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In the paper by Beller et al. published in Chem. Eur. J. 2004, 10, 3891–3900, an error ocurred in Figure 1. While the X-ray
structures in this figure are correct, in all chemical drawings the two nitrogen atoms of the imidazolidenyl ring are missing.


Figure 1. Monocarbenepalladium(0)-dvds complexes 8–12. Hydrogen atoms are omitted for clarity; the thermal ellipsoids correspond to 30%
probability.
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Expanded Utility of the Native Chemical Ligation Reaction


Dawn S. Y. Yeo,[a] Rajavel Srinivasan,[b] Grace Y. J. Chen,[a, b] and Shao Q. Yao*[a, b]


Introduction


Covalent chemical reactions compatible with physiological
environments and capable of achieving high selectivity have
a myriad of applications in biotechnology, biomedical re-
search, and chemical biology. Highly selective and in vivo
compatible reactions have numerous biological applications,
for example, for the functional assembly of complex bio-
structures, protein semisynthesis, and chemical targeting of
biomolecules, including live cells. By chemoselectively modi-
fying only subsets of predefined cellular components, such
reactions are chemically inert toward all others and could
therefore provide important information for a better under-
standing of numerous cellular processes. A number of im-
portant criteria need to be met in order for such reactions
to work inside complex cellular environments. Firstly, such
reactions have to proceed efficiently in aqueous conditions.
Secondly, the two (or more) participating functional groups
in the reaction should be carefully tuned, such that their re-
action is highly specific and devoid of any interference from
other chemical entities present in surrounding molecules
(e.g., proteins, DNA/RNA, etc). Lastly, the reaction should
be able to generate a product that is highly stable in its
physiological environments. Very few such reactions are
known to date, most of which will be briefly described in
the following paragraphs. For more exhaustive coverage of
some of these reactions, interested readers are referred to a
number of excellent reviews.[1] Herein, we focus on one such
aqueous-compatible reaction—the native chemical ligation
reaction—and some of the recent advances made using this
reaction from the authors; laboratory.


In Vivo Compatible Reactions


The well-established chemistry of the native chemical liga-
tion reaction was first proposed by Wieland et al.[2a] and
Brenner et al. ,[2b] and subsequently demonstrated by
Dawson et al. in 1994 as a general synthetic route for the
semisynthesis of native proteins.[2c] The field has recently
been reviewed.[1c] While many other ligation chemistries
exist that result in the formation of a nonnative bond at the
ligation site of the protein,[1a] the native chemical ligation is
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Abstract: The post-genomic era heralds a multitude of
challenges for chemists and biologists alike, with the
study of protein functions at the heart of much research.
The elucidation of protein structure, localization, stabili-
ty, post-translational modifications, and protein interac-
tions will steadily unveil the role of each protein and its
associated biological function in the cell. The push to
develop new technologies has necessitated the integra-
tion of various disciplines in science. Consequently, the
role of chemistry has never been so profound in the
study of biological processes. By combining the
strengths of recombinant DNA technology, protein
splicing, organic chemistry, and the chemoselective
chemistry of native chemical ligation, various strategies
have been successfully developed and applied to chemo-
selectively label proteins, both in vitro and in live cells,
with biotin, fluorescent, and other small molecule
probes. The site-specific incorporation of molecular en-
tities with unique chemical functionalities in proteins
has many potential applications in chemical and biologi-
cal studies of proteins. In this article, we highlight
recent progress of these strategies in several areas relat-
ed to proteomics and chemical biology, namely, in vitro
and in vivo protein biotinylation, protein microarray
technologies for large-scale protein analysis, and live-
cell bioimaging.


Keywords: bioimaging · biotinylation · fluorescence ·
intein · native chemical ligation · protein modifications
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one of the very few nonenzymatic reactions known that effi-
ciently joins two unprotected peptide segments, containing
appropriately installed chemical functionalities, to generate
a ligated peptide/protein product with a native peptide bond
at the reaction site. This highly chemoselective reaction
occurs in an aqueous solution at physiological pH and in-
volves a peptide fragment with an N-terminal cysteine resi-
due and a second peptide fragment containing a C-terminal
thioester group. The essence of the native chemical ligation
reaction lies in the transthioesterification step between the
thioester in one peptide and the sulfydryl group from the N-
terminal cysteine residue in the other to generate a ligated
thioester intermediate, which undergoes spontaneous S!N
acyl rearrangement to give rise to the final ligated product
containing a native peptide bond at the ligation junction
(Scheme 1A). The transthioesterification reaction (i.e., the
first step) is catalyzed by a suitable thiol additive (i.e., 2-


mercaptoethanesulfonic acid), and is reversible under phys-
iological conditions. The subsequent intramolecular nucleo-
philic attack by the a-amino group of the N-terminal cys-
teine to form the final amide bond is irreversible, and highly
favorable due to the intramolecular five-membered ring for-
mation and the subsequent generation of the thermodynam-
ically stable amide bond. Consequently, all of the freely
equilibrating thioester intermediates (e.g., from the first
step) will eventually be depleted by the irreversible reaction
in the second step, giving rise to only a single stable, ligated
product. A key feature of this reaction is that it is highly
chemoselective; the reaction occurs exclusively at the N-ter-
minal cysteine of the peptide, even in the presence of other
unprotected side-chain residues including internal cysteine
residues.[1c,2c] The advantage of this will become evident in
our later discussions. It should be noted that a number of
strategies have recently been developed that have success-


Scheme 1. In vivo compatible chemical reactions. A) Principle of native chemical ligation. B) Reaction of biotinylated phosphine and azido sialic acids
on the cell surface. C) Modified Staudinger ligation developed by Raines et al.[5c] D) In vivo labeling of a protein containing m-acetyl-l-phenylalanine
with a hydrazide derivative. E) In vivo labeling strategy of enzymes using Click Chemistry.
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fully extended the native chemical ligation reaction to ac-
commodate noncysteine residues at the ligation site.[3]


The classical Staudinger reaction occurs between an azide
and a phosphine to yield aza–ylide.[4] The aza–ylide hydro-
lyzes spontaneously in the presence of water to give an
amine and a phosphine oxide. The reaction is specific, high
yielding, water-compatible, and friendly to cellular environ-
ments. Bertozzi et al. modified the above reaction such that
an amide bond was formed instead of an amine (B in
Scheme 1).[5a,4] This was achieved by engineering the phos-
phine such that it contained an electrophilic trap, for exam-
ple, a methyl ester group, next to the phosphine to capture
the nucleophilic aza–ylide intermediate. The aza–ylide inter-
mediate then underwent an intramolecular cyclization ulti-
mately resulting in the formation of a stable amide bond.
They successfully demonstrated that this modified Stauding-
er reaction worked efficiently on the surface of mammalian
cells: by growing cells in the presence of N-
azidoacetylmannosamine, azido groups were introduced on
the cell surface through the sialic acid biosynthetic path-
way.[5a,4] Upon treatment with a water-soluble biotinylated
phosphine, as shown in Scheme 1B, the chemoselective reac-
tion occurred between the phosphine and azido groups on
the cell surface generating an unnatural, biotinylated cell
surface on which the ligated product was joined by a stable
amide bond. Recently, Bertozzi[5b] and Raines[5c] indepen-
dently developed modified Staudinger reactions in which a
native peptide bond was formed between a thioester- and an
azide-containing peptide, in the presence of phosphinoben-
zenethiol or other suitable thiols (Scheme 1C). These two
modified strategies based on the Staudinger reaction, al-
though similar to the native chemical ligation reaction de-
scribed earlier,[2c] are highlighted by the fact that no cysteine
residue is required at the ligating site. Despite their great
potentials, the two methods have yet to be extensively
tested for their compatibility with the semisynthesis of pro-
teins.[5d]


Aldehydes and ketones react selectively with hydrazides,
aminooxy compounds, and thiosemicarbazides to give che-
moselective products.[1a] The reaction is in vivo compatible
and has been utilized by various groups including Schultz,[6a]


Bertozzi,[7] and so forth. Recently, Schultz et al. developed a
method for the genetic incorporation of unnatural amino
acids site-specifically into proteins expressed in E. coli in re-
sponse to the amber nonsense codon.[6b] By utilizing an or-
thogonal tRNA-TyrRS pair, which selectively and efficiently
incorporates m-acetyl-l-phenylalanine into a protein overex-
pressed in E. coli, they successfully introduced a “ketone
handle” into the target protein; this was subsequently modi-
fied, in living cells, by hydrazide-containing small molecules
by means of ketone/hydrazide chemistry (Scheme 1D).[6a]


The labeling reaction was selective and in general proceeded
with relatively good yields (e.g., >75% ligation product).
Another aqueous-compatible reaction is the so-called


“Click Chemistry”, developed by the Sharpless group.[1b,8]


The reaction occurs between an azide and a terminal alkyne
in the presence of a CuI catalyst, generating the resulting
1,4-disubstituted 1,2,3-triazole in quantitative yields
(Scheme 1E). Both reactants and the product are stable to-


wards a wide range of chemicals and reaction conditions.
The high specificity, compatibility with water, and high-
yielding nature of this reaction makes it potentially applica-
ble for a variety of in vivo applications. Recently, by utiliz-
ing this reaction, Cravatt et al. reported a two-step approach
for the activity-based protein profiling (ABPP) of enzymes
in live cells and animals.[9]


Intein-Mediated Protein Ligation Reactions and
Their Expanded Applications


Protein splicing is a cellular processing event that occurs
post-translationally at a polypeptide level.[10] The initial non-
functional protein precursor undergoes a series of intramo-
lecular reactions and rearrangements, resulting in the exci-
sion of an internal polypeptide fragment, termed the intein,
and the concurrent ligation of the two flanking polypeptide
sequences, namely, the exteins. The product of ligated ex-
teins is a functionally mature protein. The biochemical
mechanism of protein splicing, despite being distinct in its
own ways, does share many critical features with the native
chemical ligation reaction described earlier,[2c] including the
formation of a (thio)ester intermediate and the final step of
a S!O or S!N acyl shift to form the final amide-linked
product. This extremely complex process is autocatalytic, re-
quiring neither cofactors nor auxiliary enzymes. The elucida-
tion of many reaction steps involved in protein splicing has
made it possible to engineer modified inteins that undergo
highly specific self-cleavage and protein ligation reactions.
Consequently, these intein-mediated recombinant ap-
proaches are finding increasing applications in protein engi-
neering.[11–19]


Current applications : Intein-mediated recombinant ap-
proaches provide a biological alternative to the aforemen-
tioned native chemical ligation reaction for the semi-synthe-
sis of proteins.[1c] This so-called “expressed protein ligation
(EPL)” strategy, or intein-mediated protein ligation, has
been extensively reviewed recently.[1d] Briefly, by generating
proteins that contain either a C-terminal thioester or an N-
terminal cysteine residue by using protein expression sys-
tems with self-cleavable affinity tags based on modified in-
teins, it is now possible to introduce unnatural functional
groups into large proteins by means of semisynthetic ap-
proaches. Many important proteins have been successfully
synthesized in vitro, including the 600 amino acid N-terminal
segment of the s70 subunit of E. coli RNA polymerase,[11a]


membrane proteins,[11b] and ion channels.[11c] The use of in-
teins in combination with proteases has led to the so-called
expressed enzymatic ligation approach.[11d] trans-Splicing in-
teins, in which the functionally mature inteins are split into
two smaller intein pieces, regain their activity upon reconsti-
tution of the fragments.[10] They have found a variety of ap-
plications in vitro, including protein semisynthesis[12] and
segmental isotopic labeling.[13] Split inteins have been used
to cyclize proteins in vivo,[14] and to study protein–protein
interactions in living cells.[15] Indeed, protein trans-splicing
has many of the attributes necessary for the semisynthesis of
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unnatural proteins in vivo. Recently, Muir et al. cleverly
adopted the trans-splicing property of the Ssp DnaE intein
for the semisynthesis of proteins in live cells, in which the
specific incorporation of chemical probes into the protein
was successfully demonstrated.[16]


Expanded applications : We recently expanded the intein-
mediated recombinant approaches into several areas related
to proteomics and chemical biology, namely, the in vitro and
in vivo protein biotinylation,[17] protein microarray technolo-
gies for large-scale protein analysis,[17a,18] and live-cell bio-
imaging.[19] Herein, we summarize our recent findings and,
at the same time, look ahead to some future developments.


Protein biotinylation : The avidin–biotin interaction has
gained much prominence in protein science due to the re-
markable affinity of the protein avidin and its small mole-
cule ligand, biotin (vitamin H, 0.24 kDa). With a Kd of
10�15m, this is one of the strongest known noncovalent inter-
actions in nature.[20] An essential prerequisite for the success
of avidin–biotin technologies is the incorporation of the
biotin moiety into the protein of interest. Before site-specif-
ic methods for protein biotinylation were available, simple
bioconjugation techniques with biotin-containing reactive
chemicals were used to biotinylate proteins nonspecifically,
in many cases leading to the inactivation of proteins.[21]


Cronan et al. identified small peptide sequences that could
be sufficiently biotinylated by biotin ligase, a 35.5 kDa
monomeric enzyme, upon fusion to a protein.[22] This provid-
ed, for the first time, a means to site-specifically biotinylate
proteins both in vitro and in vivo. Early peptide sequences
identified were relatively long (>63 amino acids), and thus
may potentially interfere with the native activity of the
fused protein. Subsequent optimizations revealed that small-
er peptide tags of 15 to 30 amino acids could also be suffi-
ciently biotinylated. In general, in vivo biotinylation of pro-
teins using this approach is often inefficient and toxic to the
host cell.[22,23] Other problems include proteolytic degrada-
tion of the tag sequence and the inhibitory effects of com-
monly used reagents towards biotin ligase.[23] To overcome
some of these drawbacks, our group recently developed an
intein-based system for site-specific protein biotinylation.[17]


We have thus far shown that the strategy is highly efficient
and versatile, equally applicable for both in vitro and in vivo
experiments with different host cells (e.g., bacteria and
mammalian cells). It is also compatible with large-scale pro-
tein biotinylation for potential proteomic experiments.[17b]


In our strategy (Scheme 2), the protein of interest was
fused, through its C-terminus, to an intein.[17b] Upon expres-
sion in a host cell, the fusion protein underwent intramolec-
ular rearrangement under appropriate conditions, which was
catalyzed by the fused intein, and resulted in the generation
of a new protein–intein fusion joined by means of a thioest-
er linkage. The thioester-containing fusion protein was sub-
sequently purified and biotinylated in vitro, in a single step,
to generate the final protein in which the biotin moiety was
exclusively and covalently attached to the C-terminus of the
target protein (Method A in Scheme 2). We showed that the
strategy was highly versatile and capable of biotinylating a


variety of proteins having different primary sequences and
biological functions. The approach is simple yet efficient,
thus amendable to potential high-throughput biotinylation
of proteins in large-scale proteomic experiments. We also
showed that the intein-mediated protein biotinylation ap-
proach worked in vivo with both bacterial and mammalian
cells (Method B in Scheme 2). Since the bioitinylating re-
agent used in our approach, that is, cysteine biotin, was a
cell-permeable small molecule, by simply treating host cells
expressing the thioester-containing fusion protein we were
able to show that protein biotinylation, which is very similar
to the native chemical ligation reaction, occurred inside live
bacteria and mammalian cells. We also investigated and suc-
cessfully demonstrated that the intein-mediated protein bio-
tinylation strategy worked in a cell-free system (Method C
in Scheme 2).[17b] A cell-free system has many advantages
over traditional recombinant methods used for protein ex-
pression.[24] It eliminates problems of protein toxicity and
potential proteolytic degradation of the protein by endoge-
nous proteases. It may also prevent the formation of inclu-
sion bodies, a problem typically encountered when express-
ing eukaryotic proteins in prokaryotic hosts.


Protein microarray applications : One of the key applications
of the above-described site-specific biotinylation approach is
in the domain of protein microarrays.[25] Avidin, being an ex-
tremely stable protein, is an excellent candidate for slide de-
rivatization and immobilization. Each avidin/streptavidin
molecule can bind rapidly and almost irreversibly up to four
molecules of biotin, thus doing away with the long incuba-
tion time that alternative methods typically need for the
critical immobilization step.[25] Avidin also acts as a molecu-
lar layer that minimizes nonspecific binding of proteins to
the slide surface, thereby eliminating blocking procedures
and minimizing background signals in downstream screen-
ings. Our group was the first to employ the biotin–avidin


Scheme 2. Three intein-mediated protein biotinylation strategies. Meth-
od A: In vitro biotinylation of column-bound proteins; Method B: In
vivo biotinylation in live cells; Method C: Cell-free biotinylation of pro-
teins.[17b]
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system in the fabrication of peptide[26] and protein microar-
rays.[17a] Our strategy for protein microarray generation uti-
lized the aforementioned intein-mediated protein biotinyla-
tion method (Method A in Scheme 2). Within a single
column-purification step, the expressed C-terminal fusion
protein was purified and biotinylated on chitin beads, and
subsequently immobilized in a site-specific manner onto an
avidin-functionalized glass slide to generate the correspond-
ing protein microarray (A in Scheme 3).[17,18] This highly
robust and novel protein array features uniformly oriented
proteins, which may help immobilized proteins to retain
their full biological activities. The use of biotin–avidin inter-
action for immobilization also allows proteins to withstand
chemically harsh conditions used for downstream screenings,
thus making the protein array compatible with most bio-
chemical assays. We further demonstrated that cells express-
ing in vivo biotinylated proteins could be lysed and directly
spotted to generate the corresponding protein microarray.[18]


Overall, although the in vivo biotinylation of proteins with
an intein tag was less efficient relative to the in vitro system,
it nevertheless provided an alternative method for research-
ers to generate in vivo, without further processing (e.g. puri-
fication and elution, etc.), a large array of biotinylated,
ready-to-spot proteins in a truly high-throughput, high-con-
tent fashion. Protein biotinylation using the aforementioned
cell-free synthesis system (Method C in Scheme 2) may pro-
vide yet another attractive alternative to obtain spotting-
ready protein samples for protein microarray applications
for the following reasons:


1) Proteins may be readily biotinylated site-specifically at
their C-termini using the cell-free method.


2) Minute quantities of proteins generated in cell-free
system are sufficient for spotting and detection in a pro-
tein array.


3) The method could be easily adopted in 96- and 384-well
formats with a conventional PCR machine for potential
high-throughput protein synthesis.[24]


Another strategy we have developed for site-specific im-
mobilization of proteins is through the highly chemoselec-
tive native chemical ligation. We previously immobilized N-
terminal cysteine-containing peptides onto glass slides chem-
ically derivatized with thioester moieties to generate the cor-
responding peptide microarray.[26] We recently showed that
the same immobilization strategy may be applied to protein
microarray generation as well (B in Scheme 3). By extend-
ing the intein-mediated expression system, N-terminal cys-
teine-containing proteins were readily generated; these were
subsequently immobilized onto thioester-functionalized
glass slides to generate the corresponding protein microar-
ray.[18] The N-terminal cysteine residue of the protein che-
moselectively reacted with the thioester on the slide through
the formation of a thioester intermediate, followed by an
N!S acyl shift to form a native peptide bond. Once again,
site-specific immobilization of proteins in this strategy al-
lowed the full retention of their biological activities. We also
showed that the strategy is versatile, and applicable to the
immobilization of N-terminal cysteine proteins, which were
either purified prior to spotting or present in crude cell ly-
sates (e.g., unpurified).[18] There are alternative methods of
generating N-terminal cysteine-containing proteins, for ex-
ample, the ubiquitin fusion in eukaryotic systems that pos-
sess endogenous deubiquitinating enzymes which cleave spe-
cifically after the last residue of ubiquitin.[27]


Bioimaging : Site-specific biotinylation is just one of the
many protein modifications one can perform with the intein
system. Some others include the attachment of small organic
fluorophores, photocleavable tags, photocrosslinking groups,
isotope tags, and so forth, so long as they are conjugated to
an appropriate chemical group.[28] We have extended the
utility of native chemical ligation and protein splicing to
site-specific in vivo labeling of proteins for bioimaging appli-
cations.[19]


Studying the dynamic movement and interactions of pro-
teins inside living cells is critical for a better understanding
of cellular mechanisms and functions. Traditionally this has
been done by in vitro labeling of proteins with fluorescent
and other molecular probes, followed by monitoring them
inside live cells.[29a,b] Recent advances in fluorescent proteins
have allowed for the direct generation and visualization of
fluorescently labeled proteins in live cells or even in live an-
imals.[29c] However, inherent drawbacks of fluorescent pro-
teins related to bioimaging include their relative large sizes
(e.g., ~27 kDa for green fluorescent protein, or GFP),
dimer/tetramer formation in certain variants, and so forth,
all of which may affect the native biological activity of the
fused protein. In addition, relatively few “colors” are availa-


Scheme 3. Two intein-mediated strategies for the site-specific protein im-
mobilization to generate the corresponding protein arrays by using
A) biotin–avidin interaction and B) native chemical ligation reaction.
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ble amongst existing fluorescent proteins and they are not
always ideal fluorophores, as many have broad excitation/
emission spectra, low quantum yields, and are susceptible to
photobleaching. Lastly, the use of fluorescent proteins limits
protein labeling to only fluorescent and not any other mo-
lecular tags (e.g., biotin).
Several small molecule-based strategies have recently


been developed that allow site-specific labeling of proteins
with small molecules and subsequently imaging of them
inside living cells.[30–34] Tsien;s group designed biarsenical
probes with a high affinity for a tetracysteine motif
(CCXXCC)[30] and demonstrated their utility in live-cell
imaging of the translocation of connexin in and out of gap
junctions.[30b] Noncovalent interactions of small molecule li-
gands with streptavidin- and antibody-conjugated fusions
have been used for in vivo labeling of proteins.[31,32] Johns-
son et al. described an enzymatic approach to label proteins
fused to the human O6-alkylguanine-DNA alkyltransferase
(hAGT) with small molecular substrates.[33] The most recent
report of small molecule probes for live-cell labeling is
based on the noncovalent interaction between E. coli dihy-
drofolate reductase (DHFR) and methotrexate (Mtx) conju-
gates.[34] Our group has developed a novel strategy for site-
specific covalent labeling of
proteins in vivo by using native
chemical ligation and intein-
mediated protein splicing
(Scheme 4).[19]


In our strategy (Scheme 4A),
a protein of interest with an N-
terminal cysteine group was ex-
pressed inside a live cell by
using intein-mediated protein
splicing.[35] Incubation of the
cell with a thioester-containing,
cell-permeable, small-molecule
probe allowed the probe to effi-
ciently penetrate through the
cell membrane into the cell,
where the chemoselective
native chemical ligation reac-
tion occurred between the thio-
ester of the small molecule and
the N-terminal cysteine of the
protein, giving rise to the
resulting labeled protein
(Scheme 4B).[19] Few endoge-
nous N-terminal cysteine-con-
taining proteins are known in
various bacterial and mammali-
an genome databases, making
our labeling strategy feasible in
future for different live-cell
imaging experiments. Other en-
dogenous molecules, such as
cysteine and cystamine, are
present in the cell and will also
react with the probe. However,
their reaction products are also


small molecules in nature, and can be easily removed, to-
gether with any excessive unreacted probe, by extensive
washing of the cells after labeling. Other methods for gener-
ating recombinant proteins possessing N-terminal cysteine
residues, including the use of methionyl aminopeptidases,[36]


the ubiquitin-fusion strategy,[27] or selective proteolysis with
highly specific proteases like the TEV (tobacco etch virus)
protease,[37] may potentially be used with our labeling strat-
egy.
We selected the 17 kDa Ssp DnaB mini intein, whose


splicing activity was genetically engineered to occur effi-
ciently under physiological conditions, to generate an N-ter-
minal cysteine in the target protein.[35] The intein-mediated
approach requires no external factors (e.g., proteases), with
the splicing activity affected primarily by the identity of
amino acids at the splice junction. It provides a simple ap-
proach for site-specific labeling of proteins in live cells with
minimal modifications to the target protein, apart from the
introduction of a few extra amino acid residues at the N-ter-
minus of the target protein. We have thus shown that the
strategy may be readily applied to both bacterial and mam-
malian cells with a variety of thioester-containing small mol-
ecule probes (Scheme 4C).[19,38]


Scheme 4. A) Chemoselective native chemical ligation between an N-terminal cysteine in a protein and a thio-
ester-containing probe, forming a stable amide bond. B) Strategy for site-specific covalent labeling of N-termi-
nal cysteine proteins and thioester probes in live cells. C) Structures of cell-permeable, thioester probes used
in the study.[19]
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Future directions


Intein-mediated protein splicing has thus far only been ob-
served with prokaryotic and unicellular eukaryotic organ-
isms (e.g., yeasts).[10] Consequently, most of the intein-medi-
ated protein engineering approaches developed to date are
only suitable in bacteria and yeasts.[1d,10–15] Recent work by
Muir et al. and our group, however, indicated that these ap-
proaches may work in mammalian cells as well.[16,17b,38]


There are other known forms of protein autoprocessing,
most notably ones in the family of hedgehog proteins found
in animals.[39] For example, a typical hedgehog precursor
protein contains a 20 kDa N-terminal domain (e.g., the sig-
naling domain) and a 25 kDa C-terminal domain (e.g., the
autoprocessing domain). It undergoes self-catalyzed cleav-
age of the C-terminal domain, by means of a mechanism
similar to intein-mediated protein splicing, and results in the
attachment of a cholesterol molecule to the N-terminal
domain.[40] It is therefore reasonable to believe that hedge-
hog proteins, just like inteins for bacteria and yeasts, are
ideal models to develop mammalian-based protein-engineer-
ing approaches that utilize the protein splicing mechanism.
We are currently exploring the feasibility of using hedge-
hog-based protein splicing to site-specifically modify pro-
teins in live mammalian cells.
Another area to develop efficient methods for in vivo


site-specific modification of proteins may involve enzyme-
based protein ligation reactions, of which very few ap-
proaches have been described to date.[41–45] For example,
subtiligase is an engineered subtilisin mutant capable of cat-
alyzing the joining of two peptide fragments in a reaction
known as reverse proteolysis.[41] Some other natural proteas-
es have also been found to undergo reverse proteolysis effi-
ciently under certain reaction conditions.[42] We envisage
that an extension of reverse proteolysis to highly specific
proteases, for example, TEV protease,[43] could potentially
allow for highly specific modifications of proteins inside live
cells. Another enzyme-based in vivo protein modification
technique may involve the use of sortase, a transpeptidase
found in the cell envelope of many Gram-positive bacte-
ria.[44] S. aureus sortase (SrtA) is known to undergo the so-
called “transpeptidation” reaction, by cleaving between
threonine and glycine at an LPXTG recognition motif in a
protein and subsequently joining the carboxyl group of
threonine to an amino group of pentaglycine on the cell-
wall peptidoglycan. Recently, Pollock et al. successfully
demonstrated the in vitro sortase-mediated ligation of pro-
teins to both peptides and nonpeptides.[45] Current efforts in
our group are directed toward extending this sortase-based
approach to in vivo modifications of proteins.
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Nucleophilic De-coordination and Electrophilic Regeneration of
“Hemilabile” Pincer-Type Complexes: Formation of Anionic Dialkyl, Diaryl,
and Dihydride PtII Complexes Bearing No Stabilizing p-Acceptors


Elena Poverenov,[a] Mark Gandelman,[a] Linda J. W. Shimon,[b] Haim Rozenberg,[b]


Yehoshoa Ben-David,[a] and David Milstein*[a]


Introduction


Anionic transition-metal complexes can exhibit remarkable
nucleophilic behavior toward organometalic complexes and
organic molecules. Their reactivity as alkylating reagents
with various electrophiles[1,2] and as reducing hydride donors
with polar molecules[3–6] is a subject of current interest. Usu-
ally, p-acceptor ligands, such as carbonyls[6,8] and olefins,[9]


and electron-withdrawing phosphines[10] or halide ligands[11]


are required in order to stabilize the high electron density
on the metal center; this reduces the nucleophilic character


of such species. Examples of anionic transition metal com-
plexes that do not contain such p-acceptor ligands are
rare[2,4, 5,7] and their synthesis is a considerable challenge.
Complexes of PCP and NCN pincer-type ligands (A) have


attracted much recent attention.[12] They have been very
useful in various areas, including bond activation, catalysis,
and the stabilization of unstable, elusive compounds.[12–15]


The hardness of the chelating N donor in NCN-type ligands
versus softness of P donor in PCP systems results in very
different behavior of the corresponding NCN- and PCP-
based complexes. While each of these systems has its unique
chemistry, it is conceivable that a mixed PCN-type system
could benefit from advantages of both ligands.[16] The differ-
ent electron-donor properties of the phosphine and amine li-
gands and the more labile coordination of the amine arm in
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Department of Organic Chemistry
The Weizmann Institute of Science
Rehovot, 76100 (Israel)
Fax: (+972)893-44-142
E-mail : david.milstein@weizmann.ac.il


[b] Dr. L. J. W. Shimon, Dr. H. Rozenberg
Unit of Chemical Research Support
The Weizmann Institute of Science
Rehovot, 76100 (Israel)


Abstract: Novel anionic dialkyl, diaryl,
and dihydride platinum(ii) complexes
based on the new “long-arm” hemila-
bile PCN-type ligand
C6H4[CH2P(tBu)2](CH2)2N(CH3)2 with
the general formula Li+


[Pt(PCN)(R)2]
� (R=Me (4), Ph (6)


and H (9)) were prepared by reaction
of [Pt(PCN)(R)] complexes (obtained
from the corresponding chlorides) with
an equivalent of RLi, as a result of the
opening of the chelate ring. Alkylating
agents based on other metals produce
less stable products. These anionic d8


complexes are thermally stable al-
though they bear no stabilizing p ac-


ceptors. They were characterized by
1H, 31P{1H}, 13C, and 7Li NMR spectros-
copy; complex 9 was also characterized
by single crystal X-ray crystallography,
showing that the Li + ion is coordinat-
ed to the nitrogen atom of the open
amine arm and to the hydride ligand
(trans to the P atom) of a neighboring
molecule (H�Li=2.15 N), resulting in
a dimeric structure. Complexes 4 and 9
exhibit high nucleophilic reactivity,


upon which the pincer complex is re-
generated. Reaction of 4 with water,
methyl iodide, and iodobenzene result-
ed in the neutral complex
[Pt(PCN)(CH3)] (3) and methane,
ethane, or toluene, respectively. Label-
ing studies indicate that the reaction
proceeds by direct electrophilic attack
on the metal center, rather than attack
on the alkyl ligand. The anionic dihy-
dride complex 9 reacted with water
and methyl iodide to yield
[Pt(PCN)(H)] (8) and H2 or methane,
respectively.


Keywords: hemilabile complexes ·
hydrides · N,P ligands · pincer
ligands · platinum
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comparison to the phosphine[17] open up additional reactivi-
ty patterns. The hemilabile[18] coordination of a PCN ligand
could make the system adaptable to electronic, coordinative,
and steric requirements in different steps of a catalytic cycle
or of a stoichiometric reaction, enabling a desirable balance
between stability and reactivity. Here we report on a new
“long-arm” PCN system, which enables the synthesis of
novel, anionic dialkyl and diphenyl complexes of PtII that do
not bear stabilizing p-accepting ligands. In addition, an un-
precedented anionic d8 dihydride complex was synthesized
and was spectroscopically and crystallographically character-
ized. Key features of the formation of these complexes are
the chelate ring-opening of the PCN system and a significant
counterion effect. These anionic complexes show high nucle-
ophilic reactivity towards various electrophiles, upon which
the pincer complex framework is regenerated.


Results and Discussion


Synthesis of a “long-arm” PCN-type ligand : The new PCN
ligand 1 bearing two methylene groups in the amine arm
was prepared in order to enhance the labile coordination
effect. It was synthesized from 3-(bromomethyl)benzyl alco-
hol, which was obtained by esterification, bromination, and
reduction of 3-(methyl)benzoic acid according to a literature
procedure.[19] The resulting 3-(bromomethyl)benzyl alcohol
was treated with a slight excess of sodium or potassium cya-
nide to give 3-(cyanomethyl)benzyl alcohol, which was re-
duced with LiAlH4 to yield 3-(aminoethyl)benzyl alcohol.
This alcohol was methylated to give 3-(dimethylamino-
ethyl)benzyl alcohol, which upon reaction with an aqueous
solution of HBr at room temperature yielded the HBr salt
of 3-(dimethylaminoethyl)benzyl bromide. Treatment of this
salt with 2.4 equivalents of tBu2PH yielded the pure ligand 1
(Scheme 1).


Synthesis and characterization of a “long-arm” PCN-based
platinum chloride complex : The PCN-based platinum chlo-
ride complex 2 was obtained as a result of C�H activation
and methane liberation reactions (Scheme 2). When a solu-
tion of ligand 1 in THF was added to [Pt(cod)(CH3)(Cl)]


(cod=cyclooctadiene), quantitative formation of 2 was ob-
served after 30 min of heating at 100 8C.
The 31P{1H} NMR of 2 shows a singlet at 64.20 ppm with


Pt satellites (J(Pt,P)=4001 Hz). In the 1H NMR spectrum,
the NMe2 group gives rise to singlets at 2.83 ppm (J(Pt,H)=
9 Hz) and 2.82 ppm (J(Pt,H)=8 Hz) with Pt satellites. In
the 13C{1H} NMR the ipso carbon atom exhibits a doublet at
149.80 ppm (J(P,C)=11 Hz), and the methyl groups of
NMe2 appear as a singlets at 49.29 and 49.27 ppm. The fact
that the two methyl groups of the dimethylamine unit have
different chemical shifts indicates coordination of the amine
to the metal center; this results in the lack of a plane of
symmetry between the methyl groups. Colorless plates of 2
suitable for a single-crystal X-ray analysis were obtained by
recrystallization of 2 from a benzene/pentane two-phase
mixture. The platinum atom is located in the center of a
square-planar structure in which the chloride is located trans
to the aromatic ring, and the amine arm is coordinated to
the metal center (Figure 1). The majority of known pincer-


type complexes have two symmetric (five-membered) rings,
providing the system with relative rigidity and stability, since
five-membered organometalic rings are generally the most
stable.[1a] The PCN-based complex 2 has a less stable, six-
membered ring, formed by the amine arm, and hence labile
coordination of the amine ligand is expected. Compatible
with this expectation, the Pt�N bond length (2.188 N) of
complex 2 is relatively long in comparison with the usual
Pt�N bond length (2.08 N) in symmetric NCN sys-
tems.[20,21,22] On the other hand, the Pt�P bond length ofScheme 1.


Figure 1. An ORTEP view of a molecule of complex 2. Hydrogen atoms
are omitted for clarity.


Scheme 2.
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complex 2 (2.226 N), which constitutes part of a five-mem-
bered ring, is similar to other reported Pt�P bond lengths of
PCP complexes (2.25 N).[23,24] Additional bond lengths and
angles of 2 are given in Table 1.


Formation of anionic dialkyl and diaryl complexes : As men-
tioned in the introduction, formation of stable anionic com-
plexes usually requires the presence of strong p-acceptor li-
gands in order to stabilize the electron density on the metal
center. However, such ligands decrease the nucleophilic fea-
tures of the anionic complexes. The hemilabile coordination
of the s-donating amine arm of the new PCN ligand turned
out to be useful in addressing this stability versus reactivity
problem. Upon reaction of complex 2 with one equivalent
of methyllithium, the neutral monomethyl PtII complex 3
was formed and was fully characterized by NMR spectrosco-
py (Scheme 3). The 31P{1H} NMR spectrum of 3 exhibits a


singlet with Pt satellites at 61.19 ppm (J(Pt,P)=4228 Hz). In
1H NMR spectrum the coordinated methyl group gives rise
to a doublet with satellites at 0.57 ppm (J(P,H)=1 Hz,
J(Pt,H)=41 Hz) and the two methyl groups on the amine
arm give rise to two signals with Pt satellites at 2.37 (s,
J(Pt,H)=20.4 Hz) and 2.27 ppm (s, J(Pt,H)=22 Hz). In
13C{1H} NMR spectrum, the Pt�CH3 carbon appears at
�1.65 ppm (d, J(P,C)=8 Hz, J(Pt,C)=508 Hz) and the
carbon atoms of NMe2 appear at 48.74 and 48.71 ppm.
Complex 3 was recrystallized from a benzene/pentane


two-phase mixture at room temperature to give colorless
crystals appropriate for a single-crystal X-ray analysis. The
platinum atom is located in the center of a square-planar
structure, in which the methyl group is trans to the aromatic
ring, and the amine arm is coordinated to the metal center
(Figure 2). Selected bond lengths and angles are given in
Table 2.
Remarkably, when a second equivalent of MeLi was


added, the anionic dimethyl complex 4 was formed
(Scheme 3). The 31P{1H} NMR spectrum shows a single reso-


nance at 73.75 ppm with Pt�P satellites (J(Pt,P)=2200 Hz).
The relatively small Pt�P coupling (as compared with the
typical coupling of this system of about 4000 Hz) points to
coordination of a strong sigma donor trans to phospho-
rous.[1a] Two sets of coordinated methyl groups were ob-
served at 0.37 (d, J(Pt,H)=67 Hz, J(P,H)=7 Hz) and
0.06 ppm (d, J(Pt,H)=51 Hz, J(P,H)=4 Hz) in the 1H NMR
spectrum, and at 5.11 (d, J(P,C)=20 Hz, J(Pt,C)=669 Hz)
and �7.82 ppm (d, J(P,C)=5 Hz, J(Pt,C)=477 Hz) in 13C
{1H} NMR spectrum. According to the 1H and 13C{1H} NMR
data, the amine arm of the PCN ligand is not coordinated to
the metal center, since the methyl groups of NMe2 exhibit a
single resonance without Pt satellites. It is likely that Li+ is
coordinated to the nitrogen atom of the opened amine arm,
contributing to the stability of the anionic complex. The 7Li
NMR spectrum of complex 4 exhibits a broad singlet at
0.35 ppm, while the free Li+ ion from LiCl gives a narrow
peak at 0 ppm. Crystallographic evidence for Li coordina-
tion were obtained for the analogous dihydride complex
(vide infra).
The same mode of reactivity was observed with other or-


ganolithium compounds. Thus, reaction of 2 with a stoichio-
metric amount of phenyllithium led to formation of the
monophenyl PtII complex 5. This complex exhibits a single
resonance at 59.86 ppm (J(Pt,P)=4145 Hz) in the 31P{1H}
NMR spectrum, and in 13C {1H} NMR spectrum the ipso
signal due to the coordinated phenyl ring appears at
169.45 ppm, while the ipso signal of the PCN system of 5 ap-


Table 1. Selected bond lengths [N] and angles [8] for complex 2.


Pt1�C1 2.021(10) C1-Pt1-N1 94.4(3)
Pt1�N1 2.188(7) C1-Pt1-P2 84.9(3)
Pt1�P2 2.226(2) C1-Pt1-Cl1 174.9(2)
Pt1�Cl1 2.419(2) N1-Pt1-P2 175.2(2)
N1�C11 1.481(12) N1-Pt1-Cl1 87.3(2)
N1�C12 1.486(11) P2-Pt1-Cl1 93.89(8)
P2�C21 1.809(10) C11-N1-C12 108.1(7)
P2�C23 1.864(9) C11-N1-Pt1 109.6(6)


Figure 2. An ORTEP view of a molecule of complex 3. Hydrogen atoms
are omitted for clarity.


Table 2. Selected bond lengths [N] and angles [8] for complex 3.


Pt1�C1 1.971(5) C1-Pt1-N1 82.84(19)
Pt1�N1 2.192(4) C1-Pt1-P2 83.58(15)
Pt1�P2 2.217(13) C1-Pt1-Cl3 174.36(14)
Pt1�Cl3 2.408(13) N1-Pt1-P2 166.25(12)
N1�C14 1.500(7) N1-Pt1-Cl3 93.22(12)
N1�C12 1.500(7) P2-Pt1-Cl3 100.48(5)
P2�C21 1.849(5) C14-N1-C12 108.3(4)
P2�C23 1.870(5) C14-N1-Pt1 109.9(3)


Scheme 3.
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pears at 164.31 ppm. Addition of two or more equivalents of
PhLi to 2 gave the anionic diphenyl PtII complex 6
(Scheme 4). Similarly to 4, the 31P{1H} NMR spectrum of 6
exhibits a downfield-shifted single resonance at 72.94 ppm


with a small Pt�P coupling (J(Pt,P)=1764 Hz) and the two
methyl groups of NMe2 give rise to one peak in the 13C{1H}
and 1H NMR spectra with no coupling to Pt. In the 13C{1H}
spectrum two ipso signals at 174.44 (d, J(P,C)=120 Hz) and
168.69 ppm (d, J(P,C)=21 Hz) were found, confirming the
coordination of two phenyl groups to the Pt center. The ipso
signal of the PCN system of 6 appears at 157.03 ppm
(J(Pt,C)=620 Hz).
Thus, the “long-arm” PCN-based neutral alkyl and aryl


complexes show remarkable reactivity towards nucleophilic
attack, resulting in chelate-ring opening and formation of
novel, stable anionic complexes. This reactivity pattern was
not observed before with PCP,
NCN, or other pincer-type sys-
tems. In fact, with the electron-
rich [Pt(NCN)(X)] (X=halide)
complexes, even nucleophilic
substitution of halide by RLi to
give stable neutral
[Pt(NCN)(R)] complexes takes
place only with an electron-
withdrawing R group (R=aryl,
acetylide), while with alkyllithi-
um reagents [Pt(NCN)(alkyl)]
products were unstable and
could not be isolated.[22] In this
context, the labile features of
the amine arm of the PCN
ligand not only allow coordina-
tion of a second nucleophile
due to facile generation of a
vacant site, but also de-coordination of the amine ligand de-
creases the electron density on the metal center, encourag-
ing the nucleophilic attack.


Reactivity of the anionic dialkyl complexes : The nucleophil-
ic behavior of the anionic dimethyl complex 4 was explored,
revealing that it is highly reactive with different electro-
philes, regenerating the pincer complex framework
(Scheme 5). For example, reaction of 4 with MeI led to for-
mation of the monomethyl neutral complex 3, which was de-
tected by 31P{1H} NMR spectroscopy immediately after ad-
dition of the electrophile. Formation of ethane was detected
by GC/MS and a yellow precipitate of LiI was formed. Like-
wise, reaction of 4 with D2O led to immediate formation of


complex 3 and CH3D, which was detected by GC/MS. Signif-
icantly, complex 4 is capable of reaction even with weak
electrophiles. For example, upon reaction with an excess of
iodobenzene or bromobenzene, complex 3 and toluene were
formed, the latter being detected by GC. This reaction was
slower than the reactions with MeI or water and quantita-
tive formation of 3 was observed only after 24 h.
Mechanistically, these reactions may proceed through


direct attack of the electrophile on the alkyl group or
through oxidative addition of the electrophile to the Pt
center, followed by reductive elimination of the organic
product (Scheme 6). Addressing this interesting issue, com-
plex 4 was treated with CD3I, and the product ethane was
checked by GC/MS, revealing that CH3CH3/CD3CH3/
CD3CD3 were formed in a ratio of 59:14:8. Formation of


CH3CH3 and CD3CD3 suggests that the oxidative addition
scenario is probably involved, since direct nucleophilic
attack is expected to lead only to the mixed CH3CD3


(Scheme 6).
Interestingly, the neutral monomethyl complex is also ca-


pable of acting as a methyl donor. Reaction of complex 3
with methyl iodide and iodobenzene yielded complex 7 and
ethane or toluene, respectively. However, these reactions
were slower than the corresponding reactions of the dimeth-
yl complex 4 and formation of complex 7 was complete only
after 24 h (MeI) or 48 h (PhI) at room temperature. The
mechanism of these reactions may involve oxidative addi-
tion to form a PtIV intermediate, followed by reductive elim-
ination (Scheme 7).


Scheme 4.


Scheme 5.


Scheme 6.
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Formation and reactivity of an anionic dihydride complex :
Anionic late-transition-metal hydrides that have no strong
p-acceptor ligands are a very interesting rare class of com-
plexes. Mono- and dihydride d6 anionic complexes, such as
[{Mo(h-C5H5)2(H)Li}4],


[4] and K+[(Ph3P)2Ph2PC6H4RuH2]
�·


C10H8·(C2H5)2O
[5] have been prepared and demonstrated re-


markable hydridic chemistry. Anionic d8 hydride complexes
in the absence of p-accepting ligands are expected to have a
very high electron density on the metal center. This is, per-
haps, one of the reasons why, to the best of our knowledge,
no synthesis and characterization of d8 anionic hydride com-
plexes have been reported. Using the hemilabile aptitude of
the amine arm, we succeed in the preparation of an anionic
d8 platinum dihydride complex through direct nucleophilic
attack on the metal center. Upon reaction of complex 2 with
one equivalent of LiEt3BH the expected monohydride com-
plex 8 was formed (Scheme 8). This complex was fully char-
acterized by multinuclear NMR spectroscopy. The 31P{1H}
NMR spectrum of 8 exhibits a single resonance at
82.06 ppm with J(Pt,P)=4014 Hz; in 1H NMR spectrum the
hydride gives rise to a doublet at �2.55 ppm with J(P,H)=


27 Hz and J(Pt,H)=136 Hz. As observed with the mono-
methyl complex 3, complex 8 reacted with methyl iodide to
yield complex 7 and an equivalent amount of methane
(Scheme 8). However, in this case, conversion of the mono-
hydride to the iodide complex was relatively rapid, probably
due to both electronic and steric reasons, which makes 8
more reactive than the methyl complex 3 in oxidative addi-
tion reactions.
Remarkably, when excess of Et3BHLi was added to 8, the


anionic dihydride complex 9 was formed (Scheme 8). Com-
plex 9 exhibits a singlet at 91.69 ppm with a relatively small
Pt�P coupling (J(Pt,P)=2295 Hz) in the 31P{1H} NMR spec-
trum. In 1H NMR spectrum, the hydride trans to the phos-
phorous atom appears as a double doublet at �3.00 ppm
with J(Pt,H)=1035 Hz, J(P,H)=152 Hz, and J(H,H)=8 Hz,
while the second hydride (cis to the phosphorous atom) ex-
hibits a triplet at �7.07 ppm with J(Pt,H)=700 Hz, J(P,H)=
8 Hz, and J(H,H)=8 Hz. Similarly to the anionic complexes
described above, the methyl groups of the NMe2 moiety
show one peak in 1H and 13C{1H} NMR spectra at 2.12 and
46.31 ppm, respectively; this indicates de-coordination of
the amine arm from the platinum center.
Crystals of the dihydride complex, suitable for a single-


crystal X-ray analysis, were obtained by evaporation of the
THF solvent from a highly concentrated solution of 9
(Figure 3, top). The Pt atom is located in the center of a dis-
torted square-planar structure, and the two hydride ligands
occupy trans and cis positions to the phosphorous atom. As
indicated by the spectroscopic data in solution, the amine
arm has opened, allowing coordination of a second hydride
to the metal center. Significantly, the Li+ ion is coordinated
to the nitrogen atom and to a THF molecule. In addition,
the high electron density on the metal center and on the hy-
dride ligands is stabilized by a Li+ ion from a neighboring
molecule (Figure 3, middle and bottom). A short distance
between the hydride trans to the phosphorous atom and the


neighboring Li ion (H�Li=
2.15 N) is observed. Taking into
consideration the ionic radii of
Li+ (0.68 N) and H� (1.54 N),
such a distance is short enough
to represent a bond and it is
likely that these interactions
lead to formation of the dimeric
structure. In addition, a weak
stabilizing interaction between
the Pt atom and the neighbor-
ing Li ion (Pt�Li=2.68 N) was
found (the anionic radius of
Pt2+ is 0.80 N, therefore this
distance is too long to be con-
sidered a real bond). The Li–Li’
distance found in 9 of 3.13 N is
relatively long compared with
known organolithium dimers.[25]


The fact that 9 crystallized as a
dimer is in agreement with the
general tendency of organolithi-
um compounds to form oligom-


Scheme 7.


Scheme 8.
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ers. It is usually attributed to the high ionicity of lithium
bonds and hence large energies of association.[25,26] Addi-
tional bond lengths and angles are given in Table 3.


Interestingly, complex 9 can be alternatively prepared by
reaction of 8 with one equivalent of lithium diisopropyl
amide (LDA) at 85 8C for 5 h (Scheme 8). We believe that
complex 8 undergoes nucleophilic attack (surprisingly LDA
reacts as a nucleophile and not as a base), which leads to
opening of the amine arm and coordination of diisopropyl
amide to get an unobserved anionic intermediate; this in
turn undergoes b-H elimination to form the dihydride com-
plex 9 (Scheme 8).
Similar to the anionic dialkyl and diaryl complexes, com-


plex 9 is highly reactive with electrophiles (Scheme 9). For
example, it reacted readily with water and methyl iodide at
room temperature, resulting in immediate formation of the
monohydride complex 8 and H2 or methane, respectively.


It is important to note the considerable effect of the coun-
terion on these anionic systems. As shown by the X-ray
structure of complex 9, the Li cation coordinates to the ni-
trogen atom of the open amine arm and interacts with the
hydride ligands. In addition, the strong coordination of Li+


is reflected in the high stability of the anionic complexes re-
ported here toward TMEDA or [12]crown-4, which possess
high affinity for lithium ions. All our attempts to extract Li+


from the anionic complexes were unsuccessful. Also, we
found that the nature of counterion is very important. For
example, use of Na[Et3BH] (instead of Li[Et3BH]) in reac-
tion with complex 2 resulted in a more difficult, slow forma-
tion of an unstable complex 9’, whereas when MeLi was re-
placed by MeMgCl only formation of the monomethyl com-
plex 3 and no formation of an anionic dimethyl complex was
observed (Scheme 10). This significant cation effect is very
likely a result of its ability to coordinate to the nitrogen
atom, thus facilitating the nucleophilic attack and stabilizing
the product. Li+ coordination to the amine arm is more fa-
vorable than that of the other cations studied here.


Table 3. Selected bond lengths and angles of complex 9.


Pt1�C10 2.10(5) C10-Pt1-P2 84.1(14)
Pt1�Li1 2.68(8) C10-Pt1-Li1 131.1(2)
Pt1�P2 2.25(13) P2-Pt1-Li1A 131.9(18)
Pt1�H1A 1.33(15) C10-Pt1-H1A 78.0(6)
Pt1�H1B 1.66(4) P2-Pt1-H1A 105.0(6)
N1�Li1 2.10(9) Li1A-Pt1-H1A 113.0(6)
0100�Li1 1.97(10) C10-Pt1-H1B 173.1(13)
Li1�Li1A 3.13(16) Li1A-Pt1-H1B 53.4(14
Li1�H1B 2.153 H1A-Pt1-H1B 106.0(6)


Figure 3. Top: An ORTEP view of a molecule of complex 9. Middle: An
ORTEP view of a dimeric molecule of complex 9. Hydrogen atoms,
except for hydrides, are omitted for clarity. Bottom: A view of the Li-Pt-
H dimeric core of complex 9.


Scheme 9.
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Conclusion


Novel anionic dialkyl, diaryl, and dihydride platinum(ii)
complexes that do not bear p acid ligands were obtained by
reaction of the new “long-arm” hemilabile [Pt(PCN)(R)]
complexes with an equivalent of RLi. Formation of these
very electron-rich d8 complexes is based on the opening of
the six-membered chelate ring of the amine arm; this pro-
vides the required coordination site and reduces the electron
density at the metal prior to nucleophilic attack. This is an
unprecedented demonstration of pincer complex hemilabili-
ty upon nucleophilic attack. The thermal stablity of these
complexes is surprising, since they do not contain strong p


acceptors that can stabilize the anionic metal center. The
stability of the complexes is counterion dependent, the Li+


ion providing the highest stabilization. An X-ray crystallo-
graphic study of the anionic dihydride 9 shows that the Li+


ion is coordinated to the nitrogen atom of the open amine
arm and to the hydride ligand (trans to P) of a neighboring
molecule, resulting in a dimeric structure. The anionic com-
plexes exhibit high nucleophilic reactivity, upon which the
pincer ligand framework is regenerated. Labelling studies
indicate that the reaction proceeds through direct electro-
philic attack on the metal center, rather than attack on the
alkyl ligand. Current studies are exploring synthetic and
mechanistic aspects of the reactivity of these complexes and
the possible extension of the pincer hemilability approach as
a synthetic tool in the preparation of highly nucleophilic,
anionic complexes of other late transition metals without p-
accepting ligands


Experimental Section


General procedures: All experiments with metal complexes and phos-
phine ligands were carried out under an atmosphere of purified nitrogen
in a Vacuum Atmospheres glovebox equipped with an MO 40-2 inert gas
purifier or by using standard Schlenk techniques. All solvents were re-
agent grade or better. All nondeuterated solvents were refluxed over
sodium/benzophenone ketyl and distilled under an argon atmosphere.
Deuterated solvents were used as received. All the solvents were de-
gassed with argon and kept in the glovebox over 4 N molecular sieves.
Commercially available reagents were used as received. The precursor
[Pt(cod)(CH3)(Cl)] was prepared according to a literature procedure.[27]


1H, 13C, 31P, and 7Li NMR spectra were
recorded at 400, 100, 162, and
155 MHz, respectively, by using a
Bruker AMX-400 NMR spectrometer.
All spectra were recorded at 23 8C. 1H
NMR and 13C{1H} NMR chemical
shifts are reported in ppm downfield
from tetramethylsilane. 1H NMR
chemical shifts were referenced to the
residual hydrogen signal of the deuter-
ated solvents (7.15 ppm, benzene;
7.24 ppm, chloroform; 3.58 ppm, tetra-
hydrofuran). In 13C{1H} NMR meas-
urements the signals of C6D6


(128.0 ppm), CDCl3 (77.0 ppm), and
[D8]THF (67.4 ppm) were used as a
reference. 31P NMR chemical shifts
are reported in ppm downfield from
H3PO4 and referenced to an external
85% solution of phosphoric acid in


D2O. In
7Li NMR measurements LiCl was used as a standard (LiCl in


THF=0 ppm). Screw-cap 5 mm NMR tubes were used in the NMR
follow-up experiments. Abbreviations used in the description of NMR
data are as follows: br, broad; s, singlet; d, doublet; t, triplet; m, multip-
let. GC analysis was performed with a HP6890 chromatograph equipped
with a FID detector using capillary columns Supelcowax 10 (30 mR
0.2 mmR0.2 mm) and HP5 (30 mR0.32 mmR0.25 mm) and a stainless
steel packed column 10% Carbowax 20M +80/100 Supersupport 6’R1/
8’’. The retention time of the products was referenced to mesitylene.


Synthesis of the PCN ligand 1: The starting material for preparation of
ligand 1, was 3-(bromomethyl)benzyl alcohol, which was obtained by es-
terification, bromination, and reduction of 3-(methyl)benzoic acid ac-
cording to a literature procedure.[19]


1) Preparation of 3-(hydroxymethyl)benzyl cyanide : 3-(Bromomethyl)-
benzyl alcohol (46.0 g, 0.23 mol) was dissolved in absolute MeOH
(310 mL) and a solution of KCN (18.3 g, 0.28 mol) in H2O (100 mL) was
added. The mixture was refluxed for 5 h and then concentrated to a low
volume under vacuum. The mixture was transferred to an extraction
funnel and extracted with ethyl acetate (3R250 mL). The organic layer
was separated, dried over Na2SO4, and filtered, and the solvent was
evaporated under vacuum. The resulting crude oil was distilled under
vacuum (b.p. 140 8–150 8C at 0.8 mmHg), yielding 3-(hydroxymethyl)ben-
zyl cyanide (21.20 g; 63% yield). 1H NMR (CDCl3): d=7.15–7.35 (4H;
Ar), 4.61 (s, 2H; CH2�OH), 3.69 (s, 2H; CH2�CN), 2.85 ppm (br s, 1H;
CH2�OH); 13C{1H} NMR (CDCl3): d=142.08(s, Ar), 130.07 (s, Ar),
129.22 (s, Ar), 126.93 (s, Ar), 126.27 (s, Ar), 126.43 (s, Ar), 117.97 (s,
CH2�CN), 64.39 (s, CH2�CN), 23.43 ppm (s, CH2�0H) (assignment of
13C{1H} NMR was confirmed by 13C DEPT); IR (film): ñ=2252 cm�1


(CN).


2) Preparation of 3-(aminoethyl)benzyl alcohol : AlCl3 (19.7 g) dissolved
in dry THF (250 mL) was added to a solution of LiAlH4 in THF (1m,
148 mL). After 5 min of stirring at room temperature, a solution of of 3-
(hydroxymethyl)benzyl cyanide (20.8 g, 0.14 mol) in of dry diethyl ether
(300 mL) was added. The resulting mixture was stirred at room tempera-
ture for 20 h, followed by addition of H2O (100 mL) and H2SO4 (6n,
200 mL). The acidic mixture was extracted with diethyl ether (3R
300 mL) and the aqueous layer was treated with KOH to pH 11. H2O
(850 mL) was added, and the solution was saturated with NaCl and ex-
tracted with ethyl acetate (4R200 mL). The combined organic layers
were dried over Na2SO4, filtered, and concentrated in vacuo to yield 3-
(aminoethyl)benzyl alcohol (16.2 g, 76% yield), which was clean enough
to be used in the next step without further purification. 1H NMR (C6D6):
d=6.98–7.24 (4H; Ar), 4.65 (s, 2H; CH2OH), 2.72 (t, 2H; CH2�CH2�
NH2), 2.55 ppm (t, 2H; CH2�CH2�NH2).


3) Preparation of 3-(dimethylaminoethyl)benzyl alcohol : Formic acid
(7.5 g ) was slowly added to 3-(aminoethyl)benzyl alcohol (7.5 g, 0.5 mol)
cooled in an ice-water bath, avoiding a violent reaction; this was followed
by the addition of formaldehyde (37% solution, 9.5 mL). The flask was
equipped with a reflux condenser, and the mixture was stirred at 80 8C
for 24 h, while heavy bubbling was observed in the beginning of heating.
The reaction was cooled and HCl (6n, 50 mL) was added, followed by


Scheme 10.


� 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4673 – 46844680


FULL PAPER D. Milstein, et al.



www.chemeurj.org





extraction with diethyl ether (3R75 mL). NaOH (50% aqueous solution)
was added to the aqueous phase to give pH 11; then the mixture was sa-
turated with NaCl, followed by extraction with ethyl acetate (3R
300 mL). The combined organic layers were dried over Na2SO4, filtered,
and concentrated in vacuo. The resulting crude mixture was distilled
under vacuum (b.p. 123 8C at 0.5 mmHg) yielding pure 3-(dimethyl-
aminoethyl)benzyl alcohol as a viscous oil in 80% yield. 1H NMR
(CDCl3): d=7.02–7.28 (4H; Ar), 4.58 (s, 2H; CH2�OH), 3.45 (br s, 1H;
CH2�OH), 2.71(t, 2H; CH2�CH2�N), 2.45 (t, CH2�CH2�N), 2.19 ppm (s,
6H; N(CH3)2);


13C{1H} NMR (CDCl3): d=141.61 (s, Ar), 140.24 (s, Ar),
128.44 (s, Ar), 127.59 (s, Ar), 127.14 (s, Ar), 124.65 (s, Ar), 64.77 (s, CH2�
OH), 61.22 (s, CH2�CH2�NH2), 45.11 (s, N(CH3)2), 33.82 ppm (s, CH2�
CH2�NH2) (assignment of 13C{1H} NMR was confirmed by 13C DEPT).


4) Preparation of HBr salt of 3-(dimethylaminoethyl)benzyl bromide : In a
round-bottomed 500 mL flask 3-(dimethylaminoethyl)benzyl alcohol
(10.1 g, 0.056 mol) was dissolved in absolute MeOH (90 mL), followed by
addition of an aqueous solution of HBr (48%, 90 mL). The mixture was
stirred at room temperature for 24 h, followed by solvent removal under
high vacuum. The obtained crude solid was re-crystalized from an
MeOH/diethyl ether mixture, and the collected snow white solid was
dried under high vacuum, yielding the HBr salt of 3-(dimethylamino-
ethyl)benzyl bromide (16.4 g, 90% yield). 1H NMR (CD3OD): d=7.27–
7.43 (4H; Ar), 4.58 (s, 2H; CH2�Br), 3.43 (m, 2H; CH2�CH2�N), 3.10
(m, CH2�CH2�N), 2.97 ppm (s, 6H; N(CH3)2);


13C{1H} NMR (CD3OD):
d=140.47 (s, Ar), 137.94 (s, Ar), 130.64 (s, Ar), 130.41 (s, Ar), 129.86 (s,
Ar), 129.16 (s, Ar), 59.57 (s, CH2�CH2�NH2), 43.64 (s, N(CH3)2), 33.72
(s, CH2�CH2�NH2), 31.55 ppm (s, CH2�Br), (assignment of 13C{1H} NMR
was confirmed by 13C DEPT).


5) Preparation of ligand 1: The HBr salt of 3-(dimethylaminoethyl)benzyl
bromide (8.3 g, 0.026 mol) was dissolved in dry MeOH (45 mL) in a glass
pressure vessel in a dry box. A solution of di-tert-butyl phosphine (9.0 g,
0.062 mol) in dry MeOH (15 mL) was added, causing the slightly orange
solution to become colorless. The mixture was stirred at 45 8C for 48 h
outside the box in the sealed tube, cooled to room temperature and then
re-introduced into the dry box. Triethylamine (18 mL) was added and the
solution was stirred for 30 min. The solvents were removed under
vacuum, resulting in a mixture of a white solid and viscous oil. The mix-
ture was treated with diethyl ether and filtered, followed by washing with
a copious amount of diethyl ether. The combined diethyl ether fractions
were dried under vacuum to give a viscous oil. 31P{1H} and 1H NMR
spectra of the crude product showed very little impurities. The oil was
purified by chromatography in the dry box through a short silica column
with hexane/THF (1:1) as an eluent, yielding a pure product (7.40 g, 94%
yield). 31P{1H NMR (C6D6): d=32.12 ppm (s); 1H NMR (C6D6): d=7.38
(s,1H; Ar), 7.31 (d, J(H,H)=7 Hz, 1H; Ar), 7.16 (t, J(H,H)=7 Hz, 1H;
Ar), 6.97 (d, J(H,H)=7 Hz, 1H; Ar), 2.77 (d, J(P,H)=6 Hz, 2H; Ar�
CH2�P), 2.73 (m, 2H; Ar�CH2�CH2�N), 2.48 (m, 2H; Ar�CH2�CH2�
N), 2.11 (s, 6H; N(CH3)2), 1.08 ppm (d, J(P,H)=21 Hz, 18H;
P(C(CH3)3)2);


13C{1H} NMR (C6D6): d=142.08 (d, J(P,C)=10 Hz, Ar),
141.20 (s, Ar), 130.73 (s, Ar), 130.65 (s, Ar), 126.37 (s, Ar), 126.35 (s, Ar),
62.12 (s, Ar�CH2�CH2�N), 45.67 (s, N�(CH3)2), 35.05 (s, Ar�CH2�CH2�
N), 31.97 (d, J(P,C)=24 Hz, P�C�(CH3)3), 30.07 (d, J(P,C)=14 Hz, P�
C�(CH3)3, 29.23 ppm (d, J(P,C)=25 Hz, Ar�CH2�P) (assignment of
13C{1H} NMR was confirmed by 13C DEPT).


Reaction of ligand 1 with [Pt(cod)(CH3)(Cl)]—formation of
[Pt(PCN)(Cl)] (2): A solution of the PCN ligand 1 (30 mg, 0.097 mmol)
in THF (2.5 mL) was added to a solution of [Pt(cod)(CH3)(Cl)] (cod=cy-
clooctadiene; 34.6 mg, 0.097 mmol) in THF (2.5 mL). The mixture was
stirred at 100 8C for 30 min, resulting in a colorless solution.
31P{1H} NMR spectroscopy revealed the formation of 2. The solvent was
evaporated and the resulting white solid was washed with pentane and
dissolved in benzene. The benzene was evaporated, yielding 2 (45.3 mg,
0.084 mmol) as white crystals (87% yield). Colorless crystals of 2 suitable
for single-crystal X-ray diffraction were obtained from a benzene/pentane
two-phase mixture at room temperature. 31P{1H NMR (CDCl3): d=


64.20 ppm (s, J(P,Pt)=4001 Hz); 1H NMR (CDCl3): d=6.92 (d, J(H,H)=
7 Hz, 1H; Ar), 6.77 (dt, J(H,H)=7 Hz, J(P,H)=2 Hz, 1H; Ar), 6.59 (d,
J(H,H)=7 Hz, 1H; Ar), 2.84 (d, J(P,H)=11 Hz, J(Pt,H)=21 Hz, 2H;
Ar�CH2�P), 2.83 (s, J(Pt,H)=9 Hz, 3H; N�CH3), 2.82 (s, J(Pt,H)=8 Hz,
3H; N�CH3), 2.65 (m, 2H; CH2�CH2�N), 2.56 (m, 2H; CH2�CH2�N),
1.25 ppm (d, J(P,H)=16 Hz, 18H; P�tBu); 13C{1H} NMR (CDCl3): d=


149.80 (d, J(P,C)=11 Hz, ipso), 142.23 (d, J(P,C)=1 Hz, Ar), 137.69 (d,
J(P,C)=1 Hz, Ar), 124.71 (s, Ar), 123.71 (s, Ar), 121.41 (d, J(P,C)=
17 Hz, Ar), 63.77 (d, J(P,C)=1 Hz, CH2�CH2�N), 63.75 (d, J(P,C)=1 Hz,
CH2�CH2�N), 49.29 (s, N�CH3), 49.27 (s, N�CH3), 34.65 (d, J(P,C)=
27 Hz, Ar�CH2�P), 34.44 (d, J(P,C)=34 Hz, P�C�(CH3)3), 29.21 ppm (d,
J(P,C)=3 Hz, J(Pt,C)=19 Hz, P�C�(CH3)3) (assignment of 13C{1H}
NMR signals was confirmed by 13C DEPT); elemental analysis calcd (%)
for C19H33NPClPt: C 43.12, H 7.42; found: C 42.98, H 7.41.


Reaction of [Pt(PCN)(Cl)] (2) with MeLi—formation of
[Pt(PCN)(CH3)] (3): A solution of [Pt(PCN)(Cl)] (20 mg, 0.037 mmol) in
THF (1 mL) was cooled to �40 8C and a solution of MeLi in diethyl
ether (1.57m, 23 mL, 0.037 mmol), also cooled to �40 8C was added.
31P{1H} NMR spectroscopy revealed the formation of complex 3. The sol-
vent was evaporated, and the resulting white solid was washed with pen-
tane and dissolved in benzene. After benzene evaporation, complex 3
(18 mg 0.035 mmol) was obtained as a white solid (95% yield). Colorless
crystals of 3 suitable for single-crystal X-ray diffraction were obtained
from a benzene/pentane two-phase mixture at room temperature. 31P{1H}
NMR (C6D6): d=61.19 ppm (s, J(Pt,P)=4228 Hz); 1H NMR (C6D6): d=
7.32 (d, J(H,H)=7 Hz, 1H; Ar), 7.22 (dt, J(H,H)=7 Hz, J(P,H)=2 Hz,
1H; Ar), 7.00 (d, J(H,H)=7 Hz, 1H; Ar), 2.01 (d, J(P,H)=10 Hz,
J(Pt,H)=36 Hz, 2H; Ar�CH2�P), 2.57 (m, 2H; CH2�CH2�N), 2.38 (s,
J(Pt,H)=20.4 Hz, 3H; N�CH3), 2.37 (s, J(Pt,H)=22 Hz, 3H; N�CH3),
2.27 (m, 2H; CH2�CH2�N), 1.22 (d, J(P,H)=12.8 Hz, 18H; P�tBu),
0.57 ppm (d, J(P,H)=1 Hz, J(Pt,H)=41 Hz, 3H; Pt�CH3);


13C{1H} NMR
(C6D6): d=149.78 (d, J(P,C)=5 Hz, ipso), 143.54 (s, Ar), 124.41 (s, Ar),
122.86 (s, Ar), 121.09 (s, Ar), 120.93 (s, Ar), 65.73 (s, Ar�CH2�CH2�N),
65.71 (s, Ar�CH2�CH2�N), 48.74 (s, N�CH3), 48.71 (s, N�CH3), 38.59 (d,
J(P,C)=16 Hz, Ar�CH2�P), 34.41 (d, J(P,C)=27 Hz, P�C�(CH3)3), 29.58
(d, J(P,C)=3 Hz, J(Pt,C)=26 Hz, P�C�(CH3)3), �1.65 ppm (d, J(P,C)=
8 Hz, J(Pt,C)=508 Hz, Pt�CH3) (assignment of 13C{1H} NMR signals was
confirmed by 13C DEPT); elemental analysis calcd (%) for C20H36NPPt:
C 46.51, H 6.98; found: C 46.60, H 7.05.


Reaction of [Pt(PCN)(Cl)] (2) with MeLi—formation of Li+


[Pt(PCN)(CH3)2]
� (4): A solution of MeLi in diethyl ether (1.57m,


47 mL, 0.074 mmol) was added to a solution of complex 2 (20 mg,
0.037 mmol) in THF (1 mL). A yellow solution formed and 31P{1H} NMR
spectroscopy revealed formation of a new complex. The solvent was
evaporated and the resulting yellow solid was dissolved in pentane. The
pentane was evaporated in vacuo, yielding a quantitative (by NMR spec-
troscopy) amount of complex 4. In addition, 4 can be readily prepared by
reaction of the neutral monomethyl complex 3 with one equivalent of
MeLi. Complex 4 is stable for about a month at �378C and for a couple
of days at room temperature, upon which it is converted to the mono-
methyl complex 3, probably by reaction with trace water. 31P{1H} NMR
([D8]THF): d=73.75 ppm (J(Pt,P)=2220 Hz); 1H NMR ([D8]THF): d=
6.79 (d, J(H,H)=6 Hz, 1H; Ar), 6.77(d, J(H,H)=6 Hz, 1H; Ar), 6.53 (d,
J(H,H)=6 Hz, 1H; Ar), 3.06 (m, 2H;CH2�CH2�N), 2.99 (d, J(P,H)=
9 Hz, J(Pt,H)=27 Hz, 2H; Ar�CH2�P), 2.55 (m, 2H;CH2�CH2�N), 2.17
(s, 6H; N(CH3)2), 1.17 (d, J(P,H)=10 Hz,18H; P(tBu)2), 0.37 (d,
J(Pt,H)=67 Hz, J(P,H)=7 Hz, 3H; Pt�CH3), 0.06 ppm (d, J(Pt,H)=
51 Hz, J(P,H)=4 Hz, 3H; Pt�CH3);


13C NMR ([D8]THF): d=177.75 (s,
J(Pt,C)=692 Hz, ipso), 152.26 (d, J(P,C)=15 Hz, Ar), 149.49 (d, J(P,C)=
3 Hz, Ar), 125.01 (s, J(Pt,C)=32 Hz, Ar), 120.55 (s, Ar), 119.86 (d,
J(P,C)=13 Hz, Ar), 66.29 (s, CH2�CH2�N), 64.16 (s, CH2�CH2�N), 46.14
(s, N�(CH3)2), 40.90 (d, J(P,C)=21 Hz, P(C(CH3)3)2), 34.32 (d, J(P,C)=
7 Hz, J(Pt,C)=28 Hz, Ar�CH2�P), 30.24 (d, J(P,C)=5 Hz, P-
(C(CH3)3)2), 5.11 (d, J(P,C)=20 Hz, J(Pt,C)=669, Pt�CH3), �7.82 ppm
(d, J(P,C)=5 Hz, J(Pt,C)=477 Hz); 7Li NMR ([D8]THF): d=0.35 ppm
(br s).


Reaction of [Pt(PCN)(Cl)] (2) with PhLi—formation of
[Pt(PCN)(C6H5)] (5): A solution of PhLi in pentane (1.4m, 26 mL,
0.037 mmol) was added to a solution of complex 2 (20 mg, 0.037 mmol)
in THF (1 mL). The solution turned brown-yellow and according to
31P{1H} NMR spectrum, complex 5 was immediately formed at room tem-
perature. The solvent was evaporated and the resulting solid was washed
with pentane and dissolved in benzene. After removing of the solvent
under vacuum, the phenyl complex 5 (24 mg, 0.037 mmol) formed as a
white-yellow solid (97% yield). 31P {1H} NMR (C6D6): d=59.86 ppm (s,
J(Pt,P)=4145 Hz); 1H NMR (C6D6): d=3.55 (d, J(P,H)=9 Hz, J(Pt,H)=
39 Hz, 2H; Ar�CH2�P), 3.04 (m, 2H; CH2�CH2�N), 2.67 (m, 2H; CH2�
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CH2�N), 2.62 (s, J(Pt,H)=28 Hz, 3H; N�CH3), 2.61 (s, J(Pt,H)=27 Hz,
3H; N�CH3), 1.51 ppm (d, J(P,H)=13 Hz, 18H; P-tBu); the aromatic
region was crowded due to the coordinated phenyl group and the aro-
matic ring of the PCN ligand; 13C{1H} NMR (C6D6): d=169.45 (d,
J(P,C)=2 Hz, ipso of coordinated phenyl), 164.31 (d, J(P,C)=1.5 Hz, ipso
of ligand), 150.20 (d, J(P,C)=3 Hz, Ar), 144.59 (s, Ar), 143.43 (s,
Ar),143.44 (s, Ar), 127.08 (s, Ar), 124.53 (s, J(Pt,C)=60 Hz, Ar), 123.76
(s, Ar), 122.51 (s, Ar), 121.41 (s, Ar), 121.26 (s, Ar), 65.58 (s, CH2�CH2�
N), 65.56 (s, CH2�CH2�N), 50.03 (s, N�CH3), 50.00 (s, N�CH3), 38.44 (d,
J(P,C)=24 Hz, Ar�CH2�P), 35.10 (d, J(P,C)=27 Hz, P�C�(CH3)3),
30.04 ppm (d, J(P,C)=4 Hz, J(Pt,C)=19 Hz, P�C�(CH3)3). elemental
analysis calcd (%) for C25H38PtPN: C 51.90, H 6.57; found: C 51.78, H
6.48.


Reaction of [Pt(PCN)(Cl)] (2) with PhLi—formation of Li+


[Pt(PCN)(C6H5)2]
� (6): A solution of PhLi in pentane (1.4m, 79 mL,


0.104 mmol) was added to a solution of complex 2 (20 mg, 0.037 mmol)
in THF (1 mL). After 3 h at room temperature a new complex was
formed according to 31P{1H} NMR spectroscopy. The solvent was evapo-
rated and the orange solid was washed with pentane and dissolved in
benzene. After evaporation of the benzene solvent under vacuum, quan-
titative formation (by NMR spectroscopy) of 6 was observed. Complex 6
can be alternatively prepared by reaction of the neutral mono-phenyl
complex 5 with one equivalent of PhLi. Complex 6 is stable for a couple
of months at �378C and for a week at room temperature. 31P {1H} NMR
([D8]THF): d=72.94 ppm (J(Pt,P)=1764 Hz); 1H NMR ([D8]THF): d=
3.75 (d, J(P,H)=7 Hz, J(Pt,H)=19 Hz, 2H; Ar�CH2�P), 2.39 (m, 2H;
CH2�CH2�N), 2.02 (m, 2H; CH2�CH2�N), 1.95 (s, 6H; N(CH3)2),
1.08 ppm (d, J(P,H)=11 Hz, 18H; P(tBu)2); the aromatic region of the
spectrum was very crowed due to two coordinated phenyls and the aro-
matic ring of the PCN ligand; 13C {1H} NMR ([D8]THF): d=174.44 (d,
J(P,C)=120 Hz, ipso of phenyl, coordinated trans to P), 168.69 (d,
J(P,C)=21 Hz, ipso of phenyl, cis to P), 168.68 (d, J(P,C)=20 Hz, ipso of
coordinated ligand), 157.03 (s), 149.59 (s), 143.73 (s), 142.04 (s, J(Pt,C)=
25 Hz), 140.42 (s, J(Pt,C)=48 Hz), 129.63 (s), 128.99 (s), 128.02 (s),
127.66 (s), 125.61 (s, J(Pt,C)=23 Hz), 125.02 (d, J(P,C)=6 Hz), 124.93
(s), 123.95 (s),122.77 (s), 118.55 (d, J(P,C)=101 Hz) (these last 15 signals
arise from the coordinated phenyl groups and to the aromatic ring of
ligand), 64.46 (s, CH2�CH2�N), 59.64 (s,CH2�CH2�N), 46.24 (s, N�
(CH3)2), 45.61 (d, J(P,C)=24 Hz, Ar�CH2�P), 38.20 (d, J(P,C)=10 Hz,
P(C(CH3)3)2), 30.84 ppm (d, J(P,C)=4 Hz, P-(C(CH3)3)2);


7Li NMR
([D8]THF): d=�0.21 ppm (br s).


Reaction of [Pt(PCN)(CH3)] (3) with MeI and iodobenzene—formation
of [Pt(PCN)(I)] (7): A slight excess of iodomethane (4 mL, 0.062 mmol)
was added to a solution of 3 (15 mg, 0.029 mmol) in THF (1 mL). After
two days at room temperature 31P{1H} NMR spectroscopy revealed the
quantitative formation of a new complex. GC analysis revealed formation
of ethane. After evaporation of the THF, the resulting white solid was
washed with pentane and dissolved in benzene, which was evaporated to
give the clean complex 7. The same mode of reaction was observed when
3 was reacted with a slight excess of iodobenzene (0.091 mmol, 19 mL).


Reaction of [Pt(PCN)(H)] (8) with MeI—formation of [Pt(PCN)(I)] (7):
A slight excess of MeI (4 mL, 0.062) was added to a solution of 8 (15 mg,
0.030 mmol) in THF (1 mL). After 30 min formation of complex 7 was
revealed by 31P{1H} NMR spectroscopy. The THF was evaporated, and 7
was washed by pentane and dissolved in benzene. After evaporation of
benzene solvent, clean complex 7 was obtained. 31P {1H} NMR (C6D6):
d=62.76 ppm (J(Pt,P)=3928 Hz); 1H NMR (C6D6): d=7.08 (dd,
J(H,H)=7 Hz, J(P,H)=2 Hz, 1H; Ar), 7.04 (d, J(H,H)=7 Hz, 1H; Ar),
6.77 (d, J(H,H)=7 Hz 1H; Ar), 2.83 (s, J(Pt,H)=34 Hz, 3H; N(CH3)),
2.82 (s, J(Pt,H)=34 Hz, 3H; N(CH3)), 2.67 (d, J(P,H)=2 Hz, J(Pt,H)=
30 Hz, 2H; Ar�CH2�P), 2.39 (m, 2H;CH2�CH2�N), 2.01 (m, 2H;CH2�
CH2�N), 1.31 ppm (d, J(P,H)=14 Hz, 18H; P(tBu)2);


13C NMR (C6D6):
d=149.20 (d, J(P,C)=10 Hz, ipso), 146.05 (s, Ar),143.71 (s, Ar), 142.57
(d, J(P,C)=1 Hz, Ar), 124.42 (s, Ar), 121.33 (d, J(P,C)=16 Hz, Ar), 64.53
(s, CH2�CH2�N), 64.50 (s, CH2�CH2�N), 52.31 (s, N�(CH3)2), 52.29
(s,N�(CH3)2), 36.74 (d, J(P,C)=32 Hz, P(C(CH3)3)2), 35.35 (d, J(P,C)=
26 Hz, Ar�CH2�P), 30.01 ppm (d, J(P,C)=3 Hz, P�(C(CH3)3)2).


Reaction of [Pt(PCN)(Cl)] (1) with Na+[Et3BH]�—formation of
[Pt(PCN)(H)] (8): A solution of Na[Et3BH] in THF (1m, 38 mL,
0.037 mmol) was added to a solution of complex 2 (20 mg, 0.037 mmol)
in THF (1 mL). Upon addition of the hydride reagent the solution


turned yellow, and after 24 h 31P {1H} NMR spectroscopy revealed forma-
tion of complex 8 (reaction with one equivalent of a solution of
Li[Et3BH] in THF (1m, 38 mL 0.037 mmol) led to immediate formation
of this complex). The solvent was evaporated and the resulting yellow-
white solid was dissolved in pentane. After pentane evaporation pure 8
(17 mg, 0.034 mmol) was obtained (92% yield). 31P{1H} NMR (C6D6): d=
82.06 ppm (J(Pt,P)=4014 Hz); 1H NMR (C6D6): d=7.36 (d, J(H,H)=
10 Hz 1H; Ar), 7. 24 (dt, J(H,H)=10 Hz, J(P,H)=1 Hz,1H; Ar), 7.04 (d,
J(H,H)=10 Hz 1H; Ar), 3.00 (d, J(P,H)=15.2 Hz, J(Pt,H)=50 Hz, 2H;
Ar�CH2�P), 2.78 (s, J(Pt,H)=47 Hz, 3H; N(CH3)), 2.77 (s, J(Pt,H)=
49 Hz, 3H; N(CH3)), 2.65 (m, 2H;CH2�CH2�N), 2.27 (m, 2H;CH2�
CH2�N), 1.27 (d, J(P,H)=21 Hz, 18H; P(tBu)2), �2.55 ppm (d, J(P,H)=
27 Hz, J(Pt,H)=136.5 Hz, 1H; Pt�H); 13C NMR (C6D6): d=173.01 (d,
J(P,C)=2 Hz, J(Pt,C)=653 Hz, ipso), 151.63 (d, J(P,C)=11 Hz, J(Pt,C)=
94 Hz, Ar), 142.68 (s, Ar), 124.34 (s, J(Pt,C)=20 Hz, Ar), 123.51 (d,
J(P,C)=1 Hz Ar), 121.54 (d, J(P,C)=16 Hz, J(Pt,C)=48 Hz, Ar), 63.83
(s, CH2�CH2�N), 63.82 (s, CH2�CH2�N), 54.95 (s, N�(CH3)2), 54.93 (s,
N�(CH3)2), 36.51 (d, J(P,C)=33 Hz, J(Pt,C)=105 Hz, P(C(CH3)3)2),
33.65 (d, J(P,C)=30 Hz, J(Pt,C)=87 Hz, Ar�CH2�P), 29.61 ppm (d,
J(P,C)=3 Hz, J(Pt,C)=26 Hz, P�(C(CH3)3)2); IR (film): ñ=1863 cm�1


(Pt�H). elemental analysis calcd (%) for C19H44PtPN: C 45.42, H 6.77;
found: C 45.29, H 6.72.


Reaction of [Pt(PCN)(Cl)] (2) with Li+[Et3BH]� or reaction of
[Pt(PCN)(H)] (8) with LDA—formation of Li+[Pt(PCN)(H)2]


� THF (9):


1) A solution of super hydride Li[Et3BH] in THF (1m, 190 mL,
0.200 mmol) was added to a solution of complex 2 (20 mg, 0.037 mmol)
in THF (1 mL). The solution became brown, and after 3 h 31P{1H} NMR
spectroscopy revealed formation of complex 9. The solvent was evaporat-
ed, and the brown solid was washed with pentane and extracted with
benzene. Evaporation of the solvent gave complex 9 in quantitative yield
(by NMR spectroscopy). It was very sensitive to adventitious moisture,
converting to the neutral complex 8.


2) A solution of LDA in THF/heptane/ethylbenzene (2m, 80 mL
0.162 mmol) was added to a solution of the monohydride complex 8
(80 mg, 0.162 mmol) in THF (1 mL). The resulting solution was heated
for 5 h at 85 8C and 31P {1H} NMR spectroscopy revealed formation of
complex 9 (quantitative yield by NMR spectroscopy). The concentrated
THF solution of 9 was gently evaporated, causing precipitation of color-
less crystals, suitable for a single-crystal X-ray analysis. 31P{1H} NMR
([D8]THF): d=91.69 ppm (J(Pt,P)=2295 Hz); 1H NMR ([D8]THF): d=
6.91 (d, J(H,H)=7 Hz, 1H; Ar), 6.70 (d, J(H,H)=7 Hz, 1H; Ar), 6.60
(dt, J(H,H)=7 Hz, J(P,H)=1 Hz ,1H; Ar), 3.21 (m, 2H; CH2�CH2�N),
3.04 (d, J(P,H)=2 Hz, J(Pt,H)=31 Hz, 2H; Ar�CH2�P), 2.47 (m, 2H;
CH2�CH2�N), 2.12 (s, 6H; N(CH3)2), 1.20 (d, J(P,H)=12 Hz, 18H;
P(tBu)2), �3.00 (dd, J(Pt,H)=1035 Hz, J(P,H)=152 Hz, J(H,H)=8 Hz,
1H; Pt�H), �7.07 ppm (t, J(Pt,H)=700 Hz, J(P,H)=8 Hz, J(H,H)=
8 Hz, 1H; Pt�H); 13C {1H} NMR ([D8]THF): d=154.71 (d, J(P,C)=
14 Hz, ipso), 149.00 (s, J(Pt,C)=37 Hz, Ar), 126.32 (s, Ar), 123.18 (s,
J(Pt,C)=26 Hz, Ar), 122.29 (s, Ar), 120.22 (d, J(P,C)=16 Hz, Ar), 64.61
(s, CH2�CH2�N), 64.57 (s, CH2�CH2�N), 46.31 (s, N�(CH3)2), 33.90 (d,
J(P,C)=22 Hz, Ar�CH2�P), 30.50 (d, J(P,C)=16 Hz, P(C(CH3)3)2),
30.05 ppm (d, J(P,C)=5 Hz, P�(C(CH3)3)2);


7Li NMR ([D8]THF): d=


0.53 ppm (br s); IR (film): ñ=1610 (Pt�H, cis to P), 1456 cm�1 (Pt�H,
trans to P; H interacts with Li+ from the a neighboring molecule).


X-ray structure determination and refinement of complexes 2, 3, and 9 :
The crystals were mounted in a nylon loop and flash frozen in a cold ni-
trogen stream (120 K) on a Nonius Kappa CCD diffractometer with
MoKa radiation (l=0.71071 N). Accurate unit cell dimensions were ob-
tained from 208 of data. The data were processed with the Denzo-Scale-
pack package. The structure was solved by direct methods (SHELXS-97)
and refined by full-matrix least-squares (SHELXL-97). Idealized hydro-
gen atoms were placed and refined in the riding mode. Crystal data are
given in Table 4. CCDC-239558 (2), CCDC-239557 (3), and CCDC-
239559 (9) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+
44)1223-336-033; or deposit@ccdc.cam.uk).
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Reactions with electrophiles


Reaction of Li+[Pt(PCN)(CH3)2]
� (4) with water : Upon injection of


excess D2O (6 mL, 0.333 mmol) into a solution of 4 (20 mg, 0.033 mmol)
in THF (0.7 mL) in a 5 mm screw cap NMR tube equipped with a
septum, formation of the neutral monomethyl complex 3 was immediate-
ly revealed by 31P{1H} NMR spectroscopy. GC/MS analysis of a 10 mL
sample of the gas phase from the screw cap tube revealed formation of
CH3D (Mw=17 gmol�1). D2O was used instead of H2O, since detection
of CH3D is easier than that of CH4 (CH4 is ambiguous in GC/MS detec-
tion, since the MS peak at 16 could also stem from O2).


Reaction of Li+[Pt(PCN)(CH3)2]
� (4) with iodomethane : A slight excess


of MeI (5 mL, 0.074 mmol) was injected into a solution of 4 (20 mg,
0.033 mmol) in THF (0.7 mL) in a 5 mm screw cap NMR tube equipped
with a septum. Formation of the neutral monomethyl complex 3 was im-
mediately revealed by 31P{1H} NMR spectroscopy, while after 48 h com-
plex 3 was completely converted to 7. A sample of 10 mL of the gas phase
from the screw cap NMR tube was analyzed by GC/MS revealing forma-
tion of C2H6 (Mw=30 gmol�1). In order to learn about the mechanism of
ethane formation CD3I (4.5 mL, 0.074 mmol) was used under the same
conditions; this resulted in a mixture of CH3CH3, CH3CD3, and CD3CD3


in the ratio of 59:14:8 as observed by GC/MS.


Reaction of Li+[Pt(PCN)(CH3)2]
� (4) with iodobenzene : Excess iodo-


benzene (41 mL, 0.372 mmol) was added to a solution of 4 (20 mg,
0.033 mmol) in THF (0.8 mL). Conversion of 4 to 3 was followed by
31P{1H} NMR spectroscopy and after 24 h no more 4 was observed. The
main product was the monomethyl complex 3, which started conversion
to the iodide complex 7. The organic product of the reaction, toluene,
was detected by GC (0.018 mmol, yield 55%), using mesitylene as an in-
ternal standard.


Reaction of Li+[Pt(PCN)(H)2]
� (9) with water : Excess H2O (12 mL,


0.67 mmol) was injected into a solution of 9 (40 mg, 0.068 mmol) in THF
(0.7 mL) in a 5 mm screw cap NMR tube equipped with a septum; this
resulted in immediate formation of the neutral monohydride complex 8
as revealed by 31P{1H} NMR spectroscopy. Since, it is difficult to detect
unambiguously formation of H2 by using NMR or GC methods, trapping
of hydrogen gas was performed by using the complex [Ir(PNP)(coe)]+


PF6
� (PNP=C5NH3(CH2P(tBu)2)2, coe=cyclooctene). This complex


reacts with hydrogen gas to yield an iridium dihydride cationic com-
plex.[28] 1 mL of the gas phase from the screw cap NMR tube was injected
into a screw cap NMR tube containing a the complex [Ir(PNP)(COE)]+


PF6
� and after 12 h formation of the dihydride complex was revealed by


31P{1H} (singlet at 65.03 ppm) and 1H NMR spectroscopy (hydride signal
at �23.75 ppm).


Reaction of Li+[Pt(PCN)(H)2]
� (9) with iodomethane : A slight excess of


CD3I (4.5 mL, 0.074 mmol) was injected into a solution of 9 (20 mg,


0.034 mmol) in THF (0.7 mL) in a 5 mm screw cap NMR tube with a
septum. Formation of the neutral monohydride complex 8 was immedi-
ately revealed by 31P{1H} NMR spectroscopy, which was completely con-
verted to 7 after 30 min. GC/MS analysis on 10 mL of the gas phase from
the screw cap NMR tube revealed formation of CHD3 (Mw=19 gmol�1).
CD3I was used instead of CH3I in order to get unambiguous evidence of
methane formation using GC/MS.
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Enantioselective Hydrogenation of Alkenes with Iridium–PHOX Catalysts:
A Kinetic Study of Anion Effects


Sebastian P. Smidt,[a] Nicole Zimmermann,[a] Martin Studer,[b] and Andreas Pfaltz*[a]


Introduction


Enantioselective hydrogenation of olefins with chiral rhodi-
um or ruthenium catalysts has reached a very high level of
development.[1] Nevertheless, there are still many classes of
substrates that give unsatisfactory results with these cata-
lysts. Unfunctionalized olefins are particularly difficult sub-
strates because, in general, a polar group adjacent to the
C=C bond, which coordinates with the metal center, is re-
quired for high catalyst activity and enantioselectivity. There
are only few examples of highly enantioselective hydrogena-
tions of olefins devoid of a coordinating group.[2,3,4] We have


recently found a new class of catalysts, namely, iridium com-
plexes with chiral P,N ligands, which overcome these limita-
tions.[5] These catalysts showed exceptionally high activity
with unfunctionalized olefins and, in many cases, they react-
ed with excellent enantioselectivity. In addition, promising
results were also obtained for certain functionalized alkenes
for which no suitable catalysts were available. In terms of
reactivity, Ir–phosphinooxazoline (PHOX) complexes[5a] re-
semble the Crabtree catalyst,[6] an achiral cationic (phos-
phine)(pyridine)Ir complex.


There is little known about the nature of the catalytically
active species and the mechanism of hydrogenation with
these iridium catalysts. Shortly after completion of the work
described herein, a computational study together with some
kinetic data of Ir–PHOX catalysts was published by Brandt
et al.[7] A catalytic cycle that proceeded via iridium(iii) and
iridium(v) species was proposed, based on DFT calculations
and the observed first-order rate dependence on the hydro-
gen pressure and the zeroth-order dependence on the sub-
strate concentration. Although such a mechanism is compat-
ible with the kinetic data, the experimental facts accumulat-
ed so far do not exclude a more conventional IrI–IrIII cycle.


The counterion of the cationic Ir complex plays a crucial
role in the catalytic process.[5] Coordinating anions, such as
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Abstract: In the asymmetric hydroge-
nation of unfunctionalized olefins with
cationic iridium–PHOX catalysts, the
reaction kinetics and, as a consequence,
catalyst activity and productivity
depend heavily on the counterion. A
strong decrease in the reaction rate is
observed in the series
[Al{OC(CF3)3}4]


�>BArF
�>


[B(C6F5)4]
�>PF6


�@BF4
�>CF3SO3


� .
With the first two anions, high rates,
turnover frequencies (TOF>5000 h�1


at 4 8C), and turnover numbers (TONs)
of 2000–5000 are routinely achieved.
The hexafluorophosphate salt reacts
with lower rates, although they are still
respectable; however, this salt suffers


from deactivation during the reaction
and extreme water-sensitivity, especial-
ly at low catalyst loading. Triflate and
tetrafluoroborate almost completely in-
hibit the catalyst. In contrast to the
hexafluorophosphate salt, catalysts
with [Al{OC(CF3)3}4]


� , BArF
� , and


[B(C6F5)4]
� as counterions do not lose


activity during the reaction and remain
active, even after all the substrate has
been consumed. In addition they are
much less sensitive to moisture and, in


general, rigorous exclusion of water
and oxygen is not necessary. A first-
order rate dependence on the hydrogen
pressure was determined for the BArF


�


and the PF6
� salts. At low catalyst load-


ing, the rate dependence on catalyst
concentration was also first order. The
rate dependence on the alkene concen-
tration was strikingly different for the
two salts. While the reaction rate ob-
served for the BArF


� salt slightly de-
creased with increasing alkene concen-
tration (rate order �0.2), a rate order
of �1 was determined for the corre-
sponding hexafluorophosphate at low
alkene concentrations.


Keywords: asymmetric hydrogena-
tion · iridium · kinetics · N,P
ligands · oxazolines
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halides, and even the weakly coordinating triflate almost
completely deactivate the catalyst. The hexafluorophosphate
salt exhibits a high reactivity with fast initial rates; however,
at low catalyst loadings, it suffers from deactivation before
the reaction is complete. Surprisingly, the bulky lipophilic
tetraarylborate anion BArF


� (tetrakis(3,5-bis-trifluorometh-
yl-phenyl)borate)[8] strongly enhances the lifetime of the cat-
alyst so that high rates and full conversion can be achieved
at low catalysts loadings. Herein we report the results of a
kinetic study of Ir–PHOX catalysts with different anions
that clearly show how the anion influences the reactivity
and stability of the catalyst.


Results and Discussion


Initial studies with the [Ir(PHOX)]BArF catalyst 3d : The
hydrogenation of (E)-1,2-diphenyl-1-propene (1) was chosen
as the standard reaction for our studies (Scheme 1). All re-
actions were set up under inert conditions. Five minutes
after pressurizing the autoclave with hydrogen gas, the reac-
tion was started by turning on the stirrer. The reaction mix-


ture in the autoclave was kept at a constant hydrogen pres-
sure, and the progress of the reaction was monitored by
measuring the pressure drop in a high-pressure reservoir
that supplied hydrogen to the autoclave. The maximum re-
action rate, vmax [molL�1 h�1], and conversion were deter-
mined from the hydrogen consumption curve. The conver-
sion was determined independently by GC and the enantio-
meric excess (ee) by HPLC on a chiral column at the end of
the reaction. No samples were taken during the reaction be-
cause this would have influenced the rate measurements.


Typical hydrogen consumption curves for the hydrogena-
tion of substrate 1 at 4 and 25 8C with the [Ir(PHOX)]BArF


catalyst 3d are shown in Figure 1. An induction period is
observed in the initial phase of the reaction. During the first
minutes, the curve is dominated by gas transfer to the liquid
phase induced by stirring. In the subsequent, more impor-


tant part of the induction period, the active catalyst is gener-
ated by hydrogenation and concomitant dissociation of 1,5-
cyclooctadiene (cod). Sometimes, especially for low catalyst


concentrations, a relatively
long induction period was ob-
served. From rhodium-cata-
lyzed hydrogenation it is
known that catalyst activation
by cod hydrogenation may
take a considerable amount of
time.[9] The induction period is
followed by a relatively long
linear section of the curve that
indicates constant hydrogen
consumption. Maximum rates
were taken from this linear
section. However, for reactions
with long induction periods,
the choice of the reaction sec-
tion with the maximum rate
was not always unambiguous.
Therefore, the data should be
interpreted with caution.


Data from reactions with
different catalyst loadings showed a nonlinear relationship
between rate and catalyst concentration, with decreasing
turnover frequencies (TOFs) at higher catalyst loadings.
This confirmed earlier findings[5b] that the reaction at 25 8C
is gas–liquid mass-transfer limited, even at low catalyst load-
ings of 0.1 mol%. Therefore, subsequent experiments were
all performed at 4 8C to reduce the reaction rate. With 0.1
mol% catalyst at 4 8C, the reaction time was prolonged to
45 min for full conversion compared to 15 min at 25 8C. In
addition, a longer induction period was observed at low
temperatures (Figure 1).


The experimental set-up, purification procedures, and
handling of the reaction components strongly influence the
reproducibility of the rate measurements. Earlier experi-
ments at 25 8C with catalyst 3d could be reproduced with
deviations of the maximum reaction rates below 7%. At


Scheme 1.


Figure 1. Hydrogen consumption curves for 3d at two temperatures and
14 bar H2.
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4 8C, the rates were about two times faster than those deter-
mined previously. A possible explanation for this difference
could be the deactivating effect of water (vide infra) or
other impurities. Even with the utmost care taken to exclude
moisture and air, the content of residual water in the reac-
tion mixture cannot always be kept at the same level. How-
ever, within the same series of experiments that used the
same catalyst, substrate, and solvent batches, the results
were reproducible.


Comparison of catalysts with different anions: To study the
influence of the counterion, BArF


�[8] and PF6
� salts (3d, 3a)


were compared to the corresponding [B(C6F5)4]
� , CF3SO3


� ,
[Al{OC(CF3)3}4]


� ,[10] and BF4
� salts (3e, 3c, 3 f, and 3b, re-


spectively). The aluminate salt 3 f was synthesized from the
iridium(cod)chloro dimer, PHOX ligand, and the air- and
water-stable lithium aluminate Li[Al{OC(CF3)3}4]


[10c,11] fol-
lowing standard procedures. Complex 3 f was crystallized
and characterized by single-crystal X-ray diffraction (Table 1
and Figure 2). The overlay of the cations in 3 f and 3a


showed no significant differences. The smallest distances be-
tween anion and cation are measured from the ortho-tolyl
group (242 pm between F and methyl, 254 pm between F
and the para-H). Closest contacts between PF6


� and the
cation in 3a are of similar order: 246 pm between the oxazo-
line-CH2 and F, 251 pm between o-Tol-CH3 and F, and
253 pm between tBu and F.


The catalytic activity of complexes 3a–f was compared
under standard conditions at 4 8C, 14 bar H2, and 0.1 mol%
catalyst loading (Table 2 and Figure 3). Complex 3 f, con-


taining the aluminate anion, [Al{OC(CF3)3}4]
� , is the most


active catalyst found so far: vmax = 1.86 molL�1 h�1 corre-
sponding to a maximum turnover frequency (TOFmax) of


5059 h�1, which is approximate-
ly 10% faster than the rate ob-
served with the corresponding
BArF


� salt 3d and the same
catalyst loading. The rate in-
duced by catalyst 3e with the
perfluorinated tetraphenylbo-
rate is 17% slower than that
with 3d. In summary, the three
complexes 3d, 3e, and 3 f are
the most efficient catalysts and
give full conversion with very
high TOFs.


For the triflate salt 3c, no
conversion was observed based
on the hydrogen consumption
and GC analysis of the reac-
tion mixture. At 50 bar and
1 mol% catalyst, traces of
product were formed; howev-


Table 1. Selected bond lengths [pm] and angles [8] in 3 f. For the cation,
values for both independent moieties in the unit cells are given with the
crystallographic esdNs. The values for the anion are averaged over all
bonds with standard deviations given in parentheses.


Ir�P Ir�N Al�O O�C(CF3)3 C�F


229.2(1) 210.2(3) 171.0(8) 134.3(10) 132.3(5)
228.55(13) 209.3(4)


P-Ir-N O-Al-O


85.15(9) 109.5(2)
85.99(14)


Figure 2. Single-crystal X-ray structure of 3 f with two molecules per unit cell. Ellipsoids drawn at 30% proba-
bility level with Ortep-3 for Windows.[21]


Table 2. Hydrogenation with 0.1 mol% catalyst salts 3 with six different
anions.[a]


Catalyst vmax [molL�1 h�1] GC conversion [%] ee [%] (R)


3a 0.63 52 97.3
3b 0.12 13 97.9
3c 0 0 n.d.
3d 1.70 >99 96.9
3e 1.42 >99 97.2
3 f 1.86 >99 97.3


[a] Reaction conditions: 2.5 g (12.896 mmol) 1, CH2Cl2 (35 mL), 4 8C, stir-
ring at 1200 min�1, 14 bar H2.


Figure 3. Hydrogen consumption for catalytic reactions with 0.1 mol%
of 3 with six different anions at 14 bar H2, 4 8C, stirring speed
1200 min�1.
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er, conversion was less than 1%. The lack of reactivity is
probably caused by coordination of the triflate anion to the
cationic iridium center.[12] The tetrafluoroborate salt 3b is
slightly more active, but only 13% conversion was observed
after 60 min at 14 bar H2 and 4 8C. At 50 bar and room tem-
perature with 1 mol% catalyst, 70% conversion was ob-
tained. In summary, the catalytic activity of complexes 3a–f
strongly depends on the anion and increases in the order
CF3SO3


�<BF4
� !PF6


�< [B(C6F5)4]
�<BArF


�<


[Al{OC(CF3)3}4]
� .


To check the activity of the catalyst after hydrogen
uptake had ceased, an additional 50% of the substrate was
added after release of the hydrogen pressure and purging
the autoclave with argon (see Table in the Supporting Infor-
mation). A remarkable difference between the PF6


� and
BArF


� salts (3a, 3d) was observed: whereas the PF6
� salt


had completely lost its activity, full conversion of the added
substrate was observed with the BArF


� salt. The maximum
rate was 0.32 molL�1 h�1 or 24% of the value obtained for
the first batch. This demonstrates that a significant part of
the catalyst must still be active after full conversion. Com-
plexes 3e and 3 f showed essentially the same behavior as
the BArF


� salt.
To examine the influence of a chiral anion, iridium-


PHOX complexes 5a and 5b with D-TRISPHAT[13] were
prepared (Scheme 2). Catalyst 5a, derived from the achiral


PHOX ligand 4a, produced a racemic product in the hydro-
genation of the standard substrate 1. Complex 5b, derived
from the chiral PHOX ligand 4b, induced the same enantio-
meric excess as the corresponding BArF


� salt. From these
findings we conclude that the anion is quite remote from
the coordination sphere of the iridium complex during the
enantioselective step, otherwise the chiral anion should ex-
hibit at least a small effect.


Solvent effects : The best solvent was found to be dichloro-
methane. More strongly coordinating solvents deactivate the
catalyst. 1,2-Dichloroethane and toluene can be used as well
with similar activities. Hydrogenation of the standard sub-
strate 1 with 0.1 mol% 3d in 1,2-dichloroethane proceeded
with 38% of the maximum rate observed in dichloro-
methane (Figure 4). Nevertheless, full conversion was ach-
ieved at 14 bar. On the other hand, the performance of the


PF6
� salt 3a is better in 1,2-dichloroethane than in dichloro-


methane. With 0.1 mol% of 3a in 1,2-dichloroethane, the
maximum reaction rate was 18% lower than in dichlorome-
thane; however, the conversion increased from 52% to
82%.


Only 75% conversion was obtained in small-scale experi-
ments with 0.1 mmol of substrate and 0.1 mol% catalyst 3d
in toluene at 50 bar H2 after 2 h. Although at a catalyst load-


ing of 0.1 mol%, the solubility
of the [Ir(PHOX)(cod)]+ pre-
cursor is not a problem, a signif-
icant amount of iridium hydrido
species precipitated as a viscous
yellow oil during the reaction. It
is possible that, after dissocia-
tion of the cod, the complex be-
comes less soluble and, there-
fore, is partially removed from
the reaction solution. Prelimina-
ry experiments indicate that iri-
dium catalysts with more lipo-
philic phosphinite ligands, which
enhance the solubility,[5f] are
more active in toluene.


Kinetic measurements were performed in toluene and
compared to analogous data obtained in dichloromethane.
The reactions were considerably slower and were stopped
after 75 min (3d) and 80 min (3e), respectively, when the
catalysts were probably still active. Catalyst 3d gave 67%
conversion, but the maximum rate (0.59 molL�1 h�1) was
only one third of the rate in dichloromethane. With complex
3e, only about 1/3 of the substrate was hydrogenated with
22% of the maximum rate in CH2Cl2.


Effect of water : Preliminary studies had shown that small
amounts of water can strongly deactivate the catalyst.
Therefore, the effect of water on the kinetics of hydrogena-
tion with 0.1 mol% of catalysts 3a, 3d, 3e, and 3 f was stud-
ied (Table 3). The reaction rate with 3d is decreased by
21% upon addition of 0.05% (v/v) water, but it still gives
full conversion. Complex 3a, on the other hand, is almost


Scheme 2.


Figure 4. Solvent effects for catalyst 3d.
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completely deactivated by the same amount of added water,
as seen by the strong decrease of conversion from >99% to
5%. This dramatic effect caused by small amounts of water
possibly explains why the performance of the PF6


� salt (3a)
at low catalyst loadings is critically dependent on the solvent
quality and reaction setup.[14]


The [B(C6F5)4]
� salt 3e is the least water-sensitive catalyst,


showing only a 6% rate decrease after addition of 0.05%
(v/v) water. While the [Al{OC(CF3)3}4]


� salt 3 f is the most
active catalyst under strictly anhydrous conditions, it is
strongly affected by the addition of water, resulting in a rate
decrease of 37% in the presence of 0.05% (v/v) water.
However, the reaction rate still remains at a respectable
level of 1.18 molL�1 h�1. The three catalysts 3d, 3e, and 3 f
all give full conversion in the presence of 0.05% (v/v) water.
Thus, at the expense of a modest rate decrease, small
amounts of water in the reaction medium can be tolerated.


The extreme water-sensitivity of the PF6
� salt 3a could ex-


plain why conversions were significantly lower in earlier
studies[5b] than the values reported here. In these early ex-
periments, hydrogen gas from a central supply system of
poorly defined quality was used. With high-purity hydrogen
gas (99.995%) under strictly anhydrous conditions, full con-
version was routinely achieved with catalyst loadings as low
as 0.4 mol%. We attribute these remarkable differences to
the sensitivity of the catalytic system towards water that
stems either from the solvent, the catalyst, the substrate, or
the hydrogen gas.


Variation of catalyst loading : Complex 3d is a highly active
catalyst giving full conversion at loadings as low as
0.02 mol% at room temperature. At 4 8C, more catalyst is
necessary to achieve full conversion. With less than
0.05 mol% at 4 8C, irreversible deactivation of the catalyst
takes place before the reaction reaches completion (86%
conversion with 0.025 mol%, 13% conversion with
0.01 mol%). To obtain full conversion with 3a, at least
0.4 mol% catalyst is necessary. As mentioned above, com-
plex 3a is highly sensitive to water and, therefore, full con-
version is only observed under strictly anhydrous conditions.
Otherwise, deactivation of the catalyst becomes a problem,
even at loadings of 2–4 mol%.


Hydrogen consumption curves for different concentra-
tions of catalyst 3a are shown in Figure 5. Analogous data


was obtained from complex 3d. At low catalyst loadings
(0.01–0.1 mol%), the rate order with respect to catalyst is
�1 (0.9 for 3a, 1.1 for 3d). At high catalyst loadings, the re-
action order strongly decreases for both catalysts (Figure 6).


This could be caused by gas–liquid mass-transfer limitation
at higher catalyst loadings or concentration-dependent deac-
tivation, for example, by formation of unreactive trimeric
hydride-bridged complexes.[15]


Table 4 lists the TOFmax for different catalyst concentra-
tions. The TOFmax values decrease from 4200 to 560 h�1


Table 3. Effect of water content.[a]


Catalyst Water vmax Decrease in GC conv.
[%] (v/v) [molL�1 h�1] vmax [%]


3a 0 0.63 >99
3a 0.05 <0.1 >86% 5
3d 0 1.70 >99
3d 0.05 1.35 21% >99
3e 0 1.42 >99
3e 0.05 1.34 6% >99
3 f 0 1.86 >99
3 f 0.05 1.18 37% >99


[a] Reaction conditions: 1 (0.368 molL�1) in dry CH2Cl2, 0.1 mol% 3, re-
actions set up under argon, with and without addition of degassed water,
4 8C, 14 bar H2, stirring at 1200 min�1.


Figure 6. Plot of the dependence of the maximum reaction rate on [cata-
lyst] for 3a and 3d. Data points correspond to 0.01, 0.05, 0.1, 0.4, and
1 mol% loading. All at 4 8C,[1]0 = 0.368 molL�1, 14 bar H2.


Table 4. Turnover frequencies (TOF) for different concentrations of 3a
and 3d at 4 8C


3a 3a 3a 3d 3d 3d
mol% TOFmax GC conv. ee TOFmax GC conv. ee
3 [h�1] [%] [%], (R) [h�1] [%] [%], (R)


0.01 4236 13 97.2 3588 3 n.d.
0.05 3600 58 98.0 5502 94 96.2
0.1 2976 78 97.4 4632 >99 96.6
0.4 1122 99 97.9 1338 >99 97.3
1 558 >99 98.0 59 >99 97.5


Figure 5. Hydrogen consumption at 4 8C, 0.01 to 1 mol% 3a (PF6),[1]0 =


0.368 molL�1, 14 bar H2.
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when the catalyst concentration is increased from 0.01 to
1 mol% for 3a and from 5500 to 60 h�1 between 0.05 and
1 mol% for [3d]0. The highest TOFmax was obtained for
0.05 mol% 3d, thus giving a TOFmax of 5500 h�1 with BArF


�


as the counterion at 4 8C. Catalysts 3e and 3 f gave similar
results (see Supporting Information).


In one experiment with 3d, seven samples were taken
during the course of the reaction to see whether the ee
changes with conversion. As shown in Table 5, the ee re-
mains constant within experimental error throughout the re-
action.


Variation of alkene concentration : The alkene concentration
was varied from 73.5 mmolL�1, which is the lowest value
from which reliable data could be obtained, to
735 mmolL�1, while the catalyst concentration was kept con-
stant at 368 mmol L�1. With 3d, a slight decrease in the reac-
tion rate was observed as the alkene concentration was in-
creased. A logarithmic plot of the data shown in Figure 7


yields a reaction order of �0.2 based on the alkene concen-
tration. This weak negative effect could be caused by impur-
ities in the alkene, which deactivate the catalyst. Because
the impurities increase proportionally to the alkene concen-
tration, while the amount of catalyst remains the same, the
catalytic activity decreases at higher alkene concentrations.
Changes in the solvent parameters, such as polarity resulting
from the higher alkene concentration, could also affect the
reaction rates. However, because of the difficulties in deter-
mining exact maximum rates (vide supra), the data should
be interpreted with caution. Nevertheless, the observed re-


action order, which is close to zero, implies that the alkene
is not involved in the rate-limiting step. Furthermore, there
is no significant influence of the alkene concentration on the
enantioselectivity.


Catalyst 3a shows a strikingly different behavior: a
double logarithmic plot reveals a rate order of �1 for
alkene concentrations between 0.074 and 0.26 molL�1. How-
ever, the pronounced induction periods observed in these
reactions lead to relatively large errors in the maximum
rates, which prevent a detailed analysis of the data. The
reason for the low rate at 0.74 molL�1 is unclear. Additional
measurements in the concentration range above 0.3 molL�1


will be necessary to reveal the rate dependence at high
alkene concentrations. Nevertheless, the data obtained at
low alkene concentration clearly show that the anion has a
strong effect on the reaction kinetics.


A possible origin of the striking difference between the
BArF


� and the PF6
� salt could be the stronger coordination


of the hexafluorophosphate ion. Coordination of the PF6
�


ion could either shift the equilibrium from an alkene com-
plex toward a hexafluorophosphate complex or slow down
the addition of the alkene to the iridium center to such an
extent that it becomes rate-limiting. In contrast, the very
weakly coordinating BArF


� ion does not interfere with
alkene coordination and, therefore, the catalyst is saturated
with alkene, even at low alkene concentrations. This inter-
pretation could also explain the much higher tendency of
the PF6


� salt to deactivate during the reaction. We found
that deactivation is accompanied by formation of an inactive
hydride-bridged trimeric iridium complex.[15] If this trimeri-
zation is responsible for the observed deactivation, then the
critical step in the catalytic cycle is the reaction of an iridi-
um hydride intermediate with the alkene, which competes
with trimerization. The reaction with the alkene is faster
with the BArF


� salt and, as a consequence, the productive
hydrogenation pathway dominates over trimerization.


The effects of BArF
�-containing additives, which were ob-


served in hydrogenations catalyzed by the hexafluorophos-
phate salt 3a, are in agreement with this explanation. When
a 1 molar equivalent of [NBu4][BArF]


[16] was added to a sol-
ution of 3a (0.1 mol%; 23 8C), conversion increased from
50% to �70%. Upon addition of an equimolar amount of
HBArF·Et2O,[16,15b] full conversion was observed and the rate
was accelerated by a factor of 1.8. On the other hand, addi-
tion of an equimolar amount of [NBu4][PF6] to complex 3d
led to a decrease in the conversion from 100 to 80% at
1 mol% catalyst loading. The higher productivity of the
hexafluorophosphate salt in the presence of the BArF


� ion
can be rationalized by partial formation of the more active
BArF


� salt by anion exchange. These observations and the
strikingly different kinetics of the BArF


� and the PF6
� salt


are evidence against another possible explanation that parti-
al hydrolysis of the anion, producing strongly coordinating
fluoride ions, is responsible for the higher deactivation ten-
dency of the hexafluorophosphate salt.


Variation of hydrogen pressure : The logarithmic plot of
maximum reaction rates versus the hydrogen pressure for
complex 3d shows a rate order of 1.0, as expected, if hydro-


Table 5. Change of ee values during the catalytic reaction with 0.1 mol%
3d at 14 bar H2 and 4 8C.


GC conversion [%] 9 18 26 35 43 54 84 average
ee [%], (R) 98.0 98.0 98.3 98.0 98.0 97.9 98.1 98.0�0.1


Figure 7. Double logarithmic plot of the dependence of the maximum re-
action rate on the alkene concentration for 3a and 3d (0.1 mol% each,
4 8C, 14 bar H2). The data points correspond to [1]0 = 0.074, 0.147, 0.257,
0.368, 0.552, and 0.736 molL�1. Linear fit for 3a : y = 0.64 + 0.98x (R2


= 0.85, s = 0.11), linear fit for 3d : y = �0.22�0.19x (R2 = 0.91, s =


0.026).
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gen is involved in the turnover-limiting step (Figure 8). For
the hexafluorophosphate salt 3a, an alkene concentration of
0.147 molL�1 was chosen, which is in the region where the
rate order in substrate was found to be unity (see above). In


this case, a rate order with respect to hydrogen of approxi-
mately 1.5 was found. As noted before, the maximum rate
values for the hexafluorophosphate 3a are significantly less
accurate than for the BArF


� salt 3a. Therefore, it cannot be
excluded that deviation from a first-order rate dependence
is caused by artifacts resulting from the pronounced induc-
tion periods in these reactions. Nevertheless, the data for
both catalysts 3a and 3d clearly show that hydrogen is in-
volved in the rate-limiting step.


A small but significant pressure effect on the enantiose-
lectivity in the hydrogenation with catalyst 3d was found in
reactions performed at room temperature (Table 6): if the
hydrogen pressure is increased from 5 bar to 96 bar, the ee
decreases from 97.5% to 95.4%. In energetic terms, this cor-
responds to a difference of 0.4 kcalmol�1 for the DDG�


values.


