrimer purity and Mw by gel-permeation chromatog-
raphy with multi-angle laser light scattering/refractive index detectors
(GPC-MALLS/RI)


General : Polystyrene standards were purchased from Aldrich and used for
the calibration of the laser refractometer, normalization of the MALLS
instrument, and as test samples for the GPC-MALLS/RI system. For
calibration of the MALLS detector, HPLC grade toluene was used.
Distilled (over CaH2) DMF was used as the mobile phase for both GPC-
MALLS/RI and off-line dn/dc measurements. For the preparation of
standard and sample solutions, the distilled DMF was further clarified by
passage through an Anotop 10 membrane filter (purchased from What-
man) of 0.2 mm pore size. The GPC-MALLS/RI system was configured by
connecting the various detector modules with polyether ether ketone
(PEEK) tubing of 0.01 inch internal diameter to minimize the dead volume.
A pressure damper was installed just before the injector port to ensure a
smooth mobile-phase delivery. As mentioned above, DMF was employed
as the mobile phase and was delivered by means of a Waters 510 HPLC
pump. Two styragel HR-1 and HR-3 GPC columns (purchased from
Waters) were connected in series for sample separation. The static light
scattering and refractive index signals were measured with a multi-angle
DAWN� DSP laser photometer (He-Ne laser, output power� 5 mW at
l0� 632.8 nm, purchased from Wyatt Technology) and an LR40 refrac-
tometer (purchased from Viscotek), respectively.


dn/dc measurement : The dn/dc measuring system was set up by connecting
the HPLC pump directly to the LR40 refractometer and the dn/dc values of
the dendrimers were measured in off-line mode. Stock solutions (20.0 mL,
�3.4 mgmLÿ1) of known concentrations of the G1- to G4-dendrimers 1 ± 4
were prepared in clarified DMF and were allowed to stand overnight to
ensure complete dissolution. For each of the stock solutions, a series of
dilutions was made so as to obtain five sample solutions of different
concentrations (at approximately 0.4, 0.9, 1.4, 1.9, and 2.4 mg mLÿ1), each
with a volume of 5.0 mL. A 1.0 mL sample loop was used for sample
loading. At least 2.5 mL of the sample solution was injected for each
analysis. The sample in the loop was delivered by a DMF mobile phase at a
flow rate of 0.6 mL minÿ1. The temperature of the refractive index
measurement was maintained at 21 8C. The recorded RI signal was
converted to the refractive index by multiplying the value by the calibration
constant of the laser refractometer. A graph of refractive index values
plotted against the corresponding dendrimer concentrations was obtained.
The slope of the graph thus gave the dn/dc of the dendrimer. The measured
dn/dc values of the G1- to G4-dendrimers 1 ± 4 were 0.100, 0.121, 0.132, and
0.134 mL gÿ1, respectively.


Mw determination : Six sample solutions were prepared from the G1- to G4-
dendrimers 1 ± 4 (�40 mg) and two polystyrene standards (�7 mg) by
individually dissolving the samples in 2.0 mL aliquots of clarified DMF;
these solutions were allowed to stand overnight to ensure complete
dissolution. A 200 mL sample loop was used for sample loading and the flow
rate of the mobile phase was set at 1.0 mL minÿ1. The temperature of the
MALLS and RI detectors was kept at 21 8C. The dn/dc values of the
dendrimers obtained from the off-line measurement were entered man-
ually into an ASTRA program (purchased from Wyatt Technology). Data
from the MALLS and RI detectors were processed by the ASTRA
software to generate the Mw of the injected dendrimer. The molar masses of
the G1- to G4-dendrimers 1 ± 4 were determined by injecting 1.5 ± 2.5%
(w/v) sample solutions in DMF into the GPC-MALLS/RI system. Two
polystyrene standards (Mw� 3.0� 103 and 3.0� 104) were also analyzed
under same experimental conditions to check the reliability of the method.
The measured Mw values of the dendrimers 1 ± 4 are given in Table 2.


Aggregation study by dynamic laser light scattering (DLLS): Details of the
DLLS instrumentation and theory have been reported previously.[27]


Sample solutions of 10.0 mgmLÿ1 of the G2- to G4-dendrimers 2 ± 4 were
prepared by dissolving the samples in clarified DMF. The solutions were
allowed to stand overnight to ensure complete dissolution and then
clarified by passage through a 0.2 mm pore size filter to achieve a dust-free
state. The hydrodynamic radii of the dendrimers were measured on a
modified commercial LLS spectrometer (ALV/SP-125) equipped with a
multi-t digital time correlation unit (ALV5000) and a solid-state laser


(ADLAS DPY425II, output power 400 mW at l0� 532 nm) as light source.
The effects of varying the temperature and solvent on the hydrodynamic
radius distribution function were studied for the G2-dendrimer 2 by raising
the temperature from 25 8C to 35 8C and by titrating the initial DMF sample
solution with the solvent of interest.
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ªDimersº and ªTrimersº of Tetrahydroindenes and Hexahydroazulenes,
Respectively Generated from [2-(1-Cycloalkenyl)ethynyl]carbene Complexes
(M�W, Cr) by Cascade Cyclization/Cycloaddition Reactions**


He-Ping Wu, Rudolf Aumann,* Roland Fröhlich, and Pauli Saarenketo[a]


Abstract: A cascade of cyclization/cy-
cloaddition reactions was triggered by
addition of protic oxygen nucleophiles
ROH 2 (RO�CH3CO2, PhCO2, PhO)
to [2-(1-cyclohexenyl)ethynyl]carbene
complexes 1 b and 1 c (M�W, Cr, re-
spectively), affording highly strained
ªdimersº 11/11' and ªtrimersº 12 of the
carbene ligand. The first reaction step
involved the formation of 1-metalla-
1,3,5-hexatrienes 7, which readily gave
tetrahydroindenes 8 by p cyclization and
extrusion of the metal unit. ªDimersº
11/11' were generated from tetrahy-
droindenes 8 by a highly exo selective
[4�2] cycloaddition of compounds 1 b
and 1 c to afford 1-metalla-1,3,5-hexa-


triene intermediates 9, and a spontane-
ous p cyclization of the latter com-
pounds involving the disengagement of
the metal unit. Propenylidene cyclohex-
enes 13/13' were formed in ªeneº-type
side reactions to the p cyclization of
1-metalla-1,3,5-hexatrienes 7, by loss of
the metal unit. ªDimersº 11 were trans-
formed into ªtrimersº 12 by a [4�2]
cycloaddition and subsequent p-cycliza-
tion of the resulting 1-metalla-1,3,5-


hexatriene system. The course of the
reaction was elucidated by means of
model reactions with (2-phenylethynyl)-
carbene complex 14, in which 1-metalla-
1,3,5-hexatriene intermediates 16 and 17
were isolated and characterized. Al-
kynyl benzene derivatives 19 were ob-
tained by an unprecedented ring-expan-
sion of a cyclopentadiene unit of ªdim-
ersº 11 a and 11 c, involving the insertion
of a carbene carbon atom of compound
14 into a C�C bond. A reaction cascade
leading to ªdimersº 24/24' could also be
triggered by treatment of compounds 2
with [2-(1-cycloheptenyl)ethynyl]car-
bene tungsten complex 1 d.


Keywords: alkynes ´ CÿC coupling
´ carbene complexes ´ cascade re-
actions ´ cyclopentadienyl ligands ´
tungsten


Introduction


(1-Alkynyl)carbene complexes [(CO)5M�C(OEt)C�CR]
(M�Cr, W) have been utilized as stochiometric reagents in
a number of high-yielding transformations potentially useful
in organic synthesis.[2] We previously reported on the for-
mation of cyclopentadiene rings[3] by p cyclization of 1-metal-
la-1,3,5-hexatrienes,[4] which were generated from [2-(1-cyclo-
alkenyl)ethynyl]carbene complexes 1 a ± d by addition of
protic nucleophiles NuH (NuH�R2NH,[5] R2PH,[5]


RC(�O)OH and ROH,[6] RC(�X)SH (X�O, NH, NR),[7]


and RSH[1]).[8] Whilst addition of nitrogen, phosphorus, and
sulfur nucleophiles resulted in production of cyclopentadiene
complexes, oxygen nucleophiles afforded metal-free cyclo-
pentadienes. It was shown, for example, that addition of ROH


(R� aryl, aroyl, and acyl) to the [2-(1-cyclopentenyl)ethynyl]-
carbene tungsten complex 1 a gave highly reactive tetrahy-
dropentalenes 4 through p cyclization of the 1-tungsta-1,3,5-
hexatriene intermediates 3 (Scheme 1).[6] Compounds 4
underwent a cascade of reactions, initiated by [2�2] cyclo-
addition with (1-alkynyl)carbene complex 1 a to give com-
pounds 5, from which pentacyclic compounds 6 were finally
derived. The reaction between the tetrahydropentalenes 4
and (1-alkynyl)carbene complex 1 a was regioselective and
highly exo stereoselective. [2�2] Cycloadducts 5 were formed,
but no [4�2] cycloadducts, apparently because of the inherent
ring-strain of the tetrahydropentalene systems 4. We now
report on studies of homologous ring compoundsÐnamely
tetrahydroindenes 8 and hexahydroazulenes 21Ðgenerated
by addition of protic oxygen nucleophiles ROH 2 to [2-(1-
cyclohexenyl)ethynyl]carbene complexes 1 b and 1 c (see
Scheme 2) and [2-(1-cycloheptenyl)ethynyl]carbene complex
1 d (see Scheme 6), respectively, which underwent a quite
different type of cascade reactions.


Results and Discussion


Cascade reactions of [2-(1-Cyclohexenyl)ethynyl]carbene
complexes 1 b and 1 c: [2-(1-Cyclohexenyl)ethynyl]carbene


[a] Prof. Dr. R. Aumann, Dr. H.-P. Wu, Dr. R. Fröhlich[�] ,
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Fax: (�49) 251-833-6502
E-mail : aumannr@uni-muenster.de


[�] Crystal structure analyses


[**] Organic Syntheses via Transition Metal Complexes, Part 106; Part
105: See ref. [1] .
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Scheme 1. 1,3-Dioxytetrahydropentalenes 4 from [2-(1-cyclopentenyl)-
ethynyl]carbene complex 1a and [2�2] cycloadducts 5 derived from it.


complexes 1 b and 1 c reacted with protic nucleophiles ROH
2 a ± c even at 20 oC, if triethylamine was added as catalyst
(Scheme 2). Unlike in the corresponding reactions of the
[2-(1-cyclopentenyl)ethynyl]carbene complex 1 a (Scheme 1),
no stable metal complexes could be isolated in these cases.
Only metal-free compounds were obtained: carbene ligand
ªdimersº 11/11'a ± c and ªtrimersº 12 a ± c, and small amounts
of propenylidene cyclohexenes 13/13'a and 13/13'b.


The cascade reaction afforded bowl-shaped ªoligomersº
through a sequence of regioselective and exo stereoselective
[4�2] cycloaddition reactions of the cyclopentadiene units,
generated by p cyclization of 1-metalla-1,3,5-hexatriene
precursors, to the C�C bond of the (1-alkynyl)carbene
complexes 1 b and 1 c. Since, for steric reasons, the reactivities
of ªdimersº 11 towards exo [4�2] cycloaddition of compounds
1 b and 1 c are distinctly higher than those of the diaster-
eomers 11', the latter compounds accumulated in the reaction
mixture. Quite evidently, the stereoinduction of the p


cyclization of the 1-metalla-1,3,5-hexatriene unit increases
with the progress of oligomerization. Whilst a diastereoselec-
tivity of about 5:3 is achieved for the formation of ªdimersº
11/11', essentially diastereomerically pure ªtrimersº 12 are
generated from compounds 11 under the influence of the
more extended ring system.


The product ratio of compounds 11:11':12 :13 :13' depends
on the molar ratio of starting components. A shift towards the
formation of ªtrimersº 12 could be experimentally verified if


an excess of [2-(1-cyclohexenyl)ethynyl]carbene complex 1 b
was applied. The product composition given in Scheme 1 is
based on the integration of typical olefinic signals in the
1H NMR spectra of the corresponding reaction mixtures prior
to chromatography. A different product ratio was observed
after chromatographic work-up, due to the instability of the
products (especially of compounds 13/13') in solution on
contact with silica gel.


8 ± 12 M [a] RO (11� 11')[%][b] 12 [%][b] 11 :11':12 :13 :13'[d]


a W 1:1 CH3CO2 52 15 10:6:3:5:3
a W 2:1 CH3CO2


[c] [c] 10:3:27:3:1
a Cr 1:1 CH3CO2 63 [c] 10:4:0:0:0
b W 1:1 PhCO2 25 19 10:4:10:20:6
b W 2:1 PhCO2


[c] [c] 10:6:20:10:4
c W 1:1 PhO 53 21 10:7:5:0:0
c W 2:1 PhO [c] [c] 10:5:15:0:0


[a] Molar ratio of starting components. [b] Yields of isolated products
calculated with respect to consumption of (1-alkynyl)carbene complexes
1b and 1c, respectively. [c] Yields of isolated products not determined.
[d] Molar ratio of products according to 1H NMR spectra of the reaction
mixtures. For compounds 13/13' see Scheme 3.


Scheme 2. ºDimersº 11/11' and ºtrimersº 12 from [2-(1-cyclohexenyl)-
ethynyl]carbene complexes 1b and 1 c by a cascade of cyclization/[4�2]
cycloaddition reactions. 1b: M�W; 1c : M�Cr; 2a : RO�CH3CO2; 2b
PhCO2; 2c : PhO.
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Compounds 11 and 11' could not be separated by chroma-
tography on silica gel, but nevertheless could be fully
characterized by NMR spectra, 1J(C,H), 2J(C,H), 3J(C,H)
coupling, TOCSY, and NOE experiments, with mixtures
displaying two sets of signals. 1H NMR spectra exhibited
typical signals for 8-H,[9] 12-H, and 18-H, as well as the
diastereotopic protons 9-OCH2 and 11-OCH2 {for example:
11 a [11'a]: 8-H, d� 3.04 [3.13]; 12-H, 2.43 [2.46]; 18-H, 6.51
[6.32]; diastereotopic 9-OCH2, 4.30 and 4.06 [4.23 and 4.07];
diastereotopic 11-OCH2, 3.75 and 3.55 [3.74 and 3.52]}.
Further characteristics were supplied by the strong downfield
shifts of the bridgehead CH groups C8 and C12 (for example:
11 a [11'a]: C8, d� 57.1 [56.4]; C12, 68.7 [68.5]). The striking
lowfield shift of signal C12 was attributed to the bond strain
exhibited by the norbornene unit (vide infra). The assignment
of the cyclohexyl protons to their appropriate isomers is on
the basis of TOCSY experiments.


The coupling patterns of compounds 12 were fully analyzed
by NMR spectra, 1J(C,H), 2J(C,H), 3J(C,H) coupling, TOCSY,
and NOE experiments. The chemical shifts of signals 8-H,[9]


14-H, 21-H, and 27-H, as well as of the diastereotopic groups
9-OCH2, 11-OCH2, and 13-OCH2 (for example: 12 a : 8-H,
d� 2.99; 14-H, 2.45; 21-H, 2.82; 27-H, 6.55; 9-OCH2, 4.24 and
4.18; 11-OCH2, 3.88 and 3.61; 13-OCH2, 3.81 and 3.45) are
found in a typical range. A characteristic lowfield shift of the
bridgehead CH signals (vide supra) C8, C14, and C21 was
found (for example: 12 a : C8, d� 57.5; C14, 76.5; C21, 66.5).
Assignment of proton signals to the different cyclohexyl units
is on the basis of TOCSY experiments. NOE enhancements
were observed between 8-H[9] and 4-Hax (NOE��), as well as
between 8-H and 7-Heq (NOE�).


The structural assignment of ªtrimerº 12 a was confirmed
by a crystal structure analysis (Figure 1). Clearly, the ªbowl
shapeº geometry of the molecule results from two exo [4�2]
cycloadditions of the cyclopentadiene units of compounds 8
and 11, respectively, to the C�C bond of the (1-alkynyl)car-
bene complexes. In line with the striking lowfield shift of the
carbon signals of the bridgehead CH groups (vide supra), the
bond angles of the corresponding carbon atoms (which are
numbered subsequently as indicated in Figure 1) are strongly
distorted from the ªnormalº tetrahedral configuration: C4
(C5-C4-C3 120.6o, C5-C4-C9 113.9o, C3-C4-C9 92.9o), C16
(C15-C16-C11 113.0o, C15-C16-C26 119.0o, C11-C16-C26
95.9o) and C23 (C24-C23-C18 103.6o, C24-C23-C22 118.0o,
C18-C23-C22 110.5o).


The marked influence of the ring size of [2-(1-cycloalkenyl)-
ethynyl]carbene complexes 1 a ± c on the completely different
courses of cascade reactions shown in Scheme 1 and Scheme 2
is attributable mainly to two effects: a) the increase in
reactivity towards [2�2] cycloadditions to the ªbridgeheadº
C�C bond induced by the higher ring strain in the tetrahy-
dropentalene skeleton 4 relative to the tetrahydroindene
skeleton 8, and b) the large destabilization of the norbornene
skeleton resulting from [4�2] cycloaddition of the tetrahy-
dropentalene 4, due to the ring strain implicit in an annelated
cyclopentane ring. Notably the p cyclization of the 1-metalla-
1,3,5-hexatriene intermediates is also influenced by ring strain
effects. For example, the ring strain induced by the cyclo-
butene ring annelated to the 1-metalla-1,3,5-hexatriene unit of


Figure 1. Molecular structure of ºtrimerº 12a. Selected bond lengths [�]
and angles [o]: C1ÿC2 1.314(3), C1ÿC9 1.543(2), C2ÿC3 1.542(3), C3ÿC27
1.528(3), C3ÿC4 1.561(3), C4ÿC9 1.562(3), C9ÿC10 1.525(3), C10ÿC27
1.337(3), C10ÿC11 1.535(3), C11ÿC17 1.524(3), C11ÿC16 1.552(3),
C16ÿC26 1.567(3), C17ÿC18 1.333(3), C17ÿC25 1.478(3), C18ÿC23
1.517(3), C23ÿC24 1.511(3), C24ÿC25 1.345(3), C25ÿC26 1.540(3),
C26ÿC27 1.510(3); C2-C1-O28 133.8(2), C2-C1-C9 110.6(2), O28-C1-C9
115.6(2), C1-C2-C3 105.3(2), O35-C3-C27 119.4(2), O35-C3-C2 111.2(2),
C27-C3-C2 106.7(2), O35-C3-C4 119.9(2), C27-C3-C4 97.0(2), C2-C3-C4
100.1(2), C8-C9-C10 122.7(1), C8-C9-C1 116.2(1), C10-C9-C1 104.9(2), C8-
C9-C4 114.2(2), C10-C9-C4 97.2(2), C1-C9-C4 97.3(2), C27-C10-C9
108.0(2), C27-C10-C11 108.9(2), C9-C10-C11 135.8(2), C12-C11-C17
121.9(2), C12-C11-C10 118.0(2), C17-C11-C10 100.6(1), C12-C11-C16
114.9(2), C17-C11-C16 98.8(2), C10-C11-C16 98.5(1), C15-C16-C11
113.0(2), C15-C16-C26 119.0(2), C11-C16-C26 95.9(1), C18-C17-C25
111.9(2), C18-C17-C11 140.6(2), C25-C17-C11 107.0(2), C17-C18-C19
133.7(2), C17-C18-C23 107.3(2), C19-C18-C23 118.9(2), C24-C23-C18
103.6(2), C24-C23-C22 118.0(2), C18-C23-C22 110.5(2), C25-C24-O32
133.8(2), C25-C24-C23 109.7(2), O32-C24-C23 116.5(2), C24-C25-C17
107.5(2), C24-C25-C26 146.8(2), C17-C25-C26 104.8(2), O38-C26-C27
113.9(2), O38-C26-C25 121.3(2), C27-C26-C25 101.7(2), O38-C26-C16
118.3(2), C27-C26-C16 99.4(2), C25-C26-C16 98.6(2), C10-C27-C26
108.7(2), C10-C27-C3 107.3(2), C26-C27-C3 136.2(2).


compounds 5 effects an ªatypicalº p cyclization involving the
insertion of carbon monoxide to give a 1,2-dioxybenzene 6
instead of a cyclopentadiene ring (Scheme 1).[6,8b] Less
strained 1-metalla-1,3,5-hexatrienes, like compounds 7 and
9, undergo a ªtypicalº p-cyclization with formation of a
cyclopentadiene ring.[10] ªEneº-type reactions must be taken
into account as potential side reactions to the p-cyclization of
1-metalla-1,3,5-hexatrienes which contain hydrogen atoms in
allylic positions.[12b] ªEneº-type reactions seem very much to
depend on the conformation of a-CH bonds adjacent to the p


system under consideration. They are not observed for
1-tungsta-1,3,5-hexatrienes derived from [2-(1-cyclopentenyl)-
ethynyl]carbene complexes 1 a, but are observed for 1-tung-
sta-1,3,5-hexatrienes 7 derived from [2-(1-cyclohexenyl)ethy-
nyl]carbene complexes 1 b. This side reaction affords mixtures
of conjugated hexatrienes 13/13', which are assumed to be
derived from the corresponding stereoisomeric 1-tungsta-
1,3,5-hexatriene precursors s-trans-7 and s-cis-7[11] by hydro-
gen transfer and disengagement of the W(CO)5 unit
(Scheme 3).[12] The fact that different amounts of ªeneº
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products are obtained from five- and six-membered ring
compounds, respectively, is attributable mainly to ring con-
formational effects.


The structural assignment for compounds 13/13' is on the
basis of NMR spectra, 1J(C,H), 2J(C,H), and 3J(C,H) coupling,
TOCSY, and NOE experiments. The coupling constants of the
AB-system of the enol ether unit are in conformity with the Z
configuration (13 a : 3J� 7.2 Hz; 13'a : 7.2 Hz). The olefinic
protons of the cyclohexene ring show characteristic vicinal
couplings (13 a : 3J� 9.8 Hz; 13'a : 9.8 Hz) and couplings to the
neighboring methylene group. An NOE enhancement of the
highfield proton 2'-H of the enol ether unit by a ring
methylene group 4-H2 was observed for compound 13 a, but
not for its isomer 13'a.


Trapping of tetrahydroindenes 8 by competition reactions: It
has been postulated above that 1,3-dioxy tetrahydroindenes 8
would be generated from [2-(1-cyclohexenyl)ethynyl]carbene
complexes 1 b and 1 c via 1-metalla-1,3,5-hexatrienes 7 and
would undergo [4�2] cycloadditions with the starting com-
plexes 1 b and 1 c to give 1-metalla-1,3,5-hexatrienes 9
(Scheme 2). We now provide experimental evidence for the
intermediacy of tetrahydroindenes 8 by means of competition
experiments, in which a mixture of two different (1-alkynyl)-
carbene tungsten complexes 1 b and 14 was treated with acetic
acid (2 a)(Scheme 4). The reaction afforded a mixture of
products, from which ªdimersº 11 a/11'a and a 4-acetoxy-1-
tungsta-1,3-butadiene (15) were isolated, together with a
small amount of a (cyclobutenyl)carbene complex (16). The
last-mentioned compound apparently results from [2�2]
cycloaddition of tetrahydroindene 8 a to (1-alkynyl)carbene
complex 14. It should be noted that compounds 10, products
of [2�2] cycloaddition of [2-(1-cyclohexenyl)ethynyl]carbene
complex 1 b to tetrahydroindenes 8 (Scheme 2), were not


Scheme 4. Trapping of tetrahydroindene 8 a by competition reactions with
different (1-alkynyl)carbene tungsten complexes.


detected in the reaction mixture, although we cannot rule out
their having been formed in very minor quantities.


Compound 16 exhibits spectroscopic features typical of (4-
oxy-cyclobutenyl)carbene tungsten complexes.[6,13,14] Most
notably, the 13C NMR shift of the W�C unit, d� 319.2, is
observed in a range characteristic of nonconjugated 1-tungsta-
1,3,5-hexatrienes, thus indicating a presumably strong dis-
tortion of the W�C unit relative to the C�C unit and only
slight p conjugation resulting from it. Structural character-
istics of compound 16 were determined by a crystal structure
analysis (Figure 2). The W�C18ÿC1�C2 component is twisted


Figure 2. Molecular structure of compound 16. Selected bond lengths [�]
and angles [o]: C1ÿC2 1.345(3), C1ÿC18 1.471(2), C1ÿC4 1.531(2), C2ÿC12
1.456(3), C2ÿC3 1.519(2), C3ÿC4 1.574(3), C4ÿO22 1.453(2), C4ÿC5
1.480(3), C5ÿC6 1.330(3), C6ÿC7 1.498(3), C18ÿO19 1.312(2), C18ÿW1
2.161(2); C2-C1-C18 135.3(2), C2-C1-C4 93.4(2), C18-C1-C4 131.4(2), C1-
C2-C12 134.7(2), C1-C2-C3 95.2(2), C12-C2-C3 130.1(2), C11-C3-C2
116.5(2), C11-C3-C7 112.9(2), C2-C3-C7 116.1(2), C11-C3-C4 117.4(2),
C2-C3-C4 85.4(1), C7-C3-C4 105.4(1), O22-C4-C5 114.3(2), O22-C4-C1
112.1(1), C5-C4-C1 121.6(2), O22-C4-C3 113.0(1), C5-C4-C3 106.0(2), C1-
C4-C3 86.0(1), C6-C5-C4 109.9(2), C5-C6-O26 129.6(2), C5-C6-C7
115.8(2), O26-C6-C7 114.6(2), C6-C7-C8 113.1(2), C6-C7-C3 102.7(2),
C8-C7-C3 113.0(2), O19-C18-C1 106.0(2), O19-C18-W1 133.5(1), C1-C18-
W1 120.4(1).


13,13' RO [13] %[a] (13/13')[b]


a CH3CO2
[c] 5:3


b PhCO2 26 10:3


[a] Yields of isolated products in [%] calculated with respect to compound
1b. [b] Product ratio determined by 1H NMR spectra. [c] Not isolated.


Scheme 3. Formation of ºeneº products 13/13' in competition with the p


cyclization of 1-metalla-1,3,5-hexatrienes.
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by ÿ91.1(2)o, and the C1�C2ÿC12�C13 moiety adopts an
only slightly tilted s-trans arrangement, with an dihedral angle
of ÿ12.4(3)o. The cyclohexane ring is forced into a boat
conformation by ring strain. The cyclobutenyl ring exhibits a
typical trapezoidal shape, characterized by the pattern of
bond lengths (C1�C2 1.345(3), C2ÿC3 1.519(2), C3ÿC4
1.574(3), C1ÿC4 1.531(2) �) and bond angles (C1-C2-C3
95.2(2)o, C2-C3-C4 85.4(1)o, C1-C4-C3 86.0(1)o, C2-C1-C4
93.4(2)o).


[4�2] Cycloaddition and ring-expansion of ªdimersº 11: was
postulated above that ªtrimersº 12 would be generated from
ªdimersº 11 in two steps involving a [4�2] cycloaddition of [2-
(1-cyclohexenyl)ethynyl]carbene complex 1 b and a subse-
quent p cyclization of the adducts. Even though reaction
intermediates had not been characterized in this case, we were
able to obtain a stable [4�2] cycloadduct 17 from treatment of
ªdimersº 11 a and 11 c with (2-phenylalkynyl)carbene com-
plex 14 and thus provide evidence of the feasibility of the
reaction course postulated above. Compounds 17 a and 17 c
were isolated by chromatography in only 22 ± 32 % yields,
apparently because of their instability on contact with silica
gel. The major products of this reaction were compounds 19 a
and 19 c, generated by ring-expansion of the cyclopentadiene
unit of compounds 11 (Scheme 5). It is assumed that these
products are derived from compounds 11'' via fragmentation
of cyclopropanation products 18, although reactions of (1-
alkynyl)carbene complexes 1 to give cyclopropanation prod-
ucts have not been reported to date. It may be due to the
lower reactivity of (2-phenylalkynyl)carbene complex 14,
relative to [2-(1-cyclohexenyl)ethynyl]carbene complex 1 b,
that an appreciable amount of compounds 11 underwent a


double bond isomerization to compounds 11'' rather than a
[4�2] cycloaddition. Because of the special geometry of the
diene portion of compounds 11'', a [4�2] cycloaddition would
afford much more strained adducts than a [2�1] addition
ultimately yielding phenylethynyl compounds 19 a and 19 c.
Notably, this type of reaction has not been observed on
treatment of [2-(1-cyclohexenyl)ethynyl]carbene complex 1 b
with ªdimersº 11 a and 11 c.


Compounds 17 and 19 were characterized by NMR spectra.
The carbon signals of the bridgehead CH groups are observed
at very low field (17 a : d� 71.7 and 63.7; 17 c : d� 71.7 and
63.7; 19 a : d� 77.0; 19 c : d� 76.7), in a range similar to that
observed in compounds 11, 11', and 12 (vide supra). A strong
distortion of bond angles at this bridgehead CH moiety was
confirmed by the crystal structure analysis of compound 19 a
(C22-C21-C28 118.8(3)8, C22-C21-C20 114.0(3)8, and C28-
C21-C20 93.3(2)8 ; Figure 3).


Figure 3. Molecular structure of phenylethynyl compound 19a. Selected
bond lengths [�] and angles [o]: C11ÿC29 1.367(5), C11ÿC12 1.409(4),
C12ÿC13 1.402(4), C12ÿC121 1.427(5), C121ÿC122 1.195(5), C122ÿC123
1.445(5), C13ÿC18 1.404(5), C18ÿC19 1.387(4), C19ÿC29 1.401(4),
C19ÿC20 1.549(4), C20ÿC21 1.558(4), C20ÿC26 1.524(4), C21ÿC28
1.543(5), C26ÿC27 1.316(4), C26ÿO261 1.387(4), C27ÿC28 1.519(5),
C28ÿC29 1.542(4); C29-C11-C12 119.5(3), C13-C12-C11 120.4(3), C13-
C12-C121 120.5(3), C11-C12-C121 119.1(3), C122-C121-C12 177.6(4),
C121-C122-C123 177.9(4), C12-C13-C18 120.1(3), C12-C13-C14 118.4(3),
C18-C13-C14 121.4(3), C19-C18-C13 117.9(3), C19-C18-C17 121.6(3), C13-
C18-C17 120.5(3), C18-C19-C29 122.2(3), C18-C19-C20 132.2(3), C29-C19-
C20 105.6(3), C25-C20-C26 117.3(3), C25-C20-C19 122.4(3), C26-C20-C19
104.5(3), C25-C20-C21 112.4(3), C26-C20-C21 98.3(2), C19-C20-C21
97.9(2), C22-C21-C28 118.8(3), C22-C21-C20 114.0(3), C28-C21-C20
93.3(2), C27-C26-O261 133.0(3), C27-C26-C20 110.3(3), O261-C26-C20
116.5(3), C26-C27-C28 105.7(3), O281-C28-C27 110.4(3), O281-C28-C21
119.1(3), C27-C28-C21 101.2(3), C27-C28-C29 106.0(3), C21-C28-C29
97.6(2), C11-C29-C19 119.8(3), C11-C29-C28 133.8(3), C19-C29-C28
106.5(3).


Cascade reactions of [2-(1-cycloheptenyl)ethynyl]carbene
complex 1 d: The strong influence of conformational and ring
strain effects on the course of cascade reactions of cyclo-
pentenyl- (1 a) and (cyclohexenyl)ethynyl carbene complexes
(1 b and 1 c) prompted us to investigate the influence of a
seven-membered ring in (2-cycloheptenyl)ethynyl carbene
complex 1 d. Compounds 1 d reacted with protic nucleophiles
ROH 2 a ± c in the presence of triethylamine even at 20 oC, to
give ªdimersº 24/24' (Scheme 6), as well as propenylidene


17,19 RO 17 [%][a] 19 [%][a]


a CH3CO2 22 46
c PhO 32 43


[a] Yields of isolated products.


Scheme 5. [4�2] Cycloaddition and ring-expansion involving the insertion
of a carbene carbon atom into a C�C bond of ºdimerº 11.
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cycloheptenes 25/25' (Scheme 7). The results are similar to
those observed for the six-membered compounds (Schemes 2
and 3), except that no ªtrimersº were obtained in this case.


Scheme 7. Formation of propenylidene cycloheptenes 25/25' as side
products to 1,3-dioxy hexahydroazulenes 21.


Compounds 24/24' and 25/25' were fully characterized by
NMR spectra. The bridgehead CH groups exhibit lowfield
shifts (24 a : d� 73.1 and 61.0, 24'a : d� 73.2 and 60.0), similar
to those observed for the six-membered compounds 11 and 11'
(vide supra). The configuration of compounds 25 and 25' was
assigned in analogy to compounds 13 and 13'.


Conclusion


1. ºDimersº 11/11' and ªtrimersº 12 were generated from [2-
(1-cyclohexenyl)ethynyl]carbene complexes 1 b and 1 c by
cascade reactions involving a sequence of highly exo-
selective [4�2] cycloaddition steps and the p cyclization of
1-metalla-1,3,5-hexatriene intermediates.


2. Propenylidene cyclohexenes were formed by ªeneº-type
side reactions to the p-cyclization of 1-metalla-1,3,5-
hexatrienes.


3. The reaction course of the cascade reactions in Scheme 2
was supported by model reactions with (phenylethynyl)
carbene complex 14, in which metallorganic intermediates
could be characterized.


4. A novel ring expansion of a cyclopentadiene 11 a to a
benzene derivatives 19 by insertion of a carbene carbon
atom into a C�C bond has been found.


5. A strong influence of the ring size of [2-(1-cycloalkenyl)-
ethynyl]carbene complexes on the reaction course was
observed. Cyclopentadienes attached to cyclohexyl or
cycloheptyl rings preferentially undergo [4�2] cycloaddi-
tion to (1-alkynyl)carbene complexes 1, whilst [2�2]-
instead of [4�2]-cycloadditions are induced by ring strain
in corresponding cyclopentenyl systems.


Experimental Section


All operations were carried out under an atmosphere of argon. All solvents
were dried and distilled prior to use. All 1H and 13C NMR spectra were
routinely recorded on Bruker ARX 300 and AM 360 instruments. IR
spectra were recorded on a Biorad Digilab Division FTS-45 FT-IR
spectrophotometer. 1J(H,C), 2J (H,C), and 3J(H,C) decoupling, TOCSY,
and NOE experiments were performed on a Bruker AMX 400 instrument
if not otherwise indicated. Elemental analyses were determined on a Perkin
Elmer 240 elemental analyzer. Analytical TLC plates (Merck DC-Alufo-
lien Kiesegel 60F240), were viewed under UV light (254 nm) and stained
using iodine. Rf values refer to TLC tests. Chromatographic purification
was performed on Merck Kieselgel 60. Pentacarbonyl(3-cyclohexenyl-1-
ethoxy-2-propyn-1-ylidene)tungsten (1b), pentacarbonyl(3-cyclohexenyl-
1-ethoxy-2-propyn-1-ylidene)chromium (1 c), pentacarbonyl(3-cyclohep-
tenyl-1-ethoxy-2-propyn-1-ylidene)tungsten (1 d) and pentacarbonyl(1-
ethoxy-3-phenyl-2-propyn-1-ylidene)tungsten (14) were prepared accord-
ing to the literature.[5]


(1S*,8R*,11R*,12S*)-17-Acetoxy-9,11-diethoxypentacyclo-
[9.5.2.01,12.02,10.03,8]octadeca-2,9,17-triene (11 a), (1S*,8S*,11R*,12S*)-17-
acetoxy-9,11-diethoxypentacyclo[9.5.2.01,12.02,10.03,8]octadeca-2,9,17-triene
(11'a), (1S*,8R*,11S*,13S*,14R*,19S*,21R*)-26-acetoxy9,11,13-tri-
ethoxyoctacyclo[9.9.5.2.01,21.02,10.03,8.012,20.014,19]heptacosa-2,9,12,26-tetraene
(12 a), and 3-(1-acetoxy-3-ethoxypropenylidene)cyclohexene (13 a and
13'a): To pentacarbonyl(3-cyclohex-1-enyl-1-ethoxy-2-propyn-1-ylidene)-
tungsten (1b, 243 mg, 0.50 mmol) and acetic acid (2a, 30 mg, 0.50 mmol) in
benzene (1 mL) in a 2 mL air-tight screw-top vessel was added a solution of
triethylamine (50 mg, 0.50 mmol) in benzene (1 mL) while stirring.
Compound 1b was completely consumed after about 3 h at 20 oC (TLC
monitoring). After 8 h at 20 oC, a precipitate consisting of [W(CO)6] was


20 ± 24' [a] RO [24� 24'][b] 24 :24'[c]


a 1:1 CH3CO2 68 10:4
b 1:1 PhCO2 33 10:4
c 1:1 PhO 59 10:5


[a] Molar ratio of starting components. [b] Yields of isolated products
calculated with respect to consumption of (1-alkynyl)carbene complexes
1d. [c] Molar ratio of products according to 1H NMR spectra of the
reaction mixtures.


Scheme 6. Hexahydroazulenes and ªdimersº from (2-cycloheptenyl)-
ethynyl carbene complex 1 d.
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removed by centrifugation and the solvent was replaced by dichloro-
methane (1 mL). Chromatography on silica gel (column 20� 2 cm) with n-
pentane/diethyl ether (20:1) gave a colorless fraction containing com-
pounds 11a and 11'a (50 mg, 52%, 11a :11'a� 3:1, Rf� 0.8 in n-pentane/
diethyl ether (10:1)), a small fraction containing compounds 13a and 13'a,
as well as a colorless fraction containing compound 12a (14 mg, 15%, Rf�
0.6 in n-pentane/diethyl ether (10:1), colorless crystals from n-hexane/
diethyl ether (10:1) at ÿ20 oC, m.p. 135 oC). Separation of compounds 11a,
11'a, 13 a, and 13'a on silica gel is possible, but it must be carried out
rapidly, since compounds 13 a and 13'a are quite unstable in solution in
contact with silica gel. The product ratio depends on the reaction conditions
and is shifted towards the formation of ªtrimerº 12a if an excess of
compound 1 b is applied. The composition of the product mixtures prior to
chromatography was determined by integration of typical olefin signals in
the 1H NMR spectra. The reaction between compounds 1b and 2 a in a
molar ratio of 1:1 in benzene at 20 oC gave a product ratio
11a :11'a :12a :13a :13'a of 10:6:3:5:3. Application of a molar ratio of 2:1
gave 11 a :11'a :12a :13 a :13'a� 10:3:27:3:1. Treatment of acetic acid (2a)
with pentacarbonyl(3-cyclohex-1-enyl-1-ethoxy-2-propyn-1-ylidene)chro-
mium (1 c) in a molar ratio of 1:1 in the presence of triethylamine in
benzene as described above afforded compounds 11a and 11'a (60 mg,
63%, 11a :11'a� 10:4).


Compounds 11a [11'a]: 1H NMR (600 MHz, C6D6): d� 6.51 [6.32] (s, 1H;
18-H), 4.30 and 4.06 [4.23 and 4.07] (1 H each, each m, diastereotopic
9-OCH2), 3.75 and 3.55 [3.74 and 3.52] (1H each, each m, diastereotopic 11-
OCH2), 3.04 [3.13] (dd, 1H; 8-H), 2.43 [2.46] (dd, 1 H; 12-H), 2.63 [2.60]
(1H; 4-Heq), 2.09 [2.05] (1 H; 4-Hax), 2.44 [2.26] (1H; 7-Heq), 1.28 [1.19]
(1H; 7-Hax); 1.78 and 1.14, 1.61 and 1.10 [1.72 and 1.16, 1.39 and 1.11] (each
m, each 1 H; diastereotopic 6-H2 and 5-H2); 1.60 and 2.47, 1.57 and 1.92, 1.24
and 1.60, 0.98 and 1.58 [1.61 and 2.39, 1.56 and 1.94, 1.28 and 1.61, 0.95 and
1.60] (each m, each 1 H; diastereotopic 13-H2 ± 16-H2), 1.52 [1.58] (s, 3H;
CH3CO), 1.23 and 1.38 [1.25 and 1.19] (3H each, each t, each CH3CH2O);
13C NMR (C6D6): d� 166.9 [166.7] (Cq, CH3CO), 154.1 [153.7] (Cq, C17),
151.3 [151.1] (Cq, C9), 143.0 [143.0] (each Cq, C10), 122.4 and 120.9 [122.7
and 120.3] (each Cq, C3 and C2), 115.1 [116.4] (CH, C18), 90.7 [90.6] (Cq,
C11), 68.7 [68.5] (CH, C12), 68.1 and 60.7 [68.0 and 60.4] (each CH2O), 57.1
[56.4] (CH, C8), 52.7 [52.7] (Cq, C1), 31.7 [30.9] (CH2, C7), 26.0 [26.3] (CH2,
C4), 28.6 and 25.2 [28.7 and 25.3] (each CH2, C6 and C5); 24.7, 23.9, 23.1,
and 22.3 [24.6, 23.9, 23.1, and 22.2] (each CH2, C13 ± C16), 20.3 [20.3]
(CH3CO); 15.3 and 15.1 [15.3 and 15.1] (each CH3CH2O); IR (hexane): nÄ �
1768 cmÿ1 (80 %) (n(C�O)); MS (70 eV): m/z (%): 384 (100) [M]� , 325
(96) [MÿCH3COO]� ; elemental analysis calcd (%) for C24H32O4 (384.5): C
75.00, H 8.33; found: C 74.89, H 8.24.