Conclusion


In the asymmetric hydrogenation of unfunctionalized olefins
with cationic iridium–PHOX catalysts, the reaction kinetics
and, as a consequence, catalyst activity and productivity
heavily depend on the counterion. A strong decrease of the


reaction rate is observed in the series [Al{OC(CF3)3}4]
�>


BArF
�> [B(C6F5)4]


�>PF6
�@BF4


�>CF3SO3
� . With the first


three anions, high rates and TONs of 2000–5000 are routine-
ly achieved. Evidently, extremely weakly coordinating
anions are required for this class of catalysts. The hexafluo-
rophosphate salt reacts with lower rates, although they are
still respectable. However, the efficiency and practicality of
this catalyst are affected by the observed deactivation
during the reaction and its extreme water-sensitivity, espe-
cially at low catalyst loadings. Triflate and tetrafluoroborate,
although they are weak ligands, almost completely inhibit
the catalyst. Catalysts with [Al{OC(CF3)3}4]


� , BArF
� , and


[B(C6F5)4]
� counterions are not only more reactive but also


more stable than the other salts evaluated in this study. In
contrast to the hexafluorophosphate salt, they do not lose
activity under the usual reaction conditions and remain
active even after all the substrate has been consumed. In ad-
dition, they are much less sensitive to moisture than the
hexafluorophosphate and, in general, rigorous exclusion of
water and oxygen is not necessary.


From kinetic data of the BArF
� and the PF6


� salts, an ap-
proximately first-order rate dependence on the hydrogen
pressure was determined for both complexes. This implies
that dihydrogen is involved in the turnover-limiting step. At
low catalyst loading, the rate dependence on the catalyst
concentration was also first order. These results are consis-
tent with the data reported by Brandt et al.[7] The rate de-
pendence on the alkene concentration was strikingly differ-
ent for the two salts. While the reaction rate observed for
the BArF


� salt slightly decreased with increasing alkene con-
centration (rate order �0.2), a rate order of �1 was deter-
mined for the corresponding hexafluorophosphate at low
alkene concentrations. Thus, in the former case, the alkene
is not involved in the turnover-limiting step, whereas it is in
the latter case. This remarkable anion effect could be the
origin of the stability difference between the BArF


� and the
PF6


� salt under the reaction conditions. Compared to
BArF


� , the hexafluorophosphate anion decreases the reac-
tion rate of the alkene with the catalyst, presumably by co-
ordination with the metal center. As a consequence, deacti-
vation leading to an unreactive trimeric hydridoiridium
complex competes with the productive hydrogenation path-
way. For the BArF


� salt, the reaction between the catalyst
and the alkene is much faster
and, therefore, dominates over
the deactivation process.


In summary, our kinetic data
show that iridium–PHOX
complexes with bulky, very
weakly coordinating anions,
such as BArF


� , [B(C6F5)4]
� , or


[Al{OC(CF3)3}4]
� , are highly


active and very productive cat-
alysts for the hydrogenation of


unfunctionalized olefins. Owing to their low oxygen and
water sensitivity, the catalysts can be easily handled under a
normal atmosphere and stored at room temperature without
decomposition. Further kinetic and mechanistic studies of
these catalysts are in progress.


Figure 8. Influence of the hydrogen pressure (5–50 bar H2, 4 8C). Condi-
tions: CH2Cl2, 4 8C; a) 0.1 mol% 3a, [1]0 = 0.147 molL�1; linear fit y =


�1.87 + 1.46x (R2 = 0.97, s = 0.09); b) 0.1 mol% 3d, [1]0 =


0.368 molL�1; linear fit y = �1.14 + 0.94x (R2 = 0.99, s = 0.03).


Table 6. Dependence of the enantioselectivity on hydrogen pressure for catalyst 3d[17] (CH2Cl2, 23 8C).


p(H2) [bar] 5 10 20 50 96
ee [%], (R) 97.5�0.5 97.4�0.3 97.3�0.1 96.2�0.3 95.4�0.3
DDG� [kcalmol�1][a] 2.57 2.55 2.52 2.32 2.20


[a] At T = 296.15 K.
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Experimental Section


General : Dichloromethane was freshly distilled from calcium hydride or
purchased in sure-seal bottles from Fluka and kept under an inert atmos-
phere. (E)-1,2-Diphenyl-1-propene (1) was purchased from Lancaster
and used without further purification, or it was prepared from acetophe-
none and benzylmagnesium chloride.[18] Hydrogen gas used in the experi-
ments was purchased at Carbagas Switzerland (quality 45, 99.995%). Iri-
dium complexes (�)-[(h4-1,5-cyclooctadiene)-{(4S)-2-[(2-(di-o-tolylphos-
phino)phenyl]-4,5-dihydro-4-tert-butyl-oxazole}iridium(i)]hexafluorophos-
phate (3a) and (�)-[(h4–1,5-cyclooctadiene)-{(4S)-2-[(2-(di-o-tolylphos-
phino)phenyl]-4,5-dihydro-4-tert-butyl-oxazole}iridium(i)]tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate (3d) were prepared according to litera-
ture procedures.[5a,b] Complexes 3b and 3c were prepared from the
chloro complex through ion exchange with silver salts. Complex 3e was
prepared from NaB(C6F5)4, as for the BArF


� complex. HBArF·Et2O and
[NBu4]BArF were prepared according to literature procedures.[16]


Gas chromatography was carried out on a Carlo Erba HRGC Mega2
Series MFC800 (column: Restek Rtx-1701, 0.25 mm, 30 m, 60 kPa He).
HPLC analysis was performed with a Shimadzu SCL-10A with a Daicel
ChiralcelOJ column. GC: 21.0 min (1), 18.2 min (2), (100 8C, 2 min iso-
therm, 7 8C min�1, 250 8C, 5 min). HPLC: 13.9 min ((R)-2), 22.7 min ((S)-
2), 27.5 min (1), (ChiralcelOJ; 254 nm; heptane/2-propanol 99:1).


(�)-[(h4-1,5-cyclooctadiene)-{(4S)-2-[(2(di-o-tolylphosphino)phenyl]-4,5-
dihydro-4-tert-butyl-oxazole}iridium(i)] tetrakis(perfluoro-tert-butoxy)-
aluminate (3 f): To a stirred solution of (4S)-2-[(2(di-o-tolylphosphino)-
phenyl]-4,5-dihydro-4-tert-butyl-oxazole (100 mg, 0.24 mmol) in dry
CH2Cl2 (5 mL) was added [{IrCl(cod)}2] (81 mg, 0.12 mmol). The red sol-
ution was heated for 2 h at 48 8C in a closed vial. After the mixture had
been cooled to room temperature, Li[Al{OC(CF3)3}4]


[10] (305 mg,
0.31 mmol) was added, resulting in a lighter color. After 5 min, water
(5 mL) was added, resulting in a gel-like mixture. Phase separation was
followed by extraction of the organic layer with water and filtration over
MgSO4. The light red complex was recrystallized from diethyl ether and
pentane to give single crystals suitable for X-ray crystallography (381 mg,
0.23 mmol; 94%).


1H NMR (400 MHz, CD2Cl2, 300 K, TMS): d = 0.56 (s, 9H; R), 1.50
(mc, 1H; cod), 1.63 (mc, 1H; cod), 2.08 (mc, 2H; cod), 2.36 (s, 3H; 7’, o-
Toleq), 2.44 (mc, 2H; cod), 3.05 (br, 1H; cod trans to N), 3.10 (s, 3H; 7’’,
o-Tolax), 3.48 (br, 1H; cod trans to N), 4.00 (br, 1H; cod trans to P), 4.41
(dd, 3J(H,H) = 9.6 Hz, 1H; 4), 4.64 (brd, 1H; 5), 4.79 (dd, 2J(H,H) =


7.6 Hz, 3J(H,H) = 9.6 Hz, 1H; 5), 4.93 (mc, 1H; cod trans to P), 6.52 (br,
1H; 6’’), 6.89 (brd, J(H,H) = 7.1 Hz, 1H; Ar�H), 7.07 (br, 1H; 5’’), 7.25
(mc, 3H; Ar�H), 7.44 (mc, 5H; Ar�H), 7.65 (mc, 1H; Ar�H), 7.76 (mc,
1H; Ar�H), 8.30 ppm (d, J(H,H) = 7.9 Hz, 1H; 11); 31P{1H} NMR
(163 MHz, CD2Cl2, 300 K, (PhO)3P=O d = 18): two conformers due to
hindered rotation around the P–o-Tol bond: d = 9.5 (s, 89%), 17.3 ppm
(s, 11%); 19F{1H} NMR (CD2Cl2, 376 MHz, 300 K, FCCl3): d =


�76.8 ppm (s); 13C{1H} NMR (CDCl3, 101 MHz; 300 K, TMS): d = 24.3
(d, 3J(P,C) = 5.8 Hz; 7’’), 24.8 (3 C; tBu-CH3), 25.2 (cod-CH2), 25.5 (d,
3J(P,C) = 4.6 Hz; 7’), 28.2 (cod-CH2), 32.7 (cod-CH2), 34.2 (tBu quart.
C), 35.5 (cod-CH2), 67.4 (br; cod-CH trans to N), 67.5 (br; cod-CH trans
to N), 69.9 (5), 74.5 (4), 90.0 (d, 2J(P,C) = 13.4 Hz; cod-CH trans to P),
95.0 (d, 2J(P,C) = 10.7 Hz; cod-CH trans to P), 119.3 (d, 1J(P,C) =


52.9 Hz, 1’), 121.2 (q, 1J(F,C) = 292.1 Hz, 12 C; CF3), 127.1 (5’), 127.2
(5’’), 127.9 (6), 128.1 (d, 1J(P,C) = 61.7 Hz; 7), 130.0 (d, 1J(P,C) =


45.2 Hz; 1’’), 132.3 (4’), 132.4 (4’’), 132.7 (3’), 132.7 (3’’), 133.2 (8), 133.6
(6’’), 133.7 (6’), 134.0 (11), 134.1 (9), 134.7 (10), 141.1 (d, 2J(P,C) =


8.4 Hz; 2’), 142.9 (d, 2J(P,C) = 13.4 Hz; 2’’), 163.8 ppm (2), 1 quart. C
missing (Al-O-C(CF3)3); IR (KBr): ñ = 3067w, 2972m, 2895w, 2848w,
1596m, 1566w, 1489m, 1457m, 1378m, 1353s, 1302vs, 1278vs, 1242vs,
1219vs, 1168s, 1124m, 1070w, 1062w, 974vs, 833m, 756m, 728vs, 684w,
561m, 536m, 511w, 449mcm�1; MS (ESI, CH2Cl2): m/z (%): positive
mode: 716.3 ([M{193Ir}�anion)]+ , 100); negative mode: 967.1
([M�cation]� , 100); = �93.7 (c = 0.5, CHCl3); elemental analysis calcd
(%) for C51H42AlF36IrNO5P: C 36.40, H 2.52, N 0.83; found: C 36.57, H
2.75, N 0.75.


CCDC-201707 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+
44)1223-336033; or deposit@ccdc.cam.uk).


Kinetic studies : The kinetic studies were carried out and interpreted with
the isolation as well as the initial rate method.[19] Reactions were carried
out in a 50 mL high-pressure autoclave with a magnetic stirrer (typically
at 1200 min�1). The vessel was kept at a constant temperature (Haake
thermostat) and pressure, and hydrogen was metered through a dosing
valve as needed to maintain constant pressure during the reaction. The
progress of the reaction was monitored by following the pressure drop in
a hydrogen reservoir (33 mL) on the high-pressure side of the dosing
valve which was initially set at �175 bar. Data pairs of (pressure, time)
were collected every 6 s throughout the reaction. The pressure drop was
related to the molar uptake of hydrogen using a computer program
which was calibrated for this autoclave by SolviasAG. The reaction rate
was determined from the maximum slope of the hydrogen pressure drop
in the reservoir by means of the computer program ANFGES.EXE.
Export of the molar amount of hydrogen in the reservoir was made possi-
ble by a small addition to this software.[20] The values obtained were then
adjusted by addition of a constant for a starting point of 0.25 mol H2 in
the reservoir to be able to overlay the curves. The conversion was deter-
mined by GC analysis, the enantioselectivities were checked by chiral
HPLC analysis.


General hydrogenation procedure : The autoclave was purged 4 times
with 3–5 bar Ar and cooled to the desired temperature under Ar pres-
sure. (E)-1,2-Diphenyl-1-propene and the iridium catalyst were dissolved
in dry dichloromethane (35 mL) under argon and transferred versus a
counterstream of argon into the autoclave. The autoclave was sealed,
purged with argon (3P), and the solution was stirred for 5 min to equili-
brate to the temperature. Stirring was stopped, the autoclave was purged
with argon (3P) and then with hydrogen (3P , 7–13 bar). After the auto-
clave had been pressurized to the desired hydrogen pressure, the tight-
ness of apparatus was checked for 5 min by monitoring changes in the re-
servoir pressure. The reaction was started when stirring was commenced.
Stirring was stopped after the reservoir pressure had remained constant
for several minutes at the end of the reaction, and the autoclave was de-
pressurized and flushed with Ar (3P). A sample (normally 0.3 mL, de-
pending on the substrate concentration) of the resulting yellow solution
was taken and concentrated in vacuo. Heptane (1 mL) was added, and
the suspension was filtered through a syringe filter to remove catalyst
residues. The resulting solution was used directly for GC and HPLC anal-
ysis.
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A “Single-Sample Concept” (SSC): A New Approach to the Combinatorial
Chemistry of Inorganic Materials


J rg Hulliger* and Muhammad Aslam Awan[a]


Introduction


“…all chemical compounds capable of existence… are al-
ready present on the energy landscape and are just waiting
to be discovered.”[1]


Joseph J. Hanak�s idea of the “multiple sample concept”
(MSC)[2] has, within the last 10 years, found widespread ap-
plication through 2D plate approaches, in which pixel-sized
elemental compositions for parallel syntheses have been pre-
pared by mixing starting materials through the vapor or
liquid phase. Many analytical techniques have been devel-
oped to perform phase and property analyses in parallel.[3–8]


As the number of initial elemental starting compositions on
one reaction plate has reached more than 25 000, combinato-
rial synthesis may be considered “the first rational concept
to tap the potential wealth of chemical diversity in a more
systematic way.”[5] Combinatorial chemistry now makes the
exploration of the diversity of certain compound classes a
realistic endeavor.


However, realistic restrictions are required to limit both
the number of starting components (N) and the number of
elements (q) per compound formed, otherwise the combina-
torial functions will far exceed the feasibility of any practical
synthesis. Given these general constraints, we may, neverthe-
less, attempt to find a solution to the impossible[9] by asking:
What is the minimum number of, for example, metallic ele-
ments in a crystal structure or amorphous phase that can
provide sufficient chemical diversity to be able to determine
the conductive, magnetic, luminescent, or catalytic proper-
ties of the material?


High-temperature superconductivity[10] is possible for q=
3–4 metallic elements. Other important properties, such as
ferri-/ferromagnetism, luminescence and catalysis, have been
determined for only q=2–3. In recognition of the many pos-
sible properties of a material, we can assume that novel
properties or advanced performance of known compounds
might be obtained with a small number of constitutional
metals in oxides, halogenides, sulfides, and so forth.


Therefore, present estimations concerning the “existing”[1]


phases to be prepared by new combinatorial syntheses with
N components as starting materials are limited to q�6 (the
number of constitutional metals in, for example, oxide com-
pounds). Given N building blocks, these components are
grouped to constitute binary (q=2), ternary (q=3), etc.
(T,x) phase diagrams (P(O2) defined by the experimental


[a] Prof. Dr. J. Hulliger, M. Aslam Awan
Department of Chemistry and Biochemistry
University Berne, Freiestrasse 3, 3012 Berne (Switzerland)
Fax: (+41) 31-631-3993
E-mail : juerg.hulliger@iac.unibe.ch


Abstract: Combinatorial estimations
show that, within an unreacted ceramic
sample prepared by mixing N different
starting materials MxOy with average
particle size ~1 mm, there are about
1012 grains per cubic centimeter, suffi-
cient for local reactions to occur that
may produce a larger number of prod-
uct oxides than presently accessible by
2D plate techniques. The “single-
sample concept” (SSC) is proposed for
performing property-directed syntheses
for the preparation of ferri-/ferromag-
netic or superconducting compounds.
Because of the magnetic properties of


the products, libraries of product grains
can be sorted by means of magnetic
separation techniques. For materials
with a large magnetization, the separa-
tion efficiency is so high that traces of
products can be isolated. The SSC con-
cept was tested experimentally to pre-
pare Fe-based oxides (N=17, 24, 30).


The large yields (<75 wt %, N=17) of
product grains agree with the literature
data, which indicate that 3d metal mag-
netic oxide phases (Tc>300 K) are
most probably Fe oxides. In combina-
tion with magnetic separation tech-
niques, SSC seems particularly adapted
for exploring the solid-state chemistry
of metallic lead elements that form
ferri-/ferromagnetic or superconducting
oxide phases difficult to detect system-
atically within the large phase space of
theoretically existing compounds.


Keywords: ceramic synthesis ·
chromatography · combinatorial
chemistry · ferromagnetic proper-
ties · magnetic separation ·
superconductors
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conditions), for which we can attribute an average number
hq (q=2–6) of solid phases present in each diagram. The
average maximum number of Noxides phases to be synthe-
sized is thus given by Equation (1):


Noxides ffi
X
q¼2


hqN
PD
q ð1Þ


in which NPD
q is the number of unknown phase diagrams, cal-


culated from Equation (2) (N is the number of building
blocks; q=2 (binary), q=3 (ternary), etc.).


NPD
q ¼ N!


q!ðN�qÞ! ð2Þ


What is a realistic estimate for hq? Although the available
phase diagrams for oxides[11] are by no means complete,
they are considered representative to gain an estimate of
the diversity of solid phases (h).


In the case of q=2, the average number of binary metallic
oxides is about three (100 representative diagrams selected
from volumes I–VIII of reference [11]), whereas the per-
centage of purely eutectic binary diagrams is ~10 % (for a
sample of 470 diagrams[11]). For ternary systems, a rough es-
timate of h3 yielded only two (86 suitable diagrams;[11] here,
because of incomplete compositional scans, h may be
higher). This allows us to conclude that the upper limit of h6


is certainly lower than, say, 100 (number of EiEjEkElEmEnOy


phases of a certain stoichiometry).
This means that the number of oxide phases a combinato-


rial procedure will have to provide access to is less than
Noxides�100NPD


6 . The number of phase diagrams for increas-
ing N is shown in Figure 1: by varying N (10–61; the maxi-


mum number of nonradioactive metallic elements), we can
conclude that a realistic upper limit for Noxides is about 6 K
109 (N=61, q=6, hmax�100). Consequently, the correspond-
ing number of experiments are required to explore this di-
versity. The present combinatorial techniques are still far
from this upper limit; however, they have led to the discov-
ery of new phases by varying N from about 10 to 30.


We present here a new method for performing combina-
torial syntheses using the “single-sample concept” (SSC):
mixing together N micrometer-sized starting oxides to pre-
pare a ceramic sample (see Figure 2), yielding randomly


packed particles representing different components and
sizes. A combinatorial variety of local compositions (called
configurations, NC


n) is generated which establishes 1) ele-
mental and 2) stoichiometric variation. The elemental varia-
tion constitutes phase diagrams of order q, along with stoi-
chiometric variation (n), whereas the particle size distribu-
tion populates the compositional axes of the phase dia-
grams.


A combinatorial estimation of the number NC
n shows that


it can be larger than the number NPD
q of phase diagrams [see


Figure 1 and Eq. (3)]:


NC
n <


�
Nþn�1


n


�
ð3Þ


(excluding those configurations consisting of the same ele-
ments; n is the number of grains in a configuration, n	q).


The SSC therefore provides access to the manifold of
phase diagrams. As NC


n is of the same order as NPD
q (see


Figure 1; n�q), the particle size distribution is required to
provide a dense population of the compositional axes of the
phase diagrams. Finally, we have to make sure that a typical
sample of about 1 cm3 contains sufficient grains for both the
elemental and size distribution: in the case of an average
grain size of 1 mm, there are about 1012 grains per cubic cen-
timeter. Assuming a reasonable number of components (10–
40), the number of grains is orders of magnitude larger than
the estimated number of oxide phases. The number, Np, of
micrometer-sized product grains per phase is of the order of
106 to 103 (N=10–40), which, if given in ppm, is a small den-
sity, generally below a few ppm (N>10).


The SSC thus provides access to a library that may unrav-
el a defined (N, q, h) chemical diversity for a selected class


Figure 1. Calculated number of possible phase diagrams NPD
q and local


configurations NC
n for N starting components and n=6 elements in prod-


uct grains.


Figure 2. Mechanical model of spheres of different colors and sizes to vi-
sualize local configurations, that is, grain contacts by n starting grains, to
obtain the diversity of product grains distributed within the bulk sample.
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of compounds. Once such a library is obtained, we face the
task of how to read it.


Today�s analytical techniques have reached a resolution
down to the nanometer size, both for compositional and
structural analysis.[12] Nevertheless, property characterization
is much more difficult using the present concept than when
applying 2D plate techniques. However, if we focus on spe-
cific properties, such as, those of ferri-/ferromagnetic or su-
perconducting materials, highly efficient particle separation
techniques can be applied. Consequently, we have intro-
duced magnetic separation into materials chemistry that
allows particle extraction for micrometer-sized product
phases.


SSC may be applied in different ways:


1) A mixture of similar amounts (mass, volume, or moles)
of N metal oxides reacts to form q-type oxides. In this
case, oxygen is the lead (L) element without a prefer-
ence for any one metal in setting up the starting compo-
sition.


2) A “lead oxide” is added in a larger quantity than
the other constituents in order to preferentially form
EiEjEL…Oy instead of EiEjEk…Oy (i, j,k, …,�L) com-
pounds.


In the present study we concentrate on the second appli-
cation by using Fe to produce a diversity of iron oxides with
a selected number N (17, 24, 30) of nonmagnetic elements.
Lead element Fe was selected to demonstrate the feasibility
of SSC in combination with magnetic separation. In further
studies SSC will be applied to search for i) new ferri-/ferro-
magnetic 3d transition metal oxides and ii) superconductors.


Results and Discussion


Isolation of product phases by magnetic separation : A
single-sample combinatorial synthesis may produce a small
number (Np) of product grains representing the material of
interest. In most cases, bulk analysis would not be success-
ful, thus making separation techniques necessary. In the case
of either strongly ferri-/ferromagnetic or superconducting
materials, magnetic separation can be applied.


Magnetic separation of mixtures of small particles exhibit-
ing different magnetic properties is achieved by the action
of an inhomogeneous magnetic field, which leads to the at-
traction (ferri-, ferro-, para-, or superparamagnetic) or de-
flection (diamagnetic) of particles dispersed in a gas or fluid
passing through the separator column.[13,14] As samples show
different particle size and magnetization strength distribu-
tions, “magnetic chromatography”[15–17] offers a new tech-
nique for separating particles according to their size and
magnetization. In industry, large-scale magnetic separation
using conventional or superconducting magnets, so-called
high gradient magnetic separation (HGMS),[18] is applied in
the purification of minerals (kaolin, talc) and is used in
mining to recover ores (hematite, siderite, elite).[19]


In material science, magnetic separation was mainly ap-
plied to separate, purify, and characterize ceramic copper


oxide superconductors. Simple equipment allowed the de-
flection of grains of superconducting phases at liquid nitro-
gen temperature.[20–27] However, solid-state chemistry has
not yet made systematic use of this technique to extract
phases from, for example, a combinatorial synthesis.


The magnetic force F exerted on a particle is given by
Equation (4):[28]


Fz ¼
c


m0
V B


@Bz


@z
ð4Þ


in which B is the magnetic induction, z the direction of the
gradient, V the particle volume, c the magnetic susceptibility
(here assumed to be isotropic), and m0 the permeability of
the vacuum.


The magnitude of the force is thus proportional to the
product of the field strength and its gradient. The mechani-
cal action is along the field gradient. In a practical setup,
generation of the strongest field inhomogeneity is given by
ferromagnetic wires (wool or a sieve). The maximum force
has been estimated for a wire diameter of two to three
times the particle size.[20,29] Given today�s ultra-high-field
magnets (pulsed), there are many prospective applications
for magnetic particle separation in materials science. In the
case of superconductors, however, B must be less than Bc,
the critical field above which diamagnetism decreases. Here,
the gradient has to be maximized. Furthermore, supercon-
ductive particles must be sufficiently large because of the
London penetration depth.[30]


An important issue in particle separation is aggregation,
that is, cake formation.[31] In our case there are three origins
of aggregation:


1) Synthesis can yield multiphase particles (e.g., intergrown
ferri-/ferromagnetic and diamagnetic phases) that are
not separated by ball-milling.


2) Single or multiphase particles suspended in a fluid can
aggregate owing to of interactions between surfaces.
Practical separation in industry therefore uses surfac-
tants.


3) Aggregation can occur due to ferri- or ferromagnetic in-
teraction.


Our laboratory setup for the continuous extraction of, for
example, ferri-, ferro–, para-, or superparamagnetic (T=


300 K) particles from a suspension is shown in Figure 3: par-
ticles pass through a column surrounded by permanent mag-
nets and stick to the walls of the column (Figure 3a), or a
vertical tube is filled with magnetic sieves (mesh size ~
75 mm) surrounded by a number of permanent magnets (Fig-
ure 3b). A low-density suspension (activated by ultrasound)
is continuously pumped through the column. After the first
separation step, only fluid is passed through the column to
wash out retained nonmagnetic particles. The magnets are
then removed to release the magnetic particles from the
walls (Figure 3a) or sieves (Figure 3b). B8Fe77Nd15 magnets
were used in all systems.


In the case in which the column is filled with horizontal
sieves (Figure 3b), we may define the probability Pi, i+1, to
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describe the translocation of a grain from sieve i to sieve
i+1 (Figure 4). As a grain has to pass through all s sieves in
order to exit the column, the probability of passing through
the entire column is given by Equation (5).


Ps ¼ ðPi, iþ1Þs ð5Þ


Table 1 gives realistic data for Ps that cover low to high
Pi, i+1 values. For the present separators (Figure 3b), s is ap-
proximately ten. New separators providing s=1000–3000
are under development. Strongly ferromagnetic particles
can overcome the effect of gravity and forces imposed by
the flow of the liquid. For strong forces, Pi, i+1 for these ma-
terials is almost zero. Consequently, the retention efficiency
for strongly magnetic materials is nearly 100 %. Although
superconducting materials show different behavior in an in-


homogeneous magnetic field, it is nevertheless unlikely for
grains to pass efficiently through a column of large s. There-
fore, the separators shown in Figure 3b show great potential
for the extraction of small fractions of superconducting ma-
terials in SSC syntheses.


The separation efficiency was tested experimentally by
passing a mixture of Al2O3, La2O3, TiO2, ZnO and ZrO2,
and BaFe12O19 (10 and 20 wt %) particles in water, contain-
ing a surfactant[32] (Decon 90 and NH4OH(aq.)), through
the column (see Figure 3a). The separation (BaFe12O19)
yield was 10 and 20 wt %, respectively. For trace analysis,
about 1 ppm (wt) of BaFe12O19 grains in a mixture with non-
magnetic oxide powder was passed through the column.
Using magnetic sieves, some ferromagnetic particles were
recovered, showing that, in principle, a pin could be found
in a haystack!


Results for magnetic oxides : The preparation of configura-
tions [Eq. (3)] requires a dense population of grains that un-
dergo local reactions. Mixing N starting oxides MxOy by
ball-milling (adding a liquid to improve homogenization)
and pressing into a pellet is known as the classical ceramic
preparation. Long-term ball-milling may achieve elemental
homogenization and reduce the particle size. Scanning elec-
tron microscopy and mapping of the elements confirmed
this. Major difficulties in bringing such a sample to reaction
may involve 1) liquid formation (eutectic compositions and
low-melting compounds) and 2) spreading of elements over
the sample because of high vapor-pressure components.


In experiments with N=10–30, MxOy, reaction tempera-
tures in the range 1000–1100 K, and reaction times of min-
utes to hours: 1) visual inspection of pellets, 2) DSC, and
3) SEM showed no evidence for significant liquid-phase for-
mation. Transmission electron microscopy (qualitative ele-
mental analysis) performed on 30 single particles in the
range 100–300 nm confirmed crystalline particles reflecting a
broad distribution of elemental compositions. The average
number of different elements in the grains was six to seven
(for 12 MxOy starting materials used for the basic test). The
starting materials (except for the lead element) were mostly
consumed. Powder X-ray diffraction showed no evident
background scattering; this would be typical of amorphous
phases. In view of the many compound Noxides a sample
might contain, the number of intense diffraction lines was
generally very small. For most phases the net amount per
phase was probably too low or the number of grains per
phase was not sufficient to produce a sharp powder pattern.


Configurations in bulk ceramic samples interfere with and
share grains for reaction. Compared with powder samples,
the reaction of isolated aggregates of particles would match
the conditions set up by Equation (3) more reasonably. A
surface providing support for configurations NC


n would thus
be of great use. Currently, we are working with sodium chlo-
ride to disperse aggregated MxOy starting grains onto NaCl
particles (hdiNaCl@ hdioxides). By keeping the reaction temper-
ature below melting, the NaCl surface in the state of (eutec-
tic systems) liquid formation may enhance reactivity and
promote crystallization of single-phase grains. The reaction
of NaCl with most oxides should not present a serious prob-


Figure 3. Two types of magnetic separators used to extract magnetic par-
ticles from a SSC reaction mixture: a) vertical column exposed to a mag-
netic field (1) from permanent magnets (2). A liquid carrying product
grains is pumped (3) through the column. Magnetic particles stick (4) at
locations of strong magnetic gradients. For disaggregation of particles the
liquid is continuously passed through an ultrasonic bath (5). b) Similar to
a), using 75mm wide horizontal magnetic sieves (6) to retain magnetic
particles by the strongly inhomogeneous field on the sieves.


Figure 4. Estimation of the probability for passing grains through a mag-
netic column (see also Table 1).


Table 1. Probability Ps of particles passing through a series of s sieves.


Pi, i+1 Ps


s=10 s=100 s=1000


0.01 0 0 0
0.10 1.0K 10�10 0 0
0.50 9.8K 10�4 0 0
0.90 0.35 2.7K 10�5 0
0.99 0.90 0.37 4.3K 10�5


0.999 0.99 0.90 0.37
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lem (i.e. , solid solution and oxy–chloride formation), as
NaCl is commonly used in the flux growth of various oxide
compounds. After the reaction, dissolution of the supporting
material preferentially liberated particles, showing a smaller
degree of intergrowth than those obtained from the powder
sample. Both routes were explored to synthesize ferri-/ferro-
magnetic materials.


Selecting Fe as the “lead” element, databases provided
the rather small number of about 53 ferri- or ferromagnetic
Fe oxides (Tc>300 K, containing no other magnetically
active element). In the case of V, Cr, Mn, Co, and Ni, the
number of compounds characterized is even smaller


(Figure 5). For Cu, only one class of compounds (MgCu2O3,


Ca2CuO3, BaCuO3)
[33,34] was found for which evidence of fer-


romagnetic coupling above 300 K is reported. However,
these structures, as expected, show 1D antiferromagnetic or-
dering. Excess oxygen is reported to induce spin flips and
ferromagnetic interchain coupling.[35] Given present knowl-
edge, Fe seems to be the leading 3d transition element for
obtaining magnetic oxides (Tc>300 K).


For SSC syntheses, we started from 17 (Li, Na, Mg, Si, K,
Ca, Sr, Y, Nb Mo, Sn, Te, Ba, La, W, Pb, Bi), 24 (Li, B, Na,
Mg, Al, Si, K, Ca, Ti, Ga, Ge, Sr, Y, Zr, Nb, Mo, In, Sn, Te,
Ba, La, W, Pb, Bi) or 30 (Li, B, Na, Mg, Al, Si, K, Ca, Ti,
Zn, Ga, Ge, Rb, Sr, Y, Zr, Nb, Mo, Cd, In, Sn, Te, Cs, Ba,
La, Ta, Hf, W, Pb, Bi) elements (M¼6 Fe; equal amounts in


wt % of each oxide) to which was added a variable amount
of Fe2O3, ranging from 5 to 25 wt %. Metals were added in
the form of oxides, peroxides, and carbonates. For mixing
and downsizing, starting materials were ball-milled (achat
mortar and balls; added isooctane for improvement of
mixing) for 2–3 h. The average particle size after ball-milling
was in the same range as found after sintering, as deter-
mined by scanning electron microscopy (SEM).


We distinguish two different routes.


Route I—ceramic bulk sample preparation : The mixture of
components was pressed into several pellets, yielding a total
volume of 1 cm3. The pellets were filled in a ceramic
(Al2O3) boat that was placed in a horizontal furnace (quartz
tube), heated at a rate of 150 K h�1, held at 1126 K for 2 h
and then the temperature was reduced at a rate of
100 K h�1. An oxygen flow of ~600–800 mL h�1 was passed
through the furnace at 1 atm.


After heating, pellets, on average, showed a weight loss
Dg of ~10–15 %, a reduction in diameter of 10–15 %, and a
ruduction in thickness of ~5–10 %, and were not deformed.
The color appeared to be homogeneous (yellowish brown).
SEM pictures (Figure 6) showed a homogeneous polycrys-
talline sample with a particle size of ~100–900 nm. Prior to
magnetic separation, the reacted samples were ball-milled
(1.5 h, in isooctane), dried, and dispersed (ultrasound) in
water containing a surfactant (Decon 90 plus NH4OH(aq)).
This may result in the loss of some compounds by reaction
with water. However, dispersing the samples in water did
not give rise to a significant change in pH. For separation,
the suspension was first pumped (Figure 3) through an ultra-
sonic bath before entering the separator column (Figure 3a).


Surprisingly high yields of magnetically retained grains
were obtained (Figure 7): on varying the content of Fe2O3


from 5 to 25 wt %, corresponding yields of 7.5 to 75 wt%
were obtained. Passing the separated particles through the
column a second time did not improve the yield significant-
ly. Although ball-milling disaggregates intergrown particles,
it is likely that diamagnetic material adheres to the ferri- or
ferromagnetic crystallites to some extent. The effective
yields are thus certainly smaller than shown in Figure 7.


In view of the many compounds which could possibly
form (see Figure 1), the powder X-ray diagrams did not
show as many lines as expected (see Figure 8): the rather
weak scattering intensity of a few of the lines may be indica-
tive of compounds that were preferably formed under the


Figure 5. Results of a literature search for ferri- and ferromagnetic M(3d)
oxides (Tc>300 K). The search clearly found more Fe oxides than other
3d metals.


Figure 6. SEM micrographs showing the particle morphology for the SSC (inside the pellets): Left) 17 oxides including 15 wt % Fe2O3, route I (see text).
Middle) 17 oxides including 15 wt % Fe2O3, route II (see text). Right) Same as that in the middle, but prior to reaction: unreacted oxides particle are dis-
tributed over the surface of the NaCl crystals.
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present conditions. Using all the data available in the X-ray
powder diffraction PDF file, no significant matching with
any known compound containing elements we used was pos-
sible. Powder diffraction is probably not very helpful in this
case for analyzing SSC products, as evident from comparing
the X-ray diagrams of magnetically separated samples with
that of as-obtained and residual powder: in all three cases,
the most intense lines present in Figure 8 were present.
Changes were only observed for weak lines. However, the
powder diffraction diagrams revealed an important fact: the
starting materials were consumed.


Route II—use of NaCl as a supporting surface : In this case
we proceeded in the same way, except that an additional
ball-milling step (2–3 h, in isooctane) was applied to load
the NaCl particles with premixed (ball-milled) oxide parti-
cles (10 wt % oxides, 90 wt % NaCl; see Figure 6, right). The
reaction was performed at a maximum temperature of


1026 K. After heating, the pellets appeared homogeneously
colored (dark brown) and showed no significant deforma-
tion. We take this as an indication that, also in this case,
liquid-phase formation was not a dominant process. Figure 6
shows the inner surfaces of typical pellets. Although the re-
action temperature was 100 K lower than for route I, the
yield of magnetic particles in the case of Fe was nearly the
same for both routes. From this we can conclude that local
reaction mixtures form various kinds of solid materials. It is
likely that, on the surface of the NaCl particles, a liquid film
which dissolves the oxides is involved in the reaction and
the crystallization of new phases. Figure 6 shows small crys-
tallites (~100–900 nm) on top of much larger NaCl particles,
most of which show crystal faces. The degree of intergrowth
can be seen to be much less than for route I (Figure 6 left).
The powder X-ray diagrams of the materials obtained from


route II are very similar to
those obtained by route I, al-
though a difference with re-
spect to the weak lines can be
seen in Figure 8.


Although higher reaction
temperatures can be used
when employing a nonreac-
tive support, there are not
many salts available for this
purpose. BaCl2 (melting point
1236 K) may provide an ex-
tension of about 100 K over
NaCl. Improvements to rou-
te II would include a reduc-
tion in the degree of loading
of NaCl particles by oxides in
order to obtain a lower
degree of aggregation of
product particles, preferably
many single particles. A low
degree of aggregation will be
needed to be able to use
single-particle analyses (com-
positional and structural).


Confirmation of the presence of ferri- or ferromagnetic
materials was obtained from susceptibility measurements
(7.5, 10, 15, and 20 wt % Fe2O3; 17 MxOy, route I, and 15
wt % Fe2O3, route II): hysteresis loops were recorded
(Figure 9). Table 2 summarizes the data obtained for the
SSC for different amounts of Fe2O3.


Because superparamagnetic behavior is expected for iron
oxides with a particle size smaller than about 10 nm,[36] we
assume that the present particles (on average 10–90 times
larger) are in the ferro- or ferrimagnetic state. When we
have many hysteresis loops characterizing the individual
compounds of a mixture, there are upper and lower limits
for Ms (saturation magnetization), Mrem (remanent magneti-
zation) and Hc (coercive field). The superposition of all data
can result in a rather narrow hysteresis curve, as shown in
Figure 10. For a mathematical demonstration we have taken
a tangent hyperbolic to approximate a hysteresis loop: M�
a tanh(bH+g), where values for a, b, and g were selected


Figure 7. Yield of magnetic particles retained by the magnetic separation
column shown in Figure 3a. Example of 17 oxides and a variable amount
of Fe2O3. Results for the products from routes I and II (see text) show
very similar yields, although the particle morphologies are clearly differ-
ent (see Figure 6).


Figure 8. X-ray diffraction patterns of SCC samples (17 elements plus 15 wt % Fe2O3): a) prior to reaction,
b) after reaction, c) after magnetic separation, and d) reaction performed on NaCl(s).
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randomly from fixed intervals to generate a large number of
curves which were summated.


The present samples have a saturation magnetization
which is about 5–10 % of that of a strongly magnetic refer-
ence material (BaFe12O19). This may be interpreted in two
ways: 1) SSC syntheses produced mostly weak ferri- or fer-
romagnetic materials, or 2) there were large individual Ms


components, but adherent nonmagnetic particles reduced the
Ms value. Interestingly, samples of 15 wt % Fe2O3 (routes I
and II) produce almost the same particle yield (see
Figure 7), but the synthesis with NaCl produces a material
with a much higher Ms.


To gain insight into the elemental distribution of the parti-
cles, we performed qualitative elemental analyses using


scanning electron microscopy (see Table 3). As some ele-
mental emission lines overlap, we extracted those of the
most probable elements present. Clearly, these randomly se-


Table 2. SQUID measurements for SSC products.


Fe2O3 [wt %][a] m [emu][b]/ Ms (300 K, B=5 T)
sample weight [mg] [A m2 kg�1][c]


10(I) 0.44/11.1 4.0
15(I) 0.040/14.9 2.7
15(II) 0.092/13.5 6.8
20(I) 0.060/13.7 4.4
25(I) 0.027/15.1 1.8
BaFe12O19


[38] 0.330/6.12 54[d]


[a] Reaction conditions: 17 nonmagnetic elements and various wt % of
Fe2O3; Routes I and II: see text for method of sample preparation.
[b] Measured on a Quantum Design SQUID magnetometer (XL 5S) at
300 K. m=magnetic moment. [c] Ms= saturation magnetization; for
simple Fe oxides: Ms�100 (300 K).[36] [d] 76 gauss cm2 g�1, B=0.6 T, ex-
trapolated to zero kelvin.[39]


Figure 10. Numerical example showing how a large number of individual
hysteresis loops can be summed to form an observable curve (see
Figure 9) for samples containing many different particles in the magnetic
state. The average field <Hc> may be much smaller than the individual
Hc fields. Number of summed curves: 15 (tanh function assumed).


Table 3. Results of qualitative analysis of the particles using scanning
electron microscopy.[a]


Grains Main elements detected[b] Compounds from literature[c]


1 Fe>Mg,Ca>Sr,Si>Pb MgFe2O4, CaFe15O25, MoFe2O4


2 Fe>Ca, Mg,Sn>Sr,Ba, Bi SrFe12O19, Ca2MoFeO6, Li0.5Fe2.5O4


3 Fe>Ca, Mg>Sn, Pb Y3Fe5O12, PbFe12O19, Sr2MoFeO6


4 Fe, Mg,Ca>Sr,Nb Ba1.6Sr0.4MoFeO6


5 Fe, Ca>Pb Ba1.28Sr0.32La0.4MoFeO6,
Nb0.5PbFe0.5O3


6 Ca>Fe>Sr,Mg
7 Fe, Ca, Mg>Y,W
8 Ca>Fe,Mg>La,Mo,Si


[a] Elements used for SSC: Fe, Li, Na, Mg, Si, K, Ca Sr, Y, Nb, Mo, Sn,
Te, Ba, La, W, Pb and Bi. [b] Elements are listed in order of abundance;
an energy dispersive spectrometer (Noran IX NSS 200) was used.
[c] Main compounds found in the literature with Tc>300 K (q	2) con-
taining elements used in this study.


Figure 9. Hysteresis loops for typical SSC products. All measurements
started at B=0 T (T=300 K). Loops were recorded after magnetic sepa-
ration by the separator shown in Figure 3a. a) 10 wt % Fe2O3 plus 17 ele-
ments, ceramic route I; b) 15 wt % Fe2O3 plus 17 elements, ceramic
route I; c) 15 wt % Fe2O3 plus 17 elements on NaCl, route II.
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lected grains mostly reflect Fe oxides formed by Ca, Mg,
and Sr, as well as Sn, Pb, and other elements. Known com-
pounds (Tc>300 K, Table 3) contain mostly Ca, Mg, Sr, Ba,
Mo, Pb, and Y, and also Sn, La, and Nb. Of the 17 elements
we used, only K, Te, and Li (not detectable) were not found.
From the small number of grains we examined we at least
can conclude that the SSC produced typical Fe oxides.


Conclusions


As “ all chemical compounds capable of existence (with a
certain lifetime) are already present on the energy land-
scape, and are just waiting to be discovered ”[1] , all we have
to do is to establish effective and property-directed proce-
dures for preparing and isolating compounds of interest. In
view of the very large phase space (composition, T, P, and
also time) given by a combinatorial function determining
the number of phase diagrams (NPD


q ), and an unknown
number (hq ; which may be accessible using theoretical meth-
ods[37]) of thermodynamically stable/metastable compounds
appearing in the phase diagrams, it is logical that only a
combinatorial approach based on combinatorial functions of
the same power will provide access to the existing chemical
diversity. We have demonstrated that the number NC


n of
local configurations can be larger than the number NPD


q of
local phase diagrams, and that the number of grains (includ-
ing their size distribution) can even exceed the number hq�
100 times NPD


q .
A second innovation with respect to materials chemistry


concerns the application of magnetic separation columns,
which can attain an extremely high separation efficiency for
strongly magnetic materials. The combination of SSC syn-
thesis and magnetic separation is thus considered a new ap-
proach for detecting traces of magnetic and probably also
superconducting materials.


So far we have focussed on thermodynamically stable
compounds. The present concept, however, is also suited to
obtaining transient products merely by the application of
short-term reaction techniques from the field of ceramic ma-
terials. Summarizing the experimental results, we have
shown that we can obtain high yields of magnetic particles
in the case of Fe-based oxides. This is reflected by a compar-
ison of our results with those in the literature.


With the aim of determining the chemical composition of
the SSC products, we are working on lead elements EL that
may provide a very low yield of product grains. This brings
the analysis of individual grains within practical feasibility.
There are two evident goals of interest: Tc>300 K for
i) ferri- or ferromagnetic oxides involving Cu, and ii) oxide
superconductors.
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Chiral Amplification in Macromolecular Helicity Assisted by Noncovalent
Interaction with Achiral Amines and Memory of the Helical Chirality


Kazuhide Morino, Nobuyuki Watase, Katsuhiro Maeda, and Eiji Yashima*[a]


Introduction


Chiral amplification is a significantly interesting phenome-
non in connection with not only the origin of biomolecular
homochirality in nature,[1] but also the development of ideal
methods to produce optically active compounds.[2] Pioneer-
ing studies on chiral amplification in synthetic polymers
were performed on polyisocyanates by Green and co-work-
ers.[1a,3] Polyisocyanates are typically stiff and dynamic heli-
cal polymers, whose helix-sense readily inverts in solution as
a result of the relatively small barrier energy for helical re-
versals in these polymers. Therefore, copolymerization of
achiral isocyanates with a small amount of optically active
ones can produce optically active polymers with a prevailing
single-handed helical conformation. This cooperative phe-
nomenon named “sergeants and soldiers rule” by Green and
co-workers can also be observed in other helical polymers[4]


and supramolecular architectures.[5]


We previously reported that cis–transoidal, optically inac-
tive poly[(4-carboxyphenyl)acetylene] (poly-1) forms a pre-


dominantly one-handed helix upon complexation with opti-
cally active amines and amino alcohols, such as (R)-(+)-1-
(1-naphthylethyl)amine ((R)-2) and (S)-2-amino-1-propanol
((S)-3), and the complexes exhibit a characteristic induced
circular dichroism (ICD) in the polymer backbone region.[6]


The Cotton effect sign reflects the absolute configuration of
the chiral amines, so that (R)-2 and (S)-3 induce a one-
handed helical poly-1 with an opposite helix-sense. Further-
more, we found that the macromolecular helical chirality of
poly-1 induced by (R)-2 can be memorized when (R)-2 is
completely removed and replaced by various achiral amines
and amino alcohols.[6c,7] This methodology is useful for con-
structing new supramolecular assemblies with various func-
tional achiral amines arranged in a single-handed helical
array along the polymer backbone. However, in order to
induce the complete single-handed helix on poly-1 prior to
the memory of the helical chirality of poly-1, a large excess
(R)-2 or slight excess (S)-3 was required, since a prevailing
single-handed helix is induced on poly-1 through a noncova-
lent acid–base interaction that involves an equilibrium be-
tween the free acid and base, the ion pairs, and free ions.
Apparently, the ion pair formation of the carboxy groups of


[a] Dr. K. Morino, N. Watase, Dr. K. Maeda, Prof. Dr. E. Yashima
Department of Molecular Design and Engineering
Graduate School of Engineering
Nagoya University, Chikusa-ku, Nagoya 464–8603 (Japan)
Fax: (+81)52-789-3185
E-mail : yashima@apchem.nagoya-u.ac.jp


Supporting information for this article (results of chiral amplification
in macromolecular helicity of poly-1 by achiral amines and memory
of the helical chirality with achiral amines (4 and 7)) is available on
the WWW under http://www.chemeurj.org/ or from the author.


Abstract: Poly[(4-carboxyphenyl)acety-
lene] (poly-1) exhibits an intense in-
duced circular dichroism (ICD) in the
UV-visible region upon complexation
with excess (R)-1-(1-naphthyl)ethyla-
mine ((R)-2), owing to the formation
of a predominantly single-handed heli-
cal conformation of the polymer back-
bone. In the presence of a small
amount of (R)-2, poly-1 showed a very
weak ICD due to the lack of a single-


handed helical conformation. However,
we have found that the co-addition of
the excess bulky, achiral 1-naphthylme-
thylamine (5) with a small amount of
(R)-2 caused a dramatic increase in the
ICD magnitude, comparable to the full


ICD induced by excess (R)-2. This indi-
cates that an almost single-handed
helix can be induced on poly-1 upon
complexation with a small amount of
(R)-2 assisted by achiral 5. Further-
more, the induced single-handed heli-
cal poly-1 could be successfully memo-
rized by the replacement of (R)-2 and
5 with achiral 2-aminoethanol or n-bu-
tylamine.


Keywords: chiral amplification ·
circular dichroism · helical struc-
tures · polymers
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poly-1 with chiral amines is essential for the helicity induc-
tion, and, therefore, excess chiral amines or amino alcohols
are necessary for the predominant ion-pairing formation.[6b,c]


Previously, we also found that the slight excess of single-
handed helix-sense of poly-1 induced by a small amount of
(S)-3 was amplified by the co-addition of achiral 2-amino-
ethanol (4), thus resulting in an increase in the ICD magni-
tude of poly-1.[6b] This can be considered as a typical exam-


ple of the chiral amplification in a polymer through a nonco-
valent interaction. However, a complete amplification of the
helical chirality of poly-1 induced by a small amount of (S)-
3 and achiral 4 was difficult at that time.[6b] Furthermore, it
is difficult to completely remove (S)-3 and replace it with
other achiral amines or amino alcohols to memorize the in-
duced helical conformation of poly-1, because (S)-3 has a
very high affinity to the carboxy groups of poly-1.[8] Here we
report that partially induced helical chirality of poly-1 by a
small amount of (R)-2 is amplified to almost the complete
single-handed helix by the co-addition of a bulky achiral
amine 5, and that the amplified macromolecular helicity of
poly-1 can be successfully memorized by replacing (R)-2
and 5 with achiral amines and amino alcohols. The helicity
induction and memory process in poly-1 is now possible
starting with a rather small amount of chiral amines.


Results and Discussion


Chiral amplification : As previously reported, poly-1 exhibits
a split-type ICD in the UV-visible region in the presence of
(R)-2 in dimethyl sulfoxide (DMSO) due to the predomi-
nantly single-handed helix formation.[6] The ICD intensity
increased with an increase in the concentration of (R)-2 and
reached a maximum value of [q]max=�3.1H104 for the
second Cotton signal with excess (R)-2 ([(R)-2]/[poly-1]=
10) (b in Figure 1A) under the condition of [poly-1]=
3 mgmL�1. Therefore, in the presence of a small amount of
(R)-2 ([(R)-2]/[poly-1]=0.5), poly-1 showed a very weak
ICD (a in Figure 1A); the second Cotton ICD intensity
([q]2nd) was only approximately one-tenth of the [q]max due
to the lack of a single-handed helical conformation of poly-
1; that is, a small amount of (R)-2 bound to poly-1 can not
induce the same helix on the major free monomeric carboxy
units. However, the co-addition of the excess bulky achiral
amine 5 ([(R)-2]/[poly-1]/[5]=0.5/1/2.5) caused a dramatic
increase in the ICD intensity. The ICD intensity was time-
dependent and increased with time to reach a constant
value ([q]2nd=�3.23H104) after 3 h; the [q]2nd value was
comparable to that of [q]max (see, c in Figure 1A and B).
These results indicate that the slight excess of single-handed
helical chirality of poly-1 induced by a small amount of (R)-
2 was significantly amplified by the co-addition of excess


achiral 5 to give poly-1 with almost the complete single-
handed helix.[9] The ICD intensity of the poly-1-(R)-2 com-
plex ([(R)-2]/[poly-1]=0.5) increased with increasing con-
centration of 5 and reached the maximum value at [5]
[poly�1]=2.5. However, further addition of 5 caused a
slight decrease in the ICD intensity (d in Figure 1B), proba-
bly because the excess amount of 5 prevents the interaction
of (R)-2 with poly-1. When (S)-2 is used instead with achiral
5 ([(S)-2]/[poly-1]/[5]=0.5/1/2.5), poly-1 with the opposite
single-handed helicity is observed (entry 9 in Figure 2). We
note that even at [(R)-2]/[poly-1]=0.3 and 0.1, the co-addi-
tion of achiral 5 remarkably induced an excess of a single-
handed helix on poly-1 ([q]2nd/[q]max=0.94 and 0.43, respec-
tively; see entries 7 and 6 in Figure 2). It is worth noting
that a mixture of poly-1, (R)-2, and 5 ([(R)-2]/[poly-1]/[5]=
0.05/1/2.95) showed a relatively intense ICD ([q]2nd/[q]max=


0.23), whereas poly-1 exhibited almost no ICD under the
same conditions in the absence of 5 (see entries 5 and 1 in
Figure 2).[10]


Similar chiral amplification in macromolecular helicity of
the poly-1-(R)-2 complex at [(R)-2]/[poly-1]=0.5 was also
observed when other achiral amines (4 and 6–9) were used
instead of 5, as evidenced by the increase in optical activity.
The best results using the optimum concentration of the


Figure 1. A) CD spectra of the poly-1-(R)-2 complexes in the absence
([(R)-2]/[poly-1]=0.5 (a) and 10 (b)) and presence ([(R)-2]/[poly-1]/[5]=
0.5/1/2.5 (c)) of 5. Changes in the second Cotton intensity ([q]2nd) in the
complexation of poly-1 (3 mgmL�1) with (R)-2 in the absence and pres-
ence of 5 in DMSO at ambient temperature (24–26 8C) are also shown in
B; the molar ratio of 5 to poly-1 was a) 0, b) 1.0, c) 2.5, and d) 4.5.
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achiral amines for the chiral amplification are summarized
in Figure 2 (entries 10–14) (see also Table S1 in the Support-
ing Information). Although all achiral amines more or less
enhanced the ICD values, the extent of macromolecular hel-
icity amplification in poly-1 was not as significant as that of
5 and was dependent on the structures of the achiral amines.
The ICD values tended to increase with an increase in the
bulkiness of the achiral amines in the order 4<7, 9<6!5,
except for 8, which has two bulky substituents at the a posi-
tion. A steric repulsion between the bulky (R)-2 and achiral
amines complexed with poly-1 must facilitate the induction
of the predominantly single-handed helical conformation on
poly-1, probably because the population of the helical rever-
sals between the interconverting right- and left-handed heli-
cal segments of the poly-1 chains may be reduced upon
complexation with the bulky chiral and achiral amines. This
tendency is in good agreement with the previously reported
results.[11] Among the achiral amines tested, 6, 7, and 9
showed a relatively high chiral amplification, but the co-ad-
dition of an achiral amino alcohol 4, which acted as an ex-
cellent achiral amine for the chiral amplification of poly-1
with a small amount of (S)-3,[6b] showed almost no enhance-
ment of the ICD. The reason for this is not clear at present,
but the combination of chiral and achiral amines may be im-
portant.


Memory of the amplified macromolecular helicity of poly-1:
We then investigated whether the macromolecular helicity


of poly-1, induced by a small amount of (R)-2 followed by
amplification in the presence of 5, could be memorized by
replacing (R)-2 and 5 with achiral amines, such as 2-aminoe-
thanol (4) and n-butylamine (7), which were good chaperon-
ing molecules for assisting in the memory of the helical con-
formation of poly-1 induced by excess (R)-2.[7a] The memory
experiments were performed in the same way as previously
reported,[6c,7a] and the results are summarized in Figure 2.
The memorized poly-1 was isolated from the mixture of
poly-1, (R)-2, and 5 ([(R)-2]/[poly-1]/[5]=0.5/1/2.5) by size
exclusion chromatography (SEC) by using a solution of 4
(0.8m) and 7 (0.008m) in DMSO as the eluent. During the
SEC fractionation, the (R)-2 and 5 complexed with poly-1
were completely separated from poly-1.[12] The poly-1 frac-
tions containing an excess achiral 4 and 7 showed an intense
ICD ([q]2nd/[q]max=0.98 (4) and 1.05 (7)), comparable to
that measured before the SEC fractionation ([q]2nd/[q]max=


1.04) (entry 8 in Figure 2). These results indicate that the
macromolecular helicity of the poly-1 induced by a small
amount of (R)-2 and subsequently amplified by 5 is almost
completely memorized in the presence of achiral 4 or 7.
When (S)-2 was used instead, the macromolecular helicity
with the opposite helix-sense was retained in the same
manner (entry 9 in Figure 2). The macromolecular helicities
of poly-1 amplified by 4 and 6–9 were also efficiently memo-
rized by replacing with 4 and 7 (entries 10–14 in Figure 2).
As previously reported, the memory of macromolecular


helicity of poly-1 induced by an excess (R)-2 was maintained
for a long time at ambient temperature after complete re-
placement of (R)-2 with achiral 4.[6c,7a] We further investigat-
ed the stability of the helical poly-1 induced by a small
amount of (R)-2 and various achiral amines (4–9) and mem-
orized by 4 and 7. As shown in Figure 3A, the [q]2nd values


Figure 2. Results of chiral amplification in macromolecular helicity of poly-1 by achiral amines (white bar) and memory of the helical chirality with 4
(black bar) and 7 (gray bar). [q]max=�3.1H104 was used as the maximum value for the poly-1-(R)-2 complex ([(R)-2]/[poly-1]=10). In entry 9, (S)-2 was
used instead of (R)-2. In entries 10–14 show the optimum concentrations of achiral amines examined for chiral amplification. In entry 13, a larger
amount of 9 could not be used because of the solubility limit of 9 in the presence of poly-1 in DMSO. The fractionation of poly-1 from the mixture of
poly-1, (R)-2, and achiral amines by SEC was performed by using a solution of 4 (0.8m) or 7 (0.008m) in DMSO after the samples had been allowed to
stand at ambient temperature (24–26 8C) for 19.5 (entries 1–4), 25 (entries 5–8), 20 (entries 9, 10, and 12), and 41 h (entries 11, 13, and 14).
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of the isolated poly-1 com-
plexed with 4 further increased
with time, except for poly-1
chirally amplified by 4 before
the memory. The CD intensities
reached almost constant values
after approximately 2–4 weeks
and were maintained for about
three months at ambient tem-
perature. The memorized helical conformation of poly-1 by
7 did not show such a further increase in their CD intensi-
ties; the [q]2nd values hardly changed over three months at
ambient temperature.


Conclusion


In summary, we have, for the first time, demonstrated that
the slight excess of the single-handed helical sense of poly-1
induced by a small amount of (R)-2 was dramatically ampli-
fied by the co-addition of achiral 5 to give the almost com-
plete single-handed helix and the amplified helical chirality
was memorized by replacing (R)-2 and 5 with various achi-
ral amines.[13] These results indicate that the chiral amplifica-
tion followed by the memory of the helical chirality process
can be used as a promising method to construct novel, func-
tional helical polymers with the desired pendant in a single-
handed helical array using a small amount of optically
active compounds as a helix inducer. The same process but
with a catalytic amount of a chiral amine should be more
versatile and further studies along this line are now in prog-
ress.


Experimental Section


Materials : (R)-2 and (S)-2 were kindly supplied from Yamakawa Chemi-
cal (Tokyo, Japan), distilled under reduced pressure, and stored under ni-
trogen. Anhydrous DMSO (water content <0.005%), 1-naphthylmethyl-
amine (5), diphenylaminomethane (8), and 1-adamantaneamine (9) were
purchased from Aldrich. The amines, 5 and 8 were purified by distillation
under reduced pressure, and stored under nitrogen. 2-Aminoethanol (4)


(Kishida, Osaka, Japan) was dried over calcium oxide under nitrogen and
distilled under reduced pressure. Benzylamine (6) (TCI, Tokyo, Japan)
and n-butylamine (7) (Kishida) were dried over calcium hydride and dis-
tilled under nitrogen. These amines were stored under nitrogen.


cis–transoidal Poly-1: cis–transoidal Poly-1 was prepared by the polymer-
ization of 4-ethynylbenzoic acid with [Rh(nbd)2]ClO4 (nbd=norborna-
diene; Aldrich) in water in the presence of diethylamine at 30 8C for 3 h
according to the previously reported method (Scheme 1).[14] The stereore-
gularity of the obtained polymer was examined by measuring 1H NMR
and laser Raman spectroscopy and found that it was almost complete
cis–transoid.[15] The molecular weight (Mn) and the distribution (Mw/Mn)
of poly-1 were estimated to be 13.0H104 and 4.3, respectively, as its
methyl ester by size exclusion chromatography (SEC) with polystyrene
standards using chloroform as the eluent. Conversion of poly-1 into the
methyl ester was carried out by using diazomethane in diethyl ether ac-
cording to the previously reported method.[6b]


Instruments : NMR spectra were measured on a Varian VXR-500S
(500 MHz for 1H) spectrometer in [D6]DMSO with the solvent residual
peak as the internal standard. Laser Raman spectra were taken on a


Jasco NRS-1000 spectrophotometer. Absorption and CD spectra were
measured on a Jasco V-570 spectrophotometer and a Jasco J-725 spectro-
polarimeter (Hachioji, Japan) in a 0.1 or 4.0 mm quartz cell, respectively.
The concentration of poly-1 was calculated based on the monomer units,
and was corrected using the e (molar absorptivity) of poly-1 (e400=3180).
SEC was performed with a Jasco PU-980 liquid chromatograph equipped
with a UV-visible (254 nm; Jasco UV-970) detector at 40 8C. A Tosoh
TSKgel MultiporeHXL-M SEC column was connected and chloroform
was used as the eluent at a flow rate of 1.0 mLmin�1. The molecular
weight calibration curve was obtained with polystyrene standards
(Tosoh).


CD measurements—chiral amplification experiments : A typical experi-
mental procedure is described below. Stock solutions of (R)-2
(33 mLmL�1, 205mm) and 5 (60 mLmL�1, 408mm) in DMSO were pre-
pared. Aliquots 100, 250, and 450 mL of the stock solution of 5 were
transferred to three 1 mL flasks equipped with a stopcock using a Hamil-
ton microsyringe. A 100 mL aliquot of the stock solution of (R)-2 was
added to the flasks and the solutions were diluted with DMSO, giving
40.8, 102, and 184mm solutions of 5 containing (R)-2 (20.5mm). A 12 mg/
2 mL (41mm) stock solution of poly-1 was also prepared and aliquots
400 mL of the solution were transferred to four vessels with a screwcap
by using a Hamilton microsyringe. Aliquots 400 mL of the stock solutions
of 5 (40.8, 102, and 184mm) in DMSO containing (R)-2 (20.5mm) ([(R)-
2]/[poly-1]=0.5 and[5]/[poly�1]=1.0, 2.5, and 4.5) and a 400 mL of the
stock solution of (R)-2 (20.5mm) were added to the four vessels, respec-
tively, and absorption and CD spectra were then taken for each sample
at appropriate time intervals. The same procedure was performed in the
experiments with (R)-2 and achiral 4 and 6–9 and (S)-2 and 5.


Memory of macromolecular helicity—SEC fractionation of poly-1: SEC
fractionation was performed using a Jasco PU-980 liquid chromatograph
equipped with a UV (300 nm; Jasco UV-970) detector. A Shodex KF-
806 L SEC column was connected, and a solution of 4 (0.8m) or 7
(0.008m) in DMSO was used as the mobile phase at a flow rate of
1.0 mLmin�1. A hundred microliter of the solution of the poly-1-((R)-
2+5) complex was injected to the SEC system, and the poly-1 fraction
was collected. The CD spectrum of the fractionated poly-1 was measured
in a 4 mm quartz cell. The same procedure was performed for the SEC


Figure 3. ICD intensity (2nd Cotton) changes of the fractionated poly-1
from [poly-1-{(R)-2 + achiral amines (4–9)}] (see entries 8, 10–14 in
Figure 2) by SEC by using solutions of 4 (0.8m) (A) and 7 (0.008m) (B)
in DMSO as the mobile phase component at ambient temperature.


Scheme 1.
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fractionations of poly-1 complexed with (R)-2 or (S)-2 and achiral amines
(4 and 6–9).
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Introduction


Hormaomycin (1 a), an unusual peptide lactone, which was
first isolated in 1989 from Streptomyces griseoflavus[1] and
found to have an interesting and surprisingly broad spec-
trum of biological activities,[2] shows structural features re-
markable even for the wide range of structurally flexible
secondary metabolites from microorganisms. The initial
structure investigation[1] disclosed that besides one residue
of the proteinogenic (S)-isoleucine [Ile], 1 a contains two
units of 3-(2S,3R)-methylphenylalanine [(b-Me)Phe], one of
(R)-allo-threonine [a-Thr] as well as two moieties of 3-
(1’R,2’R)-(trans-2’-nitrocyclopropyl)alanine [(3-Ncp)Ala]
and one of 4-(Z)-propenylproline [(4-Pe)Pro]. The side
chain of 1 a is terminated with the residue of 5-chloro-1-hy-
droxypyrrole-2-carboxylic acid [Chpca]. The latter three


acid residues have never been found in any natural product
before. The absolute configuration of the first four above-
mentioned structural elements of 1 a and later, partially, the
configurations of the (3-Ncp)Ala residues were clarified.[1,3]


However, the absolute configuration of the two stereocen-
ters in the (4-Pe)Pro and at the a-carbons of both (3-
Ncp)Ala residues remained undetermined. Before the total
synthesis of 1 a could be initiated,[4] a full elucidation of the
structure of 1 a (Figure 1) had to be performed and this is
presented here.
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Abstract: The complete absolute con-
figuration of hormaomycin 1 a has been
established by HPLC and HPLC/MS
experiments with appropriately deriva-
tized 4-propylprolines, (2S,4S)-6 and
(2R,4R)-6, as well as 4-(Z)-propenyl-
prolines, cis-5 and trans-5, and also
feeding experiments with enantiomeri-
cally pure samples of the deuterium-la-


beled 3-(2’-nitrocyclopropyl)alanine,
(2S)-3,3-[D2]15 and (2S)-2,2’-[D2]15,
and 4-(Z)-propenylproline 2’,4-[D2]-
(2S,4R)-5. The latter five amino acids


were prepared for the first time and al-
lowed one to unequivocally assign the
hitherto unknown absolute configura-
tions of the last four stereocenters in
hormaomycin 1 a. As a bonus, some
new information about the biosynthesis
of this molecule has also been gath-
ered.


Keywords: isotopic labeling · natu-
ral products · peptide lactone ·
structure elucidation


Figure 1. The absolute configuration of hormaomycin 1 a. Asterisks (*)
mark the stereocenters for which the absolute configuration was un-
known before.
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Results and Discussion


To begin with the determination of the configuration of the
(4-Pe)Pro moiety in hormaomycin 1 a, a fast and simple
access to 4-propenylproline [H-(4-Pe)Pro-OH], even as a
mixture of stereoisomers, was desirable. In view of the lack
of any reasonably effective preparative routes to H-(4-
Pe)Pro-OH,[5] the procedure of Moniot et al.[6] was chosen
as a starting point. Tosylate 3, prepared from 4-hydroxypro-
line (2) according to the published procedure,[6] was success-
fully alkylated with an excess of lithium di-(Z)-propenylcup-
rate[7] in THF/Et2O (1:2) to give a mixture of N-Boc-protect-
ed cis- (cis-4) and trans- (trans-4) 4-propenylprolines (ratio
1:2.2 according to the 13C NMR spectrum), which was insep-
arable by conventional methods, in 81% yield. The isomeri-
zation of the double bond was insignificant and did not
exceed 4–10% according to the 13C NMR spectrum (deter-
mined by comparison of the signal intensities of the methyl
groups: d=13.1 ppm for the (Z)-isomer and 17.8 ppm for
the (E)-isomer). A portion of this mixture was separated by
preparative HPLC to give the pure individual diastereo-
mers.[8]


The relative configuration of each stereoisomer was un-
ambiguously established by NOESY experiments
(Scheme 1). Although the 1H NMR spectra of these substan-
ces showed the presence of two rotamers, the signals of 2-H,
3-Ha, 3-Hb and 4-H were cleanly separated from each other.
For the trans-isomer, strong correlations between 2-H (d=
4.40 ppm) and 3-Ha (d=1.82, 2.01 ppm), as well as between
4-H (d=3.18–3.33 ppm) and 3-Hb (d=2.18, 2.41 ppm), while
no correlations between either 2-H and 3-Hb, or 4-H and 3-
Ha, or between 2-H and 4-H, were observed. On the contra-
ry, for the cis-isomer the direct correlation between 2-H
(d=4.22, 4.28 ppm) and 4-H (d=2.99–3.16 ppm) as well as
strong correlations between 2-H and 3-Ha (d=2.38,
2.44 ppm), and 4-H and 3-Ha could be seen, while no corre-
lation between 2-H and 3-Hb (d=1.75, 1.88 ppm) and only a
weak correlation between 4-H and 3-Hb were observed.
Both isomers were deprotected with trifluoroacetic acid,
and the appropriate amino acids—cis-5 and trans-5—were
obtained. Whereas trans-4 was deprotected smoothly to give
the corresponding hydrotrifluoroacetate in virtually quanti-
tative yield, the desired amino acid cis-5·HCl was obtained
after several recrystallizations of the hydrochloride in only
26% yield.


One sample of each amino acid was derivatized with the
(S)-FDVA [Na-2,4-dinitro-5-fluorophenyl-(S)-valine amide]
reagent[9] and the enantiomeric purity of each isomer was
determined according to the method of Marfey.[10] This ex-
periment showed ee 69% for the trans-isomer, and almost
full racemization for the cis-isomer. These data were in
good agreement with the data on the enantiomeric purities
of the isomeric 4-phenylprolines prepared by Moniot et al.
according to this procedure.[6] A second sample of each ste-
reoisomer of 4-(Z)-propenylproline was transformed into a
dabsyl (4-dimethylaminoazobenzene-4’-sulfonyl) deriva-
tive,[11] and these were compared by HPLC with the sample
of DABS-(4-Pe)Pro-OH obtained after the HPLC separa-
tion from the DABS-derivatized total hydrolysate of natural


hormaomycin 1 a. An MS/MS technique was used to deter-
mine the appropriate fraction. These experiments showed
that 1 a definitely contains a cis-(4-Pe)Pro moiety.[12]


Once the relative configuration of the (4-Pe)Pro residue
in hormaomycin 1 a was established, the absolute configura-
tion of this fragment had to be determined. Several experi-
ments failed, because it was impossible to isolate this amino
acid (or its derivatives) from the total hydrolysate of the
natural depsipeptide due to the instability of 4-(Z)-prope-
nylproline in the presence of strong acids routinely applied
for the total hydrolysis of peptides. At the same time, it had
been known for some time that the catalytic hydrogenation
of 1 a with palladium or platinum catalysts transforms the
(4-Pe)Pro moiety into the 4-propylproline residue (and also
reduces other functionalities of the molecule).[13] Therefore,
both enantiomers of cis-4-propylproline, which were neces-
sary for the determination of the absolute configuration,
were prepared (Scheme 2).


Scheme 1. Synthesis of cis- (cis-5) and trans- (trans-5) 4-(Z)-propenylpro-
lines and NOE effects for cis-4 and trans-4. a) lithium di-(Z)-propenyl-
cuprate, Et2O/THF 2:1, �40!20 8C, 16 h; b) TFA, 20 8C, 20 min; c) 2m
HCl/EtOAc, then four crystallizations from CH2Cl2/Et2O.


Scheme 2. Synthesis of both enantiomers of cis-4-propylproline (6). a) H2,
Pd/C, EtOAc, 20 8C, 15 h; b) 2m HCl/EtOAc, 20 8C, 1 h; c) LiBEt3H,
THF, �78 8C, 1 h; d) Et3SiH, BF3·Et2O, CH2Cl2, �78 8C, 2.5 h; e) 6m HCl,
85 8C, 2 h.
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Towards that end, the double bond of the enantiomerical-
ly pure N-Boc protected 4-(Z)-propenylproline (2S,4R)-4[14]


was hydrogenated over 10% Pd/C in ethyl acetate, and then
the N-Boc protection was removed with 2m HCl in EtOAc
to give the known (2S,4S)-6[15] as the hydrochloride in 79%
yield. The enantiomer (2R,4R)-6 was obtained after the de-
protection of (2R,4R)-10. The latter was prepared from the
cis-allyl derivative (2R,4R)-8 which in turn was obtained by
alkylation with allyl bromide of the enolate of the N-Boc-
protected tert-butyl (R)-pyroglutamate (R)-7[16] in the same
way as it was described for the (2S,4S)-enantiomer.[17] Hy-
drogenation of the double bond in (2R,4R)-8 over 10% Pd/
C, followed by two-step reduction of the lactam moiety of
the intermediate N,O-protected 4-propylpyroglutamic acid
(2R,4R)-9 according to the protocol of Ezquerra et al. com-
pleted this synthesis.[18] Both enantiomers of cis-4-propylpro-
line were transformed to (S)-FDVA derivatives, which were
compared with the correspondingly derivatized hydrolysate
of hydrogenated hormaomycin 1 a using an HPLC/MS tech-
nique according to the advanced Marfey method.[19] These
experiments showed that hormaomycin 1 a contains a
(2S,4R)-(4-Pe)Pro residue.


This conclusion was in accord with the results of the feed-
ing experiments with doubly deuterated (2S,4R)-2’,4-[D2]5.
The positions for the deuterium labeling were chosen to es-
tablish the possible biotransformation of the deuterated
amino acid into its stereoisomers: (R)-cis or (S)-trans. If epi-
merization at the chiral centers of this amino acid in the
course of the biosynthesis of hormaomycin 1 a had taken
place, it would have caused the loss of the deuterium label
at C-4, and the peptide lactone labeled only at C-2’ of the
(4-Pe)Pro fragment would have been obtained in the feed-
ing experiments. In addition, the second deuterium label at
C-2’ led to a visible change in the 1H NMR spectrum of 1 a
in a relatively peak-free region (between 5.3 and 6.0 ppm)
as well as avoided any scrambling of the deuterium label
during the construction of the double bond.


The nitrile 11[14] was treated with a small excess of LDA
in THF at �78 8C, and the intermediate enolate was
quenched with the saturated solution of Na2SO4 in D2O at
the same temperature (to obtain more of the desired cis-
isomer according to Takano et al.).[20] After this the separa-
ble mixture of [D]11 and its epimer epi-[D]11 was obtained
in 2:1 ratio (Scheme 3).


If D2O was used for the quenching of the enolate, a re-
versed selectivity was observed. The mixture of epimers was
separated, the trans-isomer epi-[D]11 was deprotonated
again, and the same mixture of epimers was obtained after
quenching of the enolate. The required isomer was separat-
ed and combined with the first portion to give the deuterat-
ed product [D]11 (90% deuterium content according to
1H NMR spectrum) in 67% overall yield.[21] This intermedi-
ate was transformed into the N-Boc protected doubly deute-
rium-labeled (2S,4R)-4-(Z)-propenylproline as it was previ-
ously described for the nondeuterated compound
(Scheme 4).[14,22] In this case an ylide, obtained from (1,1-di-
deuterio)ethyltriphenylphosphonium bromide was used on
the Wittig olefination step.[23] The cleavage of Boc group
with TFA gave the necessary product only in 36% yield.
Therefore, several other conditions for the Boc-deprotection
were tried (Scheme 4).[24] To increase the yield, the p-nitro-
benzyl ester [D2]12 (which was prepared by esterification of
(2S,4R)-[D2]4


[25] with p-nitrobenzyl bromide and K2CO3 in
MeCN in 93% yield) was N-Boc deprotected with 5m HCl
in Et2O to give the corresponding amino ester as a hydro-
chloride in 82% yield. The latter was hydrolyzed with equi-
molar quantity of 1m NaOH to give, after careful acidifica-
tion, the dideuterated amino acid (2S,4R)-[D2]5 in almost
quantitative yield as a mixture with NaCl. This mixture was
directly used for the feeding experiment.


The feeding of (2S,4R)-2’,4-[D2]5 led to the correspond-
ingly doubly deuterated 1 b without any loss of deuterium
label. These experiments also cleanly demonstrated that the
biosynthesis of H-(4-Pe)Pro-OH in cell takes place before
the assembly of the peptide chain of 1 a.


In the course of previous investigations to elucidate the
configurations of the (3-Ncp)Ala moieties in 1 a it became


Scheme 3. Introduction of the deuterium label at C-4 of the nitrile 11.
a) LiHMDS, THF, �78 8C, 90 min; b) Na2SO4/D2O.


Scheme 4. The final stages in the preparation of the doubly deuterium-la-
beled amino acid (2S,4R)-[D2]5. a) TFA (neat), 20 8C, 20 min, then 15 lyo-
philisations from water; b) 5n HCl/Et2O, 20 8C, 4 h; c) BF3·Et2O, CH2Cl2,
20 8C, 1 h; d) TMSI, CH2Cl2, 0 8C, 30 min; e) TFA/Me2S/CH2Cl2, 0 8C, 1 h;
f) SnCl4, CH2Cl2, 20 8C, 2 h; g) 180 8C, 30 min; h) p-O2N-PhCH2Br,
K2CO3, MeCN, 70 8C, 3 h; i) 5n HCl/Et2O, 20 8C, 3 h; j) 1n NaOH, 0 8C,
30 min, then 1n HCl.
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known that both (3-Ncp)Ala residues have the same
(1’R,2’R) configuration in the nitrocyclopropyl ring and are
epimers with respect to the configuration at the a-carbons,[3]


yet it remained unclear which epimer was incorporated in
the ring and which was attached in the side chain. To clarify
this situation, feeding experiments with enantiomerically
pure deuterium-labeled H-(3-Ncp)Ala-OH had to be carried
out. The enantioselective alkylation of the Oppolzer sultam-
derived glycine equivalent 13[26] with the known 1,1-dideu-
terio-(2’-nitrocyclopropyl)methyl iodide 1,1-[D2]16[27] gave a
mixture of enantiomerically pure diastereomers 14 in 15%
yield (Scheme 5). The subsequent two-step hydrolysis of the
latter under acidic and then under basic conditions gave the
corresponding mixture of diastereomers of the 3,3-dideuter-
io-(2’-nitrocyclopropyl)alanine (2S)-3,3-[D2]15.[28] The corre-
spondingly deuterated hormaomycin 1 c was indeed ob-
tained in the feeding experiments with (2S)-3,3-[D2]15. Ac-
cording to its ESI-MS spectrum, the molecular mass of this
product was four units higher than that of 1 a. The 2H, 13C
and 1H NMR spectra confirmed that the 3-[D2]-(3-Ncp)Ala
moiety had been incorporated both in the ring and in the
side chain of 1 a with the same probability. This indicates
firstly that H-(3-Ncp)Ala-OH is completely biosynthesized
before the assembly of the amino acids takes place and sec-
ondly that the cells of the hormaomycin-producing strain
comprise an epimerase which can convert a solely available
(2S)-isomer of H-(3-Ncp)Ala-OH to the (2R)-isomer neces-
sary to complete the biosynthesis of 1 a. In order to prove
this implication, feeding experiments with one of the enan-
tiomerically pure H-(3-Ncp)Ala-OH, labeled at C-2, had to
be carried out.


Recently, the diastereoselective alkylation of the Belo-
kon-type complex (2S)-17[29] with racemic trans-(2’-nitrocy-
clopropyl)methyl iodide 16 was applied to prepare all four
possible isomers of H-(3-Ncp)Ala-OH in good yield.[30] Fol-
lowing this protocol, the deuterated compound (2S)-[D2]17,
which was prepared by a hydrogen/deuterium isotope ex-
change in excellent yield (94%) and with a very high degree
of deuteration (> 97% of the incorporation of two deuteri-
um atoms per molecule),[31] was deprotonated with sodium
hydride. The enolate thus generated in turn was alkylated
with the racemic iodide 16 in a mixture of [D3]acetonitrile


[32]


and dimethylformamide to give a 2-deuterated (2S)-(2’-ni-
trocyclopropyl)alanine precursor in 70% yield. The MS and
NMR spectra of this product showed that a hydrogen/deute-
rium exchange had also taken place in the 2’’-position of the
cyclopropyl ring, in other words, the product was the precur-
sor to (2S)-2,2’-dideuterio-2-(2’-nitrocyclopropyl)alanine
(2S)-2,2’-[D2]15. This amino acid was obtained with 88%
deuterium label in the 2- and 60% in the 2’-position by hy-
drolysis of (2S)-[D2]18 and ion exchange chromatography in
68% yield.


This observation appeared to markedly contradict earlier
results by Seebach et al. on the possibility of deprotonating
and alkylating of nitrocyclopropanes.[33] Therefore, the un-
deuterated Ni complex (2S,2’S,1’’R,2’’R)-18[24] in a CD3CN/
DMF mixture was treated with sodium hydride to give, after
quenching with dilute D2SO4 in D2O, 55 and 65%, respec-
tively, incorporation of deuterium in the 2’- and 2’’-positions


of the (3-Ncp)Ala moiety of 18.[34] Under the same condi-
tions, nitrocyclopropane (20) and the O-trityl protected
(1’S,2’S)-(2’-nitrocyclopropyl)methanol 19[3] gave deuterated
analogues in 25 and 72% yield. In the case of 19, the
1H NMR spectrum of the crude product showed that partial
(about 5–7%) epimerization had taken place.


The successful feeding experiment with (2S)-2,2’-[D2]15
gave the deuterium labeled hormaomycin 1 d which, accord-
ing to its 1H NMR data (see Figure 2), was enriched with
deuterium at three positions, namely at the 2’-position of
the (3-Ncp)Ala I moiety in the lactone ring of 1 a as well as
at the C-2 and C-2’ positions of the (3-Ncp)Ala II residue in
the side chain of 1 a.[35] This observation rigorously proves
that the (2R)-(3-Ncp)Ala moiety is placed in the ring and
the (2S)-residue is positioned in the side chain of 1 a.


It is also noteworthy that the degree of deuteration at C-2
position of (3-Ncp)Ala II (40%) was significantly lower
than the 88% in the fed sample of (2S)-2,2’-[D2]15 as meas-
ured by the respective decrease of the intensity of the 2-H
signal of (3-Ncp)Ala II moiety in the 1H NMR spectrum of
1 d compared with the appropriate signal in the 1H NMR
spectrum of the nondeuterated hormaomycin 1 a. By con-
trast, the degree of deuteration at C-2’ of both (3-Ncp)Ala
moieties of 1 d (60%) was as high as for (2S)-2,2’-[D2]15.
This corroborates that the deuterium at C-2 of (2S)-2,2’-
[D2]15 is partly exchanged before the hormaomycin mole-


Scheme 5. Synthesis of deuterated (2S,1’RS,2’RS)-3-(trans-2’-nitrocyclo-
propyl)alanines 3,3-[D2]15 and 2,2’-[D2]15 as well as related deuterium
exchange experiments. Reagents and conditions: a) nBuLi, THF, �70 8C,
1 h; b) 1,1-[D2]16, HMPT, THF, �78!20 8C, 48 h; c) 0.5m HCl, THF,
20 8C, 48 h; d) LiOH, THF/H2O, 20 8C, 48 h; e) Na2CO3 (cat.), MeOD/
CDCl3/D2O, 50 8C, 24 h (twice); f) 16, NaH, CD3CN/DMF, �70!20 8C,
50 min; g) 6m HCl, MeOH, 65 8C, 10 min; h) Amberlite IRA-120 in H+


form; i) NaH, CD3CN/DMF, �25!20 8C, 50 min.
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cule is assembled at the respective synthetase or synthetases.
Normally, an epimerase is part of the corresponding module
of the multienzyme complex. In the case of this amino acid
two differently located epimerases possibly compete.


In summary, the hitherto unknown absolute configura-
tions of four stereocenters in hormaomycin 1 a have been es-
tablished by appropriate HPLC and HPLC/MS as well as
feeding experiments with several enantiomerically pure deu-
terium-labeled 3-(2’-nitrocyclopropyl)alanine and cis-4-(Z)-
propenylproline specimen, all prepared for the first time. As
a benefit, some new information about the biosynthesis of
this molecule has also been gathered.


Experimental Section


General remarks : Chemistry: 1H NMR spectra: Bruker AM 250
(250 MHz), AMX 300 (300 MHz) or Varian Unity 300 (300 MHz), Inova
500 (500 MHz), Inova 600 (600 MHz). Proton chemical shifts are report-
ed in ppm relative to residual peaks of deuterated solvents. Higher order
NMR spectra were approximately interpreted as first-order spectra, if
possible. 13C NMR spectra [additional DEPT (Distortionless Enhance-
ment by Polarization transfer) or APT (Attached Proton Test)]: Bruker
AM 250 (62.9 MHz), AMX 300 (75.5 MHz) or Varian Unity 300
(75.5 MHz), Inova 500 (125.7 MHz), Inova 600 (150.9 MHz) instruments.
13C chemical shifts are reported relative to peak of solvent or to dioxane


in D2O (d=67.19 ppm). IR spectra: Bruker IFS 66 (FT-IR) spectrometer
as KBr pellets or oils between KBr plates. MS: EI-MS: Finnigan MAT
95, 70 eV, high resolution EI-MS spectra with perfluorokerosene as refer-
ence substance; DCI-MS: Finnigan MAT 95, 200 eV, reactant gas NH3;
ESI-MS: Finnigan LCQ. HPLC-MS: pump: Flux Instruments Rheos
4000; degasser: Flux Instruments ERC 3415a ; detector: Linear UVIS-
205; data system: Flux Instruments Janeiro; ESI: Finnigan LCQ, positive
and negative mode; data system: Finnigan LCQ Xcalibur; column: Crom
Superspher 100 RP-18 endcapped (4 mm, 2T100 mm); HPLC conditions:
eluent A: H2O (0.05% HCOOH), eluent B: 90% MeCN (0.05%
HCOOH), 30!70% B for 30 min, flow rate: 300 mLmin�1. HPLC:
pump: Kontron 322 system, detector: Kontron DAD 440, mixer: Kontron
HPLC 360, data system: Kontron Kromasystem 200, columns: Knauer
Nucleosil-100 C18 (analytical, 5 mm, 3 mmT250 mm), Knauer Nucleosil-
100 C18 (preparative, 5 mm, 8 mmT250 mm). HPLC conditions: A, iso-
cratic, 55% MeCN in H2O (0.1% TFA); B, isocratic 55% MeOH in H2O
for 20 min, then 55!75% MeOH for 8 min, then 75!80% MeOH for
10 min; C, isocratic, 78% acetonitrile in H2O (0.05% HCOOH). Optical
rotations: Perkin-Elmer 241 digital polarimeter, 1 dm3 cell. M.p.: B7chi
510 capillary melting point apparatus, uncorrected values. TLC: Macher-
ey-Nagel precoated sheets, 0.25 mm Sil G/UV254. Column chromatogra-
phy: Merck silica gel, grade 60, 230–400 mesh and Baker silica gel, 40–
140 mesh. Starting materials: Anhydrous diethyl ether and THF were ob-
tained by distillation from sodium/benzophenone, CH2Cl2 and DMF from
molecular sieves 4 U. Compounds 3,[6] (2S,4R)-4,[14] (R)-13,[26] 16,[27,30] 1,1-
[D2]16,[27] 17,[29] 19[3] were prepared as described elsewhere, and (2R,4R)-
8 as it was previously described for the (2S,4S)-isomer.[15b] All other
chemicals were used as commercially available (Merck, Acros, BASF,
Bayer, Aldrich, Fluka, Hoechst, Degussa AG). Organic extracts were
dried over anhydrous MgSO4. Microbiology: Shaking incubator: Braun


Figure 2. Comparison of 1H NMR (600 MHz, CDCl3) spectra of hormaomycin 1 a and deuterium-labeled hormaomycins 1 b, 1c, 1d. The arrows indicate
signals, the intensity of which has decreased due to deuteration.
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BS4. Fermenter: Braun Biostat M. media (per liter of distilled water):
M2Ca: malt extract (10 g), glucose (4 g), yeast extract (4 g), agar-agar
(20 g), CaCO3 (0.5 g), pH 7.0; M6: d-mannitol (20 g), soybean flour
(20 g), meat extract (20 g), NaCl (2 g), l-valine (0.3 g), ZnSO4·6 H2O
(0.5 g), pH 7.3; M10: d-mannitol (50 g), l-asparagine (3 g), K2HPO4


(1 g), NaCl (25 g), MgSO4·7H2O (50 mg), CaCl2·2H2O (50 mg),
CH3COONa (420 mg), meso-inositol (100 mg), vitamins solution (1 mL):
thiamine hydrochloride (1 g), calcium d-pantothenate (1.2 g), flavine
mononucleotide (1 g), nicotinic acid (2.3 g), pyridoxine hydrochloride
(12 g), p-aminobenzoic acid (200 mg), vitamin B12 (100 mg), folic acid
(10 mg), biotin (6 mg), trace elements solution (10 mL): CaCl2·2H2O
(8 g), MnCl2·2H2O (5 g), ZnCl2 (50 mg), CuCl2·2H2O (50 mg),
FeCl2·6H2O (50 mg). In each case the quantities of compounds for the
preparation of 1 L of media are given. For the dilution demineralized
water was used. After adjusting the pH with 0.5m NaOH or 0.5m HCl,
all media were sterilized at 121 8C for 30 min. The vitamins solution was
added to M10 after sterile filtration and autoclavation. All ingredients
were purchased from Merck, Gibco, Difco, Sigma, Riedel de Haen and
Henselwerk GmbH.


Total hydrolysis of hormaomycin 1 a and hydrogenated hormaomycin :
The respective peptide was hydrolyzed with 6m HCl/AcOH (1:1, 0.5 mL
per 1 mg of peptide) in sealed tubes at 105 8C within 24 h. The solvent
was then removed under reduced pressure, and the residue was used for
further derivatization.


Derivatization of the amino acids 5 or the hydrolysate of 1 a with DABS-
Cl (4-dimethylaminoazobenzene-4’-sulfonyl chloride): 20 drops of a fresh-
ly prepared solution of DABS-Cl (4 nmolmL�1) was added to the sample
(ca. 0.1 mg) of cis-5 or trans-5, or the hydrolysate of 1a dissolved in five
drops of 50mm NaHCO3 (pH 8.1), and it was heated at 70 8C for 10 min.
After this, the reaction mixture was diluted with 50mm phosphate buffer
(1 mL; pH 7.0)/ethanol (1:1) and was directly used for the HPLC experi-
ments.


Derivatization of the amino acids 6 or the hydrolysate of hydrogenated
1a with (S)-FDVA : The pH of a solution of 0.4 mg of the respective
sample in H2O (0.5 mL) was adjusted to 9 with 1m NaHCO3 and a 1%
solution of (S)-FDVA in acetone (0.1 mL) was added. The reaction mix-
ture was stirred at 40 8C for 1 h, and then the pH was adjusted to 6–7
with 0.1m HCl. After this, the reaction mixture was diluted with MeCN
(1 mL) and was directly used for HPLC/MS experiments.


(2S,4R)-4-Tosyloxy-N-Boc-proline (3):[6] M.p. 138–139 8C; Rf=0.19
[hexane/EtOAc 1:2 (1.5% AcOH)]; [a]=�62.7 (c=0.33, CHCl3);
1H NMR (250 MHz, CDCl3): d=1.39, 1.44 [2Ts, 9H, C(CH3)3], 2.14–2.67
(m, 2H, 3-HA, 5-HA), 2.46 (s, 3H, CH3), 3.45–3.81 (m, 2H, 3-HB, 5-HB),
4.39, 4.42 (2Tt, J=8 Hz, 1H, 2-H), 5.02 (m, 1H, 4-H), 7.37 (d, J=
8.25 Hz, 2H, 3’-H), 7.79 (d, J=8.25 Hz, 2H, 2’-H); 13C NMR (62.9 MHz,
CDCl3): d=21.6 (+ , CH3), 28.0, 28.2 [+ , C(CH3)3], 35.3, 37.0 (�, C-3),
51.8, 52.3 (�, C-5), 51.2 (+ , C-2), 78.2, 78.6 [Cquat, C(CH3)3], 81.2, 81.8
(+ , C-4), 127.7 (+ , C-3’), 130.1 (+ , C-2’), 133.1, 133.2 (Cquat, C-4’), 145.3
(Cquat, C-1’), 153.2, 155.0 (Cquat, NCO2), 175.2, 177.5 (Cquat, C-1); IR
(KBr): ñ = 3062, 2985, 2956, 1754, 1635, 1433, 1171 cm�1; elemental anal-
ysis calcd (%) for C17H23NO7S (385.4): C 52.98, H 6.01, N 3.63; found C
52.67, H 6.19, N 3.55.


cis- and trans-N-Boc-4-(Z)-Propenylprolines (cis-4 and trans-4): A solu-
tion of cis-1-bromopropene (0.3 mL, 5.01 mmol) in diethyl ether (3 mL)
was added within 5 min with stirring at �10 8C under argon (Ar) to a Li
chip (0.087 g, 12.53 mmol) in anhydrous diethyl ether (7 mL). The mix-
ture was stirred at the same temperature for an additional 1 h and was
then added to a suspension of CuBr·Me2S (0.529 g, 2.57 mmol) in diethyl
ether (15 mL) at �45 to �40 8C (internal temperature) within 10 min.
After 1 h, a solution of 3 (0.29 g, 0.75 mmol) in THF (10.5 mL) was
added within 15 min at the same temperature to the resulting almost
clear yellowish-green solution of lithium di-(Z)-propenylcuprate, and the
reaction mixture was allowed to warm up to 20 8C over a period of 16 h.
The dark-colored reaction mixture was cooled in an ice-water bath and
treated with saturated NH4Cl (5–10 mL). Sodium hydroxide (10%) was
added to adjust the pH to 10, and the organic layer was separated. The
aqueous phase was washed with Et2O (3T10 mL), acidified with 4n
H2SO4 to pH 2–3 and then extracted with ethyl acetate (2T20 mL). The
combined organic layers were washed with water (2T10 mL), then with
brine (2T5 mL), dried and concentrated under reduced pressure. The


residue was filtered through a pad of silica gel (6 cm) with MeOH/CHCl3
1:10 to give, after evaporation of solvents, 4-(Z)-propenylproline
(155 mg, 81%) as an inseparable mixture of diastereomers with a ratio of
2.2:1 (according to the 13C NMR spectrum). An aliquot (25 mg) of this
mixture was separated by HPLC (conditions A, flow rate 3 mLmin�1) to
give the trans-4 isomer (13.8 mg, tR=6.84 min) and the cis-4 isomer
(5.4 mg, tR=6.35 min) in pure form.


trans-4 : M.p. 41–45 8C; 1H NMR (500 MHz, CDCl3): d=1.42, 1.48 [2Ts,
9H, C(CH3)3], 1.66 (d, J=6.0 Hz, 3H; 3’-H), 1.82 (ddd, J=11.9, 11.9,
9.1 Hz, 0.7H, 3-Ha), 2.01 (ddd, J=11.9, 11.9, 10.3 Hz, 0.3H, 3-Ha), 2.11–
2.24 (m, 0.3H; 3-Hb), 2.41 (dd, J=12.6, 6.2 Hz, 0.7H; 3-Hb), 2.97 (dd, J=
10.0 Hz, 0.7H, 5-Ha), 3.05 (dd, J=9.5 Hz, 0.3H, 5-Ha), 3.18–3.33 (m, 1H,
4-H), 3.58 (dd, J=8.5, 8.5 Hz, 0.7H, 5-Hb), 3.76 (dd, J=9.3, 9.3 Hz, 0.3H,
5-Hb), 4.31 (d, J=9.5 Hz, 0.3H, 2-H), 4.40 (d, J=8.5 Hz, 0.7H, 2-H), 5.25
(dd, J=9.8, 9.8 Hz, 1H, 1’-H), 5.52 (dq, J=9.8, 7.0 Hz 1H, 2’-H), 6.40–
7.50 (br, 1H, CO2H); 13C NMR (125.7 MHz, CDCl3): d=13.2 (+ , CH3),
28.2, 28.3 [+ , C(CH3)3], 34.2, 35.2 (+ , C-4), 35.1, 37.0 (�, C-3), 51.4, 51.9
(�, C-5), 58.9, 59.2 (+ , C-2), 80.3, 81.3 [Cquat, C(CH3)3], 126.7, 126.9 (+ ,
C-2’), 129.2, 129.6 (+ , C-1’), 153.8, 156.0 (Cquat, NCO2), 175.4, 178.4
(Cquat, C-1); IR (KBr): ñ =3023, 2981, 2880, 1722, 1650, 1404, 1227,
1159 cm�1; MS (EI, 70 eV): m/z (%): 255 (1) [M +], 210 (8) [M +


�CHO2], 182 (2) [M +�C4H9O], 154 (100) [M +�C5H9O2], 110 (70)
[C7H12N


+], 87 (8), 57 (80) [C4H9
+]; HRMS (EI): calcd for C13H21NO4:


255.1471; found 255.1471.


cis-4 : M.p. 65–68 8C; 1H NMR (500 MHz, CDCl3): d=1.41, 1.45 [2Ts,
9H, C(CH3)3], 1.65 (d, J=6.5 Hz, 3H; 3’-H), 1.75 (ddd, J=12.5, 10.3,
10.3 Hz, 0.5H, 3-Hb), 1.88 (ddd, J=12.0, 10.0, 10.0 Hz, 0.5H, 3-Hb), 2.38
(dddd, J=13.0, 7.0, 7.0, 7.0 Hz, 0.5H; 3-Ha), 2.44 (dddd, J=12.5, 6.5, 6.5,
6.5 Hz, 0.5H; 3-Ha), 2.99–3.16 (m, 2H, 4-H, 5-Ha), 3.67 (dd, J=9.3,
7.3 Hz, 0.5H, 5-Hb), 3.69–3.78 (m, 0.5H, 5-Hb), 4.22 (dd, J=8.3, 8.3 Hz,
0.5H, 2-H), 4.28 (dd, J=8.3, 8.3 Hz, 0.5H, 2-H), 5.23 (ddq, J=10.8, 10.8,
1.8 Hz, 1H, 1’-H), 5.52 (dq, J=10.8, 6.5 Hz, 1H, 2’-H), 6.82–7.57 (br, 1H,
CO2H); 13C NMR (125.7 MHz, CDCl3): d=13.2 (+ , CH3), 28.2, 28.4 [+ ,
C(CH3)3], 35.8, 36.0 (+ , C-4), 35.9, 37.4 (�, C-3), 51.5, 52.1 (�, C-5),
59.3, 59.6 (+ , C-2), 80.4, 81.0 [Cquat, C(CH3)3], 126.6, 126.9 (+ , C-2’),
129.2, 129.3 (+ , C-1’), 153.6, 155.6 (Cquat, NCO2), 176.3, 178.6 (Cquat, C-1);
IR (KBr): ñ=3020, 2975, 2943, 1736, 1633, 1441, 1252, 1168 cm�1; MS
(EI, 70 eV): m/z (%): 255 (1) [M +], 210 (8) [M +�CHO2], 182 (2) [M +


�C4H9O], 154 (100) [M +�C5H9O2], 110 (70) [C7H12N
+], 87 (8), 57 (80)


[C4H9
+]; HRMS (EI): calcd for C13H21NO4: 255.1471; found 255.1471.


trans-4-(Z)-Propenylproline hydrotrifluoroacetate (trans-5·TFA): Com-
pound trans-4 (13.8 mg, 0.054 mmol) was deprotected with TFA (1 mL)
at 20 8C for 20 min. The resulting solution was concentrated under re-
duced pressure to give the hydrotrifluoroacetate trans-5·TFA (13.9 mg,
96%) as a hydroscopic light pink solid. 1H NMR (250 MHz, CD3OD):
d=1.72 (dd, J=7.0, 1.8 Hz, 3H, 3’-H), 2.11–2.29 (m, 1H, 3-Ha), 2.35–2.53
(m, 1H, 4-H), 3.02 (dd J=9.5, 11 Hz, 1H, 3-Hb), 3.60 (dd, J=7.5,
11.1 Hz, 1H, 5-Hb), 4.55 (dd, J=4.7, 9.6 Hz, 1H, 2-H), 5.35 (ddq, J=9.8,
9.8, 1.8 Hz, 1H, 1’-H), 5.74 (ddq, J=9.8, 1.0, 7.0 Hz, 1H, 2’-H); the resid-
ual peak of CD2HOD superimposed the signal of 5-Ha;


13C NMR
(62.9 MHz, CD3OD): d=13.5 (+ , C-3’), 36.2 (�, C-3), 36.2 (+ , C-4), 51.9
(�, C-5), 60.7 (+ , C-2), 117.9 (q, J=289 Hz, CF3), 128.9 (+ , C-2’), 129.7
(+ , C-1’), 162.1 (q, J=37.4 Hz, CF3CO), 171.9 (Cquat, C-1); IR (film): ñ=
3250–1950, 1679, 1631, 1410, 1203, 1137 cm�1; MS (EI, 70 eV): m/z (%):
155 (3) [M +], 110 (100) [M +�CHO2], 87 (16), 69 (43) [CF3


+], 51 (16),
45 (45) [CHO2


+], 41 (15) [C3H5
+]; HRMS (EI): calcd for C8H13NO2:


155.0946·113.9928; found 155.0946.


cis-4-(Z)-Propenylproline hydrochloride (cis-5·HCl): Compound cis-4
(10.2 mg, 0.040 mmol) was deprotected with TFA (1 mL) at 20 8C for
20 min. The resulting solution was concentrated under reduced pressure.
The residue was taken up with 2m HCl/EtOAc (3T2 mL), and the solu-
tion then was concentrated under reduced pressure. The residue was re-
crystallized four times from CH2Cl2/Et2O to give, after prolonged drying
at 0.01 Torr, hydrochloride cis-5·HCl (2.0 mg, 26%) as a hydroscopic
brownish semisolid. 1H NMR (250 MHz, D2O): d=1.47 (dd, J=6.9,
1.9 Hz, 3H, 3’-H), 1.61–1.81 (m, 1H, 3-Hb), 2.45 (ddd, J=13.0, 7.1,
7.1 Hz, 1H, 3-Ha), 2.90 (dd J=10.1, 10.1 Hz, 1H, 5-Ha), 3.24 (ddddd, J=
9.0, 9.0, 9.0, 9.0, 9.0 Hz, 1H, 4-H), 3.31–3.42 (m, 1-H, 5-Hb), 4.25 (dd, J=
8.9 Hz, 1H, 2-H), 5.11 (ddq, J=8.8, 8.8, 1.9 Hz, 1H, 1’-H), 5.44–5.58 (m,
1H, 2’-H); 13C NMR (62.9 MHz, D2O): d=13.1 (+ , C-3’), 35.6 (�, C-3),
36.5 (+ , C-4), 50.8 (�, C-5), 60.5 (+ , C-2), 127.7 (+ , C-2’), 129.6 (+ , C-
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1’), 172.7 (Cquat, C-1); MS (ESI): positive mode: m/z (%): 178 (6) [M +


+Na], 156 (100) [M ++H].


Determination of the relative configuration of the (4-Pe)Pro residue in 1:
The total hydrolysate of 1, derivatized with DABS-Cl, was separated by
HPLC (conditions B, flow rate 2.5 mLmin�1), and then ESI/MS spectra
were measured for the obtained fractions. The peak with tR=32.8 min
corresponded, according to its ESI/MS spectrum, to the (4-Pe)Pro deri-
vate. It was compared by HPLC with the derivates of cis- and trans-pro-
penylproline. Conditions B, flow rate 0.8 mLmin�1: cis-isomer: tR=
32.57 min, mixed sample: 1 peak; trans-isomer: tR=33.37 min, mixed
sample: 2 peaks; conditions C, flow rate 0.8 mLmin�1: cis-isomer: tR=
9.71 min, mixed sample: 1 peak, trans-isomer: tR=10.04 min, mixed
sample: 2 peaks.


(2S,4S)-Propylproline hydrochloride [(2S,4S)-(6)·HCl]: (2S,4R)-4 (20 mg,
0.078 mmol) was hydrogenated over 10% Pd/C (5 mg) in EtOAC (2 mL)
under ambient pressure of hydrogen at 20 8C for 15 h. The reaction mix-
ture was filtered, the solvent was removed under reduced pressure, and
the residue was treated with 2n HCl in EtOAc at 20 8C for 1 h. The sol-
vent was removed and (2S,4S)-6·HCl was obtained as an extremely hy-
groscopic colorless solid (12 mg, 79%). [a]20D =�7.8 (c=1.0, CHCl3).


tert-Butyl (2R,4R)-N-Boc-4-propylpyroglutaminate [(2R,4R)-9]: Com-
pound (2R,4R)-8 (220 mg, 0.68 mmol) was hydrogenated over 10% Pd/C
(90 mg) in EtOAc (10 mL) under ambient pressure of hydrogen at 20 8C
for 15 h. The reaction mixture was filtered, the solvent was removed
under reduced pressure, and the crude product was purified by column
chromatography (Rf=0.46, hexane/EtOAc 4:1) to give (2R,4R)-9 as a
colorless oil (198 mg, 90%). 1H NMR (250 MHz, CDCl3): d=0.89 (t, J=
7.1 Hz, 3H, 3’-H), 1.28–1.50 (m, 3H, 1’-Ha, 2’-H), 1.46 [s, 9H, C(CH3)3],
1.48 [s, 9H, C(CH3)3], 1.52–1.67 (m, 1H, 3-Ha), 1.72–1.91 (m, 1H, 1’-Hb),
2.42–2.61 (m, 2H, 3-Hb, 4-H), 4.36 (dd, J=8.8, 6.3 Hz, 1H, 2-H);
13C NMR (62.9 MHz, CDCl3): d=13.6 (+ , C-3’), 20.1 (�, C-2’), 27.7 (�,
C-1’), 27.7 [+ , 2TC(CH3)3], 33.0 (�, C-3), 42.2 (+ , C-4), 57.9 (+ , C-2),
81.8 [Cquat, C(CH3)3], 83.0 [Cquat, C(CH3)3], 149.3 (Cquat, NCO2), 170.4
(Cquat, C-1), 175.4 (Cquat, C-5); IR (film): ñ=2978, 2934, 2874, 1792, 1744,
1719, 1316, 1158 cm�1; MS (CI): m/z (%): 362 (8) [M ++2NH4�H], 345
(88) [M ++NH4], 328 (6) [M ++H].


tert-Butyl (2R,4R)-N-Boc-4-propylprolinate [(2R,4R)-10]: A 1m solution
of lithium triethylborohydride in THF (0.8 mL) was added under an at-
mosphere of nitrogen to a solution of (2R,4R)-9 (198 mg, 0.61 mmol) in
THF (5 mL) at �78 8C. After 1 h the reaction was quenched with saturat-
ed aqueous NaHCO3 (2 mL), and the mixture warmed to 0 8C. Three
drops of 30% H2O2 were added, and the mixture was stirred at 0 8C.
After 20 min, the organic solvent was removed under reduced pressure,
and the aqueous layer was extracted with CH2Cl2 (3T10 mL). The com-
bined organic layers were dried, filtered and concentrated. The residue
was dried at 0.01 Torr for 3 h, then dissolved in anhydrous CH2Cl2 (5 mL)
containing triethylsilane (0.1 mL, 0.62 mmol), and the mixture was
cooled to �78 8C under an atmosphere of nitrogen. Boron trifluoride
etherate (0.1 g, 0.71 mmol) was then added to the reaction mixture for
10 min. After 30 min, triethylsilane (0.1 mL, 0.62 mmol) and boron tri-
fluoride etherate (100 mg, 0.71 mmol) were added, and the reaction mix-
ture was stirred for 2 h at the same temperature. Saturated aqueous
NaHCO3 (2 mL) was added, and the reaction mixture was extracted with
CH2Cl2 (3T10 mL), the extracts were dried, concentrated under reduced
pressure, and the crude product was purified by column chromatography
(Rf=0.56, EtOAc/hexane 1:1) to give (2R,4R)-10 (150 mg, 79%) as a col-
orless oil. [a]20D =75.4 (c=0.98, CHCl3) [lit. for the (2S,4S)-isomer: [15b];
[a]20D =�52 (c=1.1, CHCl3)];


1H NMR (250 MHz, CDCl3): d=0.89 (t, J=
6.9 Hz, 3H, 3’-H), 1.22–1.38 (m, 5H, 3-Ha, 1’-H, 2’-H), 1.42 [s, 9H,
C(CH3)3], 1.42, 1.43 [2Ts, 9H, C(CH3)3], 1.97–2.21 (m, 1H, 4-H), 2.37
(ddd, J=8.1, 8.1, 8.1 Hz, 0.5H, 3-Hb), 2.42 (ddd, J=7.8, 7.8, 7.8 Hz, 0.5H,
3-Hb), 2.94 (dd, J=10.1, 10.1 Hz, 1H, 5-Ha), 3.62 (dd, J=10.1, 7.3 Hz,
0.3H, 5-Hb), 3.74 (dd, J=10.1, 7.3 Hz, 0.7H, 5-Hb), 4.06 (dd, J=8.1,
8.1 Hz, 0.7H, 2-H), 4.11 (dd, J=8.1, 8.1 Hz, 0.3H, 2-H); 13C NMR
(62.9 MHz, CDCl3): d=14.1 (+ , C-3’), 21.3 (�, C-2’), 27.9, 28.0 [+ ,
C(CH3)3], 28.3, 28.4 [+ , C(CH3)3], 35.0, 36.2 (�, C-1’), 37.3 (�, C-3),
37.6, 38.3 (+ , C-4), 52.1, 52.4 (�, C-5), 59.8 (+ , C-2), 79.4, 79.6 [Cquat,
C(CH3)3], 80.7 [Cquat, C(CH3)3], 153.8 (Cquat, NCO2), 172.4 (Cquat, C-1); IR
(film): ñ=2980, 2931, 2871, 1717, 1703, 1398, 1367, 1174, 1152 cm�1; MS
(CI): m/z (%): 331 (12) [M ++NH4], 314 (100) [M ++H].


(2R,4R)-4-Propylproline hydrochloride [(2R,4R)-6·HCl]: Compound
(2R,4R)-10 (70 mg, 0.22 mmol) was heated with 6m HCl (2 mL) at 85 8C
for 2 h. The reaction mixture was concentrated under reduced pressure.
The traces of water were removed by codistillation with toluene (2T
10 mL), and the residue was recrystallized three times from CH2Cl2/Et2O
to give, after prolonged drying at 0.01 Torr, (2R,4R)�6·HCl (34 mg,
79%) as an extremely hygroscopic colorless solid. [a]20D =7.7 (c=0.88,
CHCl3);


1H NMR (250 MHz, D2O): d=0.83 (m, 3H, 3’-H), 1.19–1.54 (m,
4H, 1’-H, 2’-H), 1.70 (dddd, J=12.8, 12.8, 10.0, 10.0 Hz, 1H; 4-H), 2.26–
2.49 (m, 1H, 3-Ha), 2.50–2.68 (m, 1H, 3-Hb), 2.95 (dd, J=10.9, 10.9 Hz,
1H, 5-Ha), 3.50 (dd, J=10.9, 8.3 Hz, 1H, 5-Hb), 4.35 (dd, J=8.9, 8.9 Hz,
1H, 2-H); 1H NMR (250 MHz, CD3OD): d=0.99 (t, J=7 Hz, 3H, 3’-H),
1.30–1.62 (m, 4H, 1’-H, 2’-H), 1.74 (dddd, J=11.7, 11.7, 10.2, 10.2 Hz,
1H; 4-H), 2.33–2.68 (m, 1H, 3-Ha), 2.65 (ddd, J=12.2, 6.7, 6.7 Hz, 1H, 3-
Hb), 2.98 (dd, J=10.2, 10.2 Hz, 1H, 5-Ha), 3.53 (dd, J=11.7, 7.8 Hz, 1H,
5-Hb), 4.37 (dd, J=8.6, 8.6 Hz, 1H, 2-H); 13C NMR (62.9 MHz, D2O):
d=14.1 (+ , C-3’), 21.5 (�, C-2’), 34.6 (�, C-1’), 35.3 (�, C-3), 38.8 (+ ,
C-4), 51.6 (�, C-5), 60.6 (+ , C-2), 173.0 (Cquat, C-1); IR (KBr): ñ=3432,
2960, 2931, 2873, 1736, 1389, 1252 cm�1; MS (EI, 70 eV): m/z (%): 157
(1) [M +], 112 (100) [M +�HCO2], 87 (4), 70 (5) [C4H8N


+], 69 (11), 43
(15) [C3H7


+], 41 (18) [C3H5
+]; HRMS (EI): calcd for C8H15NO2:


157.1103; found 157.1103.


Determination of the absolute configuration of the (4-Pe)Pro residue in
1a : Hormaomycin 1a (5 mg) was hydrogenated over 10% Pd on charcoal
(30 mg) in methanol (3 mL) under ambient pressure of hydrogen for
30 min. The reaction mixture was filtered and concentrated under re-
duced pressure to give the crude material, an aliquot of which (ca.
0.5 mg) was further hydrolyzed, and after the derivatization with (S)-
FDVA was used for HPLC/MS experiments. Detection: UV: 340 nm;
ESI-MS (positive) m/z : 437.7–438.7; ESI-MS (negative) m/z : 435.7–436.7;
(S)-FDVA-(2S,4S)-6 : tR=14.77 min, mixed sample: 1 peak; (S)-FDVA-
(2R,4R)-6 : tR=17.98 min, mixed sample: 2 peaks.


(2S,4S)- and (2S,4R)-N-Boc-O-TBDMS-4-deuterio-4-cyanoprolinol,
[D]11 and epi-[D]11: An ice-cold solution of LDA, prepared from nBuLi
(15 mL of 2.44m solution in hexane, 36.60 mmol) and diisopropylamine
(5.9 mL, 41.85 mmol) in THF (30 mL), for 40 min was added dropwise to
a solution of the nitrile 11 (9.5 g, 27.90 mmol) in THF (50 mL) at �78 8C.
Stirring was continued for an additional 90 min, and then the reaction
was quenched by addition of a saturated solution of Na2SO4 in D2O
(10 mL) under vigorous stirring at the same temperature. The mixture
was allowed to warm to 20 8C, and it was then concentrated under re-
duced pressure, the residue was taken up with Et2O (70 mL), filtered
through CeliteV, concentrated again and separated by column chromato-
graphy (EtOAc/hexane 1:3.7, cis-isomer: Rf=0.38, trans-isomer: Rf=


0.54) to give [D]11 (4.21 g) and a mixed fraction enriched with epi-[D]11
(3.62 g, 10.63 mmol), which was dissolved in THF (20 mL), again treated
with a solution of LDA, prepared from nBuLi (5.7 mL, 13.91 mmol) and
diisopropylamine (2.23 mL, 15.91 mmol) in THF (15 mL), and quenched
with a saturated solution of Na2SO4 in D2O (3 mL) as it was described
above. Separation of the mixture by column chromatography gave a
second crop of the labeled cis-nitrile [D]11 (2.40 g). It was combined
with the first fraction and finally purified by column chromatography as
described above to give [D]11 (6.39 g, 67%, 90% D according to its
1H NMR spectrum) as a colorless oil, which gradually solidified to a col-
orless solid.


[D]11: m.p. 53–55 8C; [a]20D =�25.9 (c=1.1, CHCl3);
1H NMR (250 MHz,


CDCl3): d=0.01 [s, 6H, Si(CH3)2], 0.88 [s, 9H, SiC(CH3)3], 1.41 [s, 9H,
C(CH3)3], 2.27–2.45 (m, 2H, 3-H), 2.92 (dd, J=8.3, 8.3 Hz, 0.1H, 4-H),
3.35 (d, J=11.3 Hz, 1H, 5-Ha), 3.53–4.05 (m, 4H, 1-H, 2-H, 5-Hb);
13C NMR (62.9 MHz, CDCl3): d=�5.6 [+ , Si(CH3)2], 18.0 (Cquat, SiC),
25.7 [+ , SiC(CH3)3], 26.2 (t, J=21.7 Hz, C-4), 28.2 [+ ,C(CH3)3], 30.9,
32.1 (�, C-3), 49.5, 49.9 (�, C-5), 57.7 (+ , C-2), 62.1, 63.3 (�, C-1), 80.0
[Cquat, C(CH3)3], 119.9 (Cquat, CN), 153.3 (Cquat, NCO2); IR (film): ñ=


2952, 2895, 2858, 2241, 1700, 1471, 1405, 1258, 1177, 1101 cm�1; MS (CI):
m/z (%): 359 (1) [M ++NH4], 342 (100) [M ++H]; elemental analysis
(%) for C17H31DN2O3Si (341.5): C 59.78, H 9.74, N 8.20; found C 59.54,
H 9.60, N 8.03.