Compounds 12a [12'a]: 1H NMR (600 MHz, C6D6): d� 6.55 (s, 1H; 27-H),
4.24 and 4.18 (each m, each 1 H, diastereotopic 9-OCH2), 3.88 and 3.61
(each m, each 1H, diastereotopic 11-OCH2), 3.81 and 3.45 (each m, each
1H, diastereotopic 13-OCH2), 2.99 (dd, 1 H; 8-H), 2.82 (dd, 1H; 21-H), 2.45
(dd, 1 H; 14-H), 2.56 (1H; 4-Heq), 1.74 (1 H; 4-Hax), 2.45 (1H; 7-Heq), 1,33
(1H; 7-Hax); 1.73 and 1.20, 1.65, and 1.09 (each m, each 1H; diastereotopic
6-H2 and 5-H2); 2.22 and 1.49, 2.05 and 1.67, 1.62 and 1.08, 1.55 and 1.25
(each m, each 1 H each; diastereotopic 22-H2 ± 25-H2); 2.27 and 1.65, 1.95
and 1.56, 1.66 and 1.39, 1.69 and 1.11 (each m, each 1H, diastereotopic 15-
H2 ± 18-H2), 1.68 [s, 3 H; CH3CO]; 1.30, 1.27, and 1.19 (each t, each 3H, each
CH3CH2O); 13C NMR (C6D6): d� 166.8 (Cq, CH3CO), 163.9 and 158.7
(each Cq, C10 and C20), 156.7 (Cq, C9), 156.2 (Cq, C28), 142.5 (Cq, C10),
124.1 and 116.7 (each Cq, C2 and C3), 114.1 (CH, C27), 96.1 (Cq, C13), 93.9
(Cq, C11), 76.5 (CH, C14); 69.1, 62.2, and 61.4 (each OCH2), 66.5 (CH,


C21), 57.5 (CH, C8), 56.8 (Cq, C19), 53.5 (Cq, C1), 31.8 (CH2, C7), 26.4
(CH2, C4), 28.8 and 23.9 (each CH2, C6 and C5); 27.7, 25.2, 22.5, and 22.12
(each CH2, C15 ± C18); 25.8, 24.5, 23.3, and 22.6 (each CH2, C22 ± C25),
21.0 (CH3CO); 15.97, 15.80, and 15.54 (each CH3CH2O); IR (hexane): nÄ �
1767 cmÿ1 (80 %) (n(C�O)); MS (70 eV): m/z (%): 546 (69) [M]� , 487 (14)
[MÿCH3COO]� ; elemental analysis calcd (%) for C35H46O5 (546.7): C
76.89, H 8.48; found: C 76.77, H 8.36. X-ray crystal structure analysis of
compound 12a (code 1208.aum), formula C35H46O5, Mr� 546.72 gmolÿ1,
light yellow crystal 0.20� 0.15� 0.10 mm, a� 10.896(2), b� 11.832(2), c�
13.881(3) �, a� 81.55(2)8, b� 73.88(2)8, g� 64.63(2)8, V� 1552.6(5) �3,
1calcd� 1.169 g cmÿ3, m� 6.05 cmÿ1, empirical absorption correction by y


scan data (0.889�T� 0.942), Z� 2, triclinic, space group P1Å (no. 2), l�
1.54178 �, T� 223 K, w/2q scans, 6649 reflections collected (�h, �k, � l),
[(sinf)/l]� 0.62 �ÿ1, 6325 independent (Rint� 0.024) and 3950 observed
reflections [I� 2s(I)], 365 refined parameters, R� 0.051, wR2� 0.131, max.
residual electron density 0.22 (ÿ0.25) e �ÿ3, hydrogens calculated and
refined as riding atoms.[15]


Compounds 13a [13'a]: 1H NMR (C6D6): d� 6.52 [6.45] (dt, 3J� 9.8
[9.8] Hz, 4J� 2.0 [2.0] Hz, 1H; 2-H), 5.77 [5.73] (dt, 3J� 9.8 [9.8] Hz and 4.3
[4.4] Hz, 1 H; 1-H), 5.53 [5.60] (d, 3J� 7.2 [7.2] Hz, 1H; 3'-H), 5.06 [5.21] (d,
3J� 7.2 [7.2] Hz, 1H; 2'-H), 3.17 [3.17] (q, 2H; OCH2), 2.34 [2.41] (t, 2H;
4-H), 1.97 [1.94] (m, 2 H; 6-H), 1.95 [1.89] (s, 3H; CH3CO), 0.56 [0.56] (t,
3H; CH3CH2O); IR (hexane): nÄ � 1767 cmÿ1 (90 %) (n(C�O)).


(1S*,8R*,11R*,12S*)-17-Benzoyloxy-9,11-diethoxypentacyclo-
[9.5.2.01,12.02,10.03,8]octadeca-2,9,17-triene (11 b), (1S*,8S*,11R*,12S*)-17-
benzoyloxy-9,11-diethoxypentacyclo[9.5.2.01,12.02,10.03,8]octadeca-2,9,17-
triene (11'b), (1S*,8R*,11S*,13S*,14R*,19S*,21R*)-26-benzoyloxy-
9,11,13-triethoxyoctacyclo[9.9.5.2.01,21.02,10.03,8.012,20.014,19]heptacosa-
2,9,12,26-tetraene (12 b) and 3-(1-benzoyloxy-3-ethoxypropenylidene)-
cyclohexene (13 b and 13'b): Pentacarbonyl(3-cyclohex-1-enyl-1-ethoxy-
2-propyn-1-ylidene)tungsten (1b, 243 mg, 0.50 mmol) and benzoic acid
(2b, 61 mg, 0.50 mmol) were treated in the presence of triethylamine
(50 mg, 0.50 mmol) in benzene (2 mL) as described above to give
compounds 11 b and 11'b (28 mg, 25 %, 11b :11'b� 2:1, Rf� 0.6 in n-
pentane/diethyl ether (10:1)), compound 12b (19 mg, 19%, Rf� 0.4 in n-
pentane/diethyl ether (10:1), colorless crystals, m.p. 140 oC), compound 13b
(24 mg, 17%, Rf� 0.4 in n-pentane/diethyl ether (5:1)) and 13'b (13 mg,
9%, Rf� 0.5 in n-pentane/diethyl ether (5:1)). Treatment of compounds 1b
and 2 b in a molar ratio 1:1 in benzene at 20 oC gave a product ratio
11b :11'b :12 b :13b :13'b� 10:4:10:20:6. Application of a molar ratio of 2:1
gave 11 b :11'b :12b :13b :13'b� 10:6:20:10:4.


Compounds 11b [11'b]: 1H NMR (600 MHz, C6D6):[16] d� 8.05, 7.02, and
6.97 [8.09, 7.07, and 6.99] (2:1:1H; Ph), 6.66 [6.50] (s, 1H; 18-H), 4.19 and
4.07 [4.22 and 4.09] (each m, each 1 H, diastereotopic 9-OCH2), 3.74 and
3.56 [3.73 and 3.54] (each m, each 1 H, diastereotopic 11-OCH2), 3.02 [3.12]
(dd, 1H; 8-H), 2.55 [2.58] (dd, 1 H; 12-H), 2.71 [2.67] (m, 1 H; 4-Heq), 2.04
[2.03] (m, 1 H; 4-Hax), 2.46 [2.34] (m, 1 H; 7-Heq), 1.32 [1.31] (m, 1 H; 7-Hax);
1.73 and 1.14, 1.61 and 1.13 [1.73 and 1.17, 1.68 and 1.10] (each m, each 1H,
diastereotopic 6-H2 and 5-H2); 2.46 and 1.58, 1.90 and 1.55, 1.59 and 1.22,
1.57 and 0.96 [2.32 and 1.59, 1.92 and 1.56, 1.61 and 1.30, 1.57 and 0.90] (each
m, each 1H, diastereotopic 13-H2 ± 16-H2), 1.23 and 1.18 [1.25 and 1.19]
(each t, each 3H, each CH3CH2O); 13C NMR (C6D6): d� 163.4 [163.4] (Cq,
PhCO), 154.2 [154.4] (Cq, C17), 151.8 [151.8] (Cq, C9); 143.2, 123.0, and
121.2 [143.4, 123.4, and 120.6] (each Cq, C2, C3, and C10); 133.1, 129.9, and
128.6 [133.2, 123.0, and 128.7] (each CH, Ph), 130.4 [130.3] (i-C Ph), 116.0
[117.2] (CH, C18), 91.3 [91.2] (Cq, C11), 69.4 [68.9] (CH, C12), 68.5 and 60.4
[68.4 and 60.5] (CH2O each), 57.6 [56.9] (CH, C8), 53.4 [53.4] (Cq, C1), 31.0
[30.0] (CH2, C7), 26.3 [26.7] (CH2, C4), 29.0 and 25.6 [29.2 and 25.6] (CH2


each, C6 and C5); 25.3, 24.3, 23.4, and 22.7 [25.2, 24.3, 23.4, and 22.6] (each
CH2, C13 ± C16), 15.6 and 15.5 [15.7 and 15.7] (each CH3CH2O); IR
(hexane): nÄ � 1745 cmÿ1 (80 %) (n(C�O)); MS (70 eV): m/z (%): 446 (24)
[M]� , 341 (10) [MÿPhCOO]� ; elemental analysis calcd (%) for C29H34O4


(446.6): C 78.03, H 7.62; found: C 77.95, H 7.55.


Compound 12b : 1H NMR (600 MHz, C6D6):[16] d� 8.11, 7.09, and 7.06
(2:1:2H; Ph), 6.85 (s, 1H; 27-H), 4.38 and 4.17 (each 1 H, each m,
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diastereotopic 9-OCH2), 3.92 and 3.65 (each 1H, each m, diastereotopic 11-
OCH2), 3.84 and 3.57 (each 1H, each m, diastereotopic 13-OCH2), 3.11 (dd,
1H; 8-H), 2.88 (dd, 1 H; 21-H), 2.38 (dd, 1H; 14-H), 2.46 (m, 1H; 4-Heq),
1.46 (m, 1 H; 4-Hax), 2.30 (m, 1 H; 7-Heq), 1,35 (m, 1H; 7-Hax); 1.25 and 0.85,
1.30, and 1.02 (1H each, diastereotopic 6-H2 and 5-H2); 2.38 and 1.49, 2.02
and 1.28, 1.64 and 1.08, 1.54 and 1.28 (1 H each, diastereotopic 22-H2 ± 25-
H2); 2.24 and 1.64, 1.95 and 1.54, 1.64 and 1.39, 1.69 and 1.09 (1H each,
diastereotopic 15-H2 ± 18-H2); 1.37, 1.30, and 1.22 (3H each, each t, each
CH3CH2O); 13C NMR (C6D6): d� 164.2 (Cq, PhCO), 163.2 and 158.8 (each
Cq, C12, C20), 156.9 (Cq, C9), 156.2 (Cq, C26); 142.4, 124.7, and 116.7 (each
Cq, C2, C9, C10); 133.8, 129.7, and 128.7 (each CH, Ph), 130.9 (i-C Ph),
114.8 (CH, C27), 96.2 (Cq, C11), 94.0 (Cq, C13), 76.4 (CH, C14); 69.2, 62.3,
and 61.4 (each CH2O), 66.5 (CH, C21), 57.5 (CH, C8), 57.2 (Cq, C19), 53.6
(Cq, C1), 31.8 (CH2, C7), 27.8 (CH2, C4), 28.6 and 25.3 (each CH2, C6 and
C5); 27.1, 26.0, 24.9, and 23.9 (each CH2, C15 ± C18); 25.6, 24.6, 23.2, and
22.5 (each CH2, C22 ± C25); 16.0, 15.9, and 15.6 (each CH3CH2O); IR
(hexane): nÄ � 1744 cmÿ1 (80 %) (n(C�O)); MS (70 eV): m/z (%): 608 (10)
[M]� , 579 (5) [MÿEt]� , 503 (9) [MÿPhCO]� ; elemental analysis calcd
(%) for C40H48O5 (608.8): C 78.91, H 7.95; found: C 78.22, H 8.03.


Compounds 13 b (13'b): 1H NMR (600 MHz, C6H6):[16] d� 8.29 [8.30] (m,
2H; o-H Ph), 7.19 [7.19] (m, 3 H; m- and p-H Ph), 6.66 [6.52] (dt, 3J� 10.1
[9.8] Hz, 4J� 2.0 [2.1] Hz, 1H; 2-H), 5.73 [5.71] (dt, 3J� 10.1 [9.8] and 4.3
[4.4] Hz, 1 H; 1-H), 5.60 [5.66] (d, 3J� 7.1 [7.4] Hz, 1H; 3'-H), 5.18 [5.32] (d,
3J� 7.1 [7.4] Hz, 1H; 2'-H), 3.16 [3.17] (q, 2H; OCH2), 2.34 [2.41] (t, 2H;
4-H), 1.89 [1.94] (m, 2 H; 6-H), 1.55 [1.55] (m, 2H; 5-H), 0.57 [0.59] (t, 3H;
CH3CH2O); 13C NMR (C6D6): d� 163.9 [164.1] (Cq, PhCO), 145.9 [145.5]
(Cq, C3'), 139.1 [140.7] (Cq, C1'), 132.5 [132.5] (CH, C1), 128.1 [128.1] (CH,
C2), 122.1 [123.2] (Cq, C3); 133.4, 130.5, and 128.3 [132.6, 130.5, and 128.4]
(each CH, Ph), 130.1 [129.2] (i-C Ph), 98.4 [97.7] (CH, C2'), 69.0 [68.9]
(OCH2), 25.8 [26.1] (CH2, C4), 25.6 [25.8] (CH2, C6), 22.6 [22.3] (CH2, C5),
14.7 [14.7] (CH3CH2O); IR (hexane): nÄ � 1742 cmÿ1 (60 %) (n(C�O)).


(1S*,8R*,11R*,12S*)-9,11-Diethoxy-17-phenoxypentacyclo-
[9.5.2.01,12.02,10.03,8]octadeca-2,9,17-triene (11 c), (1S*,8S*,11R*,12S*)-
9,11-diethoxy-17-phenoxypentacyclo[9.5.2.01,12.02,10.03,8]octadeca-2,9,17-tri-
ene (11'c), and (1S*,8R*,11S*,13S*,14R*,19S*,21R*)-9,11,13-triethoxy-
26-phenoxyoctacyclo[9.9.5.2.01,21.02,10.03,8.012,20.014,19]heptacosa-2,9,12,26-tet-
raene (12 c): Pentacarbonyl (3-cyclohex-1-enyl-1-ethoxy-2-propyn-1-ylide-
ne)tungsten (1b, 243 mg, 0.50 mmol ) and phenol (2c, 47 mg, 0.50 mmol)
were treated in the presence of triethylamine (50 mg, 0.50 mmol) in
benzene (2 mL) as described above, over 12 h, to give compounds 11c and
11'c (55 mg, 53%, 11 c :11'c� 10:7, Rf� 0.5 in n-pentane/diethyl ether
(10:1)) and compound 12c (20 mg, 21 %, Rf� 0.3 in n-pentane/diethyl ether
(10:1)). Treatment of compounds 1 b and 2c in a molar ratio of 1:1 in
benzene at 20 oC gave a product ratio of 11c :11'c :12c� 10:7:5. Application
of a molar ratio of 2:1 gave 11 c :11'c :12c� 10:5:15.


Compounds 11c [11'c]: 1H NMR (600 MHz, C6D6):[16] d� 7.05, 6.98, and
6.81 [7.07, 7.02, and 6.82] (2:2:1H; Ph), 5.05 [5.05] (s, 1H; 18-H), 4.11 and
3.98 [4.13 and 3.99] (each m, each 1 H, diastereotopic 9-OCH2), 3.65 and
3.43 [3.66 and 3.42] (each m, each 1 H, diastereotopic 11-OCH2), 3.06 [3.11]
(dd, 1H; 8-H), 2.55 [2.61] (dd, 1 H; 12-H), 2.68 [2.64] (m, 1 H; 4-Heq), 2.03
[2.03] (m, 1 H; 4-Hax), 2.50 [2.39] (m, 1 H; 7-Heq), 1.33 [1.23] (m, 1 H; 7-Hax);
1.73 and 1.17, 1.66 and 1.18 [1.73 and 1.16, 1.67 and 1.19] (each 1H,
diastereotopic 6-H2 and 5-H2); 2.62 and 1.66, 1.84 and 1.62, 1.63 and 1.18,
161 and 1.13 [2.63 and 1.65, 1.81 and 1.62, 1.62 and 1.01, 1.58 and 1.09] (each
1H, diastereotopic 13-H2 ± 16-H2), 1.18 and 1.11 [1.17 and 1.10] (each t, each
3H; each CH3CH2O); 13C NMR (C6D6): d� 163.5 [163.2] (i-C PhO), 156.8
[157.6] (Cq, C17), 150.7 [150.6] (Cq, C9); 143.6, 123.0, and 122.4 [143.7,
123.5, and 121.8] (each Cq, C2, C3, and C10); 129.7, 124.3, and 120.4 [129.7,
124.1, and 119.9] (each CH, Ph), 107.3 [105.4] (CH, C18), 90.8 [90.8] (Cq,
C11), 68.3 [69.3] (CH, C12), 68.1 [68.1] (9-OCH2), 60.9 [60.9] (11-OCH2),
57.5 [56.7] (CH, C8), 53.2 [53.2] (Cq, C1), 32.3 [31.9] (CH2, C7), 26.4 [26.6]
(each CH2, C4), 29.0 and 25.7 [29.4 and 25.7] (each CH2, C6 and C5); 25.1,
24.5, 23.7, and 23.0 [24.9, 24.4, 23.7, and 22.8] (each CH2, C13 ± C16), 15.7
and 15.5 [15.7 and 15.5] (each CH3CH2O); MS (70 eV): m/z (%): 418 (100)
[M]� , 389 (64) [MÿEt]� , 325 (84) [MÿPhO]� ; HRMS: calcd for
C28H34O3: 418.25079; found 418.25187.


Compound 12c : 1H NMR (600 MHz, C6D6):[16] d� 7.16, 7.08, and 6.86
(2:2:1H; Ph), 5.15 (s, 1H; 27-H), 4.17 and 4.03 (each m, each 1H;
diastereotopic 9-OCH2), 3.90 and 3.63 (each m, each 1H; diastereotopic 11-
OCH2), 4.17 and 4.03 (each m, each 1H; diastereotopic 13-OCH2), 3.03 (dd,


1H; 8-H), 2.97 (dd, 1 H; 21-H), 2.51 (dd, 1H; 14-H), 2.68 (m, 1H; 4-Heq),
1.76 (m, 1 H; 4-Hax), 2.47(m, 1H; 7-Heq), 1,28 (m, 1 H; 7-Hax); 1.72 and 1.15,
1.68 and 1.10 (each m, each 1H; diastereotopic 6-H2 and 5-H2); 2.16 and
1.69, 2.42 and 1.44, 1.62 and 1.24, 1.58 and 1.18 (each m, each 1H,
diastereotopic 22-H2 ± 25-H); 2.48 and 1.64, 2.41 and 1.55, 1.68 and 1.54, 1.66
and 1.12 (each m, each 1H; diastereotopic 15-H2 ± 18-H2), 1.27, 1.19, and
1.16 (each t, each 3H; each CH3CH2O); 13C NMR (C6D6): d� 166.6 (Cq,
PhO), 163.9 and 159.7 (each Cq, C12 and C20), 157.4 (Cq, C9), 154.9 (Cq,
C26); 143.2, 128.3, and 123.7 (each Cq, C2, C3, and C10); 129.5, 124.0, and
119.8 (each CH, Ph), 103.0 (CH, C27), 95.7 (Cq, C13), 93.8 (Cq, C11), 77.7
(CH, C14); 69.0, 62.1, and 61.6 (each OCH2), 68.0 (CH, C21), 58.0 (CH,
C8), 56.9 (Cq, C19), 53.7 (Cq, C1), 32.3 (CH2, C4), 26.3 (CH2, C7), 28.9 and
25.2 (each CH2, C6 and C5); 27.8, 24.6, 24.0, and 23.5 (each CH2, C15 ±
C18); 25.8, 24.5, 23.3, and 22.4 (each CH2, C22 ± C25); 16.0, 15.6, and 15.5
(each CH3CH2O); MS (70 eV): m/z (%): 580 (100) [M]� , 551 (95) [Mÿ
Et]� , 535 (55) [MÿEtO]� , 487 (86) [MÿPhO]� ; elemental analysis calcd
(%) for C39H48O4 (580.8): C 80.57, H 8.26; found: C 80.24, H 8.06.


4-Acetoxy-1,1,1,1,1-pentacarbonyl-2-ethoxy-4-phenyl-1-tungsta-1,3-buta-
diene (15) and (1S*,4R*,7R*)-4-acetoxy-3-(1,1,1,1,1-pentacarbonyl-2-
ethoxy-1-tungsta-2-ethenyl)-6-ethoxy-2-phenyl-spiro-tricyclo[5.4.01.4.01,7]-
undeca-2,5-diene (16): A mixture of pentacarbonyl(3-cyclohex-1-enyl-1-
ethoxy-2-propyn-1-ylidene)tungsten (1b, 243 mg, 0.50 mmol) and penta-
carbonyl(1-ethoxy-3-phenyl-2-propyn-1-ylidene)tungsten (14, 241 mg,
0.50 mmol) in n-pentane (1 mL) was treated with acetic acid (2 a, 60 mg,
1.00 mmol) and triethylamine (100 mg, 0.80 mmol) in diethyl ether (1 mL)
in a 2 mL screw-top vessel for 4 h at 20 oC. Flash column chromatography
gave a red fraction containing compounds 11 a, 11'a, and 16 and a brown
fraction containing compound 15. Compound 16 was isolated by crystal-
lization from diethyl ether/n-pentane at ÿ20 oC (61 mg, 35%, Rf� 0.8 in n-
pentane/diethyl ether (10:1), m.p. 108 oC). Compound 15, in the brown
fraction, was identified by comparison of its spectroscopic data with
literature values.[17]


Compound 16 : 1H NMR (C6D6): d� 7.23, 7.19, and 7.08 (2:2:1H; Ph), 5.62
(s, 1H; 5-H), 4.50 (br, 2H; diastereotopic W�C-OCH2), 3.75 and 3.60 (each
m, each 1H; diastereotopic 6-OCH2), 3.09 (dd, 1 H; 7-H), 2.14 (m, 2H),
1.91 ± 1.57 (m, 4H), 1.44 (m, 2H), 1.75 (s, 3H; CH3CO), 1.20 and 1.04 (each
t, each 3 H, each OCH2CH3); 13C NMR (C6D6): d� 319.2 (br, W�C), 204.3
and 198.0 (each Cq, trans- and cis-CO of W(CO)5), 170.4 (Cq, CH3CO),
166.1 (Cq, C6), 154.4 (Cq, C3), 135.9 and 131.8 (each Cq, i-C Ph and C2);
129.0, 128.9, and 123.0 (each CH, Ph), 96.9 (CH, C5), 91.9 (Cq, C4), 79.2
(dynamically broadened W�C-OCH2), 65.3 (6-OCH2), 54.0 (Cq, C1), 43.2
(CH, C7); 24.9, 23.4, 19.1, and 17.9 (each CH2, C8 ± C11), 21.0 (CH3CO),
14.5 (2�OCH2CH3); IR (hexane) (cmÿ1 (%) ): nÄ � 2065.4 (30), 1940.2 (90),
and 1917.1 (100) (n(C�O)); 1767 (70) (n(C�O)); MS (70 eV), m/z 184W (%):
704 (20) [M]� , 620 (30) [Mÿ 3�CO]� , 592 (89) [Mÿ 4�CO]� ; elemental
analysis calcd (%) for C29H28O9W (704.4): C 49.43, H 3.98; found: C 49.76,
H 4.07. X-ray crystal structure analysis of compound 16 (code 1194.aum),
formula C29H28O9W, Mr� 704.36 gmolÿ1, orange crystal 0.25� 0.20�
0.10 mm, a� 10.908(1), b� 15.818(1), c� 17.327(1) �, b� 107.59(1)o, V�
2849.9(4) �3, 1calcd� 1.642 g cmÿ3, m� 41.05 cmÿ1, empirical absorption
correction by SORTAV (0.427�T� 0.684), Z� 4, monoclinic, space group
P21/n (no. 14), l� 0.71073 �, T� 198 K, w and f scans, 11642 reflections
collected (�h, �k, � l), [(sinq)/l]� 0.65 �ÿ1, 6507 independent (Rint�
0.017) and 5876 observed reflections [I� 2s(I)], 355 refined parameters,
R� 0.017, wR2� 0.039, max. residual electron density 0.45 (ÿ0.88) e �ÿ3,
hydrogens calculated and refined as riding atoms.[15]


(1S*,3R*,8R*,9R*,11R*,12R*)-18-Acetoxy-9,11-diethoxy-19-(1,1,1,1,1-
pentacarbonyl-2-ethoxy-1-tungsta-2-ethenyl)-20-phenylhexacyclo-
[9.5.217,18.219,20.01,12.02,10.03,8]eicosa-2,17,19-triene (17a) and (1S*,12R*,13R*)-
19-Acetoxy-10,12-diethoxy-9-(phenylacetyl)pentacyclo[10.5.2.01,13.02,11.03,8]-
nonadeca-2,8,10,18-tetraene (19 a): Pentacarbonyl-(1-ethoxy-3-phenyl-2-
propyn-1-ylidene)-tungsten (14, 120 mg, 0.25 mmol) was treated with
compound 11 a (96 mg, 0.25 mmol) in benzene (2 mL) for 24 h at 20 oC.
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Flash column chromatography gave a colorless fraction containing com-
pound 19 a (57 mg, 46 %, Rf� 0.5 in n-pentane/ diethyl ether (10:1), m.p.
208 oC) and a red fraction containing compound 17 a (47 mg, 22%, Rf� 0.4
in n-pentane/diethyl ether (10:1), m.p. 130 oC).


Compound 17 a : 1H NMR (C6D6): d� 7.37 (m, 2H; o-H Ph), 7.09 (m, 3H;
m- and p-H Ph), 6.26 (s, 1H; 18-H), 4.52 and 4.40 (each m, each 1H;
diastereotopic W�CÿOCH2), 4.00 and 3.69 (1 H each; diastereotopic
9-OCH2), 4.00 and 3.60 (each m, each 1H; diastereotopic 11-OCH2), 2.65
(dd, 1H; 4-H), 2.53 (dd, 1H; 16-H), 2.38 (m, 2 H), 1.95 (m; 1H), 1.83 ± 1.50
(m, 7H), 1.66 (s, 3 H; CH3CO), 1.39Ð1.05 (m, 8H); 1.19, 1.18, and 1.13
(each t, each 3H; each OCH2CH3); 13C NMR (C6D6): d� 317.0 (W�C),
203.6 and 197.5 (each Cq, trans- and cis-CO of W(CO)5), 166.8 (Cq,
CH3CO), 164.0 and 157.5 (each Cq, C17 and C20), 151.7 and 150.6 (each Cq,
C2 and C10), 135.9 and 131.7 (each Cq, i-C Ph and C19), 128.8, 128.7, and
123.0 (each CH, Ph), 114.8 (CH, C18), 94.5 (Cq, br, C9), 92.8 (Cq, C11), 79.1
(OCH2), 71.7 (Cq, C12), 65.5 and 60.7 (each OCH2), 63.7 (CH, C8), 55.3 and
53.8 (each Cq, C1 and C3); 31.0, 27.3, 26.1, 24.4, 24.3, 24.1, 23.3, 22.8, 20.9
(each CH2, C4ÐC7 and C13ÐC16); 16.1, 15.6, and 14.7 (each OCH2CH3);
IR (hexane): 1767 cmÿ1 (70 %) (n(C�O)); MS (ESI� ): m/z 184W (%): 867
(20) [M�H]� , 811 (95) [Mÿ 2�CO]� , 783 (40) [Mÿ 3�CO]� , 755 (20)
[Mÿ 4�CO]� , 727 (40) [Mÿ 5�CO]� ; elemental analysis calcd (%) for
C40H42O10W (866.6): C 55.44, H, 4.88; found: C 55.25, H 5.01.


Compound 19 a : 1H NMR (400 MHz, C6D6): d� 7.58 (m, 2 H; o-H Ph), 7.04
(m, 3H; m- and p-H Ph), 6.62 (s, 1H; 17-H), 4.25 and 4.08 (each m, each
1H, diastereotopic 10-OCH2), 3.99 and 3.49 (each m, each 1H; diaster-
eotopic 12-OCH2), 2.58 (dd, 1H; 13-H), 3.10 and 3.09, 2.81 and 2.81 (each
m, each 1H; diastereotopic 4-H2 and 7-H2), 1.62 (4H; 5-H2 and 6-H2); 2.58
and 1.62, 1.99 and 1.69, 1.72 and 1.23, 1.55 and 1.01 (each m, each 1H,
diastereotopic 14-H2Ð17-H2), 1.58 (s, 3H; CH3CO), 1.49 and 1.39 (each t,
each 3 H; each OCH2CH3); 13C NMR (C6D6): d� 166.8 (Cq, CH3CO), 161.0
(Cq, C18), 152.5 and 152.1 (each Cq, 2:1, C2, C10, and C11), 140.3 and 138.8
(each Cq, C8 and C9), 116.0 (Cq, C9); 131.8, 128.6, and 127.9 (each CH, Ph),
125.0 (i-C Ph), 120.6 (CH, C17), 97.6 and 87.0 (each Cq, C�C), 92.9 (Cq,
C12), 77.0 (CH, C13), 71.0 (10-OCH2), 61.3 (12-OCH2), 58.2 (Cq, C1), 29.7
and 27.2 (each CH2, C4 and C7), 23.5 (2 CH2, C5 and C6); 26.9, 24.8, 23.3,
and 23.1 (each CH2, C14ÐC17), 20.5 (CH3CO), 16.1 and 15.9 (each
OCH2CH3); IR (hexane):nÄ � 1768 cmÿ1 (70 %) (n(C�O)); MS (70 eV): m/z
(%): 496 (70) [M]� , 453 (20) [MÿCH3CO]� , 425 (25) [MÿCH3COC2H5]� ,
380 (30) [MÿCH3COÿC2H5ÿC2H5O]� ; elemental analysis calcd (%) for
C33H36O4 (496.7): C 79.81, H 7.31; found: C 79.58, H 7.37. X-ray crystal
structure analysis of compound 19a (code 1278.aum), formula C33H36O4,
Mr� 496.62 gmolÿ1, yellow crystal 0.25� 0.20� 0.10 mm, a� 10.205(1), b�
16.467(2), c� 16.426(1) �, b� 90.50(1)o, V� 2733.2(5) �3, 1calcd�
1.207 g cmÿ3, m� 0.78 cmÿ1, no absorption correction (0.981�T� 0.992),
Z� 4, monoclinic, space group P21/c (no. 14), l� 0.71073 �, T� 198 K, w


and f scans, 7852 reflections collected (�h, �k, � l), [(sinf)/l]� 0.59 �ÿ1,
4514 independent (Rint� 0.067) and 2627 observed reflections [I� 2s(I)],
338 refined parameters, R� 0.069, wR2� 0.158, max. residual electron
density 0.31 (ÿ0.27) e �ÿ3, hydrogens calculated and refined as riding
atoms.[15]


(1S*,3R*,8R*,9R*,11R*,12R*)-9,11-Diethoxy-19-(1,1,1,1,1-pentacarbon-
yl-2-ethoxy-1-tungsta-2-ethenyl)-18-phenoxy-20-phenylhexacyclo-
[9.5.217,18.219,20.01,12.02,10.03,8]eicosa-2,17,19-triene (17c) and (1S*,12R*,13R*)-
10,12-diethoxy-19-phenoxy-9-(phenylacetyl)pentacyclo[10.5.2.01,13.02,11.03,8]-
nonadeca-2,8,10,18-tetraene (19 c): Pentacarbonyl(1-ethoxy-3-phenyl-2-


propyn-1-ylidene)tungsten (14, 120 mg, 0.25 mmol) was added to a solution
of compound 11c (105 mg, 0.25 mmol) in benzene (2 mL) and kept for 24 h
at 20 oC. Flash column chromatography gave a colorless fraction containing
compound 19c (57 mg, 43 %, Rf� 0.8 in n-pentane/diethyl ether (10:1)) and
a red fraction containing compound 17c (72 mg, 32%, Rf� 0.6 in n-
pentane/diethyl ether (10:1)).


Compound 17 c : 1H NMR (C6D6):[16] d� 7.39 (m, 2H; o-H C-Ph), 7.26 (m,
2H; o-H OPh), 7.13 (m, 2H; m-H O-Ph), 7.06 (m, 3H; m- and p-H C-Ph),
6.88 (m, 1H; p-H O-Ph), 4.96 (s, 1H; 18-H), 4.54 and 4.40 (each m, each
1H; diastereotopic W�CÿOCH2), 3.95 and 3.60, 3.95 and 3.47 (each m,
each 1 H; diastereotopic 9-OCH2 and 11-OCH2), 2.70 (dd; 1 H; 8-H), 2.66
(dd; 1H; 12-H), 2.60 (m; 2 H), 2.40 (m; 1H), 1.85 ± 1.52 (m; 7H), 1.40 ± 1.05
(m; 8H); 1.15, 1.14, and 1.13 (each t, each 3 H; each OCH2CH3); 13C NMR
(C6D6): d� 317.0 (W�C), 203.8 and 197.6 (each Cq, trans- and cis-CO of
W(CO)5), 163.9 (i-C OPh), 160.6 and 157.8 (each Cq, C17 and C20), 155.7
and 150.8 (each Cq, C2 and C10), 136.1 and 131.7 (each Cq, i-C C-Ph and
C19); 128.8, 128.7, and 123.5 (each CH, C-Ph); 129.9, 124.8, and 120.6 (each
CH, O-Ph), 102.0 (CH, C18), 94.2 (Cq, br, C9), 92.6 (Cq, C11), 79.1 (OCH2),
71.7 (Cq, C12), 65.9 and 60.4 (each OCH2), 63.7 (CH, C8), 55.4 and 53.8
(each Cq, C1 and C3); 30.7, 30.0, 27.4, 26.3, 24.5, 24.3, 24.2, 23.7, and 23.4
(each CH2, C5 ± C8 and C13 ± C16); 16.1, 15.7, and 14.8 (each OCH2CH3);
MS (ESI� ): m/z 184W (%): 901 (20) [M�H]� , 845 (100) [Mÿ 2�CO]� ,
817 (40) [Mÿ 3�CO]� , 789 (20) [Mÿ 4�CO]� , 761 (50) [Mÿ 5�CO]� ;
HSMS: calcd for C44H44O9W�H: 902.2611; found 902.1612.


Compound 19 c : 1H NMR (C6D6):[16] d� 7.59 (m, 2H; o-H C-Ph), 7.04 (m,
3H; m- and p-H C-Ph), 6.96 (m, 4 H; o- and m-H O-Ph), 6.81 (1 H; p-H
O-Ph), 5.26 (s, 1H; 19-H), 4.20 and 4.07 (each m, each 1H, diastereotopic
10-OCH2), 3.97 and 3.49 (each m, each 1H; diastereotopic 12-OCH2), 2.66
(dd, 1 H; 13-H), 3.10 and 3.08, 2.82 and 2,82 (each m, each 1 H;
diastereotopic 4-H2 and 7-H2), 1.61 (4H; 5-H2 and 6-H2); 2.57 and 1.60,
2.05 and 1.69, 1.68 and 1.31, 1.55 and 1.10 (each m, each 1H; diastereotopic
14-H2 ± 17-H2), 1.39 and 1.37 (each t, each 3H; each OCH2CH3); 13C NMR
(C6D6): d� 169.8 (i-C O-Ph), 157.0 (Cq, C18), 152.5 and 148.7 (2:1, Cq, C2,
C10, and C11), 141.2 and 138.8 (each Cq, C8 and C9); 131.8, 129.8, and 127.9
(each CH, C-Ph), 129.2, 124.4, and 120.0 (each CH, O-Ph), 125.2 (i-C Ph),
117.0 (Cq, C9), 110.0 (CH, C19), 97.7 and 87.2 (each Cq, C�C), 93.6 (Cq,
C12), 76.7 (CH, C13), 70.8 (10-OCH2), 61.2 (12-OCH2), 58.3 (Cq, C1), 29.8
and 27.3 (each CH2, C4 and C7), 24.0 and 23.7 (each CH2, C5 and C6), 27.0,
24.5, 23.3, 23.4, and 23.2 (each CH2, C14 ± C17), 16.1 and 16.0 (each
OCH2CH3); MS (ESI� ): m/z (%): 553 (100) [M�Na]� , 531 (70) [M�H]� ;
HSMS: calcd for C37H38O3�Na: (553.2719); found 553.2722.


(1S*,9R*,12R*,13S*)-20-Acetoxy-10,12-diethoxypentacyclo-
[10.6.2.01,13.02,11.03,9]eicosa-2,10,19-triene (24 a) and (1S*,9S*,12R*,13S*)-
20-acetoxy-10,12-diethoxypentacyclo[10.6.2.01,13.02,11.03,9]eicosa-2,10,19-tri-
ene (24'a): Pentacarbonyl(3-cyclohept-1-enyl-1-ethoxy-2-propyn-1-ylide-
ne)tungsten (1d, 250 mg, 0.50 mmol), acetic acid (2a, 30 mg, 0.50 mmol) in
benzene (1 mL), and triethylamine (50 mg, 0.50 mmol) in benzene (1 mL)
in a 2 mL screw-top vessel were treated as described above, for 12 h at
20 oC, to give compounds 24a and 24'a (70 mg, 68 %, 24 a :24'a� 1:0.4, Rf�
0.6 in n-pentane/diethyl ether (10:1)).


Compounds 24a [24'a]: 1H NMR (600 MHz, C6D6): d� 6.45 [6.36] (s, 1H;
20-H), 4.14 and 3.96 [4.21 and 3.96] (each m, each 1 H; diastereotopic 10-
OCH2), 3.74 and 3.45 [3.74 and 3.44] (each m, each 1H; diastereotopic 12-
OCH2), 3.37 [3.45] (dd, 1H; 9-H), 2.70 [2.64] (dd, 1 H; 13-H); 2.59 [2.48] (m,
2H), 2.31 [2.07] (m, 1 H), 1.76 [1.67] (m, 2H), 1.55 [1.55] (m, 2 H), 1.42 [1.42]
(m, 1H) and 1.29 [1.29] (m, 2 H; diastereotopic 4-H2 ± 8-H2); 2.26 [2.20] (m,
1H), 2.15 [2.12] (m, 1 H), 1.87 [1.85] (m, 2H), 1.66 [1.66] (m, 1 H), 1.59 [1.59]
(m, 2H), 1.52 [1.52] (m, 1 H), 1.47 [1.46] (m, 1H) and 1.28 [1.28] (m, 1H;
diastereotopic 14-H2Ð18-H2), 1.54 [1.56] (s, 3 H; CH3CO), 1.18 and 1.20
[1.18 and 1.20] (each t, each 3 H; each CH3CH2O); 13C NMR (C6D6): d�
167.3 [167.4] (Cq, CH3CO), 155.6 [155.5] (Cq, C19), 149.4 [149.3] (Cq, C10),
145.1 [145.5] (each Cq, C11), 126.8 and 121.8 [126.6 and 121.7] (each Cq, C2
and C3), 115.7 [116.4] (CH, C20), 89.9 [89.9] (Cq, C12), 73.1 [73.2] (CH,
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C13), 68.8 and 60.6 [68.4 and 60.6] (each CH2O), 61.0 [60.0] (CH, C9), 58.1
[58.3] (Cq, C1); 31.7 [30.9], 30.5 [29.9], 30.1 [29.8], 29.7 [29.4], and 28.3
[27.5] (each CH2, C4ÐC8); 28.9 [29.1], 27.6 [27.9], 26.6 [26.8], 23.7 [23.6],
and 21.8 [21.8] (each CH2, C14ÐC18), 20.5 [20.6] (CH3CO), 15.5 and 15.4
[15.6 and 15.5] (each CH3CH2O); IR (hexane): 1767 cmÿ1 (90 %)
(n(C�O)); MS (70 eV): m/z (%): 412 (100) [M]� , 369 (20) [Mÿ
CH3CO]� , 367 (30) [MÿC2H5O]� , 353 (40) [MÿCH3COO]� , 341 (100)
[MÿCH3COÿC2H5�H]� , 325 (70) [MÿCH3COÿC2H5O�H]� ; HRMS:
calcd for C26H36O4: 412.26135; found 412.26344.