The mixed fractions enriched with the trans-epimer were purified by
column chromatography as described before to give epi-[D]11 (0.56 g,
5.9%, 82% D according to ESI-MS spectrum) as a colorless oil. [a]20D =


�60.2 (c=0.48, CHCl3);
1H NMR (250 MHz, CDCl3): d=0.01 [s, 6H,
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Si(CH3)2], 0.85 [s, 9H, SiC(CH3)3], 1.44 [s, 9H, C(CH3)3], 2.15–2.46 (m,
2H, 3-H), 3.24–3.47 (m, 0.2H, 4-H), 3.41–3.80 (m, 3.5H, 0.5T1-H, 2-H,
5-H), 3.87–4.07 (m, 1.5H, 1.5T1-H); 13C NMR (62.9 MHz, CDCl3): d=
�5.7 [+ , Si(CH3)2], 18.0 (Cquat, SiC), 25.7 [+ , SiC(CH3)3], 26.5 (t, J=
15.7 Hz, C-4), 28.2 [+ , C(CH3)3], 32.4, 33.2 (�, C-3), 49.4, 49.5 (�, C-5),
57.5 (+ , C-2), 63.5, 64.0 (�, C-1), 80.0 [Cquat, C(CH3)3], 120.0 (Cquat, CN),
153.2 (Cquat, NCO2); IR (film): ñ=2955, 2930, 2885, 2858, 2245, 1702,
1473, 1393, 1257, 1177, 1121 cm�1; MS (ESI): positive mode: m/z (%):
364 (48) [M ++Na].


(2S,4R)-4,2’-Dideuterio-4-(Z)-propenylproline, (2S,4R)-[D2]5 : The N-
protected acid (2S,4R)-[D2]4 (0.155 g, 0.602 mmol) was dissolved in tri-
fluoroacetic acid (2 mL) at 20 8C. After 20 min, all volatiles were re-
moved under reduced pressure, and the yellow oily residue was taken up
with bidistilled water (5 mL). The solution was then concentrated under
reduced pressure (this operation was repeated 15 times). The residue was
recrystallized three times from MeOH/Et2O to give (2S,4R)-[D2]5
(34 mg, 36%) as a colorless solid. [a]20D =�4.2 (c=0.31, MeOH);
1H NMR (250 MHz, D2O): mixture of isotopomers: d=1.63 (s, 3H, 3’-
H), 1.75 (dd, J=12.5, 8.3 Hz, 1H, 3-Ha), 2.54 (dd, J=8.3, 12.5 Hz, 1H, 3-
Hb), 3.03 (d, J=11.5 Hz, 1H, 5-Ha), 3.36 (m, 0.15H, 4-H), 3.48 (d, J=
11.5 Hz, 1H, 5-Hb), 4.16 (dd, J=8.3, 8.3 Hz, 1H, 2-H), 5.27 (m, 1H, 1’-
H), 5.52 (m, 0.15H, 2’-H); 13C NMR (62.9 MHz, D2O): d=12.3, 12.4 (+ ,
CH3), 35.5 (�, C-3), 35.8, (t, J=21.6 Hz, C-4), 36.1 (+ , C-4), 50.0 (�, C-
5), 61.2 (+ , C-2), 127.3, 127.4 (+ , C-1’), 127.8 (t, J=23.0 Hz, C-2’), 128.5
(+ , C-2’), 174.2 (Cquat, C-1); IR (KBr): ñ=3101, 3008, 2969, 2915, 2856,
2361, 1626, 1388, 1315 cm�1; MS (EI, 70 eV): m/z (%): 157 (1) [M +], 112
(100) [M +�CHO2], 87 (16), 54 (7), 41 (36) [C3H5


+]; MS (ESI): positive
mode: m/z (%)=202 (16) [M +�H+2Na], 180 (6) [M ++Na]; negative
mode: m/z : 156 (100) [M��H]; HRMS (EI): calcd for [C8H11D2NO2]:
157.1072; found 157.1072.


p-Nitrobenzyl (2S,4R)-N-Boc-4,2’-dideuterio-4-(Z)-propenylprolinate,
[D2]12 : A suspension of K2CO3 (0.467 g, 3.379 mmol) in a solution of
(2S,4R)-[D2]4 (0.87 g, 3.381 mmol) and p-nitrobenzyl bromide (0.767 g,
3.550 mmol) in MeCN (5 mL) was stirred in a sealed tube at 70 8C for
3 h. The mixture was then cooled, diluted with Et2O (10 mL), filtered,
concentrated under reduced pressure, and the residue was purified by
column chromatography (Rf=0.43, EtOAc/hexane 1:3) to give [D2]12
(1.23 g, 93%) as a colorless glass. [a]20D =�37.0 (c=0.86, CHCl3);
1H NMR (250 MHz, CDCl3): mixture of isotopomers: d=1.34, 1.44 [2 s,
9H, C(CH3)3], 1.63 (s, 3H, 3’-H), 1.63–1.80 (m, 1H, 3-Ha), 2.37–2.51 (m,
1H, 3-Hb), 3.06 (d, J=10.5 Hz, 1H, 5-Ha), 3.67, 3.78 (2 d, J=10.5 Hz,
1H, 5-Hb), 4.30, 4.37 (2 dd, J=8.8, 8.8 Hz, 1H, 2-H), 5.19 (d, J=13.8 Hz,
1H, Bzl-Ha), 5.20–5.26 (m, 1H, 1’-H), 5.35 (d, J=13.8 Hz, 1H, Bzl-Hb),
5.49–5.59 (m, 0.2H, 2’-H), 7.52 (d, J=8.5 Hz, 2H, Ar-H), 8.20 (dd, J=
8.5, 8.5 Hz, 2H, Ar-H); 13C NMR (62.9 MHz, CDCl3): d=12.9, 13.0 (+ ,
CH3), 28.0, 28.2 [+ , C(CH3)3], 35.1 (t, J=23.3 Hz, C-4), 36.3 (+ , C-4),
36.4, 37.3 (�, C-3), 51.3, 51.7 (�, C-5), 58.9, 59.0 (+ , C-2), 64.9 (�, C-
Bzl), 79.9 [Cquat, C(CH3)3], 123.5, 123.6 (+ , C-Ar), 126.7, 126.8 (+ , C-2’),
128.0, 128.3 (+ , C-Ar), 128.9, 129.0 (+ , C-1’), 142.7, 143.1 (Cquat, C-Ar),
147.4, 147.6 (Cquat, C-Ar), 153.2, 154.0 (Cquat, NCO2), 172.3, 172.5 (Cquat,
C-1); MS (EI, 70 eV): m/z (%): 392/391 (1/0.4) [M +], 291/290 (12/5) [M +


�C5H9O2], 247/246 (4/2), 212/211 (50/20) [M +�C8H6NO4], 156 (100)
[C8H10D2NO2


+], 155 (35) [C8H11DNO2
+], 112 (80) [C7H10D2N


+], 111
(28) [C7H11DN+], 57 (92) [C4H9


+]; HRMS (EI): calcd for C20H24D2N2O6:
392.1916; found 392.1916; elemental analysis (%) for C20H25DN2O6


(391.4): calcd for C 61.37, H 6.95, N 7.16; found C 61.41, H 6.66, N 7.08.


(2S,4R)-4,2’-Dideuterio-4-(Z)-propenylproline, (2S,4R)-[D2]5 : A 5m HCl
solution in Et2O (20 mL) was added to a solution of the N-protected
amino ester [D2]12 (1.108 g, 2.823 mmol) in Et2O (5 mL) and stirring was
continued in the dark for 2 h. The mixture was then filtered, and a fresh
5m HCl solution in Et2O (10 mL) was added. After 1 h, the mixture was
diluted with hexane (10 mL), and the formed precipitate was separated,
washed with Et2O and dried to give p-nitrobenzyl (2S,4R)-4,2’-dideuter-
io-4-(Z)-propenylprolinate hydrochloride (0.775 g, 83%). MS (ESI): posi-
tive mode: m/z (%): 293/292 (100/35) [M ++H].


A 1m NaOH solution (4.89 mL) was added dropwise to an ice-cold solu-
tion of p-nitrobenzyl (2S,4R)-4,2’-dideuterio-4-(Z)-propenylprolinate hy-
drochloride (0.775 g, 2.357 mmol) in MeOH (5 mL) within 10 min. Stir-
ring was continued at the same temperature for an additional 30 min,
after that the mixture was diluted with water (20 mL), methanol was re-
moved under reduced pressure, and the reaction mixture was extracted


with Et2O (10T10 mL). The pH of the water fraction was carefully ad-
justed to 6.5–7.5 with 1m HCl (ca. 2.40 mL), and water was removed
under reduced pressure to give, after prolonged drying at 0.01 Torr, a
mixture of (2S,4R)-[D2]5 and NaCl (0.655 g, 0.292 g of NaCl, 98%) as a
colorless solid. This product had the same spectral characteristics as the
one described above, and it was used for the feeding experiment without
any further manipulations.


Alkylation of (R)-13 with rac-trans-1-(iododideuteriomethyl)-2-nitrocy-
clopropane, (1,1-[D2]16)—Preparation of 14 : n-BuLi (4.6 mL of 2.58n
solution in hexane, 11.90 mmol) within 30 min was added at �70 8C to a
solution of (R)-13 (2.43 g, 10.61 mmol) in anhydrous THF (600 mL). The
reaction mixture was stirred at the same temperature for 30 min, and a
solution of the iodide 1,1-[D2]16 (2.43 g, 10.63 mmol) in a mixture of
HMPT (15 mL) and THF (40 mL) was then added within 45 min. Stirring
was continued at the same temperature for an additional 24 h, and then
the mixture was allowed to warm to 20 8C over a period of 48 h, the re-
action was quenched with half-saturated sodium chloride (1 L) and the
mixture was extracted with CH2Cl2 (3T200 mL). The combined organic
layers were washed with water (2T100 mL), dried and concentrated
under reduced pressure. The residue was recrystallized from Et2O/light
petroleum to give 14 (850 mg, 15%) as a colorless solid. M.p. 204 8C;
1H NMR (250 MHz, CDCl3): mixture of diastereomers: d=0.92 (s, 3H,
CH3), 1.06 (s, 3H, CH3), 0.97–1.15 (m, 1H, 3’’-H), 1.26–1.46 (m, 2H),
1.63, 1.73 (ddd, J=5.7, 3.5, 9.4 Hz, 1H; 3’’-H), 1.85–2.15 (m, 6H), 3.36 (s,
2H, 6-H), 3.88 (dd, J=5.9, 6.4 Hz, 1H, 3-H), 3.97, 4.13 (ddd, J=3.3, 3.5,
6.8 Hz, 1H, 2’’-H), 4.76, 4.78 (s, 1H, 2’-H), 7.04–7.07, 7.12–7.16, 7.25–7.50
and 7.65–7.69 (m, 10H, Ph-H); 13C NMR (62.9 MHz, CDCl3): d=17.7,
18.8 (�, C-3’’), 19.8 (+ , CH3), 20.6 (+ , CH3), 23.0 (+ , C-1’’), 26.4 (�, C-
9), 32.6 (�, C-8), 38.3 (�, C-2), 44.3 (+ , C-1), 47.7 (Cquat, C-10*), 48.5
(Cquat, C-7*), 52.9 (�, C-6), 58.7, 59.9 (+ , C-2’’), 64.7, 64.9 (+ , C-2’*),
65.1, 65.2 (+ , C-3*), 127.4, 127.7, 128.0, 128.6, 128.8, 128.9 and 130.60 (+ ,
Ph-C), 139.0 (Cquat, Ph-C), 171.4 (Cquat, C=N and C=O); the signal of the
CD2 carbon could not be detected because of its low intensity; IR (KBr):
ñ=3084, 3061, 2983, 2960, 2914, 1689, 1628, 1577, 1539, 1445, 1364, 1333,
1166 cm�1; MS (EI, 70 eV): m/z (%): 537 (7) [M +], 491 (9) [M +�NO2],
295 (100) [C18H15D2N2O2


+]; HRMS (EI): calcd for C29H31D2N3O5S:
537.2266; found 537.2266.


(2S,1’RS,2’RS)-3,3-Dideuterio-3-(trans-2’-nitrocyclopropyl)alanine hydro-
chloride, (2S)-3,3-[D2]15]: 0.5m HCl (21 mL) was added with stirring to a
solution of compound 14 (850 mg, 1.58 mmol) in THF (21 mL), and stir-
ring was continued for 48 h. Then the reaction mixture was taken up with
Et2O (40 mL), the layers were separated and the aqueous phase was ad-
ditionally extracted with Et2O (3T20 mL). The organic phases were dis-
carded, and the aqueous fraction was concentrated under reduced pres-
sure. The residue was dissolved in THF/H2O (1:1, 42 mL), and
LiOH·H2O (265 mg, 6.32 mmol) was added. After 48 h, H2O (32 mL) was
added, and the mixture was extracted with CH2Cl2 (3T20 mL). The pH
of the aqueous fraction was adjusted to 5 with 1m HCl, and it was con-
centrated to give (2S)-3,3-[D2]15 as a mixture with LiCl (540 mg, contain-
ing max. 280 mg of (2S)-3,3-[D2]15), which was directly used for the feed-
ing experiment. 1H NMR (250 MHz, D2O): d=1.13–1.28 (m, 1H, 3’-H),
1.71–1.84 (m, 1H, 3’-H), 1.92–2.06 (m, 1H, 1’-H), 3.71 (s, 1H, 2-H), 4.18–
4.26 (m, 1H, 2’-H); 13C NMR (62.9 MHz, D2O): d=19.1 (�, C-3’), 24.0
(+ , C-1’), 33.0 (quint, J=25 Hz, C-3), 54.2 (+ , C-2), 61.6 (+ , C-2’), 173.0
(Cquat, C-1); IR (film): ñ=3200–2700, 2530, 1992, 1729, 1544, 1484, 1371,
1210 cm�1.


2-Dideuterated nickel complex, (2S)-2’,2’-[D2]17: Unlabelled (S)-17
(6.00 g, 12.043 mmol) was taken up with a mixture of CH3OD (10 mL),
D2O (7 mL) and CDCl3 (5 mL), and Na2CO3 (200 mg, 2.410 mmol) was
added. The mixture was stirred at 50 8C for 24 h in a sealed flask, concen-
trated under reduced pressure, CH3OD (10 mL), D2O (7 mL) and CDCl3
(5 mL) were added again, and the resulting biphasic reaction mixture was
stirred at 50 8C for an additional 24 h. The reaction mixture was then
cooled, diluted with CHCl3 (30 mL), the organic phase was separated,
washed with H2O (2T30 mL), dried and concentrated to give after re-
crystallization from CHCl3/Et2O/hexane (2S)-2’,2’-[D2]17 (5.66 g, 94%;
D2 and D contents > 97% and < 3% respectively, as determined by
MS) as a dark red solid. M.p. 210–213 8C; 1H NMR (250 MHz, CDCl3):
d=1.97–2.19 (m, 2H, 4-H), 2.28–2.46 (m, 1H, 3-Ha), 2.46–2.63 (m, 1H, 3-
Hb), 3.21–3.41 (m, 1H, 5-Ha), 3.45 (dd, J=10.9, 5.6 Hz, 1H, 5-Hb), 3.59–
3.72 (m, 1H, 2-H), 3.68 (d, J=25.0 Hz, 1H, Bzl-Ha), 4.46 (d, J=25 Hz,
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1H, Bzl-Hb), 6.63–6.72 (m, 1H, Ar-H), 6.74–6.81 (m, 1H, Ar-H), 6.88–
7.01 (m, 1H, Ar-H), 7.03–7.12 (m, 1H, Ar-H), 7.14–7.24 (m, 1H, Ar-H),
7.24–7.33 (m, 1H, Ar-H), 7.35–7.46 (m, 2H, Ar-H), 7.44–7.58 (m, 3H,
Ar-H), 8.04 (d, J=8 Hz, 2H, Ar-H), 8.26 (d, J=8.5 Hz, 1H, Ar-H);
13C NMR (62.9 MHz, CDCl3): d=23.4 (�, C-4), 30.3 (�, C-3), 57.2 (�,
C-5), 62.8 (�, C-Bzl), 69.5 (+ , C-2), 120.4, 123.9, 125.3, 125.9, 128.5,
128.7, 129.0, 129.2, 129.4, 131.4, 131.8 and 132.8 (+ , Ar-C), 124.8, 133.0,
134.2, 142.2 (Cquat, Ar-C), 171.3 (Cquat, C=N), 176.9 (Cquat, C=O), 181.0
(Cquat, CO�N); the signal of the CD2 carbon could not be detected be-
cause of its low intensity; IR (KBr): ñ=2973, 2869, 1673, 1642, 1589,
1442, 1336, 1264, 1176 cm�1; MS (EI, 70 eV): m/z (%): 499 (40) [M +],
455 (100) [M +�CO2], 363 (8), 267 (10), 265 (17), 217 (41), 160 (41), 91
(78) [C7H7


+]; HRMS (EI): calcd for C27H23D2N3NiO3: 499.1375; found
499.1375; elemental analysis calcd (%) for C27H23D2N3NiO3 (500.2): C
64.83, H 5.44, N 8.40; found C 65.03, H 5.77, N 8.32.


Alkylation of 2-dideuterated nickel complex, (2S)-2’,2’-[D2]17 with rac-
trans-1-(iodomethyl)-2-nitrocyclopropane 16—Preparation of (2S,2’S)-
2’,2’’-[D2]18 : A suspension of (S)-2’,2’-[D2]17 (4.60 g, 9.20 mmol) in a
mixture of DMF (4.0 mL) and CD3CN (8 mL) was degassed with three
freeze-pump-thaw cycles at �70 8C. NaH (504 mg, 60% in oil,
12.60 mmol) and iodide 16 (2.12 g, 9.34 mmol) were then added. The
cooling bath was removed, and the reaction mixture was vigorously stir-
red for 40 min. The reaction flask was then immersed in an ice/water
bath and first D2O (2 mL), then D2SO4 (1.26 g, 12.60 mmol) in D2O
(5 mL) were carefully added. After this, water (70 mL) was added, and
the separated dark-red oil was triturated to give a red-brown solid
(5.70 g) which was further purified by column chromatography (Rf=0.37,
CHCl3/acetone 6:1) and then by crystallization from CHCl3/MeOH to
give (2S,2’S)-2’,2’’-[D2]18 (3.87 g, 70%) as a dark-red solid. According to
its 1H NMR spectrum, the deuterium content was 85% at C-2’ and 60%
at C-2’’, respectively. M.p. > 260 8C; [a]20D =1708 (c=0.05, MeOH);
1H NMR (250 MHz, CDCl3): mixture of diastereo- and isotopomers: d=
0.46–0.58 (m, 0.5H, 3’’-Ha), 0.85–0.96 (m, 0.5H, 3’’-Ha), 1.05–1.28 (m,
0.5H, 3’-Ha), 1.45 (dd, J=8.4, 14.4 Hz, 0.5H, 3’-Ha), 1.73–1.84 (m, 0.5H,
3’’-Hb), 1.84–1.96 (m, 0.5H, 3’’-Hb), 1.97–2.32 (m, 2.5H, 4-H, 0.5T3’-Hb),
2.38–2.58 (m, 2H, 3-Ha, 1’’-H), 2.58–2.83 (m, 1.5H, 3-Ha, 0.5T3’-Hb),
3.33–3.41 (m, 0.15H, 2’-H), 3.40–3.73 (m, 3H, 2-H, 5-H), 3.56 (dd, J=2.3,
12.8 Hz, 1H, Bzl-Ha), 3.92 (ddd, J=3.4, 3.4, 7.0 Hz, 0.30H, 2’’-H, 2’’-H),
4.00 (dd, J=14.6, 3.9 Hz, 0.13H, 2’’-H), 4.44 (d, J=12.8 Hz, 1H, Bzl-Hb),
6.56–6.73 (m, 2H, Ar�H), 6.88 (t, J=8 Hz, 1H, Ar�H), 7.08–7.24 (m,
2H, Ar�H), 7.29–7.59 (m, 5H, Ar�H), 7.59–7.65 (m, 1H, Ar�H), 8.07
(dt, J=7.8, 1.5 Hz, 2H, Ar�H), 8.13 (dd, J=3.3, 8.5 Hz, 1H, Ar�H);
13C NMR (62.9 MHz, CDCl3): d=17.7, 17.8, 18.2, 18.4 (�, C-3’’), 21.5,
21.57, 21.61, 21.7 (+ , C-1’’), 23.8 (�, C-4), 30.6 (�, C-3), 36.1, 36.4 (�, C-
3’), 57.2 (�, C-5), 58.5 (+ , C-2), 63.1, 63.2 (�, C-Bzl), 68.3 (t, J=19.3 Hz,
C-2W), 69.97, 70.03 (+ , C-2’’), 120.6, 123.5, 123.6, 127.08, 127.10, 127.15,
127.19, 128.70, 128.72, 128.8, 129.0, 129.3, 129.8, 130.0, 131.3, 132.3 and
133.0 (+ , Ar�C), 125.9, 133.2, 133.4, 133.4, 142.3 (Cquat, Ar�C), 170.9,
171.0 (Cquat, C=N), 178.1, 178.2 (Cquat, C=O), 180.4 (Cquat, CO�N); IR
(KBr): ñ=3071, 2972, 2922, 2866, 1667, 1624, 1589, 1537, 1436, 1365,
1339, 1257, 1166 cm�1; MS (EI, 70 eV): m/z (%): 598 (7) [M +], 553 (15)
[M +�CO2], 439 (9), 348 (7), 217 (22), 160 (100), 91 (23) [C7H7


+]; HRMS
(EI): calcd for C31H29DN4NiO5: 597.1632; found 597.1632; elemental
analysis calcd (%) for C31H29DN4NiO5 (598.3): C 62.23, H 5.22, N 9.36;
found C 61.94, H 5.12, N 9.22.


Deuterium exchange experiments—Deuteration of (2S,2’S,1’’R,2’’R)-18,
19 and 20 (GP 1): NaH (0.6 mmol, 60% suspension in mineral oil) was
added at �25 8C to a stirred solution or suspension of the respective nitro
compound (0.3 mmol) in anhydrous CD3CN/DMF 2:1 (1.5 mL). The mix-
ture was allowed to warm to 20 8C, and stirring was continued for an ad-
ditional 50 min. The reaction was quenched with 0.5m D2SO4 in D2O
(1.2 mL), and the mixture was diluted with water (15 mL). The crude
products were separated by filtration or extraction with Et2O and puri-
fied by recrystallization or distillation.


Deuteration of (2S,2’S,1’’R,2’’R)-18 : The nickel complex
(2S,2’S,1’’R,2’’R)-18 (250 mg, 0.42 mmol) was treated with NaH (38 mg,
60% suspension in mineral oil, 0.95 mmol) in CD3CN/DMF (2:1, 1.5 mL)
according to GP 1, and the crude product was crystallized from CHCl3/
Et2O to give the deuterated compound (181 mg, 71%; 55% and 65% in-
corporation of the deuterium label at the 2’- and 2’’- positions of the (3-
Ncp)Ala fragment, respectively, according to the 1H NMR spectrum).


Deuteration of 19 : Compound 19 (300 mg, 0.84 mmol) was treated with
NaH (40 mg, 60% suspension in mineral oil, 1.0 mmol) in CD3CN/DMF
(2:1, 1.5 mL) according to GP 1, and the crude product was purified by
column chromatography (Rf=0.41, EtOAc/hexane 1:14) to give the deu-
terated product 2’-[D]19 (215 mg, 72%; D content >99%, as determined
by MS) as a colorless solid. [a]20D =63.4 (c=0.61, CHCl3) [lit. for the non-
deuterated 19 :[3] [a]20D =66.2 (c=1.00, CHCl3)];


1H NMR (250 MHz,
CDCl3): d=1.31 (dd, J=6.0, 7.5 Hz, 1H, 3’-Ha), 1.84 (dd, J=5.8, 10.5 Hz,
1H, 3’-Hb), 2.17–2.31 (m, 1H, 1’-H), 3.08 (dd, J=5.6, 10.1 Hz, 1H, 1-H),
3.30 (dd, J=4.5, 10.3 Hz, 1H), 7.22–7.43 (m, 15H, Ar-H); 13C NMR
(62.9 MHz, CDCl3): d=15.3 (�, C-3’), 25.2 (+ , C-1’), 57.3 (t, J=27.7 Hz,
C-2’), 61.6 (�, C-1), 86.7 (Cquat, CPh3), 127.1, 127.9, 128.4 (+ , Ar-C),
143.4 (Cquat, Ar�C); IR (KBr): ñ=3111, 3089, 3062, 3029, 2969, 2942,
2893, 2871, 1524, 1355, 1218, 1115, 1033 cm�1; MS (EI, 70 eV): m/z (%):
360 (26) [M +], 283 (12) [M +�C6H5], 243 (100) [CPh3


+], 165 (44)
[CPh2


+]; HRMS (EI): calcd for C23H20DNO3: 360.1584; found 360.1584;
elemental analysis calcd (%) for C23H20DNO3 (360.4): C 76.65, H 6.15, N
3.89; found C 76.47, H 6.06, N 3.72.


Deuteration of 20 : Nitrocyclopropane (20) (255 mg, 2.93 mmol) was
treated with NaH (152 mg, 60% suspension in mineral oil, 3.80 mmol) in
CD3CN/DMF (2:1, 2.4 mL) according to GP 1. The reaction was
quenched with 5% acetic acid in D2O (3 mL), and the mixture was ex-
tracted with Et2O (3T10 mL). The combined organic layers were washed
with water (3T10 mL), brine (2T10 mL), dried, filtrated through a short
(5 cm) column with alumina and concentrated under atmospheric pres-
sure at a bath temperature <45 8C. The residue was subjected to bulb-to-
bulb distillation under reduced pressure (125 Torr) and the fraction col-
lected at a bath temperature >50 8C was 1-[D]20 (72 mg, 90% purity,
25%; D content >97%, as determined by 1H NMR) as a colorless
liquid. 1H NMR (250 MHz, CDCl3): d=1.12–1.22 (m, 2H), 1.62 (dd, J=
5.3, 5.3 Hz, 2H); 13C NMR (62.9 MHz, CDCl3): d=11.4 (�), 53.8 (t, J=
28.3 Hz); MS (EI, 70 eV): m/z (%): 46 (38) [NO2


+], 42 (100) [C3H4D
+].


(2S,1’RS,2’RS)-2,2’-dideuterio-3-(2’-nitrocyclopropyl)alanine, (2S)-2,2’-
[D2]15 : 6m HCl (32 mL) was added to a suspension of finely ground
(2S,2’S)-2’,2’’-[D2]18 (3.87 g, 6.47 mmol) in refluxing methanol (16 mL).
The mixture was gently heated under reflux for 10 min. The resulting
green syrup was then concentrated, the residue was taken up with ice-
cold water (50 mL), the precipitate was filtered off, and washed with cold
water (20 mL). The filtrate was combined with the washings, its pH was
carefully adjusted to 6 with aqueous ammonia, and then it was extracted
with CHCl3 (3T50 mL). Preswollen Amberlite IRA-120 in the H+ form
(90 mL) was added to the water fraction, and the mixture was stirred for
15 h. The ion-exchange resin was filtered off, washed with water until the
eluent reached pH 5 and treated with 10% aqueous NH3 (2T150 mL) for
2 h. The combined filtrates were concentrated under reduced pressure to
give a colorless solid, which was dissolved in hot water (10 mL). The so-
lution was filtered and diluted with EtOH (20 mL). The formed precipi-
tate was filtered off to give (2S)-2,2’-[D2]15 (770 mg, 68%; 60% of
(2S,1’S,2’R)-isomer according to its 13C NMR spectrum) as a colorless
solid. The 1H-spectrum showed 88% of deuterium at C-2 and 58% at C-
2’, respectively. According to the ESI-MS spectrum, the D2 and D con-
tents were 52 and 42% respectively. M.p. 193–195 8C (decomp.); [a]20D =


3.3 (c=0.3, H2O); 1H NMR (250 MHz, D2O): mixture of diastereo- and
isotopomers: d=1.24–1.39 (m, 1H, 3’-H), 1.73–2.25 (m, 4H, 3-H, 1’-H, 3’-
H), 3.80 (dd, J=5.9, 5.9 Hz, 1H, 2-H), 4.18–4.26 (m, 1H, 2’-H); 13C NMR
(62.9 MHz, D2O): d=20.4, 20.5, 20.7, 20.9 (�, C-3’), 24.3, 24.4, 24.6, 24.7
(+ , C-1’), 33.7, 33.8 (�, C-3), 55.9 (t, J=23.4 Hz, C-2), 61.6, 61.7 (+ , C-
2’), 176.0, 176.1 (Cquat, C-1); IR (film): ñ=3418, 3034, 2102, 1598, 1530,
1440, 1394, 1365 cm�1; MS (ESI): positive mode: m/z (%): 221/220 (40/
30) [M ++2Na�H]; negative mode: m/z (%): 175/174 (3/3) [M�H+].


Feeding experiments—General procedure (GP 2): The Streptomyces gri-
seoflavus strain W-384 was obtained from Prof. H. Wolf (Stuttgart). The
M2Ca agar in a culture tube was inoculated with the spores of the strain
W-384 and the tube incubated at 28 8C until the sporulation was complet-
ed (grey colored aerial mycelia, orange colored agar, incubation up to
three weeks). The tubes were stored at 4 8C.


Aliquots of this material (2T2 mL, not older than 2 months) were used
to inoculate medium M6 (2T50 mL) in two 250 mL flasks, and the flasks
were incubated in a shaking incubator at 27 8C and 120 rpm for 31 h. The
seed culture was transferred into medium M10 [900 mL; just before inoc-
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ulation the vitamins solution (1 mL) and five drops of olive oil (to pre-
vent foaming) were added] in a 1 L fermenter.


The production culture was incubated at 27 8C, with a stirring rate of
700 rpm and an air flow at a rate of 1.6 vvm over 20 h. pH 7 was main-
tained automatically by addition of 2m citric acid. The temperature was
then decreased to 20 8C. After 24 h, the solution of the respective syn-
thetic precursor substance in distilled, sterilized water (50 mL; the pH of
this solution was adjusted to 7.0 with 0.5m NaOH or 0.5m HCl) was
added over a period of 10 h. After 66 h, the production culture was har-
vested by filtration. The separated mycelium was lyophilized, homoge-
nized and extracted with ethyl acetate (2T250 mL) by applying sonifica-
tion for 15 min. The collected organic extracts were filtered and concen-
trated under reduced pressure. The resulting crude material was purified
twice by column chromatography (acetone/hexane 2:3, Rf=0.33 and
CHCl3/CH3OH 9:1, Rf=0.63). The thus prepared deuterated hormaomy-
cins had purities of about 90% or higher, as determined by HPLC analy-
ses.


Feeding experiment with (2S,4R)-2’,4-[D2]5 : It was carried out according
to GP 2 with the mixture of (2S,4R)-2’,4-[D2]5 and NaCl (430 mg, max.
240 mg of (2S,4R)-2’,4-[D2]5, 1.53 mmol) to give the deuterated hormao-
mycin 1b (10.5 mg). 1H NMR (600 MHz, CDCl3) (see Figure 2): de-
creased: 5.65 [0.25H, 2’-H, (4-Pe)Pro], 3.29 [0.15H, 4-H, (4-Pe)Pro]; MS
(ESI): positive mode: m/z (%): 1154 [M ++Na]; negative mode: m/z
(%): 1130 [M�H+] (undeuterated hormaomycin 1a : MS (ESI): positive
mode: m/z (%): 1152 [M ++Na]; negative mode: m/z (%): 1128
[M�H+]).


Feeding experiment with (2S)-3,3-[D2]15 : It was carried out according to
GP 2 with a mixture of (2S)-3,3-[D2]15 and LiCl (396 mg, max. 197 mg of
(2S)-3,3-[D2]15, 1.11 mmol) to give the deuterated hormaomycin 1 c
(8.1 mg). 1H NMR (500 MHz, CDCl3) (see Figure 2): decreased: �0.07,
0.48 [2H, 3-H, (3-Ncp)Ala I], 1.60, 1.81 [2H, 3-H, (3-Ncp)Ala II]; D
NMR (76.7 MHz, CDCl3): 0.34, 1.69 (1:1); MS (ESI): positive mode: m/z
(%): 1156 [M ++Na]; negative mode: m/z (%): 1132 [M +�H].


Feeding experiment with (2S)-2,2’-[D2]15 : It was carried out according to
GP 2 with (2S)-2,2’-[D2]15 (425 mg, 2.41 mmol) to give the deuterated hor-
maomycin 1d (10.0 mg). 1H NMR (600 MHz, CDCl3) (see Figure 2): de-
creased: 5.14 [0.5H, 2-H, (3-Ncp)Ala II], 4.05 [0.5H, 2’-H, (3-Ncp)Ala II],
2.94 [0.4H, 2’-H, (3-Ncp)Ala I]; MS (ESI): positive mode: m/z (%): 1155/
1154/1153 [M ++Na]; negative mode: m/z (%): 1131/1130/1129 [M +�H].
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Introduction


The structure elucidation of the cyclic depsipeptide hormao-
mycin (1), first isolated in 1989 from a Streptomyces griseo-
flavus strain[1a] and found to have quite an interesting spec-
trum of biological activities,[1b, c] disclosed some unique fea-
tures.[1a,d] Besides one residue of the proteinogenic amino
acid isoleucine [(S)-Ile], it contains two units of 3-methyl-
phenylalanine [(bMe)Phe], one of (2R)-allo-threonine [a-
Thr] as well as two moieties of 3-(trans-2-nitrocyclopropyl)a-
lanine [(3-Ncp)Ala] and one of 4-(Z)-propenylproline [(4-
PE)Pro]. The latter two have never been found in any natu-
ral product before. The side chain of 1 is terminated with
the residue of 5-chloro-1-hydroxypyrrole-2-carboxylic acid
[Chpca]. These challenging structural features and the inter-
esting biological properties prompted us to embark on a
total synthesis of 1 (Figure 1). Results and Discussion


Once the absolute configuration of hormaomycin 1 had
been established[2] and productive syntheses of (2S,1’S,2’R)-
and (2R,1’S,2’R)-3-(trans-2-nitrocyclopropyl)alanine[3] as
well as N-Boc-protected (2S,4R)-4-(Z)-propenylproline[4]


had been developed, the assembly of the hexapeptolide seg-
ment of 1 was initiated.


All four peptide couplings towards the acyclic precursor
16a were performed with the combination of N’-(3-dimethyl-
aminopropyl)-N-ethylcarbodiimide hydrochloride (EDC)


[a] Dr. B. D. Zlatopolskiy, Prof. Dr. A. de Meijere
Institut f5r Organische und Biomolekulare Chemie
der Georg-August-Universit8t G9ttingen
Tammannstrasse 2, 37077 G9ttingen (Germany)
Fax: (+49) 551-399-475
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Abstract: Some unique features were
disclosed during the structure elucida-
tion of the cyclic depsipeptide hormao-
mycin (1), first isolated in 1989 from a
Streptomyces griseoflavus strain and
found to have quite an interesting spec-
trum of biological activities. Besides
one residue of the proteinogenic amino
acid isoleucine [(S)-Ile], it contains two
units of 3-methylphenylalanine
[(bMe)Phe], one of (2R)-allo-threonine


[a-Thr] as well as two moieties of 3-
(trans-2-nitrocyclopropyl)alanine [(3-
Ncp)Ala] and one of 4-(Z)-propenyl-
proline [(4-PE)Pro]. The latter two
have never been found in any natural
product before. The side chain of 1 is


terminated with the residue of 5-
chloro-1-hydroxypyrrole-2-carboxylic
acid [Chpca]. This first synthetic access
to hormaomycin 1 will make it possible
to prepare structural analogues of this
interesting natural depsipeptide in
order to elucidate structure–activity re-
lationships and the biologically active
minimal unit.


Keywords: natural products ·
peptides · protective groups ·
synthetic methods · total synthesis


Figure 1. Structure and absolute configuration of hormaomycin (1). I (S)-
Ile; II (2S,3R)-(bMe)Phe; III (R)-a-Thr; IV (1’R,2’R)-(3-Ncp)Ala; V
(2S,4R)-4-(Z)-(4-PE)Pro; VI Chpca.
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and 7-aza-1-hydroxybenzotriazole (HOAt).[5] Having in
mind to ring-close an acyclic precursor already containing
the ester bond between the (4-PE)Pro and the a-Thr resi-
dues by forming the peptide bond between the Ile and (4-
PE)Pro moieties, the methoxymethyl or dicyclopropylmeth-
yl ester[6] of Ile, 3 a or 3 b, were condensed with N-Z-protect-
ed (bMe)Phe-OH 2 (see Scheme 1). The latter was obtained


by acylation of the corresponding amino acid with benzyl N-
succinimidyl carbonate (ZOSu) in 85 % yield. The alkylation
of Z-Ile-OH with MOM iodide (generated in situ) gave the
N-protected MOM ester of Ile-OH in 76 % yield, which,
after removal of the Z group (100 %), was immediately used
in the coupling step. The DCPM ester 3 b was obtained just
before the next step by removal of the Fmoc group from the
N-terminus of Fmoc-Ile-ODCPM (100 %), which was in
turn prepared by esterification of the intermediate acid
chloride Fmoc-Ile-Cl with dicyclopropylmethanol in the
presence of pyridine in 57 % yield.


After removal of the Z group from the N-terminus of the
resulting dipeptides, 4 a (66 %) and 4 b (84 %), by catalytic
hydrogenation to give 6 a (54 %)[7] and 6 b (100 %), the
latter were coupled with N-Fmoc-protected (2R,1’S,2’R)-(3-
Ncp)Ala-OH 5 to yield tripeptides 7 a (80%) and 7 b
(79 %). The latter, after removal of the Fmoc-group (100 %
yield), were coupled with N-Fmoc-protected (bMe)Phe-OH
10 to give tetrapeptides 13 a (78%) and 13 b (85 %).[8]


The 4-pyrrolidinopyridine-catalyzed condensation of the
N-Boc-protected (4-PE)Pro-OH 8 and N,C-protected a-Thr
9, prepared by alkylation of N-MeZ protected d-allo-threo-
nine, which in turn was obtained by reaction between H-a-
Thr-OH and 4-methylbenzyl N-succinimidyl carbonate
(MeZOSu), with allyl bromide in the presence of K2CO3 in


MeCN (76% over two steps), gave the ester 12 (83%). The
latter, after palladium-promoted removal of the allyl group,
was coupled with the tetrapeptide 11 a using the O-(7-aza-
benzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium hexafluor-
ophosphate (HATU)[9] to give the hexadepsipeptide 16 a in
79 % yield.


4-Methylbenzyloxycarbonyl N-protecting group (MeZ)[10]


had to be applied in the course of this synthesis, since all
other convenient N-protective groups orthogonal to the Boc
group turned out to be incompatible with the restrictions
imposed on the deprotection conditions due to the nitro
group on the (3-Ncp)Ala moiety, the double bond in the (4-
PE)Pro residue as well as the base-sensitive ester bond be-
tween the (4-PE)Pro and a-Thr fragments.[11a, b] The MeZ
group was found to be stable towards 2n HCl/EtOAc at am-
bient temperature for at least 90 min,[11c] whereas under
these conditions the Boc group was cleaved off within
2 min.[11d] On the other hand, the MeZ group can be re-
moved smoothly by treatment with 10 % anisole in trifluoro-
acetic acid for 1 h.[11e, f]


The MOM and Boc groups were removed from the termi-
ni of the depsihexapeptide 16 a (the ESI-mass spectrum
showed that the MeZ group stayed intact), and the cyclizing
peptide condensation succeeded under high dilution condi-
tions,[12] using the HATU reagent. The cyclodepsipeptide 17
was obtained after HPLC purification in 53 % yield over
two steps (Scheme 2).


Scheme 1. Synthesis of the acyclic precursor 16 a to the hexapeptolide
fragment of hormaomycin 1. a) EDC, HOAt, DIEA, 2,4,6-collidine,
CH2Cl2, 0!20 8C, 14 h; b) H2, Pd/C, EtOAc, 20 8C, 40 min; c) 50 %
Et2NH/MeCN, 20 8C, 1 h; d) EDC, 4-pyrrolidinopyridine, CH2Cl2, 0!
20 8C, 24 h; e) EDC, HOAt, 2,4,6-collidine, DMF, 0!20 8C, 14 h;
f) [Pd(PPh3)4], N-methylaniline, DME, 20 8C, 1 h; g) HATU, HOAt,
DIEA, 2,4,6-collidine, CH2Cl2, 0!20 8C, 24 h. DCPM=dicyclopropyl-
methyl, All=allyl, Fmoc=9-fluorenylmethyloxycarbonyl, DIEA=N,N-
diisopropylethylamine, EDC=N’-(3-dimethylaminopropyl)-N-ethylcarbo-
diimide hydrochloride, HATU=O-(7-azabenzotriazole-1-yl)-N,N,N’,N’-
tetramethyluronium hexafluorophosphate, HOAt=7-aza-1-hydroxyben-
zotriazole, MeZ=p-methylbenzyloxycarbonyl, MOM=methoxymethyl;
X=MOM (or DCPM).


Scheme 2. The final stages in the preparation of hormaomycin 1. a) 2n
HCl/EtOAc, 20 8C, 45 min; b) HATU, DIEA, 2,4,6-collidine, CH2Cl2,
0.1 mm, 0!20 8C, 16 h, 53% after HPLC purification (2 steps); c) anisole,
TFA, 20 8C, 2 h; d) Teoc-(2S,1’R,2’R)-(3-Ncp)AlaOH, HATU, HOAt,
DIEA, 2,4,6-collidine, CH2Cl2, 20 8C, 6 h; e) TFA, 20 8C, 1 h; f) 18,
HATU, HOAt, DIEA, 2,4,6-collidine, CH2Cl2, 20 8C, 4 h; g) MgBr2·Et2O,
EtSH, CH2Cl2, 20 8C, 3.5 h, 67% (5 steps). Teoc= (2-trimethylsilylethyl)-
oxycarbonyl.
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To complete the assembly of 1, the N-MeZ-protected
cyclic intermediate was deprotected and first coupled with
N-Teoc-protected (2S,1’R,2’R)-(3-Ncp)Ala-OH. After re-
moval of the Teoc group, the intermediate in turn was cou-
pled with the O-MOM-protected 5-chloro-1-hydroxypyrrole-
2-carboxylic acid 18.[4,13]


Finally, the MOM group was removed by treatment with
MgBr2·Et2O and EtSH in dichloromethane[14] to give a com-
pound which was expected to be identical with the native
hormaomycin 1. It did indeed disclose the expected [M�H+


+2 Na+], [M+Na+] and [M�H+] peaks in its positive- and
negative-mode ESI-mass spectra, had the same optical rota-
tion, identical CD trace, at least in the wavelength region
above 210 nm where no impurity interference is expect-
ed,[15a] identical UV spectrum, a very similar 13C NMR spec-
trum and identical HPLC retention time as an authentic
sample of the natural material. The synthetic product also
showed the same capability to inhibit the growth of coryne-
form bacteria as native hormaomycin (1).[15b] However,
there were some differences in their 1H NMR spectra in
CDCl3 (Figure 2). These discrepancies were initially inter-
preted to indicate that a diastereomer of the natural product
had been synthesized. Yet, this possibility was excluded by
the results of LC/MS experiments according to the advanced
Marfey method,[16] which rigorously proved that the MePhe,
Ile, Ncpa and (R)-a-Thr residues were not epimerized in any
of the peptide coupling and deprotection steps.[17] Because
of this inconsistency, the last steps of the synthesis of hor-
maomycin (1), starting from the cyclodepsipeptide 17, were
repeated on a slightly larger scale. This made it possible to
use simple recrystallizations instead of preparative TLC sep-
arations for the purification of intermediates. The thus ob-
tained second sample of synthetic hormaomycin had a


1H NMR spectrum which did not differ any more from that
of an authentic sample of natural hormaomycin than two
spectra taken of different samples of the natural material
(see Figure 2).


This first synthetic access to hormaomycin (1) will make it
possible to prepare structural analogues of this interesting
natural depsipeptide in order to elucidate structure–activity
relationships and the biologically active minimal unit.


Experimental Section


General aspects : 1H NMR spectra: Bruker AM 250 (250 MHz), Varian
Inova 600 (600 MHz). 1H chemical shifts are reported in ppm relative to
residual peaks of deuterated solvent or tetramethylsilane. Higher order
NMR spectra were approximately interpreted as first-order spectra, if
possible. The observed signal multiplicities are characterized as follows:
s= singlet, d=doublet, t= triplet, q=quartet, quin=quintet, m=multi-
plet, as well as br=broad, Ar-H=aryl-H. 13C NMR spectra [additional
DEPT (Distortionless Enhancement by Polarization Transfer) or APT
(Attached Proton Test)]: Bruker AM 250 (62.9 MHz), Varian Inova 600
(125.7 MHz) instruments. 13C chemical shifts are reported relative to
peak of solvent or tetramethylsilane. The following abbreviations were
applied: DEPT: +=primary or tertiary (positive signal in DEPT), �=


secondary (negative signal in DEPT), Cquat=quaternary (no signal in
DEPT); APT: +=primary or tertiary (positive signal in APT), �= sec-
ondary or quaternary (negative signal in APT); whenever it was necessa-
ry and possible HMBS (Heteronuclear Multiple Bond Connectivity) and/
or HMQS (Heteronuclear Multiple Quantum Coherence) spectra were
also measured. IR spectra: Bruker IFS 66 (FT-IR) spectrometer, samples
measured as KBr pellets or oils between KBr plates. MS: EI-MS: Finni-
gan MAT 95, 70 eV, high resolution EI-MS spectra with perfluorokero-
sene as reference substance; ESI-MS: Finnigan LCQ. HPLC: pump:
Kontron 322 system, detector: Kontron DAD 440, mixer: Kontron HPLC
360, data system: Kontron Kromasystem 200, columns: Knauer Nucleo-
sil-100 C18 (analytical, 5 mm, 3 mm Q 250 mm), Knauer Nucleosil-100 C18
(preparative, 5 mm, 8 mm Q 250 mm). Optical rotations: Perkin–Elmer 241


Figure 2. Comparison of 1H NMR spectra (600 MHz, CDCl3) of different samples of synthetic [traces 2 (second run) and 4 (first run)] and natural (traces
1 and 3) hormaomycin 1. All samples were purified by HPLC before measurements. All measurements were carried out at ambient temperature and
with the same spectrometer.
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digital polarimeter, 1-dm cell; optical rotation values are given in
10�1 deg cm2 g�1; concentrations (c) are given in g per 100 mL. Circular di-
chroism: Jasco J 500A. Molar ellipticities (V) are given in grad cm2 10�1 -
mol�1. M.p.: B5chi 510 capillary melting point apparatus, uncorrected
values. TLC: Macherey-Nagel precoated sheets, 0.25 mm Sil G/UV254.
The chromatograms were viewed under UV light and/or by treatment
with phosphomolybdic acid (10 % in ethanol), or ninhydrin (0.2 % in eth-
anol), or EhrlichSs reagent (freshly prepared solution of 1 g of 4-dimethyl-
amino-benzaldehyde in 25 mL of 36 % HCl and 75 mL methanol).
Column chromatography: Merck silica gel, grade 60, 230–400 mesh and
Baker silica gel, 40–140 mesh. Preparative TLC: Macherey-Nagel, silica
gel SIL G/UV254, layer thickness 0.25 mm (100 Q 200 mm or 200 Q
200 mm). Elemental analyses: Mikroanalytisches Laboratorium des Insti-
tuts f5r Organische und Biomolekulare Chemie der Universit8t G9ttin-
gen. Starting materials: Anhydrous solvents were prepared according to
standard methods by distillation over drying agents and were stored
under argon. All other solvents were distilled before use. All reactions
were carried out with magnetic stirring and, if air or moisture sensitive,
in flame-dried glassware under argon or nitrogen. Organic extracts were
dried with anhydrous MgSO4. (R)-allo-Threonine,[18] 1-hydroxy-7-aza-
benzotriazol,[19] 2-(trimethylsilyl)ethyl N-succinimidyl carbonate,[20]


(2S,3R)-b-methylphenylalanine,[21] (2R,1’R,2’R)-3-(2’-nitrocyclopropyl)ala-
nine,[3a] (2S,4R)-(N-tert-butyloxycarbonyl)-4-(Z)-propenylproline (8),[4]


(2S,3R)-(N-9-fluorenylmethyloxycarbonyl)-b-methylphenylalanine
(10),[22] 5-chloro-1-methoxymethoxypyrrole-2-carboxylic acid (18),[4] were
prepared as described elsewhere. (2S,1’R,2’R)-3-(2’-Nitrocyclopropyl)ala-
nine was kindly provided by Oleg V. Larionov (G9ttingen).


Deprotection of N-Fmoc-protected peptides 7a, 7b, 13 a, 13 b—General
procedure (GP 1): The protected peptides (1 mmol) were taken up with
acetonitrile or THF (2 mL); diethylamine (2 mL) was added, and the re-
sulting mixture left at ambient temperature for 30 min. All volatiles were
evaporated under reduced pressure, the residue was taken up with tolu-
ene (2 Q 5 mL), which was evaporated under reduced pressure to remove
the last traces of diethylamine. The obtained crude N-deprotected pepti-
des were directly used in the next condensation step.


Peptide condensation step for the preparation of peptides 4 a, 4 b, 7a, 7b,
13a, 13b—General procedure (GP 2): EDC (1.03 mmol) and HOAt
(1.05 mmol) were added to a cooled (4 8C) solution of the respective N-
protected amino acid (1 mmol) in anhydrous CH2Cl2 (3 mL). After
10 min, the solution of the appropriate crude N-deprotected peptide
(0.97 mmol) and TMP (3 mmol) in anhydrous CH2Cl2 (1 mL) was added
at the same temperature. The temperature was allowed to reach 20 8C,
and stirring was continued for 15 h. Then the reaction mixture was dilut-
ed with Et2O or EtOAc (30 mL) and washed with 1m KHSO4 (3 Q 5 mL),
water (2 Q 5 mL), 3% aq. solution of NaHCO3 (3 Q 5 mL), water (3 Q
5 mL), brine (2 Q 5 mL), dried and concentrated under reduced pressure.
The residue was purified by column chromatography or recrystallization.


N-Z-3-(2S,3R)-b-Methylphenylalanine (2): A solution of ZOSu (0.396 g,
1.59 mmol) in acetone (5 mL) was added to a vigorously stirred solution
of 3-(2S,3R)-methylphenylalanine hydrochloride (0.35 g, 1.62 mmol) and
NaHCO3 (0.409 g, 4.87 mmol) in water (5 mL); stirring was continued for
2 h (if an emulsion formed, acetone and/or water were added to obtain a
homogeneous solution). Acetone was then removed under reduced pres-
sure, the residual fraction was diluted with water (25 mL) and washed
with Et2O (3 Q 10 mL). The organic fraction was back-extracted with 5%
aqueous NaHCO3 (3 Q 10 mL), the pH of the combined water fractions
was adjusted to 1 with 1m HCl and the resulting emulsion was extracted
with Et2O (2 Q 50 mL). The organic layer was washed with 1m HCl (2 Q
10 mL), water (10 Q 10 mL), brine (2 Q 10 mL), dried, filtered and concen-
trated under reduced pressure. The residual oil was dissolved in Et2O
(3 mL) and dicyclohexylamine (0.277 g, 1.53 mmol) was added followed
by hexane (20 mL) and the resulting precipitate was filtered and crystal-
lized twice from EtOAc/hexane to give the dicyclohexylammonium salt
of 2 (0.67 g, 85%) as a white solid. To obtain an analytical sample of 2, a
small quantity of the dicyclohexylammonium salt dissolved in EtOAc
and washed twice with 1m HCl, three times with water, twice with brine
to give, after prolonged drying at 0.02 Torr and 60 8C, 2 as a colorless
solid. M.p. 76.5–79 8C; [a]20


D =17.3 (c=0.76, CHCl3); 1H NMR (250 MHz,
CDCl3): d=1.31, 1.36 (2 Q d, J=7.0 Hz, 3H, 4-H), 3.33 (dq, J=7.0,
7.0 Hz, 1H, 3-H), 4.43–4.55 (m, 0.25 H, 2-H), 4.60 (dd, J=5.5 Hz, 9 Hz,
0.75 H, 2-H), 4.78 (d, J=12.5 Hz, 0.25 H, Bzl-H), 4.96–5.20 (m, 1.75 H,


Bzl-H), 5.30 (d, J=9 Hz, 0.75 H, NH), 6.25 (d, J=8.8 Hz, 0.25 H, NH),
7.03–7.35 (m, 10 H, Ar-H), 7.30–7.90 (br, 1H, CO2H); 13C NMR
(62.9 MHz, CDCl3): d=14.3, 15.8 (+ , C-4), 41.5, 41.8 (+ , C-3), 59.1, 59.8
(+ , C-2), 67.0, 67.4 (�, Bzl-C), 127.0 (+ , Ar-C), 127.5 (+ , Ar-C), 127.6
(+ , Ar-C), 127.9 (+ , Ar-C), 128.0 (+ , Ar-C), 128.3, 128.3 (+ , Ar-C),
135.2, 135.9 (Cquat, Ar-C), 140.9, 141.4 (Cquat, Ar-C), 156.0, 157.1 (Cquat,
NCO2), 175.1, 175.4 (Cquat, C-1); IR (KBr): ñ=3750–2250, 1718, 1518,
1497, 1454, 1416, 1347, 1217 cm�1; MS (EI, 70 eV): m/z (%): 313 (1) [M +],
209 (4) [M +�C8H8], 162 (10), 105 (100) [C8H9


+], 91 (48) [C7H7
+], 65 (7)


[C5H5
+]; HRMS (EI): calcd for C18H19NO4: 313.1314; found 313.1314;


elemental analysis calcd (%) for C18H19NO4 (313.4): C 69.00, H 6.11, N
4.47; found C 69.16, H 6.00, N 4.45.


N-Z-Isoleucine methoxymethyl ester : LiI (0.783 g, 5.85 mmol) was added
to an ice-cold solution of MOM-Cl (0.43 mL, 5.65 mmol) in acetonitrile
(7 mL). The mixture was stirred at the same temperature for 20 min, and
a solution of Z-Ile-OH (0.75 g, 2.83 mmol), and DIEA (0.731 g,
5.65 mmol) in acetonitrile (5 mL) was then added dropwise within 5 min.
The reaction mixture was allowed to warm to 20 8C, stirred for an addi-
tional 2 h and then diluted with Et2O (50 mL). After the usual aqueous
work-up (GP 2), the organic layer was dried, and concentrated under re-
duced pressure to give an oily residue which was purified by column
chromatography (2 Q ; Rf=0.21, EtOAc/hexane 1:6) to give the title com-
pound (0.665 g, 76%) as a colorless oil. [a]20


D =3.9 (c=1.90, CHCl3);
1H NMR (250 MHz, CDCl3): d=0.93 (t, J=6.9 Hz, 3 H, 5-H), 0.97 (d, J=
6.8 Hz, 3 H, 1’-H), 1.06–1.32 (m, 1H, 4-Ha), 1.35–1.54 (m, 1 H, 4-Hb),
1.81–2.03 (m, 1H, 3-H), 3.47 (s, 3 H, OMe), 4.38 (dd, J=9, 4.5 Hz, 1H, 2-
H), 5.11 (s, 2H, Bzl-H), 5.22 (d, J=5.8 Hz, 1 H, Ha, OCH2O), 5.28 (d, J=
6.0 Hz, 1H, NH), 5.35 (d, J=5.8 Hz, 1H, Hb, OCH2O), 7.28–7.42 (m, 5 H,
Ar-H); 13C NMR (62.9 MHz, CDCl3): d=11.2 (+ , C-5), 15.1 (+ , C-1’),
24.5 (�, C-4), 37.4 (+ , C-3), 57.3 (+ , OMe), 58.1 (+ , C-2), 66.5 (�, Bzl-
C), 90.6 (�, OCH2O), 127.7, 127.7, 128.1 (+ , Ar-C), 136.0 (Cquat, Ar-C),
155.9 (Cquat, NCO2), 171.4 (Cquat, C-1); IR (film): ñ=3390, 3066, 3034,
2965, 2937, 2878, 2832, 1724, 1525, 1455, 1412, 1337, 1220, 1087,
1041 cm�1.


N-Fmoc-Isoleucine dicyclopropylmethyl ester : To a stirred ice-cold solu-
tion of N-Fmoc-protected isoleucine (1.0 g, 2.83 mmol) in anhydrous
CH2Cl2 (10 mL) were added oxalyl chloride (0.898 g, 7.07 mmol) and
then DMF (5 drops), and stirring was continued at the same temperature
for 2 h. The mixture was then allowed to warm to 20 8C and stirred for an
additional 1 h. The solvent was blown out with a nitrogen stream and the
crude acyl chloride was dried at 0.01 Torr for 2 h and used without fur-
ther purification. It was dissolved in anhydrous CH2Cl2 (10 mL) and a
mixture of pyridine/dicyclopropylmethanol 1:1 (1.5 mL) was added. After
40 min, DMAP (0.02 g) was added to the mixture and stirring was contin-
ued for an additional 3 h. The reaction mixture was then diluted with
Et2O (50 mL), washed (according to GP 2), dried, filtered and concen-
trated under reduced pressure. The residue was purified by column chro-
matography [Rf=0.24, EtOAc/hexane 1:10 (0.5 % Et3N)]. The appropri-
ate fractions were combined, concentrated under reduced pressure, taken
up with Et2O/hexane 1:1 (100 mL), washed with water (3 Q 20 mL), 3 %
aqueous NaHCO3 (3 Q 20 mL), water (3 Q 20 mL), brine (2 Q 10 mL),
dried, filtered and concentrated under reduced pressure to give the title
compound (0.72 g, 57%) as a turbid oil. [a]20


D =�3.8 (c=0.26, CHCl3);
1H NMR (250 MHz, CDCl3): d=0.16–0.38 (m, 4 H, 2’-Ha, DCPM), 0.38–
0.51 (m, 2H, 2’-Hb, DCPM), 0.51–0.64 (m, 2 H, 2’-Hc, DCPM), 0.94 (t, J=
7.5 Hz, 3 H, 5-H, Ile), 0.96 (d, J=7.5 Hz, 3 H, 1’-H, Ile), 1.02–1.16 (m, 2H,
1’-H, DCPM), 1.17–1.34 (m, 1 H, 4-Ha, Ile), 1.39–1.47 (m, 1H, 4-Hb, Ile),
1.86–2.09 (m, 1H, 3-H, Ile), 3.90 (t, J=8.8 Hz, 1 H, 1-H, DCPM), 4.23
(dd, J=7.3, 7.3 Hz, 1 H, 2-H, Ile), 4.34–4.44 (m, 3H, 1-H, 9’-H, Fmoc),
5.36 (d, J=9.8 Hz, 1 H, NH), 7.23–7.46 (m, 4 H, Ar-H), 7.61 (d, J=
7.5 Hz, 2H, Ar-H), 7.76 (d, J=8.3 Hz, 2 H, Ar-H); 13C NMR (62.9 MHz,
CDCl3): d=2.4, 2.6, 2.9 (�, C-2’, DCPM), 11.6 (+ , C-5, Ile), 14.5, 15.3
(+ , C-1’, DCPM), 14.6 (+ , C-1’, Ile), 24.9 (�, C-4, Ile), 38.1 (+ , C-3, Ile),
47.1 (+ , C-9’, Fmoc), 58.3 (+ , C-2, Ile), 66.8 (�, C-1, Fmoc), 83.4 (+ , C-
1, DCPM), 119.8, 125.0, 126.9, 127.5 (+ , Ar-C), 141.1 (Cquat, Ar-C), 143.7,
143.8 (Cquat, Ar-C), 156.0 (Cquat, NCO2), 171.5 (Cquat, C-1, Ile); IR (film):
ñ=3400, 3068, 3009, 2964, 2935, 2876, 2832, 1805, 1717, 1508, 1451, 1331,
1209, 1220, 1091, 1030 cm�1.


Z-(bMe)Phe-Ile-OMOM (4 a): Z-Ile-OMOM (0.415 g, 1.34 mmol) was
hydrogenated over 10 % Pd on charcoal (0.150 g) under hydrogen at am-
bient pressure in EtOAc (10 mL) with AcOH (0.080 g, 1.34 mmol) for
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1 h. The mixture was then filtered, concentrated under reduced pressure,
taken up with Et2O (40 mL), washed with saturated aqueous NaHCO3


(3 Q 10 mL), brine (2 Q 10 mL), dried, filtered and concentrated under re-
duced pressure to give the deprotected ester of isoleucine 3a as a free
base which was directly used for the condensation with N-Z-protected b-
methylphenylalanine (2 ; 0.400 g, 1.28 mmol) employing EDC (0.257 g,
1.34 mmol), HOAt (0.173 g, 1.28 mmol) and TMP (0.500 mL, 3.78 mmol)
in CH2Cl2 (5 mL) according to GP 2. After 2 h, the reaction mixture was
subjected to the usual aqueous work-up and the resulting crude product
was purified by crystallization from EtOAc/hexane to give the dipeptide
4a (0.40 g, 66%) as a colorless solid. Rf=0.17 (EtOAc/hexane 1:6); Rf=


0.35 (EtOAc/hexane 1:4); m.p. 111–112 8C; [a]20
D =�8.5 (c=0.30, CHCl3);


1H NMR (250 MHz, CDCl3): d=0.81 (d, J=6.8 Hz, 3H, 1’-H, Ile), 0.87
(t, J=6.8 Hz, 3 H, 5-H, Ile), 0.94–1.17 (m, 1H, 4-Ha, Ile), 1.24–1.45 (m,
1H, 4-Hb, Ile), 1.35 [d, J=7.3 Hz, 3H, 4-H, (bMe)Phe], 1.68–1.87 (m,
1H, 3-H, Ile), 3.17 [dq, J=7.3 Hz, 1 H, 3-H, (bMe)Phe], 3.42 (s, 3H,
OMe), 4.27–4.41 (m, 2H, 2 Q 2-H), 5.09 (s, 2H, Bzl-H), 5.13 (d, J=6.0 Hz,
1H, Ha, OCH2O), 5.21 (d, J=5.8 Hz, 1H, Hb, OCH2O), 5.43 (d, J=9 Hz,
1H, NH), 5.98 (d, J=7.8 Hz, 1H, NH), 7.15–7.30 (m, 6H, Ar-H), 7.30–
7.42 (m, 4H, Ar-H); 13C NMR (62.9 MHz, CDCl3): d=11.2 (+ , C-5, Ile),
14.9 (+ , C-1’, Ile), 16.9 [+ , C-4, (bMe)Phe], 24.8 (�, C-4, Ile), 37.5 (+ ,
C-3, Ile), 42.2 [+ , C-3, (bMe)Phe], 56.1 (+ , C-2, Ile), 57.5 (+ , OMe),
60.2 [+ , C-2, (bMe)Phe], 66.5 (�, Bzl-C), 90.6 (�, OCH2O), 126.6, 127.5,
127.5, 127.7, 128.17 (Q 2) (+ , Ar-C), 136.2, 141.9 (Cquat, Ar-C), 156.2
(Cquat, NCO2), 170.4, 170.6 (Cquat, C-1); IR (KBr): ñ=3330, 3275, 3065,
3033, 2965, 2928, 2874, 2832, 1741, 1689, 1654, 1536, 1293, 1275, 1253,
1242, 1155, 1071, 1012 cm�1; MS (EI, 70 eV): m/z (%): 470 (4) [M +], 366
(11) [M +�C8H8], 319 (18) [M +�C8H9NO2], 289 (15), 268 (8), 224 (20),
199 (6), 105 (10) [C8H9


+], 91 (100) [C7H7
+], 86 (10), 45 (12) [CHO2


+];
HRMS (EI): calcd for C26H34N2O6: 470.2417; found 470.2417; elemental
analysis calcd (%) for C26H34N2O6 (470.6): C 66.36, H 7.28, N 5.95; found
C 66.58, H 7.19, N 6.10.


Z-(bMe)Phe-Ile-ODCPM (4 b): Fmoc-Ile-ODCPM (0.540 g, 1.21 mmol)
was N-deprotected according to GP 1, and the resulting amino ester 3 a
was coupled with N-Z-protected (b-methylphenylalanine) 2 (0.36 g,
1.15 mmol) employing EDC (0.227 g, 1.18 mmol), HOAt (0.160 g,
1.18 mmol) and TMP (0.418 g, 3.45 mmol) in CH2Cl2 (5 mL) according to
GP 2. After 6 h, the reaction mixture was subjected to the usual aqueous
work-up, and the resulting crude product was triturated with pentane and
then purified by crystallization from hexane to give the dipeptide 4 b
(0.50 g, 84%) as a colorless solid. Rf=0.17 [EtOAc/hexane 1:6 (0.5 %
Et3N)]; m.p 105–106 8C; [a]20


D =9.0 (c=0.31, CHCl3); 1H NMR (250 MHz,
CDCl3): d=0.23–0.41 (m, 4 H, 2’-Ha, DCPM), 0.41–0.53 (m, 2H, 2’-Hb,
DCPM), 0.53–0.64 (m, 2H, 2’-Hc, DCPM), 0.81 (d, J=6.8 Hz, 3 H, 1’-H,
Ile), 0.89 (t, J=7.3 Hz, 3H, 5-H, Ile), 0.95–1.21 (m, 3 H, 4-Ha, Ile, 1’-H,
DCPM), 1.35 [d, J=7.3 Hz, 3H, (bMe)Phe], 1.37–1.48 (m, 1H, 4-Hb, Ile),
1.71–1.90 (m, 1 H, 3-H, Ile), 3.19 [dq, J=7.3 Hz, 1H, (bMe)Phe], 3.90 (t,
J=8.5 Hz, 1H, 1-H, DCPM), 4.26–4.42 (m, 2H, 2 Q 2-H), 5.09 (s, 2 H,
Bzl-H), 5.42 (d, J=9.0 Hz, 1 H, NH), 6.06 (d, J=7.5 Hz, 1H, NH), 7.15–
7.30 (m, 6H, Ar-H), 7.30–7.40 (m, 4 H, Ar-H); 13C NMR (62.9 MHz,
CDCl3): d=2.4, 2.7 (�, C-2’, DCPM), 11.4 (+ , C-5, Ile), 14.3, 14.5 (+ , C-
1’, DCPM), 14.8 (+ , C-1’, Ile), 16.7 [+ , C-4, (bMe)Phe], 24.9 (�, C-4,
Ile), 37.9 (+ , C-3, Ile), 42.2 [+ , C-3, (bMe)Phe], 56.1 (+ , C-2, Ile), 60.1
[+ , C-2, (bMe)Phe], 66.5 (�, Bzl-C), 82.9 (+ , C-1, DCPM), 126.5, 127.4,
127.5, 127.6, 128.1 (Q 2) (+ , Ar-C), 136.2, 141.9 (Cquat, Ar-C), 156.1 (Cquat,
NCO2), 170.2, 170.5 (Cquat, C-1, Ile); IR (KBr): ñ=3300, 3270, 3010, 2965,
2875, 1732, 1690, 1655, 1535, 1454, 1379, 1334, 1292, 1275, 1255, 1240,
1196, 1137, 1013 cm�1; MS (EI, 70 eV): m/z (%): 520 (8) [M +], 416 (7)
[M +�C8H8], 381 (8) [M +�C7H9NO2], 296 (20), 268 (11), 224 (20), 176
(6), 105 (7) [C8H9


+], 95 (100), 86 (17), 67 (10); HRMS (EI): calcd for
C31H40N2O5: 520.2937; found 520.2937; elemental analysis calcd (%) for
C31H40N2O5 (520.7): C 71.51, H 7.74, N 5.38; found C 71.51, H 7.42, N
5.40.


N-Fmoc-3-(2R,1’R,2’R)-(trans-2’-Nitrocyclopropyl)alanine (5): A solu-
tion of Fmoc-OSu (0.416 g, 1.36 mmol) in acetone (7 mL) was added to a
vigorously stirred solution of 3-(2R,1’R,2’R)-(trans-2’-nitrocyclopropyl)-
alanine (0.20 g, 1.15 mmol) and NaHCO3 (0.202 g, 2.40 mmol) in water
(5 mL) (if a precipitate formed, acetone and/or water was added to
obtain a homogeneous solution) and stirring continued for an additional
3 h. Acetone was then removed under reduced pressure, and the pH of
the residual water solution was adjusted to 1 with 3m HCl. The resulting


emulsion was extracted with Et2O (30 mL) and the ethereal layer was
back-extracted with 3 % aqueous NaHCO3 (5 Q 10 mL, TLC control for
the completeness of extraction was necessary). The combined aqueous
fractions were washed with Et2O (2 Q 10 mL), acidified to pH 2 with 3m
HCl, and the resulting emulsion was extracted with Et2O (40 mL). The
organic phase was washed with 3m HCl (2 Q 10 mL), water (3 Q 10 mL),
brine (2 Q 5 mL), dried, filtered and concentrated under reduced pressure.
The residue was triturated with cold pentane and filtered. The resulting
semisolid was dried at 0.02 Torr for prolonged time to give 5 (0.423 g,
93%) as a colorless foam. Rf=0.08 (EtOAc/hexane 1:1); m.p. (softening)
50–57 8C; [a]20


D =�56.7 (c=0.36, CHCl3); 1H NMR (250 MHz, CDCl3):
d=0.71–0.82 (m, 0.4 H, 3’-Ha), 1.11 (ddd J=6.2, 6.2, 6.2 Hz, 0.6H, 3’-Ha),
1.17–1.51 (m, 1H, 3’-Hb), 1.75–2.13 (m, 2H, 3-H), 3.61–3.76, 3.76–3.89
(2 Q m, 1H, 1’-H), 3.99–4.12 (m, 0.5H, 2-H), 4.12–4.27 (m, 1.5H, 9’’’-H, 2-
H), 4.27–4.56 (m, 2H, 1’’-H), 4.56–4.69, 4.71–4.87 (2 Q m, 1 H, 2’-H), 5.48
(d, J=7.0 Hz, 0.6H, NH), 7.01–7.13 (m, 0.4 H, NH), 7.23–7.42 (m, 4 H,
Ar-H), 7.42–7.61 (m, 2H, Ar-H), 7.75 (d, J=7.5 Hz, 2H, Ar-H), 7.90–
10.50 (br, 1 H, CO2H); 13C NMR (62.9 MHz, CDCl3): d=17.3, 17.6 (�, C-
3’), 21.4, 22.0 (+ , C-1’), 32.8, 33.2 (�, C-3), 46.8 (+ , C-9’’’), 53.0 (+ , C-2),
59.0 (+ , C-2’), 66.7, 67.0 (�, C-1’’), 119.8 (+ , Ar-C), 124.2, 124.4 (+ , Ar-
C), 124.8 (+ , Ar-C), 126.9, 127.6 (+ , Ar-C), 141.1 (Cquat, Ar-C), 143.0,
143.3 (Cquat, Ar-C), 143.3, 143.5 (Cquat, Ar-C), 155.9, 156.8 (Cquat, NCO2),
173.8, 174.6 (Cquat, C-1); IR (KBr): ñ=3331, 2965, 2934, 1736, 1689, 1653,
1525, 1455, 1391, 1367, 1251, 1176 cm�1; MS (EI, 70 eV): m/z (%): 396
(1) [M +], 196 (36) [C14H12O


+], 178 (51) [C14H10
+], 165 (100), 139 (6);


HRMS (EI): calcd for C21H20N2O6: 396.1321; found 396.1321; elemental
analysis calcd (%) for C21H20N2O6 (396.4): C 63.63, H 5.09, N 7.07; found
C 63.56, H 5.21, N 7.00.


Fmoc-(2R)-(3-Ncp)Ala-(bMe)Phe-Ile-OMOM (7 a): The compound 4 a
(0.370 g, 0.786 mmol) was hydrogenated over 10 % Pd on charcoal
(0.100 g) under hydrogen at ambient pressure in EtOAc (10 mL) with
AcOH (0.048 g, 0.800 mmol) for 1 h. The mixture was then filtered, con-
centrated under reduced pressure, taken up with Et2O (40 mL), washed
with saturated aqueous NaHCO3 (3 Q 10 mL), brine (2 Q 10 mL), dried, fil-
tered and concentrated under reduced pressure to give the deprotected
dipeptide 6 a as a free base together with cyclo-[(bMe)Phe-Ile]. This mix-
ture was directly used for the condensation with the N-Fmoc-protected
amino acid 5 (0.320 g, 0.807 mmol) employing EDC (0.160 g,
0.835 mmol), HOAt (0.111 g, 0.816 mmol) and TMP (0.430 mL,
3.254 mmol) in CH2Cl2 (5 mL) according to GP 2. After 15 h, the reac-
tion mixture was subjected to the usual aqueous work-up, and the result-
ing crude product was first crystallized from CH2Cl2/hexane and then pu-
rified by column chromatography [Rf=0.28, CHCl3/MeOH 60:1 (1 %
EtOH)] to give tripeptide 7a (0.220 g, 39% over two steps) as a colorless
solid. [a]20


D =�15.3 (c=0.40, CHCl3); 1H NMR (250 MHz, CDCl3): d=


0.82 (q, J=7.3 Hz, 6H, 5-H, 1’-H, Ile), 0.93–1.17 [m, 2H, 4-Ha, Ile, 3’-Ha,
(3-Ncp)Ala], 1.26–1.43 (m, 1H, 4-Hb, Ile), 1.32 [d, J=6.5 Hz, 3 H, 4-H,
(bMe)Phe], 1.48–1.70 [m, 1 H, 3’-Hb, (3-Ncp)Ala], 1.70–1.84 [m, 2H, 3-H,
Ile, 1’-H, (3-Ncp)Ala], 1.84–1.99 [m, 2H, 3-H, (3-Ncp)Ala], 3.22 [dq, J=
7.4 Hz, 1H, 3-H, (bMe)Phe], 3.40 (s, 3 H, OMe), 4.00–4.10 (m, 1H, 2-H),
4.20 (dd, J=6.5, 6.5 Hz, 1H, 2-H), 4.26–4.44 [m, 3H, 1-Ha, 9’-Ha, Fmoc,
2’-H, (3-Ncp)Ala], 4.49 (dd, J=10.6, 6.9 Hz, 1 H, 1-Hb, Fmoc), 4.62 (dd,
J=8.5, 8.5 Hz, 1H, 2-H), 5.09 (d, J=5.9 Hz, 1H, Ha, OCH2O), 5.20 (d,
J=5.9 Hz, 1H, Hb, OCH2O), 5.63 (d, J=8.0 Hz, 1H, NH), 6.17 (d, J=
8.0 Hz, 1H, NH), 6.95 (d, J=8.5 Hz, 1 H, NH), 7.14–7.31 (m, 7H, Ar-H),
7.40 (dd, J=7.5, 7.5 Hz, 2 H, Ar-H), 7.58 (dd, J=7.3, 5.0 Hz, 2 H, Ar-H),
7.77 (d, J=7 Hz, 2 H, Ar-H); 13C NMR (62.9 MHz, CDCl3): d=11.4 (+ ,
C-5, Ile), 15.0 (+ , C-1’, Ile), 17.1 [+ , C-4, (bMe)Phe], 17.9 [�, C-3’, (3-
Ncp)Ala], 22.1 [+ , C-1’, (3-Ncp)Ala], 24.9 (�, C-4, Ile), 34.0 [�, C-3, (3-
Ncp)Ala], 37.7 (+ , C-3, Ile), 41.9 [+ , C-3, (bMe)Phe], 46.9 (+ , C-9’,
Fmoc), 54.0 [+ , C-2, (bMe)Phe], 56.3 [+ , C-2, Ile], 57.7 (+ , OMe), 58.7
[+ , C-2, (3-Ncp)Ala], 59.0 [+ , C-2’, (3-Ncp)Ala], 67.1 (�, C-1, Fmoc),
90.9 (�, OCH2O), 119.9, 124.9, 126.9, 127.0, 127.6, 127.7, 128.4 (+ , Ar-
C), 141.1, 141.2 (Cquat, Ar-C, Fmoc), 141.6 [Cquat, Ar-C, (bMe)Phe], 143.5,
143.7 (Cquat, Ar-C, Fmoc), 156.0 (Cquat, NCO2), 170.2, 170.6, 171.2 (Cquat,
C-1); IR (KBr): ñ=3330, 3275, 3067, 2966, 1718, 1643, 1542, 1451, 1368,
1227, 1163, 1139, 1091 cm�1; MS (EI, 70 eV): m/z (%): 715 (0.04) [M +],
518 (3), 429 (13), 321 (5), 196 (20), 178 (100), 165 (54), 134 (16), 86 (23),
45 (20) [CHO2


+]; MS (ESI): positive mode: m/z (%): 737 (30) [M+Na+];
negative mode: m/z (%): 749 (40) [M+Cl�].


A 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4718 – 47274722


FULL PAPER A. de Meijere and B. D. Zlatopolskiy



www.chemeurj.org





Fmoc-(2R)-(3-Ncp)Ala-(bMe)Phe-Ile-ODCPM (7 b): The dipeptide 4b
(0.35 g, 0.67 mmol) was taken up with EtOAc (10 mL) and hydrogenated
over 10% Pd/C (0.15 g) under hydrogen at ambient pressure for 2 h. The
reaction mixture was filtered through a pad of Celite and concentrated
under reduced pressure to give the deprotected dipeptide 6b, which was
directly used for the coupling with 5 (274 mg, 0.69 mmol), using EDC
(137 mg, 0.72 mmol), HOAt (96 mg, 0.71 mmol) and TMP (0.25 mL,
2.02 mmol) according to GP 2 to give compound 7 b (405 mg, 79 %) as a
colorless solid after two recrystallizations from THF/hexane 1:1. Rf=0.52
(EtOAc/hexane 2:3); m.p 151–155 8C; [a]20


D =�3.8 (c=0.26, CHCl3);
1H NMR (250 MHz, CDCl3): d=0.20–0.38 (m, 4H, 2’-H, DCPM), 0.37–
0.49 (m, 2H, 2’-H, DCPM), 0.49–0.62 (m, 2H, 2’-H, DCPM), 0.80 (d, J=
7.0 Hz, 3 H, 1’-H, Ile), 0.86 (t, J=7.5 Hz, 3H, 5-H, Ile), 0.94–1.20 [m, 4 H,
4-Ha, Ile, 3’-Ha, 3-(Ncp)Ala, 1’-H, DCPM], 1.33–1.49 [m, 1H, 3’-Hb, 3-
(Ncp)Ala], 1.34 [d, J=7.0 Hz, 3H, 4-H, (b-Me)Phe], 1.50–1.68 (m, 1H, 4-
Hb, Ile), 1.71–1.85 [m, 2 H, 3-H, Ile, 1’-H, 3-(Ncp)Ala], 1.85–2.05 [m, 2 H,
3-H, 3-(Ncp)Ala], 3.22 [dq, J=7.0 Hz, 1H, 3-H, (b-Me)Phe], 3.79 (t, J=
8.6 Hz, 1 H, 1-H, DCPM), 4.01–4.09 (m, 1H, 2-H), 4.21 (dd, J=6.5 Hz,
1H, 2-H), 4.26–4.43 [m, 3H, 2’-H, 3-(Ncp)Ala, 1-Ha, 9’-Ha, Fmoc], 4.49
(dd, J=10.3, 7.0 Hz, 1 H, 1-Hb, Fmoc), 4.61 (dd, J=5.5 Hz, 1 H, 2-H),
5.58 (d, J=8.3 Hz, 1H, NH), 6.14 (d, J=7.8 Hz, 1H, NH), 6.84 (d, J=
8.0 Hz, 1H, NH), 7.12–7.31 (m, 5 H, Ar-H), 7.33 (d, J=7.8 Hz, 2 H, Ar-
H), 7.40 (dd, J=7.3, 7.3 Hz, 2 H, Ar-H), 7.58 (d, J=7.0 Hz, 2 H, Ar-H),
7.77 (d, J=7.3 Hz, 2 H, Ar-H); 13C NMR (62.9 MHz, CDCl3): d=2.4, 2.7
(�, C-2’, DCPM), 11.4 (+ , C-5, Ile), 14.1, 14.4 (+ , C-1’, DCPM), 14.8 (+ ,
C-1’, Ile), 16.7 [+ , C-4, (b-Me)Phe], 17.7 [�, C-3’, 3-(Ncp)Ala], 21.97 [+ ,
C-1’, 3-(Ncp)Ala], 24.9 (�, C-4, Ile), 33.9 [�, C-3, 3-(Ncp)Ala], 38.1 (+ ,
C-3, Ile), 41.7 [+ , C-3, (b-Me)Phe], 46.8 (+ , C-9’, Fmoc), 53.8 (+ , C-2),
56.2 (+ , C-2), 58.5 (+ , C-2), 58.8 [+ , C-2’, 3-(Ncp)Ala], 67.0 (�, C-1,
Fmoc), 83.1 (+ , C-1, DCPM), 119.7, 124.8, 126.6, 127.4 (Q 2) (+ , Ar-C),
128.2 (Q 2) (+ , Ar-C), 140.96, 141.49 (Cquat, Ar-C, Fmoc), 141.5 [Cquat,
Ar-C, (b-Me)Phe], 143.5, 143.6 (Cquat, Ar-C, Fmoc), 155.9 (Cquat, NCO2),
169.8, 170.5, 171.0 (Cquat, C-1); IR (KBr): ñ=3490, 2966, 1717, 1645, 1543,
1451, 1368, 1147 cm�1; MS (ESI): positive mode: m/z (%): 787 (70)
[M+Na+]; negative mode: m/z (%): 799 (38) [M+Cl�]; elemental analy-
sis calcd (%) for C44H52N4O8 (764.9): C 69.09, H 6.85, N 7.32; found C
69.06, H 6.79, N 7.19.


MeZ-a-Thr-OH : NaHCO3 (0.360 g, 4.29 mmol) and then a solution of
MeZOSu (0.486 g, 1.85 mmol) in dioxane (7 mL) were added to a vigo-
rously stirred solution of allo-d-threonine (0.200 g, 1.68 mmol) in water
(7 mL), and stirring was continued for 3 h (if a precipitate formed, diox-
ane and/or water was added to obtain a homogeneous solution). The mix-
ture was then concentrated under reduced pressure, diluted with water
(40 mL) and washed with CH2Cl2 (4 Q 10 mL). The pH of the water frac-
tion was adjusted to ca. 1–2 with solid NaHSO4, and the resulting emul-
sion was extracted with EtOAc (2 Q 40 mL). The organic layer was
washed with water (4 Q 20 mL), brine 2Q 10 mL), dried and concentrated
under reduced pressure. The residue was recrystallized from Et2O/hexane
and then from CH2Cl2/hexane to give the title compound (0.175 g, 39%)
as a colorless solid. The mother liquor from the second crystallization
was concentrated, and the residue was recrystallized again from Et2O/
hexane to give a second crop of the title compound (0.23 g, 90% overall
yield). Rf=0.13 (EtOAc/hexane 1:3 (2 % AcOH); threefold development
was applied); m.p. 78–80 8C; [a]20


D =�24.6 (c=0.32, CHCl3); 1H NMR
(250 MHz, CDCl3): d=1.27 (d, J=6.5 Hz, 3 H, 4-H), 2.34 (s, 3 H, 1’-H),
3.70–4.40 (br, 2 H, OH, CO2H), 4.05–4.27 (m, 1 H, 3-H), 4.33–4.44 (m,
1H, 2-H), 5.07 (s, 2H, Bzl-H), 5.77 (d, J=7.5 Hz, 1H, NH), 7.15 (d, J=
8.0 Hz, 2H, Ar-H), 7.24 (d, J=8.0 Hz, 2 H, Ar-H); 13C NMR (62.9 MHz,
CDCl3): d=18.7 (+ , C-4), 21.1 (+ , C-1’), 59.3 (+ , C-2), 67.4 (�, Bzl-C),
69.0 (+ , C-3), 128.3, 129.2 (+ , Ar-C), 132.7, 138.1 (Cquat, Ar-C), 156.9
(Cquat, NCO2), 173.3 (Cquat, C-1); IR (KBr): ñ=3400, 3213, 2988, 2931,
2889, 1723, 1678, 1537, 1422, 1275, 1225, 1210 cm�1; MS (EI, 70 eV): m/z
(%): 267 (3) [M +], 223 (5) [M +�CO2], 162 (8) [M +�C8H9], 105 (100)
[C8H9


+], 77 (6) [C6H5
+], 45 (5) [CHO2


+]; HRMS (EI): calcd for
C13H17NO5: 267.1107; found 267.1107; elemental analysis calcd (%) for
C13H17NO5 (267.3): calcd. C 58.42, H 6.41, N 5.24; found C 58.59, H 6.13,
N 5.08.


MeZ-a-Thr-OAll (9): A suspension of dried K2CO3 (0.034 g, 0.247 mmol)
in a solution of the N-MeZ-protected allo-d-threonine (0.12 g,
0.449 mmol) and allyl bromide (0.08 mL, 0.946 mmol) in anhydrous
MeCN (4 mL) was vigorously stirred in a sealed tube at 85 8C for 2 h.


The mixture was then allowed to cool to 60 8C, and stirring was continued
for an additional 16 h. The reaction mixture was cooled to 20 8C, Et2O
(50 mL) and water (20 mL) were then added. The organic layer was
washed with water (4 Q 10 mL), saturated aqueous NaHCO3 (2 Q 10 mL),
brine (2 Q 5 mL), dried, filtered and concentrated under reduced pressure.
The residual oil was triturated with Et2O/pentane 1:2 to give a colorless
solid. Then more pentane was added to complete the precipitation, 9 was
filtered off and dried under reduced pressure (0.116 g, 84%). Rf=0.16
(EtOAc/hexane 1:3); m.p. 47–48 8C; [a]20


D =�20.4 (c=0.30, CHCl3);
1H NMR (250 MHz, CDCl3): d=1.20 (d, J=6.5 Hz, 3H, 4-H), 2.35 (s,
3H, 1’-H), 2.74 (d, J=6.3 Hz, 1 H, OH), 4.09–4.26 (m, 1H, 3-H), 4.47
(dd, J=7.5, 3.8 Hz, 1 H, 2-H), 4.67 (d, J=5.3 Hz, 2H, 1-H, All), 5.08 (s,
2H, Bzl-H), 5.27 (ddt, J=10.3, 1.0, 1.0 Hz, 1 H, trans-3-H, All), 5.34 (ddt,
J=17.3, 1.0, 1.0 Hz, 1H, cis-3-H, All), 5.66 (d, J=7.3 Hz, 1 H, NH), 5.90
(ddt, J=17.3, 10.3, 5.8 Hz, 1H, 2-H, All), 7.17 (d, J=8.0 Hz, 2H, Ar-H),
7.26 (d, J=8.0 Hz, 2 H, Ar-H); 13C NMR (62.9 MHz, CDCl3): d=18.7 (+ ,
C-4), 20.9 (+ , C-1’), 59.3 (+ , C-2), 65.9 (�, C-1, All), 67.4 (�, Bzl-C),
68.4 (+ , C-3), 118.7 (�, C-3, All), 128.0, 128.9 (+ , Ar-C), 132.8 (+ , C-2,
All), 132.8, 137.7 (Cquat, Ar-C), 156.4 (Cquat, NCO2), 169.9 (Cquat, C-1); IR
(KBr): ñ=3409, 3327, 3056, 2972, 2941, 2889, 1744, 1690, 1536, 1463,
1382, 1338, 1284, 1233, 1183 cm�1; MS (EI, 70 eV): m/z (%): 307 (2)
[M +], 263 (4) [M +�C2H4O], 202 (8) [M +�C8H9], 105 (100) [C8H9


+], 77
(5) [C6H5


+], 41 (5) [C3H5
+]; HRMS (EI): calcd for C16H21NO5: 307.1420;


found 307.1420; elemental analysis calcd (%) for C16H21NO5 (307.5):
C 62.53, H 6.89, N 4.56; found C 62.80, H 6.84, N 4.41.


MeZ-a-Thr[(4-PE)Pro]-OAll (12): EDC (0.324 g, 1.69 mmol) was added
to a cooled (4 8C) solution of the N-Boc-protected (2S,4R)-4-(Z)-prope-
nylproline (8 ; 0.340 g, 1.33 mmol), the N,C-protected amino acid 9
(0.400 g, 1.30 mmol) and 4-pyrrolidinopyridine (0.250 g, 1.69 mmol) in an-
hydrous CH2Cl2 (3 mL). The temperature was allowed to reach 20 8C,
and stirring was continued for 15 h. Then the reaction mixture was dilut-
ed with Et2O (30 mL) and washed with 1m KHSO4 (3 Q 5 mL), water (2 Q
5 mL), 3% aqueous solution of NaHCO3 (3 Q 5 mL), water (3 Q 5 mL),
brine (2 Q 5 mL), dried and concentrated under reduced pressure. The
residue was purified by column chromatography (EtOAc/hexane 1:6) to
give 12 (0.588 g, 83%) as a turbid oil. Rf=0.43 (EtOAc/hexane 1:3);
[a]20


D =�35.4 (c=0.28, CHCl3); 1H NMR (250 MHz, CDCl3): d=1.32,
1.34 (2 Q d, J=6.5 Hz, 3 H, 4-H, a-Thr), 1.36, 1.39 [2Q s, 9H, C(CH3)3],
1.64, 1.65 [2Q dd, J=1.5, 7.0 Hz, 3H, 3’-H, (4-PE)Pro], 1.63–1.81 [m, 1 H,
3-Ha, (4-PE)Pro], 2.21–2.46 [m, 1 H, 3-Hb, (4-PE)Pro], 2.33, 2.35 (2 Q s,
3H, 1’-H, MeZ), 2.93–3.19 [m, 2 H, 4-H, 5-Ha, (4-PE)Pro], 3.51–3.67,
3.69–3.83 [2 Q m, 1H, 5-Hb, (4-PE)Pro], 4.10–4.27 [m, 1 H, 2-H, (4-
PE)Pro], 4.48–4.65 (m, 1 H, 2-H, a-Thr), 4.68 (d, J=5.2 Hz, 2 H, 1-H,
All), 4.97–5.13 (m, 2 H, Bzl-H, MeZ), 5.17–5.43 [m, 4 H, 3-H, All, 3-H, a-
Thr, 1’-H, (4-PE)Pro], 5.54 [dq, J=10.2, 7.0 Hz, 1H, 2’-H, (4-PE)Pro],
5.80–6.01 (m, 1H, 2-H, All), 6.42 (d, J=9.2 Hz, 1 H, NH), 7.13, 7.17 (2 Q
d, J=7.9 Hz, 2 H, Ar-H), 7.23, 7.25 (d, J=7.9 Hz, 2 H, Ar-H); 13C NMR
(62.9 MHz, CDCl3): d=12.8 [+ , C-3’, (4-PE)Pro], 15.8, 16.3 (+ , C-4, a-
Thr), 20.8 (+ , C-1’, MeZ), 27.9 [+ , C(CH3)3], 35.3, 36.1 [+ , C-4, (4-
PE)Pro], 35.8, 36.9 [�, C-3, (4-PE)Pro], 51.1, 51.3 [�, C-5, (4-PE)Pro],
57.0, 57.4 [+ , C-2, (4-PE)Pro], 59.0, 59.1 (+ , C-2, a-Thr), 65.5, 66.0 (�,
C-1, All), 66.4, 67.0 (�, Bzl-C), 70.8, 70.8 (+ , C-3), 79.6, 79.7 [Cquat,
C(CH3)3], 118.2, 118.9 (�, C-3, All), 126.3, 126.3 (+ , Ar-C), 127.9 (+ ,
Ar-C), 128.7, 128.8 [+ , C-2’, (4-PE)Pro], 129.0, 129.1 [+ , C-1’, (4-
PE)Pro], 130.9, 131.2 (+ , C-2, All), 132.7, 133.1 (Cquat, Ar-C), 137.2,
137.6 (Cquat, Ar-C), 153.0, 153.5 (Cquat, NCO2, Boc), 155.4, 155.9 (Cquat,
NCO2, MeZ), 168.4, 168.4 (Cquat, C-1, a-Thr), 171.6, 171.9 [Cquat, C-1, (4-
PE)Pro]; IR (KBr): ñ=3330, 3009, 2977, 2932, 2871, 1747, 1703, 1520,
1478, 1453, 1399, 1367, 1253, 1161 cm�1; MS (EI, 70 eV): m/z (%): 544
(2) [M +], 488 (6) [M +�C4H8], 444 (5) [M +�C5H8O2], 339 (26), 210
(11), 154 (100) [C8H12NO2


+], 110 (83) [C7H12N
+], 105 (100) [C8H9


+], 57
(49) [C4H9


+], 41 (15) [C3H5
+]; HRMS (EI): calcd for C29H40N2O8:


544.2785; found 544.2785; elemental analysis calcd (%) for C29H40N2O8


(544.7): C 63.95, H 7.40, N 5.14; found C 63.99, H 7.32, N 4.99.


Fmoc-(bMe)Phe-(2R)-(3-Ncp)Ala-(bMe)Phe-Ile-OMOM (13 a): The tri-
peptide 7a (205 mg, 0.29 mmol) was deprotected according to GP 1 and
then directly coupled with the N-Fmoc-protected b-methylphenylalanine
(10)[21] (126 mg, 0.31 mmol) according to GP 2 using EDC (60 mg,
0.31 mmol), HOAt (42 mg, 0.31 mmol) and TMP (106 mg, 0.88 mmol) in
CH2Cl2/MeCN 2:1 (3 mL) to give 13a (195 mg, 78 %) as a colorless solid
after recrystallization from CHCl3/hexane. Rf=0.27 [CHCl3/MeOH 70:1
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(1 % EtOH)]; m.p. 209–212 8C (decomp.); [a]20
D =�40.2 (c=0.3, THF);


1H NMR (250 MHz, [D8]THF): d=0.78 (d, J=7.0 Hz, 3 H, 1’-H, Ile), 0.80
(t, J=7.0 Hz, 3H, 5-H, Ile), 0.94–1.17 [m, 2H, 4-Ha, Ile, 3’-Ha, (3-
Ncp)Ala], 1.20 [d, J=6.8 Hz, 3H, 4-H, (b-Me)Phe], 1.33 [d, J=7.0 Hz,
3H, 4-H, (b-Me)Phe], 1.34–1.54 [m, 4 H, 3-H, 4-Hb, Ile, 1’-H, 3’-Hb, (3-
Ncp)Ala], 1.59–1.87 [m, 2 H, 3-H, (3-Ncp)Ala], 3.10 [dq, J=10.3, 7.1 Hz,
1H, 3-H, (b-Me)Phe], 3.21 [dq, J=7.5, 7.5 Hz, 1 H, 3-H, (b-Me)Phe], 3.31
(s, 3H, OMe), 3.95 [ddd, J=6.8, 3.3, 3.3 Hz, 1H, 2’-H, (3-Ncp)Ala], 4.13–
4.40 (m, 5H, 2 Q 2-H, 1-H, 9’-H, Fmoc), 4.46 [ddd, J=3.3, 3.3, 3.3 Hz, 1 H,
2-H, (3-Ncp)Ala], 4.55 (dd, J=8.6, 8.6 Hz, 1H, 2-H), 5.03 (d, J=5.6 Hz,
1H, Ha, OCH2O), 5.11 (d, J=5.6 Hz, 1H, Hb, OCH2O), 6.97–7.46 (m,
16H, 4Q NH, 12 Q Ar-H), 7.54 (dd, J=10.9, 8.9 Hz, 2H, Ar-H), 7.66 (dd,
J=9.9, 7.6 Hz, 2 H, Ar-H), 7.77 (d, J=7.5 Hz, 2H, Ar-H); 13C NMR
(62.9 MHz, [D8]THF): d=11.9 (+ , C-5, Ile), 15.9 (+ , C-1’, Ile), 17.9 [+ ,
C-4, (b-Me)Phe], 18.6 [+ , C-4, (b-Me)Phe], 18.8 [�, C-3’, (3-Ncp)Ala],
23.1 [+ , C-1’, (3-Ncp)Ala], 26.0 (�, C-4, Ile), 34.7 [�, C-3, (3-Ncp)Ala],
38.6 (+ , C-3, Ile), 42.7 [+ , C-3, (b-Me)Phe], 44.0 [+ , C-3, (b-Me)Phe],
48.4 (+ , C-9’, Fmoc), 52.7 (+ , C-2), 57.3 (+ , C-2), 57.9 (+ , OMe), 59.6
(+ , C-2), 60.1 [+ , C-2’, (3-Ncp)Ala], 62.1 (+ , C-2), 67.6 (�, C-1, Fmoc),
91.4 (�, OCH2O), 126.3, 126.3, 127.4, 127.7, 128.0, 128.5, 128.9, 129.1,
129.2, 129.3 (+ , Ar-C), 142.4, 142.4 (Cquat, Ar-C, Fmoc), 143.9 [Cquat, Ar-
C, (b-Me)Phe], 144.2 [Cquat, Ar-C, (b-Me)Phe], 145.3, 145.5 (Cquat, Ar-C,
Fmoc), 157.7 (Cquat, NCO2), 171.3, 171.4, 171.6, 172.1 (Cquat, C-1); IR
(KBr): ñ=3300, 2967, 1708, 1668, 1637, 1543, 1370, 1247 cm�1; MS (ESI):
positive mode: m/z (%): 898 (100) [M+Na+]; elemental analysis calcd
(%) for C49H57N5O10 (876.0): C 67.18, H 6.56, N 7.99; found C 67.15, H
6.46, N 8.06.


Fmoc-(bMe)Phe-(2R)-(3-Ncp)Ala-(bMe)Phe-Ile-ODCPM (13 b): The
tripeptide 7 b (0.420 g, 0.549 mmol) was deprotected according to GP 1,
and the resulting product 11 b was then directly coupled with 10 (0.242 g,
0.603 mmol) according to GP 2 using EDC (0.114 g, 0.595 mmol), HOAt
(0.080 g, 0.588 mmol) and TMP (0.200 g, 1.650 mmol) in CH2Cl2 (3 mL).
After 1 h, a precipitate formed in the reaction mixture, and anhydrous
DMF (2 mL) was added to obtain a homogeneous solution. After 15 h,
the reaction mixture was concentrated under reduced pressure. The re-
sulting solid was washed with water (100 mL), 3% aqueous NaHCO3


(100 mL), water (100 mL), Et2O (100 mL), pentane (50 mL), dried at
0.5 Torr and then crystallized twice from THF/hexane to give 13 b
(0.430 g, 85%) as an off-white solid. Rf=0.29 (CHCl3/MeOH 70:1); m.p
210–215 8C (decomp.); [a]20


D =�26.3 (c=0.32, THF); 1H NMR (250 MHz,
[D8]THF): d=0.22–0.57 (m, 7 H, 2’-H, DCPM), 0.67–0.90 (m, 2 H, 1’-H,
2’-H, DCPM), 0.78–0.86 (m, 1H, 1’-H, DCPM), 0.81 (d, J=6.5 Hz, 3H,
1’-H, Ile), 0.83 (t, J=7.3 Hz, 3 H, 5-H, Ile), 0.92–1.19 [m, 4H, 4-H, Ile, 3’-
H, (3-Ncp)Ala], 1.20 [d, J=7.3 Hz, 3H, 4-H, (bMe)Phe], 1.32 [d, J=
7.0 Hz, 3 H, 4-H, (bMe)Phe], 1.30–1.50 [m, 4H, 3-H, Ile, 1’-H, 3-H, (3-
Ncp)Ala], 3.11 [dq, J=9.6, 7.2 Hz, 1 H, 3-H, (bMe)Phe], 3.24 [dq, J=7.4,
7.4 Hz, 1 H, 3-H, (bMe)Phe], 3.81 (t, J=8.5 Hz, 1 H, 1-H, DCPM), 3.94
[ddd, J=6.8, 3.3, 3.3 Hz, 1H, 2’-H, (3-Ncp)Ala], 4.13–4.41 (m, 5H, 2 Q 2-
H, 1-H, 9’-H, Fmoc), 4.41–4.51 (m, 1H, 2-H), 4.61 (dd, J=8.5, 7.8 Hz,
1H, 2-H), 6.97–7.40 (m, 16H, 2 Q NH, 14Q Ar-H), 7.48 (d, J=8.5 Hz, 1H,
NH), 7.58 (d, J=8.3 Hz, 1 H, NH), 7.66 (dd, J=8.1 Hz, 2 H, Ar-H), 7.77
(d, J=7.8 Hz, 2 H, Ar-H); 13C NMR (62.9 MHz, [D8]THF): d=3.3, 3.5,
3.6, 3.7 (�, C-2’, DCPM), 12.2 (+ , C-5, Ile), 15.6, 15.9 (+ , C-1’, DCPM),
16.1 (+ , C-1’, Ile), 17.7 [+ , C-4, (bMe)Phe], 18.7 [+ , C-4, (bMe)Phe],
18.9 [�, C-3’, (3-Ncp)Ala], 23.2 [+ , C-1’, (3-Ncp)Ala], 26.2 (�, C-4, Ile),
35.0 [�, C-3, (3-Ncp)Ala], 39.1 (+ , C-3, Ile), 42.8 [+ , C-3, (bMe)Phe],
44.1 [+ , C-3, (bMe)Phe], 48.5 (+ , C-9’, Fmoc), 52.8 (+ , C-2), 57.4 (+ ,
C-2), 59.3 (+ , C-2), 60.2 [+ , C-2’, (3-Ncp)Ala], 62.1 (+ , C-2), 67.8 (�, C-
1, Fmoc), 83.4 (+ , C-1, DCPM), 126.4 (Q 2), 127.5, 127.7, 128.1, 128.6,
129.1, 129.1, 129.3, 129.4 (+ , Ar-C), 142.5 (Cquat, Ar-C, Fmoc), 144.1
[Cquat, Ar-C, (bMe)Phe], 144.4 [Cquat, Ar-C, (bMe)Phe], 145.4, 145.6
(Cquat, Ar-C, Fmoc), 157.8 (Cquat, NCO2), 171.1, 171.5, 171.9, 172.1 (Cquat,
C-1); IR (KBr): ñ=3250, 3065, 2967, 2933, 1709, 1665, 1636, 1542, 1451,
1369, 1246 cm�1; MS (ESI): positive mode: m/z (%): 948 (100) [M+Na+];
elemental analysis calcd (%) for C54H63N5O9 (926.1): C 70.03, H 6.86, N
7.56; found C 69.94, H 6.68, N 7.32.


MeZ-a-Thr[(4-PE)Pro]-OH (14): [Pd(PPh3)4] (0.034 g, 29.4 mmol) was
added to a vigorously stirred solution of the ester 12 (0.145 g,
0.266 mmol) and N-methylaniline (0.1 mL, 0.923 mmol) in DME
(4.0 mL) and the resulting suspension was carefully heated with a heat-
gun to obtain a homogeneous solution. The mixture was left to stir at


20 8C for 45 min, was then again carefully heated with heat-gun until the
catalyst had dissolved and stirred for another 15 min. The reaction mix-
ture was then diluted with Et2O (40 mL), washed with 1m NaHSO4 (3 Q
10 mL), water (10 Q 10 mL), brine (2 Q 10 mL), dried, filtered and concen-
trated under reduced pressure. The residue was taken up with Et2O/
hexane 1:2, filtered, concentrated and purified by column chromatogra-
phy [Rf=0.34 (EtOAc/hexane 1:2 (1.5 % AcOH)] to give 14 (0.121 g,
90%) as a yellow oil. [a]20


D =�71.7 (c=0.32, CHCl3); 1H NMR (250 MHz,
CDCl3): d=1.35, 1.40 [2Q s, 9 H, C(CH3)3], 1.41, 1.43 (2 Q d, J=5.7 Hz,
3H, 4-H, a-Thr), 1.63, 1.65 [2 Q dd, J=1.5, 6.7 Hz, 3 H, 3’-H, (4-PE)Pro],
1.67–1.86 [m, 1 H, 3-Ha, (4-PE)Pro], 2.24–2.49 [m, 1 H, 3-Hb, (4-PE)Pro],
2.33, 2.34 (2 Q s, 3 H, 1’-H, MeZ), 2.91–3.20 [m, 2 H, 4-H, 5-Ha, (4-
PE)Pro], 3.40–4.30 (br, 1 H, CO2H), 3.61, 3.73 [2Q ddd, J=2.7 Hz, 1 H, 5-
Hb, (4-PE)Pro], 4.11–4.29 [m, 1H, 2-H, (4-PE)Pro], 4.51 (dd, J=8.6,
3.5 Hz, 1H, 2-H, a-Thr), 5.05 (s, 2H, Bzl-H, MeZ), 5.15–5.31 [m, 1H, 1’-
H, (4-PE)Pro], 5.31–5.44 (m, 1H, 3-H, a-Thr), 5.45–5.60 [m, 1 H, 2’-H,
(4-PE)Pro], 5.63 (d, J=7.6 Hz, 0.4 H, NH), 6.46 (d, J=9.2 Hz, 0.6 H,
NH), 7.13, 7.17 (2 Q d, J=7.9 Hz, 2 H, Ar-H), 7.21, 7.22 (d, J=7.9 Hz, 2H,
Ar-H); 13C NMR (62.9 MHz, CDCl3): d=13.0 [+ , C-3’, (4-PE)Pro], 15.8,
16.3 (+ , C-4, a-Thr), 21.0 (+ , C-1’, MeZ), 28.1 [+ , C(CH3)3], 35.5, 36.2
[+ , C-4, (4-PE)Pro], 36.0, 37.0 [�, C-3, (4-PE)Pro], 51.3, 51.6 [�, C-5,
(4-PE)Pro], 57.0, 57.5 [+ , C-2, (4-PE)Pro], 59.1, 59.3 (+ , C-2, a-Thr),
66.8, 67.0 (�, Bzl-C), 71.2, 71.4 (+ , C-3, a-Thr), 80.5, 80.6 [Cquat,
C(CH3)3], 126.5, 126.6 (+ , Ar-C), 128.1, 128.2 [+ , C-2’, (4-PE)Pro],
128.9, 129.0 [+ , C-1’, (4-PE)Pro], 129.10, 129.13 (+ , Ar-C), 132.8, 133.0
(Cquat, Ar-C), 137.6, 137.9 (Cquat, Ar-C), 153.7, 154.2 (Cquat, NCO2, Boc),
155.8, 156.4 (Cquat, NCO2, MeZ), 171.2, 171.7 (Cquat, C-1), 172.0, 172.2
(Cquat, C-1); IR (KBr): ñ=3700–2750, 2979, 1729, 1520, 1404, 1369, 1257,
1162, 1061 cm�1; MS (EI, 70 eV): m/z (%): 504 (2) [M +], 448 (7) [M +


�C4H8], 404 (27) [M +�C5H8O2], 299 (21), 210 (14), 154 (100)
[C8H12NO2


+], 110 (92) [C7H12N
+], 105 (100) [C8H9


+], 57 (50) [C4H9
+],


41 (16) [C3H5
+]; HRMS (EI): calcd for C26H36N2O8: 504.2472; found


504.2472.


MeZ-a-Thr[Boc-(4-PE)Pro]-(bMe)Phe-(2R)-(3-Ncp)Ala-(bMe)Phe-Ile-
OMOM (16 a): The tetrapeptide 13a (180 mg, 0.21 mmol) was deprotect-
ed according to GP 1 in MeCN (2 mL), taken up with anhydrous CH2Cl2


(5 mL), the dipeptide acid 14 (0.114 g, 0.23 mmol), HATU (96 mg,
0.25 mmol) and HOAt (31 mg, 0.23 mmol) were added, and the reaction
mixture was cooled to 4 8C. After this, a solution of DIEA (29 mg,
0.22 mmol) and TMP (75 mg, 0.62 mmol) in CH2Cl2 (2 mL) was added at
the same temperature within 5 min. The temperature was allowed to
reach 20 8C, and stirring was continued for an additional 15 h. After
aqueous work-up according to GP 2 and two recrystallizations from
EtOAc/hexane 1:2, the depsipeptide 16 a (185 mg, 79%) was obtained as
a colorless powder. Rf=0.46 (EtOAc/hexane 1:1); m.p. 125–127 8C;
[a]20


D =0 (c=0.21, CHCl3); [a]20
D =�29.0 (c=0.2, THF); 1H NMR


(250 MHz, CDCl3): d=0.76 (d, J=6.8 Hz, 3 H, 1’-H, Ile), 0.89 (t, J=
7.3 Hz, 3H, 5-H, Ile), 0.95–1.11 [m, 2 H, 4-Ha, Ile, 3’-Ha, (3-Ncp)Ala],
1.11–1.60 [m, 5H, 3-H, 4-Hb, Ile, 3-Ha, 1’-H, 3’-Hb, (3-Ncp)Ala], 1.24 [d,
J=7.5 Hz, 3H, 4-H, (b-Me)Phe], 1.27 [d, J=7.5 Hz, 3H, 4-H, (b-
Me)Phe], 1.36 [s, 9 H, C(CH3)3], 1.43 (d, J=6.5 Hz, 3H, 4-H, a-Thr), 1.68
[dd, J=6.6, 1.6 Hz, 3H, 3’-H, (4-PE)Pro], 1.76 [dd, J=11.6, 11.6 Hz, 1H,
3-Ha, (4-PE)Pro], 1.87–2.02 [m, 1H, 3-Hb, (3-Ncp)Ala], 2.32 (s, 3 H, 1’-H,
MeZ), 2.43 [ddd, J=12.3, 6.5, 6.5 Hz, 1 H, 3-Hb, (4-PE)Pro], 2.99–3.20
[m, 1 H, 4-H, (4-PE)Pro], 3.11 [dd, J=9.8, 9.8 Hz, 1 H, 5-Ha, (4-PE)Pro],
3.21–3.38 [m, 2 H, 3-H, (b-Me)Phe, 5-Hb, (4-PE)Pro], 3.49 (s, 3H, OMe),
3.70 (dd, J=9.8, 7.0 Hz, 1H, 2-H), 3.86 [dq, J=3.9, 6.5 Hz, 1H, 3-H, (b-
Me)Phe], 4.14 (dd, J=11.1, 6.3 Hz, 1H, 2-H), 4.34–4.55 [m, 3H, 2-H, 2’-
H, (3-Ncp)Ala], 4.59 (dd, J=9.9, 5.1 Hz, 1H, 2-H), 4.67 (dd, J=10.4,
10.4 Hz, 1 H, 2-H), 5.03 (dd, J=2.9, 2.9 Hz, 2 H, Bzl-H), 5.27 [ddq, J=
10.5, 10.5, 1.6 Hz, 1H, 1’-H, (4-PE)Pro], 5.46–5.60 [m, 2H, 3-H, a-Thr, 2’-
H, (4-PE)Pro], 5.61 (d, J=6.3 Hz, 1 H, Hb, OCH2O), 6.57 (d, J=8.3 Hz,
1H, NH), 6.99 (d, J=6.0 Hz, 1 H, NH), 7.02 (d, J=6.0 Hz, 1 H, NH),
7.07–7.38 (m, 14H, Ar-H), 7.57 (d, J=10.0 Hz, 1 H, NH), 7.95 (d, J=
5.8 Hz, 1H, NH); The peak of Bzl-H masked absorption for Ha of
OCH2O; 13C NMR (62.9 MHz, CDCl3): d=11.5 (+ , C-5, Ile), 13.0 [+ , C-
3’, (4-PE)Pro], 15.6 (+ , C-1’, Ile), 17.5 [+ , C-4, (b-Me)Phe], 18.2 [�, C-
3’, (3-Ncp)Ala], 18.4 [+ , C-4, (b-Me)Phe], 19.2 (+ , C-4, a-Thr), 20.9 (+ ,
C-1’, MeZ), 21.7 [+ , C-1’, (3-Ncp)Ala], 24.9 (�, C-4, Ile), 28.1 [+ ,
C(CH3)3], 31.5 [�, C-3, (3-Ncp)Ala], 36.1 [�, C-3, (4-PE)Pro], 36.1 [+ ,
C-4, (4-PE)Pro], 36.9 (+ , C-3, Ile), 40.4 [+ , C-3, (b-Me)Phe], 41.8 [+ ,
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C-3, (b-Me)Phe], 50.8 (+ , C-2), 51.9 [�, C-5, (4-PE)Pro], 56.1 (+ , C-2),
57.5 (+ , OMe), 59.1 (+ , C-2), 59.3 (+ , C-2), 60.7 (+ , C-2), 61.2 (+ , C-
2), 61.6 [+ , C-2’, (3-Ncp)Ala], 66.7 (�, Bzl-C), 70.4 (+ , C-3, a-Thr), 80.7
[Cquat, C(CH3)3], 90.9 (�, OCH2O), 126.3, 126.7, 127.5, 127.7, 128.2, 128.3,
128.4, 128.5, 128.7, 128.8 [+ , Ar-C and C-1’, C-2’, (4-PE)Pro], 133.0,
137.6, 141.6, 141.8 (Cquat, Ar-C), 154.5, 154.6 (Cquat, NCO2), 170.31,
170.33, 170.8, 171.1, 173.0, 173.8 (Cquat, C-1); IR (KBr): ñ=3308, 3062,
2972, 2934, 1729, 1648, 1543, 1454, 1368, 1254, 1162, 1091 cm�1; MS
(ESI): positive mode: m/z (%): 1163 (100) [M+Na+]; negative mode: m/
z (%): 1138 (50) [M�H+], 1175 (50) [M+Cl�]; elemental analysis calcd
(%) for C60H81N7O15 (1140.4): C 63.20, H 7.16, N 8.60; found C 63.09, H
7.27, N 8.46.


N-MeZ-protected cyclohexadepsipeptide (17): 2m HCl in EtOAc (2 mL)
was added to the hexadepsipeptide 16a (0.188 g, 0.165 mmol). The reac-
tion mixture was stirred at 20 8C for 45 min in a dark place and was then
concentrated under reduced pressure at 20 8C. The residue was triturated
with anhydrous Et2O to give the hydrochloride of the deprotected mate-
rial as a colorless solid (0.160 g, 0.157 mmol). MS (ESI): positive mode:
m/z (%): 1019 (5) [M+Na+], 997 (100) [M+H+]; negative mode: m/z
(%): 995 (50) [M�H+]. It was taken up with anhydrous CH2Cl2 (1.5 L).
The solution was cooled to 4 8C (internal temperature), HATU (73 mg,
0.192 mmol) and HOAt (22 mg, 0.163 mmol) were added, and then a sol-
ution of DIEA (62 mg, 0.480 mmol) in CH2Cl2 (50 mL) was added over
30 min. The cooling bath was removed and stirring continued for an addi-
tional 2 h at ambient temperature. Then the reaction mixture was cooled
again to 4 8C, and a second portion of each, HATU (73 mg, 0.192 mmol)
and HOAt (22 mg, 0.163 mmol), was added, and then a solution of
DIEA (62 mg, 0.480 mmol) in CH2Cl2 (50 mL) was added within 30 min.
The temperature was allowed to reach 20 8C and stirring was continued
for 15 h. After this, the solvent was removed under reduced pressure, the
residue was taken up with Et2O, and after the usual aqueous work-up
(GP 2) and concentration under reduced pressure, the crude product was
purified first by column chromatography (Rf=0.17, acetone/hexane 1:3)
and then by recrystallization (Et2O/pentane) to give a crude product
(120 mg), which was finally purified by preparative HPLC to give cyclo-
depsipeptide 17 (86 mg, 53 % over two steps) as a colorless solid. Prepa-
rative HPLC: isocratic, 75% MeCN in H2O (0.1 % TFA); analytical
HPLC: isocratic, 50% MeCN in H2O (0.1 % TFA) for 20 min, then gradi-
ent 50% ! 99 % MeCN (0.1 % TFA) for 15 min, then isocratic, 99 %
MeCN in H2O (0.1 % TFA) for 10 min, flow rate=0.5 mL min�1, tR=
34.93 min, purity >98%; [a]20


D =�15.5 (c=0.20, CHCl3); 1H NMR
(600 MHz, CDCl3): d=0.64 [ddd, J=14.4, 7.2, 7.2 Hz, 1 H, 3-Ha, (3-
Ncp)Ala], 0.72 (d, J=6.6 Hz, 3 H, 1’-H, Ile), 0.74 [ddd, J=6.6, 6.6, 6.6 Hz,
1H, 3’-Ha, (3-Ncp)Ala], 0.79 (t, J=7.2 Hz, 3H, 5-H, Ile), 1.04–1.12 (m,
1H, 4-Ha, Ile), 1.23 [d, J=6.6 Hz, 3H, 4-H, (b-Me)Phe], 1.27–1.34 [m,
1H, 1’-H, (3-Ncp)Ala], 1.37 [d, J=6.6 Hz, 3 H, 4-H, (b-Me)Phe], 1.37–
1.43 [m, 1 H, 3-Hb, (3-Ncp)Ala], 1.45–1.54 (m, 1 H, 4-Hb, Ile), 1.54–1.57
[m, 1 H, 3’-Hb, (3-Ncp)Ala], 1.57 (d, J=6.6 Hz, 3H, 4-H, a-Thr), 1.65 [dd,
J=6.6, 1.5 Hz, 3H, 3’-H, (4-PE)-Pro], 1.66–1.76 [m, 2H, 3-H, Ile, 3-Ha,
(4-PE)Pro], 2.23 [ddd, J=12.0, 5.4, 5.4 Hz, 1H, 3-Hb, (4-PE)-Pro], 2.35
(s, 3 H, 1’-H, MeZ), 3.05 [dq, J=6.6, 6.6 Hz, 1 H, 3-H, (b-Me)Phe], 3.15–
3.28 [m, 2H, 4-H, 5-Ha, (4-PE)-Pro], 3.54 [dq, J=7.2, 6.6 Hz, 1 H, 3-H,
(b-Me)Phe], 3.71 (dd, J=6.0, 5.4 Hz, 1H, 2-H), 3.76 [ddd, J=6.6, 3.3,
3.3 Hz, 1H, 2’-H, (3-Ncp)Ala], 3.98 (dd, J=10.5, 6.3 Hz, 1 H, 2-H), 4.01–
4.08 [m, 1H, 5-Hb, (4-PE)-Pro], 4.46–4.54 (m, 2H, 2-H), 4.54 (dd, J=9.6,
9.6 Hz, 1 H, 2-H), 4.69 (dd, J=8.4 Hz, 1H, 2-H), 5.03 (d, J=12.0 Hz, 1H,
Bzl-Ha), 5.15 (d, J=12.0 Hz, 1 H, Bzl-Hb), 5.19–5.25 [m, 1H, 1’-H, (4-
PE)-Pro], 5.39 (dq, J=1.8, 6.6 Hz, 1 H, 3-H, a-Thr), 5.56 [dq, J=10.8,
6.6 Hz, 1 H, 2’-H, (4-PE)-Pro], 6.21–6.37 (br, 2 H, NH), 6.44 (d, J=
8.4 Hz, 1H, NH), 6.48 (d, J=9.6 Hz, 1 H, NH), 7.06–7.18 (m, 4H, Ar-H),
7.19–7.27 (m, 8H, Ar-H), 7.26–7.34 (m, 2H, Ar-H), 7.48 (d, J=8.4 Hz,
1H, NH); 13C NMR (150.8 MHz, CDCl3): d=10.3 (+ , C-5, Ile), 13.3 [+ ,
C-3’, (4-PE)-Pro], 14.6 [+ , C-1’, Ile, C-4, (b-Me)Phe], 17.3 [�, C-3’, (3-
Ncp)Ala], 17.7 [+ , C-4, (b-Me)Phe], 18.4 (+ , C-4, a-Thr), 21.2 (+ , C-1’,
MeZ), 21.3 [+ , C-1’, (3-Ncp)Ala], 24.7 (�, C-4, Ile), 32.0 [�, C-3, (3-
Ncp)Ala], 35.4 [�, C-3, (4-PE)-Pro], 36.6 [+ , C-3, Ile, C-4, (4-PE)-Pro],
39.4 [+ , C-3, (b-Me)Phe], 44.5 [+ , C-3, (b-Me)Phe], 52.5 [�, C-5, (4-
PE)-Pro], 53.3 (+ , C-2), 54.6 (+ , C-2), 58.6 (+ , C-2), 59.0 [+ , C-2’, (3-
Ncp)Ala], 59.4 (+ , C-2), 60.1 (+ , C-2), 60.7 (+ , C-2), 67.2 (�, Bzl-C),
72.6 (+ , C-3, a-Thr), 127.1, 127.2, 127.5, 127.6, 128.3, 128.6, 128.8, 129.2
(+ , Ar-C), 127.8 [+ , C-1’, (4-PE)-Pro], 128.0 [+ , C-2’, (4-PE)-Pro],


133.2, 137.9, 140.9, 142.6 (Cquat, Ar-C), 156.3 (Cquat, NCO2), 169.0, 170.3,
170.6, 171.1, 171.4, 173.1 (Cquat, C-1); IR (KBr): ñ=3340, 2969, 2936,
2878, 1730, 1637, 1541, 1515, 1452, 1370, 1179 cm�1; MS (ESI): positive
mode: m/z (%): 1001 (100) [M+Na+]; negative mode: m/z (%): 977
(100) [M�H+]; HRMS (ESI): calcd for [C53H67N7O11Na+]: 1000.4792;
found 1000.4792.


N-Teoc-3-(2S,1’S,2’R)-(trans-2’-Nitrocyclopropyl)alanine : A solution of
TeocOSu (0.358 g, 1.38 mmol) in acetone (5 mL) was added to a vigo-
rously stirred solution of 3-(2S,1’R,2’R)-(trans-2’-nitrocyclopropyl)alanine
(0.200 g, 1.15 mmol) and NaHCO3 (0.202 g, 2.40 mmol) in water (7 mL)
(if an emulsion formed, acetone and/or water was added to obtain a ho-
mogeneous solution), and stirring was continued for another 2 h. N,N-Di-
methylaminopropylamine (0.055 mL, 0.44 mmol) was then added. After
an additional 10 min acetone was removed under reduced pressure and
the pH of the residual water solution was adjusted to 2–3 with 1m
NaHSO4. The resulting emulsion was extracted with Et2O (50 mL), and
the ethereal layer was washed with 1m NaHSO4 (2 Q 10 mL), water (10 Q
10 mL), brine (2 Q 5 mL), dried, filtered and concentrated under reduced
pressure. The residual oil (0.300 g) was dissolved in Et2O (5 mL), and cy-
clohexylamine (0.094 g, 0.95 mmol) was added. The mixture was concen-
trated under reduced pressure and treated with boiling hexane. The re-
sulting precipitate was filtered off and washed with Et2O/pentane 1:4 to
give the cyclohexylammonium salt of the title compound (0.386 g, 81%)
as a colorless solid. Rf=0.24 [EtOAc/hexane 1:3 (2 % AcOH)]; [a]20


D =


22.80 (c=0.46, CHCl3) for CHA salt; 1H NMR (250 MHz, CDCl3): d=
0.04 [s, 9H, Si(CH3)3], 1.00 (dd, J=9.5, 7.3 Hz, 2H, 2-H, Teoc), 1.14
(ddd, J=6.0, 6.0, 6.0 Hz, 1H, 3’-Ha), 1.60–1.95 (m, 2H, 1’-H, 3’-Hb), 1.98–
2.19 (m, 2 H, 3-H), 4.18 (dd, J=8.4, 8.4 Hz, 2H, 1-H, Teoc), 4.33–4.46,
4.46–4.59 (2 Q m, 1H, 2-H), 5.33–5.46 (m, 1 H, NH), 7.08–7.25 (br, 1 H,
CO2H); the signal of 2’-H is masked by the absorption of 1-H, Teoc ;
13C NMR (62.9 MHz, CDCl3): d=�1.9 [+ , Si(CH3)3], 17.3 (�, C-3’ and
C-2, Teoc), 22.0 (+ , C-1’), 33.1, 33.3 (�, C-3), 52.7, 53.2 (+ , C-2), 59.0 (+ ,
C-2’), 63.7, 64.8 (�, C-1, Teoc), 156.4, 157.4 (Cquat, NCO2), 174.5, 174.8
(Cquat, C-1); IR (KBr; for CHA salt): ñ=3419, 3250–2600, 2952, 2863,
1722, 1632, 1541, 1492, 1406, 1368, 1248, 1206, 1163, 1053 cm�1; MS
(ESI): positive mode: m/z (%): 363 (28) [M�H++2Na+], 341 (26)
[M+Na+]; negative mode (%): m/z : 657 (100) [2M�2H++Na+], 317
(28) [M�H+].


Hormaomycin 1: An ethereal solution (50 mL) of the CHA salt of N-
Teoc-protected (2S,1’R,2’R)-(3-nitrocyclopropyl)alanine (23.2 mg,
55.61 mmol) was washed with 1m H2SO4 (3 Q 5 mL), 1m KHSO4 (2 Q
5 mL), water (3 Q 5 mL), brine (2 Q 5 mL), dried, filtered and concentrated
under reduced pressure. The resulting N-protected amino acid was dried
at 0.02 Torr for 2 h and then coupled with the depsipeptide, obtained
after deprotection of the N-MeZ-protected cyclodepsipeptide 17
(17.0 mg, 17.4 mmol) with 10% anisole in TFA (1.1 mL) in the dark at
ambient temperature for 2 h, using HATU (19.8 mg, 52.1 mmol), HOAt
(7.1 mg, 52.2 mmol), DIEA (2.3 mg, 17.8 mmol) and TMP (19.0 mg,
156.8 mmol) in CH2Cl2 (1.5 mL) at ambient temperature for 15 h. The re-
action mixture was then diluted with Et2O (30 mL) and the crude prod-
uct obtained after the usual aqueous work-up (GP 2) was purified by
crystallization from CH2Cl2/pentane to give Teoc-(S)-(3-Ncp)Ala-cyclo-
hexadepsipeptide (19.7 mg, 100 %; Rf=0.43, acetone/hexane 1:2) as a col-
orless solid, which was used for the next step without any characteriza-
tion. The Teoc group was cleaved off from this substance (19.7 mg, max.
17.4 mmol) with TFA (1.0 mL) for 1 h. The mixture was concentrated
under reduced pressure at 20 8C and then taken up with toluene (3 Q
15 mL) which was distilled off to remove the last traces of TFA. The re-
sulting deprotected depsipeptide was coupled with 18 (10.0 mg,
48.7 mmol) using HATU (17.8 mg, 46.7 mmol), DIEA (2.6 mg, 20.1 mmol)
and TMP (17.7 mg, 146.1 mmol) in CH2Cl2 (1.5 mL) at ambient tempera-
ture for 2.5 h. The mixture was then taken up with Et2O (30 mL), and
the crude product obtained after the usual aqueous work-up (GP 2) was
purified by recrystallization from CH2Cl2/pentane to give the O-MOM
protected 1 (20.5 mg, 100 %; Rf=0.36 acetone/hexane 1:2) as a colorless
solid which was used for the next step without any characterization. The
O-MOM protected hormaomycin (20.5 mg, max. 17.4 mmol) was depro-
tected using MgBr2·Et2O (120 mg, 0.464 mmol) and EtSH (30 mL,
0.405 mmol) in CH2Cl2 (10 mL) at ambient temperature for 3 h. The mix-
ture was taken up with Et2O (40 mL) and washed with 1n KHSO4 (3 Q
10 mL), water (4 Q 10 mL), brine (2 Q 5 mL), dried, filtered and concen-
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trated under reduced pressure. The residue was crystallized from CH2Cl2/
pentane to give the crude hormaomycin 1 (17.5 mg, 90% purity accord-
ing to HPLC), which was further purified by preparative HPLC. The
fraction containing the desired product was collected, and its pH value
was carefully adjusted to 6.9 (pH meter) with diluted aqueous ammonia,
and then it was lyophilized. The residue was dissolved in EtOAc and fil-
tered through cotton wool to give, after removal of the solvent under re-
duced pressure, the pure synthetic hormaomycin 1 (13.2 mg, 67% over fi-
ve steps from 17) as a colorless glass. Rf=0.24 (acetone/hexane 3:7);
preparative HPLC: column: JASCO Nucleosil C18 (250 Q 8 mm); isocrat-
ic, 62% MeCN in 0.07 % aqueous TFA; flow rate=2.5 mL min�1; analyti-
cal HPLC: the same column; the same conditions; the same flow rate;
tR=14.54 min, purity >99%; [a]20


D = 20.0 (c=0.1, MeOH); 1H NMR
(600 MHz, CDCl3): d=�0.68 [ddd, J=6.7, 6.7, 6.7 Hz, 1H, 3’-Ha, (3-
Ncp)Ala], �0.15 [dddd, J=14.2, 9.8, 3.5, 3.5 Hz, 1H, 3-Ha, (3-Ncp)Ala],
0.23–0.33 [m, 1H, 1’-H, (3-Ncp)Ala], 0.58 [ddd, J=14.2, 4.3, 4.3 Hz, 1 H,
3-Hb, (3-Ncp)Ala], 0.90 (t, J=7.2 Hz, 3H, 5-H, Ile), 0.98–1.04 [m, 1 H, 3’-
Hb, (3-Ncp)Ala], 1.02 [ddd, J=6.4, 6.4, 6.4 Hz, 1 H, 3’-Ha, (3-Ncp)Ala],
1.04 (d, J=6.8 Hz, 3H, 1’-H, Ile), 1.27–1.35 (m, 1H, 4-Ha, Ile), 1.33 [d,
J=7.2 Hz, 3H, 4-H, (b-Me)Phe], 1.41 [d, J=7.2 Hz, 3H, 4-H, (b-
Me)Phe], 1.54 (d, J=6.7 Hz, 3H, 4-H, a-Thr), 1.54–1.63 [m, 2 H, 3-Ha, (3-
Ncp)Ala, 4-Hb, Ile], 1.69 [dd, J=6.6, 1.8 Hz, 3H, 3’-H, (4-PE)Pro], 1.75–
1.99 [m, 4H, 3-Hb, 1’-H, 3’-Hb, (3-Ncp)Ala, 3-H, Ile], 1.82 [ddd, J=11.4,
11.4, 11.4 Hz, 1H, 3-Ha, (4-PE)Pro], 2.39 [ddd, J=11.4, 6.0, 5.4 Hz, 1 H,
3-Hb, (4-PE)Pro], 2.90 [ddd, J=6.7, 3.5 Hz, 1H, 2’-H, (3-Ncp)Ala], 3.03
[dq, J=11.1, 7.2 Hz, 1 H, 3-H, (b-Me)Phe], 3.22–3.34 [m, 2H, 4-H, 5-Ha,
(4-PE)Pro], 3.43–3.52 [m, 1 H, 2-H, (3-Ncp)Ala], 3.68 [dq, J=4.5, 7.2 Hz,
1H, 3-H, (b-Me)Phe], 3.94–4.02 [m, 1 H, 5-Hb, (4-PE)Pro], 4.05 [ddd, J=
6.5, 3.8, 3.8 Hz, 1 H, 2’-H, (3-Ncp)Ala], 4.28 [dd, J=11.8, 6.2 Hz, 1H, 2-
H, (4-PE)Pro], 4.38 [dd, J=10.2, 10.2 Hz, 1H, 2-H, (b-Me)Phe], 4.47
[dd, J=9.5, 4.5 Hz, 1H, 2-H, (b-Me)Phe], 4.59 (dd, J=9.8, 2.5 Hz, 1H, 2-
H, a-Thr), 4.67 (dd, J=9.0, 9.0 Hz, 1H, 2-H, Ile), 5.13 [ddd, J=7.5, 7.5,
7.5 Hz, 1H, 2-H, (3-Ncp)Ala], 5.24–5.31 [m, 1 H, 1’-H, (4-PE)Pro], 5.41
(dq, J=6.6, 2.5 Hz, 1H, 3-H, a-Thr), 5.64 [dq, J=10.2, 6.6 Hz, 1H, 2’-H,
(4-PE)Pro], 6.15 (d, J=4.9 Hz, 1 H, 4-H, Chpca), 6.47 (d, J=6.0 Hz, 1 H,
NH), 6.80 (d, J=8.4 Hz, 1 H, NH), 6.82 (d, J=9.6 Hz, 1 H, NH), 6.84 (d,
J=4.9 Hz, 1H, 3-H, Chpca), 7.00–7.06 (m, 1H, Ar-H), 7.11–7.16 (m, 4 H,
Ar-H), 7.15–7.19 (m, 1 H, Ar-H), 7.21–7.25 (m, 4H, Ar-H), 7.27 (d, J=
9.5 Hz, 1H, NH), 8.06 (d, J=9.4 Hz, 1 H, NH), 9.08 (d, J=9.8 Hz, 1H,
NH), 10.60–11.25 (br, 1 H, OH, Chpca); 13C NMR (150.8 MHz, CDCl3):
d=10.6 (+ , C-5, Ile), 13.3 [+ , C-3’, (4-PE)Pro], 13.3 [+ , C-4, (b-
Me)Phe], 15.0 (+ , C-1’, Ile), 17.0 (+ , C-4, a-Thr), 17.4 [�, 2Q C-3’, (3-
Ncp)Ala], 18.0 [+ , C-4, (b-Me)Phe], 20.5 [+ , C-1’, (3-Ncp)Ala], 21.8 [+ ,
C-1’, (3-Ncp)Ala], 24.9 (�, C-4, Ile), 33.4 [�, C-3, (3-Ncp)Ala], 35.3 [�,
C-3, (3-Ncp)Ala], 35.6 [�, C-3, (4-PE)Pro], 36.7 [+ , C-4, (4-PE)Pro],
38.1 (+ , C-3, Ile), 39.3 [+ , C-3, (b-Me)Phe], 41.9 [+ , C-3, (b-Me)Phe],
50.7 [+ , C-2, (3-Ncp)Ala], 52.0 [+ , C-2, (3-Ncp)Ala], 52.8 [�, C-5, (4-
PE)Pro], 54.7 (+ , C-2, Ile), 55.2 (+ , C-2, a-Thr), 58.2 [+ , C-2’, (3-
Ncp)Ala], 59.3 [+ , C-2’, (3-Ncp)Ala], 59.9 [+ , C-2, (b-Me)Phe], 60.2 [+ ,
C-2, (b-Me)Phe], 61.4 [+ , C-2, (4-PE)Pro], 69.2 (+ , C-3, a-Thr), 103.2
(+ , C-4, Chpca), 109.3 (+ , C-3, Chpca), 119.5 (Cquat, C-2, Chpca), 121.4
(Cquat, C-5, Chpca), 126.9, 127.2, 127.5, 127.6, 128.5, 128.7 (+ , Ar-C),
127.5 [+ , C-1’, (4-PE)Pro], 128.4 [+ , C-2’, (4-PE)Pro], 141.6, 142.2
(Cquat, Ar-C), 159.6 (Cquat, C-1, Chpca), 168.7, 168.9, 169.8, 170.9, 171.3,
171.5, 172.1 (Cquat, C-1); UV (MeOH): lmax (e)=204 (5 Q 104), 275 nm
(9.6 Q 103); CD (MeOH): lmax [V]=279 (6.01 Q 104), 224.2 nm (�6.500 Q
103) (c=1.754 Q 10�4


m); MS (ESI): positive mode: m/z (%): 1174 (100)
[M�H++2 Na+], 1151 (80) [M+Na+]; negative mode: m/z (%): 1127
(100) [M�H+].
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Highly Selective, Recyclable Epoxidation of Allylic Alcohols with Hydrogen
Peroxide in Water Catalyzed by Dinuclear Peroxotungstate


Keigo Kamata,[a] Kazuya Yamaguchi,[a, b] and Noritaka Mizuno*[a, b]


Introduction


Oxidations of organic compounds are important in industry
and synthetic chemistry.[1–3] Stoichiometric oxidants such as
dichromate, permanganate, and manganese dioxide are
often used for the transformations.[1–3] The stoichiometric
use and disposal of such oxidants are undesirable from eco-
nomical and environmental viewpoints. Therefore, much at-
tention has been paid to the use of transition-metal catalysts
to achieve the effective oxidation with molecular oxygen
and hydrogen peroxide as oxidants.[4–7]


Epoxidation of allylic alcohols is of great importance[8,9]


because the epoxides have been used as raw materials for
epoxy resins and building blocks for the synthesis of biologi-
cally important compounds including natural products,[10, 11]


and chiral carbons are formed by the epoxidation. Katsu-
ki–Sharpless systems with tert-butyl hydroperoxide (TBHP)


are an important example for the epoxidation of allylic alco-
hols while the stereoselective epoxidation needs optically
active tartrate.[12] Although many methods for the epoxida-
tion of allylic alcohols have been developed, catalytic pro-
cesses with expensive and environmentally-unacceptable ox-
idants such as peracids and hydroperoxides in explosive,
hazardous, and carcinogenic organic solvents are still widely
used.[13] In this context, the development of efficient catalyt-
ic processes by using hydrogen peroxide or molecular
oxygen as a green oxidant in non-explosive solvent, especial-
ly water, achieve the economical and environmental bene-
fits, and remain challenging.[4–7,14–17]


Many tungsten-based catalysts have been reported to be
active for the epoxidation of allylic alcohols with hydrogen
peroxide.[18–28] Most of them need strict pH control with
amines or buffers and/or use biphasic procedures because of
decomposition of both the allylic alcohols and the epox-
ides.[18–28] We reported very recently an efficient and simple
route for epoxidation of both internal and terminal olefins
with hydrogen peroxide catalyzed by the divacant lacunary
silicotungstate, [(n-C4H9)4N]4[g-SiW10O34(H2O)2].


[29] During
the course of our investigation of tungsten-catalyzed oxida-
tion, we found that the simple dinuclear peroxotungstate,
K2[{W(=O)(O2)2(H2O)}2(m-O)]·2H2O (I, Figure 1), could act
as an effective catalyst for the epoxidation of allylic alcohols
using hydrogen peroxide in water under mild reaction condi-
tions [Eq. (1)].[30] To our knowledge, the isolated I itself has
never been used for the catalytic epoxidation of allylic alco-
hols using hydrogen peroxide in water without additives al-
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Abstract: The highly chemo-, regio-,
and diastereoselective and stereospecif-
ic epoxidation of various allylic alco-
hols with only one equivalent of hydro-
gen peroxide in water can be efficiently
catalyzed by the dinuclear peroxotung-
state, K2[{W(=O)(O2)2(H2O)}2(m-O)]·
2H2O (I). The catalyst is easily recy-
cled while maintaining its catalytic per-
formance. The catalytic reaction mech-
anism including the exchange of the
water ligand to form the tungsten–alco-


holate species followed by the insertion
of oxygen to the carbon–carbon double
bond, and the regeneration of the dinu-
clear peroxotungstate with hydrogen
peroxide is proposed. The reaction rate
shows first-order dependence on the
concentrations of allylic alcohol and di-


nuclear peroxotungstate and zero-
order dependence on the concentration
of hydrogen peroxide. These results,
the kinetic data, the comparison of the
catalytic rates with those for the stoi-
chiometric reactions, and kinetic iso-
tope effects indicate that the oxygen
transfer from a dinuclear peroxotung-
state to the double bond is the rate-
limiting step for terminal allylic alco-
hols such as 2-propen-1-ol (1a).


Keywords: alcohols · allylic com-
pounds · epoxidation · reaction
mechanisms · tungsten
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though I is a previously known compound. In this paper, we
report the dinuclear peroxotungstate-catalyzed epoxidation
of allylic alcohols with hydrogen peroxide in water, as well
as the kinetic and mechanistic aspects of the present epoxi-
dation.


Results and Discussion


Catalytic epoxidation of allylic alcohols : Epoxidation of 1a
as a model substrate using 30% aqueous hydrogen peroxide
in various solvents was carried out in the presence of I.[31]


Water was the most effective solvent for the present epoxi-
dation: Epoxy alcohol 1b was formed in a 95% yield with
97% efficiency of hydrogen peroxide utilization under the
conditions in Table 1. The use of non-polar toluene, ben-
zene, and dichloromethane solvents (organic/aqueous bipha-
sic system) gave 1b yields of 90, 80, and 63%, respectively.
Water-miscible polar acetonitrile (5% yield) and methanol
(<1% yield) were poor solvents probably because of the
strong coordination to the tungsten center.[32]


The catalytic activity of I for the epoxidation of 1a was
compared with other tungsten compounds such as H2WO4


and K2WO4 as shown in Table 1. The oxidation did not pro-
ceed in the absence of I (entry 6). Among tungsten catalysts
tested, I showed the highest yield of the corresponding ep-
oxide (1b): 96% conversion, 99% selectivity to 1b, and
97% efficiency of hydrogen peroxide utilization for the ep-


oxidation of 1a (entry 1). The catalyst precursor of K2WO4


showed low catalytic activity due to the non-productive de-
composition of hydrogen peroxide, and the efficiency of the
hydrogen peroxide utilization was low (entry 2). In the case
of H2WO4, the successive hydrolysis of the product of epoxy
alcohol to the corresponding triol 1d was dominant while
the conversion of 1a was >99% (entry 3). The selectivity to
1b was increased by the addition of triethylamine to buffer
the acidity of the reaction medium (entries 4 and 5).[18,19]


However, even in these cases
the decomposition of hydrogen
peroxide proceeded to some
extent due to the basicity of
triethylamine.


Table 2 shows the results of
epoxidation of various allylic alcohols with 30% aqueous
hydrogen peroxide in the presence of I without use of the
buffer or biphasic system. The pH value of aqueous phase
was in the range of 4–5 and no hydrolysis, cleavage, rear-
rangement of oxirane ring, and allylic oxidation were ob-
served. The catalyst I was intrinsically stable in the pH
range of 2.5–7 as was confirmed by the 183W NMR and IR
spectra. The efficiency of the hydrogen peroxide utilization
was more than 90% in each case. Oxidation of simple pri-
mary allylic alcohols (1a–5a) proceeded almost quantita-
tively and chemoselectively to afford the epoxy alcohols
without formation of the corresponding aldehydes and car-
boxylic acids (entries 1, 2, and 5–7). Larger scale (100 mmol
scale) epoxidations of allylic alcohols (I :H2O2:substrate =


1:5000:5000) showed turnover frequency (TOF) of 594 h�1


and turnover number (TON) of 4200 for 2a, 442 h�1 and
3580 for 3a, and 167 h�1 and 3378 for 5a [Eq. (2)]. These
values are higher than those reported to be active for the
tungsten-catalyzed epoxidation of internal allylic alcohols
with hydrogen peroxide: Na2WO4-NH2CH2PO3H2-[CH3(n-
C8H17)3N]HSO4 in toluene, 86 h�1 (TOF) and 43 (TON);[24]


[C5H5N(n-C16H33)]3PW12O40 in 1,2-dichloroethane, 5 h�1,
20;[22] [(n-C4H9)4N]2[PhPO3{WO(O2)2}] in 1,2-dichloro-
ethane, 80 h�1, 40;[23] {WZn[M(H2O)]2(ZnW9O34)2}


q� (M:
Zn2+ , Mn2+ , Ru3+ , Fe3+ , etc.) in 1,2-dichloroethane, 167 h�1,
1000;[27,28] Na2WO4-phosphate buffer-b-d-fructopyranoside
in water, 0.4 h�1, 10.[26] For the epoxidation of cis- and trans-
allylic alcohols (2a, 5a, and 6a) the configurations around


the C=C moieties were retained
in the corresponding epoxy al-
cohols (entries 2, 7, and 8).
Such a stereospecific epoxida-
tion suggests that the free-radi-
cal intermediates are not in-
volved in the epoxidation.


The epoxidation of secondary
b,b-disubstituted allylic alcohol
(1,3-allylic strained alcohol) of
7a proceeded diastereoselec-
tively to form mainly the threo-
epoxy alcohol (entry 9). Allylic
alcohols without 1,3-allylic
strain (8a and 9a) gave erythro
rich epoxy alcohols (entries 10


Figure 1. Molecular structure of the anion part of K2[{W(=O)(O2)2-
(H2O)}2(m-O)]·2H2O (I).


Table 1. Oxidation of 1a with hydrogen peroxide catalyzed by tungsten compounds.[a]


Entry Catalyst Yield [%] H2O2 efficiency
1b 1c 1d [%]


1 K2[{W(=O)(O2)2(H2O)}2(m-O)] (I) 95 1 <1 97
2 K2WO4 30 <1 <1 32
3 H2WO4 <1 <1 >99 >99
4 H2WO4/Et3N (0.29m) 65 <1 7 76
5 H2WO4/Et3N (0.49m) 54 <1 1 57
6 no catalyst no reaction –


[a] Reaction conditions: 1a (5 mmol), catalyst (W: 200 mmol, 4 mol%), 30% aq. H2O2 (5 mmol), water (6 mL),
305 K. Yields were determined by gas chromatograpy and 1H NMR with an internal standard technique, and
based on 1a. Residual H2O2 after the reaction was estimated by potential difference titration of Ce3+/Ce4+


(0.1m of aqueous Ce(NH4)4(SO4)4·2H2O)·H2O2 efficiency (%) = products (mol)/consumed H2O2 (mol) O 100.
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and 12). In addition, epoxidation of allylic alcohol 10a, in
which 1,3- and 1,2-allylic strains compete with each other,
was more erythro selective (entry 13). 2-Cyclohexen-1-ol
gave the corresponding epoxy alcohol (>95% syn configu-
ration) in a 40% yield together with a 49% yield of 2-cyclo-
hexen-1-one after 12 h under the same conditions as those
in Table 2. It is noted that the epoxidation of 2-cyclohexen-
1-ol was highly stereoselective to give the corresponding
epoxy alcohol with oxirane ring cis to hydroxyl group (syn
configuration), while large amounts of a,b-unsaturated ke-
tones were produced for the cyclic allylic alcohols. All these
results for the epoxidations of secondary allylic alcohols are
similar to those for VO(acac)2/TBHP,[9,33–36] {WZn-
[M(H2O)]2(ZnW9O34)2}


q�/H2O2,
[27,28] and H2WO4/H2O2


[36] sys-
tems in which formation of the metal–alcoholate species in
the oxygen transfer step is suggested, and different from
those with mCPBA,[5,36] dimethyldioxirane,[5,36] and TS-1/
urea-hydrogen peroxide[5,36] systems. Further, the regioselec-
tive epoxidation of 6a took place at the electron-deficient
allylic 2,3-double bond to afford only 2,3-epoxy alcohol in
the high yield (entry 8).


No significant changes in the in situ IR spectra were ob-
served during the catalytic epoxidation of 1a by I with hy-
drogen peroxide. In addition, the 183W NMR spectrum of
the catalyst I after the epoxidation of 1a showed a signal at
�704.5 ppm, which was observed for the as-synthesized I.
IR and UV/Vis spectra of recovered catalyst also suggest
the retention of the structure of I. These facts show that I is
stable under the reaction conditions. The first-order depen-
dence of the reaction rate on the concentration of I as
shown in Figure 3, supports the idea.


The products could easily be isolated by the simple ex-
traction by using dichloromethane or n-pentane after the ox-
idation since catalyst I was completely insoluble in these sol-
vents. Actually, no leaching of tungsten into the organic
phase was confirmed by inductively coupled plasma atomic
emission analysis (ICP-AES). Therefore, the aqueous phase
including the catalyst could be recovered without loss of the
tungsten species. It is notable that I can be reused without
loss of the catalytic activity, stereospecificity, and chemo-,
regio-, and diastereoselectivity for the epoxidation (en-
tries 3, 4, and 10).


Kinetics and mechanism : The present regioselective epoxi-
dation of allylic alcohol 6a shows that the allylic hydroxyl
function plays an important role in the epoxidation. The
need of the hydroxyl functionality is further demonstrated
by the complete lack of epoxidation reactivity of the ester
and ether derivatives of allyl acetate[37] and 3-methoxy-1-
propene. In this epoxidation, it is probable that the allylic
hydroxyl groups ligate to the tungsten center to form tung-
sten–alcoholate bond, which prefers the oxygen transfer to
the proximal 2,3-allylic double bond rather than to the


remote unfunctionalized 6,7-
double bond in the case of 6a.
The analogous formation of
metal–alcoholate species is sug-
gested at the oxygen transfer
step in the allylic alcohol epoxi-


dation systems of VO(acac)2/TBHP, Ti(OiPr)4/TBHP,
{WZn[M(H2O)]2(ZnW9O34)2}


q�/H2O2, and H2WO4/
H2O2.


[27,28,38] By contrast, non-metal catalyzed mCPBA and
dimethyldioxirane systems prefer the epoxidation at the 6,7-
double bond of 6a. The selectivity has been explained by
the formation of the characteristic hydrogen bonding in the
oxygen transfer step.[27,28] In the present I-catalyzed system
(see above), the epoxidation of 1,3-allylic strained alcohol
proceeded diastereoselectively to give the threo diaste-
reoisomer preferentially. The erythro selectivity was a little
higher in the case of the allylic alcohol without 1,3-allylic
strain. These facts are similar to those of VO(acac)2/TBHP
and H2WO4/H2O2 (metal–alcoholate binding mechanism),
and different from those of mCPBA and dimethyldioxirane
(hydrogen-bonding mechanism). Further, it is noted that the
threo/erythro ratio in the epoxidation of 10a catalyzed by I
(threo/erythro 34:66) lies between those for VO(acac)2/
TBHP (33:67)[28] and {WZn[M(H2O)]2(ZnW9O34)2}


q�/H2O2


(45:55).[28] The stereochemical data suggest that the dihedral
angle between the p plane of the double bond and the hy-
droxy group of the allylic alcohol in the transition-state ge-
ometry of the oxygen transfer step for I-catalyzed epoxida-
tion is 50–70 8C, in accord with the angle reported for the
tungsten-catalyzed epoxidation.[28]


On the basis of these results, we propose a possible cata-
lytic cycle for the present epoxidation (Scheme 1). First, the
water ligand of peroxotungstate I is exchanged by an allylic
alcohol to form the tungsten–alcoholate species II (step 1).
The deprotonation of the O�H bond of an allylic alcohol
followed by the proton transfer to the peroxo ligand is in-
cluded in the step 1. The reaction rate for the epoxidation of
1a decreased with increase in the concentration of protons
(Figure S5), in accord with the presence of step 1 in
Scheme 1.[39] Next, the epoxy alcohol and III are formed
(step 2). Finally, I is regenerated by the reaction of III with
hydrogen peroxide (step 3). The 1H NMR spectrum of the
reaction solution of ethanol (870 mm) catalyzed by I
(50 mm) in D2O at 305 K after 1 h showed a intense reso-
nance of ethanol together with a set of signals at d 1.44 (t,
3J=5.1 Hz) and d 2.21 (d, 3J=2.5 Hz) due to the methyl
protons, at d 5.35 (q, 3J=5.1 Hz) due to the methylene pro-
tons, and at d 9.79 (q, 3J=2.5 Hz) due to the formyl
proton.[40] The signals at d 2.21 and 9.79 can be assigned to
acetaldehyde. The 1H NMR signals of the a-protons of tung-
sten–alcoholate species have been reported in the range of d
4.8–5.8.[41,42] Therefore, the signal at d 5.35 can be assigned
to the methylene protons of the tungsten–ethoxide species
formed through the reaction of ethanol with I. The signal at
d 1.44 can also be assigned to the methyl protons of the
tungsten–ethoxide species. The 13C NMR spectrum showed
a resonance at d 87.9 due to the methylene carbon of the
tungsten–ethoxide species.[41,42] These results also suggests
the formation of II during the present epoxidation.
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The kinetic studies for the epoxidation of an internal allyl-
ic alcohol 2a showed the reasonable first-order plots for the
loss of concentration of 2a (0.11–0.81m) (Figure 2). In addi-
tion, the first-order dependences of the reaction rate on the
concentration of catalyst I (0.92–4.12 mm) (Figure 3) and the
zero-order dependence on the concentration of hydrogen
peroxide (0.34–0.78m) (Figure 4) were observed. Kinetic
studies on the epoxidation of a terminal allylic alcohol of 1a
also show the first-order dependence of the reaction rate on
both concentrations of 1a (0.31–0.69m) and catalyst I (3.8–
11.4 mm), and the zero-order dependence on the concentra-
tion of hydrogen peroxide (0.14–0.56m). Therefore, the reac-
tion rate equation was expressed by following equation
[Eq. (3)]. R0 and k are reaction rate and rate constant, re-
spectively. This means that the transition state is composed
of one molecule of I and one of an allylic alcohol, but not of
hydrogen peroxide.


R0 ¼ � d ½allylic alcohol�
dt


¼ k ½catalyst I�1 ½allylic alcohol�1 ½H2O2�0
ð3Þ


The dependence of the reaction rate of 2a on the tempera-
ture (Arrhenius plots, 296–328 K) is shown in Figure 5. The
good linearity of the Arrhenius plots was observed to afford
the following activation parameters: Ea=55.9 kJmol�1,
lnA=18.1, DH �


305K=53.4 kJmol�1, DS�
305K=�137.4 Jmol�1K�1,


and DG�
305K=95.3 kJmol�1. The dependence of the reaction


rate of 1a on the temperature was also examined to give the
following activation parameters: Ea=68.1 kJmol�1, lnA=


20.5, DH �


305K=65.6 kJmol�1, DS�


305K=�117.1 Jmol�1K�1, and
DG�


305K=101.3 kJmol�1. The parameters for 2a was different
from those for 1a while the activation energies (Ea) are in
the range of 49–86 kJmol�1 reported for tungsten-catalyzed
epoxidation.[43,44]


When the regeneration rate (step 3) was estimated by
tracing the reaction of III with hydrogen peroxide by using


Scheme 1.


Figure 2. Dependence of reaction rate on concentration of 2a : 2a (0.11–
0.81m), I (2.22 mm), D2O/H2O (0.25/0.75 mL), H2O2 (0.56m), 303 K. R0


values were determined from the reaction profiles at low conversions
(<10%) of both 2a and hydrogen peroxide. Slope = 1.02.


Figure 3. Dependence of reaction rate on concentration of I : 2a (0.40m),
I (0.92–4.12 mm), D2O/H2O (0.25/0.75 mL), H2O2 (0.56m), 303 K. R0


values were determined from the reaction profiles at low conversions
(<10%) of both 2a and hydrogen peroxide. Slope =1.03.


Figure 4. Dependence of reaction rate on concentration of hydrogen per-
oxide: 2a (0.40m), I (2.22 mm), D2O/H2O (0.25/0.75 mL), H2O2 (0.34–
0.78m), 303 K. R0 values were determined from the reaction profiles at
low conversions (< 10%) of both 2a and hydrogen peroxide. Slope =


�0.01.
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an in situ IR spectrometer, the regeneration was completed
within 1 min and the rate was larger than that for the cata-
lytic epoxidation reaction under the same conditions. The
zero-order dependence on the concentration of hydrogen
peroxide was observed. These results show that the regener-
ation of tungsten species III with hydrogen peroxide (step 3)
smoothly proceeds and is not a rate-limiting step.


The stoichiometric epoxidation of 2a (1.9 mmol, 0.40m)
with I (40 mmol) produced 166 mmol of 2b, showing that I
has 4 equiv active oxygen [Eq. (4)]. The rate of stoichiomet-


ric epoxidation of 2a was 8.1O10�3
mmin�1 and fairly agreed


with that of the catalytic epoxidation under the same condi-
tions (8.8O10�3


mmin�1); this shows that step 3 is not a rate-
limiting step.


Figure 6 shows the dependence of the epoxidation rate of
1a on the content of D2O (x= [D2O]/([D2O] + [H2O])). The
reaction rate was not affected by the presence of D2O and
the proton of the OH group in 1a was isotopically in equi-
librium with the proton in water. These facts show that the
deprotonation of O�H bond of an allylic alcohol followed
by the protonation of the peroxo ligand is fast and in equi-
librium and that the oxygen transfer step from peroxotung-
state to an allylic double bond (step 2) is included in a rate-
limiting step in the case of a terminal allylic alcohol. On the
other hand, the rate for the epoxidation of an internal allylic
alcohol 2a decreased with increasing the contents of D2O
(Figure S6). The decrease in the rate by the presence of
D2O is probably explained as follows: The rate for the 2a
epoxidation was 30 times larger than that for 1a and there-
fore the forward process in step 1 would become contribu-
tive to a rate-limiting step. The idea is supported by the dif-
ferent activation parameters between 1a and 2a.


Conclusion


In summary, the dinuclear peroxotungstate I is found to be
an effective homogeneous catalyst for the epoxidation of al-
lylic alcohols in water with high efficiency of hydrogen per-
oxide utilization. Further, I can be reused with retention of
the high catalytic activity, stereospecificity and chemo-,
regio-, and diastereoselectivity for the epoxidation. The ki-
netic, spectroscopic, and mechanistic investigation show that
the dinuclear peroxotungstate-catalyzed allylic alcohol epox-
idation proceeds via the O�H bond deprotonation of allylic
alcohols followed by the proton transfer to peroxotungstate/
alcoholate formation mechanism.


Experimental Section


Instrumentation : GC analyses were performed on Shimadzu GC-14B
with a ionization detector equipped with a TC-WAX capillary column.
Mass spectra were determined on Shimadzu GCMS-QP2010 at an ioniza-
tion voltage of 70 eV. NMR spectra were recorded on JEOL JNM-EX-
270. 1H and 13C NMR spectra were measured at 270 and 67.5 MHz, re-
spectively, in CDCl3 or D2O with TMS as an internal or external stan-
dard. 183W NMR spectra of I were measured at 11.2 MHz in D2O with
Na2WO4 (2m D2O solution) as an external standard. UV/Vis spectra
were recorded on a Perkin–Elmer Lambda 12 spectrometer. IR spectra
were measured on Jasco FT/IR-460 Plus using KBr (400–4000 cm�1) or
polyethylene disks (below 400 cm�1). In situ IR spectra were measured
on a Mettler Toledo React IR 4000 spectrometer.


Materials : Compound I was synthesized according to the procedure in
ref. [45] and characterized by elemental analysis, IR, UV/Vis, and 183W
NMR spectroscopy, and X-ray crystallographic structural analysis. The
characterization results are as follows: elemental analysis calcd (%) for
K2[{W(=O)(O2)2(H2O)}2(m-O)]·2H2O: H 1.16, O 34.6, K 11.27, W 52.99;
found: H 1.12, K 11.98, W 53.19; IR (400–4000 cm�1: KBr disk; below
400 cm�1: polyethylene disk): ñ = 966 ñ(W=O), 854 ñ(O-O), 764 ñasym(W-
O-W), 615 ñsym(W(O2)), 566 ñasym(W(O2), 332 cm


�1 ñ(W(OH2)); UV/Vis
(H2O): l (e) = 243 nm (608m�1 cm�1); 183W NMR (11.2 MHz, D2O,
Na2WO4, 0.3m, pH 2.5): d = �704.5.


Molecular structure of the anion part of I is depicted in Figure 1. The
method[45] for the preparation of the tetrahexylammonium derivative of
[{W(=O)(O2)2(H2O)}2(m-O)]2� was modified (i.e., [(C6H13)4N]+ replaced


Figure 5. Arrhenius plots for the epoxidation of 2a : 2a (0.40m), I
(2.22 mm), D2O/H2O (0.25/0.75 mL), H2O2 (0.56m), 295–328 K. The ob-
served rate constants (kobs) were calculated with the initial rates by using
Equation (3).


Figure 6. Dependence of epoxidation rate of 1a on the content of D2O
(x = [D2O]/([D2O] + [H2O])): 1a (0.46m), I (11.1 mm), D2O + H2O
(1 mL), H2O2 (0.56m), 303 K. R0 values were determined from the reac-
tion profiles at low conversions (<10%) of both 1a and hydrogen perox-
ide.
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by [(n-C12H25)(CH3)3N]+) for the synthesis of dodecyltrimethylammoni-
um derivative of I. The desired dodecyltrimethylammonium derivative
was obtained with a 50% yield. Elemental analysis calcd (%) for
[(n-C12H25)(CH3)3N]2[{W(=O)(O2)2(H2O)}2(m-O)]: C 34.35, H 7.00, N
2.70, W 35.48; found: C 35.53, H 6.92, N 2.66, W 35.43; IR (KBr): ñ =


963, 936, 911, 838, 770, 720, 603, 569, 531cm�1.


Allylic alcohols 7a, 9a, and 10a were synthesized and confirmed by GC
analysis in combination with mass and 1H and 13C NMR spectroscopy as
reported previously.[46–49] All epoxy alcohols are known and have been
identified by comparison of their 1H and 13C NMR signals with the litera-
ture data.[50–57]


Oxidation of allylic alcohols : The epoxidation was carried out in a glass
vial containing a magnetic stir bar. A typical procedure for the epoxida-
tion of allylic alcohol is as follows: Into a glass vial were successively
placed I (20 mmol), 2a (5 mmol), hydrogen peroxide (30% aqueous solu-
tion, 5 mmol), and water (6 mL). The reaction mixture was stirred at
305 K for 2 h. After the reaction was finished, the products were extract-
ed by using dichloromethane or n-pentane, and the yield and product se-
lectivity were determined by GC or 1H NMR analysis. Recovered aque-
ous phase was allowed to recycling. Reaction systems are homogeneous
except for high-molecular weight alcohol 6a (entry 8 in Table 2). When
the epoxidation of 6a was carried out with I under the conditions in
Table 2, only a 20% yield of 6b was obtained for 10 h. The epoxidation
of 6a efficiently proceeded by using a lipophilic salt, [(n-C12H25)-
(CH3)3N]2[{W(=O)(O2)2(H2O)}2(m-O)], as a catalyst instead of I. Large-
scale reactions (100 mmol scale) were performed via the same procedures
as those above described. The turnover frequencies (TOFs) were deter-
mined for the initial stage of the epoxidation (~1 h). Reaction conditions
for the larger scale reactions were as follows: Allylic alcohol (100 mmol),
I (20 mmol), 30% aq. H2O2 (100 mmol), water (120 mL), 305 K, 24 h.


Kinetic studies : A NMR tube (5 mm diameter) was used as a reactor for
the kinetic studies (spin rate, 15 Hz). It was confirmed that the reaction
rates were not affected by the spin rates from 10 to 20 Hz. The reaction
was periodically monitored by the 1H NMR spectra. Reaction conditions
are given in the Figure captions (Figure 2–5). Reaction rates (R0) for the
kinetic studies were determined from the slopes of reaction profiles
([substrate]0�[substrate]t vs time) at low conversions (<10%) of the sub-
strate and hydrogen peroxide (initial rate method). Reaction profiles and
the first-order plots (�ln([substrate]t/[substrate]0 vs time) were shown in
Figure S1–S4, Supporting Information. The rate constants determined by
the slopes were in good agreement with those determined by the initial
rate method.


Stability of catalyst I : The in situ IR spectra of the reaction solution (1a
(2.0m), I (0.1m), H2O2 (2.0m), water (10 mL), 298 K) were measured with
an in situ IR spectrometer to confirm the structure stability of I. The
band positions and intensities characteristic of I, that is, ñ(W=O) (966)
and ñ(O-O) (854 cm�1), were periodically monitored. The ñ(W-O-W)
band could not be observed because of overlap with the intense back-
ground of water absorption. No substantial changes in the IR spectra
were observed during the catalytic epoxidation. More concentrated solu-
tion (1a (2.0m), I (0.3m), H2O2 (2.0m), D2O (3 mL)) was used for the
183W NMR measurement because of the lower sensitivity. Under the con-
ditions, the epoxidation of 1a was completely finished for 20 min. The
183W NMR spectrum showed a signal at �704.5 ppm for the acquisition
during catalysis (500 scans, 20 min).


After the epoxidation was completed (reaction conditions in Table 1), the
products were separated by the extraction with dichloromethane or n-
pentane and the volume of the aqueous phase was reduced to the half by
the evaporation. To the solution, ethanol (20 mL) was added and the pre-
cipitate was recovered by the filtration. The stability of the recovered I
was confirmed by the IR (KBr disks) and UV/Vis spectra (0.1 mm in
H2O).
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Cooperative Near-IR to Visible Photon Upconversion in Yb3+-Doped MnCl2
and MnBr2: Comparison with a Series of Yb


3+-Doped Mn2+ Halides


Pascal Gerner, Christine Reinhard, and Hans U. G'del*[a]


Introduction


Photon upconversion (UC) provides an efficient way to con-
vert long wavelength radiation into shorter wavelength
light.[1,2] In contrast to second harmonic generation or two
photon absorption processes, UC requires at least two meta-
stable excited states, and UC luminescence can also be ex-
cited with non-coherent input radiation. Many of the rare
earth (RE) ions provide multiple metastable excited states,
and UC research has been mainly devoted to lanthanide
and actinide doped crystals and glasses. UC phenomena in
transition metal (TM) ion doped crystals are rare. A
number of observations involving 3d, 4d and 5d TM ions
have been reported and analysed in recent years.[2–5] A varie-
ty of UC mechanisms have been suggested, and several
technical applications have been achieved since UC was re-
ported by Auzel in 1966.[6,7]


In our research we have extended the UC investigations
to mixed RE/TM systems. This turned out to be an almost
unexplored but very fertile field, and various new phenom-
ena have been reported.[8–11] Using chemical variation with


the aim of tuning the light emission properties is a major
part of our research strategy. Mixed RE/TM systems are of
interest in this context, as the TM excited states are more
susceptible to chemical and structural changes in the ligand
environment than RE excited states.


A few years ago we discovered visible (VIS) Mn2+ 4T1g!
6A1g luminescence in Yb3+ doped RbMnCl3 crystals at cryo-
genic temperatures after laser excitation into sharp line
Yb3+ 2F7=2


!2F5=2
absorptions in the near-IR (NIR) around


1 mm.[12] This most unusual phenomenon was without prece-
dent at the time, and the experimental data were interpreted
on the basis of exchange coupling between adjacent Yb3+


and Mn2+ ions in the lattice. Exchange interactions between
ions in insulating materials are not only dependent on the
distance but also on the bridging geometry between the cou-
pled ions. These first results led to a systematic study of
Yb3+-doped Mn2+ halides with specific bridging geometries
between Yb3+ and Mn2+ ions. Yb3+ substitutes for Mn2+


with concomitant charge compensation in all halides stud-
ied. Thus there are three possible connections of adjacent
Yb3+ and Mn2+ ions via halide bridges: corner-sharing,
edge-sharing and face-sharing. With the exception of the
edge-sharing case we have studied several examples, involv-
ing the other bridging geometries: RbMnCl3:Yb3+ [12]


(corner-sharing and face-sharing), CsMnCl3:Yb3+ [13]


(corner-sharing), Rb2MnCl4:Yb3+ [14] (corner-sharing),
RbMnBr3:Yb3+ [15] (face-sharing), CsMnBr3:Yb3+ [16] (face-


[a] P. Gerner, Dr. C. Reinhard, Prof. Dr. H. U. G@del
Departement f@r Chemie und Biochemie
Freiestrasse 3, 3000 Bern 9 (Switzerland)
Fax: (+41)31-631-43-99
E-mail : hans-ulrich.guedel@iac.unibe.ch


Abstract: Yb3+-doped MnCl2 and
MnBr2 crystals exhibit strong red up-
conversion luminescence under near-in-
frared excitation around 10000 cm�1 at
temperatures below 100 K. The broad
red luminescence band is centred
around 15200 cm�1 for both com-
pounds and identified as the Mn2+


4T1g!6A1g transition. Excitation with
10 ns pulses indicates that the upcon-
version process consists of a sequence
of ground-state and excited-state ab-
sorption steps. The experimental VIS/
NIR photon ratio at 12 K for an excita-


tion power of 191 mW focused on the
sample with a 53 mm lens is 4.1% for
MnCl2:Yb3+ and 1.2% for MnBr2:Yb3+.
An upconversion mechanism based on
exchange coupled Yb3+–Mn2+ ions is
proposed. Similar upconversion proper-
ties have been reported for RbMnCl3:
Yb3+ , CsMnCl3:Yb3+ , CsMnBr3:Yb3+ ,
RbMnBr3:Yb3+ , Rb2MnCl4:Yb3+ . The


efficiency of the upconversion process
in these compounds is strongly depend-
ent on the connectivity between the
Yb3+ and Mn2+ ions. The VIS/NIR
photon ratio decreases by three orders
of magnitude along the series of
corner-sharing Yb3+-Cl�-Mn2+ , edge-
sharing Yb3+-(Cl�)2-Mn2+ to face-shar-
ing Yb3+-(Br�)3-Mn2+ bridging geome-
try. This trend is discussed in terms of
the dependence of the relevant super-
exchange pathways on the Yb3+–Mn2+


bridging geometry.


Keywords: exchange interaction ·
laser spectroscopy · luminescence ·
upconversion
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sharing). In the present study we complement the systemat-
ics by studying the two edge-sharing systems MnCl2:Yb3+


and MnBr2:Yb3+ . The results of these two systems are then
put into the context of the existing data. A correlation be-
tween the efficiency of the UC process and the bridging ge-
ometry is established and interpreted in terms of very
simple considerations about exchange interactions in an
Yb3+–Mn2+ dimer.


Results


In Figure 1a the 12 K Yb3+ luminescence excitation spec-
trum of MnCl2:0.1% Yb3+ monitored at 9823 cm�1 (see full
arrow in Figure 1d) is shown. The dominant sharp line Yb3+


excitation features at 10179 and 10765 cm�1 are assigned to
the Yb3+ 2F7=2


!2F5=2
absorption transitions. The less intense


features around 10359 cm�1 are attributed to Yb3+ vibronic
intensity. On the right side in Figure 1b the relevant part of
the axial absorption spectrum of MnCl2:0.1% Yb3+ at 12 K
is shown. The bands centred at 18450, 21900 and
23580 cm�1 are due to the Mn2+ 6A1g!4T1g,


4T2g,
4A1g/


4Eg ab-
sorption transitions, respectively.[17] Figure 1d shows the
12 K unpolarized survey luminescence spectrum (upside
down) after laser excitation into the dominant Yb3+ 2F7=2


!
2F5=2


absorption feature at 10765 cm�1 (see full arrow in Fig-
ure 1c). Three distinct luminescence band systems are ob-
served. Band I in the near-infrared (NIR) corresponds to
the Yb3+ 2F5=2


!2F7=2
luminescence. The broad band II centred


in the red spectral region around 15000 cm�1 is assigned to
Mn2+ 4T1g!6A1g UC luminescence (see also Figure 2a). The
weak sharp line features of band III around 19660 cm�1 are
ascribed to a cooperative Yb3+ pair luminescence.[16] The as-
terisk denotes a peak due to stray light of the frequency
doubled Nd3+/YVO4 laser used to pump the Ti/sapphire
NIR source. Note the different scaling factors for the lumi-
nescence bands II and III compared with band I in Fig-
ure 1d. In Figure 1c the 12 K excitation spectrum of the
Mn2+ luminescence at 15384 cm�1 (see dashed arrow in Fig-
ure 1d) in the Yb3+ absorption region is presented. It closely
follows the Yb3+ excitation spectrum in Figure 1a, and the
same Yb3+ absorption transitions are observed in both spec-
tra.


For MnBr2:0.06% Yb3+ (data not shown) the dominant
Yb3+ 2F7=2


!2F5=2
excitation features are located at 10079 and


10675 cm�1. The Mn2+ 4T1g,
4T2g,


4A1g/
4Eg absorption bands


are centred at 18330, 21600 and 23100 cm�1, respectively.
And the luminescence behaviour with bands I, II and III is
similar to MnCl2:0.1% Yb3+ .


In Figure 2 the upper part shows the Mn2+ 4T1g lumines-
cence of MnCl2:Yb3+ after Yb3+ excitation at 10765 cm�1


(a) and direct Mn2+ 4T2g excitation at 21838 cm�1 (b) at
12 K. For NIR excitation the Mn2+ 4T1g luminescence is cen-
tred at 15240 cm�1 (a) and red shifted by 210 cm�1 com-
pared with the direct Mn2+ excitation (b). The lower part of
Figure 2 shows the corresponding data for MnBr2:Yb3+ at
12 K. In this case the red shift upon NIR excitation is
80 cm�1. The insets show a double logarithmic representa-
tion of the red UC luminescence intensity as a function of


the laser power for MnCl2:Yb3+ and MnBr2:Yb3+ after 12 K
excitation at 10765 cm�1 (c) and at 10675 cm�1 (f), respec-
tively. Linear fits to the low power region up to 25 mW yield
slopes of 1.86 in c) and 2.02 in f).


Figure 3 shows the temporal evolution of the 12 K Mn2+


4T1g luminescence intensity in MnCl2:Yb3+ monitored at
15380 cm�1 after 10 ns excitation pulses: At 10179 cm�1 into


Figure 1. Data for MnCl2:Yb3+ a) 12 K excitation spectrum of the Yb3+


luminescence monitored at 9823 cm�1 (full arrow in d). b) Axial Mn2+


absorption spectrum at 12 K. c) 12 K excitation spectrum of the Mn2+ lu-
minescence monitored at 15380 cm�1 (dashed arrow in d). d) Overview
luminescence spectrum after direct Yb3+ 2F7=2!


2F5=2 laser excitation at
10765 cm�1 at 12 K (full arrow in c). Note the scaling factors for the dif-
ferent emissions. The asterisk (*) denotes a peak due to stray light of the
532 nm pump source.


Figure 2. Mn2+ luminescence in MnCl2:Yb3+ and MnBr2:Yb3+ at 12 K
after excitation into the respective Yb3+ excitations at 10765 cm�1 (a)
and at 10675 cm�1 (d) and Mn2+ excitation at 21838 cm�1 in (b) and (e).
The insets (c) and (f) show the corresponding power dependences of the
Mn2+ emission intensity after Yb3+ excitation in the NIR in a double log-
arithmic representation.
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the Yb3+ 2F5=2
(a) and at


18796 cm�1 into the Mn2+ 4T1g


absorption (b). Both curves a)
and b) can be fitted by single
exponential decay functions
with a lifetime t=2.8 ms. The
deviation from linearity at
times above 10 ms in trace a) is
an artefact close to the detec-
tion limit. For MnBr2:Yb3+ at
12 K the Mn2+ 4T1g lumines-
cence has a decay time t=


1.4 ms after both Yb3+ and
Mn2+ excitation (data not
shown). At temperatures above
50 K the decay curves become increasingly non-single expo-
nential with a fast and a slow component in both com-
pounds. The lifetime of the Yb3+ 2F5=2


luminescence at 12 K
is t=2.2 ms for MnCl2:Yb3+ and t=1 ms for MnBr2:Yb3+


between 12 and 100 K.


Discussion


Yb3+-Doped MnCl2 and MnBr2 : MnCl2 crystallizes in the
layer-type CdCl2 structure in the space group R3m with the
lattice constants a=3.711 and c=17.566 K. The Mn2+ ions
occupy slightly trigonally distorted octahedral sites. The
MnCl6


4� units are arranged as layers of edge-sharing octahe-
dra. The separation between two neighbouring Mn2+ ions
within the layers is 3.71 K. MnBr2 has the layer-type CdI2
structure and crystallizes in the space group P3m1 with the
cell constants a=3.873 and c=6.271 K. The nearest neigh-
bour Mn2+–Mn2+ distance within the layers is 3.82 K. Both
compounds are low-temperature antiferromagnets with NLel
temperatures TN=1.96 and 2.16 K for MnCl2


[18] and
MnBr2,


[19] respectively. Partial two-dimensional magnetic
order is persistent to temperatures far above the NLel tem-
perature.


The ionic radii of Mn2+ (0.83 K) and Yb3+ (0.87 K) are
similar. Thus, Yb3+ is very likely to substitute for Mn2+ ions


in MnCl2 and MnBr2, which makes charge compensation
necessary. For compounds with linear chains of face-sharing
octahedra, such as CsCdBr3 for example, it has been shown
that trivalent dopant ions preferentially occur in M3+-vacan-
cy-M3+ arrangements.[20] As in the other Yb3+ doped Mn2+


halide systems studied so far (see Table 1) an arrangement
with a Mn2+ vacancy adjacent to two Yb3+ ions is also most
likely for the Yb3+ dopant ions in MnCl2 and MnBr2. As a
consequence, the MnCl2 and MnBr2 structures are distorted
around the dopant ions.[12–14,16]


The sharp-line excitation and luminescence features in the
NIR part of Figure 1 around 10000 cm�1 are due to Yb3+


2F7=2
Q2F5=2


transitions. Both 2F7=2
and 2F5=2


are split by the crys-
tal field. The most intense Yb3+ excitation lines at 10179
and 10765 cm�1 for MnCl2:Yb3+ (see Figure 1) and at 10079
and 10675 cm�1 for MnBr2:Yb3+ , respectively, are assigned


to electronic origins. Below 100 K the Yb3+ 2F5=2
!2F7=2


lumi-
nescence is radiative in low-phonon hosts like chlorides and
bromides, due the large energy gap of around
10000 cm�1.[21, 22] The constancy of the Yb3+ luminescence
intensity as well as the constant Yb3+ lifetime between 12
and 100 K in MnCl2:Yb3+ and MnBr2:Yb3+ substantiates
this.


In MnCl2:Yb3+ and MnBr2:Yb3+ the broad red lumines-
cence band is assigned to the Mn2+ 4T1g!6A1g transition, see
Figure 2 traces b) and e). At 150 K its intensity is reduced to
less than 10% of the 12 K value for both MnCl2:Yb3+ and
MnBr2:Yb3+ . This is attributed to the onset of efficient
energy migration to killer traps within the Mn2+ system
above 100 K[23] and an additional loss channel via the Yb3+


dopant ions at increased temperatures (see Figure 4 and
next section).


For MnCl2:Yb3+ the radiative lifetime of the Mn2+ 4T1g lu-
minescence was estimated[21] from the 4T1g absorption inten-
sity as trad=2.8 ms, which is in perfect agreement with mea-
sured lifetime of t=2.8 ms. This result indicates that the
measured lifetime is in fact radiative at 12 K. In the case of
MnBr2:Yb3+ the estimated trad=1.9 ms is about 30% longer
than the experimental lifetime t=1.4 ms at 12 K. This is at-
tributed to a specifically high concentration of Mn3+ killer
traps in MnBr:Yb3+ leading to non-radiative losses even at
12 K.


Table 1. Comparison of the Mn2+–Yb3+ bridging geometries, distances, Yb3+-L-Mn2+ bridging angles and up-
conversion efficiencies hUC as defined in Equation (3) for various Mn2+/Yb3+ UC systems. In all cases hUC


refers to a 191 mW laser beam focused onto the sample by an f=53 mm lens.


Compound Bridging Mn2+–Yb3+ Mn-L-Yb hUC T Ref.
geometry distance [K] angle [8] [%] [K]


Rb2MnCl4:Yb3+ corner 5.05 180 28 (site A) 35 [14]


Rb2MnCl4:Yb3+ corner 5.05 180 18 (site B) 15 [14]


CsMnCl3:Yb3+ corner 5.20 177.2 8.5 75 [13]


RbMnCl3:Yb3+ corner/face 5.02 177.1 2 10 [12]


MnCl2:Yb3+ edge 3.71 92.8 4.1 12 this work
MnBr2:Yb3+ edge 3.82 89.8 1.2 12 this work
RbMnCl3:Yb3+ corner/face 3.20 77.9 0.02 10 [12]


CsMnBr3:Yb3+ face 3.26 74.8 0.05 12 [16]


RbMnBr3:Yb3+ face 3.37 76.1 0.05 12 [15]


Figure 3. Temporal evolution in a semi-logarithmic representation of the
Mn2+ emission intensity of MnCl2:Yb3+ at 12 K after a 10 ns laser pulse
at 10179 cm�1 (a) and at 18796 cm�1 (b). The full lines represent single-
exponential fits to the non-logarithmic experimental data.
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Upconversion mechanism in Yb3+ doped MnCl2 and MnBr2 :
The extremely weak green luminescence band III shown in
Figure 1d is due to cooperative Yb3+ pair upconversion,
which has been reported and studied for a variety of com-
pounds.[16,24,25] The observation of this cooperative Yb3+ pair
luminescence in this very lightly Yb3+-doped system is an
additional indication for the Yb3+ pair dopant arrangement
in MnCl2:Yb3+ .


As seen in Figure 2 the 12 K Mn2+ 4T1g!6A1g lumines-
cence is slightly red shifted when excited via Yb3+ in the
NIR (traces a and d) compared with direct Mn2+ 4T2g excita-
tion (traces b and e). This is indicative of different Mn2+


subsets emitting for the two excitations. Direct excitation
into the Mn2+ 6A1g!4T2g excites all Mn2+ ions of the crystal.
At 12 K there is no extensive excitation energy migration
within the MnCl2 and MnBr2 crystals.[26] As a consequence,
luminescence will occur on the photoexcited Mn2+ ion or
from one of its neighbours. At 100 K and above energy mi-
gration is extensive, and besides the intrinsic luminescence
we observe luminescence from shallow traps and a part of
the excitation is lost in deep traps. For Yb3+ excitation at
12 K we expect UC luminescence exclusively from Mn2+


ions adjacent to Yb3+ . The ligand field of these Mn2+ ions is
slightly increased, due to a squeezing of the coordination by
the near-by Yb3+ ion, and the luminescence is red-sifted.[27]


The power dependence of the UC luminescence intensity
with slopes of roughly 2 in the double logarithmic represen-
tation of Figure 2, insets, confirms the two-photon nature of
the UC process.[28]


The excitation spectra in the Yb3+ absorption region
monitoring the Mn2+ 4T1g!6A1g UC luminescence and the
Yb3+ 2F5=2


!2F7=2
NIR luminescence (compare Figure 1c and a


for MnCl2:Yb3+) are very similar in both title compounds.
Therefore, we conclude that the Mn2+ UC luminescence is
generated by Yb3+ absorption steps. This observation is re-
markable, as the Yb3+ ion has no excited f–f states above
10000 cm�1 and the Mn2+ ion has no excited states below
18000 cm�1. Therefore Yb3+ has not simply the role of a
sensitizer, as it does in many lanthanide upconversion sys-
tems. In addition to being a sensitizer, it plays an active role
in the upconversion process itself.


The temporal behaviour of an upconversion luminescence
after short excitation pulses bears information on the nature
of the underlying upconversion mechanism.[29] The transient
in Figure 3a shows no rise of the Mn2+ 4T1g UC lumines-
cence intensity in MnCl2:Yb3+ at 12 K even at shortest
times (640 ns) after the 10 ns excitation pulse. The same is
true for the MnBr2:Yb3+ . The data clearly bears the finger-
print of a sequential ground-state absorption (GSA) and ex-
cited-state absorption (ESA) mechanism, and a mechanism
involving a slow energy transfer step can be ruled out.[29]


Both Yb3+ and Mn2+ are obviously involved in the pro-
cess, and we use the most simple model of an exchange cou-
pled Yb3+–Mn2+ dimer to discuss the observed data. This is
a gross simplification of the real situation, but nearest-neigh-
bour interactions are the most important ones in an insulat-
ing magnet. The most relevant interaction is therefore in-
cluded in the dimer model. In this picture exchange coupled
Yb3+–Mn2+ nearest neighbours act as the relevant chromo-
phoric units. The GSA/ESA sequence proceeds as schemati-
cally shown in Figure 4, where the energy levels are denoted
in Yb3+–Mn2+ dimer notation. The GSA step excites the
dimer from the [2F7=2


-6A1g] ground state into the [2F5=2
-6A1g]


intermediate excited state, which is mainly localized on the
Yb3+ ion. In the ESA step the dimer is promoted from the
[2F5=2


-6A1g] state into the Mn2+ centred [2F7=2
-4T2g] upper excit-


ed state. Subsequent multiphonon relaxation processes
(thick curly arrow) relax the dimer into the [2F7=2


-4T1g] emit-
ting state.


The same mechanism has also been successfully used to in-
terpret similar phenomena in the cases of RbMnCl3:Yb3+ ,[12]


CsMnBr3:Yb3+ ,[16] RbMnBr3:Yb3+ ,[15] Rb2MnCl4:Yb3+ .[14]


For RbMnCl3:Yb3+ and CsMnBr3:Yb3+ the ESA step was
selectively probed in two-colour excited-state excitation
spectra.[12,16]


Upconversion efficiency and the Yb3+–Mn2+ bridging geom-
etry : In our Yb3+–Mn2+ systems the upconversion efficiency
is experimentally accessible from the ratio of VIS/NIR emit-
ted photons from the [2F7=2


-4T1g] and [2F5=2
-6A1g] states, as long


as non-radiative relaxation from these states is negligible.
For the Mn2+ halide systems in Table 1 this is valid only at
temperatures below 100 K, the exact temperatures depend-
ing on the individual compound. It is appropriate to define
the UC efficiency as:


hUC ¼ VISem


NIRabs
ð1Þ


Neglecting nonradiative losses at low temperatures we can
approximate NIRabs as follows


NIRabs ffi NIRem þ 2�VISem ð2Þ


and we obtain


hUC ffi VISem


NIRem þ 2�VISem
ð3Þ


The experimental photon ratio as given in Equation (3) can
be used as a reasonable measure for the efficiency of our


Figure 4. Schematic representation of the relevant upconversion mecha-
nism in MnCl2:Yb3+ and MnBr2:Yb3+ using dimer notation. Straight and
curly arrows denote radiative and non-radiative processes, respectively.
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UC process at low temperatures. According to this defini-
tion the theoretical upper limit of the upconversion efficien-
cy hUC is 0.5. This corresponds to the situation where all ab-
sorbed NIR photons are upconverted into VIS photons. For
the most efficient site A of Rb2MnCl4:Yb3+ at 35 K under
the excitation conditions of Table 1 this means that 56% of
the absorbed NIR photons are upconverted, which is a very
high number for an upconversion process. Owing to the
non-linear nature of upconversion processes the hUC values
in Table 1 are dependent on the excitation conditions.[28] All
given hUC values correspond to excitation at 191 mW fo-
cused onto the sample by a 53 mm focal lens.


From Table 1 it appears evident that the bridging geome-
try between Yb3+ and Mn2+ octahedra is a determinant pa-
rameter for the upconversion efficiency. Along the series
from purely corner-sharing bridging in Rb2MnCl4:Yb3+ to
edge-sharing in MnCl2:Yb3+/MnBr2:Yb3+ to face-sharing
connectivity in CsMnBr3:Yb3+ the observed UC efficiency
decreases by three orders of magnitude from astounding
28% to 0.05%. The relevant Yb3+–Mn2+ dimer units of this
series are depicted in Figure 5. The nearest neighbour dis-


tance between Yb3+ and Mn2+ ions decreases from 5.05 K
in the corner-sharing case to 3.71 K in the edge-sharing and
3.26 K in the face-sharing case. Both MnCl2:Yb3+ and
MnBr2:Yb3+ exclusively allow an edge-sharing arrangement
of the active ions. The UC efficiencies between the chloride
and the bromide differ by approximately a factor 3, as seen
in Table 1. This reduction is much smaller than the differen-
ces in UC efficiency between the bridging geometries. This
indicates that the nature of the halide ion is not the deter-
mining factor for the upconversion efficiency.


The observed decreasing efficiency with decreasing dis-
tance between the active ions clearly eliminates electric mul-
tipole–multipole interactions as being responsible for the
UC process. It strongly indicates that super-exchange inter-
actions, which are not only distance dependent but also


strongly geometry dependent, are responsible for our ob-
served effects.


In 1966 Tanabe and co-workers[30] developed a formalism
to account for the enhancement of spin-forbidden transi-
tions in magnetically coupled transition metal ion com-
pounds. Since then it has been applied to a wide variety of
magnetically coupled transition metal spin clusters and mag-
netically ordered materials with good results.[31–34] A relevant
example for our discussion are the unusual transitions in
Cr3+ doped EuAlO3 crystals, which have been explained on
the basis of this model.[35] Besides the normal R lines corre-
sponding to Cr3+ 2E!4A2 transitions, prominent red-shifted
lines were found in the luminescence spectrum. The authors
of reference[35] convincingly showed that in the final state of
these transitions the Eu3+ ions are not in the 7F0 ground
state but in excited 7FJ states. This example is evidently anal-
ogous to our case: an excitation on one ion is coupled to a
de-excitation of the partner, which corresponds to the ESA
step in Figure 4. A dimer model of exchange-coupled ions
appears to be perfectly appropriate to account for such ef-
fects, even in situations which are physically more compli-
cated. According to Tanabe et al. the interaction which
leads to this spin-dependent intensity can be formulated as
follows for an exchange coupled dimer:[30]


Ĥ ¼
X


i,j


ðPaibi 	 E
!Þ ð s!ai 	 s!biÞ ð4Þ


In Equation (4), i and j refer to the unpaired electrons situ-
ated in orbitals on the two magnetic ions a and b, respec-
tively. E


!
is the electric vector of the light. It was shown in


reference [30] that the components can be related to the or-
bital parameters constituting the ground-state exchange pa-
rameter:


Paibj ¼ ð
@Jaibj
@E


ÞE ! 0 ð5Þ


where


J ¼ 1
na 	 nb


X


i,j


Jaibj ð6Þ


Very reasonable estimates of the parameters can be ob-
tained for transition metal systems from quantum-chemical
calculations.[36] In the theory of kinetic exchange Jaibj


derives
from an electron transfer:[37,38]


Jaibj ¼
2jhbjjĥjaiij2


U
ð7Þ


In Equation (7), ĥ is a one-electron Hamiltonian, and the
transfer integral in the numerator corresponds to the reso-
nance integral in MO theory and can be calculated.[36] U is
the energy of the excited state in which one electron is
transferred from ai to bj or vice versa.


In our Yb3+–Mn2+ dimer there is one unpaired electron
on Yb3+ and there are five unpaired electrons in the ground
state of Mn2+ , we thus have five terms in the sums of Equa-


Figure 5. Bridging geometries between adjacent octahedra in Yb3+ doped
Mn2+ halide compounds.
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tions (4) and (5). For an estimate of their strengths we have
to consider the specific bridging geometry between Yb3+


and Mn2+ in a given lattice.
For the corner-sharing situation with f=1808 in Figure 5


we can use this formalism to qualitatively rationalize the
high UC efficiencies observed in these systems. The transfer
integral hbj j ĥ jaii can be taken to be proportional to the
overlap integral hbj jaii.[39] In Figure 6 we draw schematic
pictures of the two most relevant overlap pathways of un-
paired electron orbitals via the intervening occupied ligand
orbitals. In this geometrical arrangement the unpaired elec-
tron on the Yb3+ is residing in the fz3 orbital, which is as-
sumed to be the least stable of all the 4f orbitals as it is
pointing straight towards the ligand pz orbital. It will overlap
with both s and pz ligand orbitals, thus transferring some
Yb3+ spin density onto the bridge. On the Mn2+ side all five
3d orbitals are singly occupied, and all the five orbital Jfz3,bj


exchange parameters will have non-zero values. But the
dominant one will undoubtedly be Jfz3,dz


2. It will be antiferro-
magnetic and have contributions from both pathways in
Figure 6. Thus, by way of Equation (5) Pfz3,dz


2 will be the
dominant factor in the expression for exchange-induced in-
tensity. The situation shown in Figure 6 corresponds to the
best possible overlap of the magnetic orbitals on Yb3+ and
Mn2+ . For smaller bridging angles than f=1808 the overlap
and transfer integrals through the ligand p orbitals are re-
duced. With this simple picture we can thus rationalize that
the highest UC efficiencies are observed for linear Yb3+-Cl-
Mn2+ arrangements. We cannot, however, quantitatively re-
produce the observed reductions. Thus, there is more predic-
tive power in the empirical correlation of optical and struc-
tural properties in Table 1 itself than in any orbital model.


Attempts have been made to rationalize our observed cor-
relations by using DFT methods to calculate the transfer in-
tegrals for the various geometries. No conclusive results
were obtained, however, which was mainly ascribed to the
poor quality of the available DFT basis sets for Yb3+ . Ata-
nasov et al. formulated a procedure for the calculation of
the relevant transfer integrals and J parameters in the
ground and excited states for rare earth/transition metal
dimers.[40] First results point to the possibility that for certain
angles also the potential exchange has significant contribu-
tions. Further work is clearly needed for a better under-


standing of the exchange coupling in rare earth/transition
metal systems, and this might then lead to a more quantita-
tive understanding for our observed optical/structural corre-
lations.


Conclusions


Yb3+ containing Mn2+ halide compounds show a coopera-
tive upconversion process involving both the rare earth and
the transition metal ion. On the basis of an exchange cou-
pled Yb3+–Mn2+ dimer model, it is possible to account for
the experimental data. The systematic study of the influence
of the connectivity between Yb3+ and Mn2+ octahedra on
the upconversion properties reveals a strong dependence of
the UC efficiency on the Yb3+-L-Mn2+ (L=Cl� , Br�) bridg-
ing angle. The bridging geometry which opens an efficient
exchange pathway is more important than the distance be-
tween the metal ions or the nature of the bridging halide li-
gands. The example of Rb2MnCl4:Yb3+ shows that exchange
interactions between rare earth and transition metal ions
can induce very efficient cooperative upconversion process-
es at low temperatures. However, in all the Yb3+ doped
Mn2+ halides listed in Table 1 the UC luminescence is
quenched at temperatures above 150 K. This is due, on the
one hand, to killer traps such as Mn3+ , which capture the
excitation at higher temperatures. On the other hand, there
is a nonradiative loss process depicted by a light curly arrow
in Figure 4, which depopulates the 4T1g state. This latter
process is intrinsic to Yb3+/Mn2+ systems, and there is no
obvious way to get around it by engineering a new material.
One way to improve the situation at higher temperatures is
to go to Mn2+ in tetrahedral coordination. We have recently
for the first time observed Mn2+ UC luminescence at room
temperature in Yb3+ and Mn2+ co-doped Zn2SiO4, CaZnF4


and SrZnCl4.
[41,42]


Experimental Section


Crystal growth and manipulation : Single crystals of Yb3+-doped MnCl2
and MnBr2 were grown by the Bridgman technique from polycrystalline
MnCl2 and MnBr2 with addition of 1 mol% YbCl3 and YbBr3, respective-
ly. MnCl2 (Aldrich, 99.999%) was used without further purification.
MnBr2 (CEREAC, 99.5%) was used after sublimation at 700 8C. YbCl3
and YbBr3 were prepared from Yb2O3 (Ultra-Function Enterprise Co
Ltd, 99.9999%), NH4X X=Cl, Br (Merck, p.a., sublimed), and HCl
(30%, Merck, suprapur) using the NH4Cl method.[43] The effective Yb3+


concentration in MnCl2 and MnBr2 was 0.10.01 mol% and 0.06
0.01 mol%, respectively and was measured by ICP-OES. Plate like crys-
tals with faces perpendicular to the c axis and good optical quality were
obtained and checked by X-ray powder diffraction. All spectroscopic
measurements were conducted on crystals very smooth surfaces under
the optical microscope and dimensions between 5P3P1 mm3 and 10P4P
2 mm3. Both the starting materials and the crystals are hygroscopic;
therefore all the handling was carried out in a glove box under N2 atmos-
phere. For the experiments crystals where mounted in a sealed copper
cell or in closed quartz glass ampoules with He atmosphere.


Spectroscopic measurements : Sample cooling for absorption measure-
ments was achieved using a closed cycle cryostat (Air Products). The
He flow tube technique was used for luminescence experiments. Absorp-
tion spectra were measured on a Cary 5E (Varian) spectrometer. Upcon-


Figure 6. Schematic representation of the most important sigma overlaps
between singly occupied metal and fully occupied ligand orbitals for a
bridging angle f of 1808.
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version was excited with an Nd3+ :YVO4 laser (Spectra Physics Millennia
Xs) pumped tuneable Ti:sapphire laser (Spectra Physics 3900S). Wave-
length control was achieved by an inchworm driven (Burleigh PZ-501)
birefringent filter and a wavemeter (Burleigh WA2100). The sample lu-
minescence was dispersed by a 0.85 m double monochromator (Spex
1402) with 500 nm blazed 1200 grovesmm�1 gratings. VIS and NIR lumi-
nescences were detected by a cooled photomultiplier tube (Hamamatsu
3310-01) in connection with a photon-counting system (Stanford Re-
search SR 400). Mn2+ downconversion luminescence was excited by the
457.9 nm line of the Ar+ ion laser and detected as described above. The
excitation laser beam was focused on the sample with an f=53 mm focal
lens. All spectra are corrected for the wavelength dependence of the sen-
sitivity of the monochromator and detection system (measured with a
calibrated 60 W tungsten lamp (2900 K) as black body radiation source)
and for the refractive index of air (vacuum correction). The spectra are
presented as number of photons versus wavenumber. All excitation scans
were corrected for the power dependence of the Ti:sapphire laser source
over the tuning range. The laser power was measured with a power
meter (Coherent Labmaster-E).


For time resolved measurements 10 ns pulses of the second harmonic of
a Nd3+/YAG (Quanta Ray DC R 3) pumped dye laser (Lambda Physik
FL3002; Pyridine 1 in methanol) was Raman shifted (Quanta Ray, RS-1,
H2, 340 psi, operative range 935–1025 nm). Square wave pulses in the
same spectral range were generated with an acousto-optic modulator
(Coherent 305) controlled by a function generator (Stanford Research
Systems DS345). For these pulsed experiments the sample luminescence
was dispersed by a 0.75 m single monochromator (Spex 1702) equipped
with a 750 nm blazed 600 groovesmm�1 grating and detected with a pho-
tomultiplier (Hamamatsu 3310-01) and a multi-channel scaler (Standford
Research SR430).


All emission and excitation spectra as well as the pulsed experiments
were measured in a 908 arrangement between incoming laser beam and
the luminescence detection system used.
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Understanding the Nature of the Molecular Mechanisms Associated with the
Competitive Lewis Acid Catalyzed [4+2] and [4+3] Cycloadditions between
Arylidenoxazolone Systems and Cyclopentadiene: A DFT Analysis


Manuel Arn(,[a] M. Teresa Picher,[a] Luis R. Domingo,*[a] and Juan Andr/s[b]


Introduction


The Diels–Alder (DA) reaction between cyclopentadiene
(Cp), and a,b-unsaturated carbonyl derivatives catalyzed by
Lewis acids (LAs) is of wide interest in organic synthesis.[1]


In particular, this cycloaddition is taken as reference to eval-
uate new chiral LAs.[2] Avenoza et al.[3] studied the LA cata-
lyzed (AlCl3, 0.50 equiv) DA reaction between the aryliden-
oxazolone 1 and Cp to yield the endo and exo [4+2] cyclo-
adducts 2a and 2b (see Scheme 1). In further investigations,
the authors found that the use of more than 1 equiv AlCl3
or AlCl2Et as LA catalysts (up to 1.50 equiv) the reaction
also afforded product 3 (see Scheme 1).[4] Formation of 3 was explained by means of a domino reaction which is initi-


ated by a [4+3] cycloaddition between an allyl cation, reso-
nance structure A, and Cp to give the corresponding cyclo-
adduct, structure B in Scheme 2, which quickly experiments[a] Prof. Dr. M. Arn3, Prof. Dr. M. T. Picher, Prof. Dr. L. R. Domingo
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Abstract: The molecular mechanisms
of the reactions between aryliden-
5(4H)-oxazolone 1, and cyclopenta-
diene (Cp), in presence of Lewis acid
(LA) catalyst to obtain the correspond-
ing [4+2] and [4+3] cycloadducts are
examined through density functional
theory (DFT) calculations at the
B3LYP/6-31G* level. The activation
effect of LA catalyst can be reached by
two ways, that is, interaction of LA
either with carbonyl or carboxyl
oxygen atoms of 1 to render [4+2] or
[4+3] cycloadducts. The endo and exo


[4+2] cycloadducts are formed through
a highly asynchronous concerted mech-
anism associated to a Michael-type ad-
dition of Cp to the b-conjugated posi-
tion of a,b-unsaturated carbonyl frame-
work of 1. Coordination of LA catalyst
to the carboxyl oxygen yields a highly
functionalized compound, 3, through a
domino reaction. For this process, the


first reaction is a stepwise [4+3] cyclo-
addition which is initiated by a Frie-
del–Crafts-type addition of the electro-
philically activated carbonyl group of 1
to Cp and subsequent cyclization of the
corresponding zwitterionic intermedi-
ate to yield the corresponding [4+3]
cycloadduct. The next rearrangement is
the nucleophilic trapping of this cyclo-
adduct by a second molecule of Cp to
yield the final adduct 3. A new reaction
pathway for the [4+3] cycloadditions
emerges from the present study.


Keywords: cycloaddition · density
functional calculations · Lewis
acids · reaction mechanisms


Scheme 1. Reaction studied in this work.


Scheme 2. B is the proposed adduct formed by means of a [4+3] cycload-
dition between A and Cp.[4]
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a highly regioselective and stereoselective nucleophilic trap-
ping with the excess of Cp to give 3. The scope of this new
reaction was tried with other (Z)-4-arylidene-2-phenyl-
5(4H)-oxazolone systems. The reaction of substituted-phenyl
systems such as para-chloro, -nitro, -bromo or ortho-nitro
led to the corresponding bicyclo[3.2.1]octane. In the case of
the para-bromo-oxazolone an excellent yield was obtained
for the [4+3] cycloadduct.[4] The extention of this reactivity
to other less reactive dienes, such as 2,3-dimethyl-1,3-buta-
diene or 1,3-cyclohexadiene was also examined, but only a
[4+2] cycloaddition was observed in these cases.[4]


The direct construction of seven-membered rings via
[4+3] cycloadditions is the most attractive strategy for pre-
paring this frequently observed natural product substruc-
ture.[5] Therefore, a great amount of effort has been focused
on methods to synthesize the less accessible three-atom
component of these reactions[6,7] and in particular, oxyallyl
cations are the most employed intermediates to generate
this moiety.[6] Alternatively, the use of 2-(silyloxy)acroleins
and related compounds in presence of a LA catalyst as the
three-atom component in the [4+3] cycloadditions has re-
ceived much interest in the last years.[7] In the course of the
writing the final version of this paper, Davies and Dai[8]


have reported the [4+3] cycloaddition between 2-alkylacro-
leins and Cp in presence on 1.1 equiv AlCl3 (see Scheme 3).
For 2-methylacrolein, 4, these authors found that at lower
temperatures, that is �78 8C, the reaction yields the endo
and exo [4+2] cycloadducts. When the reaction was allowed
to warm to 0 8C [4+3] cycloadduct 6 was the major product
with a large diastereoselectivity (96% de) (see Scheme 3).
These authors proposed a tandem DA reaction/ring expan-
sion for the formation of the [4+3] cycloadduct 6.[8]


The computational approach is very appealing in this
field, given the diversity and the difficulties of the experi-
mental elucidation of the corresponding synthetic routes.
The mechanism of the [4+3] cycloaddition reaction between
2-hydroxyallyl cations and 1,3-butadiene has been theoreti-
cally studied by Cramer and Barrow (see mechanism A in
Scheme 4).[9] This reaction takes place through a stepwise
mechanism and the first step is the electrophilic attack of
the 2-hydroxyallyl cation on the diene to give a cation inter-
mediate, IN-A, which by a subsequent ring-closure process
affords the final [4+3] cycloadduct. For the intramolecular
[4+3] cycloadditions between hydroxyallyl cations and furan
a stepwise-like mechanism has been predicted by Harmata
and Schreiner,[10] while the endo/exo preferences involving


the cyclopentenyl cation have been explained through a con-
certed process.[11]


More recently, we have studied the mechanism of the LA
catalyzed [4+3] cycloaddition reaction between 2-(silyloxy)-
acrolein and furan (see mechanism B in Scheme 4).[12] This
reaction is a three-step process that is initialized by the nu-
cleophilic attack of furan to the b-conjugated position of the
LA coordinated 2-(silyloxy)acrolein to give a zwitterionic
intermediate, IN1-B. The key step on the formation of the
seven-membered ring is the electrophilic attack of the furan
residue to the nucleophilically activated carbonyl carbon at
this intermediate, via TS2-B.[12] Formation of the final [4+3]
cycloadduct requires a silyl migration.


In the present work, the reactions between aryliden-
5(4H)-oxazolone 1, and Cp in absence and in presence of
LA, AlH3, have been studied (see Scheme 5). Our aim was
to characterize the nature of the molecular mechanism for
the formally [4+3] cycloaddition involved in the formation
of the bicyclo[3.2.1]octane framework present in 3. An
effort is made to explain the observed trends from the de-
tailed analysis of the potential energy surface (PES), loca-
tion and characterization of transition structures (TSs) and
related minima. The article is structured as follows: The
computational techniques and methodologies adopted are
elaborated in the next section together with a brief theoreti-
cal background of the global electrophilicity indicator. Next,
the results are presented and discussed on the basis of the
generated trends in terms of global electrophilicity indexes
and the analysis of stationary points on PES. This analysis
allows us to rationalize and to explain the experimental ob-
servations. Finally, in the concluding section, the net out-
come of the work is summarized.


Scheme 3. [4+3] cycloaddition between 2-alkylacroleins and Cp reported
by Davies and Dai.[8]


Scheme 4. a) Stepwise mechanism for the [4+3] cycloaddition between 2-
hydroxyallyl cation and 1,3-butadiene. b) Stepwise mechanism for the
LA catalyzed [4+3] cycloaddition between 2-(silyloxy)acrolein and furan.
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Computational Methods


Density functional theory calculations have been carried out using the
B3LYP[13] exchange-correlation functionals, together with the standard 6-
31G* basis set.[14] The optimizations were carried out using the Berny an-
alytical gradient optimization method.[15] The stationary points were char-
acterized by frequency calculations in order to verify that the TSs have
one and only one imaginary frequency. The intrinsic reaction coordinate
(IRC)[16] path was traced in order to check the energy profiles connecting
each TS to the two associated minima of the proposed mechanism by
using the second order Gonz8lez-Schlegel integration method.[17] The
electronic structures of stationary
points were analyzed by the natural
bond orbital (NBO) method.[18] All
calculations were carried out with the
Gaussian 98 suite of programs.[19] Car-
tesian coordinates of all stationary
points are given in Supporting Infor-
mation.


Solvent effects have been considered
by B3LYP/6-31G* single point calcula-
tions over the gas phase optimized
structures using a self-consistent reac-
tion field (SCRF)[20] based on the po-
larizable continuum model (PCM) of
the Tomasi group.[21] We have selected
the dielectric constant of dichlorome-
thane, e=8.93.


The computed values of enthalpies, entropies and free energies were esti-
mated by means of the B3LYP/6-31G* potential energy barriers, along
with the gas-phase harmonic frequencies.[14] A scaling factor[22] of 0.96 for
the vibrational energies was used. Thermal corrections to enthalpy and
entropy values were evaluated at the experimental temperature of
248.15 K.[4] To calculate enthalpy and entropy at that temperature, the
difference between the values at the temperature and 0 K was evaluated
according to standard thermodynamics.[23]


The global electrophilicity index, w,[24] which measures the stabilization
energy when the system acquires an additional electronic charge DN
from the environment, has been given by the following simple expres-
sion,[24] w= (m2/2h), in terms of the electronic chemical potential m and
the chemical hardness h. Both quantities may be approached in terms of
the one electron energies of the frontier molecular orbital HOMO and
LUMO, eH and eL, as m � (eH+eL)/2 and h � (eL�eH), respectively.[25]


Results and Discussion


Firstly, a DFT analysis based on the reactivity indexes of the
reagents involved in these cycloadditions will be performed.
Then, the [4+2] cycloaddition between the arylidenoxazo-
lone system, 1, and Cp in absence of LA catalyst has been
considered in the second section (see Scheme 5a). Later, the
presence of LA catalyst has been taken into account; two
modes of coordination of LA catalyst with 1 have been con-
sidered (see Scheme 5). In 7 the coordination is at the car-
bonyl oxygen while in 9 it takes place with the carboxyl
oxygen. In the second section, the [4+2] cycloaddition be-
tween 7 and Cp to yield the endo, 8a, and exo, 8b, cycload-
ducts will also be studied (see Schemes 5b and 6). In the last
section the [4+3] cycloaddition between the LA coordinated
arylidenoxazolone 9 and Cp to give the adduct 10 will be
considered (see Schemes 5c and 7).


Global electrophilicity analysis : Recent studies devoted to
Diels–Alder[26] and 1,3-dipolar cycloaddition[27] reactions


have shown that the global indexes defined in the context of
density functional theory[25,28] are a powerful tool to under-
stand the behavior of polar cycloadditions. The difference of
global electrophilicity[26] between the reagent pair, Dw, can
be used to predict the polar character of the process and
thereby the feasibility of the cycloaddition. In Table 1 the
static global properties: electronic chemical potential, m,
chemical hardness, h, and global electrophilicity, w, of aryli-
den-5(4H)-oxazolone, 1, the corresponding LA coordinated
oxazolones, and Cp are presented.


The values of the electronic chemical potentials, m, given
in Table 1, indicate that the arylidenoxazolones present a m


lesser than that for Cp. Therefore, the charge transfer will
take place from Cp acting as nucleophile toward the aryli-
denoxazolone system acting as electrophile (see below). An
analysis of the electrophilicity of the arylidenoxazolones
given in Table 1 allows us to obtain the following conclu-
sions: i) The electrophilicity of the arylidenoxazolone 1 is
2.56 eV, a value that falls in the range of strong electrophiles
within the w scale.[26] ii) Coordination of LA AlH3 to the car-


Table 1. HOMO and LUMO energies, electronic chemical potential (m), chemical hardness (h) and global
electrophilicity (w), of the arylidenoxazolones 1 in absence and in presence of the LA catalysts, and Cp.


HOMO [au] LUMO [au] m [au] h [au] w [eV]


12 (AlCl3) �0.2541 �0.1366 �0.1954 0.1176 4.42
13 (AlClMe2) �0.2248 �0.1249 �0.1749 0.0999 4.16
7 �0.2377 �0.1211 �0.1794 0.1165 3.76
9 �0.2342 �0.1077 �0.1710 0.1265 3.14
10 �0.2324 �0.1040 �0.1682 0.1284 3.00
1 �0.2184 �0.0912 �0.1548 0.1273 2.56
Cp �0.2115 -0.0099 �0.1107 0.2016 0.83


Scheme 5. a) Non-catalyzed [4+2] cycloaddition between 1 and Cp.
b) Coordination of the LA to the carbonyl oxygen atom of 1. c) Coordi-
nation of the LA to the carboxyl oxygen atom of 1.
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bonyl O1 oxygen of 1 increases the electrophilicity of 7 to
3.76 eV. This fact increases the Dw for the LA catalyzed
[4+2] cycloaddition, and a reduction of the activation
energy will be expected along a more polar process (see
below). iii) Substitution of the LA AlH3 in 7 by AlCl3 or
AlClMe2, 12 and 13 in Table 1, increases the electrophilicity
of 7 to 4.42 and 4.16 eV, respectively, in agreement with the
larger acid character of AlCl3 and AlClMe2. A similar trend
has been observed for the LA catalyzed [4+2] cycloaddition
between nitroethylene and methyl vinyl ether.[29] There is a
correlation between electrophilicity of the LA coordinated
nitroethylene and the acid character of the LA catalyst, fol-
lowing the order: AlH3 < AlMe3 < AlCl3, with concomi-
tant decreasing of the activation barrier, but it does not
modify the concerted mechanism.[29] These results allow us
to assert the use of AlH3 as a computational model for the
LAs used in the experiments, AlCl3 and AlClEt2.


[4]


Study of the [4+2] cycloaddition between aryliden-5(4H)-
oxazolone, 1, and Cp, in the absence and presence of a LA
catalyst : The [4+2] cycloadditions between the arylidenoxa-
zolone 1 (absence of LA) or 7 (presence of LA) and Cp can
take place along two stereoisomeric reactive channels, the
endo and exo (see Schemes 5 and 6). Experimentally, the
two cycloadducts are formed in a 53:47 ratio which indicates
that these cycloadditions proceed with a very low stereose-
lectivity.[4] The two studied reactive channels are associated
to the endo and exo approach modes of Cp relative to the
carbonyl group of 1 and 7. An analysis of the gas phase re-
sults indicates that these cycloadditions take place along a
concerted processes. Therefore four TSs, TSa-nc, TSb-nc,
TSa and TSb, and four cycloadducts, 2a, 2b, 8a and 8b, as-
sociated to the endo and exo reactive channels, named as a
and b, for the non-catalyzed, named as nc, and LA catalyzed
processes, respectively, have been located and characterized.
In Scheme 6 the atom numbering is presented while the en-
ergetic results are listed in Table 2. The optimized geome-
tries of the TSs are depicted in
Figure 1, while the geometry of
the cycloadducts are given in
Supporting Information.


The activation enthalpies for
the non catalyzed and LA cata-
lyzed cycloadditions are: 22.5
(TSa-nc), 21.6 (TSb-nc), 15.8
(TSa) and 15.3 kcalmol�1


(TSb). Therefore, coordination
of the LA to the carbonyl O1
oxygen decreases the activation
enthalpy for the catalyzed cy-
cloaddition in about 7 kcal
mol�1. Both noncatalyzed and
catalyzed processes present a
very low stereoselectivity in
clear agreement with the exper-
imental results. Inclusion of the
activation entropy arises the ac-
tivation free energy to 34.0
(TSa-nc), 33.0 (TSb-nc), 27.8


(TSa) and 27.2 (TSb) kcalmol�1, as a consequence of the
negative activation entropy associated of these [4+2] cyclo-
additions: in the range of �46.1 and �48.4 calmol�1K�1. In-
clusion of solvent effects decreases the relative energies of
the TSs between 1.5 and 2.6 kcalmol�1. In addition, solvent
effects decrease the stereoselectity of the LA catalyzed
process by a larger solvatation of TSa than TSb.


The lengths of the C3�C11 and C4�C8 forming bonds at
the TSs are: 2.633 and 1.913 R at TSa-nc, 2.738 and 1.907 R
at TSb-nc, 3.221 and 1.887 R at TSa, and 2.961 and 1.915 R
at TSb, respectively, while the corresponding bond order
(BO) values[30] are: 0.19 and 0.58 at TSa-nc, 0.16 and 0.57 at
TSb-nc, 0.00 and 0.60 at TSa, and 0.09 and 0.56 at TSb, re-
spectively. These BO values indicate that these TSs corre-
spond to highly asynchronous bond-formation processes,
while for the LA catalyzed reaction the TSs correspond to
two-center additions. Therefore, the nucleophilic attack of
Cp to the b position of the LA coordinated a,b-unsaturated
carbonyl moiety of 7 can be associated to a Michael-type ad-
dition.[31] In spite of the high asynchronicity found at the


Scheme 6. [4+2] cycloaddition reaction of 7 with Cp.


Figure 1. Optimized geometries of the transition structures for the endo, TSa-nc, and exo, TSb-nc, channels of
non-catalyzed reaction between 1, and Cp. TSa and TSb are the transition structures for the reaction between
7 and Cp. In 7 the LA (AlH3) catalyst is coordinated to the carbonyl oxygen atom of 1. The distances directly
involved in the bond-forming processes are given in angstroms. Bond order values are given in parenthesis.
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TSs of the LA catalyzed process, the IRC analysis estab-
lishes the one-step nature of these cycloadditions.


The natural population analysis (NPA)[18a] allows the eval-
uation of the charge transfer (CT) along these [4+2] cyclo-
addition processes. The B3LYP/6-31G* atomic charges at
the TSs have been partitioned between Cp and the arylide-
noxazolone frameworks. The values of negative charges
transferred from the donor Cp to the arylidenoxazolone
moiety are: 0.25 e (TSa-nc), 0.24 e (TSb-nc), 0.38 e (TSa),
and 0.37 e (TSb), thereby indicating that the nature of these
TSs may be traced to some zwitterionic character. The CT
at the LA catalyzed processes is larger than that at the non
catalyzed ones. This is in agreement the increase of Dw asso-
ciated to the catalyzed process (see first section of Results
and Discussion). The LA increases the electrophilicity of
the arylidenoxazolone 1 favoring the cycloaddition through
a more polar process. Incorporation of solvent effects on the
NBO calculations increases the CT at these polar TSs:
0.30 e (TSa-nc), 0.28 e (TSb-nc), 0.44 e (TSa), and 0.43 e
(TSb). This behavior can be explained by a larger stabiliza-
tion of the corresponding zwitterionic TSs that allows a
larger CT.[32]


Study of the [4+3] cycloaddition between LA coordinated
arylidenoxazolone 9 and Cp : Oxyallyl cations experiment
nucleophilic addition at both allylic positions.[9] On the
other hand, the LA coordinates a,b-unsaturated carbonyl
derivatives as 7 experiment nucleophilic addition at the elec-
trophilically activated b position (the C4 carbon).[12,31] In the
case of the LA coordinated arylidenoxazolone 7 all attempts
for the direct addition of Cp to the carbonyl C2 carbon of 7
failed. In addition, all attempts to form a seven-membered
cycloadduct after TSa and TSb, second step on the mecha-
nism (B) in Scheme 4, or interconversion of the [4+2] cyclo-
adducts 8a and 8b into the [4+3] cycloadduct 10 through a
ring expansion, were also unsuccessful. Therefore, the par-
ticipation of the C2-C3-C4 framework of 1 as the three-


atom component in the forma-
tion of the seven-membered
ring requires a strong electro-
philic activation of the carbonyl
group. Viewing the C2(=O1)�
O5�C6=N7 framework of 1 as
an aza analogue of an acid an-
hydride this activation could be
achieved by coordination of the
LA catalyst to the carboxyl O5
oxygen of the arylidenoxazo-
lone 1. This coordination, pre-
sented in 9, opens an alterna-
tive reactive channel, as it is de-
picted in Schemes 5c and 7.
Therefore, the electrophilic
attack of the activated acyl
carbon of 9 to Cp could yield
the [4+3] cycloadduct 10 via an
initial Friedel–Crafts-type addi-
tion to olefins.[33]


The reaction between the LA coordinated arylidenoxazo-
lone 9 and excess of Cp to give the bicyclo[3.2.1]octane
adduct 11 involves two consecutive reactions (see Scheme 5c
and 7). The first one corresponds to a stepwise [4+3] cyclo-
addition with formation of the seven-membered ring, while
the second one is a formally [3+2] cycloaddition between
the [4+3] cycloadduct 10 and a second molecule of Cp with
concomitant formation of the oxa five-membered ring, 11.


An exhaustive exploration of the PES for the [4+3] cyclo-
addition between the LA activated arylidenoxazolone 9 and
Cp to yield the cycloadduct 10 renders two TSs, TS1 and
TS2, and one intermediate, IN1. The first step of this [4+3]
cycloaddition is the electrophilic attack of the carbonyl C2
carbon of the oxazolone 9 to Cp, via TS1, to give the zwit-
terionic intermediate IN1. The second step corresponds to
the cyclization of this intermediate, via TS2, with formation
of the seven-membered ring. The different stationary points
for the stepwise [4+3] cycloaddition between 9 and Cp are


Table 2. Relative energies[a] (DE, kcalmol�1), enthalpies (DH, kcalmol�1), entropies (DS, calmol�1K�1) and
free energies (DG, kcalmol�1) in vacuum at 248.15 K and 1 atm, and relative energies in dichloromethane
(DEsol, kcalmol�1) corresponding to the stationary points of the reactions of the phenylidenoxazolones 1, 7 and
9 with Cp.


DE DH DS DG DEsol


a) [4+2] cycloaddition between 1 and Cp
TSa-nc 21.6 22.5 �46.3 34.0 19.9
TSb-nc 20.8 21.6 �46.1 33.0 19.3
2a �2.6 0.3 �49.2 12.5 �3.0
2b �3.6 �0.5 �50.5 12.0 �3.8
b) LA catalyzed [4+2] cycloaddition between 7 and Cp
TSa 14.8 15.8 �48.4 27.8 12.2
TSb 14.5 15.3 �47.9 27.2 12.2
8a �2.3 0.6 �50.5 13.2 �2.6
8b �2.6 0.4 �51.3 13.1 �2.9
c) LA catalyzed [4+3] cycloaddition between 9 and Cp
TS1 19.9 20.1 �45.5 31.4 13.8
IN1 17.7 18.7 �41.9 29.1 9.5
TS2 19.4 20.2 �50.5 32.7 14.1
10 �13.2 �10.3 �45.6 1.0 �18.0
TS3 6.9 10.5 �98.3 34.9 1.7
11 �20.5 �13.9 �103.9 11.8 �21.6


[a] Relatives to Cp and the corresponding phenylidenoxazolones 1, 7 and 9.


Scheme 7. Domino reaction between 9 and excess of Cp. a) [4+3] cyclo-
addition between 9 and Cp. b) Nucleophilic capture of 10 with excess Cp.
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depicted in Scheme 7 together with the atom numbering,
while the energetic results are listed in Table 2. The geome-
tries of the TSs are presented in Figure 2, while the geome-
tries of the intermediates and cycloadducts are given in Sup-
porting Information.


The first electrophilic attack, which corresponds to a Frie-
del–Crafts-type addition of the carbonyl C2 carbon of 9 to
the p system of Cp, presents an activation enthalpy of
20.1 kcalmol�1. Inclusion of the activation entropy,
�45.5 calmol�1K�1, arises the activation free energy to
31.4 kcalmol�1. Solvent effects cause a large reduction of
the gas phase activation energy, 6.1 kcalmol�1. This reduc-
tion is larger than that for the nucleophilic attack of Cp to
7, 2.6 kcalmol�1. Therefore, in condensed phase the activa-
tion free energies for the Michael-type addition of Cp to 7
and the Friedel–Crafts-type addition of 9 to Cp could be
closer, being both reactive channels competitive. The free
energy associated to the formation of the intermediate IN1
is 29.1 kcalmol�1. The subsequent cyclization step presents
an activation enthalpy of 1.5 kcalmol�1 and formation of the
bicyclo[3.2.1]octane adduct 10 is exothermic, �10.3 kcal
mol�1. With the inclusion of solvent effects the adduct 10
stabilizes in 5.2 kcalmol�1 relative to the gas phase results as
a consequence of its large polar character.


The length of the C2�C8 forming bond at TS1 is 2.021 R,
while the C4�C11 and C2�O5 distances are 3.538 and
2.237 R, respectively. Along the electrophilic attack of 9 to
Cp, the oxazolone ring is opened with concomitant C2�O5
bond-breaking process. At the intermediate IN1 the C2�C8
bond length, 1.672 R, indicates that this bond is already
formed, while the C2�O5 distance increases to 2.877 R. At
TS2, the C4�C11 bond length is 2.503 R while the C2�O5
distance is 2.460 R. At the [4+3] cycloadduct 10 the lengths
of the C2�C8 and C4�C11 bonds are 1.519 and 1.565 R, re-
spectively; this indicates that these bonds are already
formed, while the C2�O5 distance is 3.292 R. These results
support the cleavage of the oxazolene ring in 10. The BO
values of the C2�C8 forming bond at TS1 and TS2 are 0.42
and 0.83, respectively, while the C4�C11 BO at TS2 is 0.25.
The C3�N7 BO value at the [4+3] cycloadduct 10 is 1.82,
which indicates that it has a double-bond character. There-
fore, the C3=N7�C6(Ph)=O5 framework of the [4+3] cyclo-
adduct 10 corresponds to a N-acyl imine. Coordination of


the LA AlH3 to the O5 oxygen increases the electrophilicity
of the imine C3 carbon, allowing to explain the reactivity of
10 toward the nucleophilic addition of Cp. This electrophilic
activation is in agreement by the large electrophilicity of the
[4+3] cycloadduct 10, 3.00 eV, which is closer to that for the


LA coordinated arylidenoxazo-
lone 9 (see Table 1).


The negative charge transfer-
red from the donor Cp to the
arylidenoxazolone 9 along the
electrophilic attack of the car-
bonyl C2 carbon of 9 to Cp is
0.33 e at TS1, 0.60 e at IN1 and
0.35 e at TS2, thereby indicat-
ing the large polar nature of
this [4+3] cycloaddition. The
CT at TS1, associated to the
Friedel–Crafts-type addition, is
slightly less than that found at
TSa (0.38 e), associated to the
Michael-type addition, in agree-


ment with the lower electrophilicity of the LA coordinated
arylidenoxazolone 9 than the 7 one (see Table 1). Incorpora-
tion of solvent effects on the NBO calculations increases the
CT of the stationary points associated to the Friedel–Crafts-
type addition to 0.39 e at TS1, 0.66 e at IN1, and 0.41 e at
TS2.


One of the referees proposed to consider the coordination
of LA to the nitrogen of the oxazolone ring (see 14 in
Scheme 8). This coordination gives a stepwise mechanism
for the [4+3] cycloaddition like that for attack of Cp to 9.
However, although the LA coordinated oxazolone 14 is
9.0 kcalmol�1 more stable than 9, the activation energy asso-
ciated to the nucleophilic attack of Cp to 14 presents a high
value, 31.5 kcalmol�1. This unfavorable barrier allows to dis-
card the mechanism given in Scheme 8. The total electronic
energies, the geometries and the Cartesian coordinates of 14
and TS4 are given in Supporting Information.


The second reaction is a formally [3+2] cycloaddition be-
tween the [4+3] cycloadduct 10 and a second molecule of
Cp, followed by a ring closure with formation of the oxazo-
lone system to give the final cycloadduct 11 (see Scheme 7).
An exhaustive exploration of the PES for this reaction
allows to find only one TS, TS3, associated to the nucleo-
philic attack of Cp to the electrophilically activated imine
C3 carbon of the [4+3] cycloadduct 10. The activation en-
thalpy associated with TS3 is 20.8 kcalmol�1. After TS3, the
intermediate and TSs associated with the formation of the


Figure 2. Optimized geometries of the transition structures, TS1 and TS2, for the stepwise [4+3] cycloaddition
reaction between Cp and 9. In 9 the LA (AlH3) catalyst is coordinated to the carboxyl oxygen atom of 1. The
distances directly involved in the bond-forming processes are given in Rngstroms. Bond order values are given
in parenthesis.


Scheme 8. [4+3] cycloaddition reaction between 14 and Cp.
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final cycloadduct 11 are located in a smooth drop energy
after the barrier height. This fact precludes the localization
of the corresponding stationary points. However, the IRC
from TS3 to the cycloadduct stops at a structure that lies
4.0 kcalmol�1 below TS3 (see IN2 in Scheme 7). The total
electronic energy and the Cartesian coordinates of IN2 are
given in Supporting Information. The ring closure process at
these species with formation of the O1�C9 bond presents a
very low barrier; it has been estimated at less of 0.5 kcal
mol�1. The C2�O5 bond-formation process with regenera-
tion of the oxazolone ring takes place after the formation of
the O1�C9 bond. The formally [3+2] cycloaddition is slight-
ly endothermic in 0.13 kcalmol�1. Therefore, the domino re-
action between 9 and Cp with formation of 11 is exothermic,
�13.9 kcalmol�1.


The length of the C3�C8 bond forming at TS3 is 2.063 R,
while the O1�C11 distance is 2.768 R (see Figure 3). The
C2�O5 distance, 2.559 R, indicates that the oxazolone ring
remains open at this step. The BO value of the C3�C8 bond
at TS3 is 0.45. The negative charge transferred from the
donor Cp to the [4+3] cycloadduct 10 at TS3 is 0.40 e, in ac-
cordance with the large polar character of the process. This
large CT is in agreement with large electrophilicity of 10
(see Table 1). Incorporation of solvent effects on the NBO
calculations increases the CT of TS3 to 0.43 e.


Conclusion


The molecular mechanisms of the reactions between aryli-
den-5(4H)-oxazolone, 1, and Cp in absence and in presence
of LA catalyst have been studied at B3LYP/6-31G* comput-
ing level. In absence of LA, the [4+2] cycloaddition takes
place through a concerted mechanism. Presence of the LA
coordinated to the carbonyl oxygen of 1 accelerates the
[4+2] cycloaddition through a highly asynchronous polar
TS. This catalyzed process can be associated to a Michael-
type addition of Cp to the b-conjugated position of the aryli-
denoxazolone followed by a concomitant cyclization. These
[4+2] cycloadditions do not exhibit endo/exo selectivity.


A new mechanism emerges from this DFT study for the
[4+3] cycloaddition. This requires the strong electrophilic
activation of the carbonyl carbon of the a,b-unsaturated car-
boxyl moiety of the aryliden-5(4H)-oxazolone 1 in order to


work this conjugated system as the three-atom component
of a [4+3] cycloaddition. This activation, which has been
modeled by coordination of the LA to the carboxyl oxygen,
renders a Friedel–Crafts-type addition to the diene compo-
nent of Cp to give a zwitterionic intermediate that by a sub-
sequent cyclization yields the seven-membered cycloadduct.


Finally, coordination of the LA to the N-acyl imine frame-
work present on the [4+3] cycloadduct increases its electro-
philicity, being then trapped with the excess of Cp to give
the adduct 3.
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Highly Effective Sulfated Zirconia Nanocatalysts Grown out of Colloidal
Silica at High Temperature


Guangshan Zhu,[a] Ce Wang,*[a] Yahong Zhang,[a] Na Guo,[a] Yiyang Zhao,[a]


Runwei Wang,[a] Shilun Qiu,[a] Yen Wei,[b] and Ray H. Baughman[c]


Introduction


Catalytic materials are widely used in industrial chemical
processes. However, challenges remain to maximize their ef-
ficiency, to keep their stability and activity over a long oper-
ating period, and to achieve re-usability by regeneration for
cost-reduction and environmental considerations.[1] Sulfate-


ion-modified metal oxides, such as sulfated zirconia (SZ),
and zeolites are two important solid catalysts that are used
in acid-promoted catalytic reactions, such as alkylation, de-
hydration, isomerization, cracking, and so forth.[2] In particu-
lar, they are the candidates for potential replacement of the
liquid acid catalysts, such as hydrofluoric acid or sulfuric
acid in commercial gasoline refining processes. Modified
complex oxides are good candidates because of their strong
acidity. However, such oxides in conventional forms are not
effective enough, due to the small surface-to-volume ratio
and their activity decreases quickly after several hours of re-
actions.[3] Although the zeolites possess larger surface areas,
the deposition of carbon and the formation of coke in and
on them limit their industrial applications as catalysts.[4,5] To
raise the surface-to-volume ratio, many metal oxide nano-
particle catalysts have been investigated.[6,7] However, in the
process of sulfation at high temperatures of over 500 8C, the
nanoparticles are agglomerated, leading to a reduction in
surface-to-volume ratio. Silica-supported metal oxides, espe-
cially SZ over silica (SZ/SiO2), have attracted particular at-
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Abstract: A large surface-to-volume
ratio is a prerequisite for highly effec-
tive catalysts. Making catalysts in the
form of nanoparticles provides a good
way to achieve the aim. However, ag-
glomeration of nanoparticles during
the preparation and utilization of nano-
catalysts remains a formidable prob-
lem. Here, we present a novel ap-
proach in which nano units of catalysts
are formed in the matrix of a colloidal
carrier, with assistance of a cross-link-
ing agent, and then grow out of the car-
rier upon calcination at high tempera-
ture. This ensures that the catalysts not
only do not agglomerate, but also have
a low cost and high catalytic efficiency
due to the large surface-to-volume
ratio and the absence of carbon deposi-


tion. The technique is demonstrated by
the successful preparation of a binary
nanocatalyst that consists of a silica
nanoparticle core and a sulfated zirco-
nia (SZ) nanocrystal shell (JML-1).
The synthesis was achieved by convert-
ing sulfated zirconia (SZ) and silica so-
lutions into a composite gel by means
of sol–gel processing in the presence of
triethoxysilane as the cross-linking
agent, followed by heating at 50 8C and
calcining at 550 8C. Relative to other
catalysts, such as pure SZ, non-nano-
dispersed SZ over silica (SZ/SiO2), and


zeolites Y, Beta, and ZSM-5, JML-1
exhibits superior catalytic activity in
many reactions. For example, the activ-
ity of JML-1 in the production of gaso-
line by alkylation of 1-butene with iso-
butene remained at 95% or higher
after 20 h of reaction and was over
90% after being regenerated five
times. In sharp contrast, SZ and SZ/
SiO2 give a high activity only for 2 h
and the initial activity of zeolites Beta
and ZSM-5 are about 88 and 60%, re-
spectively. These findings demonstrate
that non-agglomerated nanoparticles
anchored onto a carrier surface can be
prepared and the technique provides a
versatile route to new highly effective
nanocatalyst systems.


Keywords: heterogeneous catalysis ·
nanostructures · sol–gel processes ·
sulfur · zirconium
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tention since 1988,[8–12] due to their higher thermal stability,
bigger surface-to-volume ratio and lower cost than the SZ.


SZ/SiO2 is usually prepared by a sol–gel process, and its
catalytic activity depends on the reactivity of alkoxide pre-
cursors, amount of absorbed sulfuric acid, thermal treatment
conditions, and the number of active SZ sites on the sur-
face.[13–18] Because of different hydrolysis rates of the ZrO2


and SiO2 precursors, a phase separation (colloid agglomera-
tion) occurs during the sol–gel reactions. Consequently after
thermal treatment, a SZ nanocatalyst with a large surface-
to-volume ratio cannot be obtained, although SZ is able to
partly move onto the silica surface during calcination.[19] In
addition, the acid strength, as indicated by the concentration
of SO4


2�, is not adjustable by the techniques of co-precipita-
tion and impregnation as reported in the literature.[20] It is
apparent that the use of silica carrier as described above
could not achieve high catalytic efficiency of SZ. Here, we
present a novel approach to prepare highly efficient SZ/SiO2


catalysts with a shell of SZ nanocrystals growing on a core
of silica nanoparticles; this catalyst is designated as JML-1
to distinguish it from other binary SZ/SiO2 composite cata-
lysts.