(1S*,8R*,12R*,13S*)-20-Benzoyloxy-10,12-diethoxypentacyclo-
[10.6.2.01,13.02,11.03,9]eicosa-2,10,19-triene (24 b), (1S*,8S*,12R*,13S*)-20-
benzoyloxy-10,12-diethoxypentacyclo [10.6.2.01,13.02,11.03,9]eicosa-2,10,19-
triene (24'b), and 3-(1-benzoyloxy-3-ethoxypropenylidene)cycloheptene
(25 b and 25'b): Pentacarbonyl(3-cyclohept-1-enyl-1-ethoxy-2-propyn-1-
ylidene)tungsten (1 d, 250 mg, 0.50 mmol) and benzoic acid (2b, 61 mg,
0.50 mmol) in benzene (1 mL) were treated as described above with
triethylamine (50 mg, 0.50 mmol) in benzene (1 mL) in a 2 mL screw-top
for 12 h at 20 oC. Fast chromatography on silica gel with n-pentane/diethyl
ether (20:1) afforded a fraction containing compounds 24 b and 24'b
(39 mg, 33%, 24b :24'b� 1:0.4, Rf� 0.6 in n-pentane/diethyl ether (10:1))
and compounds 25b/25'b (16 mg, 21 %, Rf� 0.4 in n-pentane/diethyl ether
(5:1)).


Compounds 24 b [24'b]: 1H NMR (C6D6):[18] d� 8.05 [8.11] (m, 2 H; o-H
Ph), 7.06 [7.05] (m, 3 H; m- and p-H Ph), 6.55 [6.48] (s, 1H; 20-H), 4.13 and
4.03 [4.16 and 3.98] (each m, each 1 H; diastereotopic 10-OCH2), 3.77 and
3.50 [3.77 and 3.50] (each m, each 1 H; diastereotopic 12-OCH2), 3.35 [3.27]
(1H; dd, 9-H), 2.70 [2.65] (1H; dd, 13-H), 2.47 ± 1.25 [2.47 ± 1.25] (20 H;
4-H2 ± 8-H2 and 14-H2 ± 18-H2), 1.21 and 1.20 [1.21 and 1.20] (3H each, each
t, each CH3CH2O); 13C NMR (C6D6): d� 163.6 [162.5] (Cq, PhCO), 155.7
[155.6] (Cq, C19), 149.6 [149.6] (Cq, C10), 145.1 [145.4] (Cq each, C11);
133.3, 130.0, and 128.6 [133.3, 129.9, and 128.5] (each CH, Ph), 130.4 [130.3]
(i-C Ph), 127.0 and 121.8 [126.8 and 122.2] (each Cq, C2 and C3), 116.3
[116.9] (CH, C20), 90.1 [90.0] (Cq, C12), 73.6 [73.4] (CH, C13), 68.8 and 61.1
[68.4 and 60.7] (each CH2O), 61.0 [59.9] (CH, C9), 58.5 [58.4] (Cq, C1); 31.8
[31.6], 30.7 [30.1], 30.1 [29.8], 29.5 [29.4], 28.3 [27.7], 28.9 [29.1], 27.8 [27.9],
26.6 [26.9], 23.7 [23.6] and 21.9 [21.8] (each CH2, C4 ± C8 and C14 ± C18),
15.6 and 15.4 [15.6 and 15.4] (each CH3CH2O); IR (hexane): nÄ � 1742 cmÿ1


(60 %) (n(C�O)); MS (70 eV): m/z (%): 474 (15) [M]� , 445 (6) [Mÿ
C2H5]� , 429 (5) [MÿC2H5O]� , 369 (5) [MÿPhCO]� ; HRMS: calcd for
C31H38O4: 474.27701; found 474.27911.


Compounds 25 b [25'b]: 1H NMR (C6D6): d� 8.23 [8.30] (m, 2H; o-H Ph),
7.19 [7.19] (m, 3H; m- and p-H, Ph), 6.59 [6.47] (dt, 3J� 11.1 [11.5] Hz, 4J�
2.0 [1.7] Hz, 1 H; 2-H), 5.64 [5.76] (dt, 3J� 11.0 and 5.5 [11.5 and 4.6] Hz,
1H; 1-H), 5.65 [5.49] (d, 3J� 7.0 [7.1] Hz, 1H; 3'-H), 5.21 [5.30] (d, 3J� 6.9
[7.3] Hz, 1H; 2'-H), 3.15 [3.13] (q, 2H; OCH2), 2.50 [2.54] (t, 2H; 4-H), 2.06
[2.06] (m, 2 H; 7-H), 1.67 [1.66] (m, 4H; 5-H and 6-H), 0.56 [0.57] (t, 3H;
CH3CH2O); 13C NMR (C6D6): d� 164.0 [164.2] (Cq, PhCO), 145.4 [146.1]
(Cq, C3'), 142.2 [141.1] (Cq, C1'), 133.0 [133.2] (CH, C1), 127.8 [127.8] (CH,
C2), 126.1 [126.5] (Cq, C3); 132.5, 130.5, and 128.4 [132.6, 130.5, and 128.3]
(each CH, Ph), 130.9 [129.4] (i-C Ph), 98.2 [98.5] (CH, C2'), 69.0 [68.9]
(OCH2), 29.5 [29.5] (CH2, C4), 28.6 [28.8] (CH2, C7), 27.1 and 27.0 [27.4 and
27.2] (each CH2, C5 and C6), 14.7 [14.7] (CH3CH2O); IR (hexane): nÄ �
1742 cmÿ1 (70 %) (n(C�O)).


(1S*,9R*,12R*,13S*)-10,12-Diethoxy-20-phenoxypentacyclo-
[10.6.2.01,13.02,11.03,9]eicosa-2,10,19-triene (24 c) and (1S*,9S*,12R*,13S*)-
10,12-diethoxy-20-phenoxypentacyclo[10.6.2.01,13.02,11.03,9]eicosa-2,10,19-
triene (24'c): Pentacarbonyl(3-cyclohept-1-enyl-1-ethoxy-2-propyn-1-yl-
idene)tungsten (1d, 250 mg, 0.50 mmol) and phenol (2 c, 47 mg, 0.50 mmol)
were treated as described above, by addition of triethylamine (50 mg,
0.50 mmol) in 1 mL of benzene, in a 2 mL screw-top over 12 h at 20 oC to
give compounds 24 c and 24'c (65 mg, 59 %, 24c :24'c� 2:1, Rf� 0.8 in n-
pentane/diethyl ether (10:1)).


Compounds 24 c [24'c]: 1H NMR (C6D6):[18] d� 7.05 [7.05] (m, 4H; o- and
m-H Ph), 6.84 [6.84] (m, 1 H; p-H Ph), 5.11 [5.11] (s, 1H; 20-H), 4.09 and
3.94 [4.15 and 3.98] (each m, each 1 H; diastereotopic 10-OCH2), 3.70 and


3.45 [3.70 and 3.45] (each m, each 1 H; diastereotopic 12-OCH2), 3.43 [3.43]
(dd, 1H; 9-H), 2.74 [2.68] (dd, 1H; 13-H), 2.65 ± 1.28 [2.65 ± 1.28] (20 H;
4-H2 ± 8-H2 and 14-H2 ± 18-H2), 1.16 and 1.17 [1.16 and 1.17] (each t, each
3H; each CH3CH2O); 13C NMR (C6D6): d� 164.4 [164.1] (i-C OPh), 157.3
[157.1] (Cq, C19), 148.5 [148.5] (Cq, C10), 145.6 [146.2] (each Cq, C11);
129.7, 124.1, and 120.1 [129.2, 124.1, and 119.9] (each CH, Ph), 127.0 and
123.1 [126.9 and 123.5] (each Cq, C2 and C3), 107.3 [106.4] (CH, C20), 89.7
[89.7] (Cq, C12), 73.3 [72.9] (CH, C13), 68.2 and 65.8 [68.5 and 65.8] (each
CH2O), 61.0 [60.5] (CH, C9), 58.2 [59.8] (Cq, C1); 31.9 [31.7], 30.7 [30.2],
30.1 [29.8], 29.6 [29.3], 28.3 [27.8], 29.0 [29.2], 27.6 [27.4], 26.6 [26.7], 23.8
[23.7], and 22.2 [22.0] (each CH2, C4 ± C8 and C14 ± C18), 15.6 and 15.5
[15.6 and 15.5] (each CH3CH2O); MS (70 eV): m/z (%): 446 (100) [M]� , 417
(90) [MÿC2H5]� , 401 (90) [MÿC2H5O]� ; HRMS: calcd for C30H38O3:
446.28210; found 446.28192.
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Enaminone Substituents Attached to Cyclopentadienes:
3E/3Z Stereochemistry of 1-Metalla-1,3,5-hexatriene Intermediates (M�Cr,
W) as a Functional Criterion for the Formation of Cyclopentadienes and
Six-Membered Heterocycles, Respectively**


Rudolf Aumann,* Inigo Göttker-Schnetmann, Roland Fröhlich, Pauli Saarenketo, and
Christiane Holst[a]


Abstract: Reactions of NH-enaminones 2 with [2-(1-cycloalkenyl)ethynyl]carbene
complexes 7 (M�W, Cr) gave tetrahydropentalenes, tetrahydroindenes, and
hexahydroazulenes 8 a ± i, in which the NH-enaminone moiety is attached to the
cyclopentadiene unit. The reaction involved formation of (3E)-1-metalla-1,3,5-
hexatriene intermediates, which underwent p cyclization faster than 3E/3Z isomer-
ization. Tungsten complexes 12 and 13 were characterized as reaction intermediates.
Compounds 8 are potentially bidentate ligands with respect to coordination both of
the cyclopentadienyl and the enaminone moieties.


Keywords: alkynes ´ CÿC coupling
´ carbene complexes ´ chromium ´
cyclopentadienyl ligands ´ tungsten


Introduction


(1-Alkynyl)carbene complexes [(CO)5M�C(OEt)C�CR] 1
(M�W, Cr) have been applied as stochiometric reagents in a
number of high-yield transformations of potential usefulness
in organic synthesis.[2] It has been shown recently that
cyclopentadienes can be generated in [3�2] fashion from
the reaction between (1-alkynyl)carbene complexes 1 and
cycloalkenylamines ÿCH�C(NR2)ÿ.[3, 4] It was shown in sub-
sequent studies that treatment of NH-enaminones 2 with
(1-alkynyl)carbene complexes 1 did not afford cyclopenta-
dienes, but gave O- and N-heterocyclic compounds instead
(Scheme 1). We now report that cyclopentadienes were
obtained in high yields from the reactions of NH-enaminones
2 with [2-(1-cycloalkenyl)ethynyl]carbene complexes 7
(Scheme 2). This new approach to the formation of cyclo-
pentadienes involves the incorporation of a cycloalkenyl
unitÐinstead of an enamino moietyÐinto the cyclopenta-
diene ring.


To understand the basics of these transformations, it
should be noted that 6-amino-1-metalla-1,3,5-hexatrienes
[(CO)5M�C(OEt)CH�C(Ph)C(COR1)�C(Me)NHR] 3
(M�W, Cr) were found to be key intermediates in these
transformations. It was possible to generate compounds (3Z)-
3 from reaction of NH-enaminones 2 with (2-phenyl-1-
ethynyl)carbene complexes 1, and they were shown by crystal
structure analyses to exhibit a trough-shaped geometry,
perfectly meeting the steric requirements for a p cycliza-
tion to give cyclopentadiene complexes.[5] This type of p


cyclization has been observed for 6-amino-1-metalla-
1,3,5-hexatrienes, such as [(CO)5M�C(OEt)CH�C(Ph)
ÿC�C(NR2)ÿ] generated from (1-alkynyl)carbene complexes
[(CO)5M�C(OEt)C�CPh] 1 and cycloalkenyl amines
ÿHC�C(NR2)ÿ,[4, 5] but was not observed for the present case
of compounds (3Z)-3, in which it was outrun by an intra-
molecular attack of the nitrogen and oxygen atom, respec-
tively, on the carbene carbon atom, to give homopyrroles 4,
pyridinium carbonylmetalates 5, and pyrylium carbonylmeta-
lates 6, respectively (Scheme 1).[6]


To avoid formation of O- and N-heterocyclic compounds,
but instead obtain cyclopentadienes by p cyclization, it was
necessary for steric reasons to apply (3E)- rather than (3Z)-1-
metalla-1,3,5-hexatrienes (Scheme 1). As a further prerequi-
site, the p cyclization must be faster than the 3E/3Z isomer-
ization. Even though compounds (3E)-3 actually fulfill the
steric requirement for a p cyclization to an indene, for
example, this approach to the formation of cyclopentadiene
rings failed, due to the low ortho reactivity of the phenyl
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group; in this case 3E/3Z isomerization was faster than the
actually intended p cyclization. We now wish to report,
however, that p cyclization products were finally obtained
when the phenyl group was replaced by a more reactive
alkenyl substituent. Treatment of NH-enaminones 2 with
2-(1-cycloalkenyl)ethynyl]carbene complexes 7 under reac-
tion conditions essentially identical to those described above
did not yield N- and O-heterocyclic compounds of type 4 ± 6,
but instead gave tetrahydropentalene, tetrahydroindene, and
hexahydroazulene frameworks in 74 ± 78 % yields, thus in-
volving the olefinic functionality of the cycloalkenyl unit in a


p cyclization, to form a cyclo-
pentadiene ring (Scheme 2).
Notably, the reaction pattern
outlined in Scheme 2 involves
a reversal of the normal reac-
tion pattern, in which substitu-
ents can be introduced into
cyclopentadiene rings with
electrophilic reagents but not
with nucleophilic ones.


The spectroscopic features
most characteristic of com-
pounds 8 are provided by the
NMR signals of the bridgehead
proton 3'a-H (tetrahydroin-
denes 8 b, 8 e, 8 h : d� 2.68 ±
2.71, dd, 3J� 5.5 and 12.2 Hz;
hexahydroazulenes 8 c, 8 f, 8 i :
d� 2.88 ± 2.98, dd, 3J� 3.3 and
10.4 Hz), the bridgehead car-
bon atom C3'a (tetrahydroin-
denes 8 b, 8 e, 8 h : d� 50.4 ±
50.6; hexahydroazulenes 8 c,
8 f, 8 i : d� 53.3 ± 53.7), and the


enol ether moiety (all compounds 8 : 2'-H, d� 4.87 ± 5.04; C2',
d� 101.4 ± 103.4). Two sets of 13C and 1H NMR signals are
observed, thanks to formation of atropisomers A and B (A'
and B'), due to hindered rotation of the enaminone moiety
against the cyclopentadiene unit.


Structural details were obtained from a crystal structure
analysis of tetrahydroindene 8 e (Figure 1). The enaminone
unit is almost planar (dihedral angles C1-C2-C3-C4 170.6(2)8,
O2-C2-C3-C4ÿ8.7(4)8, C2-C3-C4-C5 ÿ175.5(2)8 and C2-C3-
C4-N6 5.6(3)8) and its plane is strongly inclined against both
the tetrahydroindene framework (C4-C3-C11-C12 ÿ88.8(3)8
and C4-C3-C11-C17A 96.7(3)8) and the tolyl substituent (C4-
N6-C61-C62 50.2(4) and C4-N6-C61-C66 ÿ132.7(3)).


The marked difference in reactivity of (1-alkynyl)carbene
complexes 1 and 7 is caused by the configuration of the central
C�C bond of the corresponding 1-metalla-1,3,5-hexatriene
intermediates, and also by the higher reactivity towards
electrophilic attack by the carbene carbon atom of the
cycloalkenyl substituents, relative to phenyl groups. On the
basis of earlier studies, addition of NH-enaminones 2 to


Scheme 1. O- and N-Heterocyclic compounds from addition of NH-enaminones to (1-alkynyl)carbene
complexes 1.


7 M a 8 a R R1 8 [%][a]


a W CH2 a CH2 Ph Me [b]


b W CH2CH2 b CH2CH2 Ph Me 76
c W CH2CH2CH2 c CH2CH2CH2 Ph Me 75
d Cr CH2CH2 d CH2 Tol Me ±


e CH2CH2 Tol Me 73 (71)[c]


2 R, R1 f CH2CH2CH2 Tol Me 75
a Me, Ph g CH2 tBu Ph ±
b Me, Tol h CH2CH2 tBu Ph 78
c Ph, tBu i CH2CH2CH2 tBu Ph 74


[a] Yields of isolated product after chromatography. [b] Not isolated due to
thermal instability. [c] Yields given in brackets apply for the preparation
from chromium carbene complex 7 d.


Scheme 2. Tetrahydropentalenes, tetrahydroindenes, and hexahydroazu-
lenes from addition of NH-enaminones 2 to [2-(1-cycloalkenyl)ethynyl]-
carbene complexes 7.
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Figure 1. Molecular structure of tetrahydroindene 8 e. Selected bond
lengths [�] and angles [o]: C1ÿC2 1.508(3), C2ÿO2 1.251(2), C2ÿC3
1.431(3), C3ÿC11 1.491(3), C3ÿC4 1.387(3), C4ÿC5 1.496(3), C4ÿN6
1.354(2), N6ÿC61 1.420(3), C11ÿC12 1.474(3), C11ÿC17A 1.342(3); C1-
C2-O2 117.4(2), C1-C2-C3 118.9(2), O2-C2-C3 123.7(2) (sum of bond
angles at C2 360.0� 0.68), C2-C3-C4 121.1(2), C2-C3-C11 118.4(2), C4-C3-
C11 120.3(2) (sum of bond angles at C3 359.8� 0.68), C3-C4-N6 120.3(2),
C3-C4-C5 121.4(2), C5-C4-N6 118.3(2) (sum of bond angles at C4 360.0�
0.68), C4-N6-C61 127.4(2), C3-C11-C12 122.7(2), C3-C11-C17A 127.8 (2);
C1-C2-C3-C4 170.6(2), O2-C2-C3-C4 ÿ8.7(4), O2-C2-C3-C11 176.8(2),
C2-C3-C4-N6 5.6(3), C2-C3-C4-C5ÿ175.5(2), C11-C3-C4-N6 180.0(2), C4-
N6-C61-C62 50.2(4), C4-N6-C61-C66 ÿ132.7(3), C11-C3-C4-C5 ÿ1.1(3),
C4-C3-C11-C12 ÿ88.8(3), C4-C3-C11-C17A 96.7(3).


(1-alkynyl)carbene complexes 1 should afford 1-metalla-1,3,5-
hexatrienes 3 of 3E configuration, which do not undergo a p


cyclization involving ortho attack at the phenyl group, but
rather undergo a 3E/3Z rearrangement to compounds (3Z)-3,
as precursors to N- and O-heterocyclic compounds of types
4 ± 6 (Scheme 1).


Addition of NH-enaminones 2 to (1-alkynyl)carbene com-
plexes 7 is assumed to follow a similar reaction path, to give
(3E)-1-metalla-1,3,5-hexatrienes (3E)-9 (Scheme 3). Because
of the higher reactivity of the cycloalkenyl group relative to its
phenyl counterpart, the p cyclization of compounds (3E)-9
into cyclopentadienes 8 seems to outrun 3E/3Z isomerization,
which would yield N- and O-heterocyclic compounds of type
4 ± 6 (Scheme 1), such as compounds 11 (Scheme 3).


The reaction between compounds 2 and 7 was monitored by
NMR spectroscopy. It was shown that intermediates (3E)-9
did not accumulate in the reaction mixture, but that metal
compounds 12 and 13 were formed in appreciable amounts
(Scheme 4). For example, a tetrahydropentalene complex 13 a
was generated on treatment of [2-(1-cyclopentenyl)ethynyl]-
carbene complex 7 a with 4-phenylamino-pent-3-en-2-one
(2 a) in [D8]toluene after 60 h at ÿ20 oC. Because of the
inherent ring strain of the tetrahydropentalene system and the
resulting high reactivity, compound 13 a could not be isolated.
However, we succeeded in isolating the corresponding
tetrahydroindene complexes 12 h and 13 c and 13 e in 71 ±
79 % yields, by crystallization from the reaction mixtures in
n-pentane at ÿ20 8C. Even though these compounds proved
to be very thermolabile and, in solution at 30 oC, afforded
metal-free tetrahydroindenes 8 e and 8 h and hexahydroazu-
lene 8 c, respectively, it was possible to characterize com-


Scheme 3. Consideration of reaction pathways.


pounds 12 h and 13 e by crystal structure analyses (vide infra).
A course of reaction for the generation of these compounds,
based on normal reactivity patterns, is given in Scheme 4.


Compounds 13 were characterized by 1H and 13C NMR
spectroscopy at ÿ20 oC, including NOEMULT, TOCSY,
(1H,1H), and (13C,1H) correlation experiments (COSY,
GHSQC, GHMBC). They are readily distinguished from


8,11 ± 13 a R R1 12 [%][a] 13 [%][a]


a CH2 Ph Me ± ca. 65[b]


b CH2CH2 Ph Me ± 84
c CH2CH2CH2 Ph Me ± 71
e CH2CH2 Tol Me ± 79[c]


f CH2CH2CH2 Tol Me ± 73
h CH2CH2 tBu Ph 73[c] ±
i CH2CH2CH2 tBu Ph 68 ±


[a] Yields of product isolated by crystallization, analyzed by NMR experi-
ments at ÿ20 8C. [b] Not isolated, but characterized by NMR experiments
at ÿ20 8C. [c] Compound was characterized by NMR experiments and by a
crystal structure analysis.


Scheme 4. Tungsten complexes 12 and 13, which could be characterized as
reaction intermediates.
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compounds 12, since the latter exhibit an NH signal at d� 9,
whilst the former show hydrogen signals CH(R)C�N� (a
singlet for each diastereomer) in the range of d� 5.7 ± 5.4 and
carbon signals CH(R)C�N� at d� 69.1 ± 67.1. The carbon
signal of the C�N unit is shifted strongly downfield, by about
28 ppm, if the nitrogen atom is coordinated to the tungsten
atom (13 b : d� 186.1; 8 b : 158.0). Compounds 13 were
obtained as approximate 1:3 mixtures of (configurationally
stable) diastereomers. The rotation barrier of the 4-imino-2-
pentenone moiety against the cyclopentadiene unit seems to
be very low, since no further isomers could be frozen out in
the NMR spectra at lower temperatures. NOEMULT experi-
ments with diastereomeric mixtures of compounds 13 a and
13 e indicated a positive enhancement between the cyclo-
pentadiene signals HC�C(OEt) and both the CH3CO and the
CH3C�N� group, as well as the HCC�N unit of each
diastereomer, but neither ªcross-overº NOEs nor chemical
exchange phenomena were observed for the a-protons
CHC�N� of diastereomers, thus ruling out epimerization by
slow chemical exchange reactions. Whilst the diastereomeric
ratio of compounds 13 a and 13 e was monitored by 1H NMR
spectra in [D8]toluene at ÿ20 oC over a period of 40 h, it
seemed to invert. It was found later, however, that this
inversion resulted from spontaneous crystallization of the
major product from the reaction mixture. After the sample
had been redissolved, the initially observed ratio of diaster-
eomers was obtained once more. Since epimerization of the
C3 center was ruled out under our reaction conditions, it is
assumed that the stereochemistry at C3 is determined by
kinetic control over the reaction path between compounds 12
and 13.


Further structural details were provided by a crystal
structure analysis of the major isomer of compound 13 e
(Figure 2). The structure shows an almost planar subunit


Figure 2. Molecular structure of N-imino tungstate complex 13 e. Selected
bond lengths [�] and angles [o] : W1ÿN1 2.310(3), N1ÿC2 1.283(5),
N1ÿC20 1.450(5), C2ÿC3 1.503(6), C2ÿC19 1.510(6), C3ÿC4 1.522(6),
C3ÿC7 1.511(5), C4ÿO5 1.206(5); W1-N1-C20 110.4(2), W1-N1-C2
133.7(3), C20-N1-C2 115.9(3), N1-C2-C3 119.3(4), N1-C2-C19 124.4(4),
C3-C2-C19 116.3(3), C2-C3-C4 110.0(3), C2-C3-C7 114.1(4), C3-C4-O5
120.5(4), C3-C4-C6 116.7 (4), C4-C3-C7 113.4(3); W1-N1-C2-C3 1.1(6),
W1-N1-C2-C19 179.5(3), N1-C2-C3-C4 93.0(4), N1-C2-C3-C7 ÿ138.3(4),
C2-C3-C4-O5 ÿ2.1(5), C20-N1-C2-C19 0.8(6), C20-N1-C2-C3 ÿ177.6(3).


defined by the atoms W1, C20, N1, C2, C3, and C19 (dihedral
angles W1-N1-C2-C3 1.1(6)8, W1-N1-C2-C19 179.5(3)8, C20-
N1-C2-C3 ÿ177.6(3)8, and C20-N1-C2-C19 0.8(6)8), with the
expected pattern of alternating bond lengths W1ÿN1 2.310(3),
N1ÿC2 1.283(5), N1ÿC20 1.450(5), C2ÿC3 1.503(6), and
C2ÿC19 1.510(6) �. The bonds to atoms N1 and C2 are in a
plane, as is indicated by the sum of bond angles at N1 being
360.0� 0.88 (W1-N1-C20 110.4(2)8, W1-N1ÿC2 133.7(3)8, C2-
N1-C20 115.9(3)8) and 360.0� 1.18 at C2 (N1-C2-C19
124.4(4)8, N1-C2-C3 119.3(4)8, C3-C2-C19 116.3(3)8). The
calculated hydrogen at C3 is in good agreement with the bond
lengths C3ÿC2 1.503(6), C3ÿC4 1.522(6), and C3ÿC7
1.511(5) � and bond angles C2-C3-C4 110.0(3)8, C2-C3-C7
114.1(4)8, and C4-C3-C7 113.4(3)8, and a zwitterionic carbi-
minium pentacarbonyltungstate structure attached to C3. The
acetyl group O5-C4-C6 at C3 is almost orthogonally twisted
against the W1-N1-C2-C3 subunit (dihedral angle N1-C2-C3-
C4 93.0(4)8). Notably, predominantly one pair of enantiomers
(Z� 2) was found in the crystal under investigation, whilst the
second pair of enantiomers was identified by means of the
cyclohexyl group C8ÿC13, which was refined with split
positions in the ratio 0.66(1):0.34(1).


N-Coordination in compounds 13 becomes quite unfavor-
able if a tert-butyl substituent is attached to the nitrogen atom.
Accordingly, treatment of compounds 7 a and 7 b with 3-(tert-
butylamino)-1-phenyl-but-2-en-1-one (2 c) in n-pentane at
ÿ20 8C (60 h) did not afford N-coordination products 13, but
O-coordination compounds 12 instead.


The 1H NMR spectra of compounds 12 exhibit�N�H(tBu)
signals in the range of d� 11.83 ± 11.97 and a strong highfield
shift of the axial protons in the major isomers (12 h : 4'-Hax of
major isomer d� 0.57 (minor isomer 0.22); 6'-Hax ÿ0.03
(ÿ0.40); 12 i : 4'-Hax: 0.36 (ÿ0.16), 6'-Hax: 1.02 (0.51)).
Assignment of the ring protons of the six- and seven-
membered rings of compounds 12 h and 12 i for both
atropisomers was achieved by means of TOCSY experiments.
GHSQC experiments on 12 h and 12 i revealed remarkable
shift differences between axial and equatorial protons,
probably because of the anisotropic effect of the phenyl
group, which is even enhanced by its orientation, from steric
interaction with the pentacarbonyltungstate unit. The
13C NMR signals at d� 191.0 ± 191.4 could be unambiguously
assigned by GHMBC experiments to the alkenoxy tungstate
unit (OC)5WÿOC(Ph)�C for compounds 12 h and 12 i (both
atropisomers) on the basis of a 3J(1H,13C) correlation ob-
served with m-H of the phenyl group. The signals of
(OC)5WÿOÿC(Ph)�C were found in the expected range of
d� 105.3 ± 106.0, N�C(CH3) at d� 170.0 ± 170. 6. Two sets of
NMR signals were observed for compounds 12 h and 12 i at
ÿ20 8C; these were assigned to different atropisomers (vide
supra).


Structural details for the tungsten enolate 12 h were
obtained by a crystal structure analysis (Figure 3). The
compound contains an essentially sickle-shaped W1-O1-C2-
C3-C4-N6-C7 backbone, of which only W1 is slightly distorted
out of plane (dihedral angles W1-O1-C2-C3 158.6(2)8, O1-C2-
C3-C4 ÿ0.1(4)8, C2-C3-C4-N6 ÿ1.9(4)8, C3-C4-N6-C7
177.0(2)8). The W1-O1-C2 bond angle of 135.3(2)8 is much
larger than, for example, C18-O20-C21 (114.8(2)8) of an enol







Tetrahydropentalenes, Tetrahydroindenes, and Hexahydroazulenes 711 ± 720


Chem. Eur. J. 2001, 7, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0715 $ 17.50+.50/0 715


Figure 3. Molecular structure of O-alkenoxy tungstate complex 12h.
Selected bond lengths [�], angles [8], and dihedral angles [8]: W1ÿO1
2.226(2), O1ÿC2 1.296(3), C2ÿC3 1.394(3), C3ÿC4 1.426(3), C4ÿN6
1.320(3); W1-O1-C2 135.3(2), O1-C2-C3 123.2(2), O1-C2-C23 117.1(2),
C2-C3-C4 122.3(2), C3-C4-N6 119.9(2), C4-N6-C7 132.0(2); W1-O1-C2-C3
158.6(2), W1-O1-C2-C23 ÿ22.8(4), O1-C2-C3-C4 ÿ0.1(4), C2-C3-C4-N6
ÿ1.9(4), C2-C3-C4-C5 177.5(3), C3-C4-N6-C7 177.0(2), C2-C3-C11-C12
117.1(3).


ether unit. Furthermore, the bond length O1ÿC2 (1.296(3) �)
is much shorter than C18ÿO20 (1.357(3) �). On the basis of
the pattern of bond lengths (O1ÿC2 1.296(3), C2ÿC3 1.394(3),
C3ÿC4 1.426(3), and C4ÿN6 1.320(3) �) and bond angles
(O1-C2-C3 123.2(2)8, O1-C2-C23 117.1(2)8, C2-C3-C4
122.3(2)8, C3-C4-N6 119.9(2)8 and C4-N6-C7 132.0(2)8), the
W1-O1-C2-C3-C4-N6 unit is best considered a zwitterionic
carbiminium alkenoxy tungstate. The experimentally located
hydrogen at N6 is in good agreement with the C4-N6-C7 bond
angle of 132.0(2)8. The plane of the phenyl group C23ÿC28 is
rotated by 70.78 relative to the plane defined by O1, C2, and
C3. The W1ÿO1 bond length (2.226(2) �) in the ªvinylogous
imidateº compound 12 h is similar to the WÿO distance (ca.
2.22 �) found in corresponding carboxylato derivatives,[7] but
much longer than the WÿO distance (ca. 2.16 �) in corre-
sponding phenoxy compounds.[8]


Complexation onto the enamine unit of compounds 8 was
extended to the formation of a chelate complex 16 e to a
rhodium atom. This compound was obtained by treatment of
ligand 8 e with [{(cod)RhCl}2] (cod� 1,5-cyclooctadiene) in
the presence of a base. It was characterized by NMR
spectroscopy as well as by a crystal structure analysis
(Figure 4). Notably, compounds 8 contain a cyclopentadiene
unit and an enaminone unit, both of which are common
ligand systems as such. To date, a combination of both systems
in one ligand has not to our knowledge been reported.
Binuclear metal compounds in which the two coordination
sites are occupied by different metal units might offer fresh
challenges from the point of view of potential application in
catalysis. The broad scope of our synthetic route was also
demonstrated by the generation of polydentate systems 14
(Scheme 5).


Figure 4. Molecular structure of O,N-enaminonorhodium complex 16e.
Selected bond lengths [�], angles [8], and dihedral angles [8]: RhÿC2
2.134(4), RhÿC3 2.117(3), RhÿC6 2.137(3), RhÿC7 2.108(3), RhÿO11
2.012(2), RhÿN17 2.072(3), O11ÿC12 1.296(4), C12ÿC13 1.510(5),
C12ÿC14 1.376(5), C14ÿC15 1.427(5), C14ÿC18 1.497(5), C15ÿC16
1.514(5), C15ÿN17 1.324(4); C2-Rh-O11 87.9(1), C3-Rh-O11 85.5(1), C6-
Rh-O11 160.4(1), C7-Rh-O11 159.6(1), O11-Rh-N17 88.7(1) Rh-O11-C12
128.1(2), O11-C12-C13 112.5(3), O11-C12-C14 126.2(3), C12-C14-C18
117.3(3), C12-C14-C15 125.2(3), C14-C15-C16 117.0(3), C14-C15-N17
124.3(3), C15-N17-C171 116.8(3), C15-N17-Rh 126.1(2); Rh-O11-C12-
C13 ÿ175.5(2), Rh-O11-C12-C14 5.0(5), O11-C12-C14-C18 ÿ175.2(3),
O11-C12-C14-C15 6.4(6), C12-C14-C15-C16 171.8(4), C12-C14-C15-N17
ÿ7.7(6), C12-C14-C18-C19 ÿ84.8(5), C14-C15-N17-C171 176.6(3), C14-
C15-N17-Rh ÿ2.2(5), C15-N17-Rh-O11 8.7(3), N17-Rh-O11-C12
ÿ10.2(3), C171-N17-Rh-O11 ÿ170.1(3).


Conclusion


Tetrahydroindenes and hexahydroazulenes 8, in which an
NH-enaminone unit is attached to a cyclopentadiene group
were obtained by addition of NH-enaminones 2 to [2-(1-
cycloalkenyl)ethynyl]carbene complexes 7 (M�Cr, W).
Tungsten complexes 12 and 13, with an oxygen ± tungsten


7 M 14,15 n 15 [%][a]


b W a 0 79 (80)[b]


d Cr b 1 76 (74)[b]


[a] Yield of isolated product. [b] Yields given in brackets apply for the
preparation from chromium carbene complex 7d.


Scheme 5. Application of the reaction sequence outlined in Scheme 2 for
the generation of potentially polydentate ligand systems.
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and a nitrogen ± tungsten bond, respectively, were shown to be
reaction intermediates. Compounds 8 are of interest both as
organic building blocks and as a novel type of polydentate
ligands to organometallic catalysts.


Experimental Section


All operations were carried out under an atmosphere of argon. 1H and
13C NMR spectra were recorded on Bruker AM 360, Bruker AMX 400, and
Varian U 600 instruments. All tetrahydroindenes and hexahydroazulenes
were analyzed by 1H NMR, 13C NMR, {1H,1H}COSY, GHSQC, GHMBC,
and NOE-DIFF experiments on the Bruker AMX 400 instrument. IR: FT-
IR Bio-rad Digilab Division FTS-45. MS and HRMS: Finnigan MAT8200.
ESI: Micromass Quattro LCZ. Elemental analyses: HERAEUS CHN-O
Rapid. Column chromatography: Merck silica gel 60. Flash chromatog-
raphy was performed for each organic compound under an argon pressure
of 1.1 bar within about 20 min. TLC: Merck silica gel 60F254. Rf values refer
to TLC tests. All reaction were performed under argon. Diethyl ether, n-
pentane, C6D6, CDCl3, and [D8]toluene were used as purchased and were
not dried further. The pentacarbonyl[3-(cycloalkenyl)-1-ethoxy-2-propyn-
1-ylidene]tungsten and chromium compounds were prepared according to
ref..[9] .


(3aR*)-Pentacarbonyl[3-(3-ethoxy-4,5,6-tetrahydro-3aH-pentalen-1-yl)-
4-(4-phenylimino)pentan-2-one, N]tungsten (13 a): To pentacarbonyl-
[3-cyclopent-1-enyl-1-ethoxy-2-propyn-1-ylidene]tungsten(0) (7a)
(236 mg, 0.50 mmol) in a precooled NMR tube (ÿ78 8C) was slowly added,
by syringe, a solution of 4-(phenylamino)-pent-3-en-2-one (2a) (87 mg,
0.50 mmol) in 0.8 mL of [D8]toluene. The sample was allowed to warm to
ÿ20 oC and kept at this temperature for 60 h to allow reaction to reach
completion. According to an NMR spectrum of the solution at ÿ20 8C,
compound 13a was formed with approximately 65 % conversion of starting
compound 2 a, whilst compound 7a was consumed completely. The
structural assignment of compound 13a is based on 1H and 13C NMR
spectra, including 1H, 1H COSY, GHSQC, GHMBC, NOE-DIFF, and
TOCSY experiments at ÿ20 8C. Dynamic line-broadening of signals was
studied in the range between ÿ80 8C and ÿ20 8C. Paramagnetic line-
broadening due to decomposition was observed after a few min at �20 oC.


Compound 13 a : 1H NMR (600 MHz, [D8]toluene, 253 K, 4:3 mixture of
diastereomers, chemical shifts of the second diastereomer in brackets): d�
6.99, 6.81, 6.69, and 6.67 {6.98, 6.80, 6.60, and 6.67} (each m, 2:1:1:1H; Ph),
5.55 {5.45} (s, 1H; 3-H), 5.01 {4.94} (s, 1 H; 2'-H), 3.39 {3.39} (m, 2H;
OCH2), 3.18 {3.18} (m, 1 H; 3'a-H), 2.32 and 1.96 {2.32 and 1.96} (each m,
1:1H; 5'-H2), 2.19 {2.18} (s, 3 H; 1-H3), 1.96 and 1.85 {1.96 and 1.85} (each m,
1:1H; 6'-H2), 1.85 and 0.87 {1.85 and 0.87} (each m, 1:1H; 4'-H2), 1.63 {1.62}
(s each, 3 H; 5-H3), 1.09 {1.08} (each t, 3J� 7.0 Hz each, 3H; OCH2CH3);
13C NMR (150 MHz, [D8]toluene , 253 K): d� 204.6 {204.0} (Cq, C2), 203.4
{203.3}, and 198.8 {198.8} [each Cq, trans- and cis-CO W(CO)5], 186.1
{185.7} (Cq, C4), 168.8 {168.5} (Cq, C3'), 155.7 {155.4} (Cq, i-C Ph), 145.9
{145.1} (Cq, C1'); 129.7, 126.4, 124.2, 121.1, and 119.8 {129.6, 126.3, 124.1,
120.9, and 119.8} (each CH, o-, m-, and p-C Ph), 127.6 {126.5} (Cq, C6'a,
101.9 {100.6} (CH, C2'), 69.1 {69.0} (CH, C3), 65.6 {65.6} (OCH2), 57.6 {57.5}
(CH, C3'a), 31.3 {31.3} (CH2, C6'), 28.9 {28.7} (CH3, C1), 27.4 {27.0} (CH2,
C4'), 23.2 {22.8} (CH2, C5'), 21.0 {20.8} (CH3, C5), 14.6 {14.6} (OCH2CH3).


(3aR*)-3-(3-Ethoxy-4,5,6,7-tetrahydro-3 aH-inden-1-yl)-4-(phenylamino)-
pent-3-en-2-one (8b) and (3 aR*,3R*{S*})-pentacarbonyl[3-(3-ethoxy-
4,5,6-tetrahydro-3aH-pentalen-1-yl)-4-(4-phenylimino)pentan-2-one,
N]tungsten (13 b): To pentacarbonyl(3-cyclohex-1-enyl-1-ethoxy-2-propyn-
1-ylidene)tungsten(0) (7b) (486 mg, 1.00 mmol) in a 5 mL screw-top vessel


was added 4-(phenylamino)-pent-3-en-2-one (2a) (175 mg, 1.00 mmol) in
diethyl ether (4 mL). The mixture was stirred for 18 h at 20 8C and
separated by flash column chromatography on silica gel to give compound
8b (257 mg, 76%, Rf� 0.3 in n-pentane/diethyl ether 9:1, pale yellowish
oil). If the reaction was performed n-pentane/diethyl ether (4:1; 4 mL) at
ÿ20 8C for 60 h, yellow-brown crystals could be collected by centrifugation;
these were washed with precooled n-pentane (2� 2 mL) and dried under
reduced pressure (20 8C, 10ÿ3 mbar) to give a 3:1 mixture of diastereomers
of thermolabile compound 13 b (560 mg, 84 %, Rf� 0.7 in n-pentane/diethyl
ether 9:1), which was analyzed by 1H and 13C NMR experiments at ÿ20 8C.


Compound 8b : 1H NMR (400 MHz, C6D6, 300 K): d� 14.1 (m, br., 1H;
NH), 7.03 and 6.91 (each m, 2:3 H; o-, m-, and p-H Ph), 4.92 (s, 1 H; 2'-H),
3.61 (m, 2 H; OCH2CH3), 2.70 (dd, 3J� 5.8 Hz and 12.4 Hz, 1 H; 3'a-H),
2.44 (m, br., 2 H; 4'-H and 7'-H), 2.29 (s, 3H; 1-H3), 1.88 (s, 3 H; 5-H3), 1.83
(m, br., 1H; 7'-H), 1.64 (m, br., 2 H; 5'-H and 6'-H), 1.16 (t, 3J� 7.1 Hz and
m, br., 6 H; OCH2CH3, 4'-H, 5'-H, and 6'-H); 13C NMR (100 MHz, C6D6,
300 K): d� 196.6 (Cq, C2), 168.3 (Cq, C3'), 158.0 (Cq, C4), 140.0 (Cq, i-C
Ph), 134.2 (Cq, C1'), 132.3 (Cq, br., C7'a); 129.2, 124.9, and 124.8 (each CH,
o-, m-, and p-C Ph), 105.2 (Cq, C3), 102.0 (CH, C2'), 65.0 (OCH2CH3), 50.4
(CH, C3'a), 31.3 (CH2, br., C7'), 28.9 (CH3, br., C1); 28.6, 26.3 (br) and 25.6
(each CH2, C4', C5', and C6'), 17.5 (CH3, br., C5), 14.6 (OCH2CH3); IR
(diffuse reflection), cmÿ1 (%): nÄ � 2931 (100), 2854 (87), 1728 (54), 1567
(94), 1419 (87), 1254 (99), 1043 (81); MS (70 eV): m/z (%): 337 (67) [M]� ,
308 (100), 266 (61), 244 (11), 215 (13), 173 (10), 118 (50); elemental analysis
calcd (%) for C22H27NO2 (337.5): C 78.30, H 8.06, N 4.15; found: C 78.35, H
8.15, N 3.93.


Compound 13b : 1H NMR (360 MHz, [D8]toluene, 253 K, second diaster-
eomer in brackets): d� 6.91, 6.72, 6.58, and 6.52 {6.91, 6.72, 6.68, and 6.38}
(each m, 2:1:1:1 H; o-, m-, and p-H Ph), 5.65 {5.60} (s, 1 H; 3-H), 4.70 {4.82}
(s, 1 H; 2'-H), 3.24 {3.24} (m, 2H; diastereotopic OCH2), 2.68 and 1.92 {2.68
and 1.84} (each m, 1:1 H; 7'-H2), 2.41 {2.46} (dd, 3J� 7.0 Hz and 14.0 Hz,
1H; 3'a-H), 2.23 and 0.69 {2.26 and 0.78} (each m, 1:1 H; 4'-H2), 2.20 {2.19}
(s, 3 H; 1-H3), 1.69 and 0.98 {1.69 and 0.77} (each m, 1:1H; 6'-H2), 1.60 {1.60}
(s, 3 H; 5-H3), 1.41 and 0.99 {1.47 and 0.99} (each m, 1:1H; 5'-H2), 1.02 {1.02}
(t, 3J� 6.9 Hz, 3H; OCH2CH3); 13C NMR (90 MHz, [D8]toluene, 253 K):
d� 205.2 {205.2} (Cq, C2), 203.3 and 199.0 {203.3 and 199.0} [each Cq, trans-
and cis-CO W(CO)5], 186.1 {186.1} (Cq, C4), 170.2 {170.0} (Cq, C3'), 155.7
{156.0} (Cq, i-C Ph), 138.0 {138.0} (Cq, C1'); 130.0, 129.7, 126.3, 121.3, and
119.3 {129.9, 129.6, 126.3, 121.1, and 119.7} (each CH, o-, m-, and p-C Ph),
C7'a not detected, 97.6 {97.4} (CH, C2'), 67.8 {67.7} (CH, C3), 66.1 {65.4}
(OCH2), 51.0 {50.7} (CH, C3'a); 31.3, 28.9, 26.6, and 24.9 {31.5, 28.7, 26.4,
and 24.9} (each CH2, C4' ± C7'), 29.0 {29.0} (CH3, C1), 20.8 {20.8} (CH3, C5),
14.6 {14.6} (OCH2CH3).


(3aR*)-3-(3-Ethoxy-4,5,6,7-tetrahydro-3aH-inden-1-yl)-4-(4-tolylamino)-
pent-3-en-2-one (8e) and (3 aR*,3R*{S*})-pentacarbonyl[3-(3-ethoxy-
4,5,6,7-tetrahydro-3aH-inden-1-yl)-3-(4-tolylimino)-pentan-2-one,
N]tungsten (13 e): To pentacarbonyl(3-cyclohex-1-enyl-1-ethoxy-2-propyn-
1-ylidene)tungsten(0) (7 b) (486 mg, 1.00 mmol) in a 5 mL screw-top vessel
was added a solution of 4-(4-tolylamino)-pent-3-en-2-one (2b) (189 mg,
1.00 mmol) in diethyl ether (4 mL). The mixture was stirred at 20 8C for
18 h and separated by flash column chromatography on silica gel to give
compound 8e (257 mg, 73%, Rf� 0.3 in n-pentane/diethyl ether 9:1, pale
yellowish oil). Compound 8e was also obtained from pentacarbonyl(3-
cyclohex-1-enyl-1-ethoxy-2-propyn-1-ylidene)chromium(0) (7d) (354 mg,
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1.00 mmol) and 4-(4-tolylamino)-pent-3-en-2-one (2b) (189 mg,
1.00 mmol) by the procedure described above (251 mg, 71%). If the
reaction of 7 b and 2b was performed in n-pentane/diethyl ether (4:1; 4 mL)
at ÿ20 8C for 60 h, yellow-brown crystals could be collected by centrifu-
gation; these were washed with precooled n-pentane (2� 2 mL) and dried
under reduced pressure (20 8C, 10ÿ3 mbar) to give a 3:2 mixture of
diastereomers of thermolabile compound 13e (531 mg, 79%, Rf� 0.7 in n-
pentane/diethyl ether 9:1), which was analyzed by 1H and 13C NMR
experiments atÿ20 8C, as well as by a crystal structure analysis. Generation
of compound 8 e from 13e was monitored by 1H NMR experiments in C6D6


at �30 8C.


Compound 8e : 1H NMR (400 MHz, C6D6, 300 K):[10] d� 14.15 (m, br., 1H;
NH), 6.84 (s, 4H; o- and m-H Tol), 4.94 (s, 1H; 2'-H), 3.62 (m, 2H;
OCH2CH3), 2.71 (dd, 3J� 5.3 Hz and 12.2 Hz, 1H; 3'a-H), 2.46 (m, 2H; 4'-
H and 7'-H), 2.32 (s, 3H; 1-H3), 2.06 (s, 3 H; Tol-CH3), 1.92 (s, br., 3H;
5-H3), 1.83 (m, 1H; 4'-H), 1.63 (m, 2H; 5'-H and 6'-H), 1.15 (t, 3J� 7.0 Hz
and m, br., 6H; OCH2CH3 , 4'-H, 5'-H, and 6'-H); 13C NMR (100 MHz,
C6D6, 300 K): d� 196.3 (Cq, C2), 168.3 (Cq, C3'), 158.5 (Cq, C4), 137.4 (Cq,
i-C Tol), 134.6 (Cq, p-C Tol), 134.2 (Cq, br., C1'), 132.5 (Cq, br., C7'a), 129.8
and 125.1 (CH, o- and m-H Tol), 104.9 (Cq, C3), 102.1 (CH, C2'), 65.0
(OCH2CH3), 50.5 (CH, C3'a), 31.2 (CH2, br., C7'), 28.5 (CH3, br., C1), 28.6,
26.4 (each br), and 25.7 (each CH2, C4', C5', and C6'), 20.7 (CH3, Tol), 17.4
(CH3, br., C5), 14.6 (OCH2CH3); IR (diffuse reflection), cmÿ1 (%): nÄ �
2932 (94), 1572 (100), 1435 (74), 1256 (94), 1046 (69); MS (70 eV): m/z (%):
351 (65) [M]� , 322 (100), 280 (51), 245 (12), 215 (10), 132 (40); elemental
analysis calcd (%) for C23H29NO2 (351.5): C 78.59, H 8.32, N 3.98; found: C
78.41, H 8.49, N 3.67. X-ray crystal structure analysis of compound 8 e (code
aum.1267), formula C23H29NO2, Mr� 351.47, light yellow crystal 0.25�
0.15� 0.10 mm, a� 22.054(3), b� 6.459(1), c� 28.789(1) �, b� 91.35(1)8,
V� 4099.8(9) �3, 1calcd� 1.139 g cmÿ3, m� 5.60 cmÿ1, empirical absorption
correction by y scan data (0.873�T� 0.946), Z� 8, monoclinic, space
group C2/c (no. 15), l� 1.54178 �, T� 223 K, w/2q scans, 4280 reflections
collected (�h, ÿk, � l), [(sinf)/l]� 0.62 �ÿ1, 4170 independent (Rint�
0.047) and 2267 observed reflections [I� 2s(I)], 243 refined parameters,
R� 0.050, wR2� 0.129, max. residual electron density 0.21 (ÿ0.19) e �ÿ3,
hydrogens calculated and refined as riding atoms.[11]


Compound 13e : 1H NMR (600 MHz, [D8]toluene, 253 K, second diaster-
eomer in brackets):[10] d� 6.76, 6.57, and 6.49 {6.76, 6.66, and 6.38} (each m,
2:1:1H; Tol), 5.67 {5.63} (s, 1 H; 3-H), 4.94 {4.85} (s, 1H; 2'-H), 3.38 {3.38}
(m, 2H; diastereotopic OCH2), 2.71 and 1.93 {2.71 and 1.85} (each m, 1:1H;
7'-H2), 2.47 {2.44} (dd, 3J� 12.2 and 5.6 Hz, 1H; 3'a-H), 2.27 and 0.84 {2.22
and 0.70} (each m, 1:1H; 4'-H2), 2.21 {2.19} (s, 3H; 1-H3), 1.96 {1.96} (s, 3H;
Tol-CH3), 1.71 and 1.02 {1.71 and 0.81} (each m, 1:1 H; 6'-H2), 1.69 {1.70} (s,
3H; 5-H3) 1.48 and 0.97 {1.42 and 0.97} (each m, 1:1 H; 5'-H2), 1.05 {1.05} (t,
3J� 6.9 Hz, 3H; OCH2CH3); 13C NMR (150 MHz, [D8]toluene, 253 K): d�
205.1 {204.0} (Cq, C2), 203.2 and 199.1 {203.2 and 199.0} [each Cq, trans- and
cis-CO W(CO)5], 186.1 {186.0} (Cq, C4), 170.2 {170.0} (Cq, C3'), 153.9
{153.6} (Cq, i-C Tol), 137.9 {137.3} (Cq, C1') 135.9 {135.8} (Cq, p-C Tol);
130.5, 130.1, 121.1, and 119.5 {130.4, 130.0, 121.0, and 119.2} (each CH, Tol),
126.0 {125.4} (Cq, C7'a), 97.6 {97.5} (CH, C2'), 67.9 {67.8} (CH, C3), 65.4
{65.4}(OCH2), 51.0 {50.8} (CH, C3'a), 31.4 {31.4} (CH2, dynamically br.,
C4'), 29.0 {29.0} (CH3, C1), 28.7 {28.7} (CH2, C6'), 26.7 {26.4} (CH2, C7'),
25.0 {24.9} (CH2, C5'), 20.8 and 20.7 {20.7 and 20.7} (each CH3, C5 and CH3


Tol), 14.5 {14.5} (OCH2CH3). X-ray crystal structure analysis of compound
13e (code aum.1149): formula C28H29NO7W, Mr� 675.37, red crystal 0.30�
0.25� 0.10 mm, a� 11.034(1), b� 12.534(1), c� 12.785(1) �, a� 111.50(1),
b� 98.63(1), g� 90.59(1)8, V� 1622.4(2) �3, 1calcd� 1.382 g cmÿ3, m�
35.98 cmÿ1, absorption correction by SORTAV (0.412�T� 0.715), Z� 2,
triclinic, space group P1Å (no. 2), l� 0.71073 �, T� 198 K, w and f scans,
12095 reflections collected (�h, �k, � l), [(sinq)/l]� 0.65 �ÿ1, 7411
independent (Rint� 0.021) and 6964 observed reflections [I� 2s(I)], 384
refined parameters, R� 0.028, wR2� 0.094, max. residual electron density
1.15 (ÿ1.22) e �ÿ3, the cyclohexyl group (C8 ± C13) was refined with split
positions in the ratio 0.66(1):0.34(1); petroleum ether solvent molecules
were located around x, 0.5, 0.0, not identified, and used in refinement;
hydrogens calculated and refined as riding atoms.[11]


(3aR*)-3-(tert-Butylamino)-2-(3-ethoxy-4,5,6,7-tetrahydro-3 aH-inden-1-
yl)-1-phenylbut-2-en-1-one (8h) and (3aR*)-pentacarbonyl[3-(tert-butyl-
amino)-2-(3-ethoxy-4,5,6,7-tetrahydro-3 aH-inden-1-yl)-1-phenylbut-2-en-
1-one, O]tungsten (12 h): To pentacarbonyl(3-cyclohex-1-enyl-1-ethoxy-2-
propyn-1-ylidene)tungsten(0) (7b) (486 mg, 1.00 mmol) in a 5 mL screw-


top vessel was added a solution of 3-(tert-butylamino)-1-phenyl-but-2-en-1-
one (2c) (217 mg, 1.00 mmol) in diethyl ether (4 mL). The reaction mixture
was stirred for 30 h at 20 8C. After separation by flash column chromatog-
raphy on silica gel, compound 8 h was obtained in 78% yield (297 mg,
0.78 mmol, Rf� 0.2 n-pentane/diethyl ether 9: 1) as a pale yellowish oil. If
the reaction was performed in n-pentane/diethyl ether (4:1; 4 mL) at
ÿ20 8C for 60 h, yellow-brown crystals could be collected by centrifugation;
these were washed with precooled n-pentane (2� 2 mL) and dried under
reduced pressure (20 8C, 10ÿ3 mbar) to give an 8:1 mixture of isomers of
thermolabile compound 12h (513 mg, 73%), which was analyzed by 1H and
13C NMR experiments at ÿ20 8C, as well as by crystal structure analysis.
Generation of compound 8h from compound 12 h was monitored by
1H NMR experiments in C6D6 at �30 8C.


Compound 8h : 1H NMR (400 MHz, C6D6, 300 K):[10] d� 13.72 (m, br., 1H;
NH), 7.82 (m, 2H; o-H Ph), 7.09 (m, 2 H; m-H Ph), 7.03 (m, 1H; p-H Ph),
5.04 (s, 1 H; 2'-H), 3.61 (m, 2 H; OCH2CH3), 2.68 (m, br., 1 H; 3'a-H), 2.46
and 2.26 (each m, each br., 1:1H; 4'-H and 7'-H), 2.09 (s, 3H; 4-H3), 1.72 (m,
br., 1 H; 4'-H); 1.52, 1.40, 1.16, 1.11, and 1.02 (mmmst, 3J� 6.9 Hz,
1:2:9:3:2H; 7'-H, 5'-H2, 6'-H2, NC(CH3)3, and OCH2CH3); 13C NMR
(100 MHz, C6D6, 300 K): d� 191.2 (Cq, C1), 167.5 (Cq, C3'), 164.7 (Cq, C4),
144.4 (Cq, br., i-C Ph), 133.1, and 132.6 (each Cq, each br., C1' and C7'a);
128.7, 128.6, and 127.1 (each CH, o-, m-, and p-C Ph), 104.0 (Cq, C2), 102.5
(CH, C2'), 65.0 (OCH2CH3), 52.2 (Cq, NC(CH3)3]), 50.6 (CH, br., C3'a),
30.8 (C(CH3)3), 29.4 (CH2, br., C7'); 26.9, 26.4, and 25.5 (each CH2, each
br., C4', C5', and C6'), 18.3 (CH3, C4), 14.6 (OCH2CH3); IR (diffuse
reflection), cmÿ1 (%): nÄ � 2934 (95), 2870 (85), 1719 (30), 1580 (100), 1554
(100), 1288 (85), 1174 (90); MS (70 eV): m/z (%): 379 (35) [M]� , 350 (25),
322 (55), 294 (25), 277 (5), 236 (3), 105 (100); elemental analysis calcd (%)
for C25H33NO2 (379.5): C 79.11, H 8.76, N 3.69; found: C 78.72, H 8.82, N
3.64.


Compound 12 h : 1H NMR (360 MHz, CDCl3, 253 K, 8:1 mixture of
atropisomers, second atropisomer in brackets): d� 11.97 {11.87} (s, br., 1H;
NH), 7.29 and 7.18 {7.29 and 7.18} (each m, 3:2 H; o-, m-, and p-H Ph), 5.04
{4.96}, (s, 1 H; 2'-H), 3.77 {3.77} (m, 2 H; OCH2), 2.50 {2.40} (dd, 3J� 12.3
and 5.6 Hz, 1H; 3'a-H), 2.20 {2.19} (s, 3H; 4-H3), 2.13 and 1.75 {2.13 and
1.75} (each m, 1:1 H; 7�-H2), 1.95 and 0.57 {1.95 and 0.22} (each m, 1:1 H; 4'-
H2), 1.68 and ÿ0.03 {1.65 and ÿ0.40} (each m, 1:1H; 6'-H2), 1.53 {1.53} [s,
9H; C(CH3)3], 1.43 and 1.08 {1.43 and 1.06} (each m, 1:1H; 5'-H2), 1.34
{1.34} (t, 3J� 7.0 Hz, 3 H; OCH2CH3); 13C NMR (90 MHz, CDCl3, 253 K):
d� 203.9, and 198.6 {203.9 and 198.5} (each Cq, trans- and cis-CO W(CO)5),
191.4 {191.0} (Cq, C1), 170.6 {170.3} (Cq, C3), 166.9 {166.6} (Cq, C3'), 140.5
{140.0} (Cq, C1'), 135.5 and 129.4 {134.4 and 129.3} (each Cq, C7'a and ipso-
C Ph); 129.2, 127.7, and 126.3 {128.6, 127.4, and 126.3} (each CH, o-, m-, and
p-C Ph), 105.4 {105.3} (Cq, C2), 102.6 {101.8} (CH, C2'), 64.9 {64.9} (OCH2),
54.2 {54.2} [Cq, C(CH3)3], 49.5 {49.0} (CH, C3'a), 30.5 {30.5} [C(CH3)3];
30.2, 28.0, 25.7, and 24.7 {29.2, 26.4, 25.3, and 24.4} (each CH2, C4' ± C7'),
19.1 {19.0} (CH3, C4), 14.4 {14.2} (OCH2CH3). X-ray crystal structure
analysis of compound 12h (code aum.1180), formula C30H33NO7W, Mr�
703.42, yellow crystal 0.25� 0.20� 0.15 mm, a� 11.112(1), b� 11.459(1),
c� 13.141(1) �, a� 113.89(1), b� 98.75(1), g� 91.63(1)8, V�
1504.6(2) �3, 1calcd� 1.553 g cmÿ3, m� 38.83 cmÿ1, absorption correction
by SORTAV (0.444�T� 0.594), Z� 2, triclinic, space group P1Å (no. 2),
l� 0.71073 �, T� 198 K, w and f scans, 10108 reflections collected (�h,
�k, � l), [(sinf)/l]� 0.65 �ÿ1, 6901 independent (Rint� 0.022) and 6379
observed reflections [I� 2s(I)], 368 refined parameters, R� 0.024, wR2�
0.052, max. residual electron density 1.12 (ÿ1.01) e �ÿ3 close to tungsten,
hydrogens calculated and refined as riding atoms.[11]


(3aR*)-3-(3-Ethoxy-3a,4,5,6,7,8-hexahydroazulen-1-yl)-4-(phenylamino)-
pent-3-en-2-one (8 c) and (3 aR*,3R*{S*})-pentacarbonyl[3-(3-ethoxy-
3'a,4,5,6,7,8-hexahydroazulen-1-yl)-4-(phenylimino)pentan-2-one, N]tung-
sten (13 c): To pentacarbonyl(3-cyclohept-1-enyl-1-ethoxy-2-propyn-1-yl-
idene)tungsten(0) (7b) (498 mg, 1.00 mmol) in a 5 mL screw-top vessel was
added a solution of 4-(phenylamino)-pent-3-en-2-one (2 a) (175 mg,
1.00 mmol) in diethyl ether (4 mL). After the mixture had been stirred
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for 18 h at 20 8C, it was separated by flash column chromatography on silica
to afford the atropisomeric compound 8 c (265 mg, 75%, Rf� 0.4, n-
pentane/diethyl ether 9:1, pale yellowish oil). If the reaction was performed
in n-pentane/diethyl ether (4:1; 4 mL) at ÿ20 8C for 80 h, yellow-brown
crystals of a 1:1 atropisomeric mixture of thermolabile compound 13 c
(480 mg, 71%) could be collected by centrifugation; these were washed
with precooled n-pentane (2� 2 mL) and dried under reduced pressure
(20 8C, 10ÿ3 mbar) and analyzed by 1H and 13C NMR experiments at
ÿ20 8C. A spontaneous transformation of compound 13 c into compound
8c was monitored by 1H NMR spectroscopy in C6D6 at �30 8C.


Compound 8 c : 1H NMR (400 MHz, C6D6, 300 K, second atropisomer in
brackets): d� 14.09 {14.09} (s, br., 1H; NH), 7.03 and 6.91 {7.03 and 6.91}
(m, 2:3 H; o-, m-, and p-H Ph), 4.87 {4.87} (s, 1 H; 2'-H), 3.62 {3.62} (m, 2H;
OCH2CH3), 2.97 {2.97} (dd, 3J� 3.3 Hz and 10.4, 1H; 3�a-H), 2.34 {2.34} (m,
3H; 8'-H2 and 4'-H}, 2.31 {2.26} (s, 3H; 1-H3), 1.91 {1.86} (s, 3H; 5-H3), 1.73
{1.73} (m, 2H; 5'-H2), 1.61 {1.61} (m, 1H; 6'-H), 1.41 {1.41} (m, 2H; 7'-H and
6'-H), 1.22 {1.22} (m, 2H; 7'-H and 4'-H), 1.16 {1.16} (t, 3J� 7.1 Hz, 3H;
OCH2CH3); 13C NMR (100 MHz, C6D6, 300 K): d� 196.3 {196.3} (Cq, C2),
166.9 {166.9} (Cq, C3'), 157.6 {157.6} (Cq, C4), 140.0 {140.0} (Cq, i-C Ph),
137.4 {137.3} (Cq, C1'), 135.7 {135.6} (Cq, C8'a); 129.9, 124.9, and 124.9
{129.9, 124.9, and 124.9} (each CH, o-, m-, and p-C Ph), 105.9 {105.9} (Cq,
C3), 101.4 {101.4} (CH, C2'), 65.0 {65.0} (OCH2CH3), 53.7 {53.6} (CH,
C3'a); 31.7, 30.6, 30.4, and 29.4 {31.2, 30.6, 30.1, and 29.4} (each CH2, C4',
C5', C7', and C8'), 28.5 {28.5} (CH3, C1), 27.6 {27.7} (CH2, C6'), 17.1 {17.1}
(CH3, C5), 14.6 {14.6} (OCH2CH3); IR (diffuse reflection), cmÿ1 (%): nÄ �
2922 (98), 2849 (84), 1560 (100), 1420 (88), 1250 (98), 1038 (78); MS
(70 eV): m/z (%): 351 (51) [M]� , 322 (100), 280 (49), 258 (40), 229 (17), 215
(23), 187 (13), 118 (54); HRMS calcd for C23H29NO2: 351.21982; found
351.21959 (�0.6 ppm, �0.2 mmu); elemental analysis calcd (%) for
C23H29NO2 (351.5): C 78.59, H 8.32, N 3.98; found: C 78.49, H 8.52, N 3.90.


Compound 13c : 1H NMR (360 MHz, [D8]toluene, 253 K, 1:1 mixture of
atropisomers, second atropisomer in brackets): d� 6.93, 6.75, and 6.58
{6.93, 6.75, and 6.36} (each m, 2:2:1H; o-, m-, and p-H Ph), 5.60 {5.59} (s,
1H; 3-H), 4.70 {4.70} (s, 1H; 2'-H), 3.19 {3.19} (m, 2 H; diastereotopic
OCH2), 2.84 {2.84} (m, 1 H; 3'a-H), 2.8 ± 2.5 {2.8 ± 2.5} (m, 2H; cyclo-
heptane), 2.26 {2.24} (s, 3H; 1-H3), 2.2 ± 1.75 {2.2 ± 1.75} (m, 2H; cyclo-
heptane), 1.72 {1.66} (s, 3 H; 5-H3), 1.6 ± 1.4 {1.6 ± 1.4} (m, 3 H; cyclo-
heptane), 1.4 ± 1.15 {1.4 ± 1.15} (m, 3H; cycloheptane), 1.06 {1.06} (t, 3J�
7.0 Hz, 3H; OCH2CH3); 13C NMR (90 MHz, [D8]toluene, 253 K): d� 205.3
{205.1} (Cq, C2), 203.3 and 199.1 {203.3 and 199.1} [Cq, trans-, and cis-CO
W(CO)5], 185.7 {185.4} (Cq, C4), 168.1 {168.1} (Cq, C3'), 156.3 {156.3} (Cq, i-
C Ph), 141.1 {141.1} (Cq, C1'); 130.0, 129.7, 126.2, 121.3, and 119.6 {130.0,
129.6, 126.2, 121.2, and 119.3} (each CH, o-, m-, and p-C Ph), 128.5 {128.5}
(Cq, C8'a), 97.1 {97.0} (CH, C2'), 67.1 {67.0} (CH, C3), 65.3 {65.3} (OCH2),
53.8 {53.6} (CH, C3'a); 34.6 {34.6}, 31.4 {31.4}, 29.8, 29.1, and 28.6 {29.8, 29.1,
and 28.3} (each CH2, C4' ± C8'), 29.3 {29.3} (CH3, C1), 21.0 {20.8} (CH3, C5),
14.6 {14.5} (OCH2CH3).


(3aR*)-3-(3-Ethoxy-3a,4,5,6,7,8-hexahydroazulen-1-yl)-4-(4-tolylamino)-
pent-3-en-2-one (8 f) and (3 aR*,3R*{S*})-pentacarbonyl[3-(3-ethoxy-
3'a,4,5,6,7,8-tetrahydroazulen-1-yl)-4-(4-tolylimino)pentan-2-one, N]tung-
sten (13 f): To pentacarbonyl(3-cyclohept-1-enyl-1-ethoxy-2-propyn-1-yl-
idene)tungsten(0) (7b) (498 mg, 1.00 mmol) in a 5 mL screw-top vessel was
added a solution of 4-(4-tolylamino)-pent-3-en-2-one (2 b) (189 mg,
1.00 mmol) in diethyl ether (4 mL). The reaction mixture was stirred for


18 h at 20 8C and separated by flash column chromatography on silica gel to
give atropisomeric compound 8 f (275 mg, 75%, Rf� 0.4, n-pentane/diethyl
ether 9:1, pale yellowish oil). If the reaction was performed in n-pentane/
diethyl ether (4:1; 4 mL) at ÿ20 8C for 80 h, yellow-brown crystals of a 5:4
mixture of atropisomers of the thermolabile compound 13 f (504 mg, 73%)
could be collected by centrifugation; these were washed with precooled n-
pentane (2� 2 mL), dried under reduced pressure (20 8C, 10ÿ3 mbar), and
were analyzed by 1H and 13C NMR experiments at ÿ20 8C.


Compound 8 f : 1H NMR (400 MHz, C6D6, 300 K, second atropisomer in
brackets):[12] d� 14.10 {14.08} (m, br., 1 H; NH), 6.86 {6.85} (m, 4 H; o- and
m-H Tol), 4.89 {4.89} (s, 1 H; 2'-H), 3.61 {3.61} (m, 2 H; OCH2CH3), 2.98
{2.98} (dd, 3J� 10.4 and 3.2, 1 H; 3'a-H), 2.36 {2.36} (m, 3H; 4'-H and 8'-H2),
2.32 {2.27} (s, 3H; 1-H3), 2.07 {2.07} (s, 3H; Tol-CH3), 1.94 {1.88} (s, 3H;
5-H3), 1.73 {1.73} (m, 2H; 5'-H2), 1.61 {1.61} (m, 1H; 6'-H), 1.41 {1.41} (m,
2H; 7'-H and 6'-H), 1.22 {1.22} (m, 2 H; 4'-H and 7'-H), 1.16 {1.16} (t, 3J�
7.0 Hz, 3H; OCH2CH3); 13C NMR (100 MHz, C6D6, 300 K): d� 195.9
{195.9} (Cq, C2), 166.9 {166.9} (Cq, C3'), 158.1 {158.0}, (Cq, C4), 137.4 {137.4}
(Cq, i-C Tol), 137.4 {137.3} (Cq, C8'a), 135.8 {135.7} (Cq, p-C Tol), 134.6
{134.6} (Cq, C1'), 129.8 and 125.0 {129.8 and 125.0} (each CH, o- and m-C
Tol), 105.5 {105.5} (Cq, C3), 101.5 {101.5} (CH, C2'), 65.0 {65.0} (OCH2CH3),
53.7 {53.6} (CH, C3'a); 31.4, 30.7, 30.4, and 29.5 {31.2, 30.6, 30.1, and 29.4}
(each CH2, C4', C5', C7', and C8'), 28.5 {28.4} (CH3, C1), 27.6 {27.6} (CH2,
C6'), 20.8 {20.8} (CH3 Tol), 17.1 {17.1} (CH3, C5), 14.6 {14.6} (OCH2CH3);
IR (diffuse reflection): cmÿ1 (%): nÄ � 2920 (100), 2849 (75), 1572 (100),
1516 (90), 1432 (70), 1250 (90), 1041 (60); MS (70 eV): m/z (%): 365 (50)
[M]� , 336 (100), 294 (50), 258 (40), 229 (20), 215 (20), 187 (10), 132 (60);
elemental analysis calcd (%) for C24H31NO2 (365.5): C 78.86, H 8.55, N
3.83; found: C 78.69, H 8.91, N 3.84.


Compound 13 f : 1H NMR (360 MHz, [D8]toluene, 253 K, 5:4 mixture of
diastereomers, second diastereomer in brackets):[12] d� 6.75 {6.75} and 6.57
{6.48} (each m, 3:1H; Tol), 5.61 {5.60} (s, 1H; 3-H), 4.74 {4.73} (s, 1H; 2'-H),
3.20 {3.20} (m, 2H; diastereotopic OCH2), 2.82 {2.82} (m, 1 H; 3 a'-H), 2.7 ±
2.5 {2.7 ± 2.5} (m, 2H; cycloheptane), 2.28 {2.26} (s, 3H; 1-H3), 2.15 and 1.7 ±
1.4 {2.15 and 1.7 ± 1.4} (each m, 4 H; cycloheptane), 1.99 {1.99} (s, 3 H; Tol-
CH3), 1.79 {1.74} (s, 3 H; 5-H3), 1.4 ± 1.2 {1.4 ± 1.2} (m, 4H; cycloheptane),
1.07 {1.07} (t, 3J� 7.1 Hz, 3H; OCH2CH3); 13C NMR (90 MHz, [D8]toluene,
253 K, 5:4 mixture of diastereomers): d� 205.3 {205.1} (Cq, C2), 203.3 and
199.1 {203.3 and 199.1} [each Cq, trans- and cis-CO W(CO)5], 185.8 {185.5}
(Cq, C4), 168.1 {168.1} (Cq, C3'), 154.2 {154.1} (Cq, i-C Tol), 141.1 {141.0}
(Cq, C1'), 135.8 {135.8} (Cq, p-C Tol); 130.5, 130.2, 121.1, and 119.4 {130.4,
130.1, 121.0, and 119.2} (each CH, Tol), 129.2 {129.2} (Cq, C8'a), 97.2 {97.0}
(CH, C2'), 67.2 {67.2} (CH, C3), 65.3 {65.3} (OCH2), 53.8 {53.7} (CH, C3'a);
34.6, 31.4, 29.8, 29.1, and 28.1 {34.6, 31.4, 29.8, 28.9, and 28.1} (each CH2,
C4' ± C8'), 30.1 {30.1} (CH3, C1); 21.0 {21.0} and 20.7 {20.7} (each CH3, C5
and CH3 Tol), 14.6 {14.5} (OCH2CH3).


(3aR*)-3-(tert-Butylamino)-2-(3-ethoxy-3 a,4,5,6,7,8-hexahydroazulen-1-
yl)-1-phenylbut-2-en-1-one (8 i) and (3aR*)-pentacarbonyl[3-(tert-butyl-
amino)-2-(3-ethoxy-3 a,4,5,6,7-hexahydroazulen-1-yl)-1-phenylbut-2-en-1-
one, O]tungsten (12 i): To pentacarbonyl(3-cyclohept-1-enyl-1-ethoxy-2-
propyn-1-ylidene)tungsten(0) (7b) (500 mg, 1.00 mmol) in a 5 mL screw-
top vessel was added a solution of 3-(tert-butylamino)-1-phenyl-but-2-en-1-
one (2c) (217 mg, 1.00 mmol) in diethyl ether (4 mL). After the reaction
mixture had been stirred for 30 h at 20 8C, it was separated by flash column
chromatography on silica gel to give atropisomeric compound 8 i (292 mg,
74%, Rf� 0.4 n-pentane/diethyl ether 9:1, pale yellowish oil). If the
reaction was performed in n-pentane/diethyl ether (4:1; 4 mL) at ÿ20 8C
for 60 h, yellow-brown crystals of a 5:4 mixture of diastereomers of
thermolabile compound 12 i (489 mg, 68%) could be collected by
centrifugation, washed with precooled n-pentane (2� 2 mL) and dried
under reduced pressure (20 8C, 10ÿ3 mbar). Compound 12 c was analyzed by
1H and 13C NMR experiments at ÿ20 8C.


Compound 8 i : 1H NMR (360 MHz, C6D6, 303 K, mixture of atropisomers,
second atropisomer in brackets):[12] d� 13.59 {13.59} (m, br., 1H; NH), 7.80
{7.80} (m, 2H; o-H Ph), 7.07 {7.07} (m, 3H; m- and p-H Ph), 5.02 {5.01} (s,
1H; 2'-H), 3.63 {3.63} (m, 2 H; OCH2CH3), 2.88 {2.88} (m, 1H; 3a'-H), 2.21
{2.21} (m, 1H; 4'-H), 2.08 {2.08} (m, 2H; 8'-H2), 2.04 {2.04} (s, 3 H; 4-H3);
1.64, 1.45, and 1.24 {1.64, 1.45, 1.24} (each m, 2:1:4 H; 4'-H, 5'-H2, 6'-H2, and
7'-H2), 1.19 {1.19} [s, 9 H; NC(CH3)3], 1.14 {1.14} (t, 3J� 6.9 Hz, 3H;
OCH2CH3); 13C NMR (90 MHz, C6D6, 303 K): d� 190.8 {190.6} (Cq, C1),
166.4 {166.2} (Cq, C3'), 164.3 {164.3} (Cq, C3), 144.3 {144.3} (Cq, i-C Ph),
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137.5 {136.9} (Cq, C8'a), 135.6 {135.6} (Cq, C1'); 128.5, 128.3, and 126.9
{128.5, 128.3, and 126.9} (each CH, o-, m-, and p-C Ph), 103.4 {103.4} (CH,
C2'), 103.1 {103.1} (Cq, C2), 65.0 {65.0} (OCH2CH3), 53.6 {53.3} (CH, C3'a),
52.2 {52.2} [Cq, NC(CH3)3], 32.4, 30.1, 29.7, 29.3, and 27.7 {31.3, 29.7, 29.7,
29.1, and 27.0} (each CH2, C4' ± C8') 30.8 {30.8} [NC(CH3)3] 18.1 {18.1}
(CH3, C4), 14.6 {14.6} (OCH2CH3); IR (diffuse reflection), cmÿ1 (%): 2978
(95), 2854 (71), 1554 (100), 1442 (69), 1289 (89), 1197 (95); MS (70 eV): m/z
(%): 393 (35) [M]� , 364 (22), 336 (76), 308 (21), 291 (6), 105 (100); HRMS:
calcd for C26H35NO2: 393.26491); found 393.26678 (�4.8 ppm, �1.9 mmu);
elemental analysis calcd (%) for C26H35NO2 (393.6): C 79.35, H 8.96, N
3.56; found: C 79.11, H 9.11, N 3.40.


Compound 12 i : 1H NMR (600 MHz, CDCl3, 253 K, 3:1 mixtures of
atropisomers, second atropisomer in brackets): d� 11.87 {11.83} (s, br., 1H;
NH), 7.46 ± 7.12 {7.46 ± 7.12} (m, 5H; Ph), 4.97 {4.93} (s, 1 H; 2'-H), 3.81 {3.81}
(m, 2 H; OCH2), 2.72 {2.62} (ªdº, br., 1 H; 3'a-H), 2.24 and 1.96 {2.24 and
1.89} (each m, 1:1 H; 8'-H2), 2.16 {2.12} (s, 3H; 4-H3), 1.80 and 0.36 {1.80 and
ÿ0.16} (each m, 1:1H; 4'-H2), 1.69 and 1.02 {1.69 and 0.51} (each m, 1:1H;
6'-H2), 1.66 and 1.22 {1.66 and 1.20} (each m, 1:1 H; 5'-H2), 1.62 {1.61} (s, 9H;
C(CH3)3), 1.49 and 1.24 {1.49 and 1.24} (each m, 1:1H; 7'-H2), 1.35 {1.35} (q,
3H; OCH2CH3). 13C NMR (150 MHz, CDCl3, 253 K) : d� 203.9 and 198.6
{203.9 and 198.6} (each Cq, trans- and cis-CO W(CO)5), 191.3 {191.1} (Cq,
C1), 170.0 {170.0} (Cq, C3), 165.7 {165.4} (Cq, C3'), 140.1 {140.1} (Cq, C1'),
138.4 {138.3} (Cq, C8'a), 132.7 {132.5} (Cq, i-C Ph); 129.1, 127.2, and 126.7
{129.0, 127.0, and 126.6} (each CH, o-, m-, and p-H Ph), 106.0 {105.9} (Cq,
C2), 102.8 {101.8} (CH, C2'), 64.9 {64.8} (OCH2), 54.2 {54.2}, [Cq,
NC(CH3)3], 52.4 {52.3} (CH, C3'a); 31.2, 30.2, 29.8, 29.0, and 26.1 {31.1,
30.2, 29.7, 28.9, and 26.1} (each CH2, C4' ± C8'), 30.7 {30.7} (NC(CH3)), 18.8
{18.7} (CH3, C4), 14.5 {14.4} (OCH2CH3).