Experimental Section


Synthetic methods


Synthesis of JML-1: A solution of SiO2 was obtained by hydrolyzing tet-
raethoxysilane (TEOS, 31.19 g) in a mixture of THF (21.26 g), H2O
(6.74 g)and HCl (2m, 5 g) under magnetic stirring at 65–70 8C for 3 h. A
solution of sulfated zirconia was prepared by placing ethanol (10 g) and
of isobutoxylzirconium (Zr(OC4H9)4, 80 wt% in butanol, 10 g ) into a
flask under magnetic stirring at room temperature, followed by addition
of a mixture of ethanol (6.5 g), distilled water (1.5 g) and H2SO4 (18m,
5 g). Alternatively, the SZ solution was obtained by gently stirring a solu-
tion of of ethanol (16.5 g), Zr(OC4H9)4 (10 g), distilled water (1.5 g) and
of vitriol (5 g) in a 500 mL flask until the system became a wet gel, which
was mechanically crushed with intensified stirring to afford a transparent
solution. The SiO2 solution was then mixed with the SZ solution at a
proper molar ratio, depending on the desired Zr/Si ratio in the final
product, under magnetic stirring for 12–24 h. Finally, the cross-linking
agent triethoxysilane (HSi(OC2H5)3) was added to the system to form a
transparent binary gel. The gel was dried at room temperature for 2 days,
ground into fine powder and then heated at 50 8C for about 5 h, followed
by heating to 550 8C at a rate of 10 8Ch�1 and calcining at 550 8C for an
additional 3 h. The calcined products were stored in a desiccator for use
later.


Characterization: The high-resolution TEM images were obtained on a
JEOL 2010 electron microscope with an acceleration voltage of 200 kV.
Measurement of nitrogen adsorption isotherms was performed on a Mi-
cromeritics ASAP 2010 system. Before each measurement, the samples
were degassed at 200 8C for 2 h. The pore size distribution was calculated
by using the Horvath- -Kawazoe (HK) method.


IR spectra of the samples with and without pyridine were recorded on an
FT-IR spectrometer (PE 430) with a resolution of 1 cm�1. In order to
measure the pyridine adsorption, the samples were pressed into the thin
pellets, and placed into a quartz cell with CaF2 windows. The sample pel-
lets were evacuated at 400 8C for 2 h (<10�5 Torr). After cooling down to
room temperature, the pellets were exposed to a pyridine environment
(10 Torr) at 25 8C. IR spectra were recorded after adsorption of pyridine
for 1 h and evacuation at 150, 250, 350, and 450 8C for 1 h.


NH3 temperature-programmed desorption (TPD) curves were obtained
in a temperature range of 120–600 8C, at a rate of 15 8Cmin�1. The ad-
sorption of ammonia onto the sample was carried out at 25 8C. Subse-
quently, the removal of ammonia was performed at 500 or 550 8C for 1 h


by purging air or pure nitrogen. Blank runs were carried out under the
same conditions, but with no NH3 adsorbed. The NH3 TPD curves were
obtained after substraction of the blanks run.


Catalytic reactions : The catalytic performance of the samples was evalu-
ated by using GC-8A and GC-17A (Shimazu) instruments equipped with
thermal conductivity and flame ionization detectors. The catalytic alkyla-
tion of isobutane with 1-butene was investigated at 2MPa by using a
stainless-steel apparatus equipped with a one-through stainless-steel flow
reactor. A typical reaction was performed with JML-1 (1 g), isobutene/1-
butene (12:1 mol/mol), and weight hourly space velocity (WHSV) of
4 h�1 at 25 8C. A typical reaction of the condensation of diethylene glycol
to dioxane was carried out in a reactor with diethylene glycol (100 mL)
and the catalyst (20 g), only the product in the range 100–103 8C was col-
lected. After being dried with MgSO4, the pure dioxane was finally ob-
tained.


Results and Discussion


In order to anchor SZ nanocrystals onto the surface of
silica, the preparation of JML-1 was carried out by a sol–gel
process that involved the use of a cross-linking agent, tri-
ethoxysilane. Thus, tetraethoxysilane was hydrolyzed in a
mixture of THF and water under HCl catalysis to yield the
silica solution. Likewise, Zr(OC4H9)4 was hydrolyzed in al-
cohol/water in the presence of vitriol or sulfuric acid (Zr/S=
1:2, mol/mol) leading to the SZ solution. The transparent
silica and SZ solutions were then mixed at the desired
molar ratios. After stirring at room temperature for 24 h, a
certain amount of triethoxysilane was added to effect gela-
tion. The as-obtained binary gel was heated at 50 8C for 5 h
followed by calcination at a heating rate of 10 8Ch�1 up to
550 8C to afford the JML-1 catalyst. The introduction of tri-
ethoxysilane accelerates the gelation process to give a rapid
formation of the silica network, so that the mobility of ZrO2


colloidal particles is limited in the network. Such a hindered
mobility prevents the ZrO2 nanoparticles from self-aggregat-
ing in the solution state and allows for migration from the
core to the surface of condensing silica at high temperature.


At a fixed molar ratio of Zr/Si, the amount of triethoxysi-
lane cross-linking agent was found to have significant effect
on the gel time, the size of SZ nanocrystals, and the percent-
age coverage of SZ on the silica surface, which is directly re-
lated to the acidity of the catalysts.[21] As the amount of tri-
ethoxysilane was changed from 0.01 to 0.06 to 0.11 mol%
based on SiO2 for JML-140 (Zr/Si=40:100, mol/mol), the gel
time was shortened from 24 h to 0.5 h or less. As shown in
Figure 1, the average size of SZ nanocrystals with a hexago-
nal structure also decreased from 5.5N11 nm (A) to 3.3N
7.2 nm (B), to 3.5N5.5 nm (C). The percentage coverage de-
creased from 92% (A) to 45% (B) to 12% (C). Such a de-
crease in the SZ coverage with the increase of amount of
triethoxysilane would reduce the effective surface area of
SZ. This is understandable, because the increase in the
amount of cross-linking agent should result in a denser silica
network, which would prevent self-aggregation of SZ nano-
particles in the silica matrix; on the other hand, it would
hinder the migration of ZrO2 nanoparticles through the net-
work to the surface. Consequently the percentage coverage
of the SZ nanoparticles on the silica surface reduced when
the amount of the cross-linking agent was increased. Based
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on these observations, a triethoxysilane amount of
0.06 mol% was selected in most of our experiments for a
balanced consideration of both SZ nanocrystal size and sur-
face coverage.


During the synthesis of JML-1,
it is necessary to get a transparent
mixture of the silica and zirconia
solutions, that is, the two solutions
should be mixed homogeneously
at the nanometer scale. In the
silica matrix, the addition of
HSi(OC2H5)3 promoted the gela-
tion and condensation of oligosili-
cates to form a three-dimensional
silica network as shown in Fig-
ure 2a. Following the solid-phase
nucleation mechanism,[22–24] the
nuclei of ZrO2 colloids filled in
the network grids were first
squeezed from the inside of silica


matrix during the calcination. With the “outward migration”
of ZrO2 nanoparticles under thermodynamic driving forces,
the nuclei combined with SO4


2� and grew into nanocrystals
to form a typical core–shell structure with SZ nanocrystals
anchored on/in the silica surface (Figure 2b).


The N2 adsorption isotherm (Figure 3) suggests a micro–
mesoporous structure of the JML sample with a Brunauer–
Emmet–Teller (BET) surface area of about 280 m2g�1; this
is much larger than that (190 m2g�1) of SZ and non-nanodis-
persed SZ/SiO2 catalysts reported.[25] The single pore
volume of JML-140 is 0.44 mLg�1, and the median pore di-
ameter is 6.3 nm. Temperature-programmed desorption
(TPD) of ammonia (Figure 4) showed that JML-140 calcined
both under N2 atmosphere and in air that had high acid
strength. The high-temperature TPD peaks of JML-140, as-
signed to ammonia desorbing from the acidic sites, are
slightly lower than those reported for superacid sulfated zir-
conia.[26,27]


Surface photovoltage spectroscopy (SPS) in Figure 5 was
used to determine the surface acidity of JML-1 by measur-
ing the transition of electrons between the interface and the
surface. The JML-140 calcined at 550 8C exhibited two peaks
at 596 and 677 nm, whereas the sample without calcination
had only one peak at 330 nm. The peak at 330 nm is as-
signed to the band–band electron transition and those at 596
and 677 nm are attributed to the surface-related transitions.
The observation of these surface-related transitions indicates
the presence of positive charges on the surface of the cal-
cined sample, suggesting that the acidity of JML-1 catalyst
results from a large amount of SZ acidic sites on the silica
surface.


The pyridine adsorption/desorption infrared spectra
(Figure 6) of JML-140 at various temperatures showed that,
as the desorption temperature was increased, the intensity
of the peak at 1449 cm�1 (Lewis acidic site) was almost un-
changed, whereas that at 1545 cm�1 (Brønsted acidic site)
decreased significantly. However, both of these bands still
co-existed at 450 8C, and the intensity was about 50–60% of
that at room temperature. These results suggest that both
Lewis and Brønsted acids coexist in JML-1.


The 1-butene conversion and product distribution ob-
tained at 25 8C after 1 hour of alkylation reaction of isobu-


Figure 1. TEM images of JML-1 catalysts. Molar ratio of Zr/TrEOS/
SiO2=40:0.01:100 (a); 40:0.06:100 (b), and 40:0.11:100 (c). The bars rep-
resent 3 nm.


Figure 2. TEM images of materials prepared at A) Zr/TrEOS/Si=0:0.06:100 and B) Zr/TrEOS/Si=
40:0.06:100 molar ratios. The bars represent 3 nm.
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tane on JML-150 and zeolite Beta catalysts are summarized
in Table 1. The conversion (97%) with JML-150 catalyst is
higher than that (86%) with zeolite Beta. The primary prod-
ucts with above catalysts are C8 compounds (59.9% with
JML-150 and 62% with zeolite Beta). The C8 products
mainly consist of trimethylpentanes (TMPs), 58.7% for
JML-150 and 73% for zeolite Beta. The TMP/DMH (dime-
thylhexane) ratios are 13.5 for JLM-150 and 4.1 for zeolite
Beta, demonstrating that the selectivity of JML-150 is higher
than that of zeolite Beta. The yields of alkylate are 6.6 and
5.2 mL for JML-150 and Beta zeolite, respectively. The
weights of alkylate produced per weight of butene fed to the
reactor are 1.13 and 0.95 for JML-150 and zeolite Beta, re-
spectively.


JML-1 exhibited a higher catalytic activity in many of cat-
alytic reactions over a longer operation time than other cat-
alysts. The alkylation reaction of isobutane with 1-butene
(Figure 7) showed that JML-150 (Zr/Si=50:100 mol/mol) re-


tained an activity of 95% after catalytic reaction for 20 h.
Even after being regenerated five times, it kept its activity
at over 90%. In a sharp contrast, the SZ and SZ/SiO2 (Zr/
Si=50:100, mol/mol) showed very high activities only within
the first 2 h of the reaction, and then lost their activity
quickly; this is similar to the results of CormaRs work.[23,24]


For comparison, the initial activity of zeolite Beta and ZSM-
5 were 88% and 60%, respectively, in the same alkylation
reaction. For the condensation reaction of diethylene glycol
to dioxane, JML-140 gave a 92% yield of pure dioxane,
while ZSM-5 only afforded 70% of yield within 1 h of reac-
tion. Similarly, JML-140 gave much higher yields than zeo-
lite Y and ZSM-5 in the isomerization of n-pentane (Fig-
ure 8a) and in the cracking of isopropyl benzene (Figure 8b)
at the same given reaction time. The high activity shown by
the JML-1 catalytic system could be attributed to its unique
core–shell structure and high dispersion of discrete SZ nano-
crystals on the surface of silica matrix. This allows for the
easy diffusion of the reactants and oxygen that leads to the


Figure 3. N2 adsorption isotherm of JML-150 (calcined at 550 8C under
N2).


Figure 4. TPD curves of JML-150 calcined at 550 8C A) in air and B) in
N2.


Figure 5. SPS of JML-150 a) before and b) after being calcined at 550 8C
under N2.


Figure 6. IR spectra of pyridine adsorbed/desorbed on JML-140. a) Ad-
sorption at 450 8C; desorption at b) room temperature; c) 150 8C;
d) 250 8C; e) 350 8C; f) 450 8C.


Figure 7. Catalytic conversion of 1-butene in the alkylation of isobutane
with 1-butene (at a mole ratio of 12:1) versus reaction time for various
catalysts (1 g each): A) JML-150; B) JML-150 regenerated five times by
calcination and sulfation; C) SZ); D) SZ/SiO2 (Zr/Si=50:100, mol/mol);
E) zeolite Beta (SiO2/Al2O3=40); F) zeolite ZSM-5 (SiO2/Al2O3=40).
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lowest carbon deposition and coke formation. However, in
the pentane isomerization, conventional sulfated zirconia
performed with higher activity than JML-140 (Figure 8a).
This is due to the lower surface sulfated zirconia density of
JML-140 relative to pure sulfated zirconia.


Due to the special structure, JML-1 prevents the SZ
nanocrystals from self-agglomeration, and keeps its stability
during the catalytic reaction over a long period of time,
even after regeneration by calcination and sulfation many
times. The JML-1 nanocatalyst system with high efficiency,
long utilizing lifetime with good regeneratability, high cata-
lytic activity and high stability over a long period of reaction
time, as achieved successfully by this novel sol–gel process,
would have a great potential for practical applications in
solid catalytic reactions. The technique can be readily ap-
plied to the synthesis of other silica-supported metals or


metal oxides, such as TiO2/SiO2, CuO/SiO2, Pt/SiO2, Au/
SiO2, and so forth, for various industrial catalytic reactions.
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Table 1. The 1-butene conversion and product distribution after 1 h of alkylation reaction of isobutane on the as-prepared JML-150 and zeolite Beta cata-
lysts.


Conversion Alkylate distribution[a] Distribution of C8
[a] TMP/DMH


of 1-butene[a] C5–C7 C8 C9+ TMP[b] DMH[c] Cother ratio


JLM-150 97 14.4 59.9 25.7 58.7 4.34 39.2 13.5
Beta 86 29 62 9 73 18 9 4.1


[a] wt%. [a] Trimethylpentane. [b] Dimethylhexane.


Figure 8. a) Isomerization of pentane over A) sulfated zirconia, B) JML-
140, C) zeolite Y, and D) zeolite ZSM-5; b) Cracking of isopropyl benzene
over A) JML-140; B) zeolite Y, and C) zeolite ZSM-5.
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MoF6 and WF6: Nonrigid Molecules?


Gustavo Santiso Qui�ones,[a] Gerhard H�gele,[b] and Konrad Seppelt*[a]


Introduction


The octahedron represents the principal structure for the
vast majority of six-coordinate complex molecules. Recently
this paradigm has been questioned, since stoichiometrically
simple compounds like Mo(CH3)6, W(CH3)6, or Re(CH3)6
are distorted or regular trigonal prismatic.[1] There exist a
fairly large number of binary hexafluorides, including main
group (S, Se, Te, Xe), transition-metal (Mo, Tc, Ru, Rh, W,
Re, Os, Ir, Pt), and actinide elements (U, Np, Pa), that are
all octahedral (with the single but now well-understood ex-
ception of XeF6); although Mo(CH3)6 and MoF6, W(CH3)6,
and WF6, Re(CH3)6 and ReF6 are isoelectronic. If one ac-
cepts the distorted trigonal prismatic structure, for example,
for the 12-electron Mo(CH3)6 system as ground state, as
theory demands, then the octahedral structure of, for exam-
ple, MoF6 can be explained by one or both of the following
effects: 1) The fairly high partial negative charge on the fluo-
rine ligands results in a strong repulsion effect, which favors
the octahedron as the geometry with the least ligand repul-
sion of all possible six-coordinate structures. 2) In contrast
to Mo(CH3)6, there exists in MoF6 a considerable ligand-to-
central-atom electron back donation. This raises the electron


count on molybdenum above 12, and at the latest at 18-va-
lence electrons the octahedron will prevail.
While there is no doubt that MoF6 and WF6 are octahe-


dral, also for derivatives such as W(OCH3)6
[2,3] or


W(NR2)6,
[4] which carry nonbonding electron pairs on the li-


gands, the question raised here is how close in energy a
trigonal-prismatic structure would be. If it is close to
10 kcalmol�1, then it can be assumed that the molecules
would show fluxionality at ambient or slightly elevated tem-
peratures, so that they could be called nonrigid. This is diffi-
cult to prove by experiment, since all fluorine atoms in
MoF6 and WF6 remain equal before and after the rearrange-
ment. We therefore decided to answer this question by a
typical chemical approach, namely by replacing one fluorine
atom with a ligand that displays similar chemical behavior.
The auxiliary ligands CF3�CH2�O�, C6F5�O�, and (CF3)3C�
O� have been chosen because they are fairly easy to intro-
duce, and the resulting compounds are at least in part stable
enough for subsequent high-temperature NMR investiga-
tions.


Results


Theoretical predictions for MoF6, WF6, CF3�CH2�O�MoF5,
CF3�CH2�O�WF5, C6F5�O�MoF5, C6F5�O�WF5,
(CF3)3C�O�MoF5, and (CF3)3C�O�WF5 : All calculations
were done on the density functional level of theory, Becke
3 LYP method. For details see the Experimental Section.
The octahedral–trigonal-prismatic rearrangement barrier
has been calculated before,[1] for present calculations see
Table 1. As expected, the ground state for MoF6 and WF6,
as well for CrF6, NbF6


� , TcF6
+ , and ReF6


+ , is octahedral.
The calculated M�F bond lengths are about 4 pm longer


[a] M. Sc. G. Santiso QuiAones, Prof. Dr. K. Seppelt
Freie UniversitDt Berlin
Institut fEr Chemie, Anorganische und Analytische Chemie
Fabeckstrasse 34–36, 14195 Berlin (Germany)
Fax: (+030)838-53310
E-mail : seppelt@chemie.fu-berlin.de


[b] Prof. Dr. G. HDgele
Institut fEr Anorg. Chemie und Strukturchemie I
UniversitDt DEsseldorf
UniversitDtsstrasse 1, 40225 DEsseldorf (Germany)
Fax (+49)221-8113085
E-mail : haegele@uni-duesseldorf.de


Abstract: Calculations reveal that the
octahedral–trigonal prismatic–octahe-
dral rearrangement has particularly
low-energy barriers for MoF6, WF6,
and (hypothetical) CrF6. Experimental
evidence is obtained from the dynamic
19F NMR spectra of the derivatives
CF3�CH2�O�MoF5, CF3�CH2�O�


WF5, C6F5�O�MoF5, C6F5�O�WF5,
and (CF3)3C�O�WF5. The ground-state
structure of all these compounds is oc-


tahedral; at elevated temperatures the
nonequivalent metal-bound fluorine
atoms undergo an intramolecular ex-
change. The exchange mechanism
could be a 3+3 or a 2+4 twist; calcula-
tions favor the 3+3 twist.


Keywords: 19F NMR spectroscopy ·
fluorides · fluxionality · molybde-
num · nonrigid structures · tungsten
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than those for which experimental values are known. In all
cases, the trigonal-prismatic structure is a transition state, as
is evidenced by one imaginary frequency. The M�F bond
lengths in the transition state are marginally longer than in
the octahedral ground state, reflecting the small loss of
energy. It is evident that in MoF6 this Oh–D3h barrier is even
lower than in CrF6 and WF6. That the barrier in MoF6 is
lower than that in CrF6 can be explained by the increased
size of the MoF6 molecule, which results in lower interligand
repulsion, making the trigonal-prismatic structure more fa-
vorable. The higher barrier in WF6 is explained by the influ-
ence of the strongly increased relativistic effect: The W�F
bond lengths are only slightly longer than the Mo�F bond
lengths, but the polarity of the bond is increased.
In the series NbF6


� , MoF6, and TcF6
+ , the decreasing


bond polarity favors the trigonal-prismatic structure, so that
for the unknown TcF6


+ ion the octahedral structure is no
longer guaranteed if the errors of the DFT calculations are
taken somewhat generously.
Looking at all known hexafluorides (except XeF6) clearly


reveals the exceptional case of MoF6. The n6 (T2u) vibration
(both IR and Raman forbidden) of these octahedral mole-
cules has the lowest value for MoF6 (Table 2). This is be-
cause this vibration contributes to the octahedral–trigonal-
prismatic rearrangement (see Figure 1; for simplification the
structures of the d1-d4 hexafluorides ReF6–PtF6, and TcF6–
RhF6 are considered to be octahedral, although some of
them may exhibit very small Jahn–Teller distortions[9–11]).
The exact mechanism of the ligand exchange in MoF6 is


difficult to prove, in contrast to that in five-coordinate spe-


cies like PF5, for which a 2+2
exchange mechanism (Berry
pseudorotation) can be differ-
entiated from a 3+2 exchange
mechanism (Turnstile rota-
tion). In MoF6, the aesthetical-
ly more pleasing exchange
mechanism would be of a 3+3
type (see Figure 1a), which is
sometimes called a Bailar
twist, named after J. C Bailar,
Jr. who first mentioned it in
the literature in 1958.[12] Here
the reaction coordinate is the
twist angle between the two
sets of triangular positioned li-
gands with a = 608 for the oc-


tahedron and a = 08 for the trigonal prism. Interestingly, a
2+4 ligand twist (with b = 08 for the octahedron, see Fig-
ure 1b) would result also in a regular trigonal prism with b


= 458.[13] Simulated dynamic 19F NMR spectra for R�O�
MF5 molecules show no difference between these two mech-
anisms, so they are experimentally undistinguishable. The ar-
gument favoring the 3+3 mechanism (Figure 1a) is derived
by calculation: All calculated trigonal-prismatic structures
have one imaginary frequency for all the compounds dis-
cussed here, and the vector of this vibration is identical to
the reaction coordinate of the 3+3 mechanism.
The DFT calculations of the monosubstituted derivatives


R�O�MoF5 and R�O�WF5 are summarized in Table 3.
Again the major difference is that experimental Mo�F bond
lengths (see below) are a few pm shorter than calculated.
The energy difference between the octahedral ground state


Table 1. DFT calculations on selected molecular, anionic, and cationic hexafluorides: energies, bond lengths,
and lowest vibrational frequency.


Energy + zero point energy [a.u.] rM�F [pm] n [cm�1][a] DE [kcalmol�1]


CrF6 Oh �686.172442 174.0 129.9 0.0
D3h �686.152051 174.8 97.5i 12.7


MoF6 Oh �667.592595 186.6(182.0(3)[b]) 91.2 (116)[c] 0.0
D3h �667.582059 186.9 49.0i 6.6


WF6 Oh �666.564772 187.5 (183.2(3)[d]) 111.5 (127)[c] 0.0
D3h �666.547373 188.0 75.5i 10.9


NbF6
� Oh �656.667833 193.9 99.3 0.0


D3h �656.651896 194.2 74.5i 10.0
TcF6


+ Oh �679.601872 182.6 76.5 0.0
D3h �679.594678 183.1 39.0i 4.4


ReF6
+ Oh �677.203127 183.4 109.1 0.0


D3h �677.188196 184.1 72.0i 9.4


[a] Lowest calculated vibrational frequencies, T2u in Oh, imaginary frequencies A
00
1 in D3h. [b] Experimental


value, see ref [5]. [c] Experimental value, see ref [6,7]. [d] Experimental value, see ref. [5,8].


Table 2. Experimental values [cm�1] for the Raman- and IR-forbidden n6
(T2u) vibration of molecular octahedral hexafluorides.


[6]


SF6
347
SeF6
264


MoF6 TcF6 RuF6 RhF6 TeF6
116 145 186 192 197
WF6 ReF6 OsF6 IrF6 PtF6
127 193 205 206 211
UF6 NpF6 PuF6
142 164 173


Figure 1. a) The 3+3 octahedral–trigonal-prismatic rearrangement reac-
tion coordinate is the twist angle between the two trigonal sets of ligands.
b) The 2+4 octahedral–trigonal-prismatic rearrangement. The reaction
coordinate is the twist angle between two cis-oriented ligands relative to
the other four. c) The Raman- and IR-forbidden n6(T2u) vibration of the
octahedron, which is a component of both the 3+3 and 4+2 rearrange-
ments.
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and the trigonal-prismatic excited state is calculated to be
around 10 kcalmol�1 for the three molybdenum compounds
and around 15 kcalmol�1 for the three tungsten compounds.


Preparation of CF3�CH2�O�MoF5, CF3�CH2�O�WF5,
C6F5�O�MoF5, C6F5�O�WF5, and (CF3)3C�O�WF5, struc-
tural determinations : These monosubstituted derivatives of
MoF6 and WF6 are readily prepared by variations of litera-
ture procedures [Eq. (1) and (2)].


MF6 þ R�O�SiðCH3Þ3 ! R�O�MF5 þ ðCH3Þ3SiF
M ¼ Mo, W; R ¼ CF3�CH2�, C6F5�


ð1Þ


WF6 þ LiOCðCF3Þ3 ! ðCF3Þ3C�O�WF5 þ LiF ð2Þ


LiO(CF3)3 gave just the
tungsten derivative, it does not
react with MoF6. Under suit-
able conditions only single sub-
stitution is observed. Four of
these compounds are liquids at
room temperature, and C6F5�
O�MoF5 is a solid. All these
compounds are characterized
by NMR and vibrational spec-
tra and elemental analyses; a
single-crystal structure deter-
mination was carried out for
C6F5�O�MoF5. The structure
around the metal center in all
five compounds is octahedral,
as is evidenced by the AB4 pat-
terns in the 19F NMR spectra
at room temperature or below.
Further proof comes from the
single-crystal structure deter-
mination of C6F5�O�MoF5,
which delivers structural de-
tails (Table 4 and Figure 2). It
may be of interest that C6F5�
O�MoF5 is deeply colored in
the condensed phase. In the
crystal structure, there is an in-
termolecular interaction be-
tween the C6F5 ring of one
molecule and the MoF5 group
of another molecule, which re-
sults in a charge-transfer inter-
action in which the aromatic
ring is clearly the donor and
the O�MoF5 group the accep-
tor. Aside from this finding,
the structure is completely as
expected. Reaction between
MoF6 and CF3�CH2�O�
Si(CH3)3 does not produce
solely CF3�CH2�O�MoF5. At
longer reaction times and espe-
cially if CF3�CH2�O�Si(CH3)3


is applied in excess, cis-[(CF3CH2O)2MoF4] is detectable as a
by-product. This is indicated by the A2B2 spectrum of the
molybdenum-bound fluorine atoms. This compound crystal-
lizes spontaneously from the reaction mixture, and geomet-
rical data from the single-crystal structure determination are
collected in Table 4. The cis orientation of the two CF3�
CH2�O groups within the octahedral molybdenum environ-
ment is confirmed.


Dynamic 19F NMR spectra of CF3�CH2�O�MoF5, CF3�
CH2�O�WF5, C6F5�O�MoF5, C6F5�O�WF5, and (CF3)3-
C�O�WF5 : All five compounds under investigation exhibit
strongly temperature-dependent 19F NMR spectra for the
metal-bound fluorine atoms, while the typical 19F NMR (and
1H NMR) spectra of the CF3CH2O�, C6F5O�, and (CF3)3-


Table 3. Results of DFT calculations on CF3�CH2�O�MF5, C6F5�O�MF5, (CF3)3C�O�MF5; M = Mo, W.


Energy + zero point energy [a.u] DE [kcalmol�1] Bond lengths [pm]


CF3�CH2�O�MoF5 (Oh) �1019.983954 0 Mo�O 185.2
Mo�Fax 187.2
Mo�Feq 187.2–190.2
C�O 140.3


CF3�CH2�O�MoF5 (D3h) �1019.967650 10.23 Mo�O 188.2
Mo�F1,2,3 187.0–187.8
Mo�F4,5 189.2
C�O 141.6


CF3�CH2�O�WF5 (Oh) �1018.951387 0 W�0 186.0
W�Fax 188.4
W�Feq 188.1–190.3
C�O 140.5


CF3�CH2�O�WF5 (D3h) �1018.928884 14.12 W�O 188.8
W�F1,2,3 188.1–188.8
W�F4,5 190.1
C�O 141.9


C6F5�O�MoF5 (Oh) �1370.901500 0 Mo�O 188.4
Mo�Fax 186.8
Mo�Feq 187.4–189.9
C�O 132.3


C6F5�O�MoF5 (D3h) �1370.88428 10.81 Mo�O 193.6
Mo�F1,2,3 186.6–187.6
Mo�F4,5 189.0–189.1
C�O 133.4


C6F5�O�WF5 (Oh) �1369.867201 0 W�O 187.4
W�Fax 187.9
W�Feq 188.4–189.2
C�O 133.2


C6F5�O�WF5 (D3h) �1369.842479 15.51 W�O 191.8
W�F1,2,3 188.0–188.6
W�F4,5 189.5
C�O 135.0


(CF3)3C�O�MoF5 (Oh) �1694.214825 0 Mo�O 186.5
Mo�Fax 186.6
Mo�Feq 187.4–187.7
C�O 137.9


(CF3)3C�O�MoF5 (D3h) �1694.194078 13.02 Mo�O 186.5
Mo�F1,2,3 187.4–187.7
Mo�F4,5 187.5, 186.6
C�O 137.9


(CF3)3C�O�WF5 (Oh) �1693.184774 0 W�O 187.2
W�Fax 187.6
W�Feq 188.3–188.4
C�O 138.1


(CF3)3C�O�WF5 (D3h) �1693.158812 16.29 W�O 188.7
W�F1,2,3 188.3–189.7
W�F4,5 188.7, 188.8
C�O 138.4
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C�O� groups are less sensitive towards temperature and
hence insignificant for this study. The numerical data for
these groups are given in the Experimental Section and will
not be discussed any further.
The typical AB4 spectra (approximately doublet + quin-


tet) of the�OMF5 groups are best resolved at room temper-
ature or below. Upon warming, line broadening takes place.
The A and B4 parts exhibit intrinsic shifts upfield with in-
creasing temperature, and the apical fluorine is more sensi-
tive than the four equatorial fluorine atoms. Consequently,
the second-order character of the underlying AB4 spectrum
increases since Dd = dB4�dA decreases with increasing tem-
perature. At higher temperatures coalescence is observed
and further heating results in a sharpening of the remaining
single line (Figure 3). The high-temperature limit of the
spectra could only be obtained in the case of C6F5�O�WF5,
since our spectrometers have an upper temperature limit of
185 8C for the 90 MHz and 150 8C for the 400 MHz instru-
ment. The molybdenum compounds start to decompose at
these temperatures.
It is clear that fluorine exchange of the metal-bound fluo-


rine atoms is occurring. Is this exchange intra- or intermo-
lecular? In the case of C6F5�O�WF5 we can give definite
proof that the exchange is intramolecular. The tungsten-
bound fluorine atoms have side bands from 183W (I = 1/2,
14% natural abundance). These side bands are still visible
at the high temperature limit (Figure 4), which shows that
the five fluorine atoms remain bound to the tungsten atom.


For the molybdenum atoms
this method is not available,
since the satellites from the
only NMR-active isotopes of
Mo (95/97Mo, I = 5/2, 15.9,
9.6% natural abundance) are
not observed except in highly
symmetric molecules such as
MoF6. In the case of C6F5�O�
MoF5, temperature-dependent
19F NMR spectra at different
concentrations in different sol-
vents (C2D2Cl4 and CD2Cl2)


did not show concentration dependence. There is yet anoth-
er argument against intermolecular exchange: If one as-
sumes that upon heating the metal-bound fluorine atoms
could move from one metal atom to another, the OR
groups could as well. This would result in a scrambling of F
and OR groups and therefore in the formation of some or
all members of (RO)nMF6�n compounds. This is indeed ob-


Figure 2. Crystal structure of C6F5�O�MoF5 (50% probability plot).
Shown is a pair of molecules that have a mutual charge-transfer interac-
tion that results in a deep color. The second molecule is generated by the
inversion center.


Table 4. Experimental bond lengths [pm] and selected bond angles [8] of C6F5�O�MoF5 and cis-[(CF3CH2O)2-
MoF4].


C6F5�O�MoF5 cis-[(CF3CH2O)2MoF4]


Mo�O 182.7(2) 178.5(4)–179.2(4)
Mo�Fax 184.4(2)
Mo�Feq 182.7(2)–184.7(2) Mo�F 184.0(4)–185.3(4)
C�O 133.0(3) 140.5(6)–142.1(6)
C�C 137.1(4)–139.8(4) 147.8(9)–150.9(9)
C�F 132.1(3)–133.0(3) 126.2(9)–133.5(8)
Fax�Mo�O 170.8(1) O�Mo�O 98.2(2), 98.3(2)
Feq�Mo�O 85.8(1)–97.1(1) F�Mo�F 83.8(2)–89.1(2), 171.8(2), 171.7(2)
Mo�O�C 149.8(2) 144.1(4), 144.7(4)


Figure 3. Experimental (left) and simulated (right) temperature-depend-
ent 19F NMR (376 MHz) spectra of C6F5�O�WF5.


Figure 4. The low- (30 8C) and high-temperature (184 8C) limit 19F NMR
(84.25 MHz) spectra of C6F5�O�WF5 at high resolution, showing the
183W–19F satellite lines, marked by *, arbitrary scales.
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served, but only at temperatures above 100 8C and at a very
slow rate, so that no coalescence of this type is seen.
The 19F NMR spectra were successfully simulated (see


Figure 3) by using the program gNMR. Spin enumeration
and permutational operators used for gNMR, assuming the
aforementioned 3+3 or 2+4 torsional mechanisms, are de-
fined in Figure 5.


A series of meticulous simulations yielded rate constants
for specific temperatures (Table 5). Using the standard line-
arized Eyring equation ln(kT) =


DH*
RT + ln(kkBh +


DS*
R ), activation


energies were estimated as shown in Figure 6. Clearly an
agreeable linear behavior is achieved by experiment. The
following data were found: CF3�CH2�O�MoF5 12.6, C6F5�
O�MoF5 12.3, CF3�CH2�O�WF5 13.0, C6F5�O�WF5 13.4,
and (CF3)3C�O�WF5 15.9 kcalmol�1, which correspond to
DH* for the octahedral–trigonal-prismatic interchange de-
scribed above as the 3+3 mechanism. These values can be
compared with calculated energies (Table 3). Calculated and
experimental energy barriers agree fairly well. We must
keep in mind that simulations of these dynamic 19F NMR
spectra are not trivial, mainly because there is a strong tem-
perature dependence of both chemical shifts, especially of
the apical fluorine atom, and because of the high second-
order character of the AB4 systems. The errors of the exper-


imentally determined activation energies can only be
guessed. Slight variation of some of the parameters change
the energy values by about 0.5 kcalmol�1.


Conclusion and Outlook


Octahedral MoF6, WF6, and their derivatives R�O�MoF5
and R�O�WF5 are at the edge of structural stability. More
exact numbers for the activation energies could be obtained
if compounds were to become available that fulfil three re-
quirements: Stable to 200 8C, intrinsically small line width
for the metal-bound fluorine atoms, and nonaggressivity (at
least towards quartz), so that Teflon inserts in the NMR
tubes are no longer required. If one were out to find a hexa-
fluoride that is even less rigid, then TcF6


+ would be the best
choice. However, attempts to isolate this compound have so
far been unsuccessful.[14]


Experimental Section


General : All reactions were carried out under a dry argon atmosphere
(for example, by handling in a dry box with H2O and O2 content lower
than 1 ppm). Solvents were dried by standard methods. Commercially
available chemicals (MoF6, WF6, C6F5OH, (CH3)3SiCl, (CF3)3COH, and
nBuLi) were used as received. The 2,2,2-trifluoroethanol was distilled
twice before use. NMR spectra were recorded by using a JEOL JNM-LA
400 spectrometer (1H at 399.65 MHz, 13C at 100.40 MHz, and 19F at


Figure 5. Definition of permutation operators used to describe the 3+3
(a) and 2+4 (b) exchange for compounds of the type F5M�OR (R =
�CH2�CF3,�C6F5, for M = Mo, W; R = �C(CF3)3 for M = W).


Table 5. Rate constants k [s�1] at different temperatures [K] for CF3�CH2�O�MF5, C6F5�O�MF5, M = W, Mo, and (CF3)3C�O�WF5 obtained by simu-
lations using the 3+3 exchange mode.


CF3�CH2�O�WF5 C6F5�O�WF5 (CF3)3C�O�WF5 CF3�CH2�O�MoF5 C6F5�O�MoF5
5.3 313 5.1 303 0.10 293 303 35.6 273 135.1
9.4 323 20.5 324 0.29 303 313 71.6 278 196.9
16.8 333 80.5 344 0.71 313 323 138.0 283 299.2
33.2 343 250.0 363 3.80 333 333 256.0 288 444.0
58.9 353 645.0 383 14.26 353 343 460.1 293 656.4
170.1 373 1615.0 403 27.57 363 353 796.1 298 926.6
440.8 393 45.62 373 363 1340.2 303 1332.0


313 2702.7
323 5405.4
333 9459.5


Figure 6. Eyring plot ln(kT) versus
1000
T for rate constants obtained by NMR


simulation.
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376.00 MHz). NMR spectra for C6F5�O�WF5 at 20 8C and 184 8C were
recorded by using a JEOL F 90 Q instrument (19F at 84.25 MHz). Chemi-
cal shift values are reported with respect to TMS (1H, 13C) and CCl3F
(19F). Deuterated solvents were used as received. NMR spectra were re-
corded at room temperature unless otherwise stated. The 19F NMR dy-
namic spectra were measured by using C2D2Cl4 as solvent, occasionally
CD2Cl2 was used. Raman spectra were recorded on a Bruker RFS 100
FT-Raman spectrometer. Elemental analyses were performed by Beller
Co., GRttingen, Germany.


Single crystals were handled in a special device, cut to an appropriate
size, and mounted on a Bruker SMART CCD 1000 TU diffractometer,
using MoKa irradiation, a graphite monochromator, a scan width of 0.38
in w, and a measurement time of 20 s per frame. After semiempirical ab-
sorption corrections (SADABS) by equalizing symmetry-equivalent re-
flections, the SHELX programs were used for solution and refinement.[15]


All atoms except hydrogen were refined anisotropically. Hydrogen atoms
were located by difference Fourier maps and refined independently from
other atomic positions but with a single isotropic displacement parameter
for all hydrogen atoms. Experimental details are laid down in Table 6, re-
sults in Table 4, see also Figure 2. CCDC-218240 (C6F5�O�MoF5) and
CCDC-218241 ((CF3CH2O)2MoF4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.can.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Center, 12 Union Road, Cambridge CB21EZ, UK; Fax:
(+44)1223-336033; or deposit@ccdc.cam.ac.uk).


The program gNMR was used for the simulation of the dynamic NMR
spectra.[16] DFT calculations were performed with the program GAUSSI-
AN revision A7, 1998,[17] method Becke 3 LYP, as implemented in the
program. Basis sets: 6–311G(d,p) for C, H, O, and F. The relativistically
corrected pseudopotentials and basis sets for Cr, Mo, W, Nb, Tc, and Re
were obtained from the Institut fEr Theoretische Chemie, UniversitDt
Stuttgart. Cr: 10 core electrons; Nb, Mo, Tc: 28 core electrons; W, Re: 60
core electrons, 8s 7p 6d valency basis for each metal.


(2,2,2-Trifluoroethoxy)trimethylsilane (CF3�CH2�O�Si(CH3)3): (2,2,2-
Trifluoroethoxy)trimethylsilane was prepared by using a literature proce-
dure.[18] Bis(trimethylsilyl)amine (45 mL, 0.212 mol) and two drops of
chlorotrimethylsilane were added under argon pressure to a previously
dried three-neck flask equipped with a reflux condenser. With the aid of
a syringe, 2,2,2-trifluoroethanol (30 mL, 0.417 mol) was added dropwise
while the mixture was stirred slowly. After the mixture had been refluxed
for three hours, the liquid was distilled at atmospheric pressure to give a
mixture of CF3�CH2�O�Si(CH3)2 and [(CH3)3Si]2NH (84% and 16%, re-
spectively, as shown by the 1H NMR integrals). The mixture was evacuat-
ed at �30 8C and with the aid of a double cold trap (�60 8C/�196 8C)
CF3�CH2�O�Si(CH3)3 (59.58 g; 83% yield) was collected as a colorless
liquid in the �196 8C trap. 1H NMR (CDCl3): d = 3.9 (q, 3JF,H =


8.66 Hz, 2H; �CH2�), 0.1 ppm (s, 9H; �CH3);
13C{1H} NMR (CDCl3): d


= 124.3 (q, 1JC,F = 278.6 Hz, 1C; �CF3), 61.2 (q, 2JC,F = 35.7 Hz, 1C;
�CH2�), �0.9 ppm (s, 3C; �CH3);


19F NMR (CDCl3): d = �77.4 ppm (t,
3JF,H = 7.7 Hz, 3F;�CF3).
(Pentafluorophenoxy)trimethylsilane (C6F5�O�Si(CH3)3): (Pentafluoro-
phenoxy)trimethylsilane was prepared in a similar manner to the proce-
dure described above, as the reaction between pentafluorophenol and
chlorotrimethylsilane reported in the literature proved to be unreli-
able.[19] Pentafluorophenol (30.0 g, 0.163 mol) was added to a previously
dried three-neck flask equipped with a reflux condenser. [(CH3)3Si]2NH
(18 mL, 84.7 mmol) was added dropwise slowly into the flask followed by
stirring as soon as there was enough liquid. The reaction mixture was re-
fluxed for 4 h. After distillation, the mixture contained 85% C6F5�O�
Si(CH3)3 and 15% bis(trimethylsilyl)amine. Vacuum distillation from
�30 8C into a �196 8C trap gave the pure compound (25.05 g; 60% yield)
as a colorless liquid. 1H NMR (CDCl3): d = 0.1 ppm (s, 9H; �CH3);
13C{19F} NMR (CDCl3): d = 138.6 (s, 1C; C2,6), 135.640 (s, 1C; �C3,5),
133.7 (s, 1C;�C4), 128.1 (s, 1C;�C1), �1.6 ppm (q, 1JC,H = 119.5 Hz, 3C;
�CH3);


19F NMR (CDCl3): d = �159.7 (d, 3JF,F = 18.4 Hz, 2F; -o),
�165.8 (t, 3JF,F = 21.3 Hz, 2F; -m), �168.2 ppm (t, 3JF,F = 21.3 Hz, 1F; -
p).


Lithium perfluoro(tert-butoxide) (LiOC(CF3)3): Lithium perfluoro(tert-
butoxide) was prepared in a similar manner to a literature procedure.[20]


Perfluoro(tert-butyl aclohol) (1.5 mL, 10.74 mmol) was added under
argon pressure to a previously dried three-neck flask equipped with a
reflux condenser. With the aid of a syringe, nBuLi (1.6m in hexane,
6.7 mL, 10.72 mmol) was added dropwise while the mixture was stirred at
room temperature. After the reaction mixture was refluxed for 4 h, the
flask was cooled down and kept at 0 8C while all volatile materials were
pumped off over a period of 6 h. A yellowish oily material remained in
the flask. After the material was sublimed (48 h/150 8C/10�3 mbar), a
white crystalline material identified as LiOC(CF3)3 (0.51 g; 19.6% yield)
was recovered. 13C{19F} NMR (Et2O/CDCl3): d = 122.1 (s, 3C; �CF3),
81.1 ppm (s, 1C; �OC); 19F NMR (Et2O/CDCl3): d = �77.3 ppm (s, 9F;
�CF3).
Tungsten pentafluoride (2,2,2-trifluoroethoxide) (CF3�CH2�O�WF5): A
mixture of CF3�CH2�O�Si(CH3)3 (1.590 g, 9.23 mmol) with a few drops
of 2,2,2-trifluoroethanol was added to a previously dried PFA tube equip-
ped with a magnetic stirrer. An excess of WF6 (7.41 g, 24.91 mmol) was
condensed into this mixture. The reaction vessel was kept at �90 8C over
a period of 3 h. The temperature was allowed to rise up to �30 8C while
the mixture was being stirred. At this point a light pink solution was ob-
served. The mixture was kept at �30 8C and stirred for a further 1 h. The
PFA tube was kept between �40 8C and �30 8C while it was evacuated
for 5 h, a transparent liquid (3.313 g; 95% yield), highly sensitive to
moisture and slightly volatile at room temperature, remained inside the
tube. M.p. �55.5 8C; 13C{1H} NMR (CDCl3 ext.): d = 121.4 (q, 1JC,F =


278.9 Hz, 1C; �CF3), 76.7 ppm (q, 2JC,F = 40.2 Hz, 1C; �CH2�); 19F
NMR (CDCl3 ext.): d = 129.2 (d, 2JF,F = 64.0 Hz, 4F; Feq.), 107.5 (q,


2JF,F
= 66.3 Hz, 1F; Fax.), �75.6 ppm (s, 3F; �CF3); Raman spectroscopy: ñ =


3022(4), 2971(14), 2864(1), 2772(1), 1437(12), 1395(5), 1279(15),
1145(38), 950(7), 841(41), 732(100), 638(16), 618(41), 528(29), 360(28),
306(59), 247(12), 187(9), 123(33) cm�1; elemental analysis calcd (%): C
6.36, H 0.53; found: C 6.93, H 0.65.


Molybdenum pentafluoride (2,2,2-trifluoroethoxide) (CF3�CH2�O�
MoF5): In a dry box, a mixture of CF3�CH2�O�SiR3 (0.901 g, 5.23 mmol)
with a few drops of 2,2,2-trifluoroethanol was placed in a previously
dried PFA tube equipped with a magnetic stirrer. An excess of MoF6
(2.779 g, 13.24 mmol) was condensed into this mixture. At �78 8C, vari-
ous colors (yellow, light brown, light green) were observed at the contact
surface between the two reactants. The mixture was maintained and stir-
red at �50 8C for 2 h. The PFA tube with the dark brown mixture was
evacuated between �75 8C and �60 8C for 3 h. Three more hours at
�30 8C of evacuation were needed to pump off all unreacted MoF6. A
light yellow liquid (1.432 g; 94.4% yield), very reactive to moisture and
slightly volatile at room temperature, remained inside the tube. M.p.
�31.0 8C; 13C{1H} NMR (CDCl3 ext.): d = 122.9 (q, 1JC,F = 280.13 Hz,
1C;�CF3), 84.8 ppm (q, 2JC,F = 39.98 Hz, 1C;�CH2�); 19F NMR (CDCl3
ext.): d = 234.8 (d, 2JF,F = 82.4 Hz, 4F; Feq.), 207.5 (q,


2JF,F = 87.7 Hz,
1F; Fax.), �71.1 ppm (s, 3F; �CF3); Raman spectroscopy: ñ = 30.10(6),
2953(21), 2838(1), 2747(1), 1424(14), 1382(14), 1267(19), 1098(82),


Table 6. Crystallographic data.


Compounds C6F5�O�MoF5 cis-[(CF3CH2O)2MoF4]


M 374.00 370.01
T [8C] �100 �100
space group P21/n P1̄
a [pm] 647.6(1) 1008.6(1)
b [pm] 1256.7(3) 1041.3(1)
c [pm] 1123.1(2) 1085.9(1)
a [8] 90 73.499(2)
b [8] 91.400(4) 74.614(2)
g [8] 90 89.603(2)
V [106 pm3] 913.8 1051.5
Z 4 4
m [mm�1] 1.58 1.38
qmax [8] 30.6 30.6
reflections collected 11435 13084
reflections, independent 2802 6340
refined parameters 163 308
R 0.029 0.068
wR2 0.068 0.206


I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4755 – 47624760


FULL PAPER K. Seppelt et al.



www.chemeurj.org





944(8), 840(44), 701(100), 641(41), 608(65), 530(45), 383(41), 357(22),
324(66), 302(56), 246(21), 172(18), 122(56) cm�1; elemental analysis calcd
(%): C 8.28, H 0.69; found: C 8.73, H 0.76.


Molybdenum bis (2,2,2 trifluoroethoxide) tetrafluoride (cis-[(CF3CH2O)2-
MoF4]): In an attempt to synthesize CF3�CH2�O�MoF5 as described in
the literature,[21,22] a mixture of compounds with the molecular formula
(CF3�CH2�O)nMF6�n, n = 1, 2, and 3 (as shown by the 19F NMR spec-
troscopy) was obtained. After letting the sample stand for a few days at
room temperature, some yellow crystals were observed on the walls of
the reaction flask. The crystals were suitable for X-ray diffraction (see
Table 6). The structure obtained was cis-[(CF3�CH2�O�)2MoF4]. At-
tempts to crystallize the trans derivative or the other higher members of
the series from this mixture failed, and no other substance could be iso-
lated. 19F NMR {CDCl3 ext): d=171.3 (t,


2JF,F = 91.5 Hz, 2F), 151.9 (t,
2JF,F = 91.5 Hz, 2F), �74.6 ppm (s, 3F).


Tungsten pentafluoride pentafluorophenoxide (C6F5�O�WF5): Attempts
to synthesize a pure sample according to reported procedures[23, 24] were
all unsuccessful. Even modifications on the procedure, such as the use of
a solvent (CH2Cl2, CCl3F), higher reaction temperatures, and longer reac-
tion times, gave either unreacted WF6 and C6F5�O�Si(CH3)3 or a mixture
of compounds with the molecular formula (C6F5O)nWF6�n , n = 1, 2, 3 as
shown by the 19F NMR spectra. No possible purification of the desired
compound was achieved.


A solution of C6F5�O�Si(CH3)3 (3.610 g, 14.09 mmol) and C6F5OH
(0.099 g, 0.54 mmol) was placed in a previously dried PFA tube equipped
with a stainless steel valve. An excess of WF6 (12.119 g, 40.69 mmol) was
condensed into the tube. The reaction mixture was stirred at �5 8C for
seven days. The reaction vessel was evacuated at �45 8C for 4 h. Two
more hours of evacuation at �30 8C were needed to pump off all unreact-
ed WF6. A red-orange solid (6.44 g) remained inside the tube. CCl3F at
�30 8C was added to the reaction vessel with a Teflon tube; most of the
material was insoluble at this temperature, but at �15 8C almost every-
thing dissolved. By means of a Teflon tube, the solution was transferred
at �15 8C to a new PFA tube; 19F and 13C NMR spectra of the sample
were obtained at the same temperature, and revealed signals for only
one kind of C6F5�O� compound. The PFA tube was evacuated at �15 8C
for 6 h. A red solid material (6.081 g; 89.9% yield), extremely reactive
towards moisture, remained in the tube. M.p. �1.5 8C; 13C{19F} NMR
(CDCl3 ext.): d = 143.2 (s, 1C; �C4), 142.4 (s, 2C; �C2,6), 137.0 (s, 2C;
�C3,5), 134.2 ppm (s, 1C; �C1); 19F NMR (376 MHz, 20 8C, CDCl3 ext.):
d = 144.3 (d, 2JF,F = 64.3, 1JW,F = 40 Hz, 4F; Feq.), 136.6 (q,


2JF,F =


65.6 Hz, 1F; Fax.), �150.6 (t, 3JF,F = 18.5 Hz, 1F; �p), �151.7 (d, 3JF,F =


12 Hz, 2F; �o), �160.7 ppm (t, 3JF,F = 17.0 Hz, 2F; �m); 19F NMR
(84.25 MHz, 184 8C, 1.04m, CCl2DCCl2D): d = 145.7 ppm (s, 1JW,F =


40 Hz, 5F); Raman spectroscopy: ñ = 1641(15), 1535(3), 1517(3),
1466(100), 1325(33), 1263(3), 118(31), 1160(4), 1051(18), 1041(22),
1018(5), 787(6), 765(33), 720(18), 714(27), 653(4), 641(6), 583(5), 501(15),
452(7), 423(13), 406(6), 377(9), 336(10), 307(9), 297(8), 280(20), 262(12),
224(6), 201(6), 185(6), 155(11), 120(8) cm�1; elemental analysis calcd
(%): C 15.60; found: C 16.46.


Molybdenum pentafluoride pentafluorophenoxide (C6F5�O�MoF5):
MoF6 (1.830 g, 8.72 mmol) and CH2Cl2 (1.160 g, 13.82 mmol) were con-
densed into a previously dried PFA tube equipped with a magnetic stir-
rer. A solution of C6F5�O�Si(CH3)3 (1.311 g, 5.12 mmol) and C6F5OH
(0.069 g, 0.37 mmol) was added dropwise with a syringe, while the reac-
tion mixture was stirred and kept at �20 8C. Additional CH2Cl2 (1.32 g,
15.73 mmol) was added to wash down the inner walls of the tube. After
the dark purple solution was stirred for 2 weeks at �20 8C, a black precip-
itate was observed. The PFA tube was evacuated first at �50 8C for 1 h
and then at �20 8C for 5 h. A black solid crystalline material 1.69 g,
82.5% yield), extremely reactive to moisture, remained in the tube. Crys-
tals suitable for X-ray diffraction were taken from this sample (Table 6).
M.p. 57.3–58 8C; 13C{19F} NMR (�20 8C, 0.35m, Cl2CDCDCl2): d = 147.2
(s, 1C; �C4), 145.2 (s, 2C; �C2,6), 136.8 ppm (s, 2C; �C3,5); 19F NMR
(�20 8C, 0.35m, Cl2CDCDCl2): d = 254.5 (d, 2JF,F = 82.0 Hz, 4F; Feq.),
250.2 (q, 2JF,F = 88.5 Hz, 1F; Fax.), �134.9 (t, 3JF,F = 20.0 Hz, 1F; �p),
�140.8 (d, 3JF,F = 15 Hz, 2F; �o), �154.9 (t, 3JF,F = 18.5 Hz, 2F; �m);
Raman spectroscopy: ñ = 1636(25), 1507(6), 1424(45), 1397(49),
1380(15), 1320(77), 1183(57), 1039(75), 1017(21), 789(9), 732(100),
697(45), 669(60), 640(12), 622(10), 604(23), 580(40), 496(84), 447(12),
405(11), 384(23), 366(25), 353(20), 306(53), 290(48), 252(13), 226(14),


208(15), 196(16), 178(17), 156(12), 111(16) cm�1; elemental analysis calcd
(%): C 19.27; found: C 18.34.


Tungsten pentafluoride (tert(perfluoro)butoxide) ((CF3)3C�O�WF5):
LiOC(CF3)3 (0.326 g, 1.496 mmol) was added to a previously dried PFA
tube equipped with a magnetic stirrer. An excess of WF6 (1.83 g,
6.144 mmol) was condensed into the tube. After the reaction mixture had
been stirred at room temperature for 4.5 days, an 19F NMR spectrum of
the solution showed F5W�O�C(CF3)3 as the only main product. The PFA
tube was cooled to �50 8C and warmed up gradually to 0 8C over a
period of 18 h, while all volatile materials were pumped off into two
traps (�78 8C/�196 8C). A colorless liquid (0.47 g, 61.1% yield) identified
as F5W�O�C(CF3)3 was recovered in the �78 8C trap. M.p. �59 8C;
13C{19F} (0 8C, Cl2CDCDCl2): d = 118.2 (s, 3C;�CF3), 85.8 (s, 1C;�OC);
19F NMR (0 8C, Cl2CDCDCl2): d = 150.0 (d, 2JF,F = 64.8 Hz, 4F; Feq.),
157.5 (q, 2JF,F = 65.18 Hz, 1F; Fax.), �74.8 ppm (s, 9F; �CF3). Raman
specrtroscopy: ñ=1316(10), 1273(10), 1229(5), 1177(23), 986(2), 859(12),
761(88), 735(100), 674(10), 659(14), 539(16), 426(4), 333(49), 305(67),
284(55), 241(19), 134(39), 113(24) cm�1.
19F NMR input parameters for the simulations in gNMR : CF3�CH2�O�
WF5 : Sample concentration: 1.52m (in C2D2Cl4);


2JFax,Feq = 65.80 Hz,
1JW,Fa = 44.20 Hz, 1JW,Feq = 39.57 Hz; line width (Hz; A part, B4 part) :
14, 16; temperature (K)/chemical shift (ppm; A part, B4 part): 313/
108.982, 129.777; 323/109.671, 130.12; 333/111.226, 131.123; 343/111.900,
131.365; 353/112.458, 131.438; 373/113.770, 131.928; 393/115.275, 470.


C6F5�O�WF5 : Sample concentration: 1.035m (in C2D2Cl4);
2JFax,Feq =


66.00 Hz, 1JW,Fa = 61.20 Hz, 1JW,Feq = 35.90 Hz; line width (Hz; A part,
B4 part): 15, 12; temperature (K)/chemical shift (ppm; A part, B4 part):
303/143.948, 147.229; 324/144.925, 147.588; 344/145.755, 147.926; 363/
146.380, 148.222; 383/147.135, 148.535; 403/147.939, 148.794.


(CF3)3C�O�WF5 : Sample concentration: 0.526m (in C2D2Cl4);
2JFax,Feq =


65.30 Hz, 1JW,Fa = 65.18 Hz, 1JW,Feq = 34.90 Hz; line width (Hz; A part,
B4 part): 3.6, 6.2; temperature (K)/chemical shift (ppm; A part, B4 part):
293/158.073, 150.332; 303/158.327, 150.441; 313/158.576, 150.552; 333/
159.059, 150.778; 353/159.528, 151.014; 363/159.750, 151.130; 373/159.946,
151.252.


CF3�CH2�O�MoF5 : Sample concentration 1.249m (in C2D2Cl4);
2JFax,Feq


= 89.68 Hz; line width (Hz; A part, B4 part): 38, 30. Temperature (K)/
chemical shift (ppm; A part, B4 part): 303/215.947, 233.646; 313/217.053,
233.934; 323/218.110, 234.200; 333/219.200, 234.472; 343/220.150, 234.750;
353/221.100, 235.030; 363/222.800, 235.280.


C6F5�O�MoF5 : Sample concentration 0.259m (in C2D2Cl4);
2JFax,Feq =


91.50 Hz; line width (Hz; A part, B4 part): 25, 29; temperature (K)/chem-
ical shift (ppm; A part, B4 part): 273/243.251, 249.189; 278/243.774,
249.295; 283/244.290, 249.405; 288/244.802, 249.518; 293/245.305, 249.629;
298/245.804, 249.741; 303/246.290, 249.858; 313/247.232, 250.090; 323/
248.328, 250.328; 333/249.187, 250.558.
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Synergic Binding of Carbon Monoxide and Cyanide to the FeMo Cofactor of
Nitrogenase: Relic Chemistry of an Ancient Enzyme?
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Introduction


The small molecules cyanide and carbon monoxide play a
significant role as essential ligands at the active site of the
iron-only and nickel–iron hydrogenases; the hydrogen-me-
tabolising metallo–sulfur enzymes found widespread
amongst the Archaea and other microrganisms.[1,2] Nitroge-
nase, the enzyme system that reduces dinitrogen to ammo-
nia, also catalyses hydrogen production from protons, and
this occurs at the iron–molybdenum cluster of the enzyme
(FeMoco).[3–5] Intriguingly, under certain conditions, this
metallo–sulfur cluster also coordinates carbon monoxide
and cyanide.[3,6] Alone, cyanide suppresses proton and sub-
strate reduction, but in the co-presence of carbon monoxide
the production of dihydrogen is restored.[7]


Interactions of cyanide, carbon monoxide and other small
molecules with nitrogenase may “simply” reflect the extra-
ordinary reactivity of sites on the FeMoco cluster, which
must bind, activate and reduce the rather inert molecule, di-
nitrogen. However, it has been argued, on the basis of phy-
logenetic evidence, that the modern nitrogen-fixing appara-
tus may have evolved from ancient cyanide-metabolising or
detoxifying iron–sulfur systems, with the nitrogen-reducing


activity “bolted on” later by means of molybdenum incorpo-
ration in response to the depletion of fixed nitrogen in the
biosphere.[8] Thus, interactions of the FeMoco cluster in the
enzyme with cyanide, carbon monoxide, ethyne and so forth
at the iron–sulfur core may reflect “relic chemistry”, where-
as their interactions at Mo may reflect the intrinsic high re-
activity of a dinitrogen binding and activating site. Some
support for such dual chemistry at FeMoco, centred either
at Mo or the Fe cluster core, comes from our recent spec-
troelectrochemical work with FeMoco isolated from the pro-
tein.[6,9] Two independent interactions with CO are ob-
served, and we have associated these with reduction at es-
sentially insulated Mo and Fe core redox sites.[6] Evidence
for cyanide binding at Mo and/or Fe sites of the isolated co-
factor has been obtained by others in a range of kinetic,[10]


NMR,[11] EPR,[12,13] and Extended X-ray Absorption Fine
Structure (EXAFS)[12] studies.


In this paper we report: (1) The first electrochemical and
infra-red data for cyanide bound to FeMoco; (2) that cya-
nide stabilises a hitherto unrecognised, low-spin, EPR-
active, superoxidised form of the isolated cofactor and
(3) the first evidence that carbon monoxide and cyanide
bind synergically to the oxidised and semireduced states of
the isolated cofactor—states that are unreactive to carbon
monoxide alone.[9]


Results and Discussion


The FeMo cofactor was extracted, purified and concentrated
from the iron–molybdenum nitrogenase protein of Klebsiella
pneumoniae into N-methylformamide (NMF) containing di-
thionite, phosphate buffer and approximately 2% water (see
Experimental Section). Upon isolation, the cofactor is in the
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EPR-active (S= 3=2), semireduced form, FeMocosemired.[14] In
contrast, under an inert atmosphere, dithionite is slowly con-
sumed and the cofactor is (reversibly) oxidised to the EPR-
silent FeMocoox form, as described by Schultz and co-work-
ers.[15] This oxidised form or its thiophenolate derivative,
which has PhS� ligated to the terminal Fe atom, provides
the starting point for the studies described herein (Figure 1).


The addition of cyanide to solutions of either the native,
oxidised cofactor FeMocoox, or its thiophenolate-modified
form FeMoco(SPh)ox in NMF, results in dramatic changes in
their voltammograms. Figure 2a shows the change in the
cyclic voltammetry of FeMoco(SPh)ox with increasing cya-
nide concentration. The primary reduction couple FeMo-
co(SPh)ox/semired (process I) at E8’=�0.55 V is suppressed
and two new processes appear with E8’=�0.91 V (pro-
cess R) and E8’=�0.45 V (process O).[16] At fast scan
rates, both processes are reversible and the FeMoco-
(SPh)ox/semired/red couples (processes I and II) are nearly fully


suppressed, leaving a well-defined, three-membered elec-
tron-transfer series (Figure 2b). At slower scan rates, pro-
cess R is only partially reversible (Figure 2, inset), and this
is associated with the partial recovery of processes I and II
of FeMoco(SPh). This shows that slow dissociation of cya-
nide (t1=2 �10 s) occurs at reduced redox levels of the cofac-
tor, and that the binding of cyanide to FeMoco(SPh)ox is
tighter than to FeMoco(SPh)semired.


Similar changes to the voltammetry were observed when
cyanide was added to the native NMF-isolated cofactor, Fe-
Mocoox (data not shown).[6]


We have observed a process associated with the reduction
of FeMoco(SPh)red, which we have previously argued is Mo-
centred reduction, corresponding to process III in Figure 2
(inset, solid line).[6] Addition of CN� has no effect on the
potential of this reduction process (Figure 2 inset, dashed
line). This would suggest that either cyanide does not bind
to Mo or that it replaces an anionic ligand from the Mo
atom with negligible effect on the electronic distribution.
We discuss this further below.


Anionic ligands, such as cyanide, which are strong s


donors stabilise metals in a higher oxidation state, that is,
they shift E8 in a negative direction. This would suggest that
process R is more likely to be associated with the oxidised/
semireduced levels of the cofactor and that process O ac-
cesses a new, superoxidised level, FeMoco(CN)superox. This
assignment of the redox levels involved in the two processes
is confirmed by EPR spectroscopy. The semireduced level
of FeMoco is associated with a well-defined S= 3=2 EPR
signal (Figure 3a), whereas the oxidised level is EPR
silent.[15] Figure 3b shows the EPR spectrum recorded after
addition of excess [Et4N]CN to a solution of FeMocoox. Oxi-
dation of this solution by bulk electrolysis at �0.35 V at a
platinum electrode results in an S= 1=2 species with a well-


defined, rhombic EPR signal
(Figure 3c; gx=2.268, gy=1.972
and gz=1.868 obtained from
simulation of the spectrum),
consistent with a low-spin elec-
tron configuration. Both higher
oxidation levels and strong-field
ligands will favour low-spin
states. Iron–sulfur systems with
multiple FeII centres (as in the
[4Fe�4S]3+ cluster of oxidised
high-potential iron–sulfur pro-
teins (HiPIPs), such as that
from Allochromatium vino-
sum), also show an S= 1=2 spin
system.[17] The absence of 95


Mo
hyperfine lines in the spectrum
is concordant with unpaired
spin density residing on the
iron core. Thus, process O
can be assigned to a FeMoco-
(CN)superox/ox couple, in which
FeMoco(CN)superox is at an oxi-
dation level 2e higher than
FeMocosemired.


Figure 1. Structure of FeMoco, adapted from reference [5] (Fe, S, N, O, C
and Mo atoms are represented as green, yellow, blue, red, grey and
purple spheres, respectively).


Figure 2. Cyclic voltammograms (current vs potential) for an NMF solution of FeMoco(SPh)ox recorded at
a) 50 mVs�1 during titration with cyanide: 0, 5, 10, 15 and 20 molar equivalents of [Et4N]CN (arrows indicate
the direction of current change with increasing cyanide); and b) 400 mVs�1 after addition of 28 molar equiva-
lents of [Et4N]CN. Processes I and II are associated with FeMoco(SPh), whereas processes O and R are associ-
ated with the cyanide-modified cofactor. Inset, recorded at 50 mVs�1 over a slightly wider potential range with
no cyanide (solid line) and after addition of 28 molar equivalents of [Et4N]CN (dashed line). At the com-
mencement potential for these voltammograms FeMoco(SPh) is present at the oxidised level, while the cya-
nide-ligated cofactor is predominantly at the superoxidised level.
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We find that electrogenerated FeMoco(CN)superox is capa-
ble of restoring ethyne reduction activity to an NifB�


mutant nitrogenase FeMo protein lacking the FeMoco
centre,[18] to a level 80�5% of that observed on reconstitu-
tion with FeMocosemired. Importantly, this shows that forming


the cyanide-ligated superoxidised level does not destroy the
core structure of the native cofactor, consistent with the re-
versibility of the redox processes and cyanide-binding
chemistry.


We have argued previously that processes I and II are as-
sociated with electron transfer to the delocalised iron–sulfur
core of FeMoco to generate the semireduced and reduced
states, respectively, whereas process III is centred on the Mo
atom, and accesses a superreduced level of the cluster.[6] The
dramatic shift in the redox potential of the oxidised/semire-
duced couple on cyanation to more negative potentials
(DE=360 mV) is consistent with the binding of a s-donating
anionic ligand to the delocalised iron core of FeMocoox. This
increases the electron density on the core, thereby raising
the energy of the lowest unoccupied molecular orbital
(LUMO). This same charge effect is also responsible for al-
lowing access to the new superoxidised/oxidised couple.


Notably, the difference in potential between the superoxi-
dised/oxidised and oxidised/semireduced couples of the cya-
nide-modified form of the cofactor is 460 mV, a magnitude
consistent with significant delocalisation over the cluster
core.[6,19] Thus, cyanide can be viewed as perturbing the
redox manifold of the iron–sulfur core, as illustrated by
Scheme 1. The semireduced/reduced couple is apparently
shifted outside the accessible potential range on cyanide
binding.


Figure 4a shows thin film IR differential absorption spec-
tra recorded for a solution of native FeMocoox in the pres-
ence of excess [Et4N]CN, following a potential step from


Figure 3. EPR spectra recorded at 10 K, 100 mW, for NMF solutions of
FeMoco: a) FeMocosemired prepared by chemical reduction of FeMocoox


with sodium dithionite; b) FeMocoox after addition of an excess of
[Et4N]CN; and c) after oxidative electrolysis of the solution in b) at
�0.35 V, showing that cyanide binding allows access to a new, EPR
active, S= 1=2 FeMoco(CN)superox level.


Scheme 1. Redox potentials for the levels of FeMoco(SPh) and the shift in these levels on binding cyanide and co-binding CO. The position of CO/CN li-
gands on particular central Fe atoms is arbitrary.
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�0.6 to �0.3 V. A single depletion band at 2053 cm�1 and a
single growth band at 2095 cm�1 are observed. Ligation of
free cyanide (n(CN)=2070 cm�1, NMF) results in a marked
increase in intensity of the n(CN) stretch, with the wave-
number highly sensitive to the oxidation state of the metal
centre (generally 2200 to 2000 cm�1).[20] Thus, the depletion
and growth features are attributed to the conversion of the
parent cyano species FeMoco(CN)ox to FeMoco(CN)superox.
Consistent with the cyclic voltammetry, the spectroscopic
changes are fully reversible on re-reduction (data not
shown). The shift in n(CN) to higher wavenumber following
oxidation is concordant with strengthening of the CN bond,
resulting from enhanced s donation to the metal from the li-
gand 5s molecular orbitals (weakly antibonding with respect
to the CN bond) and diminished involvement of the li-
gand 2pp* molecular orbital in p back-bonding with the
metal.[20]


The magnitude of the band shift (Dn(CN)=42 cm�1) be-
tween the two redox states relative to that of the mononu-
clear ferri-/ferrocyanide couple (Dn(CN)=37 cm�1, H2O),[21]


clearly indicates that the cyanide ligand is bound to a metal
site on the cofactor that is strongly coupled to the redox
change. Since the analysis of the electrochemistry and EPR


spectra discussed earlier indicates that the electron transfer
associated with the FeMoco(CN)superox/ox redox couple is de-
localised over the iron core, we conclude that it is cyanide
bound to iron site(s) that is responsible for the 2095 (super-
oxidised) and 2053 cm�1 (oxidised) bands. It is most likely
that CN� ligates central iron sites, since processesO and R
are observed following addition of CN� in the voltammetry
of both FeMoco and FeMoco(SPh), and EPR titration data
reported by Richards et al. have demonstrated that CN�


does not appear to compete with SPh� for binding at
Feterm.


[13] We have argued that the molybdenum atom is es-
sentially electronically insulated from the core iron–sulfur
assembly,[6] and consequently we would not necessarily
expect to detect a different spectral response at the super-
oxidised, oxidised and semireduced levels associated with
cyanide bound to Mo.


Reduction of FeMoco(CN)ox (potential step from �0.6 V
to �1.1 V) results in a single n(CN) depletion band at
2053 cm�1 (Figure 4b). Since reduction generally leads to an
increase in intensity of n(CN), the absence of a well-defined
growth band at lower wavenumber confirms that cyanide is
lost from FeMocosemired in the time frame of the spectroelec-
trochemical data collection (about 100 s). This is fully con-
sistent with the partial reversibility of the voltammetric re-
sponse at process R (Figure 2, inset). Unambiguously, raising
the electron density on the cluster core labilises cyanide.


Each single sharp n(CN) band associated with the super-
oxidised and oxidised redox levels of FeMoco(CN) is well
fitted by a single Gaussian/Lorentzian curve (Figure 4). This
is consistent with a single cyanide bound to the iron core at
each redox level. Moreover, if two cyanide ligands were
bound to electronically similar iron sites, it would be antici-
pated that the labilisation of cyanide upon reduction to the
semireduced level would proceed in two separate steps, and
this would be apparent both in the spectroscopy and the vol-
tammetry.


On the basis of recent ligand displacement kinetic studies,
supported by DFT calculations, Henderson and co-workers
have concluded that the Mo atom is the site of strongest cy-
anide binding to the dithionite-reduced cofactor (FeMocosemi-


red).[10] This is consistent with labilisation of the ligand at iron
core sites of the cofactor at this redox level. Detailed analy-
sis of EXAFS data has also provided evidence for the mo-
lybdenum as a site of CN� binding on the dithionite-reduced
cofactor.[12] We do not exclude cyanide also binding to the
molybdenum; however, the localised redox chemistry of this
centre involves the reduced and superreduced levels, which
we have not accessed in spectroelectrochemical mea-
surements. No change in the potential of the Mo-localised
FeMocored/superred couple (process III) was observed on addi-
tion of cyanide (Figure 2, inset); thus if CN� does interact
with Mo under these conditions, it results in no perceptible
change in the electron density at the Mo centre, perhaps be-
cause another anionic donor ligand, such as a carboxylate
arm of homocitrate or a deprotonated solvent molecule, is
displaced on CN� binding. Conradson et al. attributed a loss
of the 19F NMR signal associated with dithionite-reduced
FeMoco(p-CF3C6H4S), following addition of approximately
5 molar equivalents of CN� , to a broadening of the 19F reso-


Figure 4. Differential FTIR absorption spectra recorded for a solution of
FeMoco in the presence of excess cyanide following a) oxidation at ap-
proximately �0.3 V and b) reduction at about �1.1 V. The background
trace for both spectra shown was recorded with the electrode held at an
initial potential of approximately �0.6 V. Spectra were calculated from
an average of 100 scans recorded over about 100 seconds following appli-
cation of the final potential. Raw data (pale grey line), fitted peaks (dark
grey line), baseline (dotted line) and the resulting fitted trace (black line)
are overlaid.
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nance resulting from an increase in the electronic relaxation
time upon CN� ligation.[11] Given that labilisation of CN� on
accessing FeMocosemired is clear from our electrochemical
and spectroelectrochemical data, it is likely that Conradson
et al. detected an effect from CN� bound at Mo. However,
it is also possible that the electron-withdrawing nature of
the fluorinated thiolate ligand at the terminal Fe site is suffi-
cient to stabilise CN� on the iron–sulfur core of the dithio-
nite-reduced cofactor.


We have shown in earlier work that carbon monoxide
binds to FeMoco and FeMoco(PhS) only on accessing the
reduced and superreduced levels, and herein that cyanide
binds to the cofactor at the superoxidised and oxidised
levels, but only weakly to the Fe core at the semireduced
level. Evidence for the cooperative binding of cyanide and
carbon monoxide at the oxidised and semireduced levels of
the cofactor is now presented.


The voltammetric response obtained when a solution of
FeMoco saturated with carbon monoxide at 1 bar is titrated
with cyanide is shown in Figure 5. The FeMocoox/semired


couple (process I) is unaffected by carbon monoxide


alone;[6,22] however, as cyanide is introduced, process I is re-
placed by a new, reversible couple at more negative poten-
tial (process P, �0.71 V). The semireduced/reduced couple
(process II), well resolved in the presence of carbon monox-
ide,[6] is steadily lost as the concentration of cyanide is in-
creased (Figure 5). The reoxidation process indicated by a
grey arrow in Figure 5 is associated with CO alone bound to
the cofactor,[6] and is also lost as the concentration of CN� is
increased.


Infrared spectroelectrochemical data, obtained for a CO-
saturated solution of FeMoco in the presence of excess cya-
nide, exhibit growth and depletion features in both the
n(CN) and n(CO) regions when the electrode potential is
stepped over a range spanning process P, �0.5 to �0.9 V,
(Figure 6a). Assignment of the spectral features has been


confirmed by 13CO labelling (Figure 6b). The data confirm
that both cyanide and carbon monoxide are bound to the
cofactor at the oxidised and semireduced levels. In the


n(CO) region, a single depletion band is observed at
1957 cm�1 and a single growth band at 1937 cm�1 (Fig-
ure 6a); these are attributed to CO bound at the oxidised
and semireduced levels, respectively. Reoxidation leads to a
full reversal of the spectral changes, confirming that the
system is reversible.[23] These results are in stark contrast to
those obtained for reduction of FeMocoox to the semire-
duced level in the presence of CO alone; under these condi-
tions, no n(CO) features are observed.[6] The wavenumber
of the n(CO) band for the semireduced cofactor in the pres-
ence of CO and CN� (1937 cm�1) is substantially higher
than that observed for CO alone bound at the iron core of
the cofactor at the reduced level in the absence of cyanide,
which occurs at 1880 cm�1.[6]


The magnitude of the n(CO) wavenumber shift with the
one-electron redox change (oxidised/semireduced, 20 cm�1)
is small compared with that typically observed for one-elec-
tron redox chemistry of carbonyl groups at a mononuclear
centre, but consistent with charge delocalisation across a
polymetallic assembly.[24]


Figure 5. Cyclic voltammograms recorded at 50 mVs�1 for an NMF solu-
tion of FeMoco saturated with carbon monoxide at 1 bar during titration
with [Et4N]CN (0 to 8 molar equivalents). Vertical arrows indicate the di-
rection of change of the current response with increasing cyanide concen-
tration; the grey arrow highlights a process associated with CO alone
bound to the cofactor, as discussed in reference [6].


Figure 6. Differential absorption FTIR spectra (thin black line) in the
n(CN) and n(CO) regions for a solution of FeMoco reacted with a large
excess of cyanide under a carbon monoxide atmosphere at 2.7 bar, fol-
lowing reduction at �0.9 V from an initial potential of �0.5 V: a) natural
abundance CN� and CO; b) natural abundance CN� with 13CO. Fitted
peaks (dotted) give rise to the fitted spectrum (heavy black line).
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As expected, the n(12CO) bands are shifted on isotopic
13CO substitution by 44 cm�1 (Figure 6b). Although less in-
tense and less well defined, it is apparent that the n(CN)
bands are also shifted (by about 20 cm�1) upon 13CO substi-
tution. This indicates strong coupling between the CO and
CN stretching modes and is consistent with co-binding of
CO and CN� at the oxidised and semireduced levels. The
mixing of the CO and CN stretching coordinates is extreme-
ly small for Fe(CN)(CO) compounds that have near-orthog-
onal alignment of the CO and CN groups, as in the H clus-
ter of the Fe-only hydrogenase and model systems.[25,26] We
conclude, therefore, that the strong coupling observed on
FeMoco must arise from CO and CN� groups co-aligned on
the Fe6S9N core, and are not bound to a single Fe or Mo
atom.


For spectra recorded under either natural abundance CO
or 13CO, the n(CN) band profiles can most simply be fitted
to a single depletion band and two growth bands (Figure 6).
At the semireduced level, the n(CN) bands can be explained
by two cyanide ligands vibrationally coupled to a single CO
ligand. Although only a single n(CN) depletion band is ob-
served at the oxidised level, a second band may be masked
by growth bands. Alternatively, structural rearrangement or
charge localisation may render two cyanide ligands inequi-
valent at the semireduced level.


We have noted previously that electrocatalytic proton re-
duction by isolated FeMoco at the oxidised/semireduced
level in the presence of the acid pentafluorothiophenolate is
suppressed by cyanide.[4] Our electrochemical data, obtained
with isolated FeMoco, also allow us to explain data obtained
with the functioning enzyme. Cyanide inhibits total electron
flux through the enzyme. If the potential of FeMoco in the
enzyme observed upon isolation is lowered on binding cya-
nide, then the transfer of electrons to FeMoco from the P
clusters would be less effective and electron flux would be
diminished as observed. Furthermore, the effect of carbon
monoxide in reversing the cyanide-induced lowering of the
isolated FeMoco redox potential, is also paralleled in
enzyme studies where the cyanide inhibition of electron flux
is countered by low levels of carbon monoxide. Our studies
with the isolated FeMoco show co-binding of carbon mon-
oxide and cyanide, and so it is not necessary to suggest that
cyanide and carbon monoxide compete for the same site in
the enzyme, although this cannot be ruled out.


Summary


A combination of electrochemical, EPR and FTIR spectro-
electrochemical data on the isolated nitrogenase cofactor
has demonstrated that cyanide can coordinate to central
iron sites of oxidised FeMoco, dramatically increasing the
electron density on the iron–sulfur core such that the oxi-
dised/semireduced couple is shifted to a significantly more
negative potential and a new S= 1=2, superoxidised level be-
comes accessible. Cyanide is labile at the semireduced level
of the cofactor. Co-binding of CO and CN� at isolated
FeMoco has been demonstrated for the first time and
FTIR 13C isotopic labelling indicates vibrational coupling of


CO and CN� ligands. This tends to exclude cis binding of
CO and CN� at a single metal site(Mo or Fe), but is consis-
tent with co-aligned CO and CN� at iron on the rigid central
Fe6S9N core of the cofactor, at both the oxidised and semire-
duced levels. The shift in the oxidised/semireduced couple in
a positive direction on CO/CN� binding, with respect to
CN� binding alone, could account for the CO relief of cya-
nide inhibition of proton reduction by nitrogenase. Growth
of a strain of Klebsiella oxytoca on cyanide under N-limiting
conditions has recently been described and has been attrib-
uted to the nitrogenase in this organism reducing CN� to
ammonia and methane.[27] This perhaps intimates a vestigial
archaic chemistry of the modern, evolved cofactor.


Experimental


The FeMoco cluster was extracted from the nitrogenase FeMo protein of
wild-type Klebsiella pneumoniae, strain M5a1, into NMF containing
water (approximately 2%), phosphate buffer and sodium dithionite,
using minor modifications of the methods described previously.[28] The co-
factor was concentrated in vacuo to between 0.6 and 1mm (based on Mo
determination, Southern Analytical, Brighton, UK). The integrity of the
isolated FeMoco was confirmed by acetylene reduction activity in an
enzyme reconstitution assay (activity >275 unitsmol�1 atom Mo), by
EPR spectroscopy and by cyclic voltammetry. The FeMocoox state was
obtained by storing the fresh, concentrated extract under dinitrogen for
24–48 h, as described by Schultz and co-workers.[15]


The EPR measurements were performed at 10 K, 100 mW using a Bru-
ker ER 200 D-SRC instrument.


Electrochemical measurements were performed in a glove box main-
tained at <1 ppm O2 (Alvic Scientific Containment Systems, UK), using
a potentiostat-type DT 2101 and waveform generator PPRI (Hi-Tek In-
struments, UK). The electrochemical cell consisted of an open glass vial,
incorporating a vitreous carbon working electrode (area 0.070 cm2), a
platinum auxiliary electrode and a saturated calomel reference electrode
(SCE). The vitreous carbon electrode was polished with a 0.015 mm alu-
mina slurry in ethanol prior to use.


The FTIR spectroelectrochemical measurements were performed using a
BioRad FTS 175C instrument. The absorption/reflection spectroelectro-
chemical cell incorporating a vitreous carbon working electrode has been
described previously.[29] Fitting of peaks to mixed Gaussian/Lorentzian
functions was performed using Grams-based routines implemented
within WinIR (BioRad) software. Spectra were baseline corrected prior
to fitting.


Carbon monoxide and 13CO (99.2 atom% 13CO) were obtained from
BOC (UK) and Trace Sciences International (Ontario, Canada), respec-
tively, and tetraethylammonium cyanide was purchased from Aldrich.
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Enantioselective Self-Assembly of Bimetallic [MnII (D)-CrIII(C2O4)3]
� and


[MnII (L)-CrIII(C2O4)3]
� Layered Anionic Networks Templated by the


Optically Active (Rp)- and (Sp)-[1-CH2N(n-C3H7)3-2-CH3�C5H3Fe�C5H5]
+


Ions


Michel Gruselle,*[a] Ren2 Thouvenot,[a] Bernard Mal2zieux,[a] Cyrille Train,[a]


Patrick Gredin,[b] Tatiana V. Demeschik,[c] Ludmila L. Troitskaya,[c] and
Viatcheslav I. Sokolov[c]


Introduction


We are currently developing the enantioselective synthesis
of bimetallic {Cat[MIIMIII(C2O4)3]} (where Cat stands for a
monocation and MII, MIII for two transition metal ions) oxa-
late-based magnets possessing a Cotton effect[1] to investi-
gate the recently discovered magneto-chiral dichroism
(MChD).[2]


Over the last few years the groups of Okawa,[3] Decur-
tins,[4] Day,[5] Coronado,[6] Ovanesyan,[7] and Kahn[8] have
thoroughly investigated two- (2D) and three-dimensional
(3D) networks prepared from the reaction of a tris(oxalato)-
metalates, [MIII


1 (C2O4)3]
3� (MIII=Cr, Co, Fe, Ru) associated


in tandem with a metallic ion M2 such as an alkali metal
cation (Li+ , Na+) or a transition-metal ion (Mn2+ , Ni2+ ,
Fe2+…) in presence of a cationic entity C, according to reac-
tion (1).


½MIII
1 ðC2O4Þ3�3� þ Mð3�xÞþ


2 þ Cxþ ¼ fC½M1M2ðC2O4Þ3�g ð1Þ


The bimetallic networks {C[M1M2(C2O4)3]} (termed [M1,
M2]) are composed of an anionic sublattice [M1M2(C2O4)3]


x�


and a cationic counterpart Cx+ (x=1,2). In the anionic sub-
lattice each tris(oxalato)metalate ion possesses a propeller-
like chirality and exists as a D or L configuration (noted
(D)-M or (L)-M). The relative configurations of these con-
nected metallic centers are closely related to the 2D or 3D
architectures. A homochiral arrangement [(D)-M1, (D)-M2]
or [(L)-M1, (L)-M2] induces a helical organization of the
connected metallic ions, and a resulting 3D network is ob-
tained.[9,10] A heterochiral arrangement [(D)-M1, (L)-M2] or
[(L)-M1, (D)-M2] leads to a 2D honeycomb anionic network
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Abstract: The ferrocenic ammonium
(Rp)- and (Sp)-[1-CH2NR3--2-CH3�
C5H3Fe�C5H5] iodide salts with R=


CH3, C2H5, n-C3H7, n-C4H9, were syn-
thesized starting from the (Rp)- and
(Sp)-[1-CH2N(CH3)2-2-CH3�C5H3Fe�
C5H5] amines obtained in their optical-
ly active forms through asymmetric cy-
clopalladation of [C5H5Fe�
C5H4CH2N(CH3)2].


1H NMR studies of
these planar chiral 1,2-disubstituted fer-
rocenic ammonium iodide salts in the


presence of the (D)-(tris(tetrachloro-
benzenediolato)phosphate(v) anion),
[(D)-Trisphat] support the formation of
specific diastereomeric ion pairs. Such
intermolecular interactions can be re-
lated to the self-assembly of the two-di-
mensional optically active compounds


{[(Sp)-1-CH2N(n-C3H7)3-2-CH3�
C5H3Fe�C5H5][Mn (D)-Cr(C2O4)3]} and
{[(Rp)-1-CH2N(n-C3H7)3-2-CH3�
C5H3Fe�C5H5][Mn (L)-Cr(C2O4)3]}
starting from the resolved (Rp)- and
(Sp)-[1-CH2N(n-C3H7)3-2-CH3�
C5H3Fe�C5H5]


+ ion associated to the
racemic anionic building block rac-
[Cr(C2O4)3]


3� and Mn2+ . Both enantio-
meric forms of the networks behave as
ferromagnets with a Curie temperature
of 5.7 K.


Keywords: chirality · molecular
magnets · NMR spectroscopy ·
oxalate · self-assembly
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(Figure 1). The cationic moieties are located between the
anionic layers. In 2D bimetallic oxalate-bridged networks, a
large variety of cations can be accommodated in the inter-
layers space.[12–14,5b,6b,6c] Recently, some of us have shown


that achiral ferrocenic ammonium ions such as
[C5H5FeC5H4CH2NR3]


+ with R=C2H5, n-C3H7, n-C4H9, are
able to template the formation of such 2D networks.[12]


Several structural studies of racemic 2D networks based
on single-crystal X-ray diffraction have been reported.[4a,15,16]


For example, when the template cation is [N(n-C4H9)4]
+ , the


crystal structure of the resulting {N(n-C4H9)4[MnCr(C2O4)3]}
was found to belong to the achiral R3c space group.[15] Nev-
ertheless, in a recent paper, some of us[17] have published
the X-ray structure of {N(n-C5H11)4[MnFe(C2O4)3]} for
which the space group was found to be enantiomorphous
(C2221). The loss of symmetry in the crystal results from a
chiral twisted conformation of the alkyl chains, associated to
an enantiomeric anionic layer configuration (all the chromi-
um centers exhibit one configuration, while the manganese
have the opposite one). This leads to anionic layers of the
type [(L)-Mn (D)-Fe(C2O4)3]


� or [(D)-Mn (L)-Fe(C2O4)3]
� .


This result highlights that the reaction leading to single crys-
tals from racemic tris(oxalato)ferrate(iii) in the presence of
Mn2+ and [N(n-C5H11)4]


+ , evolves towards a spontaneous
resolution of {[N(n-C5H11)4][(D)-Mn (L)-Fe(C2O4)3]} and
{[N(n-C5H11)4][(L)-Mn (D)-Fe(C2O4)3]}. This spontaneous
resolution was also encountered for {[N(n-C5H11)4]
[MnCr(C2O4)3]} (space group: C2221)


[11a] and {DA-
ZOP[MnCr(C2O4)3]} (space group P21)


[18] (DAZOP=4-[4-
(N,N-dimethylamino)phenylazo]-1-methylpyridinium). In
each case the resulting configurations ([(D)-Mn, (L)-Cr] or
[(L)-Mn, (D)-Cr]) of the anionic sublattice and that of the
cations in the cationic sublattice are closely correlated.
Therefore, one can imagine that a well-selected chiral cation
used under its enantiomeric forms should be able to induce
the formation of such optically active 2D networks.


For this purpose we decided to synthesize a series of opti-
cally active ferrocenic salts having a planar chirality, namely,
the (Rp)- and (Sp)-[1-CH2NR3--2-CH3�C5H3Fe�C5H5]
iodide salts with R=CH3 (2I), C2H5 (3I), n-C3H7 (4I), n-
C4H9 (5I) (Figure 2). The enantiomeric excesses of (Rp)-


and (Sp)-2I were determined by 1H NMR measurements
using as chiral shift reagent the [(D)-Trisphat] anion.[19]


We then describe the enantioselective synthesis of the
[(Rp)-1-CH2N(n-C3H7)3-2-CH3�C5H3Fe�C5H5][Mn (L)-
Cr(C2O4)3] [(Rp), (L)]-7, [(Sp)-1-CH2N(n-C3H7)3-2-CH3�
C5H3Fe�C5H5][Mn (D)-Cr(C2O4)3] [(Sp), (D)]-7 and discuss
the circular dichroism (CD) and magnetic properties of
these compounds.


Results and Discussion


Synthesis of (Rp)- and (Sp)-2 I, 3 I, 4 I and 5I : These com-
pounds were synthesized starting from the (Rp)- or (Sp)-[1-
CH2N(CH3)2--2-CH3�C5H3Fe�C5H5] (1) amino compounds
obtained through the classical asymmetric cyclopalladation
reaction.[21] According to Scheme 1, the carboxylic ester
function is converted to the methyl group in two reduction
steps using first LiAlH4 hydride and then the couple
(NaBH4, CF3CO2H) according to a modified version of the
Kursanov–Parnes reaction.[23]


The compounds (Rp)- and (Sp)-{[1-CH2N(CH3)3--2-CH3�
C5H3Fe�C5H5]I} 2I result from the quantitative reaction of
methyl iodide with (Rp)- and (Sp)-1. The absolute configu-
rations of the two enantiomers are secured by CD, which
shows a positive Cotton effect at 263 and 421 nm for (Rp)-2


Figure 1. Schematic drawing of a heterochiral [(D)-Mn(L)Cr(ox)3]
� hon-


eycomb layer.


Figure 2. View of (Rp)- and (Sp)-[1-CH2NR3-2-CH3�C5H3Fe�C5H5]I with
R=Me (2I), Et (3I), nPr (4I), and nBu (5I).


Scheme 1. Synthetic pathway to 2I–5I.
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and a negative Cotton effect for the (Sp)-2 compounds
(Figure 3). The corresponding 3I, 4I, and 5I salts are ob-
tained by replacement of the NMe3 group of 2I by NR3 with
R=C2H5, n-C3H7, n-C4H9, respectively.


1H NMR experiments and determination of the enantiomer-
ic excesses of 2I : There are few reports concerning diaste-
reomeric interactions between anions of D3 symmetry and
planar chiral cations. Lacour et al. , KNndig et al. , and Rose
et al.[25] have shown that the D3-symmetric [(D)-Trisphat]
anion acts as an efficient NMR chiral reagent to differenti-
ate between enantiomers of neutral and cationic planar
chiral metal complexes. On the other hand, we have also
shown that this optically pure anion allows one to discrimi-
nate between the two enantiomers of propeller-like cobalt
complexes.[26]


To gain a better understanding of the role of the template
cation in the synthesis of optically active networks, we de-
cided to investigate by 1H NMR spectroscopy the chiral rec-
ognition between the cations 2–5 by the enantiopure [(D)-
Trisphat] anion (Figure 4). For this purpose 1H NMR spectra
of the ammonium ferrocenyl iodides (rac)-2I–5I, (Rp)-2I
and (Sp)-2I in CD2Cl2 solution were studied.


For rac-2I to rac-5I, additions of the [(D)-Trisphat] anion
in increasing amounts (from 0.2 to 2.5 equivalents) lead to
significant changes in the 1H NMR spectrum as shown in
Figure 5.


* The triplet signals corresponding to the protons of the
terminal methyl group of N(CH2)nCH3 (with n=1 to 3)
are slightly shifted. For rac-2I the singlet assigned to the
methyl groups N(CH3)3 is shifted to low frequencies by
60 ppb upon addition of 2.5 equivalents of the [(D)-Tris-
phat] anion.


* The two protons of the CH2 methylene group tethering
the nitrogen atom to the cyclopentadienyl ring, are dia-
stereotopic and give rise to an AB spin system in the
4.5 ppm region. When adding [(D)-Trisphat] (2.5 equiv)
these signals are strongly shielded by values of up to
50 ppb for rac-2I and 20 ppb for the rac-3I to 5I. More-
over, for rac-2I the diastereomeric pairing leads to two
AB sets as shown.


* Analysis of the effects for the protons of the substituted
cyclopentadienyl ring is not straightforward becuase op-
posite induced shifts lead to overlap of the different mul-
tiplets.


* The analysis is easier for the singlet located around d=


2.0 ppm corresponding to the CH3 group borne by the
cyclopentadienyl ligand. Addition of [(D)-Trisphat]
leaves this signal almost unchanged for rac-3I to rac-5I.
However, in the case of rac-2I a slight splitting occurs:


Figure 3. Circular dichroism (CD) of (Rp)-2I (full line) and (Sp)-2I
(broken line).


Figure 4. Structure of the [(D)-Trisphat] anion.


Figure 5. Evolution of the 1H NMR spectrum (300.13 MHz) of rac-2I
through addition of [N(nBu4)][(D)Trisphat] (0.025 molL�1 in CD2Cl2,
300 K, spectral width 2200 Hz, flip angle 608, time domain 32 K points,
acquisition time 7.47 s, 64 transients without relaxation delay). Fourier
transform of the unapodized FID without zero filling leads to a digital
resolution of 0.134 Hz per point. Number of [(D)-Trisphat] equivalents:
from bottom to top, 0.0, 0.5, 1.0, 1.5, 2, 2.5.
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the line shifts to lower frequency by 10 ppb upon the ad-
dition of 2.5 equivalents of [(D)-Trisphat]).


* The singlet located around d=4.2 ppm corresponds to
the five protons of the non-substituted cyclopentadienyl
ring. This signal shifts progressively to low frequency by
addition of [(D)-Trisphat]. This shift reaches 100 ppb for
2.5 equivalents. For rac-2I, the splitting occurs after the
addition of the chiral anion, showing the formation of di-
astereomeric pairs. At the maximun splitting (31 ppb)
obtained for 2 equivalents of [(D)-Trisphat]) the two sig-
nals are base line separated and can be integrated. The
signal for (Sp)-2I is observed at high frequency with re-
spect to that for (Rp)-2I (Figure 6).


The increase of the splitting with increasing [(D)-Trisphat]
concentrations is related to the dynamic diastereomeric ions
pairing between the planar chiral cation and the D3-symme-
try anion. The integration of the signals arising from diaste-
reomeric pairs allows one to determine the enantiomeric ex-
cesses for the (Rp)-2I and (Sp) -2I. For (Rp) -2I and (Sp)-
2I the enantiomeric excesses are found to be 0.95.


Synthesis of [(Rp)]-6, [(Sp)]-6, [(Rp), (L)]-7 and
[(Sp),(D)]-7: The optically active (Rp) or (Sp) iodide ammo-
nium salts 2I–5I were used in an attempt to template the
formation of 2D networks using K3[rac-{Cr(C2O4)3}]·3H2O
and MnCl2·4H2O as building blocks. Two-dimensional net-
works were obtained for 3I and 4I. These results have to be
compared with those previously obtained with an achiral fer-
rocenic ammonium salt.[12] In the latter case, the synthesis of
2D networks was possible for R=C2H5, n-C3H7, and n-C4H9


using bromide salts which are much more soluble than


iodide salts. The n-C4H9 derivative 5I, in particular, precipi-
tates from the water–methanol mixture, rendering the for-
mation of the network impossible. The IR spectra show a
strong band at 1632 and 1628 cm�1 for 6 and 7, respectively,
which is attributed to a stretching vibration of the bridging
oxalate ligand.[24]


The poor crystallinity of samples 7 in its racemic or opti-
cally active forms does not permit a definitive conclusion on
the crystal structure from the X-ray powder diffraction pat-
tern. Nevertheless, the general diffractogram looks like
those found with the [N(n-C4H9)4]


+ ion, which is very well
known to possess a 2D structure.[5a] Moreover, according to
IR, normalized circular dichroism (NCD), and ferromagnet-
ic properties, which are very similar to those previously pub-
lished for achiral {C5H5FeC5H4�CH2NR3[MnCr(C2O4)3]}
networks,[12] it is possible to assume the layered structural
organization of these compounds.


A dramatic difference is observed for the networks ob-
tained from the optically active ferrocenic ammonium salts
3I and 4I. Using 3I the resulting networks (Rp)-6 and (Sp)-
6 do not have optical activity corresponding to the d–d tran-
sition of the chromium, as is the case for the networks
[(Rp), (L)]-7 and [(Sp), (D)]-7 obtained starting from 4I.


The achiral[12] and chiral ferrocenic ammonium cations
template the formation of the bimetallic anionic network for
ethyl and propyl alkyl chains. On the contrary, tetraethylam-
monium cannot template the formation of such networks,
whereas tetrapropylammonium does.[4c,11b] This emphasizes
the role of the ferrocenic moiety in the templating activity
of such ammonium cations.


The most striking difference between the templating ac-
tivity of 3 and 4 is that 4 can induce the enantioselective
self-assembly of the anionic network, whereas 3 cannot. A
reasonable hypothesis is that the propyl chain of 4 pene-
trates the cavity of the honeycomb layers, whereas the ethyl
chain of 3 does not. This weaker interaction between the
cation 3 and the anionic network does not allow the transfer
of chirality from the resolved cation to the bimetallic net-
work.


Normalized CD for [(Rp), (L)]-7 and [(Sp),(D)]-7: The CD
spectra for (Rp)-4I and (Sp)-4I show an intense positive (or
negative, respectively) signal at 260 nm and 421 nm. The CD
spectra for [(Rp), (L)]-7 and [(Sp),(D)]-7 show intense posi-
tive (or negative, respectively) signals at 260 nm and 570 nm
(Figure 7).


The signal at 260 nm observed for 4I and 7 is attributed
to the p!p* transition of the cyclopentadienyl groups of
the ferrocenic ammonium. The signal at 575 nm observed
for 7 is attributed to the d–d transition of the tris(oxalato)-
chromate(iii) moiety.[1a] A positive (negative, respectively)
circular dichroic signal at this wavelength is associated to a
(D)- ((L)-, respectively) configuration of the tris(bis-chela-
ted)chromium(iii) ion.[12]


The opposite Cotton effects observed for (Rp)-4I and
(Sp)-4I give indications of the enantiomeric character of the
synthetic process leading to the template cations. This holds
for the synthesis of [(Rp), (L)]-7 and [(Sp),(D)]-7 starting
from (Rp)-4 and (Sp)-4 as well. In this case, the most impor-


Figure 6. 1H NMR spectra (300.13 MHz ) of (Sp)-2I (a) (Rp)-2I (b) (Rp)-
2I + about 0.2 equivalents of rac-2I (c) recorded under the same experi-
mental conditions as in Figure 5.
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tant feature is the appearance of a dichroic signal associated
with the chromium(iii) ions inserted in the honeycomb
layers though [Cr(ox)3]


3� that has been introduced in the re-
action mixture in its racemic form. Moreover the absolute
configuration of the chromium(iii) ion is ruled by the abso-
lute configuration of the template cation. Thus, thanks to
the use of a resolved template cation, the self-assembly of
the anionic network is enantioselective.


Magnetic properties : To study the magnetic ground state of
compounds in which the chromium(iii) ion can exhibit opti-
cal activity, SQUID magnetization measurements were per-
formed on 7 both in its enantiomeric and racemic forms.
The molar susceptibility cM has been measured in a magnet-
ic field of 0.1 T between 2 and 300 K. In all cases, the cMT
product increases monotonically when the temperature is
decreased and then diverges at the low temperature. The
cM


�1 versus T curves are linear between 50 and 300 K and
can be fitted using a Curie–Weiss law cM


�1= (T�V)/C,
where V and C are the Weiss and Curie constants, respec-
tively (Figure 8a). V equals 8.6, 8.3, and 8.7 K and C equals
6.19, 6.31, and 6.23 emuKmol�1 for [(Rp), (L)]-7,
[(Sp),(D)]-7, and rac-7, respectively. The C values are close
to the spin-only value (6.25 emuKmol�1). The small varia-
tions of the Weiss constants are within the error. We thus
exclude any quantitative interpretation of the small varia-
tions observed with the optical purity of the samples. The
behavior of 7 in the paramagnetic state confirms the ferro-
magnetic nature of the exchange interaction between the
metal ions.[3a]


Complex 7 exhibits long-range magnetic order at low tem-
perature (Figure 8b); its Curie temperature is 5.4 K. It is the
same for both enantiomers and for the racemic compound
as well. They compare well with those previously observed
for the racemic analogues.[3a,12] At 2 K, the magnetization
reaches rapidly a saturation value of 7.50 mb which is close
to the spin-only value for two ferromagnetically coupled
MnII and CrIII ions.


These results compare well with those previously publish-
ed. They confirm that the nature of the exchange coupling
within the planes and hence the magnetic ordering tempera-
ture are not very sensitive to the nature of the counter-
cation[3,6,11,14] nor to the optical activity of the compound.[12]


Conclusion


Oxalate-based 2D networks can be obtained in their optical-
ly active forms, leading to materials possessing both a
Cotton effect and magnetic ordering. The optically active
2D networks are available by two routes: resolved (D)- or
(L)-tris(oxalato)metalates(iii) can be used as starting mate-
rials.[1a,12] Alternatively, the more general approach present-
ed here relies on the enantioselective self-assembly of the
anionic network thanks to the chiral templating activity of a
resolved cation. Using 1H NMR spectroscopy in solution,
we have demonstrated that planar chiral ammonium ions
form diastereomeric ion pairs with D3-symmetric anions. In
the case of 2D oxalate-based networks, the enantioselective
self-assembly process could be initiated by the formation of
such diastereomeric ion pairs followed by the incorporation
of MII cations as a new hexacoordinate element, the configu-
ration of which is determined by the resolved starting mate-
rials.


Through these two different methods to control the con-
figuration of magnetically ordered 2D networks, we are now
able to synthesize a wide variety of optically active oxalate-
based magnets even if the tris(oxalato)metalate building
block does not exist or if the resolution is not known.[27]


This versatility, together with the other strategies developed
towards chiral magnets,[28–30] is a valuable tool to understand
the very microscopic factors that govern magneto-chiral ef-
fects.[2]


Figure 7. a) CD curves for [(Sp),(D)]-7 and [(Rp),(L)]-7 in KBr pellets.
b) CD curves for [(Sp),(D)]-7 and [(C5H5)Fe(C5H4)CH2N(C3H7)3][Mn
(D)-Cr(C2O4)3] in KBr pellets, and for (Sp)-2I in MeOH.


Figure 8. Plot of experimental (open diamonds) c�1 versus T curve and
its Curie–Weiss fit (solid line) (a), and field cooled in 0.01 T (b) for
[(Rp), (L)]-7.
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Experimental Section


The IR spectra were recorded on a Bio-Rad IR-FT spectrometer as KBr
pellets in the 4000–250 cm�1 region. Elemental analyses were performed
at the SIARE-UPMC (Paris) and Nesmeyanov Institute (Moscow). Cir-
cular dichroism curves were recorded in the 240–700 nm region on a
Jasco J-810 spectropolarimeter as KBr pellets (2 mg of product in 100 mg
of KBr) or in MeOH. To afford comparison, the spectra were normalized
and corrected for baseline deviation. Optical rotations were measured on
an EPO1 (0.5 cm cell) or Ameria AA5 (10 cm cell) polarimeter.


The 1H NMR spectra (300 MHz) were obtained at room temperature in
5 mm o.d. tubes on a Bruker AC 300 spectrometer equipped with a QNP
probehead (CD2Cl2 solution, c=0.025 molL�1). Chemical shifts are given
according to the IUPAC convention with respect to SiMe4.


Magnetic measurements were performed with a Quantum Design
MPMS-5S SQUID magnetometer in the DC mode for an external mag-
netic field up to 5 T for temperatures ranging between 2 and 300 K.


The powder diffraction patterns were collected at room temperature on a
Philips PW-1050 goniometer using the Bragg–Brentano configuration and
Mn-filtered FeKa radiation. The X-ray powder patterns were analyzed by
the EVA program[20] to check for the absence of the starting compounds,
the crystallinity of the material, and to calculate d spacings.


Synthesis of (Rp)- and (Sp)-N,N-dimethylaminomethyl)-2-methylferro-
cene (1): Optically active (Rp)- and (Sp)-1 were obtained by an asym-
metric cyclopalladation reaction adapted from the literature.[21] A solu-
tion of 1-methoxycarbonyl-2-dimethylaminomethylferrocene (2 g,
6.6 mmol in diethyl ether (50 mL)) resulting from the asymmetric cyclo-
palladation followed by carbonylation, was added dropwise to a suspen-
sion of LiAlH4 (0.25 g, 6.6 mmol) in diethyl ether (100 mL). After the
mixture had been stirred for one hour at room temperature, it was treat-
ed with water. The organic layer was extracted with diethyl ether to give
the corresponding amino alcohol (1.54 g; 85% yield). NaBH4 (1.19 g,
8.84 mmol) and CF3CO2H (0.68 mL, 8.84 mmol) were added to a cooled
(�40 8C) CH2Cl2 solution (250 mL) of the amino alcohol over 15 min.
After the addition, the mixture was poured into a beaker containing ice
and Na2CO3. A solution of Na2SO3 was then added to reduce the ferrici-
nium compounds. Extraction using diethyl ether gave (Rp)- or (Sp)-1
(1.2 g) in 82% yield. NMR and IR spectra of the enantiomers are identi-
cal to those recorded for rac-1.[22]


[a]20D (+)-(Rp)-1=++37 (c=0.117, EtOH); [a]20D (�)-(Sp)-1=�35 (c=
0.173, EtOH).


Synthesis of 2I, 3 I, 4 I and 5I: General procedure : These compounds
were prepared by exchange reaction starting from the (N,N-dimethylami-
nomethyl)-2-methylferrocene (1) precursor previously treated with an
excess of methyl iodide in acetone. The precipitating salt (2I) and was
washed with diethyl ether.


The optically active iodide salts (Rp)- and (Sp)-2I were obtained starting
from (Rp)- and (Sp)-(N,N-dimethylaminomethyl)-2-methylferrocene (1),
respectively.


rac-2I : 1H NMR (300 MHz, 0.025 molL�1, CD2Cl2, TMS): d=4.82 (AB
system, J=13.6 Hz, 2H), 4.51 (m, 1H), 4.33 (m, 1H), 4.30 (m, 1H), 4.22
(s, 5H), 3.22 (s, 9H), 2.16 ppm (s, 3H); elemental analysis calcd (%) for
C15H22FeIN: C 45.14, H 5.56, N 3.51; found: C 45.33, H 5.71, N 3.67;
NCD: (2.5T10�4 molL�1, CH3OH): (Rp)-2I : 263(+), 294(�), 331(+),
421(+), 485(�); NCD (1.66T10�4 molL�1, CH3OH): (Sp)-2I : 263(�),
294(+), 331(�), 421(�), 485(+).


The corresponding N,N,N-trialkyl salts were obtained by refluxing the
methyl iodide salt of the precursor 2I (1.5 g, 3.4 mmol) with a (10 fold)
excess of the corresponding trialkylamine (5 mL) in acetonitrile (20 mL)
for two days. The expected N,N,N-trialkyl iodide salt was obtained as a
(3:1) mixture with the methyl iodide precursor salt 2I and was recovered
after three fractional crystallizations from acetone/diethyl ether mixtures.


The optically active iodide salts (Rp)- and (Sp)-3I, -4I, -5I were prepared
from optically active (Rp)-2I [a]20D =++ 40.1 (c=0.087, CH2Cl2; 95% ee)
and (Sp)-2I [a]20D =� 41.0 (c=0.098, CH2Cl2; 95% ee).


Compound 3I, yield 60% (Rp) [a]20D =++ 38.0 (c=0.132, CH2Cl2); (Sp)
[a]20D =� 41.0 (c=0.098, CH2Cl2); elemental analysis calcd (%) for
C18H28FeIN: C 49.00, H 6.40, N 3.17; found: C 48.96, H 6.42, N 3.11.


Compound 4I, yield 63% (Rp) [a]20D =++47.0 (c=0.122, CH2Cl2) and (Sp)
[a]20D =�45.0 (c=0.220, CH2Cl2); elemental analysis calcd (%) for
C21H34FeIN: C 52.19, H 7.09, N 2.90; found: C 51.97, H 7.08, N 2.83.


Compound 5I, yield 54% (Rp) [a]20D =++29.0 (c=0.038, CH2Cl2) and (Sp)
[a]20D =� 27.0 (c=0.029, CH2Cl2); elemental analysis calcd (%) for
C24H40FeIN: C 54.87, H 7.67, N 2.67; found: C 54.73, H 7.76, N 2.84.


Synthesis of {rac-[1-CH2N(C2H5)3-2-CH3-C5H3Fe-C5H5][MnCr(C2O4)3]}
(6): {rac-[1-CH2N(C2H5)3-2-CH3�C5H3Fe�C5H5]I} (3I) (30 mg,
0.068 mmol) was dissolved in methanol (0.20 mL) in a 10-mL tube, while
in another tube K3[rac-{Cr(C2O4)3}]·3H2O (33 mg, 0.068 mmol) and
MnCl2·4H2O (14 mg, 0.068 mmol) were dissolved in a mixture of water
(0.25 mL) and acetone (0.10 mL). The latter solution was added to the al-
coholic one with a Pasteur pipette; a continuous scratching of the walls
of the tube was carried out to facilitate the precipitation. The solution
was filtered off on a 0.4 mm polycarbonate membrane. The precipitate
was washed with methanol (2T3 mL) and with pure diethyl ether. A pale
greenish microcrystalline powder was recovered (27 mg, 0.04 mmol, 58%
yield). IR (KBr disk): 1632 cm�1; elemental analysis calcd (%) for
C24H28O12NFeCrMn: C 42.07, H 4.12, N 2.04; found: C 40.62, H 4.10, N
2.15.


Synthesis of {(Rp)-1-CH2N(C2H5)3--2-CH3-C5H3Fe-C5H5[MnCr(C2O4)3]}
[(Rp)]-6 and {(Sp)-1-CH2N(C2H5)3--2-CH3-C5H3Fe-C5H5[MnCr(C2O4)3]}
[(Sp)]-6 : The experimental procedure was the same as for the racemic
compound except for the starting ferrocenic moiety that was the corre-
sponding (Rp)- or (Sp)-3I enantiomer. NCD studies led us to conclude
that no optical activity is observed for the d–d chromium transition.


Synthesis of {rac-1-CH2N(n-C3H7)3--2-CH3-C5H3Fe-C5H5[MnCr(C2O4)3]}
(7): {rac-[1-CH2N(n-C3H7)3-2-CH3�C5H3Fe�C5H5]I} (4I) (140 mg,
0.30 mmol) was dissolved in methanol (1.2 mL) in a 10-mL tube, while in
another tube K3[rac-{Cr(C2O4)3}]·3H2O (120 mg, 0.246 mmol) and
MnCl2·4H2O (60 mg, 0.30 mmol) were dissolved in water (1 mL). The
aqueous solution was added to the alcoholic one with a Pasteur pipette;
a continuous scratching of the walls of the tube was carried out to facili-
tate the precipitation. The solution was filtered on a 0.4 mm polycarbon-
ate membrane. The precipitate was washed with a methanol–water (3:1)
mixture (2T4 mL) and filtered, then washed with pure methanol (2T
5 mL) and once with diethyl ether. A pale greenish microcrystalline
powder was recovered (75 mg, 0.10 mmol, 42% yield). IR (KBr disk):
1628 cm�1; elemental analysis calcd (%) for C27H34O12NFeCrMn: C 44.59,
H 4.71, N 1.93; found: C 43.78, H 4.82, N 1.91.


Synthesis of {(Rp)-1-CH2N(n-C3H7)3--2-CH3-C5H3Fe-C5H5[Mn (L)-
Cr(C2O4)3]} [(Rp), (L)]-7 and {(Sp)-1-CH2N(n-C3H7)3--2-CH3-C5H3Fe-
C5H5[Mn (D)-Cr(C2O4)3]} [(Sp),(D)]-7: The experimental procedure was
the same as for the racemic compound except for the starting ferrocenic
moiety that was the corresponding (Rp)- or (Sp)-4I enantiomer.


[(Rp), (L)]-7: NCD: 260(+),315(+), 365(�), 420(+), 480(�), 575(+).


[(Sp),(D)]-7: NCD: 260(�), 315(�), 365(+), 420(�), 480(+), 575(�).
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Enantioselective Cyanosilylation of Ketones by a Catalytic Double-
Activation Method with an Aluminium Complex and an N-Oxide


Fu-Xue Chen,[a] Hui Zhou,[a] Xiaohua Liu,[a] Bo Qin,[a] Xiaoming Feng,*[a]


Guolin Zhang,[b] and Yaozhong Jiang[c]


Introduction


Optically active cyanohydrins are versatile intermediates in
organic synthesis.[1,2] Enantioselective cyanosilylation and
cyanocarbonation of ketones with the aid of metal-based
Lewis acids[3–6] and organic bases[7] have been reported as
the common approaches for the asymmetric synthesis of
non-racemic tertiary cyanohydrins. These reports provide
useful methods for the enantioselective construction of qua-
ternary stereocenters from prochiral ketones.[1] However,
the development of asymmetric cyanosilylation of ketones is
still a challenge in terms of catalyst efficiency and substrate
generality. Here we describe an advance toward this goal
through double-activation catalysis (Scheme 1).[8]


We have recently reported asymmetric Strecker reactions
promoted by stoichiometric chiral N-oxides,[9] asymmetric


addition of TMSCN (TMS = trimethylsilyl) to aldehydes by
salen–TiIV complexes,[10a,b] and bifunctional N-oxide titanium
complex-catalyzed enantioselective cyanosilylation of ke-
tones.[10c,d] Subsequently, a double-activation catalyst system
for the syntheses of racemic and non-racemic cyanohydrins
has been developed.[11] Our strategy involves the simulta-
neous activation of the substrate ketone by Lewis acid and
of the reagent TMSCN by Lewis base (Scheme 1). Guided
by this hypothesis, series of metal complexes with ligands
1 a–n (Figure 1) and N-oxides 2 a–e (Figure 2) were prepared
and applied to the asymmetric cyanosilylation of ketones,
with high catalytic turnovers of up to 1000.


Results and Discussion


Optimization of the catalysts : Building on the understanding
of the catalytic capability of salen–metal complexes in the
asymmetric addition of TMSCN to carbonyl com-
pounds,[10a,11] complexes of different metals with 1 a were
used to catalyze the cyanosilylation of acetophenone at
�20 8C with 2 equiv TMSCN with respect to acetophenone
as the model reaction. The results are summarized in
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Abstract: Double-activation catalysis
promises high catalytic efficiency in the
enantioselective cyanosilylation of ke-
tones through the combined use of a
Lewis acid and a Lewis base. Catalyst
systems composed of a chiral salen–Al
complex and an N-oxide have high cat-
alytic turnovers (200 for aromatic ke-
tones, 1000 for aliphatic ones). With


these catalysts, a wide range of aliphat-
ic and aromatic ketones were convert-
ed under mild conditions into tertiary
cyanohydrin O-TMS ethers in excellent


yields and with high enantioselectivities
(94% ee for aromatic ketones, 90% ee
for aliphatic ones). Preliminary mecha-
nistic studies revealed that the salen–
Al complex played the role of a Lewis
acid to activate the ketone and the N-
oxide that of a Lewis base to activate
TMSCN; that is, double activation.