(3'aR*,3''aS*{R*})-3-(3-Ethoxy-4,5,6,7-tetrahydro-3'aH-inden-1-yl)-4-
{2-[2-(3-ethoxy-4,5,6,7-tetrahydro-3''aH-inden-1-yl)-1-methyl-3-oxo-but-1-
enylamino](ethylamino)}-pent-3-en-2-one (15 a): To pentacarbonyl-
(3-cyclohept-1-enyl-1-ethoxy-2-propyn-1-ylidene)tungsten(0) (7b) (996 mg,
2.00 mmol) and 4-[3-(1-methyl-3-oxo-(but-1-enylamino)]ethylamino)}-
pent-3-en-2-one (14 a (224 mg, 1.00 mmol) in a 5 mL screw-top vessel was
added diethyl ether (4.5 mL). After the mixture had been stirred for 30 h at
20 8C, it was separated by flash column chromatography on silica gel to give
compound 15a (435 mg, 79%, Rf� 0.3, diethyl ether/dichloromethane 10:1,
white solid). Compound 15a was also obtained from pentacarbonyl(3-
cyclohex-1-enyl-1-ethoxy-2-propyn-1-ylidene)chromium(0) (7d) (708 mg,
2.00 mmol) and 4-[3-(1-methyl-3-oxo-(but-1-enylamino)]-(ethylamino)-
pent-3-en-2-one (14 a) (224 mg, 1.00 mmol) by the procedure described
above (441 mg, 80%).


Compound 15a : 1H NMR (400 MHz, C6D6, 300 K, ca. 1:1 mixture of
diastereomers): d� 12.24 {12.24} (ªqº, br., 2 H; 2�NH), 4.96 ± 4.92 {4.96 ±
4.92} (5� s, 2H; 5� 2'-H), 3.62 {3.62} (m, 4 H; 2�OCH2), 2.89 {2.89} (m,
br., 4 H; 2�NCH2), 2.66 {2.64} (m, 2H; 2� 3'a-H), 2.43 and 1.81 {2.43 and
1.81} (each m, 2:2H; 2� 6'-H2), 2.38 and 1.06 {2.38 and 1.06} (each m, 2:2H;
4'-H2), 2.16 {2.15} (s, 6H; 2� 1-H3), 1.74 {1.71} (s, 6H; 2� 5-H3), 1.63 and
1.02 {1.63 and 1.02} (each m, 2:2 H; 2� 7'-H2), 1.61 and 1.14 {1.61 and 1.14}
(each m, 2:2 H; 2� 5'-H2), 1.13 ± 1.09 {1.13 ± 1.09} (m, 6H; 2�OCH2CH3);
13C NMR (100 MHz, C6D6, 300 K): d� 195.1 {195.1} (Cq, 2�C2), 168.0
{168.0} (Cq, 2�C3'), 161.4 {161.4} (Cq, br., 2�C4), 133.9 {133.8} (Cq, br.,


2�C7'a), 133.0 {132.9} (Cq, br., 2�C1'), 103.0 {103.0} (Cq, br., 2�C3),
102.6 {102.6} (CH, 2�C2'), 65.0 {65.0} (2�OCH2), 50.4 {50.4} (CH, 2�
C3'a), 43.8 {43.8} (CH2, br., 2�NCH2), 31.4 {31.1} (CH2, br., 2�C4'), 28.7
{28.6} (CH3, br., 2�C1), 28.5 {28.5} (CH2, br., 2�C7'), 26.3 {26.2} (CH2,
br., 2�C6'), 25.7 {25.7} (CH2, br., 2�C5'), 16.0 {15.7} (CH3, br., 2�C5),
14.6 {14.6} (OCH2CH3); IR (diffuse reflection), cmÿ1 (%): nÄ � 2927 (38),
1602 (25), 1571 (100), 1445 (33), 1338 (31), 1261 (32); MS (70 eV): m/z (%):
548 (94) [M]� , 519 (100), 505 (74), 473 (16), 385 (31), 274 (46), 258 (31), 216
(41), 186 (23), 163 (83); HRMS calcd for C34H48N2O4: 548.36139; found
548.36212 (ÿ1.3 ppm, ÿ0.7 mmu); elemental analysis calcd (%) for
C34H48N2O4 (548.8): C 74.42, H 8.82, N 5.10; found C 74.07, H 8.88, N 5.15.


(3'aR*,3''aS*{R*})-3-(3-Ethoxy-4,5,6,7-tetrahydro-3 aH-inden-1-yl)-4-
{3-[2-(3-ethoxy-4,5,6,7-tetrahydro-3 aH-inden-1-yl)-1-methyl-3-oxo-but-
1-enylamino]propylaminopent-3-en-2-one} (15 b): To pentacarbonyl(3-cy-
clohept-1-enyl-1-ethoxy-2-propyn-1-ylidene)tungsten(0) (7 b) (996 mg,
2.00 mmol) and 4-[3-(1-methyl-3-oxo-but-1-enylamino)(propylamino)]-
pent-3-en-2-one (14b) (238 mg 1.00 mmol) in a 5 mL screw-top vessel
was added diethyl ether (4.5 mL). The mixture was stirred for 30 h at 20 8C.
Flash column chromatography on silica gel afforded compound 15b
(430 mg, 76 %, Rf� 0.4, diethyl ether/dichloromethane 10:1, pale yellowish
oil. Compound 15 a was also obtained from pentacarbonyl(3-cyclohex-1-
enyl-1-ethoxy-2-propyn-1-ylidene)chromium(0) (7d) (708 mg, 2.00 mmol)
and 4-[3-(1-methyl-3-oxo-but-1-enylamino)propylamino]pent-3-en-2-one
(14b) (238 mg, 1.00 mmol) by the procedure described above (418 mg,
74%).


Compound 15 b : 1H NMR (400 MHz, C6D6, 300 K, ca. 1:1 mixture of
diastereomers): d� 12.39 {12.39} (ªqº, 2 H; 2�NH), 4.95 ± 4.91 {4.95 ± 4.91}
(5� s, 2H; 5� 2'-H), 3.56 {3.56} (m, 4 H; OCH2), 2.92 {2.92} (m, 4H; 2�
NCH2), 2.72 {2.72} (ªqº, 2H; 2� 3'a-H), 2.46 and 1.82 {2.46 and 1.82} (each
m, 2:2 H; 2� 6'-H2), 2.43 and 1.08 {2.43 and 1.08} (each m, 2:2 H; 2� 4'-H2),
2.30 ± 2.28 {2.30 ± 2.28} (4� s, 6H; 4� 1-H3), 1.79 ± 1.75 {1.79 ± 1.75} (4� s,
6H; 4� 5-H3), 1.63 and 1.06 {1.63 and 1.06} (each m, 2:2H; 2� 7'-H2), 1.61
and 1.20 {1.61 and 1.20} (each m, 2:2 H; 5'-H2), 1.37 {1.37} (ªqº, 2H;
(NCH2)2CH2), 1.16 ± 1.11 {1.16 ± 1.11} (m, 6H; 2 OCH2CH3); 13C NMR
(100 MHz, C6D6, 300 K): d� 195.0 {195.0} (Cq, 2�C2), 168.1 {168.1} (Cq,
2�C3'), 161.6 {161.6} (Cq, 2�C4), 133.9 {133.8} (Cq, br., 2�C7'a), 133.0
{132.8} (Cq, br., 2�C1'), 102.7 {102.7} (Cq, br., 2�C3), 102.6 {102.6} (CH,
2�C2'), 65.0 {64.9} (2�OCH2), 50.4 {50.4} (CH, 2�C3'a), 40.2 {40.1}
(CH2, br., 2�NCH2), 31.4 {31.2} (CH2, br., 2� 4'), 30.4 {30.4} (CH2, br.,
(NCH2)2CH2), 28.7 {28.6} (CH3, br., 2�C1), 28.6 {28.5} (CH2, br., 2�C5'),
26.3 {26.2} (CH2, br., 2�C6'), 25.7 {25.7} (CH2, br., 2�C7'), 15.9 {15.7}
(CH3, br., 2�C5), 14.6 {14.6} (2�OCH2CH3); IR (diffuse reflection), cmÿ1


(%): nÄ � 2927 (25), 1600 (37), 1572 (100), 1445 (15), 1339 (14), 1264 (36);
MS (70 eV), m/z (%): 562 (80) [M]� , 533 (100), 519 (81), 487 (14), 399 (41),
272 (26), 245 (16), 202 (30), 163 (65); elemental analysis calcd (%) for
C35H50N2O4 (562.8): C 74.70, H 8.96, N 4.98; found: C 74.75, H 9.33, N 4.82.


Cyclooctadiene rhodium-(3aR*)-{3-(3-ethoxy-4,5,6,7-tetrahydro-3aH-in-
den-1-yl)-4-(4-tolylamino)-pent-3-en-2-onate} (16 e): To bis(cyclooctadiene
rhodium chloride) (51 mg, 0.10 mmol) was added a solution of 3-(3-ethoxy-
4,5,6,7-tetrahydro-3aH-inden-1-yl)-4-(4-tolylamino)-pent-3-en-2-one (8e)
(74 mg, 0.21 mmol) and triethylamine (101 mg, 1.0 mmol) in diethyl ether
(4 mL). The mixture was stirred for 80 h at 20 8C and the precipitate was
isolated by centrifugation, and washed with diethyl ether (2� 4 mL). The
combined organic layers were reduced to approximately 4 mL and, after
12 h at ÿ20 8C and subsequently 1 h at ÿ40 8C, gave fine yellow needles of
compound 16e, which were collected and dried in vacuo (10ÿ3 mbar)
(81 mg, 0.12 mmol, 62 %). Formation of compound 16 e from
[(COD)RhCl]2 and compound 8e in the presence of triethylamine in a
molar ratio of 1:2:2 was monitored by 1H NMR spectroscopy in C6D6 at
30 8C.
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Compound 16 e : 1H NMR (400 MHz, C6D6, 300 K, 2:1 mixture of
atropisomers, second atropisomer in brackets): d� 6.95, 6.80, and 6.71
{6.95, 6.80, and 6.71} (each m, 2:1:1 H; o- and m-H Tol), 4.93 {4.92} (s, 1H;
2'-H), 4.78 and 3.33 {4.78 and 3.33} (each m, 2:2 H; COD), 3.57 {3.57} (m,
2H; OCH2), 2.70 {2.66} (m, 1H; 3'a-H), 2.46 and 1.77 {2.46 and 1.77} (each
m, 1:1H; 6'H2), 2.38 and 0.98 {2.38 and 0.98} (each m, 1:1 H; 4'-H2), 2.33,
1.65, and 1.57 {2.33, 1.65, and 1.57} (each m, 4:2:2 H; COD), 2.28 {2.28} (s,
3H; 1-H3), 2.07 {2.07} (s, 3H; Tol-CH3), 1.91 {1.86} (s, 3 H; 5-H3}, 1.55 and
0.98 {1.55 and 0.98} (each m, 1:1H; 5-H2), 1.52 and 1.09 {1.52 and 1.09} (each
m, 1:1 H; 7-H2), 1.10 {1.10} (ªtº, 3 H; OCH2CH3); 13C NMR (100 MHz,
C6D6, 300 K): d� 177.4 {177.2} (Cq, C2), 168.3 {168.2} (Cq, C3'), 165.3
{165.3} (Cq, C4), 149.5 {149.5} (Cq, p-C Tol), 135.4, 133.5, and 132.9 {135.3,
133.5, and 132.9} (each Cq, C1', C7'a, and i-C Tol), 129.2, 125.0, and 124.9
{129.1, 124.9, and 124.8} (each CH, o- and m-C Tol), 104.0 {103.9} (Cq, C3),
102.5 {102.5} (CH, C2'); 81.6, 81.3, 75.4, and 75.1 {81.5, 81.2, 75.2, and 74.9}
(each CH, 2J(103Rh,13C) not resolved, COD), 64.9 {64.9} (OCH2), 50.3 {50.3}
(CH, C3'a); 32.1, 31.9, 29.6, and 29.5 {32.0, 31.8, 29.5, and 29.2} (each CH2,
COD), 31.0 {30.9} (CH2, C4'), 27.3 {27.1} (CH3, C1), 26.2 {26.0} (CH2, C6'),
25.7 {25.7} (CH2, C7'), 23.5 {23.4} (CH3, C5), 20.8 {20.8} (CH3, CH3 Tol),
14.6 {14.6} (OCH2CH3); IR (diffuse reflection), cmÿ1 (%): nÄ � 2927 (100),
1566 (36), 1545 (30), 1416 (20), 1382 (20), 1254 (24); MS (ESI, 50 V cone
potential): m/z(%): 910 (18), 790 (28), 580 (42), 564 (18) [M�2H]� , 548
(100); elemental analysis calcd (%) for C31H40NO2Rh (Mr� 561.6): C 66.30,
H 7.18, N 2.56; found: C 63.69, H 7.52, N 2.56. X-ray crystal structure
analysis of compound 16 e (code aum.1400), formula C31H40NO2Rh, Mr�
561.55, yellow crystal 0.15� 0.10� 0.05 mm, a� 22.483(1), b� 9.686(1),
c� 12.648(1) �, b� 94.67(1)8, V� 2745.2(4) �3, 1calcd� 1.359 g cmÿ3, m�
6.49 cmÿ1, absorption correction by SORTAV (0.909�T� 0.968), Z� 4,
monoclinic, space group P21/c (No. 14), l� 0.71073 �, T� 198 K, w and f


scans, 20479 reflections collected (�h, �k, � l), [(sinq)/l]� 0.65 �ÿ1, 6232
independent (Rint� 0.059) and 4210 observed reflections [I� 2s(I)], 375
refined parameters, R� 0.047, wR2� 0.088, max. residual electron density
0.54 (ÿ0.53) e �ÿ3, positional disorder in the cyclohexyl group C21 to C26,
refined with geometrical split positions (0.77(1):0.23(1)), hydrogens
calculated and refined as riding atoms.
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Self-Assembled Helices from 2,2'-Biimidazoles


William E. Allen,[b] Christopher J. Fowler,[a] Vincent M. Lynch,[a] and
Jonathan L. Sessler*[a]


Abstract: 2,2'-Biimidazoles were syn-
thesized by palladium(0)-catalyzed cou-
pling of 2-iodoimidazoles bearing an
alkyl and an ester group at the 4- and
5-positions, respectively. The products
were found to be fluorescent and mod-
erately soluble in organic solvents.
Three biimidazoles were subjected to
single crystal X-ray diffraction analysis.
In all three instances, adjacent mole-
cules were found to be bound together
in the solid state by pairs of N-H ´ ´ ´ N
hydrogen bonds, forming twisted rib-
bon-like columns which resemble dou-


ble helices. The amount of helical twist
observed between neighboring biimida-
zole subunits in these helices varies with
the identity of the alkyl and ester
groups; in two cases it is approximately
608, whereas in the third it is about 908.
Mass spectra of six different biimida-
zoles display ions with masses corre-


sponding to dimers; this indicates that
these compounds retain some affinity
for each other in the gas phase. The
three most soluble biimidazoles also
show mass spectrometric peaks ascrib-
able to trimers and tetramers. The
solution-phase aggregation tendencies
of these latter three compounds were
studied by vapor pressure osmometry. In
each case, the apparent molecular
weight in 1,2-dichloroethane solution is
higher than would be expected for free
monomers.


Keywords: biimidazoles ´ helical
structures ´ hydrogen bonds ´ self-
assembly ´ supramolecular chemis-
try


Introduction


Biological self-assembly displays a remarkable level of fidel-
ity. All of the information needed to form a particular
reproducible structure in vivo, such as a viral capsid, super-
structure DNA and RNA, or a specific a-helical polypeptide,
is encoded within the sequence and/or structure of the
constituent subunits. Construction of synthetic materials by
self-assembly[1] rather than by stepwise covalent synthesis is
economically desirable, but is hampered by an incomplete
understanding of how changes at the single-molecule level
influence the properties of the resulting self-assembled
material(s).[2] One way to exert some control over the


structure of the final assembled product is to exploit hydrogen
bonding. H-bonds are directional, and they commonly form
only when groups such as NH, OH, and C�O are present.[3]


Thus, the use of building blocks with carefully positioned
complementary hydrogen-bonding functionality can increase
the odds of producing ensembles where the individual
subunits are arranged in an expected way. This strategy has
been used to produce a variety of architectures, including
pseudospheres,[4] artificial protein b-sheets,[5] duplexes with
unnatural backbones,[6] molecular ªzippersº,[7] catenanes,[8]


dendrimers,[9] and grids.[10]


A structure which has been particularly inspiring to
synthetic chemists is the helix, as it occurs throughout Nature.
To date, a number of different approaches to the production
of artificial helical structures have been pursued. Molecules
like helicenes, Lehn�s polyheterocyclic strands,[11] and
Moore�s m-phenylacetylene oligomers[12] define an ªall-cova-
lentº paradigm, in which the subunits are compelled to adopt
helical shapes in order to reduce steric crowding imposed by
their covalent frameworks. Interactions between transition
metal ions and oligopyridine ligands have also been used to
prepare single-, double-, and multiple-helical arrays. This
ªmetal-templateº approach, developed by the research
groups of Lehn,[13] Constable,[14] Newkome,[15] Sauvage,[16]


and many others,[17] takes advantage of the propensity of
metal ions such as CuI to assume predictable coordination
geometries. The molecular information required for helix
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formation is thus encoded in the various metal ± ligand dative
bonds. This same sort of ªinformationº has also been used to
generate helical motifs by attaching polypeptide chains to
metal ± ligand complexes.[1a, c]


While metal-coordinated systems have been studied in
great detail by numerous researchers, the appealing alterna-
tive of using hydrogen bonding or base-pair-like interactions
to stabilize synthetic helical arrays has also received atten-
tion.[18] In early seminal work, Hamilton et al. generated a
self-assembling double helical structure by exploiting amide ±
carboxylic acid pairing.[18a] Lehn�s group examined the
behavior of mixtures of tartaric acid-based derivatives, one
containing donor ± acceptor ± donor atoms and the other an
acceptor ± donor ± acceptor array.[18b] These molecules inter-
acted via complementary uracil/2,6-diamidopyridine base
pairs to form helical structures. Other hydrogen bonding
and base-pairing interactions have been used to form related
architectures in more recent years.[18c±k] For instance, inter-
actions between tartaric acid derivatives and bipyridyls have
been shown by Singh et al. to form supramolecular assemblies
under conditions of thermal induction in the solid state.[18c]


Reinhoudt and co-workers used enantiomerically pure cal-
ix[4]arene dimelamines and 5,5-diethylbarbituric acid to form
chiral hydrogen-bonded structures that display helical one-
handedness.[18d] Hydrogen bonding between hydroxyl groups
has been exploited to create enantiospecific formations of
helical tubands[18e] and a four leaf clover motif.[18f] Hydroxyl ±
pyridine interactions were used separately by Mazik et al. to
generate a multi-component array with an inner channel of
diameter 14 �.[18g] Hydrogen bonding and p-stacking inter-
actions have been used in tandem to stabilize both single- and
triple-helical structures.[18h,i]


While elegant, each of these approaches is characterized by
its own set of strengths and weaknesses, which means that the
search for new molecules capable of undergoing hydrogen
bond mediated self-assembly remains cogent. In this paper we
demonstrate that derivatized 2,2'-biimidazoles can serve as
precursors to solid-state hydrogen-bonded helices. 2,2'-Biimi-
dazole 1 was chosen as the functional nucleus of our supra-
molecular monomers, because it is capable of simultaneously


serving as both a hydrogen-
bond donor and acceptor, and
it is known to spontaneously
form polymeric chains in the
solid state.[19] While such chains
of 1 are flat, sterically encum-


bered biimidazoles (9, 11, and 12, see Scheme 1), the synthesis
of which is reported here, are found to self-assemble into
spiral columns in the crystal. These columns bear a striking,
albeit ªreversedº, resemblance to helical duplex DNA.


Results and Discussion


In order to serve as building blocks for self-assembled
structures, 2,2'-biimidazoles need to be rendered soluble in
organic solvents since this choice of media will enhance their
propensity to form intermolecular N-H ´ ´ ´ N bonds. This
requirement for solubility compels, in turn, the development


of a facile derivatization strategy that will not block either the
NH hydrogen bond donor or N lone pair acceptor sites. Such a
strategy does not currently exist.


Previously, it was found that the NH groups of 1 could be
protected using [2-(trimethylsilyl)ethoxy]methyl[20] (SEM)
groups. This affords an organic-soluble material which can
be further functionalized by halogenation[21] or lithiation.[22]


Unfortunately, the introduction of SEM, or other NH
protecting groups, eliminates the potential for hydorgen
bonding. A more attractive approach to attaining organic-
soluble 2,2'-biimidazoles involves placing solubilizing sub-
stituents at the 4-, 4'-, 5-, and 5'-positions. Such biimidazoles
have been produced by classical ring-closing reactions involv-
ing diamides.[23, 24] They can also be obtained by subjecting
unsubstituted 1 to harsh reaction conditions.[25, 26] In either
case, it is important to appreciate that such biimidazoles are
known only where the four substituents are identical (e.g.,
tetramethyl,[23] tetraphenyl,[24] tetrabromo,[25] and tetrani-
tro[26]). These derivatives are also relatively insoluble in
organic media.


Synthesis : Our approach to generating solubilized 2,2'-biimi-
dazoles with free hydrogen-bonding groups was predicated on
the use of a transition metal mediated homocoupling strategy
(Scheme 1). Specifically, starting with imidazoles 2, 3, and 4,
halogenation at the unblocked 2-position provided the
precursors needed for coupling (i.e., 5 ± 7).
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Scheme 1. Palladium(0)-catalyzed synthesis of substituted biimidazoles.


The starting materials 2 ± 4 were readily obtained. Ethyl
4-propyl-5-imidazolecarboxylate (2), a known compound,[27]


was prepared by chlorinating ethyl butyrylacetate with
SO2Cl2, and cyclizing the resulting product in formamide/
water at reflux as previously described.[28] Following a similar
chlorination/cyclization procedure, hexyl-substituted imida-
zole 3 was synthesized from ethyl 3-oxononanoate.[29] Imida-
zole 4 was prepared by base-catalyzed transesterification of
commercially available ethyl 4-methyl-5-imidazolecarboxy-
late in benzyl alcohol.


Attempts to iodinate compound 2 in the 2-position using
molecular iodine[30] (1 equiv I2, CHCl3/aq NaOH) failed to
provide any halogenated product; in contrast, treatment with
N-iodosuccinimide (NIS) in tetrahydrofuran (THF) while


N


N
H


N


N
H


1







2,2'-Biimidazole Helices 721 ± 729


Chem. Eur. J. 2001, 7, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0723 $ 17.50+.50/0 723


heating at reflux afforded the desired iodide 5 in 84 % yield.
Other halogenated derivatives of imidazole 2 could be
prepared using Br2/NaOAc/HOAc, or by protecting the NH
groups of 2 with the SEM group prior to iodination.[31]


However, isolation of the products required column chroma-
tography. So, the requisite coupling precursors (i.e. , 5, 6, and
7) were most conveniently prepared by iodination of 2 ± 4 with
NIS.


Unlike the coupling of 4-iodoimidazoles,[30] which fails if the
imidazole-NH groups are not protected, 2-iodoimidazoles
5 ± 7 were successfully coupled using catalytic amounts of
tetrakis(triphenylphosphine)palladium(0). Sealed-tube reac-
tion of iodide 5 with [Pd(PPh3)4] (4 mol %) and triethylamine
(2 equiv) under argon while heating in toluene at 110 8C for
48 h produced the symmetrical biimidazole 8 in 28 % yield,
after collecting the precipitated product by filtration and
purifying it by recrystallization from methanol. Applying the
same reaction conditions, biimidazoles 9 and 10 were synthe-
sized in yields of 44 % and 39 %, respectively. Heterocoupling
of iodides 6 and 7 gave a mixture of products from which the
unsymmetrical biimidazole 11 could be isolated in 15 % yield
after column chromatography on silica gel using hexanes/
EtOAc/CH2Cl2 (6:4:1 v/v/v) as eluents (Scheme 2). Increasing
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Scheme 2. Palladium(0)-catalyzed synthesis of asymmetric biimidazole 11.


the temperature of the coupling reactions to 120 ± 130 8C, or
using DMF as the reaction solvent,[30] did not improve the
yields. No coupling was observed in the absence of triethyl-
amine. Other possible transition metal-assisted routes to
biimidazoles were explored, and were found to be inferior to
the present procedure. For instance, attempted Ullmann
coupling of 5 (5 equiv Cu0), toluene or DMF, 110 8C) did not
produce biimidazole product 8[32] and gave dehalogenated
material instead. Using nickel(0) as the coupling promoter[33]


(0.5 equiv Ni(COD)2, toluene, rt, irradiation with 500 W
lamp) provided the desired product 8, but only in low yield
(12 % after column chromatography on silica gel using EtOAc
as the eluent).


Two additional biimidazoles were synthesized from 8.
Transesterification using methanol and sodium hydroxide
gave the dimethyl diester 12 in 63 % yield, while the tetraalkyl
derivative 13 was prepared in 92 % yield by exhaustive
reduction of the ester groups of 8 with lithium aluminum
hydride in THF (Scheme 3).
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Scheme 3. Transesterification and reduction of biimidazole 8.


Spectroscopy : The electronic absorption spectra of diesters
8 ± 12, recorded in dichloromethane, are all characterized by
an absorbance maximum near 295 nm. The fluorescence
maximum for these (aerated) samples occurs around 350 nm.
The fluorescence emission appears intensely violet-blue to the
naked eye. Only 13, which lacks carboxylate groups, shows
somewhat different spectroscopic behavior. It is characterized
by an absorbance band at 298 nm and an emission band at
373 nm.


Solid-state helices : The modest organic solubility of the first
biimidazole we prepared, 8, provided a first hint that this class
of tetrasubstituted biimidazoles might self-assemble into
hydrogen-bonded networks in the solid state, as desired.
While repeated attempts to obtain crystals of 8 suitable for
X-ray diffraction analysis failed, high-quality single crystals of
the homologous biimidazole 12 could be obtained by allowing
a methanol solution to undergo slow evaporation. A repre-
sentative view of molecule 12, doubly hydrogen-bonded with
the two nearest neighbors, is shown in Figure 1. The two
propyl substituents are found at opposite corners of the
biimidazole, in an anti relationship to one another. The
imidazole NH atoms were located and refined, and found to
reside on the nitrogen atoms next to the alkyl groups.
Intramolecular N-H ´ ´ ´ Oester hydrogen bonding is not ob-


Table 1. Crystal data for (C16H22N4O4)3 ´ (CH3OH)0.5 (12), C24H30N4O4


(11), and (C24H38N4O4)4 ´ (CH3OH)0.5 (9).


12 11 9


formula C48.5H68N12O12.5 C24H30N4O4 C96.5H154N16O16.5


Mw 1019.15 438.52 1802.36
crystal system monoclinic triclinic monoclinic
space group C2/c P P21/n
color colorless colorless colorless
a [�] 21.589(2) 16.0220(5) 24.218(3)
b [�] 28.437(3) 21.838(1) 17.867(2)
c [�] 19.203(2) 22.585(1) 24.921(3)
a [8] 90.0 68.716(2) 90.0
b [8] 112.57(1) 71.315(3) 96.79(1)
g [8] 90.0 80.287(3) 90.0
V [�3] 10886(2) 6962.8(5) 10 708(2)
Z 8 12 4
T [K] 193(2) 203(2) 188(2)
R 0.0739 0.0962 0.124
RW 0.1315 0.120 0.217
GOF 1.521 1.228 1.134
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Figure 1. Molecular structure of biimidazole 12 showing hydrogen bonding
to the nearest two neighboring molecules. Thermal ellipsoids are scaled to
the 50% probability level. Hydrogen atoms on the imidazole nitrogens are
drawn arbitrarily small. Oxygen and nitrogen atoms are labeled, and are
colored red and blue, respectively.


served in the crystal, even though such hydrogen bonding
would produce five-membered rings. The central CÿC bond
lengths (C2ÿC6) found for the three crystallographically
independent molecules of 12 are 1.448(5) �, 1.445(5) �, and
1.439(5) �. These values are similar to those observed in 1
(1.423(8) �) and in 4,4',5,5'-tetranitro-2,2'-biimidazole (as
dihydrate, 1.441(1) �; as diammonium salt, 1.451(1) �).[26]


Unlike these latter structures, however, in which the imida-
zole rings are coplanar, the rings in each of the three unique
molecules of 12 are rotated by 9.4(0.4)8, 24.5(0.1)8, and
18.3(0.2)8 about their respective central CÿC bonds.


The hydrogen bonding between molecules of 12 gives rise
to infinitely long columns which propagate parallel to the b
axis of the crystal. Measured center-to-center, the separation
between columns is 10.8 � and 9.6 � in the a and c directions,
respectively. A portion of one of the columns is shown in
Figure 2a. The intermolecular N ´ ´ ´ N distances between
adjacent biimidazoles in a column range from 2.878(4) � to
3.085(5) �, indicative of strong N-H ´ ´ ´ N hydrogen bonding.
The two separate hydrogen-bonding paths, shown as dashed
lines in Figure 2a, twist about a mutual axis in a double helical
fashion. The amount of twist on moving from one biimidazole
to the next, given by the dihedral angle between the C2ÿC6
bonds of adjacent molecules, averages 608. The pitch per one
complete turn of the helix is 29.4 �, corresponding to a rise of
4.9 � per biimidazole. While Figure 2a shows only a right-
handed helix, the bulk crystals of 12 are not chiralÐany right-
handed twist in one column is offset by an equivalent left-
handed twist in an adjacent column.


The ªmixedº biimidazole 11, with four different groups at
the 4-, 4'-, 5-, and 5'-positions, was also subjected to X-ray
diffraction analysis. The resulting structure revealed six
unique (albeit very similar) molecules (of 11) in the crystal.
All six display an anti relationship between the methyl and
hexyl groups, and the amount of tilt between the imidazole
rings of each biimidazole was found to be 18.68, 16.78, 17.18,
16.98, 21.78, and 23.68, respectively. Biimidazole 11 (Figure 2c)
self-assembles into twisted columns with structural properties
resembling those of 12. The hydrogen-bonding distances


Figure 2. Right-handed helices formed from 12 a), 9 b), and 11 c). Each
ribbon contains 12 biimidazole subunits that are divided at the 2,2' bond by
red and blue coloring in order to clarify the helical progression of the
column. Hydrogen bonds are shown as dashed lines. Columns a) and
c) complete two full rotations while b) completes three.


between neighboring biimidazoles within a column range
from 2.885(4) � to 3.048(5) �, and like 12, the dihedral angle
between the central CÿC bonds of adjacent molecules
averages 608. The pitch of the helix for 11 (29.2 �) is nearly
identical to that of 12. From the perspective of any single
helix, there will be six neighboring helices; because of
symmetry considerations, there are three unique column-to-
column contacts. Measured center-to-center, these distances
are 11.6 �, 11.8 �, and 11.8 �. Helices formed from 11 display
an additional level of organization which is not possible for 12.
Using a ªtwisted ladderº analogy, one of the ªuprightsº of the
ladder consists only of hexyl group/ethyl ester-substituted
imidazoles, while the other ªuprightº consists of only methyl
group/benzyl ester-type imidazoles.


X-ray diffraction analysis of the dihexyl-substituted biimi-
dazole 9 was also carried out. It revealed the expected anti
configuration of alkyl groups. In this case, however, the two
imidazole rings of 9 display a pronounced tilt relative to one
another which averages 42.48. As in 12 and 11, molecules of 9
self-associate in the solid state to produce double-helical
columns which run along the crystallographic b axis, although
the center-to-center distances between the columns are
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slightly larger for 9 (12.1 � and 12.4 � in the a and c
directions, respectively). Figure 2b shows part of one of the
columns. The quality of the data did not allow the NH protons
to be located, but the short intermolecular N ´ ´ ´ N distances
(averaging 2.8 �) are consistent with hydrogen bonding
occurring between adjacent members of a helix. In contrast
to 12 and 11, helices formed from 9 display a 908 twist from
molecule to molecule, and a pitch per full turn of only 18 �.
Biimidazole 9 thus displays the greatest degree of intra-
molecular imidazole ± imidazole rotation and the most pro-
nounced helical twist between molecules.


While double helical in aspect, the supramolecular struc-
tures formed from 9, 11, and 12 are not strictly DNA-like.
Rather, they can be viewed as being as ªreversedº or
ªinverted.º The backbone of DNA is constructed from
covalent bonds, while its two individual strands are bound
together through hydrogen bonding between base pairs. In the
case of the present helices, each biimidazole subunit can be
considered as representing a covalently linked ªbase pairº
(i.e., a pair of 2,2'-linked imidazoles). By contrast, the
ªbackboneº of the helices are formed by hydrogen-bonding
interactions, as opposed to phosphodiester linkages.


Figure 3, drawn to scale for one full rotation in each helix,
provides a graphical comparison between 12 and B-form
DNA. Among other things, Figure 3 helps highlight how the
various dimensional features of these two helical structures
are different; these comparisons are summarized in Table 2.
Along the helix axes, DNA is clearly more compressed. In the
case of 12, only six biimidazoles are required to complete one
3608 rotation of the helix, while a full turn of B-DNA contains
ten base pairs. However, the vertical pitch (i.e. , the distance
covered in one full rotation) is similar in both structures,
measuring 29.4 � for biimidazole 12 versus 34 � for B-form
DNA. The greater rise per ªbase pairº in the case of 12 results
from the fact that in order to remain hydrogen bonded,
adjacent biimidazoles must approach each other in an
approximately edge-on manner, and cannot closely stack
face-to-face as do the base pairs of DNA. While hydrogen
bonding serves a different supramolecular function in the
natural and synthetic structures, the average hydrogen-bond
distances for both types of helices were found to be virtually
identical, namely 2.9 �. This latter congruence serves to
underscore how a given type of intermolecular interaction,
hydrogen bonding in this case, can be expressed in terms of a
wide range of supramolecular structures.


Self-association in the gas and
liquid phases : In order to de-
termine whether self-associated
biimidazole oligomers persist in
the gas phase, saturated di-
chloromethane solutions of 8 ±
13 were analyzed using mass
spectrometry (MS) in chemical
ionization (CI) and fast-atom
bombardment (FAB) modes.
As shown in Table 3, an ion
with m/z� [2 M]� , presumably
arising from a non-covalent


Figure 3. Schematic representations of biimidazole 12 and B-DNA, drawn
to scale. See Table 2 for dimensional analysis.


dimer, is observed for all six samples tested in both ionization
modes. The monomeric form of the biimidazoles is dominant
in CI mode; this gives rise to the base peak in each spectrum,
but peaks corresponding to trimers and even tetramers are
nevertheless observed for the three most soluble biimidazoles
9 ± 11. When FAB ionization is used, the extent of observed
oligomerization is generally lower, except in the case of 9.
Under these analysis conditions, the peak corresponding to a
dimer of 9 (m/z� 893) is approximately fourteen times more
intense than that for the monomer (Figure 4). In additional


Table 2. Dimensional analysis of the helical ribbon formed from biimida-
zole 12 and B-DNA, as represented in Figure 3.


Double helix
12 B-DNA


ªbase pairsº per 3608 turn 6 10
pitch 29.4 � 34 �
vertical rise per ªbase pairº 4.9 � 3.4 �
helix diameter 10 � 20 �
hydrogen-bond distance 2.9 � 2.9 �


Figure 4. Mass spectrum of a dichloromethane solution of 9, analyzed in FAB ionization mode.
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MS experiments, not shown in Table 3, methanol solutions of
9 and 10 were analyzed in CI mode. This was done in order to
assess the influence of solvent on the gas-phase aggregation
properties of these representative species. For 9, the relative
intensity of the dimer ion fell from 39 in dichloromethane to 7
in methanol. For methanol solutions of 10, no higher-order
peaks were observed at all. Such findings are consistent with
the premise that intermolecular hydrogen-bonding interac-
tions are responsible for ensemble formation in the fluid
phase as in the solid state.


In accord with the MS results, vapor pressure osmometry
(VPO) measurements provided evidence consistent with the
contention that biimidazoles 9 ± 11 self-associate in solution
(Table 4). The average molecular weights observed for
solutions of 9 and 10 in 1,2-dichloroethane are approximately
those expected for self-assembled trimers (9 : Mfound/Mcalcd�
2.8; 10 : Mfound/Mcalcd� 3.3). By contrast, the average molecular
weight recorded for solutions of the unsymmetrical biimida-
zole 11 is that expected for a dimer (Mfound/Mcalcd� 1.9).
Biimidazole 8 proved too insoluble in dichloroethane to allow
for reliable VPO analysis.


In conclusion, compounds 9, 11, and 12 define a new class of
supramolecular monomers which self-associate through mul-
tiple hydrogen bonds to produce helices, and thus mimic some
characteristics of naturally-occurring macromolecules.[34]


They help to illustrate the range of architectures that may
be obtained through the judicious use of multifunctional
monomers, in this case ones capable of serving concurrently as
both hydrogen-bond donors and acceptors. They also high-
light in a dramatic way how simple changes in subunit


structure can effect the way in
which, or even whether, a helix
is formed. In the solid state, for
example, simple 2,2'-biimida-
zole 1 forms one-dimensional
chains in which all of the imi-
dazole rings are coplanar.[19] By
contrast, in helices formed from
9, 11, and 12, steric congestion
necessitates that the individual
imidazoles of each molecule
deviate from coplanarity in or-
der for short intermolecular
hydrogen bonds to be main-
tained. Furthermore, the side
chains of 9, 11, and 12 not only
induce helicity in the columns;
these substituents are them-
selves found to pack in a helical
fashion. These ancillary helical
features are most noticeable in
the case of mixed biimidazole
11. Here, as illustrated in Fig-
ure 5, the benzyl ester and hex-
yl chains are seen to wrap individually in a right-handed
fashion around the helical core. Presumably, the incorpora-
tion of other groups on the single-biimidazole periphery may
allow for the generation of helices with as yet unobserved
geometries.


Experimental Section


Ethyl 4-propyl-5-imidazolecarboxylate[28] and ethyl 3-oxononanoate[29]


were prepared according to the published procedures. Tetrahydrofuran
and toluene were dried by distillation from Na/benzophenone and Na,
respectively. All other solvents and reagents were obtained from commer-
cial sources and used as received. Proton and 13C NMR spectra were
recorded on a General Electric QE-300 instrument; chemical shifts are
reported in ppm relative to internal TMS (for samples in CDCl3) or relative
to protons/carbon atoms in the deuterated solvent used. Electronic
absorption spectra were acquired on a Beckman DU 640B spectropho-
tometer. Fluorescence measurements were performed by exciting 5�
10ÿ5m dichloromethane solutions at 295 nm, using a Perkin ± Elmer LS-5
spectrophotometer. Low- and high-resolution mass spectra were obtained
upon dichloromethane solutions at the UT-Austin Department of Chem-
istry and Biochemistry MS Facility. Vapor pressure osmometry (VPO) was
performed by Galbraith Laboratories, Inc., Knoxville, TN. VPO measure-
ments were made at 27 8C upon samples which were 2.5 ± 7.0� 10ÿ2m in 1,2-
dichloroethane, using benzil as the instrument standard. Elemental
Analyses were performed by Atlantic Microlab, Inc., Norcross, GA.


Ethyl 4-hexyl-5-imidazolecarboxylate (3): Ethyl 3-oxononanoate (40.1 g,
0.200 mol) was dissolved in chloroform (40 mL) in a 250 mL three-necked
flask. A thermometer was immersed in the stirring solution, and dropwise
addition of sulfuryl chloride (27.0 g, 0.200 mol) was begun. The rate of
addition was controlled such that the temperature of the reaction did not
rise above 35 8C. During the course of this addition, the mixture became
cloudy, and gas evolution was observed. Once the addition was completed,
the mixture was stirred for an additional 30 min. At this juncture, a
condenser was fitted to the flask and the contents heated to reflux. After
2 h, the resulting colorless mixture was allowed to cool, washed sequen-
tially with water and saturated aqueous potassium bicarbonate, and dried
over Na2SO4. Filtration and evaporation of the solvent left a colorless,
mobile liquid, which was purified by short-path vacuum distillation. The
product so obtained, ethyl 2-chloro-3-oxononanoate (40.3 g, 86%), was


Table 3. Mass spectrometric data for 2,2'-biimidazoles.[a]


observed peaks [m/z (%)]
biimidazole ionization mode monomer dimer trimer
tetramer


8 CI 363 (100) 725 (1)
9 CI 447 (100) 894 (39) 1340 (11) 1786 (1)


10 CI 431 (100) 861 (8) 1291 (4) 1721 (1)
11 CI 439 (100) 878 (21) 1316 (12) 1755 (1)
12 CI 335 (100) 669 (28) 1003 (2)
13 CI 247 (100) 493 (12) 732 (2)


8 FAB 363 (62) 725 (1)
9 FAB 447 (7) 893 (100) 1340 (16) 1786 (3)


10 FAB 431 (85) 861 (6) 1291 (1)
11 FAB 439 (100) 877 (18) 1316 (2)
12 FAB 335 (100) 669 (2)
13 FAB 247 (100) 493 (2)


[a] Chemical ionization (CI) and fast-atom bombardment (FAB) measure-
ments run dichloromethane solutions at the UT-Austin, Department of
Chemistry and Biochemistry MS Facility.