Keywords: asymmetric catalysis ·
cyanohydrins · double activation ·
enantioselectivity · ketones


Scheme 1. General concept of the double-activation catalysis.


I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400506 Chem. Eur. J. 2004, 10, 4790 – 47974790


FULL PAPER







Table 1. Et3Al gave more promising enantioselectivity than
Ti(OiPr)4 (Table 1, entries 1 and 2). Although Et2AlCl ex-
hibited higher enantioselective inductivity than Et2AlCN
and Al(OiPr)3, the chemical yield was poor (Table 1, en-
tries 5 vs 3/4). Other metals such as Ni(acac)2 and Cu(OTf)2
catalyzed this reaction but with no enantioselectivity
(Table 1, entries 7 and 8). Et3Al was thus chosen to assess
the following ligands.


Tetradentate, tridentate, and bidentate ligands (see
Figure 1) were then examined for enantioselectivity, with
the results listed in Table 2. The data suggested that smaller
H atom at the 3’-position of the phenolic ring in the salen


ligand was beneficial to the enantioselectivity (Table 2,
entry 5 vs entries 1–4). The presence of the larger adaman-
tanyl group at the 3’-position even abolished the asymmetric
inductivity completely (Table 2, entry 4). Substituents at the
5’-position also had important effects on the ee values: it
could be seen that an appropriate electron-deficient group
at the 5’-position of the ligand produced a higher enantiose-
lectivity than an electron-rich or a sterically bulky one
(Table 2, entries 6–11). The catalyst derived from the 5’-
bromo-substituted 1 k exhibited the highest enantioselectivi-
ty. Tetradentate analogue (1 l) gave poor enantioselectivity
(Table 2, entry 12). Selected bidentate ligands and tridentate
mono-Schiff bases had no asymmetric inductivity at all
(Table 2, entries 13–17).


To investigate the effect of the third Et group attached to
the aluminium in 1 k·Et3Al complex, series of counterions
were employed to generate the Lewis acids. The results in
Table 3 demonstrate that counterions had slight effect on
the enantioselectivity. Sterically hindered phenolic ions de-
creased the enantioselectivity slightly (Table 3, entries 1–3),
but the reaction rate sharply (Table 3, entry 3). Other phe-
nolic ions showed few effects on the ee values (Table 3, en-
tries 4–6). Further, 13C NMR analysis indicated that this Et
group did not exchange with cyanide under the reaction
conditions.[12]


Solvent effects were studied next, with the results sum-
marized in Table 4. In moderately polar solvents, this trans-
formation proceeded with comparable enantioselectivities
(Table 4, entries 1–3). THF was the most favorable solvent
for enantioselectivity (Table 4, entry 4). Use of more polar
solvents, however, reduced the enantioselectivities (Table 4,
entry 5). No reaction occurred in the dipolar solvent DMSO
(Table 4, entry 6).


Various N-oxides[13a] and other dipolar molecules were
evaluated in the model reaction, with the results listed in


Figure 1. Ligands evaluated in this study.


Table 1. Asymmetric cyanosilylation of acetophenone catalyzed by Lewis
acids and N-oxides.[a]


Entry Lewis acid (mol%) 2 d [mol%] Yield [%] ee [%][b]


1 1a·Ti(OiPr)4 (2) 1 11 74
2 1a·AlEt3 (2) 1 45 83
3 1a·Al(OiPr)3 (2) 1 17 14
4 1a·Et2AlCN (2) 1 36 56
5 1a·Et2AlCl (2) 1 trace 87
6 1a·Et2Zn (2) 1 trace 72
7 1a·Ni(acac)2 (2) 1 trace 0
8 1a·Cu(OTf)2 (2) 1 80 0


[a] All reactions were carried out at �20 8C for 78 h with the indicated
amount of the catalysts, TMSCN (2 equiv), concentration of acetophe-
none = 0.8m in CH2Cl2. [b] Determined by chiral GC analysis on Chira-
sil DEX CB.


Table 2. Effect of the ligand structure on the enantioselectivity.[a]


Entry Ligand Yield [%] ee [%][b]


1[c] 1 a 45 83
2 1 b 99 70
3 1 c 99 53
4 1 d trace 0
5 1 e 52 81
6 1 f 94 75
7 1 g 73 82
8 1 h 99 81
9 1 i 50 83
10 1 j 99 73
11 1 k 96 88
12 1 l 45 51
13 1 m ND 0
14 1 n 19 0
15 (R)-binol trace 0
16 l-taddol 12 0


[a] All reactions were carried out with chiral Al complex (1:1, 2 mol%)
and N-oxide 2 d (1 mol%) at �20 8C over 24 h, TMSCN (2 equiv), con-
centration of acetophenone = 0.8m in CH2Cl2. [b] Determined by chiral
GC analysis on Chirasil DEX CB. [c] This was performed at �20 8C for
120 h with the indicated amount of the catalysts, concentration of aceto-
phenone = 0.12m in CH2Cl2.


Figure 2. N-oxides assessed in this study.
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Table 5. Cyclic and acyclic tertiary amine N-oxides exhibited
varying enantioselectivities (Table 5, entries 1–3). Aromatic
tertiary aniline N-oxide (2 d) was the best Lewis basic com-
plementary catalyst (Table 5, entry 4). The presence of a
methyl substituent on the phenyl ring of 2 d was not benefi-
cial to the enantioselectivity (Table 5, entry 5). Dipolar
phosphine oxide was able to promote this reaction with a
moderate enantioselectivity (Table 5, entry 6) by activating
the nucleophilic TMSCN.[5,14] There are a great many exam-
ples of stable complexes between N-oxides and diverse met-
als,[13b] but in this case N-oxides and metal complexes could
be used cooperatively to catalyze the enantioselective cya-
nosilylation of ketones, which removed concerns relating to
binding between Lewis acid and Lewis base.[8b] N-Oxides
have frequently been employed in asymmetric organic syn-
thesis.[13c–e]


The catalyst loading and ratio were investigated intensive-
ly, with the results summarized in Table 6. Higher catalyst
loading (5 mol%) was inferior to lower loading (2 mol%) in
terms of catalyst efficiency (Table 6, entries 1 vs 2), which
might be a result of the increased possibility of binding be-
tween Lewis acid and Lewis base at higher catalyst concen-
trations in the reaction mixture (see Table 9, entry 4). Any
deviation of the molar ratio of 1 k to AlEt3 from 1:1 resulted
in a certain decrease in the enantioselectivity (Table 6,
entry 2 vs 3/4/5). Interestingly, a slightly higher enantioselec-
tivity was obtained if a lower catalyst loading was applied


(Table 6, entries 6–8). The practical level of catalyst for this
reaction is 0.5 mol%. Fortunately, the greatly reduced reac-
tion rate caused by low catalyst loading could be overcome
to some extent by increasing the concentration (Table 6, en-
tries 7–8). It was not to be recommended that this transfor-
mation be performed with no solvent (Table 6, entry 9).


Temperature clearly affected the enantioselectivity, as
shown in Table 7. The optimum enantioselectivity—of
93% ee—was obtained on reduction of the temperature
from 0 to �20 8C (Table 7, entries 1–2). Curiously, any fur-
ther decrease in the reaction temperature greatly reduced
the enantioselectivities (Table 7, entries 3–4).


Table 3. Counterion effect on the enantioselectivity.[a]


Entry Counterion Yield [%] ee [%][b]


1 none 96 88


2 99 77


3 27 72


4 76 86


5 95 80


6 93 81


[a] All reactions were carried out with 1 k·AlEt3 complex (1:1, 2 mol%)
and N-oxide 2 d (1 mol%) at �20 8C over 24 h, TMSCN (2 equiv), con-
centration of acetophenone = 0.8m in CH2Cl2. [b] Determined by chiral
GC analysis on Chirasil DEX CB.


Table 4. Solvent effect on the enantioselectivity.[a]


Entry Solvent Yield [%] ee [%][b]


1 CH2Cl2 96 88
2 Et2O 95 87
3 benzene 99 86
4 THF 95 90
5 CH3CN 89 77
6 DMSO NR –


[a] All reactions were carried out with 1 k·AlEt3 complex (1:1, 2 mol%)
and N-oxide 2 d (1 mol%) at �20 8C over 24 h, TMSCN (2 equiv), con-
centration of acetophenone = 0.8m. [b] Determined by GC analysis on
Chirasil DEX CB.


Table 5. Asymmetric cyanosilylation of acetophenone catalyzed by
1k·AlEt3 complex and Lewis bases.[a]


Entry Lewis base Yield [%] ee [%][b]


1 2a 98 28
2 2b 98 65
3 2c 92 81
4 2d 95 90
5 2e 96 75
6 Ph3PO 62 88


[a] All reactions were carried out with 1 k·AlEt3 complex (1:1, 2 mol%)
and Lewis base (1 mol%) at �20 8C over 24 h, TMSCN (2 equiv), con-
centration of acetophenone = 0.8m in THF. [b] Determined by chiral
GC analysis on Chirasil DEX CB.


Table 6. Effects of the catalyst loading and the metal/ligand ratio on the
enantioselectivity.[a]


Entry 1 k/Et3Al/2 d
[mol%]


[PhCOCH3]
[m]


t [h/
d]


Yield
[%]


ee
[%][b]


1 5:5:2.5 0.8 24 h 41 77
2 2:2:1 0.8 24 h 95 90
3 2.5:2:1 0.8 24 h 82 86
4 2.2:2:1 0.8 24 h 97 85
5 1.8:2:1 0.8 24 h 99 88
6 1:1:0.5 0.8 36 h 98 92
7 0.5:0.5:0.25 1.5 46 h 94 93
8 0.09:0.09:0.045 2.4 16 d 99 94
9 0.01:0.01:0.005 no solvent 20 d trace 63


[a] All reactions were carried out at �20 8C in THF with TMSCN
(2 equiv) under the conditions indicated. [b] Determined by GC analysis
on Chirasil DEX CB.


Table 7. Temperature effect on the enantioselectivity.[a]


Entry T [8C] Yield [%] ee [%][b]


1 0 95 87
2 �20 94 93
3 �40 81 57
4 �78 14 66


[a] All reactions were carried out with 1 k·AlEt3 complex (1:1, 0.5 mol%)
and Lewis base (0.25 mol%) at �20 8C over 46 h, TMSCN (2 equiv), con-
centration of acetophenone = 1.5m in THF. [b] Determined by GC anal-
ysis on Chirasil DEX CB. In summary, the optimum catalyst efficiency
could be achieved under these conditions: 1k·AlEt3 complex (0.1–
0.5 mol%), N-oxide 2d (0.05–0.25 mol%), TMSCN (2 equiv), [ketone] =


2.4–1.5m in THF, �20 8C.
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Substrate generality : This highly efficient catalyst system
tolerated a wide range of aromatic, aliphatic, heterocyclic,
and sterically bulky cyclic ketones as the substrates under
the optimized conditions. As depicted in Table 8, aromatic
and bulky cyclic ketones were converted into the corre-
sponding O-TMS cyanohydrins (4 a–m) both in excellent
chemical yields (94–99%) and with excellent enantioselec-
tivities (90–94% ee ; Table 8, entries 1–8). The ethyl ketone


or b-acetonaphthone, however,
gave smaller ee values than ace-
tophenone (Table 8, entries 9,
10 vs 1). Aliphatic ketones en-
joyed catalytic turnovers as
high as 1000 with excellent
chemical yields and moderate
to excellent enantioselectivities
(Table 8, entries 11–13). Nota-
bly the non-functionalized alkyl
ketone 3 m was converted with
such high enantioselectivity
(Table 8, entry 13) for the first
time.


About the mechanism : To pro-
vide insight into the mecha-
nism, control experiments were
performed. As shown in
Table 9, neither 1 k·AlEt3 com-
plex nor the N-oxide 2 d on its
own was effective enough to ac-
celerate the addition of
TMSCN to acetophenone
(Table 9, entries 1, 2). Only
when these two were used syn-
ergistically in a double-activa-
tion way could this transforma-
tion perform excellently
(Table 9, entry 3). In addition,
when the N-oxide was mixed
with the Lewis acid at the start
of the reaction, rather than by
following the typical procedure
(see Experimental Section), the
product was obtained with com-
parable enantioselectivity but in
low yield (Table 9, entry 4 vs.
3).


Moreover, in comparison
with other dipolar molecules
such as chiral N-oxides[9,13c–f]


and phosphine oxide,[14] the N-
oxide 2 d in this system should
act as Lewis base rather than
additively[15] to coordinate to,
and thus activate, the nucleo-
phile TMSCN. Entries 5 and 6
in Table 9 also collaterally pro-
vide evidence for the double-
activation hypothesis with the


use of (R)-binol titanium complex and (R)-3,3’-dimethyl-
2,2’-biquinoline N,N’-dioxide (OBIQ).[13c] Direct evidence of
the coordination of the N-oxide to TMSCN was observed by
1H NMR analyses.[16] Therefore, salen–Al complex and N-
oxide should work cooperatively in the model of asymmetric
double-activation catalysis, the aluminium complex as a
Lewis acid to activate the substrate ketone and the N-oxide
as a Lewis base to activate the TMSCN.


Table 8. Enantioselective cyanosilylation of ketones catalyzed by 1k·AlEt3 complex and N-oxide 2d.[a]


Entry Ketone 3 Method t [h/d] Yield [%] ee [%][b]


1 3a
A
B


46 h
16 d


94
99


93[c]


94


2 3b
A
B


48 h
9.5 d


99
99


92
90


3 3c A 28 h 98 92


4 3d A 66 h 99 90


5 3e A 24 h 99 92


6 3 f
A
B


32 h
9 d


99
99


88
92


7 3g
A
B


40 h
7 d


99
99


86
90


8 3h
A
B


36 h
9 d


95
95


90
90


9 3 i
A
B


40 h
13 d


92
99


84
87


10 3j
A
B


3 d
16 d


96
99


79
81(>99)[d]


11 3k B 36 h 99 79


12 3 l B 36 h 95 80


13 3m B 36 h 80 90


[a] Method A : 1 k·AlEt3 complex (1:1, 0.5 mol%), 2 d (0.25 mol%), TMSCN (2 equiv), �20 8C, [ketone] =


1.5m in THF. Method B : 1 k·AlEt3 complex (1:1, 0.1 mol%), 2 d (0.05 mol%), TMSCN (2 equiv), �20 8C,
[ketone] = 2.4m in THF. [b] Determined by GC analysis on Chirasil DEX CB. [c] The absolute configuration
was established as R by comparison of the sign of the optical rotation value with that in the literature
(ref. [5c]). [d] Determined by HPLC analysis on Chiralpak OJ. The ee value in parentheses was obtained after
recrystallization of the product from n-hexane.
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Consequently, the two components were activated as cor-
responding intermediates A and B as shown in Figure 3, in
which an isocyanide species was involved.[17] The activated
nucleophile and substrate attracted and approached one an-
other, and so the transition state C was formed.[18] Forma-
tion of the more stable O�Si bond then promoted the intra-
molecular transfer of cyanide to carbonyl group, yielding
the product cyanohydrin O-TMS ether. Further mechanistic
investigations should be aimed at illustrating the actual cata-
lytic cycle of the double-activation catalysis.


Conclusion


In conclusion, the work in this paper has demonstrated the
feasibility of the application of double-activation catalysis in
asymmetric addition of TMSCN to aromatic and aliphatic
ketones. It is efficient and practical. The catalyst has high
catalytic turnover (200 for aromatic ketones, 1000 for ali-
phatic ones) and gives excellent yields (up to 99%) and
competitive enantioselectivities (up to 94% ee for aromatic
ketones, up to 90% ee for aliphatic ones). Further efforts
should be devoted to the optimization of the catalyst to en-
hance both enantioselectivity and reactivity, and also to
mechanistic clarification of this reaction.


Experimental Section


General : 1H NMR spectra were recorded on a Varian Unity INOVA 400
machine (400 MHz) or on Bruker instruments (600, 300 MHz). Chemical
shifts are reported in ppm from tetramethylsilane with the solvent reso-
nance as the internal standard (CDCl3, dH = 7.26). Data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet,
m = multiplet), coupling constants (Hz), integration, and assignment.
13C NMR data were also collected on a Varian Unity INOVA 400 ma-
chine (100 MHz) or on Bruker instruments (150, 75 MHz) with complete
proton decoupling. Chemical shifts are reported in ppm from tetrame-
thylsilane with the solvent resonance as internal standard (CDCl3, dC =


77.0). Elemental analyses were performed on a Carlo-1160 apparatus.
Enantiomer ratios were determined by chiral GC analysis on Varian
Chirasil DEX CB or by chiral HPLC analysis on Daicel Chiralcel OD/OJ
in comparison with the authentic racemates. Optical rotation data were
recorded on a Perkin–Elmer Polarimeter-341. All ketones, TMSCN, sub-
stituted salicylal and chiral molecules [(1S,2S)-diamines, (1R,2S)-amino
alcohol, (R)-binol, l-taddol)] were purchased from Acros, Aldrich, and
Fluka, and were used directly without further purification. Solvents were
purified by conventional methods.


(1S,2S)-Salen (1 a):[10a] m.p. 195–197 8C (lit. 199–200 8C);[10a] [a]22D = ++


33.3 (c = 0.6, CHCl3) [lit. [a]20D = ++32.4 (c = 0.25, CHCl3)];
[10a] 1H


NMR (400 MHz, CDCl3): d = 1.22 (d, J = 1.6 Hz, 18H; 2PC(CH3)3),
1.42 (d, J = 2.0 Hz, 18H; 2PC(CH3)3), 4.73 (d, J = 1.6 Hz, 2H; CH�
CH), 6.98 (m, 2H; aromatic H), 7.16–7.20 (m, 10H; aromatic H), 7.31 (d,
J = 2.4 Hz, 2H; aromatic H), 8.40 (d, J = 1.2 Hz, 2H; 2PCH=N), 13.60
(d, J = 2.0 Hz, 2H; 2PArOH, exchangeable with D2O) ppm; 13C NMR
(100 MHz, CDCl3): d = 29.4, 31.4, 34.0, 35.0, 80.1, 117.8, 126.3, 127.1,
127.4, 128.0, 128.2, 136.3, 139.8, 140.0, 157.9, 167.2 ppm.


(1S,2S)-Salen (1 b):[10a] m.p. 69–71 8C; [a]22D = �140.4 (c = 0.99, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 1.41 (s, 18H; 2P tBu), 2.18 (s, 6H; 2P
Me), 4.68 (s, 2H; CH�CH), 6.77 (d, J = 1.6 Hz, 2H; aromatic H), 7.05
(d, J = 1.6 Hz, 2H; aromatic H), 7.17–7.21 (m, 10H; aromatic H), 8.30
(s, 2H; 2PCH=N), 13.50 (s, 2H; 2PArOH) ppm; 13C NMR (100 MHz,
CDCl3): d = 20.6, 29.3, 34.7, 80.2, 118.2, 126.5, 127.4, 128.0, 128.3, 130.0,
130.6, 136.7, 140.0, 157.9, 166.9 ppm.


(1S,2S)-Salen (1 c): m.p. 109–110 8C; 1H NMR (400 MHz, CDCl3): d =


4.76 (s, 2H; CH�CH), 7.09 (d, J = 2.4 Hz, 2H; aromatic H), 7.12–7.15
(m, 4H; aromatic H), 7.20–7.23 (m, 6H; aromatic H), 7.38 (d, J =


2.8 Hz, 2H; aromatic H), 8.27 (s, 2H; 2PCH=N), 14.07 (s, 2H; 2PAr-
OH) ppm; 13C NMR (100 MHz, CDCl3): d = 80.0, 119.4, 122.5, 123.4,
127.7, 128.1, 128.7, 129.5, 132.6, 138.0, 155.6, 164.6 ppm; HRMS (ESI):
calcd for C28H20Cl4N2O2: 557.0352; found 557.0356 [M+H]+ .


(1S,2S)-Salen (1 d): The precursor 3-adamantanyl-5-tert-butylsalicylalde-
hyde was synthesized similarly to the literature procedure.[19] M.p.
128–130 8C; 1H NMR (400 MHz, CDCl3): d = 1.33 (s, 9H; tBu), 1.79 (s,
6H; adamantanyl H), 2.09–2.14 (m, 9H; adamantanyl H), 7.33 (d, J =


1.6 Hz, 1H; aromatic H), 7.53 (s, 1H; aromatic H), 9.86 (s, 1H;
CHO) ppm; 13C NMR (100 MHz, CDCl3): d = 28.9, 31.3, 34.3, 37.0, 37.2,
40.2, 119.9, 127.7, 132.0, 137.8, 141.7, 159.3, 197.5 ppm; IR (KBr): ñmax =


2954, 1649, 1618, 1459 cm�1.


Compound 1 d : m.p. 190–192 8C; [a]22D = �75.0 (c = 1.2, CH2Cl2);
1H NMR (400 MHz, CDCl3): d = 1.22 (s, 18H; 2P tBu), 1.57 (s, 4H; ada-
mantanyl H), 1.84 (m, 10H; adamantanyl H), 2.08–2.16 (m, 16H; ada-
mantanyl H), 4.72 (s, 2H; CH�CH), 6.97 (s, 2H; aromatic H), 7.18 (m,
10H; aromatic H), 7.26 (d, J = 1.2 Hz, 2H; aromatic H), 8.40 (s, 2H; 2P
CH=N), 13.52 (s, 2H; 2PArOH) ppm; 13C NMR (100 MHz, CDCl3): d =


29.1, 31.4, 34.1, 37.2, 40.2, 80.1, 117.9, 126.3, 127.1, 127.3, 128.0, 128.2,
136.6, 139.8, 140.0, 158.2, 167.4 ppm; IR (KBr): ñmax = 1626 cm�1 (CH=


N); HRMS (ESI): calcd for C56H68N2O2: 801.5354 [M+H]+ ; found
801.5374 [M+H]+ .


(1S,2S)-Salen (1 e):[10a] m.p. 155–156 8C; [a]22D = �12.4 (c = 1.37, CH2Cl2)
{lit. [a]20D = �11.9 (c = 1.0, CHCl3)}


[10a] ; 1H NMR (400 MHz, CDCl3): d
= 4.73 (s, 2H; CH�CH), 6.81 (dt, J = 8.4, 2.0 Hz, 2H; aromatic H), 6.95
(d, J = 8.4 Hz, 2H; aromatic H), 7.11–7.28 (m, 14H; aromatic H), 8.29
(s, 2H; 2PCH=N), 13.32 (s, 2H; 2PArOH) ppm; 13C NMR (100 MHz,
CDCl3): d = 80.2, 116.9, 118.5, 118.7, 127.6, 127.8, 128.3, 131.7, 132.5,
139.3, 160.9, 166.1 ppm


Table 9. Control experiments.[a]


Entry 1k [mol%] 2d [mol%] Yield [%] ee [%][b]


1 0 0.25 0 –
2 0.5 0 0 –
3 0.5 0.25 94 93
4[c] 0.5 0.25 21 92
5[d] (R)-binol·Ti(OiPr)4 (� )-OBIQ 11 43
6[d] (R)-binol·Ti(OiPr)4 (R)-OBIQ 21 51


[a] Conditions: �20 8C, 46 h, TMSCN (2 equiv), [PhCOCH3] = 1.5m in
THF. [b] Determined by GC analysis on Chirasil DEX CB. [c] 1k, AlEt3,
and 2 d were mixed together at the start of the reaction to generate the
catalyst at RT for 1 h, followed by addition of acetophenone and
TMSCN. [d] This was carried out with 20 mol% of the titanium complex
and 20 mol% of OBIQ at 0 8C over 84 h, [PhCOCH3] = 0.12m, OBIQ =


3,3’-dimethyl-2,2’-biquinoline N,N’-dioxide (ref. [13c]).


Figure 3. The proposed intermediates and transition state involved in the
enantioselective cyanosilylation of ketones by double-activation catalysis.
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(1S,2S)-Salen (1 f): m.p. 55–56 8C; [a]22D = ++13.0 (c = 1.61, CH2Cl2);
1H


NMR (400 MHz, CDCl3): d = 2.21 (s, 6H; 2PMe), 4.69 (s, 2H; CH�
CH), 6.86 (m, 2H; aromatic H), 6.92 (m, 2H; aromatic H), 7.06–7.09 (m,
2H; aromatic H), 7.16–7.21 (m, 10H; aromatic H), 8.26 (s, 2H; 2PCH=


N), 13.07 (s, 2H; 2PArOH) ppm; HRMS (ESI): calcd for C30H28N2O2:
449.2224; found 449.2222 [M+H]+ .


(1S,2S)-Salen (1 g):[10a] m.p. 91–93 8C [lit. 89–91 8C];[10a] [a]22D = ++12.0 (c
= 3.58, CH2Cl2) {lit. [a]20D = ++4.9 (c = 4.0, CH2Cl2)};


[10a] 1H NMR
(400 MHz, CDCl3): d = 3.70 (s, 6H; 2PCH3O), 4.71 (s, 2H; CH�CH),
6.64 (s, 2H; aromatic H), 6.89 (m, 4H; aromatic H), 7.16–7.21 (m, 10H;
aromatic H), 8.26 (s, 2H; 2PCH=N), 12.82 (s, 2H; 2PArOH) ppm; 13C
NMR (100 MHz, CDCl3): d = 55.8, 80.3, 114.9, 117.6, 118.1, 119.8, 127.6,
127.8, 128.4, 139.3, 152.0, 155.1, 165.9 ppm.


(1S,2S)-Salen (1 h): m.p. 188–190 8C; [a]22D = �8.3 (c = 1.32, CH2Cl2);
1H


NMR (400 MHz, CDCl3): d = 1.23 (s, 18H; 2P tBu), 4.72 (s, 2H; CH�
CH), 6.89 (d, J = 8.8 Hz, 2H; aromatic H), 7.12 (d, J = 0.8 Hz, 2H; aro-
matic H), 7.15–7.19 (m, 10H; aromatic H), 7.31 (dd, J = 8.8, 1.2 Hz, 2H;
aromatic H), 8.34 (s, 2H; 2PCH=N), 13.12 (s, 2H; 2PArOH) ppm; 13C
NMR (100 MHz, CDCl3): d = 31.3, 33.9, 80.2, 116.3, 117.9, 127.5, 127.9,
128.2, 128.3, 129.9, 139.6, 141.4, 158.6, 166.6 ppm; HRMS (ESI): calcd for
C36H40N2O2: 533.3163; found 533.3173 [M+H]+ .


(1S,2S)-Salen (1 i): m.p. 188–190 8C; [a]22D = �64.8 (c = 1.1, CH2Cl2);
1H


NMR (400 MHz, CDCl3): d = 4.79 (s, 2H; CH�CH), 7.04 (d, J =


8.8 Hz, 2H; aromatic H), 7.20–7.24 (m, 10H; aromatic H), 7.29 (d, J =


7.6 Hz, 2H; aromatic H), 7.38 (t, J = 7.6 Hz, 6H; aromatic H), 7.45 (d, J
= 7.6 Hz, 4H; aromatic H), 7.51 (dd, J = 8.8, 0.8 Hz, 2H; aromatic H),
8.38 (s, 2H; 2PCH=N), 13.38 (s, 2H; 2PArOH) ppm; 13C NMR
(100 MHz, CDCl3): d = 80.2, 117.4, 118.6, 126.5, 126.8, 127.7, 127.8,
128.4, 128.8, 130.1, 131.4, 132.0, 139.3, 140.1, 160.4, 166.3 ppm; HRMS
(ESI): calcd for C40H32N2O2: 573.2537; found 573.2544 [M+H]+ .


(1S,2S)-Salen (1 j):[10a] m.p. 101–104 8C (lit. 86–88 8C);[10a] [a]22D = �12.7 (c
= 1.12, CH2Cl2) {lit. [a]20D = �12.2 (c = 1.0, CH2Cl2)};


[10a] 1H NMR
(400 MHz, CDCl3): d = 4.75 (s, 2H; 2PCH�CH), 6.92 (d, J = 8.8 Hz,
2H; aromatic H), 7.10 (d, J = 2.8 Hz, 2H; aromatic H), 7.16–7.25 (m,
12H; aromatic H), 8.18 (s, 2H; 2PCH=N), 13.26 (s, 2H; 2PArOH) ppm;
13C NMR (100 MHz, CDCl3): d = 80.0, 118.6, 119.2, 123.4, 127.7, 127.9,
128.6, 130.7, 132.6, 138.8, 159.5, 165.1 ppm;


(1S,2S)-Salen (1 k):[10a] This kind of salen ligands was prepared according
to the literature.[10a] [a]22D = �22.9 (c = 1.54, CH2Cl2) {lit. [a]20D = �2.2
(c = 1.0, CH2Cl2)};


[10a] 1H NMR (400 MHz, CDCl3): d = 4.75 (s, 2H;
CH�CH), 6.87 (d, J = 8.8 Hz, 2H; aromatic H), 7.16–7.26 (m, 12H; aro-
matic H), 7.34–7.37 (m, 2H; aromatic H), 8.18 (s, 2H; 2PCH=N), 13.29
(s, 2H; 2PArOH) ppm; 13C NMR (100 MHz, CDCl3): d = 80.0, 110.3,
119.0, 119.8, 127.7, 127.9, 128.6, 133.7, 135.4, 138.8, 160.0, 165.0 ppm.


(1S,2S)-Salen (1 l):[20] m.p. 206–207 8C (lit. 200–203 8C);[20] [a]22D = ++323.8
(c = 1.3, CH2Cl2) {lit. [a]


20
D = �315 (c = 4.0, CH2Cl2 for (1R,2R)-enan-


tiomer)};[20] 1H NMR (400 MHz, CDCl3): d = 1.23 (s, 18H; 2P tBu), 1.41
(s, 18H; 2P tBu), 1.48 (m, 2H; cyclic H), 1.72–1.96 (m, 6H; cyclic H),
3.30–3.33 (m, 2H; CH�CH), 6.98 (d, J = 2.4 Hz, 2H; aromatic H), 7.30
(d, J = 2.0 Hz, 2H; aromatic H), 8.30 (s, 2H; 2PCH=N), 13.72 (s, 2H;
2PArOH) ppm; 13C NMR (100 MHz, CDCl3): d = 24.3, 29.4, 31.4, 33.3,
34.0, 34.9, 72.4, 117.8, 126.0, 126.7, 136.3, 139.8, 158.0, 165.8 ppm.


(1R,2S)-Mono-Schiff base (1 m):[10b] m.p. 124–126 8C (lit.
125.6–126.0 8C);[10b] [a]22D = �16.8 (c = 0.55, CH2Cl2) {lit. [a]


20
D = �17 (c


= 0.6, CHCl3)};
[10b] 1H NMR (600 MHz, CDCl3): d = 2.06 (d, J =


2.0 Hz, 1H; =CH�OH), 4.53 (d, J = 7.0 Hz, 1H; CHN=C), 5.06 (d, J =


7.0 Hz, 1H; CH�OH), 6.82 (s, 1H; aromatic H), 6.95 (d, J = 7.9 Hz;
1H; aromatic H), 7.09 (d, J = 7.9 Hz; 1H; aromatic H), 7.26–7.40 (m,
11H; aromatic H), 8.08 (s, 1H; CH=N), 13.15 (s, 1H; ArOH) ppm.


N-Oxide (2 a):[13a] The N-oxides 2a–e were obtained by direct oxidization
of the corresponding tertiary amines,[13a] except for 2b (NMO), which
was purchased from Acros; 1H NMR (400 MHz, [D6]DMSO): d = 3.31
(s, 9H; 3PCH3) ppm; 13C NMR (100 MHz, [D6]DMSO): d = 61.2.


N-Oxide (2 c):[13a] 1H NMR (400 MHz, [D6]DMSO): d = 2.03–2.09 (m,
1H; cyclic H), 2.16–2.35 (m, 4H; cyclic H), 2.55–2.58 (m, 1H; cyclic H),
2.77–2.81 (m, 2H; cyclic H), 3.20–3.23 (m, 2H; cyclic H), 3.49 (s, 1H;
cyclic H), 3.93 (s, 6H; (CH3)2N)) ppm; 13C NMR (100 MHz, [D6]DMSO):
d = 24.99, 25.03, 26.5, 55.1, 76.6 ppm.


N,N-Dimethylaniline N-oxide (2 d):[13a] 1H NMR (400 MHz, CDCl3): d =


3.66 (s, 6H; CH3), 7.39–7.50 (m, 3H; aromatic H), 7.93 (d, J = 8 Hz,
2H; aromatic H) ppm; 13C NMR (100 MHz, CDCl3): d = 62.7, 119.7,
129.1, 129.3, 153.6 ppm.


N-Oxide (2 e):[13a] 1H NMR (600 MHz, [D6]DMSO): d = 2.08 (s, 3H;
CH3), 2.32 (s, 6H; (CH3)2N), 7.25 (d, J = 8.4 Hz, 2H; aromatic H), 7.93
(d, J = 8.4 Hz, 2H; aromatic H) ppm. 13C NMR (150 MHz, [D6]DMSO):
d = 20.4, 62.7, 120.2, 129.1, 138.1, 152.4 ppm.


(R)-3,3’-Dimethyl-2,2’-bisquinoline N,N’-dioxide (OBIQ):[13c] This com-
pound was prepared and resolved by the literature procedure.[13c] m.p.
223–225 8C; [a]20D = �88.6 (c = 0.64, CHCl3);


1H NMR (400 MHz,
CDCl3): 2.27 (s, 6H; 2PCH3), 7.73–7.64 (m, 6H; aromatic H), 7.86 (d, J
= 7.6 Hz, 2H; H5 and H5’), 8.72 (d, J = 9.2 Hz, 2H; H8 and H8’) ppm;
13C NMR (100 MHz, CDCl3): 17.7, 119.8, 125.1, 127.3, 128.9, 129.1, 130.0,
131.6, 140.1 ppm.


Asymmetric addition of TMSCN to ketones


Typical procedure for Method A (0.5 mol %): Et3Al (9 mL, 25 wt% in
hexane, 0.016 mmol) was stirred under N2 atmosphere with 1 k (8.3 mg,
0.016 mmol) in THF (0.4 mL) at 23 8C for 1 h. After the addition of ace-
tophenone (3a, 0.4 mL, 3.3 mmol), the reaction mixture was cooled to
�20 8C; subsequently a solution of 2d (1.2 mg, 0.008 mmol) was added
which had been separately treated with TMSCN (0.9 mL, 6.6 mmol) in
THF (0.4 mL) at 23 8C for 1 h. The reaction was allowed to proceed at
�20 8C. At completion, the reaction mixture was concentrated and
placed on a silica gel column to give the pure product with diethyl ether/
petroleum ether (1:100 v/v) as the eluent. The desired 2-trimethylsilyl-
oxy-2-phenylpropanenitrile (4 a) was obtained as a colorless oil (0.7 g,
94%). The ee was determined as 93% by chiral GC analysis on Chirasil
DEX CB.


Typical procedure for method B (0.1 mol %): Et3Al (4.5 mL, 25 wt% in
hexane, 0.008 mmol) was stirred with 1 k (4.2 mg, 0.008 mmol) in THF
(0.2 mL) at 23 8C for 1 h under N2 atmosphere. After the addition of ace-
tophenone (3a, 1.0 mL, 8.4 mmol), the reaction mixture was cooled to
�20 8C; subsequently a solution of 2d (0.6 mg, 0.004 mmol) was added
which had been separately treated with TMSCN (2.2 mL, 16 mmol) at
23 8C for 1 h. The reaction was allowed to proceed at �20 8C. At comple-
tion, the reaction mixture was concentrated and placed on a silica gel
column to give the pure product with diethyl ether/petroleum ether
(1:100 v/v) as the eluent. The desired 2-trimethylsilyloxy-2-phenylpropa-
nenitrile (4 a) was obtained as a colorless oil (1.8 g, 99%). The ee was de-
termined by chiral GC analysis on Chirasil DEX CB to be 94%.


2-Trimethylsilyloxy-2-phenylpropanenitrile (4 a): 1.80 g, 99% yield,
94% ee, colorless oil; [a]22D = ++16.9 (c = 2.58, CH2Cl2, 94% ee) [lit.
[a]20D = ++21.9 (c = 1.18, CHCl3, 93% ee)];[5c] 1H NMR (300 MHz,
CDCl3): d = 0.19 (s, 9H; (CH3)3Si), 1.87 (s, 3H; CH3), 7.38–7.58 (m, 5H;
aromatic H) ppm; GC (CP-Chirasil DEX CB, 0.25 mmP25 m, column
temperature = 110 8C (isothermal), inject temperature = 200 8C, detec-
tor temperature = 250 8C, inlet pressure = 8 psi): tr (minor) = 20.0 min,
tr (major) = 20.6 min.


1-Trimethylsilyloxy-1,2,3,4-tetrahydronaphthalene-1-carbonitrile (4 b):
367 mg, 99% yield, 92% ee ; [a]22D = ++10.1 (c = 1.44, CH2Cl2, 92% ee);
1H NMR (300 MHz, CDCl3): d = 0.24 (s, 9H; (CH3)3Si), 2.06 (m, 2H;
CH2), 2.23 (m, 1H; CH2), 2.35 (m, 1H; CH2), 2.85 (m, 2H; CH2), 7.13
(m, 1H; aromatic H), 7.29 (m, 2H; aromatic H), 7.67 (m, 1H; aromatic
H) ppm; 13C NMR (75 MHz, CDCl3): d = 1.3, 18.6, 28.2, 37.6, 69.8,
122.0, 126.6, 127.9, 129.0, 129.2, 135.6, 136.0 ppm; elemental analysis
calcd (%) for C14H19NOSi: C 68.52, H 7.80, N 5.71; found C 68.30, H
7.70, N 6.11; GC (CP-Chirasil DEX CB, 0.25 mmP25 m, column temper-
ature = 130 8C (isothermal), inject temperature = 200 8C, detector tem-
perature = 250 8C, inlet pressure = 8 psi): tr (major) = 46.1 min, tr
(minor) = 46.9 min.


1-Trimethylsilyloxy-(1’-indane)-1-carbonitrile (4 c): 362 mg, 98% yield,
92% ee, colorless oil; [a]22D = ++28.8 (c = 2.34, CH2Cl2, 92% ee) [lit.
[a]20D = ++31.6 (c = 1.52, CHCl3, 88% ee)];[6a] 1H NMR (600 MHz,
CDCl3): d = 0.20 (s, 9H; (CH3)3Si), 2.43–2.47 (m, 1H; cyclic H), 2.70–
2.74 (m, 1H; cyclic H), 2.97–3.02 (m, 1H; cyclic H), 3.10–3.15 (m, 1H;
cyclic H), 7.28 (d, J = 7.2 Hz, 1H; aromatic H), 7.31 (t, J = 14.4 Hz,
1H; aromatic H), 7.36 (td, J = 1.2 Hz, 14.4 Hz, 1H; aromatic H), 7.55
(d, J = 7.2 Hz, 1H; aromatic H) ppm; GC (Chirasil DEX CB, 0.25 mmP
25 m, column temperature = 120 8C (isothermal), inject temperature =
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200 8C, detector temperature = 250 8C, inlet pressure = 8 psi): tr (major)
= 38.4 min, tr (minor) = 38.9 min.


1-Trimethylsilyloxy-(1’-thiophene)-1-carbonitrile (4 d): 330 mg, 99%
yield, 90% ee, colorless oil; [a]22D = ++13.6 (c = 2.13, CH2Cl2, 90% ee);
1H NMR (300 MHz, CDCl3): d = 0.20 (s, 9H; (CH3)3Si), 2.00 (s, 3H;
CH3), 7.00 (m, 1H; aromatic H), 7.21–7.34 (m, 2H; aromatic H) ppm;
13C NMR (CDCl3, 75 MHz): d = 0.78, 33.40, 68.24, 120.82, 124.70,
125.97, 126.61, 146.27 ppm; elemental analysis calcd (%) for
C10H15NOSSi (225.4): C 53.29, H 6.71, N 6.21; found C 53.48, H 6.94, N
6.43; GC (Chirasil DEX CB, 0.25 mmP25 m, column temperature =


110 8C (isothermal), inject temperature = 200 8C, detector temperature
= 250 8C, inlet pressure = 8 psi): tr (minor) = 19.6 min, tr (major) =


20.3 min.


2-Trimethylsilyloxy-2-(4’-methylphenyl)propanenitrile (4 e): 353 mg, 99%
yield, 92% ee ; [a]22D = ++22.1 (c = 2.44, CH2Cl2, 92% ee) [lit. [a]20D = ++


21.3 (c = 1.28, CHCl3, 90% ee)];[5c] 1H NMR (400 MHz, CDCl3): d =


0.16 (s, 9H; (CH3)3Si), 1.84 (s, 3H; CH3), 2.36 (s, 3H; ArCH3), 7.21 (m,
2H; aromatic H), 7.43 (m, 2H; aromatic H) ppm; elemental analysis
calcd (%) for C13H19NOSi: C 66.90, H 8.21, N 6.00; found C 66.78, H
8.03, N 6.39; GC (CP-Chirasil DEX CB, 0.25 mmP25 m, column temper-
ature = 105 8C (isothermal), inject temperature = 200 8C, detector tem-
perature = 250 8C, inlet pressure = 8 psi): tr (minor) = 43.0 min, tr
(major) = 43.8 min.


2-Trimethylsilyloxy-2-(4’-fluorophenyl)propanenitrile (4 f): 1.60 g, 99%
yield, 92% ee, colorless oil; [a]22D = 17.6 (c = 2.7, CH2Cl2, 92% ee); 1H
NMR (400 MHz, CDCl3): d = 0.18 (s, 9H; (CH3)3Si), 1.84 (s, 3H; CH3),
7.08 (m, 2H; aromatic H), 7.52 (m, 2H; aromatic H) ppm; 13C NMR
(100 MHz, CDCl3): d = 1.0, 33.5, 71.0, 115.6 (d, 2JCCF = 21.9 Hz), 121.4,
126.5 (d, 3JCCCF = 8.5 Hz), 138.0, 162.2 (d, 1JCF = 246.4 Hz) ppm; GC
(CP-Chirasil DEX CB, 0.25 mmP25 m, column temperature = 115 8C
(isothermal), inject temperature = 200 8C, detector temperature =


250 8C, inlet pressure = 8 psi): tr (minor) = 17.0 min, tr (major) =


17.6 min.


2-Trimethylsilyloxy-2-(4’-chlorophenyl)propanenitrile (4 g): 1.80 g, 99%
yield, 90% ee, colorless oil; [a]22D = ++18.2 (c = 2.06, CH2Cl2, 90% ee)
[lit. [a]20D = ++29.5 (c = 1.04, CHCl3, 92% ee)];[5c] 1H NMR (400 MHz,
CDCl3): d = 0.19 (s, 9H; (CH3)3Si), 1.83 (s, 3H; CH3), 7.38 (m, 2H; aro-
matic H), 7.48 (m, 2H; aromatic H) ppm; 13C NMR (100 MHz, CDCl3):
d = 1.0, 33.5, 71.0, 121.2, 126.1, 128.8, 134.6, 140.7 ppm; elemental analy-
sis calcd (%) for C12ClH16NOSi: C 56.79, H 6.35, N 5.52; found C 56.82,
H 6.41, N 5.93; GC (CP-Chirasil DEX CB, 0.25 mmP25 m, column tem-
perature = 125 8C (isothermal), inject temperature = 200 8C, detector
temperature = 250 8C, inlet pressure = 8 psi): tr (minor) = 29.1 min, tr
(major) = 29.9 min.


2-Trimethylsilyloxy-2-(3’-chlorophenyl)propanenitrile (4 h): 370 mg, 95%
yield, 90% ee, colorless oil; [a]22D = ++19.6 (c = 2.88, CH2Cl2, 90% ee);
1H NMR (300 MHz, CDCl3): d = 0.22 (s, 9H; (CH3)3Si), 1.86 (s, 3H;
CH3), 7.34–7.55 (m, 4H; aromatic H) ppm; 13C NMR (75 MHz, CDCl3):
d = 1.0, 33.4, 70.9, 121.0, 122.7, 124.8, 128.8, 129.9, 134.6, 144.0 ppm; ele-
mental analysis calcd (%) for C12ClH16NOSi: C 56.79, H 6.35, N 5.52;
found C 56.61, H 6.39, N 5.90; GC (CP-Chirasil DEX CB, 0.25 mmP
25 m, column temperature = 105 8C (isothermal), inject temperature =


200 8C, detector temperature = 250 8C, inlet pressure = 8 psi): tr (minor)
= 57.1 min, tr (major) = 58.0 min.


2-Trimethylsilyloxy-2-phenylbutanenitrile (4 i): 1.80 g, 99% yield, 87% ee,
colorless oil; [a]22D = ++15.7 (c = 1.22, CH2Cl2, 87% ee) [lit. [a]20D = ++


19.4 (c = 1.39, CHCl3, 88% ee)];[5c] 1H NMR (300 MHz, CDCl3): d =


0.15 (s, 9H; (CH3)3Si), 0.99(t, J = 7.2 Hz, 3H; CH3), 1.92–2.23(m, 2H;
CH2), 7.40(m, 3H; aromatic H), 7.50(m, 2H; aromatic H) ppm; GC (CP-
Chirasil DEX CB, 0.25 mmP25 m, column temperature = 110 8C (iso-
thermal), inject temperature = 200 8C, detector temperature = 250 8C,
inlet pressure = 8 psi): tr (minor) = 25.6 min, tr (major) = 26.9 min.


2-Trimethylsilyloxy-2-(2’-naphthyl)propanenitrile (4 j): 2.16 g, 99% yield,
>99% ee (after recrystallization of the product with 81% ee from n-
hexane), white solid; [a]22D = �9.5 (c = 0.58, CH2Cl2, >99% ee) [lit.
[a]20D = ++12.6 (c = 1.99, CHCl3, 94% ee)];[5c] 1H NMR (300 MHz,
CDCl3): d = 0.22 (s, 9H; (CH3)3Si), 1.97 (s, 3H; CH3), 7.54–7.66 (m, 3H;
aromatic H), 7.90–7.93 (m, 3H; aromatic H), 8.07 (d, J = 1.8 Hz, 1H; ar-
omatic H) ppm; HPLC (Chiralcel OJ, iPrOH/n-hexane, 0.5:99.5 v/v,


1.0 mLmin�1, 23 8C, UV 254 nm): tr (major) = 6.0 min, tr (minor) =


7.1 min.


2-Trimethylsilyloxy-2-methylheptanenitrile (4 k): 1.73 g, 99% yield,
79% ee, colorless oil; [a]22D = ++1 (c = 1.62, CH2Cl2, 79% ee); 1H NMR
(600 MHz, CDCl3): d = 0.20 (s, 9H; (CH3)3Si), 2.43–2.47 (m, 1H; cyclic
H), 2.70–2.74 (m, 1H; cyclic H), 2.97–3.02 (m, 1H; cyclic H), 3.10–3.15
(m, 1H; cyclic H), 7.28 (d, J = 7.2 Hz, 1H; aromatic H), 7.31 (t, J =


14.4 Hz, 1H; aromatic H), 7.36 (td, J = 1.2 Hz, 14.4 Hz, 1H; aromatic
H), 7.55 (d, J = 7.2 Hz, 1H; aromatic H) ppm; 13C NMR (150 MHz,
CDCl3): d = 1.5, 14.2, 22.7, 24.2, 29.1, 31.7, 43.6, 69.9, 122.4 ppm; GC
(Chirasil DEX CB, 0.25 mmP25 m, column temperature = 100 8C (iso-
thermal), inject temperature = 200 8C, detector temperature = 250 8C,
inlet pressure = 8 psi): tr (major) = 15.4 min, tr (minor) = 15.7 min.


2-Trimethylsilyloxy-2-methylpentanenitrile (4 l): 1.30 g, 95% yield,
80% ee [(1R,2R)-1k was used in this case], colorless oil; [a]22D = �0.9 (c
= 1.6, CH2Cl2, 80% ee); 1H NMR (600 MHz, CDCl3): d = 0.23 (s, 9H;
(CH3)3Si), 0.97 (t, J = 6 Hz, 3H; CH3), 1.57 (m, 4H; CH2CH2), 2.18 (s,
3H; CH3) ppm; 13C NMR (150 MHz, CDCl3): d = 1.3, 13.8, 17.7, 30.9,
45.5, 69.6, 122.2 ppm; GC (Chirasil DEX CB, 0.25 mmP25 m, column
temperature = 65 8C (isothermal), inject temperature = 200 8C, detector
temperature = 250 8C, inlet pressure = 8 psi): tr (minor) = 11.0 min, tr
(major) = 11.2 min.


2-Trimethylsilyloxy-2-methyl-3-methylbutanenitrile (4 m): 1.11 g, 80%
yield, 90% ee [(1R,2R)-1 k was used in this case], colorless oil ; [a]22D =


�1.1 (c = 1.66, CH2Cl2, 90% ee); 1H NMR (600 MHz, CDCl3): d = 0.24
(s, 9H; (CH3)3Si), 1.03 (t, J =6 Hz, 6H; (CH3)2CH), 1.53 (s, 3H; CH3),
1.86 (hept, J = 6 Hz, 1H; (CH3)2CH) ppm; 13C NMR (150 MHz, CDCl3):
d = 1.2, 17.0, 26.0, 39.1, 73.5, 121.6 ppm; GC (Chirasil DEX CB,
0.25 mmP25 m, column temperature = 65 8C (isothermal), inject temper-
ature = 200 8C, detector temperature = 250 8C, inlet pressure = 8 psi): tr
(minor) = 19.0 min, tr (major) = 19.4 min.
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Rotaxanes, Catenanes, and Knots
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Introduction


Interlocked molecules,[1] that is, rotaxanes, catenanes, and
knots, are not only interesting because of their topology and
the mechanical bond that holds together two otherwise inde-
pendent molecules, but also because they form the basis of
molecular machinery[2] and consequently may be of practical
interest in the future for the realization of miniature
switches and logic gates in molecular electronics.[3] One of


the most important prerequisites for the realization of such
functional species is of course their synthesis, which since
the mid-eighties has been much facilitated by template strat-
egies involving noncovalent bonds that mediate the thread-
ing of one component into the other.[1,4,5] Of these strategies
the most prominent are the coordination of suitably func-
tionalized ligands to metals,[6] p donor–acceptor interactions
between electron-rich and electron-poor aromatic systems,[7]


and hydrogen bonds to cations,[8] neutral molecules,[9] or
anions.[10] Since the design of template effects is still a chal-
lenging task and most of these template effects have been
found coincidentally, a good understanding of the details of
these effects is of prime importance for future research in
this field.


In this contribution, we focus on the templated synthesis
of amidic rotaxanes, catenanes, and knots.[1d,e, 9] The basic
structures of these molecules (1–8) are shown here. The re-
action of the extended diamine 1 with one of the acid chlo-
rides 2 or 3 under high dilution results in the synthesis of
tetralactam macrocycles 4 or 5.[9a,11] Catenane 6 is among
the side products of the macrocyclization of 4, while the tre-
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Abstract: The synthesis of amide rotax-
anes, amide catenanes, and trefoil
amide knots is based on template ef-
fects mediated by hydrogen bonds.
While a large body of experimental
data is available, in-depth theoretical
studies of these template syntheses are
virtually unavailable, although they
would provide a more profound insight
into the exact details of the hydrogen-
bonding patterns involved in the for-
mation of these mechanically inter-
locked species. In this article we pres-
ent a density functional study of the
conformational properties of tetralac-
tam macrocycles and the threading
mechanism that produces the immedi-


ate precursor for rotaxane and cate-
nane formation. Predictions of the geo-
metries and relative energies made on
the basis of semi-empirical AM1 calcu-
lations are compared with these results
in order to judge the reliability of the
simpler approach. Since these calcula-
tions yield good agreement with the
structural features, they have been
used to extend the calculations in order
to understand the mechanism of forma-


tion of a trefoil dodecaamide knot that
has recently been synthesized. The in-
herent topological chirality of the knot
is reflected in the intermediates gener-
ated during its formation; these involve
helical loops. These loops parallel the
rotaxane and catenane wheels with re-
spect to the arrangement of the func-
tional groups that mediate the template
effect and may well serve as wheel ana-
logues through which one of the pre-
cursor molecules can be threaded. This
threading step finally results in the
knotted structure. Good agreement be-
tween the results of the calculations
presented here and experimental find-
ings is achieved.


Keywords: catenanes · density
functional calculations · rotaxanes ·
supramolecular chemistry ·
template synthesis · trefoil knots
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foil dodecaamide knot 8 is formed as a side product in the
formation of macrocycle 5.[12] Rotaxane 7, which is related


to catenane 6 when one considers that the axle bears the
same amide functionalities as the second wheel of the cate-
nane, is available through the reaction of terephthaloyl chlo-
ride and tritylaniline in the presence of macrocycle 4. A
large variety of similar molecules, which differ with regard
to the functional groups attached to the macrocycle or to
the structure of the axleIs center pieces and stoppers in the
case of rotaxanes, have been prepared.


While a significant amount of experimental data is avail-
able for these species, a concise theoretical treatment[13] of
the template effects operative during their formation has
not been reported so far. In particular, the details of the hy-
drogen bonds that mediate the template synthesis are of in-
terest. In an earlier theoretical study, the strengths of several
candidates for such hydrogen-bond motifs were examined
by using smaller model compounds.[14] Here, an attempt is
made to treat the whole system at a reasonable level of
theory by focusing on the structural aspects related to the
template effect. Therefore, the conformational flexibility of
macrocycles such as 4 and 5 was investigated, and then the
noncovalent forces responsible for the formation of cate-
nanes and rotaxanes were analyzed. Finally, the formation
of the trefoil amide knot 8 was found to rely on a very simi-
lar pattern of hydrogen bonding. The results obtained are
compared with the available experimental data in order to
evaluate the performance of the theoretical methods em-
ployed here.


Computational Methods


One of the problems associated with calculating complex structures such
as those examined in this paper is their size and large conformational
space. Owing to the computer time required, high-level ab initio methods
are necessarily of very limited use for conformational studies of these
structures. We have therefore employed a three-step approach. First,
force field calculations together with the Monte Carlo algorithm were
used to generate and optimize a large number of different structures in
order to get an idea of favorable conformations. A selection of the most
favorable structures were then reoptimized at the semi-empirical AM1
level of theory. In order to explore how suitable this approach might be,
the tetralactam macrocycles served as test cases for a comparison of the
semi-empirical and density functional calculations.


Molecular modeling : Conformational searches using the Amber* force
field[15] implemented in MacroModel 8.0[16] were performed. In our expe-
rience, this method gives excellent results particularly when noncovalent
interactions such as hydrogen bonding and van der Waals forces are oper-
ative.[17] Depending on the size of the molecule under study and in pro-
portion to its conformational space, between 3000 (for the macrocycles)
and 6000 structures (for the knot and its precursors) were generated and
optimized during each Monte Carlo simulation, by placing closure bonds
in the macrocycles (one of the amide bonds) and the attached cyclohexyl
side chains (to allow for ring inversions). While the aromatic rings and
the amides were constrained to planarity, all the single bonds (with the
exception of the methyl groups, which become oriented properly in the
optimization anyway) were selected to allow rotations into other confor-
mations. The two wheels of the catenanes and the axle and wheel of the
rotaxanes were treated as independent molecules that can move relative
to each other. Note that during the search, the catenanes may convert to
structures that consist of two independent macrocycles. Similarly, the ro-
taxanes may yield a nonthreaded structure and the knot can be converted
into a simple nonintertwined macrocycle. This problem is merely a result
of the computational algorithm, which treats cyclic molecules like chains
by opening one covalent bond (the closure bond). Since such bond clea-


Abstract in German: Die Synthese von Amidrotaxanen,
Amidcatenanen und dreibl"ttrigen Amidknotanen beruht auf
durch Wasserstoffbr%ckenbindungen vermittelten Templatsyn-
thesen. W"hrend eine Vielzahl von experimentellen Daten
verf%gbar ist, gibt es kaum tiefgreifende theoretische Studien
dieser Templatsynthesen—und das, obwohl sie einen weit de-
taillierteren Einblick in die exakten Einzelheiten der Wasser-
stoffbr%ckenmuster geben w%rden, die in der Erzeugung
mechanisch verkn%pfter Molek%le eine Rolle spielen. Diese
Arbeit berichtet daher %ber eine Dichtefunktionalstudie zu
den konformationellen Eigenschaften der Tetralactam-Mak-
rocyclen und zu den Einf"delungsmechanismen, durch die
die direkten Vorl"ufer der Rotaxane und Catenane gebildet
werden. Voraussagen von semiempirischen AM1-Rechnungen
stimmen mit diesen Ergebnissen hinsichtlich der Strukturen
und Energien gut %berein. Daher werden die Rechnungen auf
semiempirischem Niveau auf den Bildungsmechanismus des
Kleeblattknotens ausgedehnt, der k%rzlich synthetisiert
wurde. Die inh"rente topologische Chiralit"t des Knotens
spiegelt sich in den Intermediaten wieder, die in der Synthese
durchlaufen werden. Helicale Verschlingungen spielen eine
entscheidende Rolle und sind den Rotaxan- und Catenanrei-
fen sehr "hnlich im Hinblick auf die Anordnung der funktio-
nellen Gruppen, die den Templateffekt bewirken. Es besteht
eine gute 4bereinstimmung der theoretischen mit den experi-
mentellen Daten.
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vages do not occur in the real molecule, this, of course, does not have
any chemical implications. In order to prevent this, it is wise to choose
amide bonds at the periphery as closure bonds with a maximum closure
distance of 2 L. For each optimization the number of iterations was set
to 10000 in order to generate fully converged structures. The energy
range of the structures to be stored in the output file was set to
50 kJ mol�1 above the lowest energy conformer. Since this protocol still
does not probe the complete conformational space, such calculations
were repeated with other starting geometries. For example, initial guesses
for the knot precursors were derived from fully extended rodlike struc-
tures as well as from the knot by cutting open one of the amide bonds
without any other change to the structure.


AM1 calculations : The energetically most favorable conformations de-
rived from the Monte Carlo simulations were then reoptimized at the
semi-empirical AM1 level of theory as implemented in the MOPAC ver-
sion delivered with the CaChe 5.0 program.[18] Some structures were also
optimized with Gaussian 98[19] to compare the two programs; these gave
the same results. Generally, good agreement between the force field and
the AM1 calculations was obtained for the structures and relative ener-
gies of the conformers.


Density functional calculations : To compare the semi-empirical calcula-
tions with quantum chemical results, geometry optimizations for the
smaller structures were performed at the density functional (DFT) level
by using the TURBOMOLE 5.4 program.[20] The density functional opti-
mizations were performed with the B3 LYP[21] functional and a basis of
double-zeta quality that includes d-polarization functions (DZP). Fur-
thermore, the B-P functional[22] in the RI approach[23] was also employed
for comparison by using the SV(P) basis as implemented in the TURBO-
MOLE set of programs. For single-point calculations on the threaded
axle/wheel complex, the BHLYP functional[24] and DZP basis were used,
because previous calculations have shown that hydrogen-bonding ener-
gies are described more realistically with this functional.[14] The basis set
superposition error (BSSE) is in these cases considered as a counterpoise
correction.[25] Geometry optimizations that employ the DFT approach
consume a lot of computer time, even for the smaller structures, such as
the tetralactam macrocycles, under study here. Therefore, cyclohexyl
rings were replaced by methylene groups in the DFT calculations. These
groups are not expected to have a significant effect on the relative ener-
gies of the amide group conformations (see discussion below). In order
to study the conformational stability of the macrocycle, the transition
structures for the rotation of the amide groups were optimized at the
AM1 level followed by B3 LYP single-point calculations on the respective
AM1 geometries.


One problem to be borne in mind when comparing experiment and
theory is the fact that measurements are conducted in solution. For most
experiments, dichloromethane was used, because it does not interfere sig-
nificantly with hydrogen bonding. Generally, one assumes that the influ-
ence of such weakly polarized solvents is quite small and that such a sit-
uation in solution is sufficiently close to the gas-phase calculations dis-
cussed here. On the other hand, strongly polar solvents are expected to
affect hydrogen bonds quite markedly. For this reason, we have simulated
the solvent by incorporating dielectric constants e into additional DFT
calculations (DZP/BHLYP) by using the COSMO (conductor-like screen-
ing model)[26] implementation in TURBOMOLE. The values chosen for
e correspond to the gas phase (e=1.0), chloroform (e=4.9), dichlorome-
thane (e=8.9), dimethyl sulfoxide (e=46.7), and, for comparison, e=¥.
These calculations were carried out by using the following default param-
eters: the number of points per atom in the cavity construction (nppa)=
1082, the number of segments (groups of points) per atom (nspa)=92,
the distance threshold for elements of matrix A (disex)=10.0 L, the dis-
tance to the outer solvent sphere (rsolv)=1.3 L, and the distance of the
extra solvent sphere (routf)=0.85 L. For the generation of the cavity the
atomic radii were chosen as 1.17 times the van der Waals radii (1.9890 L
for C, 1.7784 L for O, 1.8135 L for N, and 1.4040 L for H).


Results and Discussion


Conformational flexibility of the tetralactam macrocycle :
For the density functional calculations performed in order


to assess the conformations of the tetralactam macrocycles,
analogue 9, which lacks the two cyclohexyl side groups, was
employed. Five different conformers 9.1–9.5 of this macrocy-
cle were examined by density functional methods (Figure 1).


Although the macrocycles bear six aromatic rings connected
by either methylene groups or amides with their rather high
rotational barrier, they exhibit some conformational flexibil-
ity. We can distinguish an “in-conformation” of the amide
groups with the NH proton pointing into the cavity of the
macrocycle and an “out-conformation”, in which the amide
proton is rotated out of the cavity while the carbonyl group
points inwards. This change in conformation does not signifi-
cantly alter the relative energies of the conformers (Figure 1
and Table 1). The energetically preferred (9.1) and least fa-
vorable (9.5) structures differ by less than 9 kJ mol�1. We at-
tempted to optimize the geometry of several other struc-
tures with two, three, or even four adjacent amide groups in
the out-orientation; however, such structures were found
not to be local minima.


A closer look reveals that the amide NH protons are not
exactly coplanar with the aromatic ring of the isophthalic di-
carboxamide parts. Consequently, the two all-in conforma-
tions 9.1 and 9.2 differ in the directions of the NH groups
relative to the macrocycle plane (side views in Figure 1). In
9.1, both isophthalic dicarboxamide moieties are connected
to one amide group directed below the plane and to one di-
rected above the plane. In 9.2, the two amide NH groups of
each isophthalic dicarboxamide point in the same direction.
These results suggest that two barriers to the conformational
change of an amide group exist. The first barrier for the
transition from 9.1 to 9.2, in which the amide switches be-


Figure 1. Five conformers 9.1–9.5 of tetralactam macrocycle 9 optimized
with the B3 LYP density functional hybrid and a DZP basis. Structures
9.1 and 9.2 are also viewed from the side along the line connecting the
two isophthalic dicarboxamide moieties in order to show the NH groups
above and below the macrocycle plane. The relative energies of these
conformations are very similar to each other. The definitions of the ge-
ometry parameters used in Table 1 for characterizing the cavity sizes and
shapes are shown in the structure of 9.1.
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tween the two orientations above and below the macrocycle
plane, but in which the NH remains oriented towards the
cavity, is computed to be approximately 4 kJ mol�1. It is un-
likely that this process occurs simultaneously for two or
more amide groups. The second barrier represents the tran-
sition of one of the amide groups from an in- to an out-con-
formation and requires approximately 29 kJ mol�1 of activa-
tion energy according to the calculation. Both barriers are
rather low. Furthermore, calculations that model the solvent
for dielectric constants e ranging from 1.0 to 46.7 (DMSO)
show the solvent polarity to have very little influence (less
than 2 kJ mol�1) on the relative stability of the various con-
formations of the macrocycles listed in Table 1. These calcu-
lations predict conformations 9.1–9.5 to be in equilibrium at
room temperature in solution.


The four dimethylphenyl rings of the two diamine sub-
units are perpendicular to the plane of the tetralactam mac-
rocycle for all the conformers studied so that a rhomboid
cavity as defined in Figure 1 is formed whose dimensions
are characteristic of each conformer. The distances a, b, c,
and d and the angles a, b, g, and d are summarized in
Table 1. Taking into account the ease with which transitions
between the five conformers occur, the cavity of the macro-
cycle may well adapt to some extent to the sizes and shapes
of potential guests.


Complexes of axle and wheel—how to achieve a threaded
geometry : After examining favorable conformations of the
wheel, the next step towards an analysis of the template
mechanism that mediates rotaxane formation is to study the
interaction between the tetralactam macrocycle and the
axle. In order to make economic use of computer time, we
placed the truncated axle 10 (Figure 2) into the macrocycle
cavity; this molecule corresponds to a typical[27] amide rotax-
ane axle without the bulky stopper groups. If 10 is inserted
into the all-in-conformer 9.2, in which the two amide NH
protons of each isophthalic dicarboxamide are directed to-
wards the same side of the macrocycle, two hydrogen
bridges are formed between these NH groups and the
oxygen atom of one carbonyl group of the axle (Figure 2).
BHLYP single-point calculations using the B-P RIDFT opti-
mized structures provide a value of approximately
29 kJ mol�1 by which the complex that forms a twofold (bi-
furcated) hydrogen bridge is lower in energy than its sepa-


rate components. The complex of 10 and 9.5 is an alterna-
tive, in which one of the amide groups of the macrocycle is
in an out-conformation so that one carbonyl group points
into the cavity. Although 9.5 is calculated to be the least fa-
vorable conformer of 9, the resulting complex 10·9.5 is
lower in energy than the two separate components by
57 kJ mol�1, owing to the formation of a third hydrogen
bond that connects the NH of the axle amide group to the
carbonyl oxygen atom of the inverted amide within the mac-
rocycle (Figure 2). Consequently, this structure, which has a
total of three hydrogen bonds, is more favorable than its an-
alogue by approximately 28 kJ mol�1. A more detailed anal-
ysis of these binding energies shows that about 13 kJ mol�1


are consumed in the small changes to the geometry of the
components that are needed to realize a perfect geometry
for binding. In other words, the lowering in the electronic
energy due solely to hydrogen bonding would be 42 kJ mol�1


for 10·9.2 and 70 kJ mol�1 for 10·9.5. These values are in
good agreement with calculations on smaller model systems
that have been reported previously,[14] which have shown a
twofold hydrogen bridge to be approximately 1.5 times


Table 1. Relative energies [kJ mol�1] and geometry parameters for the cavities [distances in L, angles in degrees, see Figure 1 for their definition] of five
different tetralactam macrocycle conformations 9.1–9.5 as calculated at the B3 LYP, the B-P RIDFT, and the AM1 levels of theory.


9.1 9.2 9.3 9.4 9.5
B3 LYP B-P AM1 B3 LYP B-P AM1 B3 LYP B-P AM1 B3 LYP B-P AM1 B3 LYP B-P AM1


RIDFT RIDFT RIDFT RIDFT RIDFT


Erel [kJ mol�1] 0.0 0.0 0.0 2.9 3.0 3.0 5.7 6.4 2.5 7.2 7.9 3.2 8.2 8.5 4.9
a [L] 8.45 8.48 8.40 8.46 8.49 8.41 8.39 8.41 8.35 8.32 8.36 8.27 8.57 8.60 8.52
b [L] 8.45 8.50 8.40 [a] [a] [a] 8.68 8.75 8.48 8.76 8.81 8.59 8.50 8.55 8.42
c [L] [a] [a] [a] [a] [a] [a] [a] [a] [a] 8.75 8.81 8.59 8.27 8.29 8.29
d [L] [a] [a] [a] [a] [a] [a] [a] [a] [a] 8.33 8.35 8.27 8.59 8.65 8.46
a [8] 96.4 96.4 97.1 95.9 95.5 96.1 111.9 111.8 108.0 111.0 111.1 107.4 101.8 102.0 99.8
b [8] 83.6 83.6 82.9 84.1 84.5 83.9 68.1 68.2 72.0 71.0 66.7 71.0 78.3 78.3 80.0
g [8] [a] [a] [a] [a] [a] [a] [a] [a] [a] 111.0 111.3 107.5 103.6 103.7 101.4
d [8] [a] [a] [a] [a] [a] [a] [a] [a] [a] 71.0 70.9 74.2 76.2 76.1 78.5


[a] For symmetry reasons, a=c, b=d (a=b=c=d for 9.2), a=g, and b=d.


Figure 2. From left to right: truncated axle 10 and structures of com-
plexes 10·9.2 and 10·9.5 as optimized at the DFT level of theory. Dotted
lines represent hydrogen bonds between the two components. Energies
are the relative energies (Erel) of the two complexes and the electronic
energy differences relative to the two separate components (DEel). The
lengths of the hydrogen bonds (from donor to acceptor heteroatom) are
given.
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stronger than a single hydrogen bridge. On the basis of the
value of 42 kJ mol�1 for the twofold hydrogen bridge deter-
mined for 10·9.2, one can thus estimate the third single hy-
drogen bond in 10·9.5 to provide an additional binding
energy of approximately 28 kJ mol�1, which together with
42 kJ mol�1 provided by the two-old hydrogen bond also
present in 10·9.5, results in a total of 70 kJ mol�1. The other
conformations of macrocycle 9 are not suitable for binding
10 as the guest inside their cavities and a transition to either
9.2 or 9.5 would be required for a favorable arrangement of
the amide groups. On the basis of this “back-bonding” motif
the calculations suggest secondary amides to be much more
suitable as guests for templating rotaxane synthesis than
other carbonyl compounds, such as tertiary amides, esters,
or ketones, which are unable to form the third hydrogen
bond owing to the lack of amide NH.


One might speculate whether p–p stacking interactions
between the axle and the macrocycle play an important role,
because aromatic rings of both components can be oriented
in a parallel fashion. However, the distance of about 5 L be-
tween these rings is much larger than the usual distance of
about 3.5 L between stacked aromatic rings. Since DFT
methods might not treat these interactions correctly, MP2
calculations in the RI approximation,[28] as implemented in
TURBOMOLE 5.4 (TZVP basis), were carried out. They
result in p–p stacking interactions in the order of 5 kJ mol�1


when the counterpoise correction is included and thus con-
firm that stacking interactions do not play a significant role
in the binding of the axle.


The experimental results are in good agreement with
these calculations. First, the hydrogen-bonding patterns ob-
served in X-ray crystal structures of rotaxanes involve all
three hydrogen bonds as calculated.[29] Then, the flexibility
of the amide groups to interconvert between in- and out-
conformations and their hydrogen-bonding capability is re-
flected experimentally in the recently reported deslipping
kinetics of rotaxanes bearing ester groups in the axle.[17c]


These rotaxanes show a distinct solvent effect on the rate
with which the wheel slips over one of the stoppers and lib-
erates the two components. In dimethyl sulfoxide (DMSO),
a highly competitive solvent, deslipping is observed for a
representative rotaxane with a half-life of 560 h at 373 K,
while only a lower limit of 25 000 h could be estimated for
the half-life of the same rotaxane in a noncompetitive sol-
vent such as tetrachloroethane (TCE) at the same tempera-
ture. This dramatic solvent effect is attributed to the forma-
tion of hydrogen bonds between the wheel and the axle in
TCE, while DMSO efficiently competes and forms hydrogen
bonds with the wheel itself. Since the cavity is occupied by
the rotaxane axle, the amide groups need to rotate into an
out-conformation in order to bind the solvent molecules. Fi-
nally, experiments confirm that secondary amides bind sig-
nificantly more strongly than tertiary amides, ketones, acid
chlorides, or esters.[27]


However, the absolute binding constants in dichlorome-
thane solution amount to K=200–300m�1 for secondary
amides, which translates into a binding energy of approxi-
mately 14 kJ mol�1 at room temperature, a value significant-
ly lower than those calculated here. This difference may be


attributed to solvation and entropic effects. It is almost im-
possible to estimate the entropic effects for the solvated spe-
cies under study. On one hand, one might argue that two in-
dependent molecules form a complex causing the entropy to
decrease, owing to the higher order generated through com-
plex formation. On the other hand, it is not unreasonable to
assume that the wheel cavity is filled with solvent molecules
that are liberated upon binding of the axle. If, for example,
two molecules of dichloromethane occupy the cavity, one
would form an axle–wheel complex plus two molecules of
dichloromethane during complex formation. Such effects
have nicely been examined for the Rebek softballs,[30] which
encapsulate two molecules of benzene. Larger guests are
driven into the cavity of the softballs through the entropical-
ly favorable release of two solvent molecules. Consequently,
the entropic contributions may even affect complex forma-
tion positively. Since we do not know the details of solva-
tion, it is thus not easy to provide a realistic estimation of
the entropic effects by theory here.


Nevertheless, the effects of solvation can be taken into ac-
count in the calculations by modeling the solvents through
their dielectric constants (e) by using the COSMO algorithm
(see the Computational Methods section). Table 2 provides


the binding energies (including BSSE)[31] for 10·9.2 and
10·9.5, as calculated with different values of e. As expected,
higher solvent polarities cause a decrease in binding ener-
gies for both complexes. The calculated value of
14.2 kJ mol�1 for 10·9.5 in dichloromethane (e=8.9) is in ex-
cellent agreement with experiment (14 kJ mol�1). However,
the negative binding energy of �9.6 kJ mol�1 calculated for
10·9.2 in dichloromethane does not correspond to a bound
species. Most importantly, the difference between the bind-
ing energies of 10·9.2 and 10·9.5 does not change much irre-
spective of the dielectric constant used for these calcula-
tions. It is calculated to be approximately 28 kJ mol�1 in the
gas phase (e=1.0), and approximately 22 kJ mol�1 for e=¥.
This suggests that complex 10·9.5 with its three hydrogen
bonds between the axle and the wheel is more stable than
10·9.2 in a wide range of solvents.


A transition structure for the threading process has not
been calculated, owing to the floppy nature of the complex
formed. Also, a potential effect of the chloride anions
formed during the synthesis of the rotaxanes is likely to
need a more in-depth investigation, although so far there
has been no indication that they play a pivotal role. They
are not found in any of the available crystal structures of
amidic rotaxanes or catenanes, nor does the addition of tet-
rabutylammonium chloride to a solution of a derivative of


Table 2. Binding energies [kJ mol�1] calculated for 10·9.2 and 10·9.5 for
different dielectric constants with the COSMO algorithm implemented in
TURBOMOLE.


e 1.0 2.0 4.9 8.9 46.7 ¥
solvent gas phase CHCl3 CH2Cl2 DMSO


10·9.2 28.7 12.2 �3.3 �9.6 �16.8 �17.2
10·9.5 56.7 38.0 21.1 14.2 6.4 5.2
DE 28.0 25.8 24.4 23.8 23.2 22.4
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catenane 6 change its NMR spectra significantly. For the
time being, these two aspects must wait for a more detailed
experimental and theoretical study.


Evaluation of semi-empirical AM1 and density functional
calculations : A closer inspection of the data in Table 1 dem-
onstrates that all three methods applied, including the semi-
empirical AM1 method, give very similar geometries. In
general, the distances calculated by the AM1 method are a
little shorter (ca. 0.05 L for the cavity dimensions). The op-
timized geometries of the complexes of axle 10 and macro-
cycle 9 obtained by DFT and AM1 calculations are also sim-
ilar with the same hydrogen-bonding patterns. This trend is
less evident if their energies are compared (Table 1). Struc-
ture 9.1 clearly has the most favored arrangement of nuclei
and structure 9.5 the least favored in both treatments. The
absolute energy differences are somewhat smaller in the
AM1 approach. The energy order of structures 9.2, 9.3, and
9.4 is somewhat different for the DFT and semi-empirical
approaches. On the other hand, the energy differences be-
tween all the structures are quite small so that one should
not place too much emphasis on such discrepancies.


Furthermore, earlier examinations of smaller model sys-
tems[14] have already shown that the AM1 method is suitable
for a qualitative description of two-fold hydrogen bridges. It
was also found to be superior to other semi-empirical meth-
ods such as the PM3 method, which was developed original-
ly as an improvement on AM1 with regard to hydrogen
bonding. At the PM3 level, inaccurate descriptions of the
hydrogen bonding were found with O–N distances deviating
by up to 0.5 L. Consequently, for a theoretical approach to
larger species, the AM1 method should provide reliable geo-
metries and at least qualitatively correct energies.


Templated synthesis of catenanes and rotaxanes : On the
basis of our experience with DFT (some MP2) and AM1
calculations for the macrocycle and rotaxane treated so far,
we are confident that larger structures can be reliably de-
scribed by the AM1 approach and do not require the elabo-
rate DFT treatments. Before studying complete rotaxanes,
catenanes, and the trefoil knot, we should briefly mention
that the conformation of macrocycle 4, which bears the cy-
clohexyl side chains that were omitted in the calculations
discussed so far, differs from that of 9 as its dimethylphenyl
rings are slightly tilted out of the perpendicular position
(Figure 3).[17c,32]However, this difference does not alter any
of the conclusions drawn from the calculations performed
with 9.


It comes as no surprise that rotaxane 7 maximizes the
number of possible hydrogen-bonding interactions between
the axle and the wheel by inverting one of the carbonyl
groups of the wheel. This pattern has been described above
and one could expect it not to change much just by attach-
ing two stopper groups (Figure 3, top). The same pattern of
hydrogen bonds can easily be realized in the templating step
of the rotaxane synthesis (Scheme 1). A secondary amide
group is capable of forming three hydrogen bonds with a
calculated binding energy of 42.8 kJ mol�1, while the only
possible competitor, the acid chloride, can only form two hy-


drogen bonds and thus, in agreement with the experiment,[27]


gives a lower binding energy of 15.5 kJ mol�1. The latter
complex is thus higher in energy by 27.3 kJ mol�1, as shown
in Figure 3. From these considerations, it is clear that semi-
axle 11 is threaded into the macrocycle to yield the complex
11·4 by binding of the secondary amide group. Attachment
of the second tritylaniline stopper 12 traps the wheel on the
axle and leads to the formation of rotaxane 7.


The situation is somewhat different and more complex for
catenane 6. Here, the two macrocycles bear a total of eight
amide groups, which allow for a larger number of hydrogen
bonds to be formed simultaneously than in rotaxane 7 or its
truncated analogue discussed above. The most stable confor-


Figure 3. Left (top to bottom): the energetically most favorable structures
of macrocycle 4, rotaxane 7 and catenane 6. The bottom structure repre-
sents conformer 6’ of the catenane, which is higher in energy than 6 by
approximately 23 kJ mol�1. Note the common hydrogen-bonding pattern
(dotted bonds) of three hydrogen bonds for each pair of macrocyclic host
and amide guest. Right: intermediates immediately preceding the prod-
ucts in the templated synthesis of 7 (top) and 6 (bottom). Carbon-cen-
tered hydrogen atoms are omitted for clarity. The two components of
each structure are shown in different colors (grey and blue). Amide
groups involved in hydrogen bonding are shown with CPK colors in ball-
and-stick representation. The energies given are relative energies (Erel)
calculated at the AM1 level of theory and can be compared only pairwise
for structures of the same elemental composition. Electronic energy dif-
ferences relative to the two components are denoted DEel. Some repre-
sentative lengths of the hydrogen bonds (from donor to acceptor heteroa-
tom) are given for the rotaxane and the catenane.
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mation found in the calculations is capable of forming a
total of six hydrogen bonds, because each wheel serves as
the host for one of the amide groups of the other wheel
(Figure 3, center). Each of the patterns is analogous to that
mediating the binding between the axle and the wheel in ro-
taxane 7. A second arrangement is possible that bears a
total of five hydrogen bonds (Figure 3, bottom). While the
two forked hydrogen bonds in 6 point away from the cate-
nane center in opposite directions, they point in the same di-
rection in the macrocycles of 6’. This second conformer is
less stable than 6 by approximately 23 kJ mol�1 in agreement
with the crystal structures of analogous catenanes in which
the more stable conformer was observed.[9c,33]


However, conformer 6’ is interesting for one reason:
while in 6 all amide groups are involved in the hydrogen-
bonding pattern, 6’ bears two “unemployed” amide groups.
When considering possible intermediates in the synthesis of
the catenane, at a late stage, one of the wheels must already
be complete, while the second one is still open and needs to
be cyclized by the formation of the last amide group while
threaded into the first one. In this step, one might expect
that the amide opened into an acid chloride and an amine
moiety might be unavailable
for hydrogen bonding in 6. In-
stead, if one of the “unem-
ployed” amide groups in 6’ is
opened, the hydrogen-bonding
pattern found in this conform-
er may be retained more or
less unchanged. Consequently,
it is not clear, a priori, which
of these precursors is more
stable. We therefore performed
calculations on intermediates
13 and 13’, which are based on
ring-opened structures derived
from 6 and 6’ by opening one
of the amide bonds. Opening
other amide bonds would lead
to different intermediate con-
formations, which have been
calculated to be less favorable


in energy. In agreement with
expectation, 13’ bears a hydro-
gen-bonding pattern similar to
that of 6’. Nevertheless, it is
energetically less favorable
than 13 by 19.6 kJ mol�1 (AM1
calculations), because the hy-
drogen-bonding pattern in 13
is analogous to that of 6, so
that the number of hydrogen
bonds is the same as that in
the catenane. The acid chloride
moiety in the open wheel is in-
volved in the hydrogen-bond-
ing pattern just like the car-
bonyl group of the “inverted”
amide. An additional, probably


weak interaction exists between the terminal NH2 group of
the open wheel and the acid chloride end.


The mechanism of knot formation—a closely analogous hy-
drogen-bonded template? Owing to its complex structure, a
detailed treatment of the trefoil knot 8 is most challenging.
Therefore, we start by summarizing some experimental
facts.


1) No knot is formed when the extended diamine 1 reacts
with isophthaloyl chloride 2. A knot is found among the
products of the reaction only if the pyridine analogue 3
is used. Thus, the pyridine dicarbonyl dichloride is man-
datory for successful knot synthesis.


2) Knot formation is not observed when extended diamine
14 bearing a pyridine dicarboxamide reacts with 2 ; that
is, when the same subunits are used, but their order of
use in the synthesis is reversed (Scheme 2). Again, the
particular role of the pyridine building block becomes
evident.


3) If the flexibility of the extended diamine is increased by
introducing additional single bonds into the isophthalic


Scheme 1. Template mechanism leading to the formation of rotaxane 7.


Scheme 2. The pyridine moiety induces curvature through internal hydrogen bonding. Consequently, two dif-
ferent intermediates 15 and 16 are formed depending on which extended diamine is allowed to react with
which acid chloride. Only 15 successfully leads to knot formation.
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dicarboxamide moiety of 1, as in 17–20 (see below), no
knots could be isolated. Seemingly, the additional de-
grees of freedom prevent a suitable preorganization of
the intermediates.


4) Substitution of the pyridine dicarbonyl dichloride 3 at
the 5-position is possible, even with larger substituents
such as allyloxy, without significant reduction in the
yield of the knot, while any substituent in the equivalent
position of 1 reduces the yield of the knot or even pre-
vents its formation completely. For example, a methyl
group at this position reduces the yield of the knot to
less than 5 %, while a tert-butyl group in the same posi-
tion results in complete suppression of knot forma-
tion.[34]


The X-ray crystal structure[12a] of knot 8 provides a ratio-
nalization for this finding: while the isophthalic dicarboxa-
mide building blocks are deeply buried inside the knot
structure, the pyridine moieties are located at the periphery.
During the formation of the knot, substituents in the pyri-
dine rings do not significantly hamper the formation of the
intermediates giving rise to the intertwined structure, while
substituents in the isophthalic dicarboxamide moieties
hinder its formation. These experimental findings underline
that not only the presence, but also the exact position of the
pyridine subunits is important.


Previous DFT calculations[14] on smaller model systems
revealed that the effect of the pyridine moiety is likely to be
twofold. On the one hand, the hydrogen bond strength is di-
rectly proportional to charge transfer and thus reduced
somewhat when isophthalic amides are replaced by the cor-
responding pyridine derivative. On the other hand, the pyri-
dineIs nitrogen atom preorganizes the adjacent amide
groups into a geometry that is favorable for the formation
of a twofold hydrogen bond to a guest molecule and thus re-
duces entropic demand when a guest is bound.


With these considerations in mind, one might ask what
the particular features of the pyridine–dicarboxamide
moiety are. Several earlier publications deal with its ability
to form internal hydrogen bonds between the two amide


protons and the pyridineIs nitrogen atom.[35] These hydrogen
bonds not only cause the angle between the two arms to
contract from the expected 120o to approximately 100o, they
also fix the conformation of the amide groups and thus
preorganize the arms into a cisoid orientation. This is shown
in Scheme 2: first, intermediate 15 is formed from 1 and 3
en route to knot 8. With one pyridine subunit in the center
of the molecule, a specific curvature is induced. The inter-
mediate 16, formed from 2 and 14, is different. In this case
two pyridine moieties are involved and induce curvature
where it is not needed, while it is missing in the center of
the molecule.


The calculated lowest energy conformations of 15 and 16
(Figure 4) confirm these considerations: while 16 is calculat-
ed to have an energetically favorable, but for knot forma-
tion, inappropriate S-shaped conformation, the structure of
15 provides an idea as to why just this structure is appropri-
ate as an intermediate in the formation of the knot. A heli-
cal loop is formed through internal hydrogen bonding 1)
within the pyridinedicarboxamide moiety and 2) between
the two arms opposite the pyridine moiety. One real hydro-
gen bond between two amides of the arms is supported by
additional interactions between an amide group of one arm
and the NH2 terminus of the other. However, these interac-
tions are probably rather weak, since distances of 3.3 and
4.1 L between the functional groups are quite large
(Figure 4). Nevertheless, they might help to preorganize the
loop. Interestingly, three amide groups within the loop are
spatially oriented in a way very similar to the pattern found
for rotaxane 7 and catenane 6 so that one might expect that
loop-shaped 15 should be able to accommodate an amide
guest such as extended diamine 1. It becomes clear now,
why increased flexibility as realized in 17–20 prevents knot


Figure 4. Top: lowest-energy conformation of intermediate 15 which
forms a helical loop held together by hydrogen bonds (dotted bonds).
Preorganization through the pyridinedicarboxamide group is important.
For clarity, the two arms are shown in grey and blue. Three amide
groups, which are oriented suitably for binding an extended diamine 1 as
the guest, are shown in CPK colors and as a ball-and-stick model.
Bottom: lowest energy, S-shaped conformation of intermediate 16, which
bears two pyridine moieties that induce curvature in the wrong parts of
the molecules. Carbon-centered hydrogen atoms are omitted for clarity.
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formation. A loop-shaped arrangement
of more flexible intermediates analo-
gous to 15 will be entropically less fa-
vorable, since a larger number of de-
grees of freedom would have to be con-
stricted. According to a study by
Whitesides and co-workers,[36] locking
the rotation about one single bond in-
creases the entropic costs by approxi-
mately 6.3 kJ mol�1, so that the addi-
tional degrees of freedom might well
outweigh the stabilization arising from
the hydrogen-bonding interactions that
preorganize the two arms.


Another feature of the knot is its in-
herent topological chirality.[37] Since the
knot is the only chiral—although race-
mic—product formed in the reaction of
achiral precursors 1 and 3, the separa-
tion of the enantiomers may well serve as evidence[38] for
the formation of knots rather than large non-intertwined
macrocycles of the same elemental composition. This fea-
ture is already reflected in loop-shaped 15. Since a helix is
formed, chirality is already realized in its topology even
before the knot is finally formed.


In order to understand the effects of substitution, we need
to look at the host–guest complex of loop 15 and extended
diamine 1 (Figure 5). In the lowest energy conformer of
15·1, the helical loop is somewhat contracted in order to ac-
commodate extended diamine 1 as its guest. It is neverthe-
less still a helical structure, which is likely to be further sta-
bilized by binding the guest, because both molecules are
held together by four hy-
drogen bonds in addition
to those found in loop-
shaped 15 alone. Again,
the hydrogen-bonding pat-
tern found in the struc-
tures of catenane 6 and ro-
taxane 7 is operative and,
in addition, a fourth hy-
drogen bond between the
guest and the second arm
of the loop is formed. In-
terestingly, three amide
groups within the loop so
that substitution at its 5-
position would severely
distort and likely destroy
the loop. Consequently,
the interactions between
the host and guest would
be strongly diminished
and knot formation would
be expected to be more
difficult, if not impossible.
Instead, substitution of the
pyridine in 15 occurs at
the periphery and does


not interfere much with the formation of the loop. Note that
two amino termini of 1 and 15 are positioned very close to
each other in this structure so that they can easily be con-
nected through a second pyridine dicarbonyl dichloride 3.
For the formation of the knot rather than a non-intertwined
macrocycle, it is important to connect the correct ends,
which is indeed the case if these two ends react with the
acid chloride. This mechanistic scenario is depicted in
Scheme 3.


However, the arguments presented so far are not conclu-
sive unless they apply analogously to the intermediate di-
rectly preceding the final amide bond formation that closes
the knot structure. We chose to introduce the arguments


Figure 5. Left: lowest energy conformation of extended diamine 1. Center: side view of the complex
of loop 15 and diamine 1. Note that the helical loop is conserved in this intermediate with two of
the amino termini coming close enough together to react in the required way with pyridine dicar-
bonyl dichloride. Right: top view of the 15·1 complex. For an unobstructed view of the hydrogen-
bonding pattern (dotted bonds), parts of the extended diamine guest have been omitted. Amide
groups involved in hydrogen bonding are shown with CPK colors in a ball-and-stick representation.
Carbon-centered hydrogen atom are omitted for clarity.


Scheme 3. Template mechanism leading to the formation of knot 8.
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step by step because they are probably easier to follow
when the discussion involves less complex structures. How-
ever, we finally must put our hypotheses to the test and
therefore we performed calculations on the last intermediate
and the complete knot (Figure 7). This intermediate, 19, can
be converted into the knot by forming the last of the 12
amide bonds from the acid chloride and amino termini of
the molecule. Its lowest energy conformer again supports
two typical hydrogen-bonding patterns in which an amide
guest is bound by three hydrogen bonds (lower circle in
Figure 6). The two reactive ends of the molecule are thus di-
rected towards each other. The amino group can interact
with one of the carbonyl groups of the terminal pyridine di-


carbonyl moiety, as shown in the upper circle in Figure 6.
This brings the reactive groups into close proximity so that
one can expect them to react efficiently with each other to
form the last amide bond and yield knot 8 as the product.


The structure of the knot is depicted in Figure 7. Al-
though the knot has a threefold symmetrical sequence of
building blocks, the lowest energy conformer found in the
calculations has a lower symmetry. The typical hydrogen-
bonding pattern discussed above is found only twice in the
knot. The third loop does not form hydrogen bonds with the
amide of the adjacent loop. This is quite a remarkable
result, which is at least qualitatively in line with the X-ray
single-crystal structure, in which only one such pattern was
found, while the other two pyridinedicarboxamide groups
hydrogen bond to solvent molecules.[12a] It is also in agree-
ment with the finding of different loops in solution which in-
terconvert slowly on the NMR timescale.[38a] The fact that
the calculation predicts the hydrogen-bonding pattern to
exist in two of the loops, while the crystal structure shows
only one such pattern is likely to be due to the presence of
competing solvent molecules in the crystal.


Conclusion


In this contribution, we have employed a stepwise approach
to more and more complex template effects. Starting with a
study of the conformational flexibility of tetralactam macro-
cycles, rotaxane precursors were investigated by focusing on
the hydrogen-bonding pattern that mediates the threading
of the axle in the cavity of the wheel. The next level of com-
plexity is a catenane, which is capable of forming a larger
number of hydrogen bonds to connect the two wheels. Final-


Figure 6. Lowest energy conformation of the immediate precursor 19 for
knot formation. The intertwined structure is stabilized by hydrogen-
bonding patterns as shown in the two circles. Note that hydrogen bonding
also brings the amino and acid chloride termini close together which
would be expected to react to form the last amide bond to complete the
knot. The three intertwined loops are shown in yellow, blue and red.
Amide groups involved in hydrogen bonding are shown in CPK colors
and as a ball-and-stick model. Carbon-centered hydrogen atom are omit-
ted for clarity.


Figure 7. Lowest energy conformer of knot 8. For clarity, the three inter-
twined loops are shown in yellow, blue, and red. Amide groups involved
in hydrogen bonding are shown in CPK colors and as a ball-and-stick
model. Carbon-centered hydrogen atoms are omitted for clarity. Note
that the three loops are different with respect to the hydrogen-bonding
patterns and their sizes.
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ly, the most complex structure studied here is the trefoil
amide knot and its templated synthesis. From the calcula-
tions, a quite general hydrogen-bonding pattern emerges as
the basis of all these templated syntheses; it consists of a
forked hydrogen bond (referred to as a “twofold hydrogen
bond” in reference [14]) between two amide groups of the
host and the carbonyl oxygen atom of an amide guest.
“Back-bonding” between the amide NH of the guest and
one of the carbonyl groups of the host adds a third hydrogen
bond, which increases the binding energy and makes second-
ary amides the preferred guests. In the synthesis of knot 8,
the tetralactam macrocycle is replaced by a helical loop
which is “cyclized” by noncovalent interactions rather than
by a covalent bond. However, the same functional groups
are present in this loop in a favorable orientation to hydro-
gen bond the appropriate guest needed for knot formation.


Besides revealing this general hydrogen-bonding motif,
this study, in line with experimental data, also provides in-
formation about the limitations of the structural variations
of the knot. Since it is a quite compact architecture, no sub-
stitution or functionalization is possible in its interior, while
its periphery can be altered in many ways. Also, the degree
of flexibility of its components is a major issue as far as the
fine and sensitive balance between favorable enthalpic bind-
ing interactions and unfavorable entropic effects due to re-
striction of the degrees of freedom is concerned. Finally, the
pyridinedicarboxamide moieties play a pivotal role in the
preorganization of the knot precursors and can thus not
easily be replaced. These are severe limitations that make
the knot a unique species, which is difficult to modify except
at the pyridine periphery.


Experiment and theory have been demonstrated to syn-
ergistically work together in the analysis of template effects.
Even for such complex structures as rotaxanes, catenanes,
and trefoil knots, a theoretical approach can help to increase
the understanding of the bonding that is important in the
template effect. This is important for the design of templates
which is still a great challenge for the supramolecular chem-
ist.
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Synthesis and Biological Evaluation of a Lipid A Derivative That Contains an
Aminogluconate Moiety


Balaji Santhanam,[a] Margreet A. Wolfert,[a, b] James N. Moore,[b] and Geert-Jan Boons*[a]


Introduction


Septicemia is a life-threatening syndrome for which current-
ly no treatment exists other than supportive therapy in an
intensive care unit setting.[1,2] The development of Gram-
negative sepsis is due to a strong and acute inflammatory re-
sponse to lipopolysaccharides (LPSs) released from the bac-
terial outer membrane.[3–5] LPSs initiate the production of
multiple host-derived inflammatory mediators, such as
tumor necrosis factor (TNF-a), interleukins 1 and 6 (IL-1
and IL-6), arachidonic acid metabolites, and leukotrienes.
LPSs induce the production of these mediators after binding
either to the cluster differentiation antigen CD14 on mono-
nuclear phagocytes or to soluble CD14 in plasma and then


to cells lacking CD14.[6–8] The interaction of LPSs with
CD14 is facilitated by a plasma protein called LPS binding
protein. As CD14 is a glycosylphosphatidylinositol-anchored
protein, it lacks transmembrane and cytoplasmic domains
and is therefore unable to directly transmit signals to the in-
terior of the cell. The latter function is performed by Toll-
like receptor 4 (TLR4),[9–11] which contains extracellular,
transmembrane, and intracellular domains, as well as the ac-
cessory protein MD-2.[12,13] While the precise mechanisms
involved in the interactions among LPSs, CD14, TLR4, and
MD-2 have yet to be discovered,[14,15] it is clear that cellular
activation leads to the induction of cytokine gene expres-
sion, primarily through the activation of NF-kB, and the
MAP kinases. The end result is an up-regulation of more
than 120 genes, including those for the cytokines, most nota-
bly TNF-a, interleukin-1a, and interleukin-1b.[16]


LPSs consist of an O-chain polysaccharide, a core oligo-
saccharide, and an amphiphilic moiety referred to as lipid A.
Lipid A obtained by acid hydrolysis of E. coli LPS has lethal
toxicity, pyrogenicity, and TNF-a- and other-cytokine-acti-
vating properties similar to native LPS; it is thus regarded
as toxic principle of the LPS.[17,18] The structure of lipid A is
largely conserved among most enteric bacteria; it consists of
a b(1–6)-linked glucosamine disaccharide backbone with
phosphate monoesters at C-1 and C-4’, b-hydroxy fatty acyl
groups at positions 2 and 3, and acyloxyacyl residues at posi-
tions 2’ and 3’ (Scheme 1).[19] Small modifications in the acyl-
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Abstract: A highly convergent strategy
for the synthesis of several derivatives
of the lipid A of Rhizobium sin-1 has
been developed. The synthetic deriva-
tives are 2-aminogluconate 3 and 2-
aminogluconolactone 4, both of which
lack C-3 acylation. These derivatives
were obtained by the preparation of
disaccharides in which the two amino
groups and the C-3’ hydroxy group
could be modified individually with
acyl or b-hydroxy fatty acyl groups. De-
tailed NMR spectroscopy and MS anal-
ysis of 3 and 4 revealed that, even


under neutral conditions, the two com-
pounds equilibrate. The synthetic com-
pounds lack the proinflammatory ef-
fects of Escherichia coli lipopolysac-
charide (LPS), as indicated by an ab-
sence of tumor necrosis factor produc-
tion. Although 3 and 4 were able to
antagonize E. coli LPS, they were sig-
nificantly less potent than the synthetic


compound 2, which is acylated at C-3,
and R. sin-1 LPS; these results indicate
that the b-hydroxy fatty acyl group at
C-3 contributes to the antagonistic
properties of R. sin-1 LPS. Based on a
comparison of the biological responses
of the synthetic lipid A derivatives with
those of the R. sin-1 LPS and lipid A,
the 3-deoxy-d-manno-octulosonic moi-
eties appear to be important for the
optimal antagonization of enteric LPS-
induced cytokine production.


Keywords: carbohydrates · cyto-
kines · glycolipids · inhibitors ·
lipopolysaccharides
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ation pattern of lipid A are thought to contribute to the vir-
ulence of enteric pathogens. For example, fatty acyl compo-
nents can be present that have shorter chain lengths, sites of
unsaturation, or keto functional groups.[20–23] Other modifica-
tions include the addition of a palmitoyl residue, the hydrox-
ylation of a myristoyl substituent, and the addition of ami-
noarabinosyl and phosphoethanolamine moieties.[24]


An appealing method for the prevention of the deleteri-
ous effects of enteric LPSs is to block the interaction of
lipid A with its receptors on mononuclear phagocytes.[25, 26]


Interference at this level may prevent initiation of the cellu-
lar reactions that lead to systemic inflammatory responses
and septic shock. Efficacious pharmacological receptor an-
tagonists are often derived by modifying a compound pos-
sessing agonist activity. It has, however, proven difficult to
identify lipid A derivatives that possess these properties.
The best-studied derivatives are monosacccharide biosyn-
thetic precursors of lipid A[27–29] and synthetic analogues de-
rived from the lipid A of Rhodobacter sphaeroides or Rho-


dobacter capsulatus, two species
with very similar lipid A
structures.[30–32] Although the
R. sphaeroides/R. capsulatus
lipid A has a bis-1,4’-phos-
phorylated backbone identical
to that of E. coli lipid A, the
fatty acyl pattern is quite differ-
ent. The R. sphaeroides/R. cap-
sulatus lipid A consists of two
3-oxomyristic acid residues, two
(R)-b-hydroxydecanoic acid res-
idues, and one dodecenoic acid
residue. The latter fatty acid is
the only acyloxyacyl substituent
and is located on the 3’-b-hy-
droxydecanoic acid residue.
The R. sphaeroides/R. capsula-
tus lipid A lacks toxic effects,
fails to induce cytokine synthe-
sis by human monocytes, and is
an antagonist of enteric endo-
toxin.


Recent data from our labora-
tory indicate that LPS from the
nitrogen-fixing symbiont Rhi-
zobium sin-1 does not stimulate
human monocytes.[33] More im-
portantly, R. sin-1 LPS signifi-
cantly inhibits E. coli LPS de-
pendent synthesis of TNF-a by
human monocytes. The lipid A
of R. sin-1 is perhaps the most
structurally unusual lipid A re-
ported to date, because its
structure (Scheme 1) differs in
almost every aspect from those
known to contribute to the tox-
icity of enteric LPSs.[34] In par-
ticular, the disaccharide moiety


of the rhizobial lipid A is devoid of phosphate groups and
the glucosamine phosphate is replaced by a 2-aminoglucono-
lactone. This lipid A contains a very long chain fatty acid,
27-hydroxyoctacosanoic acid, which, in turn, can be esteri-
fied by b-hydroxybutyrate.


The lipid A of R. sin-1 shows considerable microheteroge-
neity. The fatty acylation pattern is heterogeneous and con-
sists exclusively of b-hydroxy fatty acids. The N-acyl groups
can consist of b-hydroxymyristate, b-hydroxypalmitate, or b-
hydroxystearate. The O-acyl groups are primarily b-
hydroxymyristate, but occasionally can also include b-hy-
droxypentadecanoate. Furthermore, a significant percentage
of R. sin-1 lipid A moieties lack a fatty acyl residue at the
C-3 position. It may also be possible that the 2-aminogluco-
nolactone residue exists as a 2-aminogluconate.


R. sin-1 LPS cannot be developed as a therapeutic agent
for Gram-negative septicemia due to its inherent molecular
heterogeneity. Furthermore, the current inability to separate
the different species limits the identification of specific


Scheme 1. Structures of E. coli and R. sin-1 LPSs and the lipid A analogues 1–4.
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structural features that make R. sin-1 lipid A an antagonist
as opposed to an agonist. To address these problems, we are
engaged in the development of facile approaches for the
synthesis of a wide range of well-defined lipid A derivatives
based on the structure of R. sin-1 LPS. We have already
shown[35] that the synthetic compounds 1 and 2 (Scheme 1)
lack the proinflammatory effects of E. coli LPS, as indicated
by an absence of expression of TNF-a mRNA or production
of TNF-a protein. Furthermore, the synthetic compound 2
was able to antagonize E. coli LPS, whereas compound 1
was devoid of this ability. Based on the known structure of
the lipid A of R. sin-1, these results suggest that the gluco-
nolactone moiety of R. sin-1 LPS is important for this prop-
erty. This finding was significant as 2 is the first example of
a synthetic lipid A derivative that lacks the phosphate moi-
eties but can inhibit cytokine production initiated by E. coli
LPS. In this respect, compounds containing phosphate
groups are less attractive candidates for drug development
because of their instability.


In this paper, we report efficient approaches for the syn-
thesis of compounds 3 and 4, which are putative structural
elements of R. sin-1 LPS. As it is unknown whether these
derivatives exist as 2-aminogluconolactones or 2-aminogluc-
onates, both forms were prepared. The proinflammatory
properties of compounds 3 and 4 and their capability to in-
hibit E. coli LPS dependent synthesis of TNF-a by human
monocytes have been determined. These studies highlight
the importance of C-3 acylation for biological properties. It
was also discovered that the 2-aminogluconolactone and 2-
aminogluconate moieties equilibrate under neutral condi-
tions. In order to determine the importance of 3-deoxy-d-
manno-octulosonic (KDO) moieties for optimal inhibition
of enteric LPS-induced cytokine production, the biological
responses of the synthetic lipid A derivatives have been
compared with R. sin-1 LPS and lipid A.


Results and Discussion


Synthesis : Glycosyl donors 5a and 5b and glycosyl acceptors
6 and 7 (Scheme 2) were used as appropriately protected
building blocks for the synthesis of target compounds 3 and
4. Coupling of the donor with each of the acceptors will give
disaccharides (14 and 21, see Schemes 4 and 5) that are ap-
propriately protected for the selective introduction of b-hy-
droxy fatty acyl and acyloxyacyl residues. In this respect, the
phthalimido moiety of the disaccharides can be selectively
cleaved with hydrazine hydrate in refluxing ethanol without
affecting the azido group. Under these conditions, the acetyl
esters will also be removed. However, the resulting amine


and hydroxy groups can be selectively acylated by exploiting
the fact that primary amines are more nucleophilic than hy-
droxy groups. The azido function can be reduced to an
amine under mild conditions by using propane-1,3-dithiol[36]


in a mixture of pyridine, triethylamine, and water and these
conditions will not affect any of the other functionalities. Fi-
nally, at a late stage of the synthesis, the tert-butyldiphenyl-
silyl (TBDPS) and thiophenyl groups[37,38] at position 1 of
the compounds derived from 6 and 7, respectively, can be
selectively removed to install the aminogluconate or lactone
moiety.


In order to synthesize target compound 3, an efficient
strategy for the preparation of protected 2-azido-2-deoxy-al-
ditol 6 needed to be developed. It was envisaged that this
compound could be obtained by reduction of the anomeric
center of an appropriate protected N-acetylglucosamine de-
rivative followed by conversion of the acetamido moiety
into an azido group. Thus, the 4,6-diol of commercially
available N-acetylglucosamine was protected as a benzyl-
idine acetal by using freshly distilled benzaldehyde and zinc
chloride to give compound 9 (Scheme 3).[39] A good yield


was achieved when the reaction mixture was sonicated for
two hours. Reduction of the hemiacetal of 9 with NaBH4 in
methanol at 0 8C gave alditol 10 in a yield of 95%.[40] Treat-
ment of 9 with barium hydroxide converted the acetamido
group into an amine, which was transformed into an azido
moiety by an azido transfer reaction with triflic azide
(formed in situ) to give compound 11 in an excellent overall
yield of 85%.[41] Next, the primary alcohol of 11 was selec-
tively protected by treatment with TBDPSCl and imidazole
in DMF to give 12, which was benzylated under standard
conditions to afford the fully protected 13. Finally, regiose-
lective opening of the benzylidine acetal of 13 by treatment
with BH3 (1m in THF) and Bu2BOTf (1m in CH2Cl2) gave
the alditol acceptor 6 in an excellent yield of 85%.[41]


Coupling of the glycosyl donor 5a with alditol acceptor 6,
by using NIS/TMSOTf[42] as the activator, gave disaccharide
14 in excellent yield (Scheme 4). In this coupling, only the b


anomer was formed due to neighboring-group participation
of the phthalimido group. Removal of the phthalimido
group of 14 by treatment with hydrazine hydrate in reflux-
ing ethanol followed by selective N-acylation with 15 in the


Scheme 2. Building blocks for the preparation of compounds 3 and 4.
Bn=benzyl, Phth=phthalimido, TBDPS= tert-butyldiphenylsilyl.


Scheme 3. a) PhCHO, ZnCl2; b) NaBH4, MeOH; c) Ba(OH)2·8H2O,
MeOH, H2O, 90 8C; then Tf2O, NaN3, CuSo4; d) TBDPSCl, imidazole,
DMF; e) BnBr, NaH, DMF; f) 1m BH3 in THF, 1m Bu2BOTf in CH2Cl2).
Tf= trifluoromethanesulfonyl.
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presence of DCC gave 16 in a yield of 71%. Reduction of
the azido moiety of 16 was easily accomplished by reaction
with propane-1,3-dithiol[36] in a mixture of pyridine, triethyl-
amine, and water. The C-2 amine and C-3’ hydroxy group of
the resulting compound were immediately acylated with 17
by using DCC and DMAP as the activation reagents to
afford 18 in an overall yield of 60%. It is important to note
that selective N-acylation could be accomplished by per-
forming the reaction in the absence of DMAP, thereby
making it possible to synthesize derivatives with different
substituents at the C-2 and C-3’ positions. The TBDPS
group of compound 18 was removed by treating with TBAF
to afford 19 in good yield (Scheme 4). The oxidation of the
primary alcohol of 19 to form carboxylic acid 20 was at-
tempted with a catalytic amount of 2,2,6,6-tetramethyl-1-pi-
piridinoxyl (TEMPO) and NaBr with NaOCl2 as the cooxi-
dant under biphasic conditions.[43] However, a low yield of
this 20 was obtained and the major product was an inter-
mediate aldehyde. Pyridinium dichromate (PDC)/DMF
mediated oxidation gave only recovery of the starting mate-
rial. Fortunately, a two-step procedure was successful; this
involved Swern conditions to give an intermediate aldehyde
that was immediately used without purification in a second
oxidation with NaClO2 and sodium dihydrogenphosphate in
a mixture of THF/tert-butanol to afford 20 in 75% overall
yield. Finally, the benzyl ethers and benzylidene acetal of 20


were removed by catalytic hy-
drogenation over Pd/C to give
the target compound 3.


The preparation of target de-
rivative 4 commenced with a
chemoselective glycosylation of
selenoglycoside 5b with thiogly-
coside 7 with NIS/TfOH as the
promoter to give disaccharide
21 (Scheme 5).[37,44] Although
glycosyl donor 5b was only par-
tially protected, no products de-
rived from oligomerization
were detected. Interestingly,
when this donor was used for
the glycosylation of 6, only a
low yield of disaccharide was
obtained. Apparently, the pri-
mary hydroxy group of 7 is sig-
nificantly more reactive than
that of 6, probably due to its
cyclic structure. Disaccharide 21
could be converted into acylat-
ed derivative 23 by a similar se-
quence of reactions to those de-
scribed for 18. Hydrolysis of the
thiophenyl moiety of 23 with
NIS and a catalytic amount of
TfOH in wet dichloromethane
resulted in mixture of 24 and a
1,2-oxazoline derivative. When
the above reaction was carried
out without TfOH in wet THF


clean hydrolysis gave 24 in high yield. PCC-mediated oxida-
tion of 24 led, after purification by Iatro-bead column chro-
matography with ethyl acetate/toluene as the eluent, to lac-
tone 25 as a pure compound. Finally, the benzyl ethers and
benzylidene acetal of 25 were removed by catalytic hydroge-
nation over Pd/C to give the target compound 4.


Surprisingly, the high-resolution 1H NMR spectra of the
final compounds 3 and 4 were identical and showed the
presence of two derivatives, assigned as a mixture of 2-ami-
nogluconate 3 and 2-aminogluconolactone 4. Thus, even
under neutral conditions, the two compounds equilibrate to
the open- and closed-ring forms. Key evidence of the pres-
ence of the lactone came from the chemical shift of H-5 at
d=4.25 ppm, whereas the same proton of the aminogluco-
nate appeared at d=3.35 ppm. The chemical shift of H-4 at
d=3.54 ppm for both components demonstrates that a 1,4-
lactone has not been formed. Integration of the H-3’ signal
of both compounds indicates that they are present in ap-
proximately equal quantities. High-resolution MALDI-TOF
MS also confirmed the presence of the two compounds.


Biological evaluation : Compounds 3 and 4 were tested over
a wide concentration range for the ability to activate a
human monocytic cell line (Mono Mac 6) and to produce
the TNF-a protein. The resulting values were compared
with those obtained for E. coli and R. sin-1 LPSs and for the


Scheme 4. a) NIS, TMSOTf, 4 L molecular sieves, CH2Cl2, �40 8C; b) H2NNH2, EtOH, D ; c) DCC, CH2Cl2;
d) HS(CH2)3SH, pyridine, Et3N, H2O; e) DCC, DMAP, CH2Cl2; f) 1m TBAF in THF; g) (COCl)2, DMSO,
Et3N; h) NaClO2, 2-methyl-2-butene, NaH2PO4, THF/tBuOH; i) Pd/C, H2, tBuOH, THF. DCC=N,N’-dicyclo-
hexylcarbodiimide, DMAP=4-dimethylaminopyridine, NIS=N-iodosuccinimide, TBAF= tetrabutylammoni-
um fluoride, TMS= trimethylsilyl.
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synthetic compound 2 (Figure 1). Incubation with E. coli
LPS for 6 h yielded a clear dose–response effect of TNF-a
production, with maximal supernatant concentrations of
TNF-a being caused by 10 ngmL�1 of E. coli LPS. The re-
sults of these experiments yielded an LPS EC50 value (that
is, the concentration producing 50% activity) of 0.2 ngmL�1


and a Hill slope of 2.5. Neither R. sin-1 LPS nor synthetic


compounds 2–4 induced sig-
nificant production of TNF-a
at concentrations up to
10 mgmL�1. To exclude the pos-
sibility that any effects observed
might be due to the presence of
THF, the cells were incubated
with concentrations of THF up
to 0.5%. These concentrations
of THF alone did not cause
TNF-a production by the cells
nor did they alter the response
of cells coincubated with E. coli
LPS at a concentration of
10 ngmL�1 (data not shown).


Based on their lack of proin-
flammatory effects, compounds
3 and 4 were tested over a wide
concentration range for their
ability to antagonize the re-
sponses of monocytic cells incu-
bated with 10 ngmL�1 E. coli
LPS (Figure 2). At the highest
concentration tested, com-
pounds 3 and 4 antagonized the
effect of E. coli LPS by 23%.
The synthetic compound 2 and
R. sin-1 LPS were, however, sig-
nificantly more potent inhibi-
tors with IC50 values (that is, the
concentration producing 50%
inhibition) of 13 mgmL�1


(7.3 nmolmL�1) and 0.21 mgmL�1, respectively, whereas 3/4
gave an estimated IC50 value of 330 mgmL�1


(216 nmolmL�1).
The structure of lipid A of R. sin-1 shows considerable mi-


croheterogeneity.[34] Several major components lack a b-hy-
droxy fatty acyl group at C-3. The findings of this study indi-
cate that this fatty acyl moiety is important for antagonistic


Scheme 5. a) NIS, TMSOTf, 4 L molecular sieves, CH2Cl2, �40 8C; b) H2NNH2, EtOH, D ; c) 15, DCC,
CH2Cl2; d) HS(CH2)3SH, pyridine, Et3N, H2O; e) 17, DCC, DMAP, CH2Cl2; f) NIS, aq. THF; g) PCC, 3 L mo-
lecular sieves, CH2Cl2; h) Pd/C, H2, THF, tBuOH. PCC=pyridinium chlorochromate.


Figure 1. Concentration–response curves of E. coli LPS, R. sin-1 LPS,
R. sin-1 lipid A, and synthetic compounds 2–4. Mono Mac 6 cells were in-
cubated for 6 h at 37 8C with increasing concentrations of E. coli LPS
(*), R. sin-1 LPS (*), R. sin-1 lipid A (^), 2 (~), 3 (&) or 4 (&). TNF-a
protein in cell supernatants was measured by using an ELISA. (Please
note that R. sin-1 LPS, R. sin-1 lipid A, and 2–4 show background values
and therefore overlap in the figure.) Treatment with the compounds did
not affect cell viability, as judged by cellular exclusion of trypan blue.


Figure 2. Antagonism of E. coli LPS by R. sin-1 LPS, R. sin-1 lipid A, and
synthetic compounds 2–4. TNF-a protein concentrations were measured
after preincubation of Mono Mac 6 cells with increasing concentrations
of R. sin-1 LPS (*), R. sin-1 lipid A (^), 2 (~), and 3/4 (&) for 1 h at
37 8C followed by incubation for 6 h with 10 ngmL�1 E. coli LPS. Results
are expressed as a percentage of the TNF-a concentration of control
cells, which were incubated only with E. coli LPS. The effects of 3 and 4
are shown as one curve, since their behavior was exactly the same.
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properties. Although lipid A derivative 2 is a significantly
more potent antagonist than 3 and 4, it has a 60-fold re-
duced activity compared to R. sin-1 LPS. LPSs consist of an
O-chain polysaccharide and a core oligosaccharide linked to
a lipid A moiety through a dimeric KDO moiety. Thus, it
may be possible that the KDO residues of the core region
contribute to the antagonistic potential. To explore this pos-
sibility, purified R. sin-1 LPS was subjected to mild acid hy-
drolysis to cleave the KDO glycosidic linkages. The ob-
tained lipid A preparations were tested for agonistic and an-
tagonist properties. As can be seen in Figure 1, the R. sin-1
lipid A does not stimulate monocytic cells to produce TNF-
a. However, it could antagonize the effect of E. coli LPS
with an IC50 value (3 mgmL�1) similar to that of compound 2
(Figure 2). Thus, these observations indicate that the oligo-
(poly)saccharide moiety of LPS contributes to the antago-
nistic potential. In this respect, recent studies[45] have shown
that meningococcal lipid A expressed by Meningococci with
defects in KDO biosynthesis or transfer has a 10-fold reduc-
tion in bioactivity compared to KDO2-containing meningo-
coccal lipooligosaccharides. Removal of the KDO moieties
by mild acidic treatment also dramatically attenuated cellu-
lar responses. Thus, it is probable that the cell-surface recep-
tors that recognize LPS bind to the KDO moiety of LPSs as
well as to the lipid A.