Table 4. Solution-phase molecular weights for 2,2'-biimidazoles in 1,2-
dichloroethane as measured by vapor pressure osmometry (VPO).


biimidazole Calcd monomer MW [gmolÿ1] Exptl MW [g molÿ1]


9 446 1241
10 430 1399
11 438 827


Figure 5. Space-filled repre-
sentation of the solid-state
structure of biimidazole 11
(Figure 2c), showing how the
benzyl ester (red) and hexyl
(blue) side chains wrap around
the biimidazole core in a helical
fashion.







2,2'-Biimidazole Helices 721 ± 729


Chem. Eur. J. 2001, 7, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0727 $ 17.50+.50/0 727


used directly without further purification. Specifically, ethyl 2-chloro-3-
oxononanoate (32.2 g, 0.137 mol), formamide (61.7 g, 1.37 mol), and water
(4.93 g, 0.274 mol) were combined in a 250 mL round-bottomed flask
containing a stir bar. The mixture was heated at reflux for 3 h, during which
time it became dark red. Upon standing at room temperature overnight, a
dark red oil separated out, floated to the top of the mixture, and solidified.
This solid was collected by vacuum filtration, washed with water, and
allowed to dry in the vacuum-induced stream of air for 15 min. A clean
filter flask was exchanged for the first one, and dichloromethane was
poured onto the filter cake. Most of the material dissolved. The filtrate was
dried over Na2SO4, filtered, and taken to dryness on a rotary evaporator.
This yielded a red-brown oil which partially crystallized upon standing. This
crude product was purified by dissolving it in the minimum amount of
2-propanol, and chilling the flask in a freezer overnight to yield light tan
crystals (5.20 g, 17 %). An additional amount of product 3 (3.99 g, 13%)
was obtained by evaporating the mother liquor and subjecting the
viscous oil to flash column chromatography over silica gel using
EtOAc as the eluent. M.p. 139 ± 140 8C; tR (EtOAc): 0.38; 1H NMR
(CDCl3): d� 0.86 (t, 3H, CH2CH2CH2CH2CH2CH3), 1.1 ± 1.4 (m, 6H,
CH2CH2CH2CH2CH2CH3), 1.36 (t, 3H, OCH2CH3), 1.67 (m, 2H,
CH2CH2CH2CH2CH2CH3), 2.96 (t, 2 H, CH2CH2CH2CH2CH2CH3), 4.36
(q, 2H, OCH2CH3), 7.72 (s, 1H, imid. C2H); 13C NMR (CDCl3): d� 18.0,
18.3, 26.0, 29.5, 32.0, 32.4, 34.4, 61.5, 83.9, 125.3, 142.8, 156.1; LRMS (CI� ):
m/z (%): 225 (100) [M�H]� ; HRMS (CI� ): calcd for C12H21N2O2


225.1603; found 225.1611; elemental analysis calcd (%) for C12H20N2O2:
C 64.26, H 8.99, N 12.49; found: C 64.17, H 8.93, N 12.42.


Benzyl 4-methyl-5-imidazolecarboxylate (4): A 500 mL round-bottomed
flask containing a stir bar was charged with ethyl 4-methyl-5-imidazole-
carboxylate (15.4 g, 0.10 mol), a single pellet of solid NaOH (�0.2 g), and
benzyl alcohol (205 mL). A short-path distillation apparatus was fitted to
the flask, and the contents were then heated to 110 8C. After 24 h, the
temperature of the reaction mixture was raised to 140 8C, and the system
was placed under vacuum (4 mm Hg). After approximately 125 mL benzyl
alcohol had been distilled off, the crude product started to precipitate in the
reaction flask. The vacuum was removed, and the flask was allowed to cool
undisturbed to rt. The crude product was collected by filtration and washed
with small portions of ice-cold absolute ethanol until the washings were
colorless. Recrystallization from absolute ethanol afforded 4 as off-white
plates (15.2 g, 70 %). M.p. 202 ± 203 8C; 1H NMR (CD3OD): d� 2.46 (s, 3H,
CH3), 5.30 (s, 2 H, OCH2Ph), 7.25 ± 7.45 (m, 5 H, ArH), 7.59, (s, 1H, imid.
C2H); 13C NMR ([D6]DMSO): d� 11.0, 64.8, 127.9, 128.4, 134.7, 136.6,
163.0; LRMS (CI� ): m/z (%): 217 (100) [M�H]� ; HRMS (CI� ): calcd
for C12H13N2O2 217.0977; found 217.0970; elemental analysis calcd (%) for
C12H12N2O2: C 66.65, H 5.59, N 12.95; found: C 66.73, H 5.62, N 12.89.


Ethyl 2-iodo-4-propyl-5-imidazolecarboxylate (5): An oven-dried 250 mL
round-bottomed flask containing a stir bar was charged with dry THF
(100 mL) and ethyl 4-propyl-5-imidazolecarboxylate (2, 9.11 g, 50.0 mmol).
After stirring was commenced, the resulting suspension was treated with N-
iodosuccinimide (95 %, 11.8 g, 50.0 mmol) all at once. The flask was then
wrapped in foil to exclude light, and the contents heated to reflux under Ar.
After 24 h, the reaction was allowed to cool to room temperature, and
saturated aqueous Na2S2O3 was added dropwise until the iodine color was
discharged. The mixture was diluted with equal volumes of EtOAc and
water, and the layers were separated. The organic phase was washed with
brine, dried over MgSO4, filtered, and evaporated to dryness to yield a
yellow solid. Recrystallization from EtOAc afforded the desired product 5
(12.9 g, 84%) as white needles. M.p. 194 ± 195 8C; 1H NMR (CDCl3): d�
0.91 (t, 3 H, CH2CH2CH3), 1.20 (t, 3 H, OCH2CH3), 1.68 (m, 2H,
CH2CH2CH3), 2.98 (t, 2H, CH2CH2CH3), 4.26 (q, 2H, OCH2CH3);
13C NMR (CDCl3): d� 13.8, 14.2, 22.6, 28.1, 60.4, 84.3, 128.9, 147.0, 161.7;
LRMS (CI� ): m/z (%): 309 (100) [M�H]� ; HRMS (CI� ): calcd for
C9H14N2O2I 309.0100; found 309.0093; elemental analysis calcd (%) for
C9H13N2O2I: C 35.08, H 4.25, N 9.09; found: C 35.19, H 4.28, N 9.08.


Ethyl 4-hexyl-2-iodo-5-imidazolecarboxylate (6): Following the method
described for 5 above, 3 (0.97 g, 4.3 mmol) in dry THF (20 mL) was
iodinated with NIS. Recrystallization from EtOAc afforded the desired
iodide 6 (1.30 g, 86%) as white needles. M.p. 116 ± 117 8C; 1H NMR
(CDCl3): d� 0.83 (t, 3H, CH2CH2CH2CH2CH2CH3), 1.2 ± 1.5 (m, 6H,
CH2CH2CH2CH2CH2CH3), 1.27 (t, 3H, OCH2CH3), 1.65 (m, 2H,
CH2CH2CH2CH2CH2CH3), 2.97 (t, 2 H, CH2CH2CH2CH2CH2CH3), 4.30
(q, 2H, OCH2CH3); 13C NMR (CDCl3): d� 18.0, 18.3, 26.0, 29.5, 32.0, 32.4,


34.4, 61.5, 83.9, 125.3, 142.8, 156.1; LRMS (FAB� ): m/z (%): 351 (100)
[M�H]� ; HRMS (FAB� ): calcd for C12H20N2O2I 351.0570; found
351.0568; elemental analysis calcd (%) for C12H19N2O2I: C 41.16, H 5.47,
N 8.00; found: C 41.29, H 5.49, N 7.87.


Benzyl 2-iodo-4-methyl-5-imidazolecarboxylate (7): Following the method
described for 5 above, 4 (2.95 g, 19.1 mmol) in dry THF (40 mL) was
iodinated with NIS. Recrystallization from EtOAc afforded the desired
iodide derivative 7 (3.94 g, 60 %) in the form of small off-white needles. An
analytical sample was prepared by dissolving the product in the minimum
amount of boiling EtOAc, allowing the solution to cool to rt, and chilling
the tightly-capped flask in a freezer overnight. M.p. 209 ± 210 8C (dec);
1H NMR (CD3OD): d� 2.44 (s, 3H, CH3), 5.29 (s, 2H, OCH2Ph), 7.25 ± 7.45
(m, 5H, ArH); 13C NMR ([D6]DMSO): d� 10.9, 65.0, 86.2, 127.9, 128.0,
128.4, 130.5, 136.4, 139.6, 161.8; LRMS (CI� ): m/z (%): 343 (100)
[M�H]� ; HRMS (CI� ): calcd for C12H12N2O2I 342.9944; found 342.9934;
elemental anaylsis calcd (%) for C12H11N2O2: C 42.13, H 3.42, N 8.19;
found: C 42.27, H 3.34, N 8.01.


Diethyl 4,4'-dipropyl-2,2'-biimidazole-5,5'-dicarboxylate (8): A thick-wal-
led pressure tube containing a stir bar was charged with iodide 5 (6.16 g,
20.0 mmol), [Pd(PPh3)4] (0.92 g, 0.80 mmol), triethylamine[35] (4.05 g,
40.0 mmol), and dry toluene (30 mL). With stirring, a stream of argon
was bubbled into the resulting gold-colored suspension for 10 min. The
tube was sealed and heated to 110 8C for 48 h in the dark. During this time
the reaction mixture became first homogeneous and dark brown. Then the
crude product precipitated. The mixture was allowed to cool to ambient
temperature and the crude product was collected by filtration. It was then
washed with several 2 mL portions of ice-cold acetone until the washings
were colorless. Recrystallization from methanol afforded 8 (1.01 g, 28 %) in
the form of fluffy white needles. M.p. 277 ± 279 8C (dec); 1H NMR (CDCl3):
d� 0.85 (t, 6H, CH2CH2CH3), 1.19 (t, 6H, OCH2CH3), 1.62 (m, 4H,
CH2CH2CH3), 2.93 (t, 4H, CH2CH2CH3), 4.25 (q, 4H, OCH2CH3);
13C NMR ([D6]DMSO): d� 13.3, 14.2, 22.4, 26.5, 59.1, 127.8, 137.3, 141.3,
162.8; UV/Vis (CH2Cl2): lmax (e mÿ1 cmÿ1)� 294 (24 000), 305 (22 400), 318
(sh, 12300) nm; fluorescence emission (CH2Cl2): lmax� 352 nm; LRMS
(CI� ): m/z (%): 363 (100) [M�H]� , 725 (1) [2M�H]� ; LRMS (FAB� ):
m/z (%): 363 (62) [M�H]� , 725 (1) [2M�H]� ; HRMS (CI� ): calcd for
C18H27N4O4 363.2032; found 363.2031; elemental analysis calcd (%) for
C18H26N4O4: C 59.65, H 7.23, N 15.46; found: C 59.55, H 7.18, N 15.36.


Diethyl 4,4'-dihexyl-2,2'-biimidazole-5,5'-dicarboxylate (9): A thick-walled
pressure tube containing a stir bar was charged with the iodide derivative 6
(1.75 g, 5.00 mmol), [Pd(PPh3)4] (0.23 g, 0.20 mmol), triethylamine (1.01 g,
10.0 mmol), and dry toluene (10 mL). With stirring, a stream of argon was
bubbled into the gold-colored suspension for 10 min. The tube was sealed
and heated to 110 8C for 48 h in the dark. A portion of the crude product
precipitated upon cooling; it was collected by filtration, washed with small
portions of ice-cold dichloromethane, and saved. The filtrate from this
procedure was evaporated to a brown residue, and purified by flash column
chromatography on silica gel using CH2Cl2/EtOAc (4:1 v/v) as the eluent.
The fractions glowing blue under UV light were evaporated and combined
with the crude product saved previously. Recrystallization from methanol
afforded biimidazole 9 (0.49 g, 44 %) as a white solid. M.p. 180 ± 192 8C; tR


(CH2Cl2/EtOAc, 4:1): 0.35; 1H NMR (CDCl3): d� 0.78 (t, 6H,
CH2CH2CH2CH2CH2CH3), 0.9 ± 1.3 (br m, 18 H, CH2CH2CH2CH2CH2CH3


and OCH2CH3), 1.51 (br m, 4H, CH2CH2CH2CH2CH2CH3), 2.89 (t, 4H,
CH2CH2CH2CH2CH2CH3), 4.16 (q, 4 H, OCH2CH3); 13C NMR (CD3OD):
d� 14.3, 14.7, 23.6, 26.9, 30.0, 30.3, 32.7, 61.5, 129.3, 132.8, 138.8, 164.1; UV/
Vis (CH2Cl2): lmax (e mÿ1 cmÿ1)� 294 (24 000), 306 (22 100), 319 (sh,
11900) nm; fluorescence emission (CH2Cl2): lmax� 352 nm; LRMS (CI� ):
m/z (%): 447 (100) [M�H]� , 894 (39) [2 M�H]� , 1340 (11) [3 M�H]� , 1786
(1) [4M�H]� ; LRMS (FAB� ): m/z (%): 447 (7) [M�H]� , 893 (100)
[2M�H]� , 1340 (16) [3 M�H]� , 1786 (3) [4M�H]� ; HRMS (CI� ): calcd
for C24H38N4O4 446.2893; found 446.2887; elemental analysis calcd (%) for
C24H38N4O4� 0.5(CH3OH): C 63.61, H 8.72, N 12.11; found: C 63.65, H
8.57, N 12.24.


Dibenzyl 4,4'-dimethyl-2,2'-biimidazole-5,5'-dicarboxylate (10): A thick-
walled pressure tube containing a stir bar was charged with iodide 7 (0.90 g,
2.6 mmol), [Pd(PPh3)4] (0.12 g, 0.10 mmol), triethylamine (0.53 g,
5.2 mmol), and 20 mL of dry toluene. With stirring, a stream of argon
was bubbled into the resulting gold-colored suspension for 10 min. The
tube was sealed and heated to 110 8C for 48 h in the dark. Upon cooling to
rt, the brown suspension was filtered through a sintered glass funnel. The







FULL PAPER J. L. Sessler et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0703-0728 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 3728


filter cake was washed with toluene (50 mL), and the filtrate was
evaporated to dryness to yield a viscous, dark brown oil. This oil was
purified by flash column chromatography on silica gel using CH2Cl2/EtOAc
(2:1 v/v) as the eluent to afford 10 (0.22 g, 39%) as a light yellow solid. tR


(CH2Cl2/EtOAc 2:1): 0.38; 1H NMR (CDCl3): d� 2.25 (s, 6H, CH3), 5.16 (s,
4H, OCH2Ph), 7.10 ± 7.25 (m, 10H, ArH); 13C NMR (CDCl3): d� 11.5, 66.1,
128.2, 128.3, 128.5, 135.4, 137.2, 138.7, 162.7; UV/Vis (CH2Cl2): lmax (e


mÿ1 cmÿ1)� 293 (23 000), 306 (21 800), 320 (sh, 11700) nm; fluorescence
emission (CH2Cl2): lmax� 354 nm; LRMS (CI� ): m/z (%): 431 (100)
[M�H]� , 861 (8) [2 M�H]� , 1291 (4) [3M�H]� , 1721 (1) [4 M�H]� ;
LRMS (FAB� ): m/z (%): 431 (85) [M�H]� , 861 (6) [2M�H]� , 1291 (1)
[4M�H]� ; HRMS (CI� ): calcd for C24H23N4O4 431.1719; found 431.1706;
elemental analysis calcd (%) for C24H22N4O4� 0.5H2O: C 65.59, H 5.28, N
12.75; found: C 65.47, H 5.22, N 12.60.


Benzyl ethyl 4-methyl-4'-hexyl-2,2'-biimidazole-5,5'-dicarboxylate (11): A
thick-walled pressure tube containing a stir bar was charged with iodide
derivatives 6 (1.60 g, 4.56 mmol) and 7 (1.56 g, 4.56 mmol), [Pd(PPh3)4]
(0.42 g, 0.36 mmol), triethylamine (2.02 g, 20.0 mmol), and dry toluene
(30 mL). With stirring, a stream of argon was bubbled into the resulting
gold-colored suspension for 10 min. The tube was sealed and heated to
110 8C for 48 h in the dark. Upon cooling to rt, the brown suspension was
filtered through a sintered glass funnel, and the filter cake was washed with
toluene (50 mL). TLC analysis on silica plates of the filtrate using hexanes/
EtOAc/CH2Cl2 (6:4:1 v/v/v) revealed the presence of three biimidazoles, 9
(fast spot), 10 (slow spot), and the desired 11 (middle spot). The filtrate was
evaporated to dryness to yield a dark brown solid. This crude produce was
subjected to flash column chromatography on silica gel using the eluent
system described above. Recrystallization from methanol afforded 11
(0.29 g, 15%) as a cream-colored solid. M.p. 191 ± 195 8C; tR (hexanes/
EtOAc/CH2Cl2 6:4:1): 0.20; 1H NMR (CD3OD): d� 0.88 (t, 3 H,
CH2CH2CH2CH2CH2CH3), 1.2 ± 1.4 (br m, 6H, CH2CH2CH2CH2CH2CH3),
1.36 (t, 2H, OCH2CH3), 1.66 (br m, 2H, CH2CH2CH2CH2CH2CH3), 2.53 (s,
3H, CH3), 2.95 (t, 2 H, CH2CH2CH2CH2CH2CH3), 4.32 (q, 2 H, OCH2CH3),
5.32 (s, 2 H, OCH2Ph), 7.3 ± 7.5 (m, 5H, ArH); 13C NMR ([D6]DMSO): d�
11.0, 13.8, 14.2, 22.0, 24.8, 28.3, 29.1, 30.9, 59.3, 65.1, 117.8, 127.9, 128.0,
128.3, 128.5, 136.6, 137.2, 137.4, 137.5, 137.7, 137.8, 141.7, 141.9, 162.9, 163.0;
UV/Vis (CH2Cl2): lmax (e mÿ1 cmÿ1)� 294 (24 100), 306 (22 200), 320 (sh,
11700) nm; fluorescence emission (CH2Cl2): lmax� 354 nm; LRMS (CI� ):
m/z (%): 439 (100) [M�H]� , 878 (21) [2 M�H]� , 1316 (12) [3 M�H]� , 1755
(1) [4M�H]� ; LRMS (FAB� ): m/z (%): 439 (100) [M�H]� , 877 (18)
[2M�H]� , 1316 (2) [3M�H]� ; HRMS (CI� ): calcd for C24H31N4O4


439.2345; found 439.2326; elemental analysis calcd (%) for C24H30N4O4:
C 65.74, H 6.90, N 12.78; found: C 65.48, H 6.88, N 12.64.


Dimethyl 4,4'-dipropyl-2,2'-biimidazole-5,5'-dicarboxylate (12): Biimida-
zole 8 (100 mg, 0.276 mmol) and sodium hydroxide (221 mg, 5.52 mmol)
were combined in dry methanol (25 mL). The resulting mixture was heated
to reflux under argon for 24 h. After cooling, the solvent was removed by
using rotary evaporation, the residue was treated with dichloromethane
(50 mL) and 1m aq HCl (50 mL), and the layers were separated. The
aqueous layer was extracted with additional dichloromethane, and the
combined organic phases were dried over Na2SO4. Filtration and evapo-
ration of the filtrate gave a white solid, which was recrystallized from
methanol to afford 12 (58 mg, 63%). M.p. 249 ± 251 8C (dec); tR (CH2Cl2/
EtOAc 1:1): 0.35; 1H NMR (CD3OD): d� 0.96 (t, 6 H, CH2CH2CH3), 1.70
(m, 4H, CH2CH2CH3), 2.95 (t, 4H, CH2CH2CH3), 3.86 (s, 6 H, OCH3);
13C NMR ([D6]DMSO): d� 13.3, 22.3, 26.4, 50.5, 127.6, 137.3, 141.5, 163.3;
UV/Vis (CH2Cl2): lmax (e mÿ1 cmÿ1)� 293 (25 000), 306 (22 000), 320 (sh,
11000) nm; fluorescence emission (CH2Cl2): lmax� 348 nm; LRMS (CI� ):
m/z (%): 335 (100) [M�H]� , 669 (28) [2 M�H]� , 1003 (2) [3 M�H]� ;
LRMS (FAB� ): m/z (%): 335 (100) [M�H]� , 669 (2) [2M�H]� ; HRMS
(CI� ): calcd for C16H23N4O4 335.1719; found 335.1719; elemental analysis
calcd (%) for C16H22N4O4: C 57.47, H 6.63, N 16.76; found: C 57.32, H 6.77,
N 16.61.


4,4'-Dimethyl-5,5'-dipropyl-2,2'-biimidazole (13): A stirred suspension of
diester 8 (1.59 g, 4.39 mmol) in dry THF (40 mL) was cooled to 0 8C under
argon. Lithium aluminum hydride (95 %, 0.70 g, 18 mmol) was added in
small portions over 3 min, during which time the mixture warmed and
evolved H2. The gray suspension was heated to reflux for 24 h. After
cooling to rt, the mixture was carefully quenched by the dropwise addition
of ice water until no more effervescence was observed. It was then filtered.
The filter cake was washed with THF (300 mL), and the pink filtrate was


diluted with EtOAc (300 mL). This organic solution was washed sequen-
tially with 1m aq NaOH (100 mL) and brine, then dried over MgSO4.
Filtration and rotary evaporation of the filtrate provided the crude product
as an off-white solid. This material was dissolved in the minimum amount
of boiling EtOAc and the solution filtered while hot. After cooling to rt, the
flask was chilled in a freezer overnight to give 13 (0.99 g, 92%) as off-white
crystals. M.p. 206 ± 208 8C (dec); tR (CH2Cl2/CH3OH 6:1): 0.73; 1H NMR
(CDCl3): d� 0.84 (t, 6H, CH2CH2CH3), 1.53 (m, 4 H, CH2CH2CH3), 2.12 (s,
6H, CH3), 2.46 (t, 4 H, CH2CH2CH3); 13C NMR (CD3OD): d� 10.7, 13.9,
24.0, 28.2, 129.3, 133.2, 137.7; UV/Vis (CH2Cl2): lmax (e mÿ1 cmÿ1)� 298
(18 000), 305 (18 700), 319 (sh, 11400) nm; fluorescence emission (CH2Cl2):
lmax� 373 nm; LRMS (CI� ): m/z (%): 247 (100) [M�H]� , 493 (12)
[2M�H]� , 732 (2) [3M�H]� ; LRMS (FAB� ): m/z (%): 247 [M�H]� , 493
(2) [2M�H]� ; HRMS (CI� ): calcd for C14H23N4 247.1923; found 247.1919;
elemental analysis calcd (%) for C14H22N4� 1�6EtOAc: C 67.49, H 9.01, N
21.46; found: C 67.35, H 8.90, N 21.48.


X-ray experimental for 12 : Crystals grew as thin colorless needles by slow
evaporation from a methanol solution. The data crystal was cut from a
larger crystal and had approximate dimensions 0.19� 0.22� 0.56 mm. The
data were collected using the w scan technique at 4 ± 88 per min, with a scan
range of 1.08 in w to a 2qmax� 508 at 193 K on a Siemens P4 diffractometer,
equipped with a Nicolet LT-2 low-temperature device and using a graphite
monochromator with MoKa radiation (l� 0.71073 �). Details of crystal
data, data collection, and structure refinement are listed in Table 1. The
data were corrected for Lorentz polarization effects but not for absorption.
The structure was solved by direct methods and refined by full-matrix least-
squares on F 2 with anisotropic displacement parameters for the non-H
atoms. The hydrogen atoms on carbon were calculated in ideal positions
with isotropic displacement parameters set to 1.2 Ueq of the attached atom
(1.5 Ueq for methyl hydrogen atoms). On molecule B, one propyl side chain
was disordered about two orientations. The site occupancy was refined
while refining a common isotropic displacement parameter for the atoms
involved, C23B and C24B, and C23C and C24C. The site occupancy factor
for C23B and C24B refined to 66(2) %. Thereafter, the displacement
parameters were refined without constraint. The hydrogen atoms on the
imidazole nitrogens were observed in a F map and refined with isotropic
displacement parameters. One partial occupancy methanol molecule was
located in the asymmetric unit. It was assigned a site occupancy factor of 1�2
after refining with unusually high Uiso values when the site occupancy factor
was set to 1. Complete details are given in the Supporting Information.


X-ray experimental for 11: Crystals grew as colorless prisms by slow
evaporation from methanol. The data crystal was cut from a larger crystal
and had approximate dimensions 0.20� 0.30� 0.35 mm. The data were
collected on a Nonius Kappa CCD diffractometer using a graphite
monochromator with MoKa radiation (l� 0.71073 �). A total of 199
frames of data were collected using w scans with a scan range of 1.98 and a
counting time of 119 s per frame. The data were collected at ÿ70 8C using a
Oxford Cryostream low temperature device. Details of crystal data, data
collection, and structure refinement are listed in Table 1. The structure was
solved by direct methods and was refined in blocks by full-matrix least-
squares on F 2 with anisotropic displacement parameters for the non-H
atoms. The anisotropic displacement parameters were restrained during
refinement to be approximately isotropic. The hydrogen atoms on carbon
were calculated in ideal positions with isotropic displacement parameters
set to 1.2 Ueq of the attached atom (1.5 Ueq for methyl hydrogen atoms). The
hydrogen atoms on the imidazole nitrogen atoms were located from a DF
map but were not subsequently refined. The positions were idealized with
Uiso set to 1.2 Ueq of the bound nitrogen atom. There are six crystallo-
graphically independent molecules in the asymmetric unit. Due to the large
number of atoms to be refined, the hexyl groups were restrained to have
similar bond lengths and angles during refinement. Complete details are
given in the Supporting Information.


X-ray experimental for 9 : Crystals grew as thin colorless needles by slow
cooling of a methanol solution. The data crystal was cut from a larger
crystal and had approximate dimensions 0.14� 0.26� 0.76 mm. The data
were collected using the w scan technique at 4 ± 108 per min, with a scan
range of 1.08 in w to a 2qmax� 458 at 188 K on a Siemens P4 diffractometer,
equipped with a Nicolet LT-2 low-temperature device and using a graphite
monochromator with MoKa radiation (l� 0.71073 �). Details of crystal
data, data collection, and structure refinement are listed in Table 1. The
data were corrected for Lorentz polarization effects but not for absorption.
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The structure was solved by direct methods and refined by full-matrix least-
squares on F 2 with anisotropic displacement parameters for most of the
non-H atoms. There are four molecules of the biimidazole and one-half
molecule of methanol per asymmetric unit. The hydrogen atoms on carbon
were calculated in ideal positions (CÿH 0.96 �) with isotropic displace-
ment parameters set to 1.2 Ueq of the attached atom (1.5 Ueq for methyl
hydrogen atoms). Several atoms of the hexyl groups and imidazole rings did
not refine well (see the Supporting Information). The hydrogen atoms on
the imidazole nitrogen atoms could not be found in a difference electron
density map after all other atoms were accounted for, and were therefore
not included in the final model. The site occupancy factors for the atoms of
the methanol molecules were estimated to be 0.5 due to the amount of
electron density in the region. Complete details are given in the Supporting
Information.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-149 173,
-149 174, and -149 175. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Asymmetric Activation of Chiral Alkoxyzinc Catalysts by Chiral Nitrogen
Activators for Dialkylzinc Addition to Aldehydes:
Super High-Throughput Screening of Combinatorial Libraries of Chiral
Ligands and Activators by HPLC-CD/UV and HPLC-OR/RIU Systems**


Koichi Mikami,*[a] ReÂmy Angelaud,[a] Kuiling Ding,[b] Akihiro Ishii,[a] Akito Tanaka,[c]


Naotaka Sawada,[d] Kenichi Kudo,[e] and Masaaki Senda[e]


Abstract: Asymmetric catalysts, pre-
pared by chiral ligand exchange or chiral
modification, can evolve further into
highly activated catalysts through engi-
neering with chiral activators. Two new
methodologies for ªsuper high-through-
put screeningº (SHTS) of chiral ligands
and activators have been developed as a
combination of HPLC-CD/UV (CD/


UV� circular dichroism/ultraviolet
spectroscopy) or -OR/RIU (OR/RIU�
optical rotation/refractive index unit)
with a combinatorial chemistry (CC)


factory. With these techniques, the % ee
of the product is determined within
minutes without separation of the enan-
tiomeric products by using a nonchiral
stationary phase. Therefore, those SHTS
techniques combined with our �asym-
metric activation� concept can provide a
powerful strategy for finding the best
activated chiral catalyst.


Keywords: asymmetric activation ´
asymmetric catalysis ´ binaphthol ´
combinatorial chemistry ´ zinc


Introduction


Asymmetric catalysis of organic reactions, which provide
enantiomerically enriched products, is of central importance
in modern synthetic and pharmaceutical chemistry.[1] Partic-
ularly, enantioselective catalysis is one of the most efficient
environmentally benign processes. Therefore, the develop-
ment of enantioselective catalysts is the most challenging and
formidable endeavor in modern science and technology.
Highly promising candidates for such enantioselective cata-


lysts are metal complexes that bear chiral and nonracemic
organic ligands. For the preparation of homogeneous asym-
metric catalysts, Sharpless et al. emphasized the significance
of ªligand-accelerated catalysisº[2] by construction of an
asymmetric catalyst from an achiral precatalyst through
ligand exchange with a chiral ligand (Scheme 1). The chiral
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Scheme 1. General concept of the asymmetric activation strategy.


homo- or heterogeneous catalysts prepared by ªligand-acceler-
ated catalysisº or ªchiral modificationº may evolve further into
a highly activated catalyst through engineering with chiral
activators (Scheme 1). The term ªasymmetric activationº is
proposed for this process in analogy to the activation process
of an achiral reagent or catalyst to provide an activated but
achiral reagent, for example, an activated zinc reagent.[3]


This asymmetric activation process is particularly useful for
racemic catalysts by selective activation of one of the
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[**] OR/RIU� optical rotation/refractive index unit.
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enantiomers. The advantage of this approach is that the
activated catalyst can produce a greater enantiomeric excess
in the products than the enantiomerically pure catalyst on its
own. Thus, chiral catalysts with chiral ligands (L1*, L2*,. . .)
may evolve further with chiral activators (A1*, A2*,.. .) into
highly enantioselective, activated catalysts (Scheme 2).


ML
L1*


L2*


A1*


A2*


ML1*A1*  ML2*A1* 


ML1*A2*  ML2*A2*
+ +


    achiral
precatalyst chiral ligand chiral activator


Scheme 2. General principle for the creation of a catalyst system by
asymmetric activation.


Amongst asymmetric catalysis of CÿC bond-forming reac-
tions, enantioselective addition of diorganozinc reagents to
aldehydes constitutes one of the most important and funda-
mental asymmetric reactions.[4] Since its initial report by
Oguni,[5] various chiral ligands, including a-amino alcohols,
have been used for this type of reaction. However, less
attention has been paid to C2 symmetric binaphthols (BI-
NOLs),[6] despite their wide application as chiral ligands for
B,[7] Al,[8] Ti,[9] Zr,[10] and Ln[11] catalysts in enantioselective
aldol, ene reactions and so forth, probably due to their lower
catalytic activity and enantioselectivity for the organozinc
addition reaction.[12] Recently, some modified BINOLs[13]


were reported to be effective, but the parent BINOL itself
is very inert to the reaction. It is reasonable to assume that the
active catalytic species in the addition of diethylzinc to
aldehydes is a monomeric zinc alkoxide; the cleavage of the
higher aggregates may result in the activation of the catalyst
system (Scheme 3).[14] The addition of a chiral nitrogen
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Scheme 3. Asymmetric activation of diol ± zinc catalysts by nitrogen
ligands.


activator for to the BINOLs ± zinc catalyst system should be
one of the most efficient routes to activation, because of its
strong coordinating ability to the zinc cation which facilitates
the alkyl transfer. As a result, a monomeric zinc complex is
expected to form in a similar manner to that of a chiral salen ±
zinc complex (salen�N,N'-bis(salicylidene)ethylenediamine
dianion.[15] Furthermore, bimolecular combination of chiral


activators with chiral diol ± zinc catalysts should be more
convenient than the unimolecular combination.


Combinatorial chemistry has been well recognized as a
useful strategy for the discovery and optimization of drugs,
metal complexes, and solid-state materials.[16] However, few
studies have been reported on chiral ligand optimization for
chiral metal complexes, due to the lack of high-throughput
screening (HTS) methods.[17] In this regard, we report herein
on a super high-throughput screening (SHTS) system. A
circular dichroism (CD) detector (a JASCO CD-995 (1595)
instrument) in conjunction with HPLC has been applied in the
combinatorial search for enantioselective catalysts through
asymmetric activation (Scheme 2) for the addition of dieth-
ylzinc to aromatic aldehydes, which leads to aryl-substituted
carbinols of type I (Scheme 3).[18] This method involves the
simultaneous monitoring of the CD signal (De), the absorp-
tion (e), and their ratio, called the dissymmetric or anisotropy
factor (g�De/e), of a sample in HPLC on nonchiral (achiral)
stationary phases at a fixed wavelength in a flow system.[19]


The g factor is independent of concentration and linearly
related to the enantiomeric excess. The g factor was intro-
duced by Kuhn[20] in 1930, refined by Mason[21] in 1980, and
further developed by Salvadori[19b±d] and Mannschreck.[22] We
have developed fast and efficient ways to determine the ee�s of
a product library, which can be quantitatively produced by the
addition of diethylzinc to aromatic aldehydes catalyzed by a
binaphthol ± zinc complex through asymmetric activation with
chiral Schiff bases. With this technique, the % ee of the
product can be determined within minutes, by using achiral
stationary phases, without separation of the enantiomeric
products. Therefore, application of HPLC-CD/UV with a
combinatorial chemistry (CC) factory (Dainippon Seiki) for
reactions provides a ªsuper high-throughput screening
(SHTS)º system for finding the most effective catalyst
produced from asymmetric activation.[18] . We herein describe
the details the SHTS of parallel solution libraries chiral
ligands (L1*, L2*,. . .) and activators (A1*, A2*,.. .) for
alkoxy ± Zn catalysts in the addition of diethylzinc to alde-
hydes by using the CC factory, HPLC-CD/UV and HPLC-
OR/RIU.


Experimental Section


Instrumentation (HPLC-CD/UV): The CD spectra were measured with an
HPLC-CD/UV instrument with a flow cell containing optically active
products. In general, a flow cell with a long 25 mm optical path length is
used in order to obtain higher sensitivity. However, since the sample is in
the liquid stream, multiple reflections on the wall and other effects can
occur in such a long cell. These effects cause depolarization and results in
reduction of sensitivity and occurrence of false peaks. Therefore, we
employed a short 10 mm cell.
A CD detector can differentiate between enantiomers by measuring
difference in absorbance of right and left circularly polarized light. This
principle of detection gives intrinsic stability and high sensitivity. Because
measurement of difference in absorption is performed within a very short
period of time, 20 microseconds, dual-beam detection is in operation,
whereas in optical rotation (OR) detection is from a single beam. Thus, a
CD detector can generate chiral signals with higher sensitivity and stability.
A JASCO CD-995 (1595) circular dichroism detector was used with an
autosampler on a CrestPak C18S column (4.6� 35 mm) with CH3CN/H2O
(1:1) as eluent at 313 K, the flow rate being 2.5 mL minÿ1 at a pressure of
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12 MPa. The HPLC system was constructed with a PU-980 pump, a DG-
980-50 vacuum degasser, an AS-1559 autosampler, a CO-966 column
thermostat compartment, and the JASCO CD-995 detector. The CD-995
detector allowed for the simultaneous monitoring of CD and UV
absorption of compounds. In addition, CD and UV spectra could be
obtained by stopped-flow scanning. For system control of HPLC, including
the data processing and calculation of % ee, PC-based JASCO BORWIN-
NT/HSS-1500 and JASCO g-factor calculation software on Microsoft
ExcelR were used.[23] The retention time for 1-phenylpropanol was 0.6 min.
Based on the dissymmetry factor (g) measured at 275 nm, the % ee of
products could be calculated. Products and standard samples for calibration
plots were analyzed automatically by the HPLC-CD system according to
the sequential analysis file, which includes system control and automatic
peak detection. This file has 600 sequences and saves same number of
manipulated chromatograms. The peak area and retention time of CD and
UV chromatograms obtained from CD detector were saved automatically
in the sequential analysis file after being calculated by optimized automatic
peak detection. After selecting the sequential analysis file, the peak area
and retention time, for calculation of enantiomeric purity, were used with
the g-factor calculation software on Microsoft ExcelR. On the basis of the
calibration curve of based on the value of the g factor of standard sample,
the values of the g factor, enantiomeric ratio, and % ee of the product were
calculated in a few seconds.


General procedure for super high-throughput screening : All the reaction
operations were performed under nitrogen. Weighed amounts of chiral
ligands L* (0.01 mmol), chiral activators A* (0.01 mmol), or both (each,
0.01 mmol) were introduced into 1 mL polypropylene microtubes. By using
micropipettes, CH2Cl2 (100 mL) and Et2Zn (200 mL, 1m in hexane) were
added. The microtubes were then set up in the CC factory,[24] the
temperature was kept at 0 8C for 30 min and finally benzaldehyde (11 mL,
0.1 mmol) was introduced. After agitation for 20 h at 0 8C, the tubes were
opened. The CC factory performed the programmed quench with water
and separation of the organic phase.


Analysis by g factor : A JASCO CD-995 (1595) circular dichroism detector
was used with an autosampler on a CrestPak C18S column (4.6� 35 mm)
with CH3CN/H2O (1:1) as eluent at 313 K, flow rate 2.5 mL minÿ1, and
pressure of 12 MPa. The HPLC system was constructed with a PU-980
pump, a DG-980 ± 50 vacuum degasser, an AS-1559 autosampler, a CO-966
column thermostat compartment, and the JASCO CD-995 detector. The
retention time for 1-phenylpropanol was 0.6 min. Based on the dissymme-
try factor (g) measured for 1-phenylpropanol at 275 nm, the % ee of
products could be calculated automatically as described above.


Analysis by e factor : JASCO OR-1590 and RI-1530 detectors were used
with an autosampler on a CrestPak C18S column (4.6� 35 mm) with
CH3CN/H2O (60:40) as eluent at 313 K, flow rate 2 mL minÿ1, and pressure
of 12 MPa. The HPLC system was constructed with a PU-980 pump, a DG-
980 ± 50 vacuum degasser, an AS-1559 autosampler, a CO-966 column
thermostat compartment, and the JASCO CD-995 detector. The retention
time for 3-octanol was 0.6 min.


Optimized procedure : L5* (44 mg, 0.1 mmol), A9* (47 mg, 0.1 mmol),
CH2Cl2 (1 mL) and diethylzinc (2 mL of 1m hexane solution, 2 mmol) were
added under argon to a dried flask at room temperature. The flask was
cooled toÿ78 8C, and then benzaldehyde (106 mg, 1 mmol) was introduced
dropwise by a microsyringe. The reaction mixture was then stirred at
ÿ78 8C for 4 h and atÿ20 8C for 1 h; water (2 mL) was added to quench the
reaction. The aqueous layer was extracted with diethyl ether, and the
combined organic phase was washed with brine and then dried over
anhydrous MgSO4. The crude product was purified by column chromatog-
raphy on silica gel with EtOAc/hexane (1:5) as eluent to give the pure
1-phenylpropanol as a colourless liquid in quantitative yield and 99% ee.
HPLC on Daicel OD-H column with eluent of hexane/2-propanol� 99:1;
flow rate� 0.8 mL minÿ1; UV detection at 254 nm; the retention time
22.9 min (R enantiomer), 26.0 min (S enantiomer).


Results and Discussion


All experiments were performed with a JASCO HPLC
system. Each sample required less than 1.5 minutes for
analysis. For the linearity test (Figure 1), various solutions of


Figure 1. Linear dependency of g factor and % ee for (S)-1-phenylpro-
panol (1).


the samples were prepared with different enantiomeric ratios.
The resulting integral areas were chosen as a measure for CD
and UV values, and from these the g factors were calculated
and summarized in Table 1. A linear correlation was observed
on the g factors with respect to the %ee values with a
coefficient of variation of 0.23 %.