The results of previous studies indicate that antagonism of
the cell-surface receptors that recognize enteric LPSs can
prevent the production of cytokines.[25] Hence, such com-
pounds have potential for use as therapeutic interventions
for patients with Gram-negative septicemia. Success in this
area has been limited and most efforts have been directed
towards the synthesis of analogues of lipid A of R. sphear-
oides[31,32] and derivatives of lipid X.[27–29] These compounds,
which are either mono- or bisphosphorylated, may possess
metabolic instabilities that complicate drug discovery. A
unique aspect of our study is that we have identified a
lipid A derivative that lacks phosphate groups and that an-
tagonizes the biological effect of enteric LPSs. By compar-
ing the biological responses initiated by the synthetic lipid A
derivatives 2–4 and the R. sin-1 LPS and lipid A, it can be
concluded that the gluconolactone moiety, the b-hydroxy
fatty acyl group at C-3, and the KDO moieties of R. sin-1
LPS appear to be important for antagonizing enteric LPS-
induced cytokine production. The synthesis of other deriva-
tives to unravel other structural features for optimal antago-
nistic properties is in progress.


Conclusion


Previous studies from our laboratory have shown that the
LPS of R. sin-1 can inhibit E. coli LPS dependent synthesis
of TNF-a by human monocytes. Due to the inherent molec-
ular heterogeneity of lipid A, it cannot be developed as a
therapeutic agent for Gram-negative sepsis. Organic synthe-
sis provides an attractive approach for obtaining well-de-
fined derivatives of lipid A of R. sin-1. Such compounds will
enable us to determine the structural features that account
for the antagonistic properties. A significant percentage of


lipid A derivatives of R. sin-1 lack a fatty acyl residue at C-
3. Furthermore, it was not known whether the lipid A
moiety of R. sin-1 exists as an aminogluconate or 2-amino-
gluconolactone. In order to address these issues, we have de-
veloped highly convergent approaches for the facile synthe-
sis of 2-aminogluconate 3 and 2-aminogluconolactone 4,
both of which lack C-3 acylation. A key aspect of the syn-
thesis of 3 was glycosylation of a properly protected 2-azido-
2-deoxy-alditol to give a disaccharide in which the two
amino groups and the C-3’ hydroxy group could individually
be modified with acyl or b-hydroxy fatty acyl groups. At the
end of the synthetic sequence, the C-1 protecting group of
the alditol moiety could be selectively removed to give a hy-
droxy group, which was oxidized to a carboxylic acid by
using a two-step procedure. 2-Aminogluconolactone 4 could
easily be synthesized by a chemoselective glycosylation of a
selenoglycosyl donor with a thioglycosyl acceptor to give a
disaccharide. The anomeric center, the two amino groups,
and the C-3’ hydroxy group of this compound could individ-
ually be modified, thereby providing a flexible route to
lipid A analogues. Detailed NMR spectroscopy and MS
analysis of 3 and 4 revealed that, even under neutral condi-
tions, the two compounds equilibrate to both forms. The
synthetic compounds lack the proinflammatory effects of
E. coli LPS, as indicated by the absence of the production of
TNF-a protein. Although they were able to antagonize
E. coli LPS, synthetic compound 2, which is acylated at C-3,
and R. sin-1 LPS were significantly more potent inhibitors;
these results indicate that the b-hydroxy fatty acyl group at
C-3 contributes to the antagonistic potential of R. sin-1 LPS.
Based on the comparison of the biological responses of the
synthetic lipid A derivatives and of the R. sin-1 LPS and
lipid A, it was determined that the KDO moieties are im-
portant for antagonizing enteric LPS-induced cytokine pro-
duction.


Experimental Section


General synthetic methods : Column chromatography was performed on
silica gel 60 (EM Science, 70–230 mesh), size-exclusion column chroma-
tography was performed on Sephadex LH-20 (iPrOH/CH2Cl2 or MeOH/
CH2Cl2 (1:1) elution) or G-25 (water elution) columns. Reactions were
monitored by TLC on Kiesel gel 60 F254 (EM Science) and the com-
pounds were detected by examination under UV light and by charring
with 10% sulfuric acid in MeOH. Solvents were removed under reduced
pressure at <40 8C. CH2Cl2, (ClCH2)2, and MeCN were distilled from
CaH2 (twice) and stored over molecular sieves (3 L). THF was distilled
from sodium directly prior to the application. MeOH was dried by reflux-
ing with magnesium methoxide and was then distilled and stored under
argon. Pyridine was dried by refluxing with CaH2 and was then distilled
and stored over molecular sieves (3 L). Molecular sieves (3 and 4 L)
used for reactions were crushed and activated in vacuo at 390 8C for 8 h
in the first instance and then for 2–3 h at 390 8C directly prior to applica-
tion. Optical rotations were measured with a Jasco P-1020 polarimeter.
1H NMR and 13C NMR spectra were recorded with Varian Inova 500 and
Inova 600 spectrometers equipped with Sun workstations. 1H NMR spec-
tra were recorded in CDCl3 and referenced to residual CHCl3 at
7.24 ppm; 13C NMR spectra were referenced to the central peak of
CDCl3 at 77.0 ppm. Assignments were made by standard gCOSY and
gHSQC techniques. High-resolution mass spectra were obtained on a
Bruker Ultraflex MALDI-TOF mass spectrometer. Signals marked with
a subscript L symbol belong to the biantennary lipid at C-2’, whereas sig-
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nals marked with a subscript L’ symbol belong to the C-28 side chain.
Signals marked with a subscript S symbol belong to the monoantennary
lipids at C-2, C-3, and C-3’. Signals marked with an asterisk may be inter-
changeable.


2-Acetamido-4,6-O-benzylidene-2-deoxy-d-glucopyranose (9): Freshly
distilled benzaldehyde (16.6 mL, 163.3 mmol) was added to N-acetylglu-
cosamine 8 (6.65 g, 30.08 mmol) followed by zinc chloride (4.1 g,
30.08 mmol). The mixture was sonicated for 2 h and left stirring over-
night. The solid formed was washed with hexanes (3P75 mL) followed
by water (3P75 mL). The filtered solid was washed again with methanol
(3P50 mL). The white solid thus obtained was dried in vacuo to give 9 as
a white powder (5.4 g, 58%). Rf=0.34 (15% methanol in CH2Cl2);
1H NMR (300 MHz, CD3OD): d=7.52–7.26 (m, 5H; aromatic), 5.47 (s,
1H; >CHPh), 4.21 (q, J=5.3 Hz, 1H; H-6a), 4.12 (m, 2H; H-2, H-3),
3.87 (m, 1H; H-5), 3.69–3.54 (m, 4H; H-1a, H-1b, H-6b, H-4), 1.79 ppm
(s, 3H; NHCOCH3).


2-Acetamido-4,6-O-benzylidene-2-deoxy-d-glucitol (10): NaBH4 (5.23 g,
138.3 mmol) was added in four equal parts over a period of 1 h to a sus-
pension of lactol 9 (5.35 g, 17.28 mmol) in methanol (95 mL) at 0 8C. The
reaction mixture was allowed to stir for 5 h to give a clear solution. A
saturated solution of NaH2PO4 was added to the reaction mixture until
the pH value reached 7. The mixture was kept in the freezer for 8 h. The
supernatant was decanted and the resulting semicrystalline mass was
washed with MeOH (3P75 mL). The combined methanolic extracts and
supernatant were concentrated under reduced pressure. The solid residue
was extracted with MeOH (4P20 mL) and the methanolic extracts con-
centrated to dryness. The resulting white solid was washed with CH2Cl2
and the residue was taken up in methanol. After filtration and evapora-
tion of the methanol, pure 10 was obtained (5.22 g, 95%). Rf=0.24 (15%
methanol in CH2Cl2);


1H NMR (300 MHz, CD3OD): d=7.52–7.26 (m,
5H; aromatic), 5.47 (s, 1H; >CHPh), 4.21 (q, J=5.3 Hz, 1H; H-6a),
4.12 (m, 2H; H-2, H-3), 3.87 (m, 1H; H-5), 3.69–3.54 (m, 4H; H-1a, H-
1b, H-6b, H-4), 1.79 ppm (s, 3H; NHCOCH3);


13C NMR (75 MHz,
CD3OD): d=173.1 (NHCOCH3), 139.0, 129.4, 128.6, 127.1 (Ph), 102.1
(CHPh), 83.7 (C-4), 72.2 (C-6), 67.7 (C-3), 62.3 (C-1), 61.6 (C-5), 55.6 (C-
2), 22.6 ppm (NHCOCH3).


2-Azido-4,6-O-benzylidene-2-deoxy-d-glucitol (11): Barium hydroxide
octahydrate (6.32 g, 20 mmol) was added to a solution of 10 (2.5 g,
8.02 mmol) in a mixture of MeOH/H2O (1:1, 60 mL). The reaction mix-
ture was heated under reflux conditions for 14 h. Sulfuric acid (2.2 mL in
20 mL of H2O) was added dropwise until the pH value reached 5. The
precipitated BaSO4 was removed by centrifugation and filtration. The fil-
trate was concentrated and then dissolved in the minimum amount of
MeOH/H2O (1:1). The resulting solution was eluted through a column
packed with Dowex (550 OH� resin). The eluent was concentrated under
reduced pressure to give the free amine compound (1.71 g, 79%).
Sodium azide (1.14 g, 17.5 mmol) was dissolved in water (3 mL) and
cooled to 0 8C. Tf2O in CH2Cl2 (5 mL) was added and the resulting solu-
tion was stirred vigorously for 2 h. The organic layer was separated and
the aqueous layer was washed with CH2Cl2 (2P5 mL). The combined
CH2Cl2 extracts were washed with aqueous saturated NaHCO3 solution.
The resulting TfN3 solution in CH2Cl2 and a catalytic amount of CuSO4


were added to a solution of the free amine compound (0.47 g, 1.74 mmol)
in the minimum amount of methanol. After stirring the reaction mixture
for 2 h, the solvents were evaporated and the residue was coevaporated
with toluene (3P50 mL). The residue was purified by silica gel column
chromatography (50% gradient of ethyl acetate in hexanes) to afford
azide 11 (0.47 g, 90%). Rf=0.65 (ethyl acetate); [a]23D =++38.48 (c=1.3 in
CH3OH); 1H NMR (300 MHz, CD3OD): d=7.55–7.31 (m, 5H; aromat-
ic), 5.53 (s, 1H; >CHPh), 4.23 (q, J=5.3 Hz, 1H; H-6a), 3.99 (d, J=
2.5 Hz, 1H; H-3), 3.93 (q, J=4.7 Hz, 1H; H-5), 3.81 (d, J=3.0 Hz, 1H;
H-1a), 3.74–3.63 (m, 3H; H-1b, H-4, H-2), 3.61 (t, 1H; H-6b) ppm;
13C NMR (75 MHz, CD3OD): d=139.4, 129.8, 129.0, 127.4 (Ph), 102.4
(CHPh), 82.7 (C-4), 72.4 (C-6), 70.3 (C-3), 67.9 (C-5), 62.8 (C-1),
61.8 ppm (C-2); HRMS: m/z : calcd for C13H17N3O5Na: 318.1066; found:
318.1006.


2-Azido-1-O-(tert-butyldiphenylsilyl)-2-deoxy-3,5-di-O-benzyl-4,6-O-ben-
zylidene-d-glucitol (13): tert-Butyldiphenylsilylchloride (0.3 mL,
1.15 mmol) and then imidazole (0.157 g, 2.31 mmol) were added to a so-
lution of 11 (0.284 g, 0.963 mmol) in DMF (5 mL). The mixture was stir-
red at room temperature under an atmosphere of argon. After 12 h, TLC


analysis indicated completion of the reaction. The reaction mixture was
diluted with ethyl acetate/hexanes (1:1, 80 mL), transferred to a separato-
ry funnel, and washed with ice-cold water (2P25 mL). The organic layer
was dried (MgSO4) and concentrated under reduced pressure. The resi-
due was purified by silica gel column chromatography (5% gradient of
ethyl acetate in hexanes) to afford 12 (0.45 g, 87%). Compound 12
(0.434 g, 0.813 mmol) was dissolved in DMF (6 mL) and sodium hydride
(0.078 g, 3.25 mmol) was added. After the mixture was stirred at 0 8C for
30 min, benzyl bromide was added dropwise. The reaction mixture was
allowed to warm to room temperature and was stirred for 16 h. The reac-
tion mixture was diluted with ethyl acetate/hexanes (1:1; 50 mL), trans-
ferred to a separatory funnel, and washed with ice-cold water (2P
15 mL). The organic layer was dried (MgSO4) and concentrated under re-
duced pressure. The residue was purified by silica gel column chromatog-
raphy (3% gradient of ethyl acetate in hexanes) to afford 13 (0.401 g,
70%). Rf=0.68 (20% ethyl acetate in hexanes); [a]23D =++18.38 (c=0.49
in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.55–7.31 (m, 5H; aromatic),
5.07 (s, 1H; >CHPh), 4.80–4.38 (m, 4H; CH2Ph), 4.35 (q, 1H; H-6a),
4.07 (dd, 1H; H-1a), 3.99 (dd, 1H; H-4), 3.92–3.82 (m, 3H; H-5, H-3, H-
1b), 3.67 (dd, 1H; H-2), 3.52 (t, 1H; H-6b), 1.08 ppm (s, 9H; tBu);
13C NMR (75 MHz, CDCl3): d=139.4, 129.8, 129.0, 127.4 (Ph), 102.4
(CHPh), 82.7 (C-4), 72.4 (C-6), 70.3 (C-3), 67.9 (C-5), 62.8 (C-1), 61.8 (C-
2), 27.0 ppm (C(CH3)); HRMS: m/z : calcd for C43H49N3O5SiNa:
736.3183; found: 736.3372.


2-Azido-1-O-(tert-butyldiphenylsilyl)-2-deoxy-3,4,5-tri-O-benzyl-d-gluci-
tol (6): A solution of 1m BH3 in THF (1.42 mL) was added to compound
13 (96 mg, 0.134 mmol). After the solution was stirred for 10 min at 0 8C,
a solution of 1m Bu2BOTf in CH2Cl2 (0.14 mL) was added dropwise.
After the mixture was stirred for a further 45 min, TLC analysis showed
completion of the reaction. Triethylamine was added (55 mL); this was
followed by addition of methanol until the evolution of H2 gas ceased.
The solvents were evaporated under reduced pressure and the residue
was coevaporated with methanol (3P50 mL). The residue was purified
by silica gel column chromatography (5% ethyl acetate gradient in hex-
anes) to afford acceptor 6 as an oil (83 mg, 85%). Rf=0.40 (ethyl ace-
tate/toluene, 1:3); [a]25D =�134.28 (c=0.64 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=7.64–7.16 (m, 25H, aromatic), 4.76–4.51 (6H; 3P
CH2Ph), 3.94 (dd, J=5.3, 5.7 Hz, 1H; H-4), 3.84–3.74 (m, 4H; H-6a, H-
6b, H-2, H-1a, H-3), 3.6 (q, J=4.4 Hz, 1H; H-5), 3.56 (q, J=4.9 Hz, 1H;
H-1b), 2.11 (t, 1H; OH), 1.06 ppm (s, 9H; tBu); 13C NMR (75 MHz,
CD3OD): d=127.9–138.3 (Ph), 79.8 (C-5), 79.5 (C-4), 78.5 (C-3), 75.0,
74.9, 71.9 (3PCH2Ph), 64.0 (C-1), 63.9 (C-2), 61.0 (C-6), 27.0 ppm
(C(CH3)); HRMS: m/z : calcd for C43H49N3O5SiNa: 736.3183; found:
736.3372.


1-O-(tert-Butyldiphenylsilyl)-(3-O-acetyl-4,6-O-benzylidene-2-deoxy-2-
phthalimido-b-d-glucopyranosyl)-2-azido-2-deoxy-3,4,5-tri-O-benzyl-6-O-
hydroxy-d-glucitol (14): A suspension of glycosyl donor 5a (0.443 g,
0.767 mmol) and acceptor 6 (0.457 g, 0.639 mmol) in CH2Cl2 (20 mL)
with 4 L molecular sieves was stirred under an atmosphere of argon for
2 h. The mixture was cooled to �35 8C and this was followed by the addi-
tion of NIS (171 mg, 0.767 mmol) and TMSOTf (�7 mL). The reaction
mixture was stirred for 1 h during which the temperature was gradually
raised to 0 8C. The reaction was quenched by addition of pyridine
(0.15 mL). The reaction mixture was diluted with CH2Cl2 (35 mL) and
the molecular sieves were removed by filtration through a pad of celite
and washed with CH2Cl2 (3P50 mL). The combined filtrates was washed
with 10% Na2S2O3 (2P20 mL) and water (2P20 mL). The organic phase
was dried (MgSO4) and filtered, then the filtrate was concentrated in
vacuo. The residue was purified by silica gel column chromatography
(5% gradient of ethyl acetate in hexanes) to afford 14 as an oil (0.651 g,
90%). Rf=0.57 (40% ethyl acetate in hexanes); [a]23D =�6.18 (c=2.7 in
CHCl3);


1H NMR (300 MHz, CDCl3): d=7.73—6.97 (m, 34H; aromatic),
5.92 (dd, J=9.6, 9.3 Hz, 1H; H-3’), 5.53 (s, 1H; >CHPh), 5.51 (d, J=
8.5 Hz, 1H; H-1’), 4.62–4.23 (m, 9H; 3PCH2Ph, H-6a’, H-2’, H-6a), 3.81–
3.60 (m, 9H; H-4’, H-5’, H-6b’, H-6b, H-1a, H-2, H-3, H-4, H-5), 3.50 (m,
1H; H-1b), 1.91 (s, 3H; COCH3), 1.04 ppm (s, 9H; tBu); 13C NMR
(75 MHz, CDCl3): d=170.4 (COCH3), 138.3–123.8 (Ph), 102.4 (CHPh),
82.7 (C-4), 72.4 (C-6), 70.3 (C-3), 67.9 (C-5), 62.8 (C-1), 61.8 ppm (C-2);
HRMS: m/z : calcd for C66H68N412SiONa: 1160.3412; found: 1160.7328.


1-O-(tert-Butyldiphenylsilyl)-6-O-{4’,6’-O-benzylidene-2’-deoxy-2’-[(R)-3-
octacosanoyloxyhexadecan]amido-b-d-glucopyranosyl}-2-azido-2-deoxy-
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3,4,5-tri-O-benzyl-d-glucitol (16): Hydrazine hydrate (0.34 mL,
6.84 mmol) was added to a solution of 14 (0.389 g, 0.342 mmol) in ethanol
(15 mL). After being stirred at 90 8C for 15 h, the reaction mixture was
cooled and concentrated under reduced. The residue was coevaporated
from toluene (3P25 mL) after which it was purified by silica gel column
chromatography (35% gradient of ethyl acetate in hexanes) to afford an
amine (0.274 g, 0.283 mmol). DCC (0.05 g, 0.239 mmol) was added to a
solution of 15 (0.163 g, 0.239 mmol) in CH2Cl2 (5 mL) and stirred for
10 min, followed by the addition of the amine described above (0.193 g,
0.20 mmol) in CH2Cl2 (10 mL). The reaction mixture was stirred for 16 h
at room temperature. The solids were filtered off and the residue was
washed with CH2Cl2 (2P10 mL). The combined filtrate was concentrated
under reduced pressure and the residue was purified by silica gel column
chromatography (10% gradient of ethyl acetate in hexanes) to afford 16
as a white solid (0.23 g, 71%). Rf=0.57 (30% ethyl acetate in hexanes);
[a]23D =++21.38 (c=0.60 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.64–
7.14 (m, 30H; aromatic), 5.98 (d, 1H, J=5.8 Hz; NH), 5.53 (s, 1H;
>CHPh), 5.05 (m, 1H; H-3L), 4.71 (d, J=8.3 Hz, 1H; H-1’), 4.25 (dd,
J=5.8, 4.9 Hz, 1H; H-6a’), 4.17 (d, J=9.3 Hz, 1H; H-6a), 4.08 (t, J=
9.3 Hz, 1H; H-3’), 3.92 (m, 1H; H-5), 3.79–3.67 (m, 6H; H-6a, H-1a, H-
6b’, H-4, H-3, H-2), 3.56–3.50 (m, 3H; H-2’, H-4’, H-1b), 3.45 ppm (m,
1H; H-5); 13C NMR (75 MHz, CDCl3): d=174.4 (NHCOCH3), 171.5
(COCH3), 138.4–126.6 (Ph), 102.1 (CHPh), 101.5 (C-1’), 81.7 (C-4’), 79.8
(C-5), 79.5 (C-4), 78.4 (C-3), 75.1–72.4 (3PCH2Ph), 71.5 (C-3’), 71.4 (C-
3L), (C-6), 70.4 (C-3), 68.8 (C-6’), 66.6 (C-5’), 63.9 (C-1, C-2), 59.4 ppm
(C-2’); HRMS: m/z : calcd for C100H148N4O12SiNa: 1649.3401; found:
1649.3158.


1-O-(tert-Butyldiphenylsilyl)-6-O-{4’,6’-O-benzylidene-3’-O-[(R)-3-benzy-
loxyhexadecanoyl]-2’-deoxy-2’-[(R)-3-octacosanoyloxyhexadecan]amido-
b-d-glucopyranosyl}-2-[(R)-3-benzyloxyhexadecan]amido-3,4,5-tri-O-
benzyl-d-glucitol (18): A solution of 16 (210 mg, 0.123 mmol) in 1,3-pro-
panedithiol (0.25 mL, 2.46 mmol), pyridine (8.7 mL), and H2O (1.25 mL)
was stirred for 16 h at room temperature. The reaction mixture was con-
centrated in vacuo and the residue was coevaporated with toluene (2P
5 mL) and ethanol (2P5 mL). The residue was purified by silica gel
column chromatography (2% gradient of methanol in CH2Cl2) to afford
the free amine as a colorless syrup (189 mg, 95%). DCC (54 mg,
0.261 mmol) and DMAP (20 mg, 0.163 mmol) were added to a stirred
solution of 17 (89 mg, 0.244 mmol) in CH2Cl2 (10 mL). After stirring for
10 min, amine (131 mg, 0.081 mmol) in CH2Cl2 (1.5 mL) was added. The
reaction mixture was stirred for 16 h at room temperature, after which
the solids were filtered off and the residue was washed with CH2Cl2 (2P
10 mL). The combined filtrates were concentrated in vacuo and the resi-
due was purified by silica gel column chromatography (3% gradient of
ethyl acetate in CH2Cl2) to afford 18 as a white solid (142 mg, 71%). Rf=


0.43 (20% ethyl acetate in hexanes); [a]23D =++12.58 (c=0.8 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.64–7.14 (m, 35H; aromatic), 6.23 (d,
J=8.3 Hz, 1H; NH), 5.78 (d, 1H; NH’), 5.39 (s, 1H; >CHPh), 5.38 (t,
J=9.3 Hz, 1H; H-3’), 4.98 (m, 1H; H-3L), 4.74 (1H; H-1’), 4.73–4.31 (m,
10H; 5PCH2Ph), 4.29–4.26 (m, 2H; H-6a’, 2), 4.13 (d, J=9.8 Hz, 1H; H-
6a), 4.02 (d, J=7.8 Hz, 1H; H-3), 3.92–3.85 (m, 3H; H-5, H-6b, H-2’),
3.78 (m, 2H; H-4), 3.67–3.59 (m, 3H; H-6b’, H-4’, H-1b), 3.52 (dd, J=
9.8, 9.3 Hz, 1H; H-6a), 3.45 ppm (m, 1H; H-5); 13C NMR (75 MHz,
CDCl3): d=174.4, 172.8 (NHCOCH3), 171.5, 170.2 (COCH3), 138.4–126.6
(Ph), 102.1 (CHPh), 101.6 (C-1’), 82.0 (C-4’), 79.7 (C-5), 79.3 (C-4), 78.4
(C-3), 76.2–72.3 (5PCH2Ph), 71.8 (C-3’), 71.4 (C-3L), 70.8 (C-6), 70.7 (C-
3), 68.9 (C-6’), 66.5 (C-5’), 62.6 (C-1), 55.4 (C-2), 51.5 ppm (C-2’);
HRMS: m/z : calcd for C146H222N2O16SiNa: 2312.1251; found: 2312.1257.


6-O-{4’,6’-O-Benzylidene-3’-O-[(R)-3-benzyloxyhexadecanoyl]-2’-deoxy-
2’-[(R)-3-octacosanoyloxyhexadecan]amido-b-d-glucopyranosyl}-2-[(R)-
3-benzyloxyhexadecan]amido-3,4,5-tri-O-benzyl-d-glucitol (19): 1m
TBAF in THF (40 mL, 0.039 mmol) was added to a solution of 18 (76 mg,
0.033 mmol) in THF (2 mL). After the reaction mixture was stirred for
30 min, TLC analysis indicated completion of the reaction. The solvent
was evaporated in vacuo and the oily residue was subjected to purifica-
tion by silica gel column chromatography (10% gradient of ethyl acetate
in hexanes) to afford 19 as a fluffy white solid (62 mg, 91%). Rf=0.38
(30% ethyl acetate in hexanes); [a]25D =++5.08 (c=0.7 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.41–7.18 (m, 30H; aromatic), 6.38 (d,
J=8.8 Hz, 1H; NH), 6.23 (d, J=7.32 Hz, 1H; NH’), 5.43 (s, 1H; >


CHPh), 5.26 (dd, J=9.3, 8.8 Hz, 1H; H-3’), 5.10 (m, 1H; H-3L), 4.52 (m,


1H; H-1’), 4.77 (dd, J=9.8, 9.3 Hz, 1H; H-2), 4.83–4.35 (m, 10H; 5P
CH2Ph), 4.44 (m, 1H; H-5), 4.37–4.32 (m, 2H; H-6a, H-6a’), 4.16 (q, J=
7.8 Hz, 1H; H-2’), 4.03–3.99 (m, 2H; H-3’, H-2), 3.91–3.86 (m, 2H; H-5’,
H-4’), 3.76 (m, 1H; H-6b), 3.68 (dd, J=9.1, 9.8 Hz, 1H; H-4), 3.58–3.55
(m, 2H; H-6b’, H-1a), 3.51–3.47 ppm (m, 2H; H-5, H-1b); 13C NMR
(75 MHz, CDCl3): d=174.2, 171.8 (NHCOCH3), 171.3, 171.2 (COCH3),
139.5–126.4 (Ph), 102.3 (CHPh), 101.7 (C-1’), 82.7, 79.1 (C-5), 78.8 (C-4’),
77.9 (C-3), 76.8 (C-4), 75.7–70.8 (5PCH2Ph), 71.4 (C-3L), 71.1 (C-3’), 68.8
(C-6), 68.1 (C-6’), 66.8 (C-5’), 62.9, 54.6 (C-2’), 51.9 ppm (C-2); HRMS:
m/z : calcd for C130H204N2O16Na: 2073.6311; found: 2073.6309.


6-O-{4’,6’-O-Benzylidene-3’-O-[(R)-3-benzyloxyhexadecanoyl]-2’-deoxy-
2’-[(R)-3-octacosanoyloxyhexadecan]amido-b-d-glucopyranosyl}-2-[(R)-
3-benzyloxyhexadecan]amido-3,4,5-tri-O-benzyl-d-gluconic acid (20):
Oxalyl chloride (12 mL, 0.136 mmol) was added to CH2Cl2 (1 mL) cooled
to �40 8C under an atmosphere of argon. DMSO (12 mL, 0.168 mmol)
was added and the mixture was stirred for 2 min at �40 8C. Compound
19 (36 mg, 17.47 mmol) in CH2Cl2 (1 mL) was added dropwise through a
syringe. Et3N (50 mL, 0.288 mmol) was added after the reaction mixture
had been stirred for 30 min at �40 8C. The reaction was allowed to warm
to room temperature and stirred for 1 h. The reaction mixture was then
diluted with CH2Cl2 (15 mL), washed with saturated aqueous NH4Cl
solution, and then concentrated under reduced pressure. The residue was
dissolved in THF (0.5 mL), then NaClO2 (5 mg, 50 mmol), NaH2PO4


(3 mg, 2 mmol), and 2-methyl-2-butene (110 mL of 2m solution in THF) in
tBuOH (1 mL) and water (0.2 mL) were added. After stirring vigorously
for 3 h, the reaction mixture was concentrated under reduced pressure
and the residue was purified by silica gel column chromatography (1%
MeOH gradient in CH2Cl2) to afford 20 (26 mg, 74%). Rf=0.61 (10%
methanol in CH2Cl2); [a]23D =�9.348 (c=0.6 in CHCl3);


1H NMR
(500 MHz, CDCl3): d 7.41–7.18 (m, 30H, aromatic), 7.14 (d, J=8.8 Hz,
1H; NH), 6.36 (d, J=7.32 Hz, 1H; NH’), 5.46–5.42 (m, 2H; >CHPh, H-
1’), 5.26 (dd, J=9.3, 8.8 Hz, 1H; H-3’), 5.10 (m, 1H; H-3L), 4.52 (m, 1H;
H-1’), 4.77 (dd, J=9.8, 9.3 Hz, 1H; H-2), 4.83–4.35 (m, 10H; 5PCH2Ph),
4.44 (m, 1H; H-5), 4.37–4.32 (m, 2H; H-6a, H-6a’), 4.16 (q, J=7.8 Hz,
1H; H-2’), 4.03–3.99 (m, 2H; H-3’, H-2), 3.91–3.86 (m, 2H; H-5’, H-4’),
3.76 (m, 1H; H-6b), 3.68 (dd, J=9.1, 9.8 Hz, 1H; H-4), 3.58–3.55 (m,
2H; H-6b’, H-1a), 3.51–3.47 ppm (m, 2H; H-5, H-1b); 13C NMR
(75 MHz, CDCl3): d=174.2, 171.8 (NHCOCH3), 171.3, 171.2 (COCH3),
139.5–126.4 (Ph), 102.3 (CHPh), 101.7 (C-1’), 82.7, 79.1 (C-5), 78.8 (C-4’),
77.9 (C-3), 76.8 (C-4), 75.7–70.8 (5PCH2Ph), 71.4 (C-3L), 71.1 (C-3’), 68.8
(C-6), 68.1 (C-6’), 66.8 (C-5’), 62.9, 54.6 (C-2’), 51.9 ppm (C-2); HRMS:
m/z : calcd for C130H202N2O17Na: 2087.5119; found: 2087.5149.


Debenzylation of compound 20 : Pd/C (5 mg) was added to a solution of
hydroxy acid 20 (15 mg, 7.26 mmol) dissolved in THF/tBuOH (2 mL, 1:1).
The mixture was placed under an atmosphere of H2 and stirred for 24 h
at room temperature. The catalyst then was filtered off through a pad of
celite and subsequently washed with THF (2P3 mL) and CH2Cl2 (2P
3 mL). The combined filtrates were concentrated under reduced pressure
and the residue was purified by size-exclusion column chromatography
with Sephadex LH-20 (iPrOH/ CH2Cl2 1:1) to afford a mixture of 3 and 4
(5 mg, 67%). Rf=0.41 (methanol/CH2Cl2/NH4OH 15:80:5); 1H NMR
(500 MHz, [D8]THF/MeOD 1:1): d=7.02 (d, 1H, J=8.8 Hz, NH), 6.84
(d, J=7.32 Hz, 1H; NH’), aminogluconate: 5.05 (t, J=10.4, 9.3 Hz, 1H;
H-3’), 4.71 (d, J=3.6; H-2), 4.54 (d, J=8.3 Hz, 1H; H-1’), 4.32 (1H; H-
3), 3.82 (1H; H-2’), 3.86 (1H; H-6a’), 3.73–3.70 (1H; H-6a, H-6b’), 3.55–
3.53 (2H; H-4’, H-6b), 3.54 (1H; H-4), 3.35–3.32 (1H; H-5, H-5’), amino-
gluconolactone: 5.01 (t, J=10.3, 9.3 Hz, 1H; H-3’), 4.66 (d, J=8.3 Hz,
1H; H-1’), 4.25 (1H; H-2, H-5), 3.89 (1H; H-6a), 3.86 (1H; H-2’, H-6a’),
3.69 (1H; H-6b), 3.55–3.54 (1H; H-4, H-4’), 3.32 (1H; H-5); HRMS:
aminogluconate: m/z : calcd for C88H168N2O17Na: 1548.2811; found:
1548.2816; aminogluconolactone: m/z : calcd for C88H166N2O16Na:
1530.2135; found: 1530.2786.


Phenyl 2-azido-3,4-di-O-benzyl-6-O-(4’,6’-O-benzylidene-2’-deoxy-2’-
phthalimido-b-d-glucopyranosyl)-2-deoxy-1-thio-b-d-glucopyranoside
(21): A mixture of donor 5b (0.624 g, 1.16 mmol) and acceptor 7 (0.463 g,
0.97 mmol) and activated molecular sieves (4 A, 1.2 g) in CH2Cl2 (15 mL)
was stirred under an atmosphere of argon for 1 h. The mixture was
cooled (�35 8C) and NIS (0.26 g, 1.16 mmol) and TfOH (�10 mL) were
added. The reaction mixture was allowed to warm to �10 8C. After the
mixture had been stirring for 45 min, TLC analysis indicated completion
of the reaction. The reaction was quenched with pyridine (0.2 mL) and
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diluted with CH2Cl2 (50 mL). The molecular sieves were removed by fil-
tration and washed with CH2Cl2 (3P10 mL). The combined filtrates were
washed with 10% Na2S2O3 (2P35 mL) and water (2P35 mL). The organ-
ic phase was dried (MgSO4) and filtered, then the filtrate was concentrat-
ed in vacuo. The residue was purified by silica gel column chromatogra-
phy (5% gradient of ethyl acetate in toluene) to afford 21 as a white
fluffy solid (0.683 g, 80%). Rf=0.55 (35% ethyl acetate in hexanes);
[a]23D =++36.38 (c=2.5 in CHCl3);


1H NMR (500 MHz, CDCl3): d=7.78–
7.08 (m, 24H; aromatic), 5.59 (s, 1H; >CHPh), 5.41 (d, J=8.79 Hz, 1H;
H-1’), 4.66 (t, J=7.82, 8.3 Hz, 1H; H-3’), 4.39 (dd, J=6.35, 1.96 Hz, 1H;
H-6a’), 4.34 (dd, J=8.3, 10.26 Hz, 1H; H-2’), 4.27 (d, J=9.77 Hz, 1H; H-
1), 4.78–4.28 (m, 4H; 2PCH2Ph), 4.11 (dd, J=1.46, 9.28 Hz, 1H; H-6a),
3.85 (dd, J=10.25, 1.96 Hz, 1H; H-6b’), 3.71–3.65 (m, 3H; H-6b, H-4’, H-
5’), 3.40–3.36 (m, 2H; H-3, H-5), 3.28 (dd, J=9.28, 9.76 Hz, 1H; H-4),
3.20 ppm (t, J=9.77 Hz; H-2); 13C NMR (75 MHz, CDCl3): d=137.7–
123.7 (Ph), 102.2 (CHPh), 98.9 (C-1’), 85.1 (C-1), 85.0 (C-5), 82.5 (C-4’),
78.4 (C-3), 77.2 (C-4), 76.0 (CH2Ph), 75.0 (CH2Ph), 68.9 (C-3’, C-6’), 68.2
(C-6), 66.4 (C-5’), 64.9 (C-2), 56.6 ppm (C-2’); HRMS: m/z : calcd for
C47H44N4O10SNa: 879.2676; found: 873.2520.


Phenyl 2-azido-3,4-di-O-benzyl-6-O-{4’,6’-O-benzylidene-2’-deoxy-2’-
[(R)-3-octacosanoyloxyhexadecan]amido-b-d-glucopyranosyl}-2-deoxy-1-
thio-b-d-glucopyranoside (22): Hydrazine hydrate (0.30 mL, 6.84 mmol)
was added to a solution of 21 (0.273 g, 0.304 mmol) in ethanol (15 mL).
The reaction mixture was stirred at 90 8C for 12 h. After cooling to room
temperature, the mixture was concentrated to dryness and the residue
was coevaporated from toluene (2P25 mL). The residue was purified by
silica gel column chromatography (35% gradient of ethyl acetate in hex-
anes) to afford the free amine (0.195 g, 88%). DCC (0.10 g, 0.484 mmol)
was added to a solution of 15 (290 mg, 0.431 mmol) in CH2Cl2 (6 mL).
After stirring for 10 min, the amine (195 mg, 0.267 mmol) in CH2Cl2
(4 mL) was added. The reaction mixture was stirred for 16 h, after which
the solids were filtered off and the residue was washed with CH2Cl2 (2P
10 mL). The combined filtrates were concentrated in vacuo and the resi-
due was purified by silica gel column chromatography (10% gradient of
ethyl acetate in toluene) to afford 22 as a white solid (0.237 g, 65%).
Rf=0.74 (25% ethyl acetate in toluene); [a]23D =++10.658 (c=0.9 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=7.52–7.26 (m, 15H; aromatic),
5.75 (d, J=6.3 Hz, 1H; NH), 5.55 (d, J=5.3 Hz, 1H; H-1), 5.50 (s, 1H;
>CHPh), 4.96 (m, 1H; H-3L), 4.76 (dd, J=11.2 Hz, 2H; CH2Ph), 4.66
(d, J=8.3 Hz, 1H; H-1’), 4.38–4.34 (m, 1H; H-5), 4.28 (dd, J=4.9,
10.3 Hz, 1H; H-6’a), 4.11–3.92 (m, 3H; H-3, H-3’, H-6a), 3.82–3.70 (m,
3H; H-2, H-6b, H-6b’), 3.53–3.39 ppm (m, 4H; H-2’, H-4, H-4’, H-5’);
13C NMR (75 MHz, CDCl3): d=133.00–127.00 (Ph), 102.63 (>CHPh),
101.50 (C-1’), 87.83 (C-1), 82.00 (C-4’), 79.11 (C-4), 75.41 (CH2Ph), 74.92
(C-3), 72.03 (C-3L), 71.13 (C-5, C-3’), 69.24 (C-6a), 68.78 (C-6’), 67.08 (C-
5’), 64.69 (C-2), 59.28 ppm (C-2’); HRMS: m/z : calcd for
C83H126N4O11SNa: 1410.0321; found: 1410.0608.


Phenyl 3,4-di-O-benzyl-6-O-{4’,6’-O-benzylidene-3’-O-[(R)-3-benzyloxy-
hexadecanoyl]-2’-deoxy-2’-[(R)-3-octacosanoyloxyhexadecan]amido-b-d-
glucopyranosyl}-2-[(R)-3-benzyloxyhexadecan]amido-2-deoxy-1-thio-a-d-
glucopyranoside (23): A solution of 22 (230 mg, 0.165 mmol) in 1,3-pro-
panedithiol (0.35 mL, 3.32 mmol), pyridine (12 mL), and H2O (1.8 mL)
was stirred for 16 h at room temperature. The mixture was concentrated
in vacuo and the residue was coevaporated with toluene (2P5 mL) and
ethanol (2P 5 mL). The residue was purified by silica gel column chro-
matography (2% gradient of methanol in CH2Cl2) to afford the free
amine as a colorless syrup (193 mg, 86%). DCC (48 mg, 0.232 mmol) and
DMAP (6 mg, 0.046 mmol) were added to a stirred solution of 17 (56 mg,
0.155 mmol) in CH2Cl2 (5 mL). After stirring for 10 min, the amine
(53 mg, 0.039 mmol) in CH2Cl2 (1.5 mL) was added. The reaction mixture
was stirred for 16 h at room temperature, after which the solids were fil-
tered off and the residue was washed with CH2Cl2 (2P5 mL). The com-
bined filtrates were concentrated in vacuo and the residue was purified
by silica gel column chromatography (3% gradient of ethyl acetate in tol-
uene) to afford 23 as a white fluffy solid (51 mg, 64%). Rf=0.68 (10%
ethyl acetate in toluene); [a]23D =�3.88 (c=0.52 in CHCl3);


1H NMR
(500 MHz, CDCl3): d=7.58–7.18 (m, 30H; aromatic), 6.62 (d, J=
8.31 Hz, 1H; NH), 5.41 (d, 2H; >CHPh, NH’), 5.25 (t, J=9.77 Hz, 1H;
H-3’), 4.98 (m, 1H; H-3L), 4.85 (d, J=8.79 Hz, 1H; H-1), 4.71 (m, 3H;
H-1’, CH2Ph), 4.65–4.36 (m, 6H; 3PCH2Ph), 4.32 (dd, J=4.8, 5.8 Hz,
1H; H-6a’), 4.02 (d, J=11.23 Hz, 1H; H-6a), 3.85–3.68 (m, 5H; H-2’, H-


2, H-6b, H-3, H-6a’), 3.63 (t, J=9.28 Hz, 1H; H-4’), 3.50 (dd, J=8.8,
7.9 Hz, 1H; H-5), 3.41 (m, 1H; H-5’), 3.33 ppm (t, J=8.8, 9.3 Hz, 1H; H-
4); 13C NMR (75 MHz, CDCl3): d=137.7–123.7 (Ph), 101.5 (CHPh),
101.4 (C-1’), 85.9 (C-1), 82.9, 79.7 (C-5), 79.1 (C-4’), 78.5 (C-4), 78.1 (C-
3), 74.8–70.9 (4PCH2Ph), 71.5 (C-3L), 68.4 (C-6’), 68.2 (C-6), 66.0 (C-5’),
54.8 (C-2), 54.6 ppm (C-2’); HRMS: m/z : calcd for C129H200N2O15SNa:
2073.7321; found: 2073.7354.


3,4-Di-O-benzyl-6-O-{4’,6’-O-benzylidene-3’-O-[(R)-3-benzyloxyhexade-
canoyl]-2’-deoxy-2’-[(R)-3-octacosanoyloxyhexadecan]amido-b-d-gluco-
pyranosyl}-2-[(R)-3-benzyloxyhexadecan]amido-2-deoxy-d-glucono-1,5-
lactone (25): N-NIS (14 mg, 62 mmol) was added to a stirred solution of
23 (26 mg, 12.4 mmol) in THF/H2O (3 mL, 10:1) at room temperature.
The reaction mixture was vigorously stirred for 16 h until TLC analysis
indicated that the reaction was complete. The reaction mixture was dilut-
ed with CH2Cl2 (15 mL) and washed with aqueous Na2S2O3 (15%, 5 mL)
and water (3P5 mL). The organic phase was dried (MgSO4) and filtered,
then the filtrate was concentrated in vacuo. The residue was purified by
silica gel chromatography (1% gradient of MeOH in CH2Cl2) to afford
the lactol 24 (17 mg, 8.68 mmol). A suspension of lactol 24 (14.0 mg,
7.1 mmol) and activated molecular sieves (3 L, 25 mg) in CH2Cl2 (2 mL)
was stirred for 1 h at room temperature under an atmosphere of argon.
PCC (8.1 mg, 37 mmol) was then added and the reaction mixture was stir-
red for another hour until TLC analysis indicated completion of the reac-
tion. The reaction mixture was placed onto a column of Iatro beads and
eluted with EtOAc/toluene (1:1) to afford lactone 25 as a colorless film
(11.3 mg, 81%). Rf=0.66 (25% ethyl acetate in toluene); [a]25D =�13.28
(c=0.3 in CHCl3);


1H NMR (500 MHz, CDCl3): d=7.38–7.18 (m, 25H,
aromatic), 7.02 (d, 1H, J=8.8 Hz, NH), 6.84 (d, J=7.32 Hz, 1H; NH’),
5.70 (dd, J=9.3, 8.8 Hz, 1H; H-3’), 5.39 (s, 1H; >CHPh), 5.08 (m, 1H;
H-3L), 5.04 (d, J=8.3 Hz, 1H; H-1’), 4.77 (dd, J=9.8, 9.3 Hz, 1H; H-2),
4.73–4.37 (m, 8H; 4PCH2Ph), 4.44 (m, 1H; H-5), 4.28 (m, 1H; H-6a’),
4.11 (d, J=10.7 Hz, 1H; H-6a), 3.95 (t, J=7.3 Hz, 1H; H-4), 3.71 (m,
2H; H-3, H-6b’), 3.57–3.52 (m, 3H; H-5’, H-6b, H-4’), 3.46 ppm (q, J=
8.3, 9.3 Hz, 1H; H-2’); 13C NMR (75 MHz, CDCl3): d=137.7–123.7 (Ph),
101.7 (CHPh), 101.0 (C-1’), 79.7 (C-5), 79.1 (C-4’, C-3), 78.0 (C-4), 74.1–
70.9 (4PCH2Ph), 70.5 (C-3L), 70.3 (C-3’), 69.1 (C-6), 68.5 (C-6’), 66.0 (C-
5’), 56.5 (C-2’), 52.9 ppm (C-2); HRMS: m/z : calcd for C123H194N2O16Na:
1979.8501; found: 1979.8321.


Hydrogenation of compound 25 : Pd/C (5 mg) was added to lactone 25
(10 mg, 5.11 mmol) in THF/tBuOH (2 mL, 1:1). The reaction mixture was
placed under an atmosphere of H2 and stirred for 24 h at room tempera-
ture. The catalyst then was filtered off through a pad of celite and subse-
quently washed with THF (2P3 mL) and CH2Cl2 (2P3 mL). The filtrate
was then concentrated. The residue was purified by size-exclusion
column chromatography on a Sephadex LH-20 column (iPrOH/ CH2Cl2
1:1) to afford a mixture of 3 and 4 (5 mg, 43%). Rf=0.41 (methanol/
CH2Cl2/NH4OH 15:80:5); 1H NMR (500 MHz, [D8]THF/MeOD 1:1): d=
7.02 (d, J=8.8 Hz, 1H; NH), 6.84 (d, J=7.32 Hz, 1H; NH’), aminogluco-
nate: 5.05 (t, J=10.4, 9.3 Hz, 1H; H-3’), 4.71 (d, J=3.6; H-2), 4.54 (d, J=
8.3 Hz, 1H; H-1’), 4.32 (1H; H-3), 3.82 (1H; H-2’), 3.86 (1H; H-6a’),
3.73–3.70 (1H; H-6a, H-6b’), 3.55–3.53 (2H; H-4’, H-6b), 3.54 (1H; H-4),
3.35–3.32 (1H; H-5, H-5’), aminogluconolactone: 5.01 (t, J=10.3, 9.3 Hz,
1H; H-3’), 4.66 (d, J=8.3 Hz, 1H; H-1’), 4.25 (1H; H-2, H-5), 3.89 (1H;
H-6a), 3.86 (1H; H-2’, H-6a’), 3.69 (1H; H-6b), 3.55–3.54 (1H; H-4, H-
4’), 3.32 ppm (1H; H-5); HRMS: aminogluconate: m/z : calcd for
C88H168N2O17Na: 1548.2811; found: 1548.2816; aminogluoconolactone:
m/z : calcd for C88H166N2O16Na: 1530.2135; found: 1530.2786.


Reagents for biological experiments : E. coli 055:B5 LPS was obtained
from List Biologicals, phorbol 12-myristate 13-acetate (PMA) was from
Sigma, and R. sin-1 LPS was kindly provided by Dr. R. Carlson (CCRC,
Athens, GA). All data presented in this study were generated by using
the same batches of E. coli 055:B5 LPS and R. sin-1 LPS. Synthetic com-
pounds were stored lyophilized at �20 8C and reconstituted in dry THF
on the day of the experiment; final concentrations of THF in the biologi-
cal experiments never exceeded 0.5% to avoid toxic effects.


Cell maintenance : Mono Mac 6 cells, provided by Dr. H. W. L. Ziegler-
Heitbrock (Institute for Inhalation Biology, Munich, Germany), were cul-
tured in RPMI 1640 medium with l-glutamine (BioWhittaker) supple-
mented with 100 UmL�1 penicillin, 100 mgmL�1 streptomycin, 1% OPI
supplement (containing oxaloacetate, pyruvate, and bovine insulin;
Sigma), and 10% fetal calf serum (HyClone). The cells were maintained
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in a humid 5% CO2 atmosphere at 37 8C. New batches of frozen cell
stock were grown up every 2 months and growth morphology evaluated.
Before each experiment, Mono Mac 6 cells were incubated with
10 ngmL�1 calcitriol (Sigma) for 2 days to differentiate into macrophage-
like cells.


TNF-a ELISA : Differentiated cells were harvested by centrifugation and
gently suspended (106 cellsmL�1) in prewarmed (37 8C) medium. Cells
were then incubated with different combinations of stimuli for 6 h as de-
scribed below. Cell supernatants were then collected and stored frozen
(�80 8C) until assayed for TNF-a protein. Concentrations of TNF-a pro-
tein in culture supernatants were determined in duplicate by a solid-
phase sandwich ELISA. Briefly, 96-well plates (Nalge Nunc Internation-
al) were coated with purified mouse anti-human TNF-a antibody (Phar-
mingen). TNF-a in standards and samples was allowed to bind to the im-
mobilized antibody for 2 h at room temperature. Biotinylated mouse
anti-human TNF-a antibody (Pharmingen) was then added, thereby pro-
ducing an antibody–antigen–antibody “sandwich”. After addition of
avidin–horseradish peroxidase conjugate (Pharmingen) and ABTS perox-
idase substrate (Kirkegaard & Perry Laboratories), a green color was
produced in direct proportion to the amount of TNF-a present in the
sample. The reaction was stopped by adding peroxidase-stop solution
(Kirkegaard & Perry Laboratories) and the absorbance was measured at
405 nm by using a microplate reader (Dynatech Laboratories). All TNF-
a data are presented as the mean values (� the standard deviation) of du-
plicate cultures, with each experiment being repeated three times.
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Revealing the Configuration and Crystal Packing of Organic Compounds by
Solid-State NMR Spectroscopy: Methoxycarbonylurea, a Case Study


Sven Macholl,[a, b] Frank B%rner,[c] and Gerd Buntkowsky*[a]


Introduction


In a recent study supported by BASF AG,[1] methoxycarbo-
nylurea (MCU) and other related urea compounds were in-
vestigated as potential long-term nitrogen fertilizers with in-
termediate solubility in water. Understanding the solubility
properties of MCU could help in the more efficient screen-
ing of the fertilizer properties of other urea derivatives. For
this, detailed knowledge of the molecular configuration and
intra- and intermolecular hydrogen-bonding properties of
the urea compounds is necessary. Single-crystal X-ray crys-
tallography could not be applied to the system because the


single crystals exhibit lattice disorder. Recently we reported
a static dipolar solid-state NMR study of MCU[2].
For the study reported herein, we chose a more general


strategy. The molecular configuration of MCU in the solid
state was studied by a combination of selective 13C and/or
15N-isotope labeling schemes (chemical editing), dipolar
solid-state NMR spectroscopy[3] and ab initio calculations.
The experimental NMR data were used to obtain a network
of interatomic distance constraints. These constraints were
converted into torsion angles, which yielded the molecular
configuration. Additionally, intermolecular distances provide
hints about the intermolecular arrangement of MCU in the
crystal (NMR crystallography).[4–7]


Our strategy was based on the following basic idea: that
the nitrogen and all the carbon atoms, except for the me-
thoxy group, of the amide, urea and ester functions of the
MCU molecule (see Figures 1–3) are expected to be mainly
sp2 hybridized. In this case, the C�N bonds show some
double-bond character and a planar arrangement is formed
(apart from the H(methoxy) atoms). This assumption is sup-
ported by results of our previous study[2] and by ab initio
calculations reported in this study (see below). By using
bond lengths and bond angles derived from a geometry opti-
mization by a molecular modeling program, the secondary
structure of the MCU backbone is characterized by three
torsion angles Y1, Y2 and Y3 (see Figure 2). Owing to the
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Abstract: The molecular configuration
and intermolecular arrangement of
polycrystalline methoxycarbonylurea
(MCU) has been studied by a combina-
tion of chemical editing, rotational
echo double resonance (REDOR)
spectroscopy and ab initio calculations.
From the multispin ISn REDOR ex-
periments several dipolar couplings
were determined and converted into
distance constraints. Intra- and inter-
molecular dipolar couplings were dis-
tinguished by isotope dilution. The
configuration of the MCU molecule
can be determined from three torsion


angles Y1, Y2, and Y3. Ab initio calcu-
lations showed that these angles are
either 08 or 1808 (Z or E). From the
REDOR experiments, the E configura-
tion was found for Y1 and Y2 and the
Z configuration for Y3. Thus the con-
figuration of MCU in the solid state
was determined to be EEZ. Distance
constraints for the intermolecular ar-


rangement of MCU were obtained by
performing REDOR experiments on
13C15N2 MCU with different degrees of
isotope dilution and on a cocrystallized
1:1 mixture of 13C(urea) MCU and
15N(amide) MCU. By combining these
distance constraints with molecular
modeling, three different possible
packing motifs for MCU molecules
were found. The molecules in these
motifs are arranged as linear chains
with methoxy groups at the borders of
the chains. All the intermolecular hy-
drogen bond donors and acceptors in
the interior of the chain are saturated.


Keywords: configuration determi-
nation · hydrogen bonds · molecular
packing · NMR crystallography ·
REDOR
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sp2 hybridization and the absence of steric effects, they are
expected to be either 08 or 1808.
There are two different solid-state NMR (SSNMR) strat-


egies for determining the torsion angles, namely 1) the cor-
relation of different chemical shift tensors[8] and 2) the
NMR measurement of intramolecular distances, which con-
strain the torsion angles.[9–15] In this study, the second strat-
egy was employed and heteronuclear dipolar couplings be-
tween 13C and 15N spins were measured by REDOR
NMR.[16] These dipolar couplings (the specification “hetero-
nuclear” is omitted from now on) were converted to inter-
nuclear distances and the torsion angles adjusted to match
these distances.
The optimal selection of isotopomers for the structure de-


termination was crucial to this study. The following points
had to be considered: 1) the labeling scheme should give an
unambiguous structure; 2) the number of necessary iso-
topomers should be minimized; 3) the chemical synthesis
should be easy and cost efficient; 4) the measured dipolar
interactions should be in a range in which the REDOR ex-
periments exhibit high sensitivity and yield accurate distan-
ces.
To fulfil all these conditions, we started with a numerical


simulation of the possible molecular structures and the cor-
responding dipolar interactions. The structural calculations
were performed by employing the molecular modeling pro-
gram SPARTAN.[17] The calculations show that there are six
sterically allowed configurations of MCU, namely three con-
figurations without and three configurations with an intra-
molecular hydrogen bonds (see first and second column in
Figure 1).
In the REDOR experiments, internuclear distances were


determined between selectively spin-labeled (in this study
13C and 15N) positions. Figure 1 shows that, in principle, the
correct configuration of a planar molecule could be deter-
mined from a single 15N(amide)�13C(methoxy) distance
measurement. In practice, however, it is very difficult to ac-
curately measure C�N distances larger than about 5 M with


REDOR because of the T2 relaxation of the observed nu-
cleus. This fact renders most of the possible configurations
for MCU indistinguishable by this method. Therefore, it is
advantageous to measure shorter distances, preferably be-
tween atoms that are separated by three bonds, and thus
define a single torsion angle. The full configuration of the
molecule can be obtained by the determination of a suffi-
ciently large set of torsion angles by employing a suitable
set of isotopomers. For MCU, three doubly spin-labeled
molecules may be chosen for this purpose (see Figure 2b–d).


With the isotopomers depicted in Figure 2b and 2c, the
15N(amide)�13C(carbamate) and 15N(imide)�13C(methoxy
distances can be obtained, which yield the torsion angles Y1


and Y3. Having fixed the ter-
minal parts of the backbone of
MCU, the torsion angle Y2 can
be determined from a third
doubly spin-labeled molecule
by using the 15N(amide)�
13C(methoxy) distance (see
Figure 2d), which determines
the configuration of the mole-
cule uniquely.
The number of spin-labeled


samples necessary to deter-
mine the configuration can be
reduced by the simultaneous
measurement of several dipo-
lar couplings by employing
either 1) 13C (natural abun-
dance), singly 15N-labeled
REDOR spectroscopy[9] or 2)
REDOR on multispin labeled
samples (e.g., 13C15N2). The


Figure 1. Sketches of the six sterically allowed configurations of MCU; hydrogen atoms are omitted for clarity.
Configurations with and without intramolecular hydrogen bonds are in the middle and left panels, respectively.
The configurations are denoted using E,Z nomenclature (see right panel for an example). The numbers are
the calculated distances between the terminal N(amide) and C(methoxy) atoms (encircled). The configurations
in parentheses are excluded as possible structures by ab initio calculations.


Figure 2. The molecular backbone of MCU with the three torsion angles
Yn (n=1,2,3) indicated. Sketches b) to d) illustrate, which C�N distances
are used to determine which torsion angle.
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second method has the advantage of better signal-to-noise,
but the more complex spin system necessitates a more elab-
orate evaluation of the resulting REDOR data. If the indi-
vidual couplings are sufficiently strong this evaluation can
be solved by the so-called REDOR transform.[18,19] Alterna-
tively a full simulation of the experimental spin system can
be performed[20–22] or specialized REDOR sequences like
REDOR 3D,[23] FDR-REDOR,[24,25] q-REDOR,[26] or
MS REDOR[27] can be employed, which however cause sub-
stantially longer measuring times.
In this contribution both kinds of experiments, namely 1)


13C (natural abundance), singly 15N-labeled REDOR spec-
troscopy and 2) REDOR on ISn spin systems, were com-
bined. The experimental REDOR data of the ISn spin sys-
tems were evaluated by full numerical simulations of the
spin system.
In pure solid phases of relatively small molecules like


MCU, the intramolecular and intermolecular distances be-
tween spin labels may be the same. To distinguish between
these cases isotope dilution in unlabeled material is general-
ly necessary.
The rest of the article is organized as follows. First a brief


survey of the sample preparation and characterization is
given, followed by our experimental setup and a description
of the experiments and calculations. Next, the experimental
results are presented, discussed and finally summarized.


Experimental Section


The considerations discussed in the introduction show that it should be
possible to obtain the three torsion angles from only two suitable spin-la-
beled samples. The labeled isotopomers and the observable intramolecu-
lar dipolar couplings are shown in Figure 3. For the first isotopomer we
chose singly 15N(amide)-labeled MCU for 13C (natural abundance) 15N
REDOR experiments (the observed nucleus is named first and is under-
lined). In principle, three intramolecular C�N distances can be deter-
mined simultaneously (see Figure 3a) from this sample, which are used


for the determination of the torsion angles Y1 and Y2. To determine Y3,
a satisfactory signal-to-noise level requires a longer measuring time.
Therefore, we chose a more favorable experiment to determine Y3,
which, however, required the synthesis of a 15N(imide)-labeled sample.
While the synthesis of the 15N(amide)-labeled MCU can be accomplished
by standard procedures, the synthesis of selectively 15N(imide)-labeled
MCU is rather complicated and expensive. Therefore, as an alternative
to the 15N(imide) sample, we chose to use doubly 15N-labeled MCU as
the second isotopomer by employing commercially available 15N2-labeled
urea as the starting reagent. Since the quantitative evaluation of two si-
multaneous 13C15N dipolar couplings in a 13C15N experiment is rather
elaborate, we studied this sample in a 15N13C REDOR experiment first.
For this experiment we introduced a 13C label at the methoxy position as
dephasing spin: 13C(methoxy)15N2 MCU (


13C15N2 MCU for short). This la-
beling pattern allows the simultaneous measurement of two 13C15N dipo-
lar couplings (see Figure 3b) in the 15N13C REDOR experiment. These
dipolar couplings are used to determine the torsion angles Y2 and Y3.
Note that the influence of the homonuclear 15N15N dipolar interaction on
the REDOR signal can be neglected, as explained below in detail.


Sample preparation and characterization : All unlabeled and labeled sam-
ples used in this study were synthesized in house. The chemical synthesis
of the samples is given elsewhere.[2] Enrichment in 13C and 15N is between
97 and 99%. Triuret, which was obtained as a side product, was removed
by recrystallization from water. The absence of solvent molecules in the
microcrystalline material was checked by elementary analysis (water)
and 13C SSNMR spectroscopy (organic solvents). 1H and 13C NMR spec-
tra of labeled MCU in [D6]DMSO samples revealed chemical shifts and
several J couplings, and these have been presented and discussed in refer-
ence [2].


Ab initio calculations : All quantum-chemical calculations of geometry,
energy and vibrations were carried out with the GAUSSIAN98 pro-
gram[28] on an Origin 2000 (SGI) computer with 16 processors MIPS
R10000 and 3 GB of memory. The ab initio methods used were Hartree–
Fock (HF) and density functional theory (DFT) with the B3LYP func-
tional,[29,30] combined with the 3-21G or 6-31G standard basis set for the
initial geometry optimizations and then with 6-31++G(d,p) to model
the hydrogen bonds. All the data reported here are from B3LYP calcula-
tions. After each geometry optimization, the vibrational frequencies were
calculated to ensure that the obtained geometry corresponds to a (local)
minimum on the potential hypersurface.


Solid-state NMR spectroscopy: All SSNMR measurements were per-
formed at room temperature on a commercial Varian InfinityPlus 600
NMR spectrometer operating at a field of 14 T. The resonance frequen-
cies were 599.97 MHz for 1H, 150.87 MHz for 13C and 60.79 MHz for 15N.
For all the experiments, a triply tuned Chemagnetics 5 mm MAS probe
of T3 type was used. The powdered samples were packed into zirconium
oxide rotors. The spinning frequency of the sample was adjusted in the
range of 1 to 10 kHz and was stabilized to approximately �2 Hz. Typical
p pulse lengths were 9.7 ms for the 13C channel and 19.6 ms for the 15N
channel. For 1D spectra, the CPMAS technique was combined with a
rotor synchronized Hahn echo, which eliminates the dead time of the
probe. Residual 1HX dipolar couplings were suppressed using TPPM de-
coupling[31] with a B1 field of 50 kHz. Ramped amplitude cross-polariza-
tion (RAMP-CP)[32] was used to enhance the CP efficacy at high spinning
rates. Referencing of the CP-MAS spectra to TMS (13C) and NH3 was
performed by employing adamantane and 15NH4Cl, respectively, as exter-
nal standards.


All the REDOR spectra were recorded after applying all the recoupling
pulses in the non-observed (dephasing) channel. The recoupling pulses
were phase-cycled according to the xy-4 or xy-8 phase scheme.[33–35]


Owing to the long spin–lattice relaxation times of MCU (10.4 s at 14 T
for 1H) the measurement of a typical REDOR decay curve took approxi-
mately 1 day.


The REDOR experiment : The basic theory of the REDOR experiment
for two-spin[16,36–39] and three-spin systems[20,21,40, 41] has been widely re-
ported in the literature and is not reproduced here.


Data evaluation of the REDOR experiments : As explained in the results
section below, the REDOR decay curves are caused by spin systems of
the IS2 and IS3 type, which include homonuclear couplings between the
dephasing S spins. To evaluate these curves, numerical simulations with


Figure 3. The labeling strategy used in this study for the determination of
the torsion angles: a) 15N(amide)-labeled MCU is studied in a 13C(natural
abundance) 15N REDOR experiment to determine Y1 and Y2, b) both
15N and 13C(methoxy) atoms are labeled for the determination of Y2 and
Y3. Heteronuclear dipolar couplings are indicated by solid double arrows
and the 15N homonuclear dipolar coupling is indicated by a dotted
double arrow.


D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4808 – 48164810


FULL PAPER G. Buntkowsky et al.



www.chemeurj.org





laboratory written MATLAB routines and the SIMPSON program pack-
age,[42] employing the direct method in conjunction with the REPUL-
SION set of 100 angles,[43] were performed. The geometry of an IS2 spin
system is defined by two dipolar couplings D1 and D2 (or distances r1 and
r2) and the angle q between the dipolar tensors. Because of the symmetry
of dipolar tensors, it is sufficient to consider values of q in the interval 0–
p/2. For each additional dipolar coupling, another dipolar coupling and
two angles have to be defined. In practice, IS2 spin system simulations
have been performed by stepping consecutively through D1, D2, and q.


To simulate the REDOR curves, all corrections for the enrichment of iso-
topes and for natural abundance spins, for example, the dephasing effect
of a directly bound natural abundance spin S2 on the observed I spin in
the measurement of a long-range dipolar coupling IS1, are taken into ac-
count. In general, these corrections are of the order of a few percentages
in “completely” 13C/15N-labeled materials. The corrections are important
in this study especially for the isotope dilution experiment.


Owing to the very rigid nature of the MCU molecule, due to the high
bond order of the C�N bonds and the stabilizing effect of the hydrogen-
bonding network, no motional correction of the REDOR data for fast vi-
brational motions[38] is necessary.


Results and Discussion


In this section, the results of our study are presented. First,
the outcome of the ab initio calculations is discussed. From
these calculations, possible configurations of isolated MCU
molecules were determined, which were then probed in the
second step by 13C15N REDOR spectroscopy to determine
the actual secondary structure of MCU in the crystal.


Ab initio calculations : By employing the six sterically al-
lowed configurations shown in Figure 1 as the starting point,
ab initio geometry optimizations were performed. No
minima on the energy hypersurface were found for the ZZZ
configuration (large negative vibrational frequency) or for
the ZEE configuration (see Figure 1, structures in parenthe-
ses). The calculation with the ZEE configuration as input
showed that if all three torsion angles are free to change the
ZEE converges to the ZEZ configuration. If the torsion
angle Y3 is kept constant, two negative vibrational frequen-
cies were calculated, which indicates that the calculated
structure does not correspond to a (local) minimum of the
energy hypersurface. Therefore, the ZZZ and ZEE configu-
rations were excluded and only four configurations from the
calculations remained (see Figure 1, structures without pa-
rentheses). The relative energies of these four configurations
were calculated to be EEZ=0, EZZ=4.3, EEE=10.1,
ZEZ=10.2 kcalmol�1 (torsion angles that are different to
those of the global minimum structure EEZ are in bold
type).
The calculations reveal structures with the following prop-


erties. 1) The most stable gas-phase structure of MCU pre-
dicted by the calculations (configuration EEZ) coincides
with the configuration of the MCU part of methoxycarbo-
nylbiuret·H2O (MCB·H2O).


[1] This structure was obtained by
X-ray diffraction and it is characterized by an intramolecu-
lar, nonlinear hydrogen bond between N(amide) and O(car-
bamate/carbonyl) with a N–O distance of 2.75 M. 2) In the
structure with the second lowest energy (configuration
EZZ), the hydrogen bond acceptor is O(methoxy) instead


of O(carbamate/carbonyl) and the heavy atom distance of
this hydrogen bond is 2.72 M. 3) Rotation of the methoxy
group by 1808 with respect to the global minimum structure
EEZ yields a structure in which the two H(imide) atoms
and two out of the three H(methoxy) atoms are closer (con-
figuration EEE). However, the internuclear H,H distances
are still rather large (ca. 2.2 M) compared with the sum of
two 1H van der Waals radii. 4) Rotation around Y1 yields
the ZEZ configuration, which is the only configuration with-
out an intramolecular hydrogen bond that could be realized
by ab initio calculations.


13C and 15N CPMAS spectra : Next, the 13C (natural abun-
dance) and 15N CPMAS spectra of unlabeled and 13C15N2
MCU were recorded (not shown). The spectral lines are rel-
atively narrow (FWHH 0.8–2.3 ppm in the 13C spectrum,
0.5–1.3 ppm in the 15N spectrum) and well resolved. The 13C
chemical shift (CS) values are d=54, 155, and 159 ppm.
Whilst the line at d=54 ppm is assigned to the methoxy
carbon atom by virtue of its chemical shift, the assignment
of the lines at d=155 and 159 ppm to the carbamate and
urea carbon atoms is not obvious. This assignment was
made unambiguously by using the data from the REDOR
experiments (see below) with d(13C,carbamate)=155 and
d(13C,urea)=159 ppm. Interestingly, this order is opposite to
that of the 13C chemical shifts of MCU dissolved in dimethyl
sulfoxide (DMSO) (d(13C,carbamate)=154.9 and
d(13C,urea)=153.5 ppm).[2] Similar differences between the
liquid- and solid-state 13C CPMAS spectra were found in
studies of n-octylgluconamide.[9] These differences can be at-
tributed to 1) differences in the configurations of MCU in
DMSO and in the crystal, and 2) different strengths/geome-
tries of the hydrogen bonds between the 13C=O urea unit
and DMSO molecules in solution and the neighboring mole-
cules in the crystal.
The 15N CPMAS spectra (not shown) reveal two well-sep-


arated strong lines with 15N CS values of d=43.5 ppm for
15N(amide) and d=81.5 ppm for 15N(imide).


REDOR distance measurements : The results of the
REDOR distance measurements are presented and dis-
cussed below. To simplify the notation of the REDOR ex-
periments the observed nucleus is always underlined, for ex-
ample, AB-REDOR, where A is the observation channel
and B is the dephasing channel.


Effects of homonuclear dipolar coupling : Prior to perform-
ing the REDOR experiments on 13C(methoxy)15N2 MCU
(13C15N2 MCU for short), we numerically studied the possi-
bly disturbing effects of the homonuclear dipolar coupling
between the two 15N nuclei on the REDOR spectra. For this
purpose, three-spin REDOR simulations of the I2S- (I=


15N,
observed; S= 13C, dephasing) and IS2-spin system (I= 13C,
observed; S= 15N, dephasing) were performed. They show
that the homonuclear dipolar 15N coupling has a negligible
effect on the 13C15N REDOR/15N13C REDOR experiments.
Thus, the three-spin system can be evaluated as a purely
heteronuclear IS2-spin system without homonuclear cou-
plings.
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13C15N REDOR on 15N(amide) MCU : To facilitate the un-
ambiguous assignment of the 13C lines, a 13C (natural abun-
dance) 15N REDOR spectrum of 15N(amide)-labeled MCU
was recorded. This experiment allows the simultaneous
measurement of several 13C15N dipolar couplings. From the
simulations of the REDOR decay (data not shown), the fol-
lowing dipolar couplings were extracted: D=1100(100) Hz,
corresponding to a C�N distance of 1.41(4) M for the line at
d=159 ppm, D=125(10) Hz, corresponding to 2.91(8) M for
the line at d=155 ppm, and D=80(10) Hz, corresponding to
3.38(14) M for the line of the 13C(methoxy) atom at d=


54 ppm. These data allow the unequivocal assignment of the
lines at d=159 and 155 ppm to 13C(urea) and 13C(carba-
mate), respectively, since the strongest dipolar coupling is
obviously caused by the direct bond between 15N(amide)
and 13C(urea).
Whilst there is no doubt about the intramolecular nature


of the dipolar coupling between 15N(amide) and 13C(urea),
the question arises as to whether the observed couplings
from 15N(amide) to 13C(carbamate) and to 13C(methoxy) are
of intramolecular or of intermolecular origin.
* For 13C(carbamate), an intermolecular hydrogen bond
between 15N(amide) and 13C(carbamate) can be excluded
as the origin of this dipolar coupling since typical
CO···HN hydrogen bonds have distances of typically
�3.7 M. Thus the measured 2.91(8) M distance is the in-
tramolecular distance between 15N(amide) and 13C(car-
bamate). Conversion of this three-bond distance into a
torsion angle shows that the N(amide)�C(urea)�
N(imide)�C(carbamate) part of the molecule adopts a
cis arrangement since typical C–N distances are 2.8 M
for the cis arrangement compared with 3.6 M for the
trans arrangement (Figure 4). In other words, the config-
uration is E at Y1 (see Figure 1).


* For 13C(methoxy), an intramolecular C�N distance of
3.38(14) M is not compatible with any sterically allowed
configuration of MCU (see Figure 1), which all have
C�N distances >4.0 M. Hence, we conclude that this di-
polar coupling is of intermolecular origin. This conclu-
sion is corroborated by isotope dilution experiments (see
below).


15N13C REDOR on 13C(methoxy)15N2 MCU : Figure 5 shows
the results of the 15N13C REDOR experiments of 13C15N2
MCU. Both 15N(amide) and 15N(imide) exhibit a similar
REDOR decay. Simulation of the data employing the model


of a single IS spin pair yields REDOR decay curves that ex-
hibit pronounced deviations from the experimental data at
longer dephasing times. This indicates the presence of one
or more additional 15N13C dipolar coupling(s).
To identify whether the additional coupling is intra- or in-


termolecular in nature, a dilution experiment was performed
(see Figure 6a). The initial slope of this REDOR decay is
considerably smaller than that of the undiluted 13C15N2
MCU. This shows that the dominant dipolar coupling in
neat 13C15N2 MCU is of intermolecular origin. Since there is
still a 17% chance of intermolecular couplings in the diluted


Figure 4. The three-bond C(carbamate)�N(amide) distance as a function
of the torsion angle Y1. Limiting distances for cis (2.8 M) and trans
(3.6 M) configurations are from ab initio calculations. The measured dis-
tance of 2.9�0.1 M indicates a cis configuration at Y1 for the planar mol-
ecule (shaded area).


Figure 5. 15N13C REDOR data for 13C15N2 MCU (undiluted=100%). Ex-
perimental data are shown as triangles, simulations as lines. The solid tri-
angles and the solid line correspond to 15N(imide), open triangles and the
dashed line correspond to 15N(amide). Simulations take the isolated IS
spin pair into account and focus on the initial slope of the REDOR
decay. Both simulations exhibit pronounced deviations at longer dephas-
ing times, which indicate the presence of at least one additional dipolar
coupling.


Figure 6. a) 15N13C REDOR data for the 15N(imide) signal of 13C15N2
MCU. Data for undiluted 13C15N2 MCU(100%) are reproduced from
Figure 5. Data for 13C15N2 MCU diluted (1:5) in unlabeled MCU show
that the dominant coupling has an intramolecular origin. The correspond-
ing simulation takes a combination of IS and IS2 spin systems into ac-
count. b) A sketch of the molecular structure of 13C15N2 MCU indicating
intra- and intermolecular C(methoxy)�N(imide) distances. c) 13C15N
REDOR data for 13C15N2 MCU, experimental points and simulations as
IS and IS2 spin systems. d) A sketch of the molecular structure indicating
intra- and intermolecular C(methoxy)�N(imide/amide) distances.
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sample, this curve cannot be directly employed in the deter-
mination of the intramolecular coupling. Therefore a self-
consistent approach was employed. 1) From the simulation
of the REDOR curve of the diluted sample employing an IS
spin system, a starting value for the intramolecular coupling
was determined. 2) This intramolecular coupling was then
used in the simulation of the IS2 spin system of the undilut-
ed sample. From this simulation, the strength of the stronger
coupling and the angle between the two distance vectors
were determined. 3) These values were employed in an im-
proved simulation of the diluted curve in which the IS and
IS2 spin systems were statistically superimposed. Steps 2 and
3 were repeated until a self-consistent set of dipolar cou-
plings and angles was determined. The resulting dipolar cou-
plings and the corresponding distances and angles between
the two distance vectors are collected in Table 1. The intra-
and intermolecular distances for N(imide) are shown in Fig-
ure 6b. Similar results are obtained for N(amide).


13C15N REDOR on 13C(methoxy)15N2 MCU : In order to
complete the REDOR experiments for the 13C(methoxy)-
15N2 MCU sample, “inverse” 13C15N REDOR experiments
were performed in which the observation and dephasing
channels were exchanged (“inverse”) with respect to the ex-
periments described in the previous Section. Figure 6c dis-
plays the experimental REDOR decay of 13C(methoxy),
which shows a monotonic growth of the dephasing with no
pronounced features, which would be expected for IS and
IS2 spin systems (simulations inside figure). This featureless
shape of the decay curve can be understood if one takes
into account that in addition to the couplings shown in Fig-
ure 6d, there are at least two additional couplings to other
amide and imide nitrogen atoms, which are expected from
the results of experiments described above. These additional
couplings result in an IS4 or higher spin system, which leads
to an experimental REDOR decay curve that cannot be
evaluated quantitatively, even if some of the couplings are
already known. Accordingly only the structural constraints
from the 15N13C REDOR experiments have been used in
the discussion on the results from REDOR experiments.


13C15N REDOR on a 1:1 mixture of 13C(urea) and
15N(amide) MCU : Intermolecular couplings can be exploited
to gain information about the molecular packing of the
MCU molecules in a crystal. In the present case, possible
packing patterns involve the hydrogen acceptor and donor
groups, NH2(amide) and C=O(urea), in amides,


[44,45] methyl
carbamate,[46] and in urea/biuret derivatives, for example,


N,N’’-diacetylbiuret[47] and MCB·H2O.
[1] The question, does


an intramolecular C=O···H�N bond exist between these
groups in MCU?, can be answered with the results of a
REDOR experiment on a cocrystallized 1:1 mixture of
13C(urea) MCU and 15N(amide) MCU. If this hydrogen
bond exists, 50% of the 13C atoms will be exposed to 13C15N
heteronuclear coupling and the other 50% of 13C atoms will
be exposed to 13C13C homonuclear coupling, which has no or
only a negligible effect on the REDOR spectra. The corre-
sponding explanation holds for the 15N spins.
Because of the higher sensitivity of 13C compared to 15N


in SSNMR, a 13C15N REDOR experiment was performed on
a nominally 1:1 cocrystallized mixture of 13C(urea) MCU
and 15N(amide) MCU (Figure 7). The exact composition of


the 1:1 mixture of 13C(urea) MCU and 15N(amide) MCU
was determined from a liquid-state 1H NMR spectrum of
the dissolved cocrystallized sample, which revealed a com-
position of 51.6% 13C MCU and 48.4% 15N MCU. From
these data, the expected REDOR decay at long dephasing
times is DS/S0=0.48. The REDOR curve was evaluated by
employing this value. An intermolecular dipolar coupling of
D=80(10) Hz, corresponding to a C�N distance of 3.5(2) M
(see Figure 7), was obtained.


Discussion of the results of REDOR experiments : The dis-
tance and angle data are collected in Table 1 and Table 2.
Intramolecular distances are presented in Figure 8. In the
following discussion, they are interpreted and combined to
yield the structure of MCU. This interpretation was ach-
ieved in two steps: first the molecular conformation of
MCU was determined by employing the intramolecular dis-
tance constraints and then the molecular packing of MCU
was investigated by employing the intermolecular distance
constraints.


Table 1. Values of the parameters D1, D2, and q extracted from the simu-
lations of the 15N13C REDOR data for 13C(methoxy)15N2 MCU. From the
dilution experiments it is evident that D1 is the intermolecular and D2


the intramolecular coupling.


N D1 [Hz] D2 [Hz] q [8]


imide 90(15) 55(5) 30(5)
3.3(2) M 3.83(12) M 30(5)


amide 90(15) 34(4) 30(5)
3.3(2) M 4.5(2) M 30(5) Figure 7. 13C15N REDOR data and simulation curves for 13C(urea) in a


1:1 mixture of 13C(urea) MCU and 15N(amide) MCU. Solid lines: simula-
tions on the basis of isolated IS spin pairs yielding D=80(10) Hz, which
corresponds to 3.5(2) M.


Table 2. Values of the parameters D1, D2, and q extracted from the simu-
lations of the 13C15N REDOR data for 13C15N2 MCU.


D1 [Hz] D2 [Hz] q [8]


80(10) 50(10) 25(10)
3.4(2) M 4.0(3) M 25(10)
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Molecular configuration of MCU: The three torsion angles
Y1, Y2 and Y3 determine the configuration of MCU. Y1 and
Y3 can be obtained from the conversion of the correspond-
ing three-bond distances. Namely, the intramolecular
15N(amide)–13C(carbamate) distance yields Y1, which is
about 08, that is, the configuration is E at Y1 (see Figure 1).
The intramolecular dipolar coupling for N(imide) to C(me-
thoxy), D2=55(5) Hz, allows the determination of the con-
figuration at Y3 (see Figure 6b). The dipolar couplings ex-
pected for the cis and trans arrangements of the N(imide)�
C(carbamate)�O(methoxy)�C(methoxy) unit are 150
(2.7 M) and 60 Hz (3.7 M), respectively. Clearly, the trans
configuration, which in this case corresponds to the Z con-
figuration, is found for Y3 of MCU (see Figure 6b).
The torsion angle Y2 can be determined indirectly from


the five-bond distance between N(amide) and C(methoxy),
D2=34(4) Hz. This coupling is not compatible with the EZZ
configuration of MCU, which would have a stronger dipolar
coupling of approximately 50 Hz (see Figure 1).
By combining these constraints, it is evident that MCU


adopts the EEZ configuration. The gas-phase calculations
also showed this configuration to be more stable than the
EZZ (+4.3 kcalmol�1), EEE (+10.1 kcalmol�1) and ZEZ
(+10.2 kcalmol�1) configurations. Here the low energies of
the EEZ and EZZ configurations are a result of the intra-
molecular hydrogen bond between N(amide) and C=O(car-
bamate). Thus one can conclude that the formation of this
intramolecular hydrogen bond is a major factor stabilizing
the configuration of MCU.


Intermolecular arrangement of MCU : Before creating a
structural model of MCU, the salient results have been col-
lected. 1) From the calculations and REDOR experiments
described above it is evident that the MCU molecule is
planar.
From the 1:1 mixture of 13C(urea) MCU and 15N(amide)


MCU, the following additional structural information about
the intermolecular arrangement of MCU has been obtained.
2) The observed intermolecular C�N distance of 3.5(2) M is
in good agreement with typical C�N distances found in
linear C=O···H�N hydrogen bonds, in which an O�N dis-
tance of 2.9 M corresponds to a C�N distance of 3.7 M. 3)
From the REDOR experiments performed on 13C15N2 MCU,


an intermolecular C�N distance of 3.4(2) M was found both
between C(methoxy) and N(imide) and between C(me-
thoxy) and N(amide). No hydrogen bonding or other direct
interaction between the carbon and nitrogen atoms of two
neighboring molecules is expected. 4) From simulations of
the IS2 spin system an angle a(13C15N13C) of 308 or 180�308
was obtained for both the amide and imide nitrogen.
Owing to 1) it is not possible to create MCU oligomers in


which all the hydrogen bond donors and acceptors are satu-
rated. This result is corroborated by ab initio calculations,
which reveal that MCU molecules are more likely to form
planar strip-like chains. Inside these chains the hydrogen
bond donors and acceptors are saturated and the methoxy
groups form the borders of the chains.
By employing a molecular modeling program we were


able to find three different possible molecular arrangements
of the MCU in these chains (Figure 9). All three motifs are
characterized by an intermolecular hydrogen bond between
C(urea) and N(amide) following from distance constraint 2).
In the first two cases (I,II) there are two hydrogen bonds
between C(urea) and N(amide) and two hydrogen bonds be-
tween C(urea) and N(imide), forming two-fold dimers
either of C2 symmetry (I) or of mirror glide symmetry (II).
Motif III is a chain with C2 glide symmetry formed by hy-
drogen bonds between C(urea) and N(amide). Ab initio cal-
culations on these motifs showed that arrangements I and II
are energetically favored over arrangement III, which is a
consequence of the higher number of stabilizing hydrogen
bonds and more compact packing in motifs I and II.
All three motifs have chains of linked MCU molecules


with methoxy groups at the borders. These chains interact
through these methoxy groups to form layers that consist of
parallel or antiparallel chains. For these models the short in-
termolecular C(methoxy)–N(amide or imide) distances of
3.3(2) and 3.4(2) M, respectively, and the CNC angles of
about 308 cannot both be realized in a single layer since the
nitrogen atoms are located in the interior of each chain
(Figure 9). Thus one can conclude that these short intermo-
lecular distances are between different layers. This conclu-
sion is corroborated by the fact that the measured distances
are comparable to typical interlayer distances of other
(planar) organic substances, which are of the order of
3.2 M[48] for example, cyanuric acid and melamine.[49] From
the data presented here it is not possible to determine
whether these layers are parallel or skewed.


Conclusion


The study presented here shows the structure determination
of organic compounds by dipolar solid-state NMR spectro-
scopy. Our strategy was based on the application of precise
REDOR measurements of strategic intra- and intermolecu-
lar C�N distances. Isotope dilution experiments and numeri-
cal simulations of ISn spin systems were used to discriminate
between intra- and intermolecular dipolar couplings and to
quantify them. By employing the dipolar couplings, first the
molecular configuration of the molecule was determined
and then the packing of the molecules was analyzed.


Figure 8. EEZ configuration of MCU, determined from an ab initio cal-
culation using the distance constraints from the REDOR experiments.
The REDOR distance constraints are shown as double arrows; the
dashed arrow indicates the long C�N distance, which is determined as �
4.5(2) M. An intramolecular hydrogen bond is formed between the
N(amide) and the O(carbamate) atoms.
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The determination of the molecular configuration of
MCU was performed in three steps: 1) distance constraints
of structural subunits of the molecule were determined from
REDOR experiments on selectively labeled isotopomers, 2)
torsion angles in these subunits were calculated from the
distance constraints, and 3) the resulting configurations were
compared with all possible configurations of MCU, which
were determined by ab initio calculations.
The configuration of the MCU molecule was determined


by three torsion angles Y1, Y2, and Y3. Ab initio calculations
show that all these angles are either 08 or 1808 (Z or E).
From the REDOR experiments, the E configuration was
found for Y1 and Y2 and the Z configuration for Y3. Thus
the configuration of MCU in the solid state was determined
to be EEZ.
Distance constraints for the intermolecular arrangement


of MCU were obtained from REDOR experiments on
13C15N2 MCU with different degrees of isotope dilution and
on a cocrystallized 1:1 mixture of 13C(urea) MCU and
15N(amide) MCU. By combining these distance constraints
with molecular modeling, three different possible packing
motifs for MCU molecules were identified. All these motifs
have molecules that are arranged as linear chains with the
methoxy groups at the borders of the chain and intermolec-
ular hydrogen bond donors and acceptors that are all satu-
rated in the interior of the chain.
The results presented in this article may be extended by


performing homonuclear 13C–13C correlation experiments


and more detailed calculations on the molecular packing.
These may be helpful to decide between possible stacking
patterns using the structural constraints obtained in this
study and may lead to true “NMR crystallography” in the
future.
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Reactions of Hydrated Electrons (H2O)n
� with Carbon Dioxide and


Molecular Oxygen: Hydration of the CO2
� and O2


� Ions


O. Petru Balaj, Chi-Kit Siu, Iulia Balteanu, Martin K. Beyer,* and
Vladimir E. Bondybey*[a]


Introduction


Most chemical reactions involve a transfer or redistribution
of electrons between the reacting species, and free electrons
themselves can be considered to be the simplest chemical
reactants. Indeed, the reactions of electrons in bulk solutions
have been studied quite extensively, for instance in experi-
ments using pulsed radiolysis techniques,[1] and Marcus pio-
neered the theory of electron-transfer reactions in solu-
tion.[2] We have recently pointed out that reactivity studies
of solvated electrons in finite clusters, rather than in bulk
solutions, could provide very useful complementary informa-
tion.[3] This approach has the advantages that the elemental
compositions of clusters can be unambiguously established
based on their exact masses, and that side reactions that
limit the lifetime of the hydrated electrons are absent.


All the species involved in the current work, that is, mo-
lecular oxygen, water, and carbon dioxide, are important
components of the atmosphere. Moreover, electrons are ex-
tremely ubiquitous, being formed by radioactive processes,
cosmic and vacuum UV radiation, as well as by electric dis-
charges and lightning. In view of the abundance and fre-
quent occurrence of these species, and their importance in
relation to atmospheric chemistry, the reactions of aqueous
electrons with oxygen and carbon dioxide, and the proper-
ties and chemistry of the solvated anions investigated here,
may be of more than just academic interest.


The CO2
� molecular anion, also known as the formate


radical, has been repeatedly observed in rare gas matrices
and characterized by infrared spectroscopy.[4–9] Free CO2


�


has been generated in a crossed-beam experiment through
the collision of alkali metal atoms with CO2,


[10] from which
its adiabatic electron affinity was established as �58�
19 kJmol�1, while its vertical electron affinity was deter-
mined from electron-scattering measurements as
�350 kJmol�1.[11] Calculations by Yoshioka and Jordan con-
firmed the charge-transfer nature of alkali metal–CO2 com-
plexes.[12,13] The idea that solvation can stabilize the CO2


�


anion was developed in relation to (CO2)n
� clusters.[14–16]


Klots found that even one water molecule is sufficient to
prevent autodetachment of an electron from CO2


�(H2O).[17]


Recently, photoelectron spectroscopic studies[18] and ab
initio calculations[19] by Nagata, Iwata, and co-workers con-
firmed and quantified these early observations. Similar re-
sults on the stabilization of COS� by a single water molecule
have recently been reported by Sanov and co-workers.[20]
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: optimized geo-
metries in Cartesian coordinates, harmonic vibrational frequencies
and their IR intensities, and thermochemical data for CO2(H2O)n,
CO2


�(H2O)n, O2(H2O)n, O2
�(H2O)n, and (H2O)n for n = 1–5 estimat-


ed by calculations at the B3LYP/6-311++G(3df,3pd) level of
theory.


Abstract: The gas-phase reactions of
hydrated electrons with carbon dioxide
and molecular oxygen were studied by
Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometry.
Both CO2 and O2 react efficiently with
(H2O)n


� because they possess low-lying
empty p* orbitals. The molecular CO2


�


and O2
� anions are concurrently solvat-


ed and stabilized by the water ligands


to form CO2
�(H2O)n and O2


�(H2O)n.
Core exchange reactions are also ob-
served, in which CO2


�(H2O)n is trans-
formed into O2


�(H2O)n upon collision
with O2. This is in agreement with the


prediction based on density functional
theory calculations that O2


�(H2O)n
clusters are thermodynamically favored
with respect to CO2


�(H2O)n. Electron
detachment from the product species is
only observed for CO2


�(H2O)2, in
agreement with the calculated electron
affinities and solvation energies.


Keywords: gas-phase reactions ·
hydrated electrons · nanodroplets ·
radical ions · solvation
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The superoxide radical, O2
� , is ubiquitous in radiation


chemistry, and plays an important role in biological radia-
tion damage.[21] CO2


� can serve as an intermediate in its for-
mation.[22] In contrast to CO2, the electron affinity of O2 is
positive, and no solvent is needed to stabilize the radical
anion. Recent infrared spectroscopic studies by Johnson and
co-workers indicate that the first solvation shell of
O2


�(H2O)n is completed at n = 4.[23,24]


Hydrated electrons in the gas phase, (H2O)n
� , were first


reported by Haberland and co-workers,[25–27] and extensively
characterized spectroscopically, among others by Bowen and
co-workers.[28–30] A series of experiments by the groups of
Johnson and Viggiano[31,32] in molecular beam and flow reac-
tor set-ups has revealed an interesting variety in their be-
havior towards different gaseous reactants. As typical elec-
tron scavengers, diatomic O2, as well as the usually extreme-
ly stable and unreactive CO2 molecules, are “dissolved” in
the (H2O)n


� with high efficiency.
We have previously reported that a laser vaporization


cluster source is an effective source of solvated electrons.[33]


This allowed us to investigate in some detail the stability of
the solvated electrons, and the competition between their
fragmentation and electron detachment induced by ambient
black-body infrared radiation. In the present work, we focus
our investigation on O2


�(H2O)n and CO2
�(H2O)n . The ex-


perimental study of the formation and stability of these hy-
drated anions is complemented by quantum-chemical com-
putations.


Results and Discussion


Reactions of (H2O)n
� clusters with carbon dioxide : A typical


initial mass spectrum of the hydrated electron clusters pro-
duced in our source at a nominal time t = 0, that is, imme-
diately after the ion accumulation, is shown in Figure 1a. As
noted above, the distribution of the (H2O)n


� clusters gener-
ated is somewhat dependent on the source setting, that is,
the laser power and its focusing, the pressure of the carrier
gas, the pressure of the entrained water vapor, and in partic-
ular on the relative timing of the laser pulse and the opening
of the valve controlling the gas flow. Even though the exact
size range, which in this particular experiment extends be-
tween n = 27 and n = 62, may differ slightly from experi-
ment to experiment, some features of the distribution
appear to be well reproducible. Examples are the relatively
pronounced maximum of the n = 50 cluster, which is
almost a factor of two more intense than the n = 51 and
n = 49 peaks, and the even-odd intensity alternation exhib-
ited by the peaks just above n = 50.


Even in the nominally t = 0 spectrum, some products of
the reaction with carbon dioxide are already present. As ex-
plained in the Experimental Section, the (H2O)n


� clusters
produced in the source are usually accumulated over twenty
pulses, that is, over nearly 2 s at the 10 Hz laser repetition
rate. Since a constant pressure of 7.7N10�9 mbar of CO2 is
maintained in the cell, the reaction takes place within this
accumulation period. Since the laser has to warm up in the
first few shots and some previously trapped ions are lost


again in the accumulation cycle, the nominal time t = 0 cor-
responds to about 0.5 s reaction time.


The reaction involves the uptake of one and only one
carbon dioxide molecule by the clusters, resulting in
CO2


�(H2O)m. A careful examination of the spectrum after
2 s (Figure 1b) reveals that the product clusters have very
similar, maybe slightly lower masses than the reactant spe-
cies. Since the mass of CO2 of 44 amu corresponds to 2.44
water molecules, this indicates that two to three water mole-
cules are lost upon uptake of the CO2 molecule by the clus-
ter [Eq. (1)].


ðH2OÞ�n þ CO2 ! CO�
2 ðH2OÞn�x þ xH2O, x ¼ 2� 3


ð1Þ


An interesting detail concerning the intensity alternation
above the intensity maximum is that it is considerably more


Figure 1. Mass spectra of the reaction of (H2O)n
� with CO2. a) At 0 s,


some clusters have already reacted during the accumulation of the hy-
drated electrons in the ICR cell, and the product species CO2


�(H2O)m
are present to some extent. b) After 2 s, more than 50% of the initial
(H2O)n


� has been converted into products. In parallel, black-body radia-
tion and collision-induced dissociation occurs, and the clusters shrink by
loss of single water molecules. For n<30, electron loss from (H2O)n


� also
occurs, but since only few (H2O)n


� reach this size region before conver-
sion into CO2


�(H2O)m, this reaction is negligible. Only one molecule of
CO2 enters the cluster, and the fragmentation proceeds until the cluster
CO2


�(H2O)2 is reached, as seen in c) 35 s. These species slowly disappear
from the mass spectrum due to electron detachment. In the inset, the
peaks marked * are due to the natural abundance of 18O in the water
molecules. O2


�(H2O)p impurity peaks, marked !, are also present after
long reaction delays.
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pronounced for the products of reaction according to Equa-
tion (1) than for the reactant clusters. While the peaks for
the odd-numbered solvated electrons in the range n = 51–
55 are, on average, about 5–15% weaker than those for the
neighboring even-numbered clusters, the intensity ratios are
much larger for the products, with the odd-numbered clus-
ters being favored by a factor of closer to three or four.
Probably, a combination of kinetic and thermochemical ef-
fects is responsible for the observation of pronounced
“magic numbers” for CO2


�(H2O)m, 45<m<55.
Comparison of the integrated intensities of the peaks due


to hydrated electrons with those of the carbon dioxide con-
taining CO2


�(H2O)n products (Figure 1b) indicates that
within 2 s more than half of the initially present clusters
have reacted. This observation, combined with the known
CO2 pressure and the collision rates calculated from ADO
theory,[34–36] leads to the conclusion that the reaction effi-
ciency reaches almost 300%. This is not unreasonable, since
the collision rate is calculated with reference to a point-
charge model, while the reactant cluster has considerable
size, and its collision cross-section is therefore larger than
that of a point charge.


After the initial exchange, only a gradual fragmentation,
due mainly to cluster heating by the room temperature
black-body background radiation, takes place, with the
water ligands being lost one by one. The final stage of the
reaction and of this cluster fragmentation process is illustrat-
ed in Figure 1c, which shows the mass spectrum after a reac-
tion time of 35 s. At this point, only weak peaks due to the
last two, smallest carbon dioxide containing clusters, n = 2
and n = 3, remain. Also visible in the spectrum are the
fragmentation products of impurity clusters containing mo-
lecular oxygen, O2


�(H2O)3. No CO2
�(H2O) cluster is detect-


ed, and after a few additional seconds all the signals due to
the CO2-containing clusters vanish. This is due to electron
detachment, with neither the electron itself, nor the remain-
ing, weakly bound neutral cluster, being directly observable
in the FT-ICR instrument.


Reactions of (H2O)n
� clusters with O2 : The reactions with


molecular oxygen are similar to those with carbon dioxide,
in that one and only one O2 molecule is taken up by each
cluster. For the products, the entire distribution seems to be
shifted to smaller values of n. After a reaction time of 2 s
(Figure 2b), the (H2O)n


� distribution has its maximum at
around n = 35, while the most intense product cluster peak
is at n = 30, with the shift suggesting that in the case of
oxygen, the reaction proceeds according to Equation (2).


ðH2OÞ�n þ O2 ! O�
2 ðH2OÞn�x þ xH2O, x � 5� 6 ð2Þ


In other words, the dissolution of the O2 molecule in the
cluster is accompanied by the evaporation of several water
ligands. This is consistent with the considerably higher exo-
thermicity of the reaction with molecular oxygen. After 2 s
(Figure 2b), only 30–40% of the hydrated electrons are con-
verted into products, in spite of the higher O2 pressure of
1.86N10�8 mbar compared to the CO2 pressure. This yields
an ADO collision efficiency of 100%, about one-third of


the value for CO2. The relative values are in agreement with
earlier flow-tube results,[32] while the absolute values deviate
by a factor of three. However, the different reaction gas
temperatures, 100 K in the flow tube compared to 300 K in
the present study, may very well explain this discrepancy.
Also, the number of water molecules lost is in good agree-
ment with the flow-tube results.


As in the case of carbon dioxide, after the first step, no
further O2 molecules are taken up by the clusters, and again
only their gradual fragmentation is observed, with the distri-
bution shifting towards smaller cluster sizes. After some
15 s, almost every cluster has dissolved one O2 molecule,
with the unreacted solvated electron clusters being barely
observable. The size distribution of the O2


�(H2O)n products
ranges from about n = 4 to n = 12. The fragmentation con-
tinues further but with decreasing rate, so that after some
40 s of reaction time the n = 3 cluster is dominant. This
loses an additional ligand only very reluctantly to form the
O2


�(H2O)2 final product (Figure 2c). Unlike in the case of
CO2, however, even after 60 s, which is the longest time


Figure 2. Mass spectra of the reaction of (H2O)n
� with O2. a) At 0 s, some


clusters have already reacted during the accumulation of the hydrated
electrons in the ICR cell, and the product species O2


�(H2O)m are present
to some extent. b) After 2 s, only about 30% of the initial (H2O)n


� has
been converted into products. In parallel, black-body radiation and colli-
sion-induced dissociation occurs, and the clusters shrink by loss of single
water molecules. For n<30, electron loss from (H2O)n


� also occurs, but
since only few (H2O)n


� reach this size region before conversion into
O2


�(H2O)m, this reaction is negligible. Only one molecule of O2 enters
the cluster, and the fragmentation proceeds until the cluster O2


�(H2O)2 is
reached, as seen in c) 40 s. These species are stable with respect to further
fragmentation as well as electron detachment. In the inset, the peaks
marked * are due to the natural abundance of 18O in the water mole-
cules.
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studied, the signals do not disappear, but the n = 2 and 3
species remain with comparable intensities.


Ionic core exchange reactions : To learn more about the rela-
tive stabilities of CO2


�(H2O)n and O2
�(H2O)n, and to ascer-


tain whether the formation of O2
� from CO2


� can proceed
directly in solution, in a third experiment we studied the ex-
change of the ionic core. CO2 was introduced into the UHV
at a relatively high partial pressure of 1.3N10�7 mbar, to-
gether with O2 at a partial pressure of 5.7N10�8 mbar. After
0.5 s (Figure 3a), the (H2O)n


� distribution had been com-
pletely lost, and CO2


�(H2O)n predominated in the spectrum.
After 3 s (Figure 3b), O2


�(H2O)m had become the dominant
species, and it had almost completely replaced the
CO2


�(H2O)n after 10 s (Figure 3c). The ADO efficiency of
the core exchange can be roughly estimated to be 50%, as-
suming that the reverse reaction does not take place to any
significant extent. This is significantly lower than the effi-
ciency of the recombination reaction of O2 with the solvated
electron, indicating that the formation of the superoxide
radical anion is not promoted by the presence of CO2 in our
experiment. Using similar arguments as above, the number


of water molecules lost in the core exchange reaction is esti-
mated to 3–4, so that the reaction can be summarized as in
Equation (3).


CO�
2 ðH2OÞ�n þ O2


! O�
2 ðH2OÞn�x þ CO2 þ xH2O, x � 3� 4


ð3Þ


Quantum-chemical computations of hydrated CO2
� and O2


�


anions : In order to obtain some additional insights into the
structures and energetics of these ions, and to facilitate the
interpretation of our observations, we carried out a series of
computations on the stabilities, internal structures, and other
properties of the CO2


�(H2O)n and O2
�(H2O)n species. The


calculations were performed by using the commercial Gaus-
sian 98 program package,[37] employing the hybrid, three-pa-
rameter density functional B3LYP method, as described by
Becke,[38] with the Lee–Yang–Parr correlation functional,[39]


as implemented in the Gaussian package. After pre-optimi-
zation with a smaller basis set, the full 6-311++G(3df,3pd)
triple-zeta basis set, treating all electrons explicitly and em-
ploying one diffuse and four polarization functions on each
atom, was used for geometry optimizations and frequency
calculations. The basis set superposition error employing
this large basis set is negligible, amounting to only about
5% of the total hydration energy estimated for the neutral
clusters using the counterpoise method.


To obtain the structures, binding energies, as well as elec-
tron affinities, we carried out calculations on the H2O frag-
ment as well as on the CO2(H2O)n, CO2


�(H2O)n, O2(H2O)n,
and O2


�(H2O)n clusters, for n = 0–5. To verify that the opti-
mized structures were true local minima, the vibrational fre-
quencies were also computed for these species. Many of the
clusters can exist in several “isomeric” forms, and in cases of
doubt, computations with several different starting geome-
tries were carried out. The structures shown in Figure 4 and
Figure 5 are the optimized geometries with the lowest
energy for CO2


�(H2O)n and O2
�(H2O)n, respectively, with n


= 0–5. The dissociation energies and electron affinities of
the hydrated clusters, and the thermochemistry of the ionic
core exchange reaction, are summarized in Table 1 and
Table 2, respectively.


As already noted, carbon dioxide is a very stable molecule
due to its closed-shell structure with 16 valence electrons
and a completely filled highest occupied bonding pg orbital.
This, according to WalshPs rules, strongly favors a linear con-
figuration and gives the molecule considerable rigidity and a
rather high bending vibrational frequency, n2 = 668 cm�1.
Consistent with experiment, the computations predict that it
requires considerable energy to place an additional electron
into the next higher, empty “LUMO”. This orbital is of pu


symmetry and, according to WalshPs rules, strongly favors a
bent configuration. The resulting bent CO2


� ion (Figure 4a)
has a valence angle (138.28) similar to that of the isoelec-
tronic NO2 (134.58), both predicted by calculation at the
B3LYP/6-311++G(3df,3pd) level of theory, but is quite
unstable with respect to electron detachment. Our computa-
tion predicts the formation of the anion to be endothermic
by 32.8 kJmol�1.


Figure 3. Mass spectra of the reaction of (H2O)n
� with a roughly 2:1 mix-


ture of CO2 and O2. a) After 0.5 s, (H2O)n
� are completely converted to


CO2
�(H2O)m and O2


�(H2O)m, also in a ratio of roughly 2:1, despite the
lower efficiency of the reaction of O2 with (H2O)n


� . This indicates that
core exchange has already occurred and that most O2


�(H2O)m originates
from reactions with CO2


�(H2O)m. b) After 3 s, the O2
�(H2O)m already


dominate over the CO2
�(H2O)m to a level of �2:1. Again, black-body ra-


diation and collision-induced dissociation lead to a gradual shrinking of
the clusters. c) After 10 s, this process is almost complete, and O2


�(H2O)m
are by far the dominant species in the mass spectrum.
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The situation is, however, quite different in aqueous solu-
tion. Even in the presence of a single H2O molecule, the
CO2···H2O complex has a positive electron affinity. The


complex of neutral CO2 with water, OCO···HOH, is only
tenuously bound by a very weak hydrogen bond to one of
the oxygen atoms of the CO2. The binding energy is predict-
ed to be less than 6 kJmol�1, and similarly weak binding en-
ergies are also predicted in the larger CO2···(H2O)n clusters.


In the presence of the extra
electron, however, the linear,
nonpolar carbon dioxide is
converted into a bent, polar
CO2


� anion, which can form
two strong hydrogen bonds to
the two protons of the water
molecule, forming a cyclic
planar CO2


�···H2O species
with C2v symmetry (Figure 4b).
The binding energy of the
cyclic complex, computed to
be 54.1 kJmol�1, more than
offsets the endothermic nature
of the free anion, so that the
CO2···H2O complex has an
electron affinity of
15.9 kJmol�1.


The larger neutral com-
plexes are found to be essen-
tially undistorted (H2O)n clus-
ters, that is, the n = 2 dimer
and the cyclic n = 3, 4, and 5
polymers, with the CO2 hydro-
gen-bonded to one of the free,
dangling OH groups. Again, in


Figure 4. Optimized geometries of the most stable isomer of
CO2


�(H2O)n, n = 1–5 (bond distances in R and bond angles in degrees).
The geometries were evaluated by calculation at the B3LYP/6-311++


G(3df,3pd) level of theory using the Gaussian 98 program. The CO2
� is


solvated on the cluster surface. The energies associated with water loss
from the CO2


�(H2O)n clusters and the electron affinities of the corre-
sponding neutral clusters are given in Table 1.


Figure 5. Optimized geometries of the most stable isomer of O2
�(H2O)n,


n = 1–5 (bond distances in R and bond angles in degrees). The geome-
tries were evaluated by calculation at the B3LYP/6-311++G(3df,3pd)
level of theory using the Gaussian 98 program. The O2


� is internally sol-
vated. The energies associated with water loss from the O2


�(H2O)n clus-
ters and the electron affinities of the corresponding neutral clusters are
given in Table 1.


Table 1. Energies (in kJmol�1) of H2O dissociation together with electron affinities (in kJmol�1) of
CO2


�(H2O)n and O2
�(H2O)n including zero-point corrected (ZPC) energies, thermal enthalpies (DH), and ther-


mal free energies (DG) under ambient conditions. All the energies were evaluated based on the optimized ge-
ometries for the most stable isomer at each cluster size n using the Gaussian 98 program at the B3LYP/6–
311++G(3df,3pd) level of theory. The numbers in parentheses are experimental values.[a]


CO2
�(H2O)n


n Dissociation energy (Do) Electron affinity
CO2


�(H2O)n!CO2
�(H2O)n�1 + H2O CO2


�(H2O)n!CO2(H2O)n + e�


DE+DZPC DH298 K,1 atm. DG298 K,1 atm. DE+DZPC DH298 K,1 atm. DG298 K,1 atm.


0 �32.8 �33.7 �26.0
1 54.1 56.9 22.1 15.9 19.2 1.3
2 45.2 48.0 12.7 45.2 47.4 43.9
3 40.1 44.3 0.2 63.7 66.7 48.0
4 41.4 44.4 5.3 64.3 66.1 56.3
5 31.2 34.3 �5.7 67.7 70.5 53.5


O2
�(H2O)n


n Dissociation energy (Do) Electron affinity
O2


�(H2O)n!O2
�(H2O)n�1 + H2O O2


�(H2O)n!O2(H2O)n + e�


DE+DZPC DH298 K,1 atm. DG298 K,1 atm. DE+DZPC DH298 K,1 atm. DG298 K,1 atm.


0 50.1 50.1 (43.5) 49.6
1 82.3 86.0 (77.0) 55.9 (52.3) 113.4 138.5 119.9
2 62.7 66.3 (72.0) 27.2 (35) 184.5 191.8 163.0
3 53.0 54.4 (64.4) 21.6 (22) 208.7 212.0 195.0
4 45.8 48.8 9.8 (14) 216.0 218.1 202.7
5 35.0 38.5 �0.5 223.6 227.0 209.0


[a] NIST Chemistry WebBook, NIST Standard Reference Database Number 69, March 2003 (Eds.: P. J. Lin-
strom, W. G. Mallard) (http://webbook.nist.gov/chemistry/)


J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4822 – 48304826


FULL PAPER M. K. Beyer, V. E. Bondybey et al.



www.chemeurj.org





each case, the binding energy is very weak (less than
10 kJmol�1), and the potential surface is extremely flat. The
anionic species are much more strongly bound. The n = 2
anion in Figure 4c is a distorted water dimer, in which each
of the water molecules forms a hydrogen bond to one of the
oxygen atoms of the CO2


� ion. Similarly, the n = 3 and 4
species in Figure 4d and Figure 4e can be viewed as the
cyclic water trimer and tetramer, respectively. In these cases,
however, the water (H2O)n species are strongly distorted
compared with the free clusters. Unlike in the free (H2O)3


or (H2O)4, all of the “dangling” OH bonds are facing in the
same direction, out of the plane defined by the water
oxygen atoms, so that they can form hydrogen bonds to the
negatively charged oxygen atoms of the CO2


� anion. The n
= 5 anion is again a cyclic water pentamer, but in this case,
due to steric reasons, only four water molecules of the water
pentamer are directly bound to the CO2


� anion. The anions
with n>1 are stable with respect to electron detachment,
with the solvation energies and the electron affinities in-
creasing with n, as seen in Table 1.


The major differences in the energetics of the solvated
molecular oxygen clusters are, as already mentioned, due to
the fact that in contrast to carbon dioxide, in O2 the anti-
bonding 2pxy pg* orbital is only partially occupied with two
electrons, and can easily accommodate a third one, which re-
sults in the appreciable electron affinity of molecular dioxy-
gen. The value that we computed, EA = 50.1 kJmol�1, is in
reasonable agreement with the experimental value of
43.5 kJmol�1.


The neutral complexes of O2 with water are even more
tenuously bound than those of CO2, with computed binding
energies being less than 1 kJmol�1 for n = 1–5. In the n =


1 species, O2···H2O, the oxygen molecule is hydrogen
bonded with the O2 being inclined at an angle of about
126.88 with respect to the nearly linear (174.18) and rather
long (2.454 R) OH···O hydrogen bond. The structures of the
larger, n = 2–5 O2(H2O)n species are quite similar to the
corresponding neutral carbon dioxide complexes, consisting
of essentially undistorted neutral (H2O)n clusters with, in
this case, the O2 molecule being hydrogen-bonded to one of
the dangling OH bonds.


The anionic O2
�···H2O is, unlike the corresponding com-


plex of CO2
� , not cyclic, but has planar Cs symmetry, with


the O2
� asymmetrically bound to one of the water protons


(Figure 5b). The H···O bond in O2
�···H2O is much shorter


(1.608 R) than that in the neutral complex, with the O–O–H
angle being 98.08. The lowest-energy structures of the larger
O2


�(H2O)n complexes, n = 2–4, are in agreement with
recent ab initio studies.[23,24] Each water molecule hydrogen
bonds to one of the four lobes of the in-plane 2pxy pg* orbi-
tal of O2


� . The complete first hydration shell contains four
water molecules, O2


�(H2O)4, which can be viewed as two
water dimers interacting with the O2


� (Figure 5e). As sug-
gested by a recent photo-fragmentation experiment,
O2


�(H2O)5 was found to have a more complicated water
network than in the case of O2


�(H2O)4.
[23,24] Indeed, the


most stable structure of O2
�(H2O)5 obtained (Figure 5 f)


contains a water dimer and a water trimer interacting sepa-
rately with the ionic core O2


� , so that the IR vibration pat-
tern of O2


�(H2O)5 is more complicated than that of
O2


�(H2O)4 (see the Supporting Information).
Hydration appreciably increases the electron affinities


due to the formation of strong hydrogen bonds between the
water ligands and the oxygen anion. As can be seen in
Table 1, even for the n = 1 complex, O2···H2O, the electron
affinity is computed to be 113.4 kJmol�1, and it increases
considerably further to more than 200 kJmol�1 for the n =


3 species. On the other hand, the dissociation energies for
the loss of water ligands from O2


�···(H2O)n decrease in the
same order as those in the case of CO2


�···(H2O)n, from
82.3 kJmol�1 for the n = 1 complex to less than 40 kJmol�1


for n = 5. In any event, for all the hydrated O2
� clusters,


the energies needed for electron detachment clearly consid-
erably exceed those needed for the loss of a ligand.


Mechanism of the reactions of (H2O)n
� clusters with O2 and


CO2 : With the results of the quantum-chemical computa-
tions, and with a better knowledge and understanding of the
structures and bonding of the O2


�(H2O)n and CO2
�(H2O)n


species, one can now consider in more detail the mechanism
of the reactions observed here. There is a striking difference
between the efficient reactions of the carbon dioxide and di-
oxygen molecules with the solvated (H2O)n


� clusters, when
compared with other similarly nonpolar molecules, such as,
N2


[31] or ethylene, C2H4, or even the somewhat polar CO,
which do not to react at all.


The key property here is their electron affinities, or, to be
more precise, their abilities to exothermically bind an elec-
tron, thereby forming very stable anionic hydrates. Unlike
the closed-shell N2 and CO species with completely filled
bonding 2pxy pu orbitals, the highest, doubly occupied anti-
bonding 2pxy pg* orbitals of O2 can accommodate a third
electron, resulting in the appreciable electron affinity of mo-
lecular oxygen of 50.1 kJmol�1. Upon collision with
(H2O)n


� , the O2
� that is immediately formed is further


strongly stabilized by the water ligands. In the case of CO2,
the two highest pg molecular orbitals of which are fully oc-
cupied by four electrons, the electron affinity is, in contrast
to that of O2, negative (�32.8 kJmol�1). CO2 has, however,
an empty, low-lying pu orbital that can accept an extra elec-
tron, resulting in a bent, polar CO2


� ion, isoelectronic with
NO2. The naked anion is unstable with respect to auto-de-
tachment, but it can be stabilized by hydration. A cyclic


Table 2. Energies (in kJmol�1) of ionic core exchange of CO2
�(H2O)n


and O2
�(H2O)n including zero-point corrected (ZPC) energies, thermal


enthalpies (DH), and thermal free energies (DG) under ambient condi-
tions. All of the energies were evaluated based on the optimized geome-
tries for the most stable isomer at each cluster size n using the Gaus-
sian 98 program at the B3LYP/6–311++G(3df,3pd) level of theory.


Ionic core exchange
n CO2


�(H2O)n + O2!O2
�(H2O)n + CO2


DE+DZPC DH298 K,1 atm. DG298 K,1 atm.


0 �82.9 �83.8 �75.6
1 �111.0 �112.8 �109.5
2 �128.5 �131.1 �124.0
3 �141.4 �141.2 �145.3
4 �145.8 �145.5 �149.9
5 �149.6 �149.7 �155.0
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CO2
�···H2O anion complex is formed even in the presence


of a single water ligand, since the binding energies of its two
strong hydrogen bonds more than compensate for the endo-
thermic nature of the free CO2


� , and the anion is further
stabilized by additional water ligands.


Clearly, the key difference here is the existence of low-
lying unfilled or partially filled orbitals in the case of CO2


and O2, and their absence in the other species such as N2,
CO, or ethylene, C2H4, which do not react with hydrated
electron clusters. These molecules without low-lying, unoc-
cupied orbitals cannot bind an extra electron. Their pres-
ence is evidenced only by their slight contribution to the
rates of cluster fragmentation. While the exact location of
the negative charge in the (H2O)n


� solvated electron clusters
is still controversial, it is undoubtedly fairly diffuse and
probably localized at the cluster surface. During the colli-
sion of the gaseous reactant molecule with the solvated elec-
tron, a charge transfer takes place, with the O2


� or CO2
�


anion formed being immediately stabilized by strong hydro-
gen bonds to the cluster surface. The fact that the process
occurs efficiently not only with molecular oxygen, but also
with CO2, the electron affinity of which is negative, suggests
that the charge-transfer and the anion stabilization by hy-
drogen-bond formation have to be considered as concurrent
rather than consecutive reaction steps.