Thus, it is possible to determine the ee value on the basis of
the g factor. Furthermore, only one sample of exactly known
ee-value is needed for calibration as, by definition, the
calibration curve intercepts the origin (g factor and % ee� 0).


In order to study the possible concentration dependency
(Figure 2), a 10 mg mLÿ1 solution of enantio-enriched (S)-1-
phenylpropanol (1, 96 % ee) in acetonitrile, was diluted
successively and then subjected to the measurements. Table 2
lists the resulting g factors. Figure 2 clearly shows that the g
factor does not depend on concentration (standard
deviation� 9.57� 10ÿ7). Hence, aggregation and other effects
are not involved; this makes this HPLC-CD system reliable.


Figure 2. Linear dependency of g factor and concentration for (S)-1-
phenylpropanol (1).


Table 1. Linear dependency of g factor and % ee for (S)-1-phenylpropanol
(1).


ee [%] of 1 g factor


0 0
17 8.63� 10ÿ5


36 1.68� 10ÿ4


57 2.55� 10ÿ4


74 3.29� 10ÿ4


96 4.19� 10ÿ4
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Therefore, a widely applicable HPLC-CD SHTS system
was developed by using an achiral reversed-phase silica
column and acetonitrile/water as the eluent. Figure 3 shows
the corresponding HPLC chromatogram of (S)-1 (96 % ee), in
which the mixture is fully analyzed within 1.5 minutes
(retention time of 1 is 0.6 minutes).


Figure 3. HPLC-Chromatogram of (S)-1 (96 % ee).


The primary combinatory library of chiral ligands (L1* ±
L5*) and chiral activators (A1* ± A5*) was initially examined,
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from which the lead compound can be further optimized for
the next generation of chiral ligands and activators. The
reactions were carried out as desribed in the Experimental
Section. Based on the dissymmetry (g) factor measured at
275 nm, the % ee of the products could be easily calculated
(vide supra).


Super high-throughput screening (SHTS): As shown in Fig-
ure 4, under the experimental conditions (random screening),
we observed an effect of the activation in terms of catalyst
efficiency (Figure 4 a, b). Enantioselectivity of the reaction
was also increased by matched combination of diol ligands
and nitrogen activators (Figure 4 c). For example, L1* and


Figure 4. Random screening of chiral ligands (L0 ± L5*) and activators
(A0 ± A5*). a) % conversion. b) Selectivity. c) % ee.


Table 2. Linear dependency of g factor and concentration (c) for (S)-1-
phenylpropanol (1).


c [mg mLÿ1] g factor


1 4.17� 10ÿ4


2 4.16� 10ÿ4


5 4.15� 10ÿ4


7 4.17� 10ÿ4
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A4* promoted the reaction to give (S)-1-phenylpropanol in
8.2 % ee (54 % yield) and 1.1 % ee (64 % yield), respectively.
However, the combined use of L1* and A4* was found to
result in the product with 37.4 % ee (S) and in quantitative
yield. The substitution of 3- and 3'-positions with bulky phenyl
groups further prevents the aggregation of BINOL/Zn and
increases the enantioselectivity, because of their steric de-
mand. The best combinations were found to be L5*/A4* and
L5*/A5* to provide (S)-1-phenylpropanol in up to 65 % ee
and in quantitative yields.


On the basis of the results collected from primary
combinatorial library, we then created the next generation
library of diimines (activators; A4* to A15*) by simple
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Ar ArNN


Ar Ar
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condensation of enantiopure 1,2-diphenylethylenediamine or
1,2-diaminocyclohexane with two equivalents of aromatic
aldehydes, respectively. As shown in Figure 5, all library
members were found to significantly activate the Zn(L5*)
complex to produce 1-phenylpropanol in higher yields and
enantioselectivities than those obtained by only using the
ligands themselves. Actually, the reaction could be completed
within minutes in the case of L5*/A9*. The chirality of
nitrogen activators had little effect on the configuration of the
product, but influenced the level of enantioselectivity partic-
ularly in the cases of L5*/A8*, A9*, A12*, or A13*. There-
fore, the absolute configuration of the products is determined
primarily by that of diols. This observation is consistent with
the empirical rule drawn by Noyori[25b] for the addition of
diethylzinc to aldehydes, catalyzed by aminoalcohols. The
steric hindrance of the chiral activators was found to be
crucial, and hence the activator A9* provided the best results
at 0 8C (100 % yield, 90 % ee).


The reaction catalyzed by the best combination L5*/A9*
was further optimized by tuning the reaction temperature
between ÿ78 and ÿ20 8C [Eq. (1)]. (S)-1-phenylpropanol (1)


Figure 5. Screening of secondary generation library of chiral activators
(A0, A4* ± A15*). a) % conversion. b) Selectivity. c) % ee.


was thus obtained in 99 % ee and quantitative yield (Table 3).
Even when 2 mol % of L5*/A9* were used for the reaction,
(S)-1 was obtained in 97 % ee and 100 % yield. Under the


optimized reaction conditions,
the combination of L5* and
A9* is proven to be extremely
effective for the addition of
diethylzinc to a range of alde-
hydes, affording the products
with excellent yields and enan-
tioselectivities (Table 3).


However, this new method-
ology can only be applied to
UV-active compounds (such as
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type I). We have now developed fast and efficient ways to
determine the ee�s of type II (Scheme 3) alkyl-substituted
carbinols [(S)-3-octanol (2)], derived from the addition of
diethylzinc to aliphatic rather than aromatic aldehydes. This
was accomplished by measuring simultaneously the refractive
index unit (RIU) and the optical rotation (OR) by using a
JASCO RI-1530 and OR-1590 detectors, respectively,[25] of a
sample in HPLC on nonchiral (achiral) stationary phase, in
which the mixture is fully analyzed within 1.5 minutes
(retention time of 2 is 0.6 minutes, Figure 6). Quantitative
determination of the ee of product 2 was easily accomplished
with a reversed-phase silica ODS column. A mixture of
acetonitrile/water (60:40) was used as the eluent. A mixture of
(S)- and (R)-2, ranging from 0 to 80 % enantiomeric excess,
was prepared at a concentration of 50 mgmLÿ1.


The optical rotation normalized with respect to the
refractive index unit, for which we propose the term
enantiomeric (e) factor, is linearly related to the ee (Figure 7,
Table 4). A linear correlation was observed on the e factors
with respect to the % ee values with a coefficient of variation
of 0.59 %. Thus, it is possible to determine the ee value on the
basis of the e factor.


More importantly, we found that dilution had almost no
effect on the value of the e
factor. A mixture of (S)- and
(R)-2 in an enantiomeric excess
of 80 % was prepared at a
concentration of 50 mgmLÿ1,
which was then successively
diluted. Figure 8 clearly shows
that the e factor does not de-
pend on concentration (stand-
ard deviation� 1.07863� 10ÿ5 ;
see also Table 5). Thus, aggre-
gation and other effects are not
involved, which makes this OR/
RIU system reliable.


Furthermore, the e-factor
methodology can be applied to
both aliphatic and aromatic sys-
tems. For example, analysis of


identical samples of 1 by the HPLC-CD/UV (g factor) and the
HPLC-OR/RIU (e factor) gives virtually the same % ee
values (Table 6).


Table 3. Asymmetric addition of Et2Zn to aldehydes in the presence of
L5*/A9*.


R Yield [%] of 1[a] ee [%] of 1[b] Configuration[c]


phenyl 100 99.0 S
phenyl[d] 100 97.0 S
p-methoxyphenyl 100 98.5 S
m-methoxyphenyl[e] 100 96.4 ND[f]


p-chlorophenyl 99 98.5 S
p-tert-butylphenyl 100 99.0 ND[f]


b-naphthyl 100 93.8 S
a-naphthyl 93 91.5 S


[a] Isolated yields based on the consumed aldehydes. [b] Determined by
HPLC on Daicel OD-H column unless otherwise noted. [c] Assigned by
chiroptical comparison with the literature values. [d] 2 mol % of L5*/A9*
were used. [e] Determined by HPLC on Chiracel OB-H column. [f] ND�
not determined.


Figure 8. Linear dependency of e factor and concentration for (S)-3-octanol (2).


Figure 7. Linear Dependency of e factor and % ee for (S)-3-octanol (2).


Figure 6. HPLC-Chromatogram of (S)-3-octanol (2 ; 80% ee).


Table 4. Linear dependency of e factor and % ee for (S)-3-octanol (2).


ee [%] Optical rotation Refractive e factor
(a) index unit (RIU)


80.0 21 714 367 078 1.79310� 10ÿ3


48.0 13 004 366 722 1.07494� 10ÿ3


16.0 4 209 367 056 3.47608� 10ÿ4


0.1 72 367 015 5.94692� 10ÿ6
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Conclusion


In summary, we have successfully developed new strategies
for super high-throughput screening[26, 27] of chiral ligands and
activators by employment of the combinatorial (CC) factory
and HPLC-CD/UV or -OR/RIU systems. These SHTS
techniques combined with our ªasymmetric activationº con-
cept provides a powerful methodology for finding the best
activated catalyst. We have demonstrated a reliable SHTS for
enantiomeric excesses (ees) in asymmetric catalysis through
asymmetric activation.
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Abstract: Enantiomerically pure dithio-
lene complexes NBu4[Ni{(R,R)-diotte}2]
and NBu4[Ni{(S,S)-diotte}2] (diotte2ÿ� a
1,3-dioxolane-tetrathiaethylene), were
prepared from the corresponding enan-
tiomers of a diotte2ÿ precursor. The
structure of the precursor was solved
by single-crystal X-ray analysis; desul-
furization afforded a novel tetrathiaful-
valene derivative. Combination of the
complex monoanion with the enantiom-
ers of the viologen derivative bis(2-
methyl-3-hydroxypropyl)-4,4'-dipyridi-
nium (HiBV2�) afforded enantiomeric
and diastereomeric ion ± pair complexes
of the type HiBV[Ni(diotte)2]2. For
comparison, the analogous compounds
A[Ni(diotte)2]2, (A2��methyl (MV2�),
octyl (OV2�), stearyl (StV2�) viologen or
two 2,2'-bipyridinium acceptors), HiBV-
[Ni(diotte)L] {L�mnt2ÿ (maleonitrile-
1,2-dithiolate), dmit2ÿ (2-thioxo-1,3-di-
thiol-4,5-dithiolate)}, MV[Ni(dmit)2)]2,


[Ni(diotte)2], and [Ni(diotte)(dmit)]
were synthesized. An X-ray powder
diffraction structural analysis of MV-
[Ni(dmit)2)]2 revealed the presence of
mixed stacks that contain the sequence
anion ± anion ± cation. While no short
contacts are observable within a stack,
these are observed between the stacks
for the dication ± anion interaction by
short S ´´´ H distances in the range of
2.77 to 2.86 �, and for the anion ± anion
interaction short S ´´´ S distances of 3.55
to 3.65 �. In agreement with the ab-
sence of intrastack interactions, no ion ±
pair charge-transfer band can be detect-
ed in this and the other complexes. ESR
and UV/Vis data suggest that in
[Ni(diotte)2]ÿ electron delocalization is


less pronounced than in the correspond-
ing mnt2ÿ and dmit2ÿ complexes. The
specific electrical conductivity (s) of
pressed powder pellets ranges from
10ÿ2 to 10ÿ12 Wÿ1 cmÿ1 and in all cases
increases with increasing temperature
(293 ± 393 K) according to an Arrhenius
law. Corresponding activation energies
vary from 0.14 to 0.93 eV and increase
linearly with log s for structurally similar
ion pairs. Charge generation is postulat-
ed to occur by disproportionation of the
monoanion as suggested by the almost
linear increase of logs with decreasing
disproportionation energy. The conduc-
tivity of diastereomers of ions with two
unlike configurations like [(S,S)-HiBV]-
[Ni{(R,R)-diotte}2]2 (1.1� 10ÿ11 Wÿ1


cmÿ1) is one to two orders of magnitude
higher as compared to the diastereomers
with two like-configured ions.


Keywords: chirality ´ cyclic voltam-
metry ´ dithiolenes ´ enantiomers ´
nickel ´ viologens


Introduction


The molecular design of a solid-state property is a central
topic of materials science. Recently we have reported that
ion ± pair charge-transfer (IPCT) complexes of the type


A2�[ML2]2ÿ that consist of a planar dianionic dithiolene
metalate [ML2]2ÿ (M�Ni, Pd, Pt; L� a 1,2-ethenedithiolate)
and a pseudo-planar dicationic 4,4'- and 2,2'-bipyridinium
derivative (A2�) are molecular semiconductors.[2] As pressed
powder pellets they exhibited specific electrical conductivities
in the range of 10ÿ10 to 10ÿ3 Wÿ1 cmÿ1. The presence of an
IPCT band in the diffuse reflectance spectra of these ion pairs
indicated a supramolecular electronic interaction between the
components. Although in the ground state only about 0.01 %
of an electron is transferred from the dianion to the dication,
modulation of this very weak effect by proper selection of the
components redox potentials allows a quantitative tuning of
the conductivity. This correlation holds only as long as the
geometry of the acceptor ions does not deviate too far from
planarity. In this case, as indicated by the X-ray structural
analyses of various A2�[M(mnt)2]2ÿ (M�Ni, Pd, Pt; mnt�
maleonitrile-1,2-dithiolate) complexes[2b] and of
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DPD2�[Ni(dmit)2]2ÿ (DPD2�� trans-4,4'-azobis(1-methylpyr-
idinium), dmit� 2-thioxo-1,3-dithiol-4,5-dithiolate)[1] mixed
donor ± acceptor stacks are formed in the solid state. For a
corresponding series of complexes, which contain mainly the
dmit ligand, the logarithm of the specific electrical conduc-
tivity increased linearly over seven orders of magnitude when
the driving force (DG12) of electron transfer from the dianion
to the dication was varied from 0.7 to ÿ0.1 eV through
modification of the bipyridinium acceptor. This suggested that
charge generation occurred by electron transfer from the
dianion to the dication and, therefore, the activation energy of
this process may determine the conductivity. Accordingly, the
free activation enthalpy, as calculated within the Hush ±
Marcus model from the driving force and the energy of IPCT
transition, also correlated with conductivity. From these
results we assumed that the reason for this unique relation


between driving force and conductivity is the presence of the
weak IPCT interaction. To test this hypothesis, 1:2 ion ± pair
complexes of the type A2�[ML2]2


2ÿ were prepared that do not
exhibit IPCT bands. Furthermore, the absence of a charge-
transfer interaction opens the possibility to study the influ-
ence of diastereoisomerism on electrical properties when
chiral ions are present. Accordingly, chiral viologens and
chiral anionic metal ± dithiolenes were combined to form
diastereomeric and enantiomeric ion ± pair complexes, and
their electrical conductivities were measured. Although a few
chiral bipyridinium derivatives have already been reported,[3]


we are not aware of the synthesis of enantiomeric metal ±
dithiolene complexes. Furthermore, the literature on the
relationship between stereoisomerism and electrical properties
is very scarce. Rare examples are two structurally different
radical-cation salts of tetrathiafulvalene, both obtained only
as one unique enantiomer.[4, 5] In contrast to this, the ion ± pair
complexes reported in the following are available as both
enantiomers and corresponding diastereomers.


Results and Discussion


Syntheses : To introduce chirality in the planar dithiolene
metalates an asymmetric ethenedithiolate ligand was synthe-
sized. By analogy of the synthesis of diop (diop� (4S,5S)-4,5-bis-
(diphenylphosphinomethyl)-2,2-dimethyl-1,3-dioxolane) the
precursors 1, 2 (see Figure 1) and their enantiomers (S,S)-2


Figure 1. Structures of the ligands referred to in this paper.


and (R,R)-2 were prepared by the alkylation of (NBu4)2[Zn-
(dmit)2][6] and (NBu4)2[Zn(dmid)2] (dmid� 2-oxo-1,3-dithiol-
4,5-dithiolate),[7] respectively, with the racemate and enan-
tiomers of 4,5-bis(bromomethyl)-2,2-dimethyl-1,3-dioxo-
lane[8] in dry DMF at 135 8C. In contrast, to similar alkylations
with uncomplexed ethenedithiolate generated in situ,[6, 9] this
method has less side reactions, the produced Zn2� and NBu4


�


salts can be easily separated, and it is not necessary to work
under inert gas atmosphere. Isolated yields were in the range
of 60 ± 75 %. IR reaction spectroscopy[10] indicated that in


Abstract in German: Enantiomerenreine Dithiolenkomplexe
des Typs NBu4[Ni(R,R-diotte)2] und NBu4[Ni(S,S-diotte)2],
diotte2ÿ� ein 1,3-Dioxolan-Tetrathiaethylenligand, wurden
ausgehend von den beiden Enantiomeren eines diotte2ÿ-
Vorläufers dargestellt. Die Desulfurierung des Vorläufers
führte zu einem neuen Tetrathiafulvalenderivat. Metathetische
Umsetzung der Tetrabutylammoniumkomplexe mit den opti-
schen Antipoden des Viologenderivats Bis(2-methyl-3-hydro-
xypropyl)-4,4'-dipyridinium ergab enantiomere und diastereo-
mere Ionenpaarkomplexe des Typs HiBV[Ni(diotte)2]2. Zum
Vergleich wurden auch die analogen Komplexe A[Ni(diot-
te)2]2, A2��Methylviologen (MV2�), Octyl- und Stearylviolo-
gen oder zwei 2,2'-Bipyridiniumderivate, HiBV[Ni(diotte)L],
L�mnt2ÿ (Maleonitril-1,2-dithiolat), dmit2ÿ (2-Thioxo-1,3-
dithiol-4,5-dithiolat), MV[Ni(dmit)2)]2, Ni(diotte)2 und Ni-
(diotte)(dmit) synthetisiert. Hochaufgelöste Pulverdiffrakto-
metrie zeigt, daû die Festkörperstruktur von MV[Ni(dmit)2]2


aus gemischten Stapeln der Reihenfolge Anion ± Anion ± Kation
besteht. Während innerhalb eines Stapels keine kurzen Kon-
takte auftreten, wird eine Wechselwirkung zwischen den
Stapeln durch kurze S ´´´ H ± Abstände von 2.77 bis 2.86 �
zwischen Dikation und Anion und kurze S ´´´ S ± Abstände von
3.55 bis 3.65 � zwischen zwei Anionen angedeutet. In Ein-
klang mit dem Fehlen von intrakolumnaren Dikation ± Anion-
Wechselwirkungen besitzen die Komplexe keine Ionenpaar ±
Charge-Transferbande. ESR- und UV/Vis-Spektren deuten
darauf hin, daû die Elektronendelokalisierung in [Ni(diotte)2]ÿ


weniger stark ausgeprägt ist als in [Ni(mnt)2]2ÿ und
[Ni(dmit)2]2ÿ. Die spezifische elektrische Leitfähigkeit (s)
von Pulverpresslingen liegt im Bereich von 10ÿ2 bis
10ÿ12 Wÿ1 cmÿ1 und steigt für alle Komplexe mit steigender
Temperatur (293 ± 393 K) gemäû einem Arrhenius-Gesetz. Die
Aktivierungsenergien variieren von 0.14 bis 0.93 eV und steigen
linear mit log(s) für strukturell ähnliche Ionenpaare. Es wird
vorgeschlagen, daû die Ladungsträgererzeugung durch eine
Disproportionierung zustande kommt, da log(s) etwa linear
mit der Disproportionierungsenergie des Monoanions zu-
nimmt. Die Leitfähigkeit von Diastereomeren mit Ionen
ungleicher Konfiguration wie (S,S)-HiBV[Ni(R,R-diotte)2]2


(1.1� 10ÿ11 Wÿ1 cmÿ1) ist um ein bis zwei Gröûenordnungen
höher als im Falle zweier gleich konfigurierter Ionen.
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DMF (at 135 8C) complete transformation occurred already
after 6 h, but the reaction time was 48 h in nBuOH (117 8C).
When the diopÐprecursor 4,5-bis(tosyloxymethyl)-2,2-di-
methyl-1,3-dioxolane[11]Ðwas used as alkylation agent, the
amount of product was too small for preparative isolation; it is
known that tosylates are poorer leaving groups than bromides
in nucleophilic substitutions by dithiolates.[12] In addition to
this direct synthesis of 2 from (NBu4)2[Zn(dmid)2], compound
2 was also prepared by desulfurization of 1 with mercuric
acetate.[13] When the latter was replaced by triethylphosphite
the tetrathiafulvalene derivative 3 (Figure 1) was obtained in
68 % yield. This is a well-known reaction[14] in which the
oxygen analogues in general afford higher yields than the
sulfur compounds;[15] accordingly, compound 2 and not 1 was
used as starting material. Cyclic voltammetry of 3 revealed the
presence of two reversible peaks at �0.60 and �1.01 V,
(CH2Cl2 vs SCE). Similar redox potentials were reported for
tetrathiafulvalene derivatives containing a cyclooctene ring.[16]


The structure of (R,R)-2 was solved by single-crystal X-ray
structural analysis. The dmid fragment retains its planarity,
while the remaining dioxolane part is arranged almost
perpendicular to this plane as indicated by the C2-S3-C4
and C3-S4-C7 angles of 100.5(3) and 101.1(3)8, respectively
(Table 1, Figure 2). The central dithiacyclooctene ring adopts
a half-chair conformation. Within the dmid skeleton the
average CÿS bond length of 1.75 � is 0.07 � shorter than the
C4ÿS3 and C7ÿS4 bonds; this suggests some double-bond
character. The expected R,R configuration follows from the
stereochemistry at C5 and C6. The integrated peak areas of
the CD spectra of (R,R)-2 and its enantiomer (S,S)-2 are in
excellent agreement; this suggests enantiomeric purity (Fig-
ure 3a top).


In agreement with the literature[6, 17, 18] no n(C�C) bands are
observable in the IR spectra of 1 ± 3. For 1 two n(C�S)
absorptions are found at 1065 and 1045 cmÿ1, while the intense
n(C�O) band of 2 appears at 1658 cmÿ1. For the ring-opened


salt K2[diotte] (diotte2ÿ� dioxolane-tetrathiaethylene ligand;
Figure 1), a n(C�C) absorption is detected at 1663 cmÿ1, which
compares well with the value of 1665 cmÿ1 reported for


K2[dddt] (dddt2ÿ� 5,6-dihydro-
1,4-dithiin-2,3-dithiolate).[19a]


According to published proce-
dures for the basic hydrolysis
of isodithione (C3H2OS2) relat-
ed ring systems,[10, 19] the reac-
tion between 2 and KOEt was
not performed in EtOH[20] but
in THF as solvent; this resulted
in a much higher yield. The
thus obtained powder of K2[di-
otte] slowly decomposed even
under an argon atmosphere,
while it was more stable in
alcoholic solution.


The 1H and 13C NMR spectra of 1 ± 3 all are very similar and
do not contain any unexpected features (see Experimental
Section). Noteworthy is that the signals of C1 and C2,3 are
shifted from d� 211 and 141 in 1 to d� 188 and 132 in 2. This
upfield shift is in agreement with the lower group electro-
negativity of a C�O relative to a C�S group.[21] The same
chemical shifts as for 2 are observed for the tetrathiafulvalene
derivative 3.


Table 1. Selected bond lengths [�] and angles [8].[a]


2 MV[Ni(dmit)2]2


C1ÿO1 1.205(9) S1-C1-S2 112.4(4) NiÿS7 2.190(3) S7-Ni-S6 92.000(9)
C1ÿS2 1.765(8) C1-S2-C3 96.7(3) NiÿS6 2.190(3) Ni-S7-C5 101.000(8)
C2ÿC3 1.340(9) S2-C3-C2 116.8(5) S7ÿC5 1.682(3) Ni-S6-C4 101.000(10)
C2ÿS3 1.755(6) C2-C3-S4 125.0(5) C5ÿC4 1.319(7) S7-C5-c4 123.000(11)
C3ÿS4 1.738(6) C3-S4-C7 101.3(3) C4ÿS6 1.682(3) S6-C4-C5 123.000(13)
S2ÿC3 1.747(6) S4-C7-C6 116.1(4) C4ÿS9 2.525(4) Ni-S6-C4 101.000(10)
S3ÿC4 1.819(6) O1-C1-S2 124.0(6) C5ÿS9 1.682(3) S9-C6-S10 123.92(9)
S4ÿC7 1.817(6) C5-C6-C7 116.4(5) C6ÿS9 1.619(2) S8-C6-S10 123.93(9)
C6ÿC7 1.502(8) S2-C2-S4 118.2(4) C6ÿS8 1.619(2)
O2ÿC8 1.409(7) C2-S3-C4 100.5(3) C6ÿS10 1.666(3)


[a] For structural parameters of NBu4[Ni(dmit)2] and (MV)Cl2 see refs. [31, 47].


Figure 2. Molecular structure of 2.


Figure 3. CD spectra of (R,R)-2 (ÐÐ, c� 0.555� 10ÿ3m) and (S,S)-2 (± ±±,
c� 0.529� 10ÿ3m) in CH2Cl2 (top) NBu4[Ni{(R,R)-diotte}2] (ÐÐ, c�
0.151� 10ÿ3m) and NBu4[Ni{(S,S)-diotte}2] (±± ±, c� 0.169� 10ÿ3m) in
MeCN (bottom).
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In the UV/Vis spectrum of 1 the intense p,p* absorption at
367 nm (e� 15 400mÿ1 cmÿ1) exactly fits the value reported for
the unsubstituted isotrithione system,[6, 10, 22, 23] while the
corresponding thiomethyl-substituted derivative C3(MeS)2S3


absorbs at 388 nm owing to extended conjugation. This seems
to be prevented in 1 by the unfavorable stereochemistry
imposed on S3 and S4 by the dioxolane moiety. No
corresponding p,p* absorption band is observed for 2, which
exhibits a broad absorption with a maximum at 267 nm (e�
6000mÿ1 cmÿ1) and a shoulder at 310 nm. Two bands are
present in the spectrum of 3 at 428 (e� 1600mÿ1 cmÿ1) and
323 nm (e� 11 500mÿ1 cmÿ1).


The two enantiomeric viologen derivatives [(R,R)-
HiBV]Br2 and [(S,S)-HiBV]Br2 (Figure 1; HiBV� bis(2-
methyl-3-hydroxypropyl)-4,4'-dipyridinium) were isolated in
65 and 50 % yield from the alkylation of 4,4'-dipyridyl with the
R and S enantiomer of 3-bromo-2-methyl-1-propanol in DMF
at 135 8C, respectively. In the CD spectrum of [(R,R)-
HiBV]Br2 in methanol a minimum and maximum of De was
found at 250 and 290 nm, respectively; the S,S enantiomer
exhibited the mirror image of this spectrum. As expected for a
viologen derivative, two reversible waves were observable in
the cyclovoltammogram at ÿ0.41 and ÿ0.84 V (acetonitrile
vs. SCE).


The monoanionic complex [Ni(diotte)2]ÿ was prepared by
addition of NiCl2 ´ 6 H2O to a solution of diotte2ÿ in methanol.
Precipitation of dark-brown NBu4[Ni(diotte)2] occurred upon
addition of tetrabutylammonium bromide. Yields and purity
did not change significantly if diotte2ÿ was added as K2[diotte]
or prepared in situ from 2 and KOEt. After purification by
soxhlet extraction and recrystallization, the analytically pure
sample was obtained in a yield of 52 %. When the thioder-
ivative 1 was employed instead of 2, the yield decreased to
13 %. Oxidation of NBu4[Ni(diotte)2] with iodine afforded the
olive-green neutral complex [Ni(diotte)2] in 84 % yield. The
characteristic dithiolene absorption bands of NBu4[Ni-
(diotte)2] and [Ni(diotte)2] were observed at 886 (e� 8800,
in CH2Cl2) and 823 nm (e� 18 100mÿ1 cmÿ1), respectively.
Enantiomeric NBu4[Ni{(R,R)-diotte}2] and NBu4[Ni{(S,S)-
diotte}2] were prepared analogously by using (R,R)- and
(S,S)-2, respectively. Oxidation of these complexes afforded
the neutral enantiomers [Ni{(R,R)-diotte}2] and [Ni{(S,S)-
diotte}2]. Ligand exchange between [Ni(diotte)2] or its
enantiomers and (NBu4)2[NiL2] provided an easy access to
the heteroleptic complexes NBu4[Ni(diotte)L] (L� dmit2ÿ,
mnt2ÿ) [Eq. (1)], NBu4[Ni{(R,R)-diotte}(dmit)], NBu4-
[Ni{(R,R)-diotte}(mnt)], and NBu4[Ni{(S,S)-diotte}(mnt)].
The CD spectra of the last two compounds are shown in
Figure 4. Oxidation of NBu4[Ni(diotte)(dmit)] with iodine
afforded the neutral [Ni{(R,R)-diotte}(dmit)], whereas this
was not possible in the case of the less reducing NBu4-
[Ni(diotte)(mnt)].


[Ni(diotte)2] � (NBu4)2[NiL2]! 2(NBu4)[Ni(diotte)L] (1)


The tetrabutylammonium salts were soluble in DMSO,
DMF, THF, and dichloromethane. In the IR spectra (in KBr)
the typical metal dithiolene C�C absorptions[24] appeared at
1386 (NBu4[Ni(diotte)2]), 1379 (NBu4[Ni(diotte)(mnt)]), and


Figure 4. CD spectra of NBu4[Ni{(R,R)-diotte}(mnt)] (± ±±, c� 0.092�
10ÿ3m) and NBu4[Ni{(S,S)-diotte}(mnt)] (ÐÐ, c� 0.086� 10ÿ3m) in
MeCN.


1368/1350 cmÿ1 (NBu4[Ni(diotte)(dmit)]). The n(CÿS) band
at 880 cmÿ1 was not affected. As expected for the neutral
compounds, the n(C�C) vibration was considerably shifted to
smaller wavenumbers and appeared for both [Ni(diotte)2] and
[Ni(diotte)(dmit)] at 1270 cmÿ1; the n(CÿS) vibration of the
homoleptic complex was found at the same wavenumber as in
NBu4[Ni(diotte)2], whereas two bands appeared at 898 and
878 cmÿ1 for the heteroleptic compound.


In the UV/Vis spectrum (CH2Cl2) of the neutral complex
[Ni(diotte)2] the p,p* absorption at 823 nm is blue-shifted
with respect to Ni(S2C2R2)2, R� SCH3 (lmax� 992 nm)[25] or
RÿR�ÿS-(CH2)2-Sÿ (lmax� 1049 nm).[10]As in the case of 2,
this is further evidence for decreased conjugation induced by
the diotte2ÿ ligand due to the steric situation at the S3, S4
atoms (vide supra). Accordingly, replacement of one diotte2ÿ


ligand by dmit2ÿ increases electron delocalization, and lmax of
[Ni(diotte)dmit] is observed at 906 nm. The corresponding
monoanions generally absorb at longer wavelengths.[26] As
observed for the neutral complexes, the diotte complex
NBu4[Ni(diotte)2] absorbs at shorter wavelength (875 nm,
MeCN) than [Ni(S2C2R2)2]ÿ , R� SCH3 (1070 nm, DMF)[19d]


or RÿR�ÿS-(CH2)2-Sÿ (1257 nm, DMF).[19d] Since the band
positions of NBu4[Ni(diotte)2] and NBu4[Ni(mnt)2] (lmax�
861 nm, MeCN) are similar, the band of the heteroleptic
complex NBu4[Ni(diotte)mnt] is observed at a comparable
wavelength of 873 nm (MeCN). In contrast, for NBu4[Ni-
(diotte)dmit] the introduction of the dmit2ÿ ligand shifts this
band to 989 nm (MeCN), which corresponds to the arithmetic
mean of the absorptions of the two corresponding homoleptic
complexes. Both NBu4[Ni(diotte)dmit] and NBu4[Ni(diot-
te)mnt] exhibit only a very weak negative solvatochromic
shift of 12 cmÿ1 when acetonitrile is replaced by dichloro-
methane, in contrast to heteroleptic dithiolene nickelates that
contain diimine ligands.[27]


The ESR spectrum of NBu4[Ni(diotte)2] exhibited a
rhombic g tensor with significant deviation from axial
symmetry. By analogy with the results from single-crystal
measurements of [Ni(mnt)2]ÿ[28] the g values were assigned as
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follows; g1� gxx ; g2� gyy, and g3� gzz with gxx and gzz repre-
senting the highest and lowest g values (Table 2). From the
decreasing g values in the series NBu4[Ni(diotte)L] (L�
diotte2ÿ, mnt2ÿ, dmit2ÿ) one can assume that the electronic
delocalization within the {Ni(C2S2)2} ring increases in the


same direction, as also postulated for similar monoanionic
nickel dithiolenes.[19]


Magnetic susceptibility measurements on NBu4[Ni-
(diotte)2] afforded a magnetic moment of 1.74 mB, which
corresponds to the theoretical spin-only value of 1.73 mB. For
the heteroleptic complexes NBu4[Ni(diotte)dmit] and NBu4-
[Ni(diotte)mnt] the smaller values of 1.37 and 1.59 mB,
respectively, were obtained. These values are in accordance
with the stronger electron-withdrawing properties of the
dmit2ÿ and mnt2ÿ ligands with respect that of diotte2ÿ and
those also reported for other metal dithiolenes.[29]


The redox potentials support the conclusions drawn from
the IR and UV/Vis data on the electronic properties of the
new diotte2ÿ ligand. Thus for NBu4[Ni(diotte)2] in MeCN one
irreversible and one reversible wave were observed at E1�
�0.42 V and E2�ÿ0.56 V (vs SCE), which correspond to
oxidation to the neutral and reduction to the dianionic
complex, respectively. The E1 value is more positive than for
NBu4[Ni(dmit)2], E1�� 0.18 V (irreversible), supporting the
poorer donor properties of the diotte2ÿ ligand. For the
heteroleptic complexes NBu4[Ni(diotte)dmit] (E1��0.34
(irreversible), E2�ÿ0.34 V) and NBu4[Ni(diotte)mnt]
(E1�� 0.74, E2�ÿ0.20 V) the measured values are the
arithmetic mean of the values for the corresponding homo-
leptic compounds.


Ion-pair complexes were synthesized in yields of 28 ± 95 %
by simple metathesis reactions between the corresponding
tetrabutylammonium and hexafluorophosphate salts of the
dithiolene nickelates and dipyridinium derivatives summar-
ized in Figure 1. The complexes in all cases contain a
monoanionic metal dithiolene and a dicationic dipyridinium
ion resulting in the 1:2 ion pairs {A2�[ML2]2


2ÿ}. As observed
for similar complexes, the IR spectra[30] usually are just a
superimposition of the component spectra, except for HiBV-
[Ni(diotte)(dmit)]2, in which case the n(OH) band of the
dication is shifted by 30 ± 35 cmÿ1 to smaller wavenumbers
with respect to that of (HiBV)Br2. This suggests hydrogen
bonding within the ion pair, since the wavenumber of the
n(C�S) vibration is also decreased by 12 ± 13 cmÿ1.


In contrast to the 1:1 complexes that contain a dianionic
metal dithiolene,[2] no IPCT band could be detected for the 1:2
complexes reported herein; this agrees with the absence of
short intrastack anion ± cation contacts in the model complex


MV[Ni(dmit)2]2 (vide infra; MV�metyl viologen). In ac-
cordance with previous results,[30] in the diffuse reflectance
spectra the characteristic p,p* absorption band at about
900 nm is red-shifted by up to 65 nm relative to that found in
solution. The cation exerts only a steric influence as indicated
by the weak blue-shift of this band from 916 to 902 and 894 nm
and by the stronger red-shift of the absorption onset (Fig-
ure 5) from 1340 to 1395 and 1422 nm when methyl viologen


Figure 5. Diffuse reflectance spectra of NBu4[Ni(diotte)2] (ÐÐ) and
A[Ni(diotte)2]2, A2��MV2�, OV2�, StV2�.


in MV[Ni(diotte)2]2 is replaced by octyl and stearyl viologen,
respectively (Figure 5). In contrast, in the analogous com-
plexes of [Ni(dmit)2]ÿ Eon is blue-shifted when the cation size
increases.[30]


Since no crystals big enough for a single-crystal X-ray
structural analysis could be obtained for a diotte2ÿ or any
other 1:2 complex, MV[Ni(dmit)2]2 was selected for a powder
X-ray analysis because in this case the molecular structure of
both components is known (see Experimental Section).[2b] The
arrangement of the two planar ions is best described as a
mixed stack of dication ± anion ± anion fragments without any
evidence for short cation ± anion intrastack contacts (Fig-
ure 6); all corresponding distances are in the range of 3.65 ±
3.79 � and therefore significantly larger than 3.33 ± 3.52 �,
the value usually observed in the corresponding charge-
transfer complexes of 1:1 stoichiometry. In contrast to
[Ni(dmit)2]ÿ salts with non-redox-active counterions, the
monoanion does not form a dimer as indicated by the average
interplanar distance of 3.80 �, which is longer than the 3.44 ±
3.60 � reported for the dimer.[31±34] Whereas no short intra-
stack contacts were found, a number of short S ´´´ S and S ´´´ H
interstack contacts were observed. Dication ± anion interac-
tion is suggested by the short distances between S(7)ÿH(9),
S(10)ÿH(10), and S(10)ÿH(12) of 2.78, 2.86, and 2.77 �,
respectively: these are shorter than the sum of the van der -
Waals radii of 3.00 � (Figure 7). Considering only the anion
arrangement, it is best described as fishbone pattern of
dithiolene metalate columns, as also observed for other
[Ni(dmit)2]ÿ complexes. Multiple interstack interactions are
indicated by short S ´´ ´ S distances of 3.61 � (thiolate ± thio-
ketone), 3.65 � (thioketone ± thioketone), and of 3.65 ±
3.55 � (thiolate ± thiolate).


Table 2. ESR data for NBu4[Ni(diotte)L] complexes.


L hgi*[a] hgi[b] g1 g2 g3


diotte2ÿ 2.070 2.069 2.156 2.046 2.007
mnt2ÿ 2.065 2.065 2.151 2.044 2.000
dmit2ÿ 2.060 2.062 2.133 2.044 2.033


[a] Calculated from powder spectra; hgi*� 1/3(g1 � g2 � g3); standard
deviation of g values is 0.001. [b] From solution spectra obtained in acetone
at RT.
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Figure 6. Ion stacking in MV[Ni(dmit)2]2.


Figure 7. Short interstack distances in MV[Ni(dmit)2]2 .


Electrical conductivity : The specific electrical conductivity of
the pressed powder pellets depends on the nature of cation
and dithiolene ligands. The dominating influence of the ligand


in the absence of any counterion is nicely reflected by the
different conductivities of the neutral complexes [NiL2],
which in general are better conductors than the corresponding
anionic compounds. In contrast to dmit2ÿ (3.5� 10ÿ3 Wÿ1


cmÿ1)[35] and mtdt2ÿ (� 1,2-bis(methylthio)-1,2-dithiolate)
(1� 10ÿ7 Wÿ1 cmÿ1),[25] the sterically demanding diotte2ÿ li-
gand induces a significantly lower value of 3.6� 10ÿ8 Wÿ1 cmÿ1


as measured for [Ni(diotte)2]. Accordingly, the conductivity
increased to 2.3� 10ÿ6 Wÿ1 cmÿ1 when one diotte2ÿ ligand was
replaced by dmit2ÿ affording the heteroleptic [Ni(diotte)-
(dmit)].


The conductivity of the diotte/ion-pair complexes A[Ni-
(diotte)2]2 increases from 3.2� 10ÿ10 Wÿ1 cmÿ1 for A2��MV2�


to 3.0� 10ÿ7 and 3.2� 10ÿ7 Wÿ1 cmÿ1 for A2��OV2� and
StV2�, respectively, (Table 3; OV� octyl viologen, StV�
stearyl viologen). However, upon the same variation of A2�


the conductivity of A[Ni(dmit)2]2 decreases from 3.9�
10ÿ6 Wÿ1 cmÿ1 to 3.5� 10ÿ7 and 1.8� 10ÿ7 Wÿ1 cmÿ1.[30] This
difference in the steric effect of A2� suggests that the solid-
state structure is different for dmit and diotte complexes.


In the range of 293 ± 393 K the temperature dependence of
s follows an Arrhenius behavior, which is diagnostic for an
electronic semiconductor. Activation energies (Ea) are in the
range of 0.14 ± 0.93 eV. For structurally related ion pairs log s


increases linearly with decreasing Ea as shown in Figure 8
(Table 3). From this relation one can conclude that changes in
conductivity reflect changes of Ea and not of the preexpo-
nential factor,[36, 37] as also recently observed for the IPCT
complexes of the type A2�[M(dmit)2]2ÿ.[2] In contrast to the
latter, which all contain a dianionic metal dithiolene, no
simple relation between logs and the driving force of electron
transfer from the anion to the cation (DG12) is apparent. For
instance, although the methyl and octyl viologen salts of
[Ni(diotte)2]ÿ have almost the same DG12 values of �0.85 and
�0.84 eV (Table 3), the corresponding conductivities are
3.2� 10ÿ10 and 3.0� 10ÿ7 Wÿ1 cmÿ1, respectively. This suggests
that charge generation does not occur by electron transfer, but
rather through disproportionation of the monoanions as also
proposed for related [Ni(mnt)2]ÿ complexes with non-redox-
active counter ions.[38] In fact, in the series HiBV[Ni-
(diotte)L]2 the decrease of disproportionation energy,
DGdisp�ÿ nF{(E1/2(Dÿ/2ÿ)ÿE1/2(D0/ÿ)}, from 0.98 eV to 0.94


Table 3. Reduction potentials of ion ± pair components, driving force of electron transfer (DG12), disproportionation free enthalpies(DGdisp) electrical
parameters (log s, Ea), and onset of the lowest energy band of the solid ion pair (Eon).


E (D0/ÿ) [V][a] E (Dÿ/2ÿ) [V][a] E (A2�/�) [V][a] DG12 [eV] log s[b] Ea [eV] DGdisp [eV] Eon [eV]


MV[Ni(diotte)2]2 � 0.42 ÿ 0.56 ÿ 0.43 � 0.85 ÿ 9.49 0.41 0.98 0.93
OV[Ni(diotte)2]2 � 0.42 ÿ 0.56 ÿ 0.42 � 0.84 ÿ 6.52 0.26 0.98 0.89
StV[Ni(diotte)2]2 � 0.42 ÿ 0.56 ÿ 0.46 � 0.88 ÿ 6.49 0.26 0.98 0.87
HiBV[Ni(diotte)2]2 � 0.42 ÿ 0.56 ÿ 0.41 � 0.83 ÿ 9.72 0.47 0.98 0.89
DQ[Ni(diotte)2]2 � 0.42 ÿ 0.56 ÿ 0.36 � 0.78 ÿ 9.49 0.43 0.98 0.89
DP[Ni(diotte)2]2 � 0.42 ÿ 0.56 ÿ 0.32 � 0.74 ÿ 8.41 0.37 0.98 0.93
HiBV[Ni(diotte)(dmit)]2 � 0.34 ÿ 0.34 ÿ 0.41 � 0.75 ÿ 7.68 0.37 0.68 0.86
HiBV[Ni(diotte)(mnt)]2 � 0.74 ÿ 0.20 ÿ 0.41 � 1.15 ÿ 9.50 0.43 0.94 0.86
[(S,S)-HiBV][Ni{(R,R)-diotte}2]2 � 0.42 ÿ 0.56 ÿ 0.41 � 0.83 ÿ 10.96 0.67 0.98 0.88
[(R,R)-HiBV][Ni{(R,R)-diotte}2]2 � 0.42 ÿ 0.56 ÿ 0.41 � 0.83 ÿ 12.21 0.93 0.98 0.91
[(S,S)-HiBV][Ni{(S,S)-diotte}2]2 � 0.42 ÿ 0.56 � 0.41 � 0.83 ÿ 11.89 0.89 0.98 0.89
[(R,R)-HiBV][Ni{(S,S)-diotte}2]2 � 0.42 ÿ 0.56 � 0.41 � 0.83 ÿ 10.80 0.63 0.98 0.87
[Ni(diotte)2] � 0.42 ± ± ± ÿ 7.44 0.32 ± 1.10
[Ni(diotte)(dmit)] � 0.34 ± ± ± ÿ 5.64 0.14 ± 0.94


[a] From cyclic voltammetry in CH3CN vs SCE; [b] s in Wÿ1 cmÿ1.
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Figure 8. Plot of the logarithm of the specific electrical conductivity as
function of the activation energy Ea of A[Ni(diotte)2]2, A2��MV2�, OV2�,
StV2�, DP2�, DQ2�, HiBV2�, and of HiBV[Ni(diotte)L]2, L�mnt2ÿ, dmit2ÿ.


to 0.68 eV is accompanied by an increase of conductivity from
1.9� 10ÿ10 Wÿ1 cmÿ1 to 3.2� 10ÿ10 to 2.0� 10ÿ8 Wÿ1 cmÿ1, re-
spectively. Thus, upon substituting diotte2ÿ by the planar and
sterically less demanding mnt2ÿ and dmit2ÿ ligands, electronic
rather than steric effects seem to dominate.


When the racemic diotte2ÿ ligand in [Ni(diotte)2] was
replaced by the corresponding enantiomers, the conductivities
of 1.7� 10ÿ8 Wÿ1 cmÿ1 and 1.6� 10ÿ8 Wÿ1 cmÿ1, as measured
for the resulting enantiomeric complexes [Ni{(R,R)-diotte}2]
and [Ni{(S,S)-diotte}2], respectively, are identical within
experimental error. In the case of the complexes with a
monoanionic nickel dithiolene, however, the presence of the
chiral HiBV2� generates diastereomers that have different
conductivities. Whereas again enantiomers like [(S,S)-
HiBV][Ni{(R,R)-diotte}2]2 and [(R,R)-HiBV][Ni{(S,S)-
diotte}2]2 exhibit the same conductivities (1.1� 10ÿ11 and
1.6� 10ÿ11 Wÿ1 cmÿ1, Table 3), their corresponding diastereo-
mers [(S,S)-HiBV][Ni{(S,S)-diotte}2]2 and [(R,R)-HiBV]-
[Ni{(R,R)-diotte}2]2 exhibit values which are smaller by one
and two orders of magnitude (1.3� 10ÿ12 and 6.2�
10ÿ13 Wÿ1 cmÿ1, respectively). This difference is also evident from
the activation energies of the two enantiomeric pairs [(S,S)-
HiBV][Ni{(R,R)-diotte}2]2/[(R,R)-HiBV][Ni{(S,S)-diotte}2]2


and [(R,R)-HiBV][Ni{(R,R)-diotte}2]2/[(S,S)-HiBV][Ni{(S,S)-
diotte}2]2 which are 0.67/0.63 and 0.93/0.89 eV, respectively.
In Figure 9 the temperature dependence of the conductivity is
shown for the two diastereomeric complexes [(S,S)-HiBV]-
[Ni{(S,S)-diotte}2]2 and [(R,R)-HiBV][Ni{(S,S)-diotte}2]2. In
summary, the presence of chiral components in these 1:2 ion
pairs leads to a decrease of conductivity by one to three orders
of magnitude relative to the racemic complex. The conduc-
tivity of diastereomers that have components with unlike
configurations is one to two orders of magnitude higher than
those with like configurations.


Conclusion
Racemic and enantiomerically pure monoanionic dithiolene
nickelates and dicationic viologens were combined to 1:2 ion-


Figure 9. Plot of the logarithm of the specific electrical conductivity as
function of 1/T for [(S,S)-HiBV][Ni{(S,S)-diotte}2]2 and [(R,R)-HiBV]-
[Ni{(S,S)-diotte}2]2 .


pair complexes. In contrast to the previously reported 1:1
pairs formed from the corresponding dianions and dications,
no evidence for an ion-pair charge-transfer interaction could
be found, and the electrical conductivity did not depend on
the driving force of anion-to-cation electron transfer, but
rather on the disproportion energy of the dithiolene nickelate
monanion. The conductivity of diastereomeric complexes
differed by one to two orders of magnitude.


Experimental Section


MVCl2 ´ 3H2O (Fluka), NiCl2 ´ 6 H2O (Merck), NBu4Br (Fluka), NH4PF6


(Fluka), KOEt (Merck), P(OEt)3 (Fluka), Hg(OAc)2 (Merck), 4,4'-
bipyridyl (Fluka), (�)-[(4R,5R)-4,5-bis(tosyloxymethyl))-2,2-dimethyl-1,3-
dioxolane] (Fluka), (ÿ)-[(4S,5S)-4,5-bis(tosyloxymethyl))-2,2-dimethyl-
1,3-dioxolane] (Fluka), and (R)-(ÿ)-, (S)-(�)-3-bromo-2-methyl-1-propa-
nol (Aldrich) were commercially available and used without further
purification. The compounds d,l-4,5-bis(tosyloxymethyl)-2,2-dimethyl-1,3-
dioxolane,[11] d,l-,(ÿ)[(4R,5R)]-, (�)[(4S,5S)-4,5-bis(bromomethyl)-2,2-di-
methyl-1,3-dioxolane],[8] (OV)Br2,[39] (StV)Br2,[30] (DQ)Br2,[40] (DP)Br2,[41a]


MV[Ni(dmit)2]2,[30] NBu4[Ni(dmit)2],[6] (NBu4)2[Zn(dmit)2],[6] and
(NBu4)2[Zn(dmid)2],[7] were prepared according to literature methods.
Syntheses of the new compounds were performed under aerobic conditions
unless otherwise stated. All solvents were dried by standard techniques
prior to use.


[(S,S)-(�)-HiBV]Br2 and [(R,R)-(ÿ)-HiBV]Br2 : A solution of 4,4'-bipyr-
idyl (1.80 g, 11.5 mmol) and of (R)-(ÿ)-3-bromo-2-methyl-1-propanol
(4.36 g, 28.5 mmol) in dry DMF (15 mL) was stirred at 135 8C for 24 h
under a nitrogen atmosphere. After cooling to room temperature the
yellow precipitate was collected by filtration, washed with dry acetone and
dried in high vacuo. Yield 3.44 g (65 %) of [(S,S)-(�)-HiBV]Br2 : Yellow
powder; m.p. 248 ± 250 8C (decomp); elemental analysis calcd (%) for
C18H26Br2N2O2: C 46.77, H 5.67, N 6.06; found: C 46.51, H 5.83, N 5.95; IR
(KBr): nÄ � 3370 (br m, OH), 1632, 1551, 1502 (s, C�CAr), 826 cmÿ1 (s,
gCHAr); UV/Vis (CH3OH): lmax (e)� 267 nm (21 000mÿ1 cmÿ1); [a]22


D �
�5.4� 0.3 (c� 0.9 in CH3OH); [a]22


546��11.3� 0.5 (c� 1.0 in CH3OH).


[(R,R)-(ÿ)-HiBV]Br2 : The enantiomer [(R,R)-(ÿ)-HiBV]Br2 was ob-
tained as described above in 50% yield as bright yellow powder; elemental
analysis calcd (%) for C 46.49, H 5.82, N 5.95; [a]22


D �ÿ5.5� 0.48 (c� 1.1 in
CH3OH); [a]22


546�ÿ10.9� 0.58 (c� 1.0 in CH3OH); CD spectra of the
enantiomers in MeOH (c� 0.433� 10ÿ3m) exhibited maxima at 214, 256,
and 290 nm.
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[(S,S)-(�)-HiBV](PF6)2 and [(R,R)-(ÿ)HiBV](PF6)2 : NH4PF6 (2.1 g,
13 mmol) dissolved in water (5 mL) was added to a solution of (SS(�)-
HiBV)Br2 (3.0 g, 6.5 mmol) in water (20 mL). The flake-like precipitate
was collected by filtration after 1 h, washed three times with methanol and
dried in high vacuum.


[(S,S)-(�)-HiBV](PF6)2 : Yield 1.38 g (36 %) of slightly orange colored
powder; m.p. 205 ± 207 8C (decomp); elemental analysis calcd (%) for
C18H26F12N2O2P2: C 36.50, H 4.42, N 4.73, found C 36.54, H 4.48, N 4.61; IR
(KBr): nÄ � 3617 (m), 3408 (m, OH), 1636 (s), 1558, 1506 (m, C�CAr), 827 (s,
gCHAr), 557 cmÿ1 (s, PF); 1H NMR ([D6]acetone): d� 1.09/1.16 (dd, J�
7.0 Hz, 6H), 2.55/2.85 (m, J� 5.0 Hz, 2H), 4.92 (m, J� 7.0/7.5 Hz, 4H), 8.80
(d, J� 9.0 Hz, 4 H; b-ArH), 9.35 (d, J� 9.0 Hz, 4 H; a-ArH); 13C NMR
([D6]acetone): d� 14.1/14.2 (CH3), 35.8 (CH2), 38.5 (CH), 64.1 (CH2OH),
127.8/128.2 (b/b'-Ar), 146.9/147.2 (a'/a-Ar), 150.9/151.4 (g'/g-Ar); UV/Vis
(CH3CN): lmax (e)� 264 nm (25 000mÿ1 cmÿ1).


(R,R(-)HiBV)(PF6)2 : Yield 14 %; elemental analysis calcd (%) for C 36.83,
H 4.13, N 5.01.


Compound 1: (NBu4)2[Zn(dmit)2] (1.32 g, 1.40 mmol) and d,l-4,5-bis(bro-
momethyl)-2,2-dimethyl-1,3-dioxolane (1.01 g, 3.51 mmol) were dissolved
in dry analytical grade DMF (40 mL) and stirred at 135 8C for 2 h. The
solvent was removed completely under reduced pressure, and the viscous
residue was purified by flash column chromatography on silica gel
(Kieselgel 60, 230 ± 400 mesh) with diethyl ether, followed by recrystalliza-
tion from ethanol (50 mL). Yield 555 mg (61 %) of a dark orange powder;
m.p. 162 8C; elemental analysis calcd (%) for C10H12O2S5: C 37.02, H 3.73, S
49.40; found C 37.20, H 3.68, S 49.65; IR (KBr): nÄ � 2981, 2922 (m), 2880 (w,
CH), 1451, 1425, 1404 (m, dasCH), 1379, 1368 (s, dsCH), 1259, 1205, 1168,
1045 (s, CÿO), 1065/45 (s, C�S), 962 (w, C-O-C cycl), 878 cmÿ1 (s, CÿS);
1H NMR (CDCl3): d� 1.39 (s, CH3, 6 H), 2.69 (dd, AXJ� 13.9 Hz, AMJ�
10.2 Hz, 2 H; HA), 3.30 (dd, AXJ� 13.9 Hz, MXJ� 3.0 Hz, 2 H; HX), 4.21 (dd,
AMJ� 10.2 Hz, MXJ� 3.0 Hz, 2 H; HM); 13C NMR (CDCl3): d� 26.6 (CH3),
37.9 (CH2), 80.3 (CH), 110.4 (C(CH3)2), 140.8 (C�C), 211.2 (C�S); UV/Vis
(CH2Cl2): lmax (e)� 367 (15 400), 269 (2500), 224 nm (7800mÿ1 cmÿ1).


Compound 2 : Method A : A solution of (NBu4)2[Zn(dmid)2] (1.25 g,
1.37 mmol) and d,l-4,5-bis(bromomethyl)-2,2-dimethyl-1,3-dioxolane
(1.02 g, 3.54 mmol) in dry analytical grade DMF (40 mL) were stirred at
135 8C for 6 h. The crude product was isolated and purified by the same
procedure as described above using dichloromethane as eluent. Yield
559 mg (66 %) of orange needles; m.p. 174 8C; elemental analysis calcd (%)
for C10H12O3S4: C 38.94, H 3.92, S 41.58; found C 39.13, H 4.09, S 41.54; IR
(KBr): nÄ � 2987, 2925 (m), 2889 (w, CH), 1658 (s, C�O), 1453, 1424, 1409
(m, dasCH), 1378, 1369 (s dsCH), 1259, 1211, 1161, 1048 (s, CÿO), 962 (w,
C-O-C cycl), 881 (s CÿS); 1H NMR (CDCl3): d� 1.40 (s, CH3, 6H), 2.67
(dd, AXJ� 13.8 Hz, AMJ� 9.7 Hz, 2 H; HA), 3.29 (dd, AXJ� 13.8 Hz, MXJ�
3.2 Hz, 2H; HX), 4.20 (dd, AMJ� 9.7 Hz, MXJ� 3.2 Hz, 2 H; HM); 13C NMR
(CDCl3): d� 26.8 (CH3), 37.8 (CH2), 80.6 (CH), 110.0 (C(CH3)2), 132.4
(C�C), 188.5 (C�O); UV/Vis (CH2Cl2): lmax (e)� 499 (70), 267 (6000),
222 nm (3800mÿ1 cmÿ1).


Method B : A warm solution of Hg(OAc)2 (3.5 g, 11.0 mmol) in glacial
acetic acid (100 mL) was added to 1 (3.1 g, 9.55 mmol) dissolved in
chloroform (150 mL). The mixture was stirred at 60 8C for 5 h. After
cooling to room temperature anhydrous Na2SO4 (10 g) was added and the
dark precipitate (HgS) was filtered off carefully by suction. Subsequently
the residue was extracted three times with hot chloroform, and the
combined organic filtrates were neutralized with an aqueous solution of
Na2CO3 and dried over anhydrous MgSO4. The solvent was removed
completely after filtration, and the residue was recrystallized from ethanol
(90 mL). Yield 2.28 g (77 %) of an orange powder; elemental analysis calcd
(%) for C10H12O3S4: C 38.94, H 3.92, S 41.58; found C 38.92, H 3.95, S 41.34.


Compound (4R,5R)-2 : Compound (4R,5R)-2 was prepared by Method A
described for 2, but with the 4R,5R enantiomer of the dioxolane derivative.
Orange needles of (4R,5R)-2 ; yield 68 %; elemental analysis calcd (%) for
C10H12O3S4: C 38.94, H 3.92, S 41.58; found C 39.07, H 4.14, S 41.63; [a]28


D �
�63� 1.58 (c� 1.05 in CHCl3); [a]22


546��72� 1.08 (c� 1.0 in CHCl3).


Compound (4S,5S)-2 : Compound (4S,5S)-2 was prepared analogously to
(4R,5R)-2, but from the 4S,5S enantiomer of the dioxolane compound.
Orange needles, yield 74%; elemental analysis calcd (%) for for
C10H12O3S4: C 38.94, H 3.92, S 41.58; found C 39.18, H 4.07, S 41.41;
[a]28


D �ÿ74.7� 0.78 (c� 0.8 in CHCl3); [a]22
546�ÿ85.5� 0.58 (c� 1.0 in


CHCl3).


Compound 3 : Compound 2 (300 mg, 0.97 mmol) was added to P(OEt)3


(15 mL) under nitrogen atmosphere, and the mixture was heated up slowly
to 110 8C. The resulting orange solution was stirred for 1 h at 110 8C. After
cooling to room temperature the mixture was stored at 0 8C for 1 h to
complete crystallization. Finally the product was collected by filtration,
washed three times with 10 mL of diethyl ether, and dried in high vacuum
under exclusion of light. Yield 194 mg (68 %) of an orange powder; m.p.
295 ± 296 8C; elemental analysis calcd (%) for C20H24O4S8: C 41.07, H 4.14, S
43.85; found C 41.16, H 4.20, S 43.87; IR (KBr): nÄ � 2985, 2925 (m), 2890 (w,
CH), 1489, 1452 (w), 1411 (m, dasCH), 1379, 1368 (m, dsCH), 1260, 1209,
1161, 1049 (s, CÿO), 962 (w, C-O-C), 880 cmÿ1 (s, CÿS); 1H NMR (CDCl3):
d� 1.40 (s, CH3, 6H), 2.63 (dd, AXJ� 12.9 Hz, AMJ� 10.1 Hz, 2H; HA), 3.25
(dd, AXJ� 12.9 Hz, MXJ� 2.9 Hz, 2 H; HX), 4.21 (dd, AMJ� 10.1 Hz, MXJ�
2.9 Hz, 2H; HM); 13C NMR (CDCl3): d� 26.9 (CH3), 37.3 (CH2), 80.8 (CH),
108.3 (C�C), 109.9 (C(CH3)2), 132.5 (C�C); UV/Vis (CH2Cl2): lmax (e)�
428 (1600), 323 (11 500), 310 (13 200), 226 nm (14 800mÿ1 cmÿ1); CV
(CH2Cl2, SCE) : E1��0.60 V, E2��1.01 V.


K2[diotte]: Compound 2 (266 mg, 0.86 mmol) of was added under an inert
atmosphere to KOEt (394 mg, 4.68 mmol) suspended in dry THF (10 mL).
The slurry was stirred over night, and the brown-yellow precipitate was
isolated by filtration after addition of dry n-hexane (5 mL). The product
was carefully washed with n-hexane and dried in high vacuum. Yield
280 mg (91 %) of an extreme air sensitive beige powder. IR (Nujol mull):
nÄ � 1663 (s, C�C), 1576 (br s), 1295 (m), 1210 (br m), 1049 (s, CÿO), 970 (w,
C-O-C), 881 cmÿ1 (w, CÿS); 13C NMR ([D6]DMSO): 26.5 (CH3), 36.9
(CH2), 77.4 (CH), 105.0 (C�C), 107.8/108.2 (C(CH3)2).


(NBu4)[Ni(diotte)2]: Compound 2 (535 mg, 1.73 mmol) was added to a
solution of KOEt (666 mg, 7.91 mmol) in dry methanol (20 mL) under an
inert atmosphere. The suspension was stirred for 3 h at room temperature
and then filtered through Celite. NiCl2 ´ 6 H2O (214 mg, 0.9 mmol) dissolved
in methanol (5 mL) was added dropwise to the dark orange filtrate. After
30 minutes the mixture was filtered again, and the filtrate was combined
with a solution of NBu4Br (548 mg, 1.7 mmol) in methanol (5 mL).
Immediately a dark brown precipitate was formed, which was cooled to
ÿ20 8C to complete crystallization. The crude product was isolated by
filtration and purified by soxhlet extraction with isopropanol and subse-
quent recrystallization from acetone/isopropanol (2:1, v/v). Yield 388 mg
(52 %) of bronze microcrystals; m.p. 214 8C (decomp); elemental analysis
calcd (%) for C34H60NO4S8Ni: C 47.37, H 7.02, N 1.62, S 29.75; found C
47.03, H 7.07, N 1.59, S 29.65; IR (KBr): nÄ � 1386 (s, C�C), 880 (s, CÿS),
568 cmÿ1 (w, NiÿS); UV/Vis (CH2Cl2): lmax (e)� 886 (8800), 397 (12 300),
344 (14 300), 303 (14 500), 248 nm (25 100mÿ1 cmÿ1).


(NBu4)[Ni{(R,R)-diotte}2] and (NBu4)[Ni{(S,S)-diotte}2]: These com-
pounds were prepared by the method desribed for (NBu4)[Ni(diotte)2],
but from (4R,5R)-2 and (4S,5S)-2, respectively. (NBu4)[Ni{(R,R)-diotte}2]:
yield 45%; elemental analysis calcd (%) for C34H60NO4S8Ni: C 47.37, H
7.02, N 1.62, S 29.75; found C 47.31, H 7.23, N 1.63, S 29.50; (NBu4)[Ni{(S,S)-
diotte}2]: yield 32%; elemental analysis calcd (%) for C34H60NO4S8Ni: C
47.37, H 7.02, N 1.62, S 29.75; found C 47.16, H 7.11, N 1.66, S 30.05.


[Ni(diotte)2]: A solution of iodine (250 mg, 0.99 mmol) and NaI (350 mg,
2.33 mmol) in acetone (10 mL) was added to (NBu4)[Ni(diotte)2] (1.54 g,
1.79 mmol) dissolved in of acetone (100 mL). The mixture was stirred at
room temperature for 30 minutes. The volume was reduced to about 50 mL
by rotary evaporation, the resulting blue-green precipitate was filtered off
and washed with methanol until colorless filtrates were obtained. Finally
the product was dried in high vacuum. Yield 923 mg (84 %) of an olive-
green powder; m.p. 288 8C (decomp); elemental analysis calcd (%) for
C18H24O4S8Ni: C 34.89, H 3.90, S 41.40; found C 35.16, H 3.94, S 41.43; IR
(KBr): nÄ � 1270 (s, C�C), 880 (s, CÿS), 587 cmÿ1 (w, NiÿS); UV/Vis
(CH2Cl2): nÄ � 823 (18 100), 579 (1600), 391 (32 000), 285 (33 000), 250 nm
(29 100mÿ1 cmÿ1).


[Ni{(R,R)-diotte)2] and [Ni{(S,S)-diotte}2]: [Ni{(R,R)-diotte)2] was pre-
pared as described for [Ni(diotte)2], but with (NBu4)[Ni{(R,R)-diotte}2].
Yield 76%; elemental analysis calcd (%) for C18H24O4S8Ni: C 34.89, H 3.90,
S 41.40; found C 35.23, H 3.87, S 41.61. [Ni{(S,S)-diotte}2] was obtained
analogously, but from (NBu4)[Ni{(S,S)-diotte}2]. Yield 74%; elemental
analysis found (%) for C18H24O4S8Ni: C 34.89, H 3.90, S 41.40; found C
35.01, H 3.90, S 41.53.


(NBu4)[Ni(diotte)(dmit)]: (NBu4)2[Ni(dmit)2] (225 mg, 0.24 mmol) and
[Ni(diotte)2] (150 mg, 0.24 mmol) dissolved in acetone (70 mL) were stirred
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at 60 8C for 8 h. After removing the solvent in vacuo, the dark residue was
treated with methanol (20 mL), collected by filtration, and subsequently
dried in high vacuum. Yield 183 mg (49 %); green brown powder, m.p.
134 8C; elemental analysis calcd (%) for C28H48NO2S9Ni: C 43.23, H 6.22, N
1.80, S 37.09; found C 43.12, H 6.23, N 1.77, S 37.11; IR (KBr): nÄ � 1368, 1350
(s, C�C), 1060/35 (s, C�S), 881 (m, CÿS), 570 cmÿ1 (w, NiÿS); UV/Vis
(CH2Cl2): lmax (e)� 1000 (15 600), 625 (3300), 550 (3100), 434 (21 000), 376
(24 200), 303 nm (31 000mÿ1 cmÿ1).


(NBu4)[Ni{(R,R)-diotte}(dmit)]: This compound was prepared by the
method used for (NBu4)[Ni{(R,R)-diotte}(dmit)], but from [Ni{(R,R)-
diotte}2]. Yield 88%; elemental analysis calcd (%) for C28H48NO2S9Ni: C
43.23, H 6.22, N 1.80, S 37.09; found C 43.47, H 6.36, N 1.86, S 36.79.


[Ni(diotte)(dmit)]: The corresponding neutral complex was prepared by
the same procedure as described for [Ni(diotte)2]. Yield 77%, dark olive-
green solid; m.p. >360 8C; elemental analysis calcd (%) for C12H12O2S9Ni:
C 26.92, H 2.26, S 53.88; found C 27.13, H 2.24, S 53.19; IR (KBr): nÄ � 1270
(s, C�C), 1066/49 (s, C�S), 898, 878 (m, CÿS), 502 cmÿ1 (m, NiÿS); UV/Vis
(CH2Cl2): lmax� 906, 629, 404, 293, 247 nm.


(NBu4)[Ni(diotte)(mnt)]: A solution of (NBu4)2[Ni(mnt)2] (935 mg,
1.14 mmol) and [Ni(diotte)2] (708 mg, 1.14 mmol) in acetone was stirred
at 60 8C for 7 h. The solvent was removed completely, and the dark viscous
residue was treated with methanol (60 mL). Subsequently the mixture was
filtered, and the dark green filtrate stored at 0 8C over night. A green yellow
precipitate formed which was filtered off and dried in high vacuum. Yield
1.14 g (69 %); yellow green powder, m.p. 104 ± 106 8C; elemental analysis
calcd (%) for C29H48N3O2S6Ni: C 48.26, H 6.70, N 5.82, S 26.65; found C
48.14, H 6.74, N 5.89, S 26.43; IR (KBr): nÄ � 2205 (m, CN), 1379 (s, C�C),
879 (s, CÿS), 570 cmÿ1 (w, NiÿS); UV/Vis (CH2Cl2): lmax (e)� 880 (9800),
656 (1200), 520 (1500), 395 (12 400), 310 (23 000), 266 nm (29 300mÿ1 cmÿ1).


(NBu4)[Ni{(R,R)-diotte}(mnt)] and (NBu4)[Ni{(S,S)-diotte}(mnt)]:
(NBu4)[Ni{(R,R)-diotte}(mnt)] was prepared by the procedure derscribed
for (NBu4)[Ni(diotte)(mnt)], but from Ni(R,R-diotte)2; yield 47%, dark
green needles; elemental analysis calcd (%) for C29H48N3O2S6Ni: C 48.26,
H 6.70, N 5.82, S 26.65; found C 48.46, H 6.90, N 5.85, S 26.25.
(NBu4)[Ni{(S,S)-diotte}(mnt)] was prepared analogously but from Ni(S,S-
diotte)2; yield 34%, dark green needles; elemental analysis calcd (%) for
C29H48N3O2S6Ni: C 48.26, H 6.70, N 5.82, S 26.65; found: C 48.61, H 6.77, N
5.86, S 26.86.


MV[Ni(diotte)2]2 : (MV)Cl2 ´ 3 H2O (162 mg, 0.52 mmol) dissolved in meth-
anol (10 mL) was added dropwise to a filtered solution of (NBu4)-
[Ni(diotte)2] (900 mg, 1.04 mmol) in acetone/methanol (2:1, v/v, 75 mL) at
40 8C without stirring. Rapidly a dark blue precipitate was formed, which
was collected by filtration after 24 h. The microcrystalline solid was
carefully washed with methanol and dried in high vacuum. Yield 495 mg
(67 %), dark blue crystals, m.p. >320 8C; elemental analysis calcd (%) for
C48H62N2O8S16Ni2: C 40.45, H 4.38, N 1.97, S 35.99; found C 40.38, H 4.21, N
1.67, S 36.12


OV[Ni(diotte)2]2, StV[Ni(diotte)2]2, HiBV[Ni(diotte)2]2, DQ[Ni-
(diotte)2]2, DP[Ni(diotte)2]2, HiBV[Ni(diotte)(dmit)], HiBV[Ni(diotte)-
(mnt)], [(R,R)-HiBV][Ni{(R,R)-diotte}2]2, [(S,S)-HiBV][Ni{(R,R)-
diotte}2]2, [(R,R)-HiBV][Ni{(S,S)-diotte}2]2, and [(S,S)-HiBV][Ni{(S,S)-
diotte}2]2 : These compounds were synthesized analogously by metathesis
reaction with the corresponding viologen dibromides.


X-ray crystal structure determinations : Orange, single-crystal platelets of
(R,R)-2 were obtained by dissolving the powder in ethanol at 60 8C and
cooling to 0 8C. Data were collected by the w-scan technique in the range
3� 2q� 54 8 on a Siemens R3m/V four-circle diffractometer at 293 K. Unit
cell parameters were determined by least-square fits of 18 reflections. The
structure was solved by direct methods. All non-hydrogen atoms were
refined anisotropically, and the hydrogen atoms of the methyl and
methylene groups were included in idealized calculated positions. All
calculations were performed by using the SHELXTL-Plus program
package.[41c] Significant crystallographic data are summarized in Table 4.
Final atomic coordinates with their estimated standard deviations and
selected bond lengths and bond angles are available from the Cambridge
Crystallogrphic Database (see below).


For the high resolution X-ray powder diffraction experiments, the sample
was sealed in a glass capillary of 0.5 mm diameter (Hilgenberg glass
No. 50). Powder diffraction data were collected at room temperature at
beamline X3B1 at the National Synchrotron Light Source, Brookhaven


National Laboratory as reported recently.[1] In the parallel beam geometry
employed, the resolution is determined by the analyzer crystal instead of by
slits.[42] X-ray scattering intensities were recorded at wavelength
1.15030(2) � in steps of 0.018 2q for 5.1 seconds at each step from 4.08 to
33.998 2q and for 10.1 seconds at each step from 34.08 to 59.138 2q


(Figure 10). The sample was spun around q during measurement to reduce
crystallite-size effects. Lowest angle diffraction peaks had a full width at
half maximum (FWHM) of 0.0408 2 q, much broader than the resolution of


Table 4. Crystallographic data for 2 and MV[Ni(dmit)2]2 .


Compound 2 MV[Ni(dmit)2]2


formula C10H12O3S4 Ni2S20N2C25H8


Mr [gmolÿ1] 308.40 2190.10
crystal size [mm] 0.4� 0.4� 0.3 powder
F(000) 640 1096
space group P212121 P21/a
crystal system orthorhombic monoclinic
a [�] 10.287(5) 22.338(6)
b [�] 10.99.9(4) 11.382(3)
c [�] 11.780(5) 7.537(2)
a [8] 90 90
b [8] 90 98.185(1)
g [8] 90 90
V [nm3] 1.333(1) 1.8968(9)
Z 4 2
1calcd [gcmÿ3] 1.537 1.917
m [mmÿ1] 0.705 ±
diffractometer Siemens R3m/V Huber 2-circle
radiation [pm] MoKa(l� 71.073) 0.115030(2)
T [K] 293 295
scan technique s scan q/2q


2q range [8] 3.0 ± 54.0 4.0 ± 59.13
step width [82 q] 0.01
scan speed [sec stepÿ1] 3.00 ± 29.30 4.0 ± 33.998 2V: 5.1


34.0 ± 59.138 2V: 10.1
measured reflections 3251 1262
independent reflections 2940 ±
Rint [%] 3.35 11.92
observed reflections 1593 ±
s criterion F> 4.0s(F) ±
R1/wR2 [%] 0.0625/0.1023 5.40/7.50
refined parameters 155 21


Figure 10. Scattered X-ray intensity for MV[Ni(dmit)2]2 at ambient con-
ditions as a function of diffraction angle 2q ; Top: observed pattern (&) and
best Rietveld fit profile (ÐÐ). The trace at the bottom corresponds to
reflection positions and difference curve between observed and calculated
profiles. The high angle part is enlarged by a factor of 5 starting at
258 2q.
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the diffractometer. Data reduction was performed using the program
GUFI 5.0.[43] Indexing of the powder pattern of MV[Ni(dmit)2]2 with the
program ITO[44] led to a primitive monoclinic unit cell with lattice
parameters given in Table 4. The number of formula units per unit cell
could be determined to Z� 2 from packing considerations. The space
group P21/a could be unambiguously determined by applying the extinction
rules.


The peak profiles and precise lattice parameters were determined by
LeBail-type fits using the program Fullprof.[45] The background was
modeled manually using GUFI. The peak-profile was described by a
pseudo-Voigt in combination with a special function that accounts for the
asymmetry due to axial divergence.[46]


Since the connectivity of the atoms was known from single crystal studies of
the two components[31, 47] , structure determination for MV[Ni(dmit)2]2 was
carried out by means of the simulated annealing technique.[48±52] For the
simulated annealing runs, the program DASH[53] was used. Three input files
were needed: a description of the connectivity of the two molecules
including possible torsion angles, a list of diffraction peak intensities, and a
list of parameters to be varied and their ranges for the simulated annealing
runs.


For the definition of the connectivity between the atoms within the
[Ni(dmit)2] and the MV molecules, we used the Z-matrix notation[54a] ,
which allows for the description of the entire molecule and its intra-
molecular degrees of freedom by using interatomic distances, angles, and
dihedral angles. A flag after each parameter determined whether this
parameter was included in the simulated annealing process or not. All
intramolecular angles and distances were kept fixed at standard values,
allowing only the position and orientation of the two molecules to vary.


The diffraction intensities were extracted from a Pawley-type refinement
with the program DASH.[53, 55] The peak profile was modeled by the Voigt-
function, to which a correction for the asymmetry due to axial divergence
was applied. The background was included in the refinement process using
high order Chebyshev polynoms. The covariance matrix of the Pawley fit,
which describes the degree of correlation between the individual intensities
of neighboring reflections, was actively used in the calculation of the level
of agreement between the measured intensities and those of the trial
structures after each simulated annealing. It was therefore not necessary to
include the entire powder pattern in the simulated annealing procedure;
this considerably decreased the computing time needed for each cycle.


Since the position of the MV2� molecule could be fixed at the center of
symmetry, a total of 11 parameters were varied during the simulated
annealing runs (three fractional parameters for the positions of the
[Ni(dmit)2] molecule, and 2� 4 quaternians[54b] describing the orientations
of the [Ni(dmit)2] and the MV molecules within the unit cell). The trial
structures were generated using a set of numbers chosen randomly in a
Monte Carlo fashion within the given range for the 11 parameters.[56] The
starting temperature[57] for the simulated annealing run was set to 100 K,
and decreased slowly, allowing several thousand moves per temperature.
Several million trial structures were generated before this minimum was
reached, the process taking a few hours to run on a Digital Personal
Workstation 433au. A simplex search at the end of the simulated annealing
run confirmed that a deep minimum, corresponding to an approximately
correct crystal structure, had been obtained. Note that no special
algorithms were employed to prevent close contact of molecules during
the global optimization procedure. In general, these have not been found to
be necessary as the fit to the structure factors alone quickly moves the
molecules to regions of the unit cell where they do not grossly overlap with
neighboring molecules.


Preliminary Rietveld[58] refinements were carried out, in which only the
scale and overall temperature factors were refined. The agreement
between the measured and the calculated profile was already quite
satisfactory, indicated that further refinement of bond lengths and bond
angles might not reveal more structural details. The coordinates obtained
by the simulated annealing techniques were used as starting parameters for
Rietveld refinements with the GSAS program system .[59] Since uncon-
strained refinement resulted in meaningless distortions from the ideal
molecular symmetry, two rigid bodies representing the two independent
molecules were used. This step reduced the number of refinable parameters
for the two molecules to 11 (three translations, 2� 3 rotations and 2� 1
overall temperature factors). Since the rigid bodies definition in GSAS


allows the refinement of selected internal bond lengths, the average NiÿS,
SÿC, CÿC/N bond lengths were refined, while keeping the CÿH and the
central CÿC bond lengths of the MV molecule fixed.


The Rietveld refinement converged quickly to the R values given in the
caption of Figure 10. The positions of all non-hydrogen atoms were fully
released at the final stage of the refinement process, but did not change
significantly, proving that both molecules are flat within the standard
deviations. The positional parameters of the final Rietveld refinement
(using rigid bodies), the overall temperature factors are available from the
Cambridge Crystallographic Database (see below). A selection of bond
lengths and angles are presented in Table 1.


Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-140147.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).


Physical measurements : Melting points are uncorrected and were obtained
with an Electrothermal apparatus. Microanalyses were determined with a
Carlo Erba Model 1106 elemental analyzer. IR spectra (KBr pellet or
Nujol mull) were measured with a Perkin ± Elmer Model 983 instrument.
1H, 13C NMR, and ESR spectra were recorded with Jeol-PMX 60, Jeol FT-
JNM-GX-270-NMR, and Bruker ESP 300 E (employing 1,1-diphenyl-2-
picrylhydrazyl as internal standard, g� 2.0036) spectrometers, respectively.
Optical rotations were recorded with a Schmidt & Haensch Polartronic
E Eloptron polarimeter and circular dichroism (CD) spectra with a Jasco
spectropolarimeter J 600. Diffuse reflectance spectra were measured
relative to corundum (Hoechst Ceram Tec) with a Shimadzu Model 3101
spectrophotometer equipped with an integrating sphere unit. The onset of
the lowest energy transition Eon was determined according to the method
by Karvaly and Hevesi[60] as described previously.[2a] Cyclic voltammetry
was performed with an EG&G Princeton Applied Research Model 264A
potentiostat by using a conventional three-electrode assembly consisting of
a glassy-carbon working electrode, a platinum wire as counter electrode,
and an Ag/AgCl reference electrode in saturated KCl solution. All
measurements were conducted in dry and nitrogen-degassed acetonitrile
and dichloromethane solutions (10ÿ3m) containing 0.1m NBu4PF6 as
supporting electrolyte and ferrocene as internal reference. Potentials were
calibrated relative to the ferrocene/ferrocenium redox couple and refer-
enced versus SCE by E1/2(Fc�/0)� 0.39 V.[61] Specific conductivities were
obtained by the two-probe method as described previously;[2a, 30] control
measurements by the four-probe method afforded values identical within
�10 %;[30] pellets of 0.15 ± 0.85 mm thickness were obtained upon applying
a pressure of 9.8� 10 Nmÿ2 for 10 min to the sample, which was dried
before in high vacuum for 48 h and ground in an agate mortar;
reproducibility of the data was within � 15%. Activation energies Ea


were determined by transferring the pellet into a Teflon cell containing
brass contacts and a Ni/Cr-Ni thermoelement. The cell was immersed into
an oil bath and resistivity was measured in the range of 293 ± 393 K; log s


versus 1/T plots were linear in all cases.
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