Since the aforementioned mechanistic interpretation of
the process requires the availability of a free electron, one
can also easily understand the fact that one and only one
molecule of CO2 or O2 can be taken up by the cluster anion.
Once the electron is intimately bound to form the anion,
and stabilized by the water ligands, it is no longer available
to enable a further molecule to enter the cluster. By the
same argument, one can also explain the lack of reactivity
of carbon dioxide with a large number of other hydrated
ions, whether positively or negatively charged, in which a
free electron is not available.


In the light of the results of the computations, one can
also immediately understand the different number of water
molecules lost in reactions (1) and (2). As can be seen in
Table 1, the dissociation energies of the hydrated O2


� and
CO2


� clusters are fairly similar. The electron affinities of
O2···(H2O)n are, however, some 150 kJmol�1 higher than
those of CO2···(H2O)n, which means that much more energy
will be released during the reaction of O2 with the hydrated
electron, and this is responsible for the evaporation of sever-
al more water ligands. In addition, the thermodynamics of
the reactions can also explain some features of the cluster
fragmentation. As can be seen in Table 1, for both
CO2


�(H2O)n and O2
�(H2O)n the electron affinities increase,


but the energies required for the loss of water ligand de-
crease, with increasing n. For CO2


�(H2O)n with n>2, the en-
ergies required to evaporate a water molecule are smaller
than those needed to detach an electron, and this difference
is even more pronounced if entropic effects are considered,
as shown by the free energies in Table 1. Accordingly, for
the larger clusters, fragmentation is observed, with no evi-
dence of ions being lost in the FT-ICR experiments. For the
small CO2


�(H2O)n complexes (n	2) the situation is re-
versed, with the energies favoring electron detachment.


These computational results are in excellent agreement with
our experimental observations, with the small anions gradu-
ally disappearing from the cell, and with CO2


�···H2O (n =


1) not being detected at all. Ultimately, after a reaction time
of about 40 s, all the ions have lost the electron and com-
pletely disappeared from the mass spectrum, the lower de-
tection limit of which is m/z = 14.5 amu.


A considerably different situation prevails for the
O2


�(H2O)n anions, as can also be seen in Table 1. Here, even
for the O2


�H2O anion (n = 1) the computed ionization
energy of 113.4 kJmol�1 considerably exceeds the dissocia-
tion energy of 82.3 kJmol�1, and the ionization energies for
the larger species are in excess of 200 kJmol�1. As already
noted, the dissociation energies decrease with n, and at least
for n = 1 and 2 they are larger than those of the hydrated
CO2


� anion by some 15 kJmol�1. Accordingly, the fragmen-
tation slows down considerably for the smallest ions, and
near the end of the fragmentation process, O2


�(H2O)3 is
only very slowly converted to O2


�(H2O)2, with no O2
�(H2O)


being detected. Electron detachment, if it occurs at all, must
be exceedingly slow, even on the time scale of our experi-
ment. Accordingly, in experiments with molecular O2, the
O2


�(H2O)n n = 2 and 3 clusters effectively remain even
after the longest times studied. In some experiments involv-
ing CO2, in which small amounts of O2 impurities were pres-
ent, these n = 2 and 3 oxygen-containing clusters remained
even after all the CO2


�(H2O)n anions had undergone elec-
tron detachment.


The computed relative stabilities of CO2
�(H2O)n and


O2
�(H2O)n were also confirmed by mixed experiments, in


which both CO2 and O2 were introduced into the FT-ICR
trap. The ionic core of CO2


�(H2O)n slowly exchanges from
CO2


� to O2
� , which is also indicative of the greater exother-


micity of the formation of O2
�(H2O)n as compared with the


formation of CO2
�(H2O)n. Table 2 shows the reaction


energy of the ionic core exchange process. For the naked
anions, the reaction energy of the ionic core exchange is the
difference in the electron affinities of CO2 and O2, which is
already �82.9 kJmol�1. The ionic core exchange becomes
more exothermic as the cluster size increases. The reaction
is exothermic by up to 150 kJmol�1 for a cluster size of n =


5, which suggests that the energy released in the exchange
of the anionic core is also sufficient for the observed loss of
three to four water molecules.


Based on the present results, it is of course not possible to
ascertain whether the molecular anion formed remains on
the surface of the water cluster, or migrates inside it to
become internally solvated. It seems that the solvation struc-
ture depends on the electronic structure and the geometry
of the anionic core. For example, for clusters with up to five
water molecules, the bent CO2


� prefers solvation at the sur-
face, while O2


� favors internal solvation because of its sym-
metrical electronic structure.


The observations reported here are also of some rele-
vance to our earlier studies on hydrated Mg+ cations.[40, 41] In
order to rationalize some reactions of these species, we and
others have argued that when placed into an aqueous clus-
ter, a second ionization may take place, so that the Mg+


(H2O)n species actually contain an Mg2+ ion and an elec-
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tron.[40–45] The fact that these clusters were also found to be
unreactive towards CO2, and that no carbonate formation
could be detected, suggests that if such a second ionization
does take place, the electron is not really free and available
to enable the CO2 molecule to enter the cluster.


Conclusion


We have investigated the gas-phase reactions of CO2 and O2


molecules with solvated electron clusters (H2O)n
� . The reac-


tions proceed by the formation of CO2
� or O2


� molecular
anions and their concurrent hydration. Since a single elec-
tron is present, one and only one molecule can be taken up
by the cluster. These anionic clusters then gradually frag-
ment under the influence of black-body radiation and colli-
sions with the reaction gas. In the case of CO2


�(H2O)n, the
fragmentation proceeds down to the n = 2 cluster, which
eventually undergoes detachment of the electron and van-
ishes from the ICR trap. For the more stable O2


�(H2O)n,
fragmentation also results in the n = 2 species, which is,
however, a stable final product that, under the conditions of
our experiments, neither further fragments nor undergoes
detachment of the electron. The experimental study has
been accompanied by a series of quantum-chemical calcula-
tions on the structures, stabilities, and energetics of the spe-
cies studied, which have aided the interpretation of our ob-
servations. For clusters with size up to n = 5, the CO2


� re-
sides on the cluster surface, while O2


� is internally solvated.


Experimental Section


The experimental methods used here were analogous to those used in
our previous studies, which were described in detail in the associated re-
ports.[3, 33] The hydrated electron clusters, (H2O)n


� , were produced in a
laser vaporization cluster source[46–48] developed in our laboratory.[49, 50] In
the source, a pulsed Nd:YAG laser beam impinges upon a metal target in
the presence of a high pressure of an inert carrier gas, usually helium
(10 bar). The flow of the gas, containing water with its room temperature
vapor pressure as partial pressure, is controlled by a piezoelectric valve,
the opening of which is synchronized with the laser pulse. Depending on
the exact conditions, the source can produce a relatively wide distribution
of the solvated electron clusters, where the number of ligands, n, can
range from 15 to nearly 100. A rapid fragmentation of the aqueous clus-
ters due to absorption of the ambient black-body infrared radiation limits
the upper end of the distribution, while the formation of smaller clusters
below about n = 20 becomes increasingly inefficient due to their low
electron affinity and rapid electron detachment.[33]


The ion clusters that are formed in the source and during the adiabatic
expansion into high vacuum are guided along the magnetic field axis
through several stages of differential pumping into the ICR cell. This is
located inside the bore of the 4.7 T superconducting magnet of our
Bruker/Spectrospin CMS47X FT-ICR mass spectrometer, which is equip-
ped with an APEX III data station. At the start of each measurement,
clusters produced in about twenty vaporization pulses are accumulated in
the ICR cell.


To study chemical reactions, the reactant gases, in the present case
mainly carbon dioxide or oxygen, are admitted into the instrument via a
leak valve, to raise the pressure of the high vacuum section from the
background value in the low 10�11 mbar range to a stable value usually in
the range of about 2–5N10�9 mbar. To obtain information about the clus-
ter formation, their reactions, and the kinetics of their fragmentation,
mass spectra are acquired at a nominal time of t = 0 s, that is, immedi-


ately after completion of the accumulation, and then after allowing the
reaction to proceed for various delays typically ranging up to 50 s.


The simultaneous presence of hydrated metal anions in our previous
study[33] did not interfere with the experiment, and in fact provided a
useful means of proving that the electrons were indeed being detached
from the clusters. In the work described here, however, which was aimed
at exploring chemical reactions of the electrons, the formation of
M�(H2O)n could be avoided by employing targets made of metals with
closed-shell structures and zero electron affinity. As shown previously,[3]


the use of zinc results in exclusive formation of the desired (H2O)n
� clus-


ters.
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Machinable Long PVP-Stabilized Silver Nanowires


Peng Jiang,*[a, b, c] Shun-Yu Li,[b] Si-Shen Xie,*[a, d] Yan Gao,[d] and Li Song[d]


Introduction


Rapidly shrinking micro-integration of electronic units re-
quires the ability to manufacture and manipulate of nano-
meter-scaled materials.[1,2] Wiring techniques might be one
of the most difficult steps down to nanometer regime. The
process first requires the excellent conductivity of used ma-
terial, and then machinability in the nanometer range. Al-
though some alternatives in existing microelectronic systems
are still being considered, few would hesitate to agree that
there are tough obstacles completely along this route.[3,4] In
contrast, some new strategies, that is, nano- or atomic-scaled
manipulation techniques, based on scanning probe microsco-
py,[5] and self-assembly methods, based on nanometer-scaled
basic building blocks,[6] are becoming the main focus of re-


search for solving the conundrum. In particular, self-assem-
bly approaches are attracting increasing attention due to
recent successful arrangement of semiconductor nanowires
and carbon nanotubes.[7–9] However, as far as nanowiring is
concerned, the assembly of metallic nanowires is still at the
edge of success, partly because of the difficulty of synthesiz-
ing them with high aspect ratios in large numbers and shap-
ing them. Although carbon nanotubes with diameters of sev-
eral nanometers exhibit good electrical conductive proper-
ties, their machinability is still a problem. Thus, it becomes
more and more urgent to find a method to make metallic
nanowires with high aspect ratios and further to explore
their machinable properties.
Bulk silver exhibits the highest electrical and thermal con-


ductivity in all metals. From the view of this point, Ag nano-
wires may be one of the most suitable nanowiring materials.
Up to now, many techniques, for example, electrochemical
deposition[10] and chemical reduction in an inorganic or
polymeric matrix,[11–13] have been successfully developed for
the synthesis of Ag nanowires. Various one-dimensional
templates, for example, microchannels in alumina or poly-
mer membranes, mesoporous materials, carbon nanotubes,
and so forth, play important roles in these approaches. The
physical templates can limit the growth of Ag only in the
micropores, thus providing a good morphology and length
control. However, an intrinsic number of the microchannels
confines the quantity of obtained product. Recently, a soft-
template method was suggested for the preparation of PVP-
capped Ag nanowires, in which the Ag nanowires were pro-
duced by reducing silver nitrate (AgNO3) in ethylene glycol
(EG) with the addition of poly(vinyl pyrrolidone) (PVP).[14]


The so-synthesized Ag nanowires are usually capped by
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Abstract: PVP-capped silver nanowires
with a diameter range from 150 to
200 nm and a length range from 50 to
100 mm have been synthesized in large
quantity by using a soft-template
liquid-phase method. The so-obtained
longer and thicker metallic nanowires
exhibit fivefold-twinned structures
bound by five {100} wall-planes and
two spearlike ends around five {111}


facets. X-ray photoelectron spectrosco-
py (XPS) investigations show that a
strong interaction exists between the
carboxyl oxygen atom (C=O) of PVP
and the Ag core interface. The PVP-


capped Ag nanowires can either self-
assemble into ordered raft structures or
form a complicated network, depend-
ing on the dispersive solvent employed.
In addition, the Ag nanowires can also
be specifically bent into various angles,
demonstrating their excellent mechani-
cal stability.


Keywords: mechanical stability ·
nanostructures · silver · template
synthesis
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PVP molecules. They have two spearlike ends and exhibit fi-
vefold-twinned crystal structures with pentagonal-shaped
cross sections.[15, 16] The solution-phase approach was exten-
sively applied to the synthesis of Ag nanoparticles, with EG
serving as both reducing agent and solvent. An advantage of
the technique is that Ag nanowires with a high aspect ratio
can be obtained on a large scale.
In this work, we describe the synthesis of PVP-capped


metallic Ag nanowires, with the length range from 50 to
100 mm and the diameter range from 150 to 200 nm, in large
quantity. Characterization techniques such as X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM) were
employed to elucidate the structure of the Ag nanowires.
The surface chemical state of the Ag nanowires was also in-
vestigated by X-ray photoelectron spectroscopy (XPS).
Two-dimensional self-assembly and complex crossed ar-
rangements of Ag nanowires have been realized by selecting
different Ag nanowire suspensions. Furthermore, the me-
chanical properties of the Ag nanowires have been ex-
plored.


Results and Discussion


The PVP molecules can serve as protective molecules, based
on their structure character. As shown in Scheme 1, the


polymer has a polyvinyl skeleton with polar groups. The
lone pair of electrons from the nitrogen and oxygen atoms
in the polar groups of the PVP repeated unit may be donat-
ed into sp hybrid orbitals of Ag+ ions to construct complex


compounds; an sp hybrid usually forms a linear coordinative
bond. Thus, the two possible bonding styles, that is, PVP
molecule intra- and interchain interactions, may occur when
Ag+ ions interact with PVP molecules [see Eq. (1) in
Scheme 2, showing how a repeated unit of PVP molecules
bonds with an Ag+ ion]. The two kind of coordinative types
can effectively decrease chemical potential and further
enable the PVP-bound Ag+ ions to be reduced more easily
[see Eq. (2) in Scheme 2] by EG. During the preparation
process of the Ag nanowires, it was found that the color of
the EG solution changed gradually from pale yellow, to
dark red, to gray-white with the decreasing concentration of
the reactant in EG; this implies the PVP-assisted evolution
process from the formation of Ag nuclei to their growth.
Noting that PVP-capped Ag particles always exist in final
product under whatever conditions, probably because differ-
ent coordination modes between the Ag+ ions and the PVP
molecules induces different nucleation. The Ag particles
usually exhibit cubic, trianglular, or hexagonal morphology
and can be separated from the Ag nanowires by a step pre-
cipitation technique. Figure 1a illustrates a typical SEM
image of as-separated Ag nanowires with the diameter
range from 150 to 200 nm in high quantity. The longest Ag
nanowires can reach about 100 mm, as shown in Figure 1b.
The longer Ag nanowires normally exhibit a slightly curved
character, while the shorter are very straight with two sharp
spearlike ends (see Figure 1c). The crystallite phase and
purity of as-synthesized Ag nanowires can be measured by
using X-ray diffraction (XRD) methods. Figure 1d shows
the XRD pattern of the Ag nanowires deposited on a glass
substrate. All diffraction peaks can be indexed as the face-
centered cubic phase of Ag. No peaks attributed to Ag
oxide were found. In our previous work,[16] we found that
Ag nanowires with narrower diameters have a fivefold-twin-
ned structure bounded by five {100} wall planes with a
h110i growth direction. We believe that the formation pro-
cess of the Ag nanowires was initiated from fivefold-twinned
Ag nanoparticle nuclei, and then preferential adsorption of
PVP molecules to {100} facets of the Ag nuclei might lead
to their anisotropic growth from both ends, resulting in oc-
currence of the Ag nanowires. Both ends of the Ag nano-
wires exhibit a sharp spear shape around five {111} facets.
In the present investigation, the Ag nanowires with larger
diameters were synthesized under different reaction condi-
tions. Figure 2 shows a typical SEM image of the sections of
as-obtained Ag nanowires, from which the pentagonal shape
can be clearly seen. It appears that the Ag nanowires retain
the same fivefold-twinned structure. The lateral increase of
the Ag nanowires implies that the growth of the Ag nano-
wires is not solely limited to the h100i direction.
To gain more information on oxidation state of the ob-


tained Ag nanowires, X-ray photoelectron spectroscopy
(XPS) techniques were employed to detect the composition
of the Ag nanowires. The top left panel in Figure 3 shows a
typical XPS spectrum of the Ag nanowires. The occurrence
of oxygen, nitrogen, and carbon signals confirm the presence
of PVP and possibly of EG molecules on the surface of the
Ag nanowires. Various Ag binding energy peaks were also
found. The other panels in Figure 3 show high-resolution


Abstract in Chinese:


Scheme 1. Formula of PVP repeated unit, with carbon atom numbering.
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XPS regions of various elements for the Ag nanowires. For
clarity, XPS spectra of C1s and O1s have been fitted by
multiple Gaussians. Through
curve fitting it can be seen that
the C1s spectrum is composed
of four peaks. The binding en-
ergies of the peaks are deter-
mined to be at 285.0, 285.4,
286.2 and 288.0 eV; these can
be attributed to carbon atoms
C1 to C4 for PVP molecule
(see Scheme 1), respectively,
depending on different chemi-
cal environments. The peak at
286.2 eV can also be assigned
to C1s in the EG molecule.
Curve fitting in the O1s region
led to two peaks at 531.7 eV
and 532.5 eV, originating from
carboxyl (C=O) and hydroxyl
(C�OH) oxygen atoms, respec-


tively. Relative to pure PVP, the O1s peak from the carbox-
yl (C=O) oxygen atom shifts to higher binding energy, im-
plying the decrease of electron density, probably due to
both interaction between PVP and the Ag nanowire core
and hydrogen-bond formation between PVP and an EG
molecule. The N1s peak (399.6 eV) seems not to be influ-
enced by the Ag nanowire core. The Ag regions of the XPS


Scheme 2. Possible coordination and reaction process for PVP and Ag+ ions.


Figure 1. a) A typical SEM image of the PVP-capped Ag nanowires in
large quantity. b) A slightly curved PVP-capped Ag nanowire with the
length of approximately 100 mm and diameter of about 150 nm on Cu
slice substrate. c) A representative straight PVP-capped Ag nanowire
with the length of approximately 50 mm and diameter of about 150 nm on
an Si substrate. d) X-ray diffraction (XRD) pattern of the PVP-capped
Ag nanowires, showing the diffraction peaks indexed as face-centered
cubic phase of Ag. No peaks attributed to Ag oxide were found.


Figure 2. A representative SEM image of the sections of thus-obtained
Ag nanowires, from which the pentagonal shape can be clearly observed.


Figure 3. XPS spectra of the PVP-capped Ag nanowires (top left) and C1s, O1s, N1s, and Ag3d regions.
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spectra of the Ag nanowires are very sensitive to the chemi-
cal environment around the Ag nanowire core, particularly
to the electron-donating ability of the polymeric ligand and
to the strength of the interaction between Ag and the poly-
meric ligand. The bottom right panel in Figure 3 shows two
peaks at 367.8 and 373.8 eV, resulting from Ag 3d5/2 and
Ag 3d3/2, respectively. The peaks positions are between
those for metal Ag (368.2 eV for Ag 3d5/2, 374.2 eV for Ag
3d3/2) and for Ag2O (367.5 eV for Ag 3d5/2, 373.5 eV for
Ag 3d3/2), indicating a strong interaction between the car-
boxyl (C=O) oxygen atom of PVP and the Ag core.
Understanding the structure and surface chemical state of


the Ag nanowires would be helpful for the investigation of
their other properties, for example, self-assembly, and elec-
tric and machinable properties. The following question we
want to address is the influence of the used suspension to
manipulate the Ag nanowires. We have found that the PVP-
capped Ag nanowires can self-assemble into an ordered raft
structure (see Figure 4a) when solutions of them in EG are


dropped onto various substrates (Si,[14] Cu grids, etc.). The
exact reasons for this still need clarification; however, two
factors need to be considered at least. One is the PVP layer
that covers the Ag nanowire cores; this provides possible in-
teraction among the neighboring Ag nanowires. Another is
the nonvolatility and higher viscosity of EG. The raft can
not be obtained when using ethanol as dispersion solvent;
highly dispersed Ag nanowires are observed instead, due to
high volatility and rapid diffusion of ethanol molecules.
These phenomena indicate the EG molecules play a very
important role in attracting the Ag nanowires together
through hydrogen bonding, while ethanol molecules tend to
separate them from aggregation. Based on this fact, we can
expect to use the Ag-nanowire/ethanol suspension to ex-
plore the mechanical stability of the Ag nanowires. In addi-
tion, complex nets can even be constructed by careful selec-
tion of the suspension conditions. As shown in Figure 4b–d,
various crossed complex net structures of Ag nanowires can


be built, by employing the technique of controlling the flow
directions of evaporating ethanol solvent in the suspension.
The result clearly demonstrates that the PVP-capped Ag
nanowires can be separately dispersed in ethanol.
In order to further evaluate the mechanical stability of


the Ag nanowires, a drop of a dilute solution of Ag nano-
wires in ethanol was placed on Cu grid substrate attached to
conductive double-sided adhesive tape. Under an optical mi-
croscope, we could see that the Ag nanowires rapidly dif-
fused along the direction of the solvent flow. By inclining
the substrate to force the evaporating solvent to flow down-
wards, the Ag nanowires were found to be bent into differ-
ent shapes after the solvent evaporated completely. Some of
them were attached to the tape, others were positioned on
the edge of the Cu grid. Figure 5a–c show the typical scan-


ning electron microscope (SEM) images of the bent Ag
nanowires with three kinds of angles from acute to obtuse.
Figure 5d and e give much more complicated shapes of the
bent Ag nanowires. One can see that the nanowires can
even be bent back on itself, as shown in Figure 5d. It is
worth noting that we did not find bent Ag nanowires in
normal synthesis product. The heavily bent Ag nanowires
were formed very probably by extruding laterally hindered
Ag nanowires against obstacles in the transfer process with
the flowing solvent. Further insight into the bent angles of
the Ag nanowires demonstrates that they are very close to
608, 908, and 1208. The real reason why the Ag nanowires
can be bent into the special angles still remains unclear.
However, in our experiments, some Ag particles with special
morphologies, that is, cube, triangle, or hexagonal prisms,
were also observed in addition to the long Ag nanowires
(see Figure 5f). These Ag particles might serve as the obsta-
cles. A possible example is shown in Figure 6. In addition, a
rough Cu substrate may also play the role of the obstacles.


Figure 4. SEM images of a raft array and various networks constructed
by the PVP-capped Ag nanowires on a Cu grid substrate attached to con-
ductive double-sided tape. a) The raft array formed by employing ethyl-
ene glycol as a solvent. b), c), and d): Three kinds of networks construct-
ed by using ethanol as a solvent and by controlling the flow direction of
evaporating solvent, arrows indicate the directions of the solvent flow.


Figure 5. SEM images of various bent PVP-capped Ag nanowires and Ag
particles on a Cu substrate. Nanowires with a) an obtuse angle, b) a right
angle, c) an acute angle, d) and e) complicated shapes, and f) some Ag
particles with special morphologies.
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Anyway, the above results evidently demonstrate that the
long Ag nanowires exhibit good mechanical stability at
room temperature and can be shaped into various possible
structures, which might act as interconnects towards to fabri-
cating future nanoelectronic devices. Sun et. al[17] reported a
method to prepare Ag nanobelts with the diameter of
10 nm. They found that the Ag nanobelts broke easily into
fragments due to thermal fluctuation, demonstrating weak
mechanical stability of the Ag nanobelts. In our case, the
PVP-capped Ag nanowires present excellent mechanical sta-
bility. It is unclear what causes the flexibility of the Ag
nanowires, but three elements need to be considered. The
first is the diameter of the Ag nanowires, because nanowires
tend to break when their lateral dimensions are decreased
down to certain critical value; the second might be the PVP
capping, which provides a protect sheath; and the third is
the structure of the Ag nanowires. In order to shed light on
the flexibility of the Ag nanowires in detail, further investi-
gation is in progress.


Conclusion


In summary, PVP-capped Ag nanowires with high aspect
ratios have been synthesized by soft-template solution-phase
methods under optimal experiment conditions. The as-pro-
duced Ag nanowires have a diameter range from 150 to
200 nm and a length range from 50 to 100 mm. They usually
exhibit a fivefold-twinned structure bounded by five {100}
wall planes and two spearlike ends around five {111} facets.
XPS investigations show that carboxyl (C=O) oxygen atom
in PVP strongly coordinates to Ag core surface. More excit-
ingly, the nanowires not only can self-assemble themselves
into ordered raft structures, but also can be intentionally
constructed into various complex networks, depending on
the solvent used. In addition, they can also be intentionally
bent into various angles and shapes, demonstrating excellent
mechanical stability at room temperature. All these charac-
teristics indicate the preferential potential value of the Ag
nanowires in future nanoelectronic devices.


Experimental Section


The longer Ag nanowires with high aspect ratios were synthesized by
means of a soft-template liquid-phase method. In the synthesis process,
EG (10 mL) was firstly refluxed in a three-necked round-bottom flask at
160 8C for 2 h, and then solution of 0.1m AgNO3 (99.8%, Chameleon Re-
agent) in EG (5 mL) and solution of 0.2m poly(vinyl pyrrolidone) (PVP,
Mw=55000, Aldrich) in EG (5 mL) were simultaneously injected into the
refluxing solvent, by using two syringes, drop by drop, at a rate of
0.2 mLmin�1. Once solutions of AgNO3 and PVP in EG were added, the
whole refluxing solution immediately turned pale yellow. With further in-
jection of the reactants, the solution gradually became gray-white, imply-
ing the appearance of Ag nanowires. By controlling the dropping rate
under optimal reaction conditions, the diameter and length of the PVP-
capped Ag nanowires can be adjusted. The reaction continued at 160 8C
for 60 min. When the reaction was finished, the supernatant was poured
away and the gray precipitate remained. The as-obtained gray-white re-
sidual material was then diluted with acetone (100 mL) and placed in a
refrigerator at 0 8C for effective precipitation of the Ag nanowires. Part
of the precipitate was collected during a certain time period. The method
can effectively separate the Ag nanowires from Ag particles. The ob-
tained Ag nanowire aggregate was used for the other characterization ex-
periments. The samples for scanning electron microscope (SEM) meas-
urement were prepared on p-Si(100) or copper substrates. The SEM
images were obtained by using a field emmison SEM (JEOL, JSM-
6300F) operated at an accelaration voltage of 15 kV. The X-ray diffrac-
tion (XRD) pattern was recorded on a Rigaku X-ray diffractometer with
CuKa radiation (l=0.15405 nm). Scanning range was from 308 to 808 at a
scanning rate of 0.028 s�1. XPS analysis was performed on AXIS Shimad-
zu-Kartos spectrometer. The MgKa (1253.6 eV) X-ray source was operat-
ed at 12 kV and 10 mA current emission and at an electron take-off
angle of 908 relative to the surface substrate. All the binding energies
were calculated by reference to Au 4f7/2 peak at 84.0 eV.
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Figure 6. An SEM image of the status of the PVP-capped Ag nanowires
flowing down along inclined Cu grid attached to conductive double-sided
tape, in which single Ag nanowire is bent into nearly a right angle
around a cubic Ag particle.
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New Amphiphilic Silicon(iv) Phthalocyanines as Efficient Photosensitizers
for Photodynamic Therapy: Synthesis, Photophysical Properties, and in vitro
Photodynamic Activities


Pui-Chi Lo,[a] Jian-Dong Huang,[a, b] Diana Y. Y. Cheng,[a] Elaine Y. M. Chan,[c]


Wing-Ping Fong,[c] Wing-Hung Ko,[d] and Dennis K. P. Ng*[a]


Introduction


Being a versatile class of functional dyes, phthalocyanines
have been studied extensively over the last few decades.[1]


Owing to the strong absorption in the red visible region,
high efficiency to generate reactive oxygen species, such as
singlet oxygen, and ease of chemical modification and for-


mulation, this class of compounds has found to be highly
promising as second-generation photosensitizers for photo-
dynamic therapy (PDT).[2,3] A substantial number of phtha-
locyanines with different functionalities have been synthe-
sized and examined for their photophysical and biological
properties, among which sulfonated derivatives of zinc(ii)
and aluminum(iii) phthalocyanines have received the most
attention, because of their water solubility and ease of prep-
aration.[3] To our knowledge, only a few phthalocyanine-
based photosensitizers have been used in clinical trials so
far; these include the silicon(iv) phthalocyanine Pc4, a lipo-
somal preparation of zinc(ii) phthalocyanine (CGP55847),
and a mixture of sulfonated aluminum(iii) phthalocyanines
(Photosens).[3c]


Pc4 with the structure shown below is one of the most ef-
ficient phthalocyanine-based photosensitizers. Apart from
its nonaggregated nature and the fact that the compound
does not exist as structural isomers, this compound exhibits
high photodynamic activities, both in vitro and in vivo,
against a range of model cell lines and tumors.[4] The prepa-
ration of this compound, however, is rather tedious. It in-
volves more than five steps from commercially available
precursors, including a photolysis reaction to replace the
axial methyl group with a hydroxy group.[5] The lengthy pro-
cedure somewhat hampers the chemical modification of this
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Abstract: A novel series of silicon(iv)
phthalocyanines substituted axially
with one or two 1,3-bis(dimethylami-
no)-2-propoxy group(s) have been pre-
pared by ligand substitution and alkoxy
exchange reactions. Two dicationic and
tetracationic phthalocyanines have also
been prepared by methylation of two
of these compounds. The nonionic
phthalocyanines are essentially nonag-
gregated in common organic solvents
and show a weak fluorescence emis-
sion, while the methylated derivatives


are also nonaggregated, even in aque-
ous media, and exhibit a strong fluores-
cence emission. These new phthalocya-
nines, in particular the unsymmetrical
and amphiphilic analogues, are highly
potent against HepG2 human hepato-
carcinoma cells and J774 mouse macro-


phage cells with IC50 values down to
0.02mm. The photodynamic activities
are related to the cellular uptake and
the efficiency to generate singlet
oxygen. A higher positive charge at the
phthalocyanine hinders the uptake, re-
flected by the lower intracellular fluo-
rescence intensity. Fluorescence micro-
scopic studies have also revealed that
the unsymmetrical phthalocyanine
SiPc[C3H5(NMe2)2O](OMe) (4) has a
high and selective affinity to the mito-
chondria of HepG2 cells.


Keywords: fluorescence · photody-
namic therapy · photophysics ·
photosensitizers · phthalocyanines ·
silicon
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compound which is important to reveal the structure-activity
relationships.[6] We describe herein an unexpected yet facile
synthesis of a new series of amphiphilic silicon(iv) phthalo-
cyanines. These compounds are highly photoactive in in
vitro assays with a high cellular uptake. The results suggest
that these readily accessible compounds may form a new
series of efficient phthalocyanine-based photosensitizers.


Results and Discussion


Synthesis and characterization : Treatment of the commer-
cially available silicon phthalocyanine dichloride (1) with
1,3-bis(dimethylamino)-2-propanol (2) in the presence of
NaH in toluene gave the disubstituted product 3 in 73%
yield (Scheme 1). Purification of this compound on silica gel
columns led to partial decomposition, probably due to the


slightly acidic nature of the silica gel. The compound, how-
ever, could be purified by column chromatography by using
basic alumina. Interestingly, upon further purification by re-
crystallization in a mixture of MeOH and CHCl3, one of the
1,3-bis(dimethylamino)-2-propoxy groups was replaced by a
methoxy group giving the unsymmetrical phthalocyanine 4
in high yield. It is likely that the bulky 1,3-bis(dimethylami-
no)-2-propoxy group makes the compound susceptible to
ligand-exchange reactions. It is worth mentioning that axial-
ly substituted silicon(iv) phthalocyanines are usually pre-
pared by substitution reactions of 1 or the dihydroxy ana-
logue SiPc(OH)2.


[7] Such ligand-exchange reactions remain
extremely rare.[8]


To study the generality of this reaction, we replaced meth-
anol with ethanol and 1-hexanol during the recrystallization
of 3. It was found that compound 3 remained intact in both
cases. However, by stirring a solution of 3 in CHCl3 in the
presence of ethanol, 1-hexanol, or 1-dodecanol at 70 8C for
two days, one or both of the 1,3-bis(dimethylamino)-2-pro-
poxy group(s) could be replaced by the corresponding
alkoxy groups, giving the monosubstituted products 5 and 6
and the disubstituted products 7–9 (Scheme 2), which could
be separated by column chromatography. Apparently, a
longer alcohol promoted disubstitution, with the monosub-
stituted product only as a minor product. The monosubsti-
tuted 1-dodecoxy analogues of 5 and 6 could not be isolated
from the reaction mixture. The reasons accounting for the
different reactivities of these alcohols remain elusive at this
stage.


Scheme 1. Preparation of phthalocyanines 3 and 4.


Scheme 2. Preparation of phthalocyanines 5–9.
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To increase the hydrophilicity and to examine the effects
of charge on the photodynamic activities, methylation was
performed on compounds 3 and 4. Treatment of 4 with a
large excess of iodomethane in CHCl3 at room temperature
for three days gave the dicationic phthalocyanine 10 (in
68% yield), which could be separated readily from the reac-
tion mixture by filtration. Reaction of 3 with iodomethane
under the same conditions led to incomplete methylation as
shown by 1H NMR spectroscopy. The desired tetracationic
phthalocyanine 11, however, could be prepared in 45%
yield by increasing the temperature (at reflux) and shorten-
ing the reaction time (to 1 h).[9]


All the new compounds were characterized with various
spectroscopic methods and elemental analysis (or accurate
mass measurement for 6 and 8). The 1H NMR spectra of all
these compounds showed two typical downfield (d=8–
10 ppm) AA’BB’ multiplets for the a and b protons of the
phthalocyanine ring. The 1,3-bis(dimethylamino)-2-propoxy
group resonated as a singlet (for the methyl protons), two
doublets of doublets (for the two sets of diastereotopic CH2


protons), and a quintet (for the OCH proton). These signals
appeared at very upfield positions (down to d=�3 ppm)
due to the shielding effect of the phthalocyanine ring. Simi-
larly, the alkoxy protons of compounds 4–10 were also shift-
ed upfield.


Compounds 3 and 8 were also characterized structurally
by X-ray diffraction analysis. Single crystals of 3 were ob-
tained by slow diffusion of diethyl ether into a CH2Cl2 solu-
tion of 3, while those of 8 were obtained by slow evapora-
tion of a CDCl3 solution of 8. Figure 1a shows a perspective
view of the molecular structure of 3, which contains an in-
version center (at the silicon
atom) relating the two halves
of the molecule. The silicon
atom is hexacoordinate with a
Si�O bond length of
1.703(2) J and an average Si�N
bond length of 1.921(2) J. The
structural parameters of this
molecule are not unusual.
Compound 8 crystallizes in the
triclinic system with one mole-
cule per unit cell. The molecu-


lar structure (Figure 1b) also contains an inversion center.
The Si�O (1.703(2) J) and average Si�N (1.931(2) J) bond
lengths together with other structural features closely resem-
ble those of 3.


Electronic absorption and photophysical properties : The
data for the new phthalocyanines 3–6, 10, and 11 measured
in DMF are summarized in Table 1. The absorption spectra


Figure 1. Molecular structure of a) 3 and b) 8 showing the 30% probabili-
ty thermal ellipsoids for all non-hydrogen atoms.


Table 1. Electronic absorption and photophysical data for 3–6, 10, and 11 in DMF.


Compound lmax [nm] (log e) lem [nm][a] FF
[b] FD


[c]


3 353 (4.68), 608 (4.39), 645 (4.33), 677 (5.19) 677 0.02 0.25
4 354 (4.98), 607 (4.68), 644 (4.61), 676 (5.48) 677 0.08 0.26
5 355 (5.37), 607 (5.08), 643 (5.00), 675 (5.85) 676 0.06 0.35
6 354 (4.82), 607 (4.54), 643 (4.47), 675 (5.32) 678 0.09 0.39
10 356 (5.02), 612 (4.75), 682 (5.36) 690 0.48 0.81
11 329 (4.72), 604 (4.18), 670 (4.94) 683 0.64 0.26


[a] Excited at 610 nm. [b] Using unsubstituted zinc(ii) phthalocyanine (ZnPc) in 1-chloronaphthalene as the
reference (fluorescence quantum yield (FF)=0.30. [c] Using ZnPc as the reference (singlet oxygen quantum
yield (FD)=0.56 in DMF).
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of 3–6 in DMF are typical for nonaggregated phthalocya-
nines, with a B-band (or Soret band) at 353–355 nm, an in-
tense and sharp Q-band at 675–677 nm, together with two
vibronic bands at 607–608 and 643–645 nm. The absorption
positions of all these compounds are very similar, indicating
that the phthalocyanine p system is not perturbed by the
axial substituents. Upon excitation at 610 nm, these com-
pounds have a weak fluorescence emission at 676–678 nm. It
is likely that the amino groups in these compounds reduc-
tively quench the singlet excited state,[10] leading to a low
fluorescence quantum yield (FF=0.02–0.09). The excitation
spectra of these compounds were also recorded (monitored
at the corresponding emission maximum). The close similar-
ity of these spectra with the absorption spectra confirms
that the emission bands are due to the phthalocyanines.
Methylation slightly shifts the Q band and the fluorescence
emission to the red and greatly increases the fluorescence
quantum yield as shown in Table 1.


Figure 2 shows the absorption spectra of the tetracationic
phthalocyanine 11 in water in different concentrations. A B-


band at 353 nm, a strong and sharp Q-band at 692 nm, to-
gether with a vibronic band at 624 nm are also observed.
The inset shows a plot of the Q-band absorbance versus the
concentration of 11. The linear relationship shows that this
absorption obeys the Lambert–Beer law, and the compound
is essentially free from aggregation in aqueous media. This
is corroborated with the strong fluorescence emission at
697 nm in water (FF=0.30). The dicationic analogue 10 has
similar spectral features in water, with absorption maxima at
353, 619, and 690 nm, and an emission band at 696 nm with
a fluorescence quantum yield of 0.31. This nonaggregated
property is extremely important for photosensitization, as
aggregation provides an efficient nonradiative energy relax-
ation pathway, greatly shortening the excited state life-
times.[11] Due to the very high aggregation tendency of the
hydrophobic phthalocyanine p systems, fluorescence is
rarely observed for these macrocycles in aqueous media.[12]


To evaluate the photosensitizing efficiency of these com-
pounds, their singlet oxygen quantum yields (FD) were de-
termined by a steady-state method with 1,3-diphenylisoben-


zofuran (DPBF) as the scavenger. The concentration of the
quencher was monitored spectroscopically at 411 nm against
time, from which the values of FD could be determined by
the method described by WMhrle et al.[13] As shown in
Table 1, all the phthalocyanines are efficient singlet oxygen
generators and the value of FD follows the order 3�4�
11<5<6!10. The singlet oxygen quantum yield of the di-
cationic derivative 10 is significantly higher than those of
the others.


In vitro photodynamic activities : The photodynamic activi-
ties of compounds 3–6, 10, and 11 in Cremophor EL emul-
sions were investigated against two different cell lines,
namely human hepatocellular carcinoma HepG2 and
murine macrophage J774. The IC50 values defined as the dye
concentration required to kill 50% of the cells are summar-
ized in Table 2. Figure 3, which shows the effects of 5 on


HepG2, is a typical dose-dependent survival curve for all
these phthalocyanines. While these compounds at concentra-
tions lower than 1mm are essentially noncytotoxic in the ab-
sence of light (except 6 on J774, for which the viability
drops to ca. 80% at 1mM of 6), they exhibit a very high pho-
tocytotoxicity, particularly the unsymmetrical and amphi-
philic phthalocyanines 4–6 and 10, of which the IC50 values
are down to 0.02mm (Table 2). The length of the alkoxy
groups for compounds 4–6 does not have significant effects
on the photo-activities toward both HepG2 and J774.
Figure 4 compares the cytotoxicities of the amphiphilic
dicationic phthalocyanine 10 and the symmetrical tetraca-
tionic phthalocyanine 11 against HepG2. It is clear that the


Figure 2. Electronic absorption spectra of 11 in water in different concen-
trations. The inset plots the absorbance at 692 nm versus the concentra-
tion of 11.


Table 2. Comparison of the IC50 values of phthalocyanines 3–6, 10, and
11 against HepG2 and J774.


Compound IC50 (mM)[a]


for HepG2 for J774


3 0.70 0.09
4 0.06 0.02
5 0.05 0.02
6 0.06 0.04
10 0.09 0.36
11 2.31 1.56


[a] Defined as the dye concentration required to kill 50% of the cells.


Figure 3. Effects of 5 on HepG2 in the absence (&) and presence (&) of
light. For the latter, the cells were illuminated with a red light (l>
610 nm, 40 mWcm�2, 48 Jcm�2). Data are expressed as mean �SD (n=
4).
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amphiphilic analogue exhibits a much higher photocytotox-
icity, which is as good as those of the unsymmetrical neutral
counterparts 4–6. A higher charge at the photosensitizer
does not enhance the photocytotoxicity. These results are in
accord with the previous finding that amphiphilic photosen-
sitizers are usually more photodynamically active.[2b] It is be-
lieved that amphiphilicity can facilitate the localization of
photosensitizers in the hydrophobic–hydrophilic interfaces
in membranes and on the surface of proteins, and change
their aggregation state and eventually their photosensitizing
efficiency.


To reveal whether the different photoactivities of these
compounds are related to the cellular uptake, we employed
fluorescence microscopy to quantify the cellular uptake of
compounds 3, 4, 10, and 11. The HepG2 cells were incubat-
ed with 8mm of these compounds in Cremophor EL emul-
sions respectively on coverslips at 37 8C and 5% CO2 for
2 h. The cells were rinsed with phosphate buffered saline
(PBS) before being viewed with an inverted microscope.
Figure 5a shows a typical fluorescence microscopic image of
HepG2 cells after incubation with these compounds. It is
clear that the dyes enter into the cells causing a substantial
fluorescence in the cytoplasm. The average relative fluores-
cence intensity per cell (from six independent experiments)
of these compounds was determined and is depicted in Fig-
ure 5b. It can be seen that compound 4 has the highest
uptake and a higher positive charge reduces the cellular
uptake. The observed trend for the photocytotoxicity of
compounds 3, 4, and 11 (4>3>11 as shown in Table 2),


which have almost the same singlet oxygen quantum yield
(0.25–0.26), is in good agreement with the trend in uptake.
The very high photocytotoxicity of compound 10 can be at-
tributed to the high singlet oxygen quantum yield (0.81),
even though the uptake of this compound is not particularly
high. Thus the different photocytotoxicities of these com-
pounds may be rationalized by the differences in cellular
uptake and the efficiency to generate singlet oxygen, which
are two important factors determining the overall PDT effi-
cacy.


To further reveal the subcellular localization, we stained
the HepG2 cells with MitoTracker Green FM, which is a
specific fluorescence dye for mitochondria, prior to the
treatment with 4. This phthalocyanine was selected for the
study because it has the highest uptake. Figure 6 clearly


Figure 4. Effects of 10 (triangles) and 11 (squares) on HepG2 in the ab-
sence (closed symbols) and presence (open symbols) of light. For the
latter, the cells were illuminated with a red light (l>610 nm,
40 mWcm�2, 48 Jcm�2). Data are expressed as mean � SD (n=4).


Figure 5. a) Visualization of intracellular fluorescence of HepG2 after in-
cubation with 4 for 2 h. b) Comparison of the relative intracellular fluo-
rescence intensity for 3, 4, 10, and 11. Data are expressed as mean �SD
(n=6).


Figure 6. Visualization of intracellular fluorescence of HepG2 using filter sets specific for a) the MitoTracker (in red) and b) phthalocyanine 4 (in blue).
c) The corresponding superimposed image in violet.
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shows that the fluorescence caused by the MitoTracker (ex-
cited at 490 nm, monitored at 500–575 nm) can superimpose
with the fluorescence caused by 4 (excited at 630 nm, moni-
tored at >660 nm). This observation indicates that com-
pound 4 can target mitochondria. This property is of particu-
lar importance as mitochondria are commonly believed to
be the targets for the initiation of apoptosis by PDT.[2c] The
detailed mechanism of the PDT action of these compounds
is under investigation.


Conclusion


We have prepared and characterized a novel series of silico-
n(iv) phthalocyanines substituted axially with one or two
1,3-bis(dimethylamino)-2-propoxy group(s) as well as the
methylated derivatives of two of these compounds. The un-
symmetrical amphiphilic analogues exhibit an extremely
high photocytotoxicity against human hepatocellular carci-
noma HepG2 and murine macrophage J774, which can be
attributed to the high cellular uptake and/or efficiency to
generate singlet oxygen. Compound 4 has a high and selec-
tive affinity to mitochondria of HepG2 as revealed by fluo-
rescence microscopy. The results show that these com-
pounds, which have a well-defined structure, good photo-
physical properties, and high photodynamic activity, are po-
tentially useful as a new generation of phthalocyanine-based
photosensitizers.


Experimental Section


General : All the reactions were performed under an atmosphere of nitro-
gen. Toluene was distilled from sodium. Chromatographic purifications
were performed on basic alumina columns (Merck, 70–230 mesh ASTM)
with the indicated eluents. All other solvents and reagents were of re-
agent grade and used as received.
1H and 13C{1H} NMR spectra were recorded on a Bruker DPX 300 spec-
trometer (1H, 300; 13C, 75.4 MHz) in CDCl3 or [D6]DMSO. Spectra were
referenced internally by using the residual solvent resonances (d=
7.26 ppm for CDCl3, d=2.49 ppm for [D6]DMSO) relative to SiMe4. Fast
atom bombardment (FAB) mass spectra were measured on a Thermo
Finnigan MAT 95 XL mass spectrometer. Elemental analyses were per-
formed by Medac, Brunel Science Centre (UK) and the Shanghai Insti-
tute of Organic Chemistry, Chinese Academy of Sciences (China).


UV-visible and steady-state fluorescence spectra were taken on a Cary
5G UV-Vis-NIR spectrophotometer and a Hitachi F-4500 spectrofluoro-
meter, respectively. The fluorescence quantum yields were determined by
the equation: FF(sample)= (Fsample/Fref)(Aref/Asample)(nsample


2/nref
2)FF(ref),


[14] in
which F, A, and n are the measured fluorescence (area under the emis-
sion peak), the absorbance at the excitation position (610 nm), and the
refractive index of the solvent, respectively. ZnPc in 1-chloronaphthalene
was used as the reference [FF(ref)=0.30].[15] To minimize re-absorption of
radiation by the ground-state species, the emission spectra were obtained
in very dilute solutions where the absorbance at 610 nm was less than
0.03. Singlet oxygen quantum yields (FD) were measured by the method
of chemical quenching of DPBF described by WMhrle et al. ,[13] except
that the light intensity of our system was not determined. All measure-
ments were performed in DMF and referenced to ZnPc (FD=0.56).


Preparation of SiPc[C3H5(NMe2)2O]2 (3): A mixture of SiPcCl2 (1) (2.0 g,
3.3 mmol), 1,3-bis(dimethylamino)-2-propanol (2) (1.61 g, 11.0 mmol),
and NaH (0.53 g, 22.1 mmol) in toluene (50 mL) was refluxed for 2 days.
After evaporating the solvent in vacuo, the residue was subjected to
column chromatography using CHCl3/EtOH (9:1) as eluent. The product


was further purified by recrystallization from CHCl3/EtOH (1:10) to
afford shiny purple microcrystals (2.0 g, 73%). 1H NMR (CDCl3): d=


9.59–9.65 (m, 8H; Pc-Ha), 8.27–8.32 (m, 8H; Pc-Hb), 0.48 (s, 24H; NMe),
�0.80 (dd, J=5.1, 12.6 Hz, 4H; CH2), �1.56 (dd, J=5.1, 12.6 Hz, 4H;
CH2), �2.72 ppm (quintet, J=5.1 Hz, 2H; CH); 13C{1H} NMR (CDCl3):
d=149.5, 136.2, 130.5 (Pc-Cb), 123.3 (Pc-Cb), 61.4 (two overlapping sig-
nals; CH and CH2), 44.9 ppm (NMe; as supported by HMQC with
BIRD); HRMS (FAB): m/z calcd for C46H51N12O2Si [M+H]+ : 831.4027;
found: 831.4073; elemental analysis calcd (%) for C46H50N12O2Si: C
66.48, H 6.06, N 20.22; found: C 65.89, H 5.99, N 19.80.


Preparation of SiPc[C3H5(NMe2)2O](OMe) (4): MeOH was slowly added
to the top of a solution of 3 (1.42 g, 1.71 mmol) in CHCl3. The bilayer
system was left under ambient conditions for 3 days. The precipitate
formed was filtered off and subjected to chromatography with CHCl3/
hexane (1:2) as eluent to give a greenish blue solid (0.92 g, 75%). Rf


(CHCl3/hexane 1:2)=0.86; 1H NMR (CDCl3): d=9.60–9.66 (m, 8H; Pc-
Ha), 8.29–8.36 (m, 8H; Pc-Hb), 0.47 (s, 12H; NMe), �0.78 (dd, J=5.4,
12.6 Hz, 2H; CH2), �1.57 (dd, J=5.4, 12.6 Hz, 2H; CH2), �1.78 (s, 3H;
OMe), �2.71 ppm (quintet, J=5.4 Hz, 1H; CH); 13C{1H} NMR (CDCl3):
d=149.4, 136.2, 130.6, 123.5, 61.7 (two overlapping signals), 45.0,
43.0 ppm; HRMS (FAB): m/z calcd for C40H37N10O2Si [M+H]+ :
717.2870; found: 717.2846; elemental analysis calcd (%) for
C40H36N10O2Si: C 67.02, H 5.06, N 19.54; found: C 66.03, H 4.99, N 19.06.


Preparation of SiPc[C3H5(NMe2)2O](OEt) (5) and SiPc(OEt)2 (7): A
mixture of 3 (0.40 g, 0.48 mmol) and EtOH (1 mL) in CHCl3 (20 mL)
was heated at 70 8C for 2 days. The volatiles were rotary evaporated;
then the residue was subjected to column chromatography with CH2Cl2/
hexane (3:1) as eluent. Two green bands were developed and collected to
give compounds 7 (0.08 g, 26%) and 5 (0.13 g, 37%), respectively. The
latter was further purified by recrystallization from CHCl3/EtOH (1:10)
to afford shiny greenish blue microcrystals.


Data for compound 5 : Rf (CH2Cl2/hexane 3:1)=0.79; 1H NMR (CDCl3):
d=9.60–9.65 (m, 8H; Pc-Ha), 8.29–8.34 (m, 8H; Pc-Hb), 0.47 (s, 12H;
NMe), �0.80 (dd, J=5.4, 12.6 Hz, 2H; NCH2), �1.59 (dd, J=5.4,
12.6 Hz, 2H; NCH2), �2.06 to �1.92 (m, 5H; OEt), �2.74 ppm (quintet,
J=5.4 Hz, 1H; CH); 13C{1H} NMR (CDCl3): d=149.4, 136.2, 130.5,
123.5, 61.6, 61.5, 50.2, 45.0, 15.4 ppm; HRMS (FAB): m/z calcd for
C41H39N10O2Si [M+H]+ : 731.3026; found: 731.3030; elemental analysis
calcd (%) for C41H38N10O2Si: C 67.38, H 5.24, N 19.16; found: C 66.84, H
5.46, N 18.73.


Data for compound 7:[16] 1H NMR (CDCl3): d=9.61–9.65 (m, 8H; Pc-
Ha), 8.32–8.36 (m, 8H; Pc-Hb), �2.05 to �1.99 ppm (m, 10H; OEt);
HRMS (FAB): m/z calcd for C36H26N8O2Si [M]+ : 630.1948; found:
630.1940.


Preparation of SiPc[C3H5(NMe2)2O](OC6H13) (6) and SiPc(OC6H13)2 (8):
A mixture of 3 (0.40 g, 0.48 mmol) and 1-hexanol (3 mL) in CHCl3
(20 mL) was heated at 70 8C for 2 days. The volatiles were removed in
vacuo; then the residue was subjected to chromatography with CH2Cl2 as
eluent. Two green bands were developed and collected separately to give
compounds 8 (0.12 g, 34%) and 6 (0.11 g, 29%), respectively. The latter
was further purified by recrystallization from CHCl3/EtOH (1:10) to
afford a green solid.


Data for compound 6 : Rf (CH2Cl2)=0.80; 1H NMR (CDCl3): d=9.60–
9.65 (m, 8H; Pc-Ha), 8.28–8.34 (m, 8H; Pc-Hb), 0.47 (s, 12H; NMe),
0.18–0.23 (m, 5H; CH2CH3), �0.52 to �0.42 (m, 2H; CH2), �0.80 (dd,
J=5.4, 12.6 Hz, 2H; NCH2), �1.48 to �1.38 (m, 2H; CH2), �1.58 (dd,
J=5.4, 12.6 Hz, 2H; NCH2), �1.70 (quintet, J=7.2 Hz, 2H; CH2), �2.09
(t, J=6.3 Hz, 2H; OCH2), �2.73 ppm (quintet, J=5.4 Hz, 1H; CH);
13C{1H} NMR (CDCl3): d=149.4, 136.3, 130.5, 123.4, 61.6 (two overlap-
ping signals), 54.6, 45.0, 29.9, 29.1, 23.3, 21.8, 13.3 ppm; HRMS (FAB):
m/z calcd for C45H47N10O2Si [M+H]+ : 787.3652; found: 787.3661.


Data for compound 8 : 1H NMR (CDCl3): d=9.61–9.66 (m, 8H; Pc-Ha),
8.30–8.35 (m, 8H; Pc-Hb), 0.16–0.22 (m, 10H; CH2CH3), �0.48 (quintet,
J=7.5 Hz, 4H; CH2), �1.43 (quintet, J=7.5 Hz, 4H; CH2), �1.69 (quin-
tet, J=6.6 Hz, 4H; CH2), �2.11 ppm (t, J=6.3 Hz, 4H; OCH2); HRMS
(FAB): m/z calcd for C44H42N8O2Si [M]+ : 742.3200; found: 742.3192.


Preparation of SiPc(OC12H25)2 (9):
[17] A mixture of 3 (0.40 g, 0.48 mmol)


and 1-dodecanol (3 mL) in CHCl3 (20 mL) was heated at 70 8C for
2 days. The mixture was then poured into MeOH (150 mL) and filtered.
The blue solid obtained was further purified by recrystallization from
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CHCl3/EtOH (1:10) (0.18 g, 42%). 1H NMR (CDCl3): d=9.60–9.65 (m,
8H; Pc-Ha), 8.30–8.35 (m, 8H; Pc-Hb), 1.11–1.32 (m, 12H; CH2), 0.99–
1.09 (m, 4H; CH2), 0.90 (t, J=7.2 Hz, 6H; CH3), 0.79–0.89 (m, 4H;
CH2), 0.51 (quintet, J=7.5 Hz, 4H; CH2), 0.16 (quintet, J=7.5 Hz, 4H;
CH2), �0.48 (quintet, J=7.5 Hz, 4H; CH2), �1.45 (quintet, J=7.5 Hz,
4H; CH2), �1.69 (quintet, J=6.6 Hz, 4H; CH2), �2.11 ppm (t, J=6.3 Hz,
4H; OCH2); HRMS (FAB): m/z calcd for C56H66N8O2Si [M]+ : 910.5078;
found: 910.5095.


Preparation of {SiPc[C3H5(NMe3)2O](OMe)}I2 (10): A mixture of 4
(0.17 g, 0.24 mmol) and iodomethane (15 mL) in CHCl3 (25 mL) was stir-
red at room temperature for 3 days. The resulting green precipitate was
collected by filtration, washed with CHCl3, and dried in vacuo (0.17 g,
72%). 1H NMR ([D6]DMSO): d=9.72–9.78 (m, 8H; Pc-Ha), 8.58–8.64
(m, 8H; Pc-Hb), 1.31 (s, 18H; NMe), 0.72 (dd, J=5.4, 13.8 Hz, 2H; CH2),
�0.61 (quintet, J=5.4 Hz, 1H; CH), �1.01 (dd, J=5.4, 13.8 Hz, 2H;
CH2), �2.01 ppm (s, 3H; OMe); 13C{1H} NMR ([D6]DMSO): d=149.4,
134.9, 133.2, 124.3, 64.7 (two overlapping signals), 52.2, 42.8 ppm; HRMS
(FAB): m/z calcd for C42H42IN10O2Si [M�I]+ : 873.2308; found: 873.2309;
elemental analysis calcd (%) for C42H42I2N10O2Si: C 50.41, H 4.23, N
14.00; found: C 50.32, H 4.31, N 13.76.


Preparation of {SiPc[C3H5(NMe3)2O]2}I4 (11): A mixture of 3 (0.20 g,
0.24 mmol), iodomethane (20 mL), and CHCl3 (20 mL) was refluxed for
1 h. After cooling to room temperature, the mixture was filtered and the
resulting green precipitate was washed with CHCl3 and dried in vacuo
(0.15 g, 43%). 1H NMR ([D6]DMSO): d=9.80–9.84 (m, 8H; Pc-Ha),
8.67–8.72 (m, 8H; Pc-Hb), 1.27 (s, 36H; NMe), 0.63–0.71 (m, 4H; CH2),
�0.67 to �0.56 (m, 2H; CH), �1.18 to �1.09 ppm (m, 4H; CH2);


13C{1H}
NMR ([D6]DMSO): d=149.4, 134.7, 133.9, 124.6, 64.5 (two overlapping
signals), 52.1 ppm; elemental analysis calcd (%) for C50H62I4N12O2Si: C
42.93, H 4.47, N 12.02; found: C 43.84, H 4.82, N 11.36.


In vitro studies : Phthalocyanines were first dissolved in DMF (1.5mm)
and the solutions were diluted to 80mm with a about 0.01m aqueous solu-
tion of Cremophor EL (Sigma, 0.47 g in 100 mL of water). The solutions
were clarified with a 0.45 mm filter, then diluted with the medium to ap-
propriate concentrations.


The HepG2 human hepatocarcinoma cells and J774 mouse macrophage
cells (both from ATCC) were maintained in RPMI medium 1640 (Invi-
trogen) supplemented with 10% fetal calf serum (Invitrogen). About 2R
104 (for HepG2) or 3R104 (for J774) cells per well in this medium were
inoculated in 96-multiwell plates and incubated overnight at 37 8C under
5% CO2. The cells were rinsed with PBS and incubated with the above
phthalocyanine solutions (100 mL) for 2 h under the same conditions. The
cells were then rinsed again with PBS and re-fed with the growth
medium (100 mL) before being illuminated at ambient temperature. The
light source consisted of a 300 W halogen lamp, a water tank for cooling,
and a color glass filter (Newport) cut-on 610 nm. The fluence rate (l>
610 nm) was 40 mWcm�2. An illumination of 20 min led to a total fluence
of 48 Jcm�2.


Cell viability was determined by means of the colorimetric MTT assay.[18]


After illumination, the cells were incubated at 37 8C under 5% CO2 over-
night. An MTT (Sigma) solution in PBS (50 mL, 3 mgmL�1) was added to
each well followed by incubation for 2 h (for HepG2) or 5 h (for J774)
under the same environment. A solution of sodium dodecyl sulfate
(Sigma) in 0.04m HCl(aq) (50 mL, 10% by weight) was then added to
each well. The plate was incubated in a 60 8C oven for 30 min, then iso-
propanol (80 mL) was added to each well. The plate was agitated on a
Bio-Rad microplate reader at ambient temperature for 20 s before the
absorbance at 540 nm at each well was taken. The average absorbance of
the blank wells, which did not contain the cells, was subtracted from the
readings of the other wells. The cell viability was then determined by the
equation: Cell Viability (%)= [�(Ai/Acontrol R100)]/n, where Ai is the ab-
sorbance of the ith data (i=1, 2,…n), Acontrol is the average absorbance of
the control wells, in which the phthalocyanine was absent, and n (=4) is
the number of the data points.


Cellular uptake : About 2.5R104 HepG2 cells in the growth medium
(2 mL) were seeded on a coverslip and incubated overnight at 37 8C
under 5% CO2. The medium was removed, then the cells were incubated
with an 8mm phthalocyanine dilution (2 mL) in the medium for 2 h under
the same conditions. The cells were then rinsed with PBS and viewed
with an Olympus IX 70 inverted microscope. The excition light source


(at 490 and 630 nm) was provided by a multiwavelength illuminator
(Polychrome IV, TILL Photonics). The emitted fluorescence (500–575
and >660 nm) was collected using a digital cooled CCD camera (Quan-
tix, Photometrics). Images were digitized and analyzed using Meta-
Fluor V.6.0 (Universal Imaging).


Subcellular localization studies : About 2.5R104 HepG2 cells in the
growth medium (2 mL) were seeded on a coverslip and incubated over-
night at 37 8C under 5% CO2. After removing the medium, the cells were
incubated with MitoTracker Green FM (Molecular Probes; 2 mL) and
pluronic acid (2 mL) (both in DMSO) in the medium (2 mL) for 30 min
under the same conditions. Then the cells were rinsed with PBS and incu-
bated again with a solution of 4 in the medium (8mm, 2 mL) for 2 h
under the same conditions. The cells were then rinsed with PBS, and the
subcellular localization of 4 was revealed by comparing the intracellular
fluorescence images caused by the MitoTracker and 4, using the above
microscopic setup.


X-ray crystallographic analysis of 3 and 8 : Crystal data and details of
data collection and structure refinement are given in Table 3. Data were


collected on a Bruker SMART CCD diffractometer with an MoKa sealed
tube (l=0.71073 J) at 293 K, using a w scan mode with an increment of
0.38. Preliminary unit cell parameters were obtained from 45 frames.
Final unit cell parameters were obtained by global refinements of reflec-
tions obtained from integration of all the frame data. The collected
frames were integrated using the preliminary cell-orientation matrix.
SMART software was used for collecting frames of data, indexing reflec-
tions, and determination of lattice constants; SAINT-PLUS for integra-
tion of intensity of reflections and scaling;[19] SADABS for absorption
correction;[20] and SHELXL for space group and structure determination,
refinements, graphics, and structure reporting.[21] CCDC-238400 and
CCDC-238401 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Table 3. Crystallographic data for compounds 3 and 8.


3 8


formula C46H50N12O2Si C44H42N8O2Si
Mr 831.07 742.95
crystal size [mm3] 0.50R0.40R0.20 0.40R0.35R0.30
crystal system orthorhombic triclinic
space group Pbca P1̄
a [J] 21.920(7) 8.7499(17)
b [J] 8.825(3) 9.4952(19)
c [J] 22.374(7) 11.920(2)
a [8] 90 80.97(3)
b [8] 90 79.93(3)
g [8] 90 78.49(3)
V [J3] 4328(2) 947.8(3)
Z 4 1
F (000) 1760 392
1calcd [Mgm�3] 1.275 1.302
m [mm�1] 0.108 0.112
q range [8] 1.82 to 25.00 2.64 to 25.57
reflections collected 21839 2944
independent reflections 3821 (Rint=0.0674) 2944 (Rint=0.0000)
parameters 277 252
R1 [I>2s(I)] 0.0548 0.0642
wR2 [I>2s(I)] 0.1318 0.1810
goodness of fit 1.046 1.068
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Synthesis and Stereochemical Properties of Chiral Square Complexes of
Iron(ii)


Thomas Bark,[a] Alexander von Zelewsky,*[a] Dmitrij Rappoport,[b] Markus Neuburger,[c]


Silvia Schaffner,[c] J-r.me Lacour,[d] and Jonathan Jodry[d]


Introduction


On the vast playground of coordination-chemistry-based
self-assembly reactions, one particularly prominent class of
compounds are the so-called molecular squares. This term
denotes a variety of complexes that have in common an ar-
rangement of four metal ions or metal fragments in the cor-
ners of a square, connected through organic ligand strands.
The ligands may coordinate through one donor atom, as for
example, in the platinum- or palladium-based complexes de-
veloped by Fujita.[1,2] If the ligands coordinate by two or
three donor atoms to each metal, chiral centres are created
(As chirality descriptors, we use the “Oriented Line Refer-
ence System”[3 ,4]). Even if the metals represent centres of


chirality, the entire complex can be achiral, if the arrange-
ment of ligand strands is gridlike (typeA, Figure 1). Exam-
ples are the complexes from tetrahedrally coordinated metal
centres presented by the Osborn group,[5] as well as the re-
lated grids from the laboratories of Lehn,[6] and others[7–11]


(for the exception of a chiral complex of type A, see Bassani
et al.[12]).


If the four ligand strands “wrap” the four metal ions in an
interwoven fashion, the resulting molecular square is a
chiral complex (type C, Figure 1). The group of Dunbar
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Abstract: The hexadentate, and ditopic
ligand 2,5-bis([2,2’]bipyridin-6-yl)pyra-
zine yields a chiral, tetrameric, square-
shaped, self-assembled species upon
complexation with Fe2+ ions. The race-
mate of this complex was resolved with
antimonyl tatrate as the chiral auxili-
ary. The purity of the enantiomer was
determined by NMR spectroscopy, by


using a chiral, diamagnetic shift re-
agent, and by circular dichroism (CD).
The CD spectrum was also calculated


by time-dependent density functional
theory, and the correlation that was
found between CD spectrum and con-
figuration was confirmed by X-ray cris-
tallography. When a “chiralised” ver-
sion of the ligand was used instead, the
corresponding iron complex was ob-
tained in diastereomerically pure form.


Keywords: chiral resolution · densi-
ty functional calculations · diaster-
eoselectivity · iron · molecular
squares · self-assembly


Figure 1. Schematic representation of several types of supramolecular
complexes. The members of the second group (B, C and D) are chiral.
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published the first example, a nickel complex with the bis-
bidentate ligand, 3,6-di-2-pyridyl-1,2,4,6-tetrazine.[13] Bu and
co-workers followed with the corresponding zinc compound,
which resolves spontaneously into single enantiomers upon
crystallisation.[14] However, it was not possible for them to
obtain larger amounts of enantiomerically pure complex in
order to investigate its stereochemical properties. This might
be due to the kinetic instability of the zinc complex. The tet-
razine ligand does not occupy all coordination sites of the
metal ions: in both cases, two solvent molecules per metal
ion are needed to complete the quasi-octahedral coordina-
tion sphere. Our group has designed ligands that provide
two terdentate terpyridine-type binding domains, that is, 2,5-
bis([2,2’]bipyridin-6-yl)pyrazine (L1) and chiral derivatives
of it.[15] These ligands were shown to yield tetrameric com-


plexes with zinc(ii); no anchillary ligands are found in these
complexes.[16] Whereas the complex [Zn4(L1)4](PF6)8 was ob-
tained as racemic compound, “chiralised” ligand L2 showed
high diastereoselectivity and yielded [Zn4(L2)4](PF6)8 with
90% de. (The use of terpene-derivatised ligands for the pre-
determination of the configuration of chiral metal centres is
a well-established method.[17]) These ligands that yield
chiral, interwoven tetramers are also interesting for the fact
that they are, in principle, not limited to the formation of
tetramers. Unlike the pyrimidine-based ligands found in


grid-type complexes[18] (A), they can also form complexes
with an odd number of metal centres, for example, three (B)
or five (D) (Figure 1). For example, Stoeckli-Evans publish-
ed the solid structure of a trimer of type B.[19] Our group re-
ported, that dissolved [Zn4(L1)4](PF6)8 is in equilibrium with
its trimeric form [Zn3(L1)3](PF6)6,


[16] and Dunbar et al.
showed that it is possible to convert a nickel-based square
into a pentagon by using a larger anion, which plays the role
of a template.[20]


Discussion of Results


Complex synthesis : Although the related zinc complexes
that we reported recently formed spontaneously upon com-
bination of a zinc source, such as the perchlorate or fluoro-
borate, with the ligands (L1 or L2) in the aprotic coordinat-
ing solvent MeCN, the corresponding iron(ii) complexes
could not be obtained in this way. Particularly L1 yielded in-
soluble coordination polymers when treated with ferrous
salts. We suspected these polymers to be kinetic intermedi-
ates, but even prolonged heating of this insoluble material
in PhCN at reflux temperature failed to convert them into
the discrete, tetrameric complex. Therefore, it was surprising
to discover that the squares can be readily synthesised ap-
plying microwave heating: stoichiometric amounts of
[Fe(H2O)6](BF4)2 and L1 were heated in 9:1 ethylene glycol/
water mixture for four minutes to reflux to furnish the de-
sired complex [Fe4(L1)4](PF6)8 in quasi-quantitative yield
after precipitation as hexafluorophosphate.


The dark green compound is diamagnetic and kinetically
stable. Its NMR spectrum displays only eight signals, that is,
half of all 16 ligand protons. This fact underlines the D4 sym-
metry of the complex, whereby two of the four lateral C2


axes divide each ligand into two equivalent halves. A de-
tailed analysis of the shifts that proton resonances of the
ligand undergo upon complexation confirms the circular
structure of the complex (Figure 2): the protons H3 and H6’’


are subject to considerable up-field shifts of Dd=�2.82 and
�1.69 ppm, respectively. These shifts are due to the expo-
sure of these protons to the magnet field provoked by the
ring current of adjacent ligand molecules. The ring-shaped
architecture of the complex becomes more evident when re-
garding the m-protons of the inner pyridine ring, H3’ and


Abstract in German: Der hexadentate und ditopische Ligand
2,5-Bis([2,2’]bipyridin-6-yl)pyrazin bildet bei der Selbstorga-
nisationsreaktion mit Fe2+-Ionen einen chiralen, quadratf-r-
migen Tetramerkomplex. Das Racemat dieses Komplexes
wurde mit Hilfe von Antimonyltartrat in die Enantiomere ge-
trennt. Die Reinheit des Enantiomers wurde durch NMR-
Spektroskopie unter Zuhilfenahme eines chiralen, diamagne-
tischen Shift-Reagenzes untersucht, wie auch duch die Beo-
bachtung des Circulardichroismus (CD). Das CD-Spektrum
wurde zudem mit zeitabh8ngiger Dichtefunktionaltheorie be-
rechnet, wobei die vorhergesagte Korrelation zwischen CD-
Spektrum und Konfiguration des Komplexes durch R-ntgen-
strukturanalyse best8tigt wurde. Die Verwendung einer “chir-
alisierten” Variante des Liganden ergab den entsprechenden
Eisenkomplex in diastereomerenreiner Form.


Figure 2. A fragment of the complex cation [Fe4(L1)4]
8+ : Change in


1H NMR shifts of the ligand L1 upon complexation to Fe2+ are indicated.
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H5’. These protons are chemically very similar and are
hardly distinguished in the NMR spectrum of the free
ligand. However, they behave differently within the com-
plex: H5’ appears at higher field (Dd=�0.29 ppm), as it
points towards a neighbouring ligand fragment. On the
other hand, H3’, which points outside the complex, is shifted
downfield (Dd=++0.45 ppm), as expected, due to the de-
crease of electron density in the complexed ligand.


The nuclearity of this circular assembly cannot be eluci-
dated directly from the NMR spectrum, but electrospray
ionisation mass spectrometry (ESI-MS) gave an answer to
this question: (Figure 3) Only tetrameric fragments of the


type {[Fe4(L1)4](PF6)n}
8�n with n=2–6 are found in MeCN.


Neither ESI-MS, nor NMR spectroscopy indicated the pres-
ence of a second, trimeric species; such a trimer was found
to be a minor equilibrium product of the corresponding
zinc(ii) complex.


Resolution of the complex and stereochemical properties :
As we have already stated in the introduction, complexes of
the type of [Fe4(L1)4](PF6)8 are chiral, due to the interwoven
arrangement of the ligand strands. All iron(ii) ions are
chiral-at-metal and have the same configuration within one
complex cation. The entire complex ion can also be regard-
ed as a short, quadruple-stranded helix. This helix is of P
helicity, if the configuration of the metal ions is L


!
.


The complex is obtained as a racemate, evidently. It was
separated by preferential crystallisation of diastereomeric
salts, by using enantiomerically pure “antimonyl tartrate”
(2R,2’R,3R,3’R)-[Sb2(tart)2]


2� as the resolving agent. As the
hexafluorophosphate salt of the complex is not soluble in
water, the complex was transformed into the readily soluble
chloride by simple metathesis reaction of [Fe4(L1)4](PF6)8
with NBu4Cl in nitromethane, as [Fe4(L1)4]Cl8 is insoluble in
this solvent. Therefore it precipitates and can be isolated by
filtration. (It is worth noting that this product could not be
obtained by the reaction of FeCl2 with L1.) The chloride
was then dissolved in water and potassium antimonyl tar-
trate was added. In cases when the resolution was successful,
one obtains brick-shaped crystals of up to 1 mm size. Un-


fortunately, this crystallisation process is very delicate, and
in most cases we obtained an amorphous powder that con-
tained both enantiomers of the complex cation. If seeding
crystals are available from one successful run, the crystallisa-
tion becomes straightforward. X-ray crystallography re-
vealed the chemical composition of the crystalline material
to be (L


!
,L
!
,L
!
,L
!
)-[Fe4(L1)4]Cl2[Sb2(tart)2]3; the details of


the structure will be discussed in the following paragraph.
These crystals were then dissolved in water and the complex
was again precipitated as the hexafluorophosphate salt. The
resolved complex was investigated by UV-visible, CD and
NMR spectroscopy. The optical absorption spectra shows
two bands at 283 and 386 nm, which are due to ligand-cen-
tred transitions, as well as a strong MLCT band at around
680 nm (e=6.98·103 lmol�1 cm�1 per Fe2+). All these bands
show strong CD activities (Figure 4). The most prominent


effect is the exciton coupling of the 283 nm transition, which
has a positive sign (i.e., the Cotton effect (CE) at longer
wavelengths is positive, whereas the shortwave CE is nega-
tive and also has a smaller amplitude than the longwave
CE). From these results we could not directly deduce the
configuration of the complex: In contrast to the [M(bpy)3]


n+


case, for which experimental and theoretical investigations
of the CD activity are numerous in the literature,[21] we did
not find any reports about the correlation of [M(terpy*)2]


n+


type complexes and their CD spectra (terpy*=an asymmet-
rical 2,2’:6’,2’’-terpyridine). Thus the necessity of an X-ray
analysis and the computational simulation of the CD-spec-
trum arose.


We also investigated the influence of the chiral, diamag-
netic, anionic shift reagent D-TRISPHAT[22,23] on both the
racemic and resolved complex. TRISPHAT (4.4 mol per
mol of complex cation) was added to the complex, which
was dissolved in [D3]MeCN. Although signals for the two
enantiomers of the complex cation are only poorly separat-
ed, as the induced shifts are relatively small (smaller than
the line splitting of the signals), the enantiomeric purity of
the resolved complex becomes evident (Figure 5).


The resolved complex is kinetically very stable. In dilute
MeCN, we observed a decrease of CD activity only at ele-
vated temperature (60 8C) over the course of several weeks.


Figure 3. ESI mass spectrum of [Fe4(L1)4](PF6)8. The continuous loss of
PF6


� ions leads to series of fragments. Insets: Found (top) and calculated
(bottom) isotopic distribution patterns.


Figure 4. Optical properties of (L
!
)-[Fe4(L1)4](PF6)8. Black: UV-visible


spectrum; grey: CD spectrum.
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This decay is irregular and does not follow first-order reac-
tion kinetics, as would be expected for a simple racemisa-
tion. Deterioration of the UV-visible spectrum and MS indi-
cated that decomposition took place and [Fe(L1)2]


2+ was
mainly formed.


Crystal structure of [Fe4L14]Cl2[Sb2(tart)2]3 : As mentioned
above, crystals of the antimonyl tartrate were submitted to
an X-ray crystal structure analysis to confirm the structure
of the complex and, more importantly, to establish the con-
figuration of the crystallised enantiomer of the complex
cation. The compound crystallises in the noncentrosymmet-
ric space group P21. The asymmetric unit contains an entire
[Fe4(L1)4]


8+ ion, three dimeric antimonyltartrate complex
anions[24,25] and two chloride ions. One of the chloride ions
occupies a position in the centre of the molecular square
(Figures 6 and 7). Per complex cation, we find at least 54(!)
water molecules; the exact number of which could not be
determined by crystallography, due to the size and extreme
water content of the compound. The water molecules and
the antimonyl tartrate anions form an infinite network
through hydrogen bonds (not shown). The complex cation
displays the expected interwoven arrangement of ligand
strands. The coordination environments of the four crystal-


lographically independent iron(ii) ions are in the expected
range. The coordination geometry is a slightly distorted oc-
tahedron. The bond lengths for the sixteen metal-to-ligand
bonds that lie within the plane of the square vary between
193 and 198 pm, wheras the remaining eight axial bonds are
shorter; they range from 186 to 189 pm. This might be com-
pared to simple [Fe(terpy)2]


2+ , for which a compression of
the axial Fe�N-bonds has also been reported.[26] The config-
uration of the metal ions could be determined by correla-
tion[27] to the stereocentres of the antimonyl tartrate anions
(2R,2’R,3R,3’R)-[Sb2(tart)2]


2� and it was found to be L
!
. This


attribution was confirmed by the determination of the abso-
lute structure of the crystal; the Flack parameter[28] for the
structure containing the L


!
complex cation and (R,R)-tar-


trate converged to x=�0.01(1).


Diastereoselective complex formation : An alternative strat-
egy towards stereochemically pure metal complexes, other


Figure 5. A part of the 1H NMR spectrum of [Fe4(L1)4](PF6)8 in
[D3]MeCN. a) The racemic complex without additive, b) the racemic
complex with D-TRISPHAT, c) the resolved complex with D-TRIS-
PHAT.


Figure 6. Top-view of the complex cation, alltogether with four antimonyl
tartrate double helices. C: brown, N: blue, O: red, Cl: green, Fe: mint,
Sb: yellow.


Figure 7. Side view of the complex cation, stressing the confinement of
on chloride anion.
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than racemate resolution, lies in the transfer of chirality
from a chiral ligand to the metal centre. We applied this dia-
stereoselective approach on the synthesis of such iron
square complexes. Ligand L2 is a “chiralised” version of L1
(vide supra) bearing pinene fragments on the lateral pyri-
dine rings at the 4’’- and 5’’-positions.


This ligand was treated with [Fe(H2O)6](BF4)2 as de-
scribed above in the microwave oven. The hexafluorophos-
phate salt of the new complex was characterised by ESI-MS
(which indicated its tetranuclearity), optical (Figure 8) and


NMR spectroscopy. The latter revealed the complete dia-
stereoselectivity of the complexation reaction (within exper-
imental errors); in the related zinc-case, a diastereomeric
ratio (d.r.) of 95:5 was observed. The UV-visible spectrum
of [Fe4(L2)4](PF6)8 is very similar to that of the complex
with L1, but the mirrored CD spectrum indicates, that the
configuration of the metal centres in [Fe4(L2)4](PF6)8 is D


!
.


This means that from the two possible diastereomers E and
F (Figure 9), configuration E was chosen, in which the


methyl groups of the pinene moieties point to each other at
the corners of the square, and not along the sides. This is
the same situation as found in the major diastereomer of
[Zn4(L2)4](PF6)8. It was not possible to grow X-ray-grade
crystals of the iron(ii)–L2 complex.


Computational methods : To confirm experimental configu-
ration assignment, TDDFT calculations for circular dichro-


ism (CD) spectrum of [Fe4(L1)4](PF6)8 were performed.
TDDFT has been recently shown to be well suited for calcu-
lation of CD spectra of simple transition-metal complexes[39]


and is currently the only ab initio approach capable of treat-
ing systems of this size. A large number of electronic excita-
tions of different origin are observed in the calculated spec-
trum, comprising more than 100 allowed transitions in the
visible region. The high charge of [Fe4(L1)4]


8+ and the re-
sulting strong interaction with counterions and solvent mole-
cules, which is difficult to describe theoretically, is yet anoth-
er source of error. Six inert PF6


� ions were therefore includ-
ed in the calculations to account for these interactions and
to partly compensate the charge of the cation. The calculat-
ed CD spectrum of {[Fe4(L1)4](PF6)6}


2+ in the range up to
3 eV is shown in Figure 10 along with the experimental spec-


trum. A uniform line width of 0.1 eV was chosen to simulate
line broadening. The TDDFT method is known to underes-
timate excitation energies by some tenth eV with the BP86
functional. Therefore, a blue-shift of 0.2 eV was applied to
the calculated CD spectrum to account for these systematic
errors and for the lacking solvation effects. Above 2.8 eV a
very dense spectrum of electronic excitations appears in
which cancellation of large rotatory strengths of opposite
sign takes place. Some of these strong excitations arise from
charge-transfer transitions from the PF6


� ions and represent
clearly artifacts of the calculation. For these reasons only
the low-energy region <3 eV was used for configuration as-
signment in which these exciplex transitions have only little
effect on the appearance of the CD spectrum. The strongest
electronic excitations of this region are collected in Table 1.
The CD spectrum is dominated by charge-transfer excita-
tions from metal d orbitals into p* orbitals of the ligands
(MLCT), though an admixture of d!d transitions and
ligand-metal charge transfer (LMCT) should be noted. Ex-
perimental and simulated spectra show semi-quantitative
agreement in the considered range. In particular, the general
pattern and the sign changes are correctly predicted, allow-
ing for assignment of experimental CD spectrum to the L


!


isomer of [Fe4(L1)4](PF6)8.


Figure 8. Optical properties of (D
!


4)-[Fe4(L2)4](PF6)8. Black: UV-visible
spectrum, grey: CD spectrum.


Figure 9. The two imaginable diastereomers of [Fe4(L2)4](PF6)8. E is the
one actually formed.


Figure 10. Found and calculated CD spectra of the enantiopure complex
[Fe4(L1)4](PF6)8. For the calculated structure, the L


!
-configuration of the


metal centres was assumed.
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Experimental Section


Generalities : For the microwave heating, we used a standard household
microwave oven, which was modified[29] in a way that allowed us to
attach a reflux condenser to the heated reaction flask. For this purpose, a
2 cm hole was drilled into the top of the oven and a brace furnace (L=


10 cm, outer f=20 mm, inner f=18 mm) was attached. Measurements
showed no leakage of electromagnetical radiation. The reaction flask in
the inner of the oven was then connected by menas of a glass tube with
two ground joints to the reflux condenser on the outside. NMR spectra
were recorded on Bruker Varian 400 and 500 spectrometers. UV-visible
and CD spectra were measured on Perkin–Elmer Lambda 25 and Jasco
J715 spectrometers, respectively. FT-ESI-MS measurements were per-
formed on a Bruker BioAPEX II apparatus. Fe(BF4)2·xH2O was pur-
chased from Aldrich. To determine the actual iron content, an aliquot of
it was reduced with Zn powder and HCl, before it was titrated with
KMnO4. The syntheses of L1 and L2 have been described elsewhere.[15]


Synthesis of (rac)-[Fe4(L1)4](PF6)8 : Fe(BF4)2·xH2O (280.9 mmol) was
placed in a 250 mL flask and was dissolved in an ethylene glycol/water
9:1 mixture (3 mL). Ligand L1 (109.1 mg, 208.9 mmol) and ascorbic acid
(10 mg) were added. The mixture was heated to reflux under argon in a
modified microwave oven for 4 min. The mixture turned dark green. The
cooled mixture was diluted with MeCN (3 mL) and the complex was pre-
cipitated with aqueous NH4PF6 (1%, 100 mL). The complex was filtered
off over Celite. It was washed with water and diethyl ether and was air-
dried. The compound was redissolved in MeCN and purified by chroma-
tography on a short column (silica 32–64 mm, MeCN +1% sat. aq.
NH4PF6). The complex was isolated from the eluted fraction by precipita-
tion, as described above. Yield: 208.5 mg (>99%), black powder.
1H NMR (500.13 MHz, [D3]MeCN): d=8.96 (dd, J=8.3, 0.8 Hz, 2H;
H3’), 8.56 (dd, J=8.3, 8.1 Hz, 2H; H4’), 8.47 (dm, J=8.1 Hz, 2H; H3’’),
8.21 (dd, J=8.1, 0.6 Hz, 2H; H5’), 7.91 (ddd, J=8.2, 8.1, 1.6 Hz, 2H;
H4’’), 7.06 (s, 2H; H3, H5), 7.02 (ddd, J=5.7, 1.5, 0.7 Hz, 2H; H6’’),
6.98 ppm (td, J=5.7, 1.3 Hz, 2H; H5’’); NOE Diff.: 8.96 (8.56, +1.9%;
8.47, +2.7%); 8.47 (8.96, +2.6%, 7.91, +2.2%); 8.21 (8.56, +2.0%;
7.06, +3.9%); 13C NMR (125.76 MHz, [D3]MeCN): d=160.21 (q),
157.54 (q), 156.84 (q), 155.85 (q), 154.14 (C6’’), 146.20 (C3), 140.92 (C4’’),
139.31 (C4’), 128.76 (C5’’), 128.18 (C5’), 126.65 (C3’), 125.85 ppm (C3’’);
ESI-MS (MeCN): m/z (%): 1326 (72) {[Fe4(L1)4](PF6)6}


2+ , 834 (100)
{[Fe4(L1)4](PF6)5}


3+ , 589 (43) {[Fe4(L1)4](PF6)4}
4+ , 442 (13)


{[Fe4(L1)4](PF6)3}
5+ , 413 (6) {[Fe4(L1)4](PF6)2+1e�}5+ ; high-resolution


ESI-MS (MeCN): {[Fe4(L1)4](PF6)5}
3+ , C96H64


56Fe4F30N24P5 requires m/z :
833.7115210; found: 833.7112016; error: 3.194·10�4.


Resolution of (rac)-[Fe4(L1)4](PF6)8 : The complex (52.8 mg, 18.0 mmol)
was dissolved in MeNO2 (4 mL) and a solution of NBu4Cl (400 mg,
1.44 mmol) in MeNO2 (4 mL) was added. [Fe4(L1)4]Cl8 precipitated and
was isolated by centrifugation. The product was washed several times
with EtOAc, then with diethyl ether. A solution of “K[Sb(tartrate)]·


3H2O” (16.1 mg, 52 mmol) in water (0.8 mL) was added to a filtered solu-
tion of this chloride salt in water (0.8 mL). If available, some seeding
crystals were added. The mixture was kept at room temperature for 24 h,
followed by another 24 h at 4 8C. The resolved complex crystallised in
dark, brick-shaped crystals (if an amorphous powder was obtained in-
stead, the resolution procedure had failed). The mother liquor was re-
moved and the crystals were washed with a little cold water. They were
then dissolved in water (30 mL) and NH4PF6 (300 mg) was added. The
precipitated hexafluorophosphate salt was filtered off over Celite. It was
washed with water and diethyl ether and was air-dried. Yield: 14.6 mg
(55%); UV/Vis (MeCN): lmax (e)=283 (9.53W104), 368 sh (8.42W104),
386 (1.17W105), 682 nm (2.79W104 mol�1dm3cm�1); CD (MeCN): lmin/max


(De)=261 (23.4), 279 (�150), 293 (254), 362 (�89.9), 386 (117), 422
(43.9), 474 (�29.7), 665 (45), 737 nm (�36 mol�1dm3cm�1).


Crystallographic analysis of [Fe4L14]Cl2[Sb2(tart)2]3 : Formula:
C120H76Cl2Fe4N24O36Sb6·54H2O, Mr=4427.61; dark green plate, crystal-
lised from water, 0.32·0.32·0.14 mm3, monoclinic, space group P21, Z=2,
a=16.3525(5), b=32.9157(8), c=18.1155(5) X, a=g=908, b=105.6258,
V=9390.4.X3. 1calcd=1566 kgm�3. The crystal was measured on a
Bruker–Nonius KappaCCD area detector, at 173 K, using graphite-
monochromated MoKa radiation with l=0.71073 X, 2qmax=57.08 ; min/
max transmission 0.66/0.84, m=1.275 mm�1. From a total of 148457 re-
flections, 46022 were independent. From these, 35471 were considered as
observed [I>3s(I)] and were used to refine 2367 parameters. The struc-
ture was solved by direct methods. Least-squares refinement against jF j
was carried out on all non-hydrogen atoms. R=0.0486 (observed data),
wR=0.0516 (all data), GOF=1.019. Min/max residual electron density
=�3.56/3.55 eX�3. The Flack-parameter for the chosen absolute struc-
ture was x=0.01(1).


60 positions of water-based oxygen atoms were localised; 33 of which
were considered as normally occupied, 8 as disordered and 19 as partially
occupied. As the electron density of the remaining maxima of the differ-
ence Fourier map decrease continuously, the actual number of water mol-
ecules could not be determined precisely. The water protons could not be
located. CCDC-208876 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Synthesis of (D
!
,D
!
,D
!
,D
!
)-[Fe4(L2)4](PF6)8 : Fe(BF4)2·xH2O (93.3 mmol)


and L2 (53.8 mg, 93.3 mmol) were reacted together by using a similar pro-
cedure to that described for (rac)-[Fe4(L1)4](PF6)8. Diasteriomerically
pure (D


!
,D
!
,D
!
,D
!
)-[Fe4L24](PF6]8 (81.2 mg, 94%) was obtained after chro-


matography and precipitation. 1H NMR (500.13 MHz, [D3]MeCN): d=
8.86 (dd, J=8.3, 0.8 Hz, 2H; H3’), 8.51 (t, J=8.2 Hz, 2H; H4’), 8.28 (s,
2H; H3, H5), 8.13 (dd, J=8.2, 0.8 Hz, 2H; H5’), 7.02 (s, 2H; H3’’), 6.45
(s, 2H; H6’’), 2.99 (m, 4H; Hpro-R7’’, Hpro-S7’’), 2.33 (dt, J=9.9, 5.8 Hz,
2H; Hpro-S11), 2.26 (t, J=5.5 Hz, 2H; H10’’), 2.10 (ddd, J=8.2, 5.6,
2.6 Hz, 2H; H8’’), 1.08 (s, 6H; H13’’), 0.59 (d, J=10.0 Hz, 2H; Hpro-R11’’),
0.02 ppm (s, 6H; H12’’); 13C NMR (125.76 MHz, [D3]MeCN): d=160.58
(q), 156.25 (q), 155.85 (q), 155.19 (q), 150.76 (q), 149.21 (q), 148.36 (C6’’),
145.65 (C3’’), 139.09 (C4’), 127.30 (C5’), 125.86 (C3’), 125.26 (C3,C5),
44.70 (C10’’), 39.88 (C8’’), 38.98 (q, C9’’), 33.41 (C7’’), 30.50 (C11’’), 25.25
(C13), 20.74 ppm (C12). ESI-MS (MeCN): m/z (%): 1700 (11)
{[Fe4(L2)4](PF6)6}


2+ , 1085 (27) {[Fe4(L2)4](PF6)5}
3+ , 778 (76)


{[Fe4(L2)4](PF6)4}
4+ , 593 (100) {[Fe4(L2)4](PF6)3}


5+ , 564 (12)
{[Fe4(L2)4](PF6)2+e�}5+ , 470 (95) {[Fe4(L2)4](PF6)2}


6+ ; high resolution
ESI-MS (MeCN): {[Fe4(L2)4](PF6)5}


3+ , C152H144F30
56Fe4N24P5 requires m/z :


1084.5865357; found: 1084.5865290; error: 6.7·10�6 ; UV/Vis (MeCN): lmax


(e)=232 (1.80W105), 291 (1.80W105), 382 (1.10W105), 397 (1.33W105), 480
(1.79W104), 702 nm (3.42W104 mol�1dm3cm�1); CD (MeCN): lmin/max (e)=
224 (57), 254 (�10), 282 (148), 298 (�376), 323 (31), 334 (min 17), 375
(57), 421 (�55), 474 (32), 674 (�5W102), 758 nm (6W102 mol�1dm3cm�1).


Computational details : All calculations were performed within the
framework of density functional theory (DFT) employing gradient-cor-
rected BP86 functional.[30,31] We used a split-valence basis set with polari-
sation functions on non-hydrogen atoms (SV(P)[32]) together with effi-
cient RI-J approximation for Coulomb matrix elements.[33] The ground
state geometry of [Fe4(L1)4](PF6)8 was fully optimised within D4 symme-
try. For the optimised structure, electronic excitation energies and corre-


Table 1. Electronic excitations of [Fe4(L1)4](PF6)8 below 3 eV with rota-
tory strengths >0.5W10�38 ergcm3.


Excitation Exc. energy Rot. strength Interpretation
[eV] [10�38 ergcm3]


11A2 1.36 �0.56 MLCT
31E 1.58 �1.05 MLCT
61A2 1.81 �0.87 MLCT, d!d
101E 1.88 1.88 d!d
111E 1.96 0.52 p!p*, MLCT
161E 2.27 �0.70 MLCT
331E 2.54 0.57 MLCT
211A2 2.65 0.70 p!p*, LMCT
391E 2.65 �1.09 exciplex
261A2 2.72 0.73 MLCT, LMCT
591E 2.82 �0.67 MLCT
601E 2.84 �1.94 exciplex
611E 2.86 �1.13 exciplex, MLCT
631E 2.87 �0.99 MLCT
351A2 2.87 6.00 exciplex
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sponding rotatory strengths were calculated with time-dependent density
functional theory (TDDFT).[34–36] Interpretation of character of electronic
transitions was based on the analysis of excitation vectors.[37] The Turbo-
mole[38] programme suite was used for all calculations.
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Influence of DNA Structure on the Reactivity of the Guanine Radical Cation


Francesco Luigi Gervasio,* Alessandro Laio, Marcella Iannuzzi, and Michele Parrinello[a]


Introduction


Oxidative damage to DNA is a common event that through
the formation of strand breaks and nucleobase modifications
may cause mutagenesis, cancer and is involved in aging.[1,2]


Fortunately, cells possess defense mechanisms such as base
excision repair and break repair enzymes, which correct
such damages in order to maintain the integrity of the
genome.[3]


Since the DNA molecule has an extraordinarily clever
structural design, it is natural to wonder if also its electronic
structure has evolved so as to steer environmental damage
toward specific products that could be more easily recog-
nized by repair enzymes.
A crucial role concerning the effect of oxidative damage


is played by guanine (G), which has the lowest oxidation po-
tential among the nucleic acid bases,[4] and within GG and
GGG clusters its ionization potential is even lower.[5–8] Gua-
nine radical cation (GC+) can be formed either by direct oxi-
dation by a large variety of agents[9] or indirectly via hole
migration.[10] Extensive experimental and theoretical investi-
gations have been carried on this topic.[4,7,9,11–19]


In this work, by applying state of the art computational
techniques that enable to overcome large energetic barri-
ers[20,21] and to follow the time evolution of a very large
system,[22] we elucidate the nature and the consequences of


a radical defect in a hydrated DNA fiber. In particular we
have addressed two main issues.
We first analyzed the protonation state of the guanine


radical cation/cytosine pair (GC+ :C). In aqueous solution the
GC+ undergoes a rapid deprotonation, since its pKa is 3.9,


[23]


which leads to the formation of deprotonated guanine radi-
cal (G(�H)C). Experiments have shown that the proton lost
is the one attached to N1 (see Figure 2).[23,24] This has been
confirmed by calculations on GC+ that take into account sol-
vent effects in a simplified manner.[25]


In DNA G is paired with C, and so it is not completely
clear which is the protonation state of the pair. Some be-
lieve that comparing the pKa of GC+ and C in water would
give a good estimate of the oxidized basis pair protonation
state.[26, 27] Others instead deem the gas-phase acidity as a
more relevant model for the DNA environment.[9] Clearly
either points of view are partial and while it is generally ac-
cepted that the protonation state of the G:C radical cation
pair in DNA is G(�H)C :C(H)+ this point of view is not
based on direct observation. We found that the protonation
state of GC+ :C in DNA is different from that found in gas
phase and that the source of this difference are the geomet-
rical constraints imposed by the DNA backbone on the rela-
tive positions of the bases. This result was obtained by ex-
tensive quantum mechanics/molecular mechanics (QM/MM)
simulations and by applying a novel method that allows fast
and precise calculation of free energy profiles.
Second we elucidate the fate of the GC+ :C base pair.


There is experimental evidence that the final fate of the GC+


depends on its environment, as the products found in water
are a mixture of products (imidazolones and oxazolones)
while in double helical DNA the oxidation leads to 8-oxo-
7,8-dihydro-2’-deoxyguanosine (8-oxo-G).[9,28–31] This differ-
ence has been ascribed to the putatively different proton-
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Laboratory of Physical Chemistry, ETH Z@rich, USI Campus
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: Oxidative damage of DNA
via radical cation formation is a
common cause of mutagenesis, cancer
and of the physiological changes associ-
ated with aging. By using state-of-the-
art ab initio molecular dynamics simu-
lations, we study the mechanism that
guides the first steps of this process. In


the mechanism proposed here, guanine,
which among the bases has the lowest
oxidation potential, and the phosphate


backbone play a crucial role. We found
that the rate limiting step is the water
protolysis. We illuminate the role of
the local environment in considerably
lowering the barrier. Of particular rele-
vance in this respect is the role of the
phosphate backbone.


Keywords: charge transfer · DNA ·
molecular dynamics · nucleic acids ·
oxidation
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ation state of guanine as well as the base stacking.[31] If one
of these two effects is more important in changing the G re-
activity or if both are involved is unclear. The ab initio cal-
culations made on the G:C radical cation pair in gas phase
have shown that when the G is protonated the formation of
8-oxo-G is exothermic, while when the G is deprotonated
the oxidation reaction is endothermic.[16] But it is not clear if
these gas-phase calculations are relevant for the GC+ in
double stranded DNA and water solution, even more so
since recent pulse-radiolysis experiments performed on the
G radical in solution at different pH values show that nei-
ther the neutral G(�H)C radical nor the GC+ give rise to 8-
oxo-G;[32] this questions the role of the protonation state in
determining the oxidation products. Extensive analysis of
the free energy surface as a function of many possible reac-
tion coordinates shows that an important role is played by
the phosphate backbone which lowers the barrier for the
rate limiting step of the reaction, that is, the protolysis of a
water molecule close to the G, by enhancing a charge (and
radical) transfer from the GC to it.
These findings demonstrate the importance of the DNA


backbone in guiding the oxidation process toward the 8-
oxo-G.[33]


The calculations are performed on a fully hydrated double
strand DNA decamer, namely d(GpCpGpCpGpCpGp-
CpGpCp)[34] (see Figure 1). This system has the smallest
primitive cell among the self-complementary nucleotide
crystals that have been synthesized in the laboratory, and its
atomic and electronic structure have already been thorough-
ly characterized via full ab initio optimizations.[18] Although
not biologically active, it has all the ingredients of an active
DNA, namely the double strand, the counter-ions and the
solvation waters. Furthermore the tight packing of the DNA
strands resembles the situation found in the genes.[35] All the
simulations were performed with periodic boundary condi-
tions.
On this system we performed both a fully ab initio calcu-


lation of the radical cation state (where all the 3960 valence
electrons of the atoms in the elementary cell were treated
explicitly) and mixed quantum mechanics/molecular me-
chanics (QM/MM) simulations. In this latter approach, the
system is partitioned into two regions, described, respective-
ly, at the density functional theory level and with a classical
force field (see ref. [36] for details). Within the quantum
region all calculations were performed in the framework of
density functional theory using two different gradient-cor-
rected exchange and correlation functionals (see ref. [37] for
details) and Martins–Troullier pseudopotentials for the core
electrons.[38] All the calculations were made with the CPMD
code.[39]


Great attention has been devoted to quantify the errors
induced by the QM/MM approach. The geometry, the
HOMO–LUMO gap, the properties of the frontier orbitals
and the energetics of protonation state were compared to
those of the full ab initio calculation and for all these prop-
erties we found a good agreement between the two meth-
ods.[40]


The reactions that are the object of this study involve the
transition over barriers of the order of tens of kcalmol�1.


This kind of activated process cannot be observed within the
time scale of a full ab initio or even QM/MM simulations. In
order to clear these barriers and reconstruct the free energy
as a function of the relevant reaction coordinates, we apply
the method already introduced in refs. [20,21] The method
is based on a coarse-grained history-dependent dynamics
(metadynamics) that is able to explore the free energy in
the space defined by a manifold of collective coordinates Sa


that characterize the reaction process. At each metadynam-
ics step the system evolution is guided by the combined
action of the thermodynamic force (which would trap the
system in the free-energy wells) and a history-dependent
force which disfavors configurations in Sa space that have al-
ready been visited. The history-dependent potential FG, is
constructed as a sum of Gaussians centred on each value of
the Sa already explored during the dynamics. As shown,


[20,21]


FG fills in time the minima in the free energy surface and, in
the limit of a long metadynamics, the sum of FG and F tends
to become flat as a function of the Sa. As has been shown
elsewhere,[20,21] meaningful results can be obtained in a rela-
tively short simulation time if the Sa are able to discriminate
between the initial and final state and include all the modes
relevant to the reaction that cannot be sampled within the


Figure 1. View of the three-dimensional structure of the G:C decamer
d(GpCpGpCpGpCpGpCpGpCp) and of the spin density isosurface (in
cyan) associated with the radical cation state. Water molecules, counter-
ions and hydrogen atoms have been removed for clarity. The sugar-phos-
phate backbone is represented as tubes. Overall the elementary cell con-
tains 654 heavy atoms and 540 hydrogen atoms (Mw C228N96O144P24-
Na24H264·138H2O). The isosurface represented has a value of 10�3 elec-
trons K�3.
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typical time scale of an ab initio MD run. In the present
work the Sa were chosen to be a combination of two or
three coordination numbers.[41] and we use the metadynam-
ics algorithm described in ref. [21] The coordination number
is the number of atoms of one type (e.g. hydrogen atoms) at
a bonding distance from another atom (e.g. G-N1) and is de-
fined as:[20]


S ¼ 1�ðr=r0Þ6


1�ðr=r0Þ12
ð1Þ


where r is the distance between the two chosen atom types
and r0 was 1.32 K in the case of nitrogen–hydrogen and
oxygen–hydrogen coordination number and 2.9 K in the
case of oxygen–carbon coordination number.


Protonation state of the cytosine/guanine radical pair
cation : The coordinates of interest are the coordination
number of hydrogen with respect to N1 and N2 of GC+ and
the N4 of cytosine.
In Figure 2c the free energy surfaces as a function of the


guanine N1 and cytosine N4 hydrogen coordination number
computed with the QM/MM partition of model A is report-
ed. As a reference, we repeated the same calculation with
the hydrogen-bonded radical base pair in gas phase (Fig-
ure 2b).


The DE of the two minima in gas phase is �3 kcalmol�1


and the barrier is �6 kcalmol�1, consistent with previous
calculations.[42, 43] The same energy differences, within a frac-
tion of kcalmol�1, are found by repeating the calculations
with the HCTH functional. The DE calculations were re-
peated in the fully hydrated DNA within the QM/MM
framework (model A of Figure 3 was used for the quantum
subsystem, see also Supporting Information).
A remarkable inversion of stability takes place and we


find that protomer A2 is stabilized by �4 kcalmol�1 with re-
spect to A1 (Figure 2c); the other possible protonation state
described by our choice of collective coordinates (A3,
Figure 2) turns out to be energetically unfavorable.
This relative protonation stability inversion is remarkable


not only because it is different from the gas phase results
but also because it contradicts the hypothesis that the reac-
tion toward 8-oxo-G (the main product found in double he-
lical DNA) has to go through a GC+ intermediate. It is there-
fore essential to check the validity of the calculations. To
this effect we have performed several geometry optimization
energy calculations both in gas phase and in the DNA, at
various levels of approximation and concluded that the
errors were within the accuracy of the method (see Support-
ing Information).
We are now in a position to trace with confidence the


origin of the protomer stability inversion. Further calcula-
tions were made on model A starting from the optimized
structure. The role of the charges of the backbone and of
the nearby sandwiching bases was studied by selectively
switching them off. One set of geometry optimization/
energy calculation was repeated leaving only the charges of
the deoxyribose and phosphate attached to the quantum
system and setting to zero all the other classical charges.
The resulting DE value was �5.3 kcalmol�1. A second set of
geometry optimization/energy calculation was made with
pure mechanical coupling between the classical and the
quantum system, resulting in DE = �1.2 kcalmol�1. This
analysis shows that the main sources of the energy reversal
are the electrostatic coupling with the directly attached
sugar and phosphate, the changes of geometry experienced
by the bases going from gas phase to DNA and the dynami-
cal fluctuations of the DNA backbone. On the other hand,
electrostatic coupling with the remaining atoms including
the nearby sandwiching bases has in this case little influ-
ence.


Formation of 8-hydroxy-7,8-dihydroguanyl radical : When
the 8-hydroxy-7,8-dihydroguanyl radical (8-OH-GC) is
formed from the GC+ (see Figure 4 top), the first step is a
nucleophilic attack on G–C8.[9] Therefore we chose as collec-
tive variables the oxygen coordination number of the G–C8


and the hydrogen coordination number of water molecules
(the model used was B, Figure 3). Moreover, since the pro-
tonation state can be expected to affect the reaction mecha-
nism, we also include in the collective coordinate space the
hydrogen coordination number of guanine N1.
In Figure 4 we represent the events leading to the water


addition to GC+ . A total of 1950 steps of metadynamics for a
total of 2.3 ps were made with model B (Figure 3). The tra-


Figure 2. Free energy surfaces (in kcalmol�1) of the N1 (x) and N4 (y) hy-
drogen coordination number (A) in gas phase (B) and in the fully hydrat-
ed DNA molecule (C). In A) the schematic representations of the pro-
tonation states are spatially arranged to match the corresponding minima
in B and C. The surfaces B and C were obtained with 1347 and 2262
Gaussians with a height and width of 0.62 and 0.05 kcalmol�1 (see
ref. [20]). The Gaussians were added each 50 steps of ab initio MD giving
a total simulation time of 16.4 and 9.8 ps. The fictitious mass and the cou-
pling constant of the restraints was set to 70 amu and 0.3, respectively.
Since the free energies are defined modulo an undetermined constant we
have chosen our zero to coincide with state 2.
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jectory in the metacoordinate space is represented in
Figure 4, middle. The system oscillates between state B
(GC+) and state A (G(-H)C) for a long time until it has ac-
quired enough energy to overcome the main barrier, which
turns out to be water protolysis, as experimentally proved
elsewhere for a similar system.[44] The barrier for this rate
limiting step is �10–15 kcalmol�1, consistently with the ex-
perimentally determined rate for the water addition to the
GC+ :C in DNA (6L104 s�1).[45]


After the water dissociates, the hydroxide reacts almost
immediately with the G, and the proton jumps back from C-
N3 to the G-N1. Single point calculations on the couples 8-
OH-GC :C and 8-OH-G(-H)C :C(H)+ show that the first is
more stable by as much as 22 kcalmol�1. The steps that
follow the formation of the radical 8-OH-GC (Figure 4) and
lead to the production in oxidizing conditions[46] of 8-oxo-G
are well understood and will not be studied here.[1]


According to our calculations, the autoprotolysis of a
water molecule close to GC+ is very significantly enhanced
with respect to pure water. In order to understand the origin
of this effect we performed some further analysis. The frac-
tion of unpaired electron on each atom was calculated as
the difference 1up�1down integrated around each atom up to
a distance equal to the VdW radius. For comparison on the
other QM water molecules it amounts to less than 1L10�4,
while it amounts to 0.2 electrons on the most radical atoms
(i.e., C4, C5 and C8).


We first considered GC�H2O pair in the gas phase in the
same geometry as in the QM/MM simulation, and found
that there is a small but significant charge transfer from the
water HOMO to GC : 0.2L10�2 electrons (Figure 5b). This
transfer is enhanced if we add the phosphate anion to the
GC�H2O pair, 0.7L10�2 electrons (Figure 5c). Even larger is
the charge transfer if we include in the calculation the effect
of the full DNA environment by means of the QM/MM sim-
ulation: 1.2L10�2 electrons (Figure 5a). A study conducted
on a number of full QM snapshots showed that this effect is
general and the charge transfer is a function of the water G
distance and the extent of radical localization on the G.
Given the tendency of BLYP functional to delocalize the
charge, we have repeated the gas phase calculations with the
more accurate B3LYP functional and obtained the same re-
sults (Figure 5c, d) Even a CCSD calculation with a 6-31G*
Gaussian basis set on the larger cluster (Figure 5c) support-
ed our findings. The observed charge transfer does affect
considerably the barrier of the protolysis reaction
(H2O+(RO)2PO2


�HO�+(RO)2PO2H) which we calculated
to be in the gas phase �41 kcalmol�1 and is reduced by the
presence of the GC to 25 kcalmol�1. The full DNA environ-
ment stabilizes the transition state by another �10 kcal
mol�1.
A relevant question is whether our model is representa-


tive of real life biological DNA or whether the role of the
phosphate is amplified by our use of a tightly packed crystal
structure. In particular in our simulations a crucial role is


Figure 3. Quantum subsystems used in the QM/MM calculations. The smallest QM system (A) includes a G:C hydrogen-bonded pair linked with a classi-
cal bond between the deoxyribose C1’ and the nitrogen of the bases. Model B includes system A plus four water molecules and a phosphate anion.
In model C the deoxyribose attached to the guanine is added to model B. In model D also the sugar and the phosphate attached to the cytosine are
included.
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played by the phosphate of a neighboring strand. While in
the chromosomes this kind of tightly packing might indeed
occur, one needs to consider a more general case. We have
therefore performed a simulation on the QM/MM model C
of Figure 3. In this model the sugar and phosphate attached
to the GC are included in the QM part, while the closer phos-
phate of the neighboring strand is treated classically. Fur-
thermore the effect of the latter phosphate on the QM part


is excluded from the calcula-
tion. The outcome of this simu-
lation is interesting. The barri-
er for the reaction is slightly
increased by �3 kcalmol�1


and the proton is shuttled to
the second nearest phosphate
through a bridging water mole-
cule via a Grotthuss mecha-
nism. Since interstrand phos-
phate are always present and
do not depend on the se-
quence, we believe that our
mechanism is generally appli-
cable.


Conclusion


The global picture arising from
our calculations on the role
played by the DNA structure
on guanine oxidation is more
complicated than previously
thought and in some aspects
even surprising. Our calcula-
tions in gas phase are in excel-
lent agreement with the results
found in the literature[16,42,43]


that predict the pair GC+ :C to
be more stable than
G(�H)C :C(H)+ . But in the hy-
drated DNA the electrostatics
of the backbone as well as the
different geometrical structure
assumed by the pair lead to a
reversal of the situation, and
we find that in DNA
G(�H)C :C(H)+ is more stable
by as much as 4–5 kcalmol�1.
The rate limiting step of the


8-OH-GC formation is the
water autoprotolysis. Once the
hydroxide is formed it prompt-
ly reacts with the GC+ and the
proton jumps back on guanine
N1. This finding confirms spec-
ulations on the importance of
DNA structure in changing the
products of guanine oxidations.
It was suggested that the dif-


ferences in the products obtained in solution and in DNA
are due to guanine stacking and pairing with cytosine. We
found that stacking does not play a fundamental role in this
case, while it could affect the competing reaction with O2 by
steric hindrance.[47] A fundamental role is instead played by
the phosphate backbone, which reduces the barrier for the
water protolysis by enhancing the charge transfer from GC to
the water and shuttles the lost proton to the water solution.


Figure 4. Conversion of GC+ to the 8-OH-GC (top); 8-oxo-G is formed from this radical by further oxidation.
Middle: trajectory of the reaction metadynamics in the 3D space of the collective coordinates: number of hy-
drogen atoms coordinating N1 (x), number of oxygen atoms coordinating C8 (y) and number of hydrogen
atoms coordinating the water molecule closest to C8 (z). The time evolution of the trajectory is color coded
ranging from blue to red. The coordination numbers are defined as in Equation (1) with r0 equal to 1.32, 1.32
and 2.9 K respectively. The height and width of the added Gaussian potentials were 0.62 and 0.05 kcalmol�1.
The fictitious mass and the coupling constant of the restraints was set to 70 amu and 0.3, respectively. The con-
tinuous line encircles the rate limiting step of the reaction (water protolysis) while the dashed line encircles
the hydroxide addition concerted with N1 reprotonation step; the arrows show the corresponding transitions.


E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4846 – 48524850


FULL PAPER F. L. Gervasio et al.



www.chemeurj.org





This result confirms previous speculations[48] and could be
checked by examining the G oxidation in a DNA:PNA
duplex in which one strand would be incapable of catalyzing
the deprotonation of water, or in a modified DNA were the
phosphate backbone is changed in thiophosphate. Both ex-
periments are feasible and it would be very interesting to
see them performed. Indirect evidence for the relevance of
the catalysis of the phosphate comes from two experiments.
Once the 8-OH-GC is formed, the deprotonation of N1 is


impossible since the protonated form is more stable by
more than 20 kcalmol�1. So the overall role of the pairing of
guanine with cytosine and the backbone in the oxidation re-
action is quite subtle: first cytosine takes the proton from
guanine radical cation, stabilizing even more the radical on
the guanine (and localizing it), but then, once the backbone
has catalyzed the hydroxide formation, the pairing favors
the 8-OH-GC formation by releasing the proton when
needed and greatly stabilizing the product of the reaction.
Fluctuations in the structure of the backbone also seem to
play a role in aiding proton transfer from one base to the
other. Overall we find evidence of a fine-tuned mechanism
that acts in double helical DNA to funnel the oxidation re-
action toward 8-oxo-G formation.
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Boron–Diindomethene (BDI) Dyes and Their Tetrahydrobicyclo
Precursors—en Route to a New Class of Highly Emissive Fluorophores for
the Red Spectral Range


Zhen Shen,[a, d] Holger R*hr,[b, e] Knut Rurack,*[b] Hidemitsu Uno,[c] Monika Spieles,[b]


Burkhard Schulz,[b] G2nter Reck,[b] and Noboru Ono*[a]


Introduction


The search for new fluorophores that absorb and emit in the
red visible and/or near infrared (NIR) region of the spec-
trum is of continuing interest in many different fields of
chemistry, ranging from optical spectroscopy-based sensing[1]


through imaging applications[2] to materials chemistry relat-
ed issues,[3] such as molecular switches and devices,[4] lasing
media,[5] or electrooptical applications.[6] In addition to the
wavelength range of operation, the key requirements for
fluorescent dyes to be suitably employable in such fields are
efficiency, in terms of a high extinction coefficient, a high
rate of conversion of absorbed photons into emitted pho-
tons, and versatility with respect to the dye+s synthesis as
well as to its functionalization. A promising starting point
for the construction of dyes showing intense and well-de-
fined absorption bands in the red and/or NIR spectral range
is the cyanine chromophore (Cy; Scheme 1).[7] In these dyes,
according to the triad principle of colored organic com-
pounds[8] and the concept of the (ideal) polymethine state,[9]


the position of the absorption band depends on and can
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Abstract: The X-ray crystallographic,
optical spectroscopic, and electrochem-
ical properties of a newly synthesized
class of boron–diindomethene (BDI)
dyes and their tetrahydrobicyclo pre-
cursors (bc-BDP) are presented. The
BDI chromophore was designed to
show intensive absorption and strong
fluorescence in an applicationary ad-
vantageous spectral range. Its modular
architecture permits fusion of a second
subunit, for example, a receptor moiety
to the dye+s core to yield directly
linked yet perpendicularly prearranged
composite systems. The synthesis was
developed to allow facile tuning of the
chromophore platform and to thus
adjust its redox properties. X-ray analy-
sis revealed a pronounced planarity of


the chromophore in the case of the
BDIs, which led to a remarkable close
packing in the crystal of the simplest
derivative. On the other hand, devia-
tion from planarity was found for the
diester-substituted bc-BDP benzocrown
that exhibits a “butterfly”-like confor-
mation in the crystal. Both families of
dyes show charge- or electron-transfer-
type fluorescence-quenching character-
istics in polar solvents when equipped
with a strong donor in the meso-posi-
tion of the core. These processes can
be utilized for signaling purposes if an


appropriate receptor is introduced.
Further modification of the chromo-
phore can invoke such a guest-respon-
sive intramolecular quenching process,
also for receptor groups of low electron
density, for example, benzocrowns. In
addition to the design of various proto-
type molecules, a promising fluoroiono-
phore for Na+ was obtained that ab-
sorbs and emits in the 650 nm region
and shows a strong fluorescence en-
hancement upon analyte binding. Fur-
thermore, investigation of the remark-
able solvatokinetic fluorescence prop-
erties of the “butterfly”-like bc-BDP
derivatives suggested that a second in-
trinsic nonradiative deactivation chan-
nel can play a role in the photophysics
of boron–dipyrromethene dyes.


Keywords: charge transfer ·
dyes/pigments · electron transfer ·
fluorescence
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thus be tuned by the number of vinylene groups n in the
chain (“vinylene shift”).[10] However, whereas a vast number
of cyanine dyes have been synthesized so far and absorption
maxima up to 1500 nm have been realized,[11] the fluores-
cence quantum yield of cyanines does not generally exceed
0.50 (for certain di- or trimethines) and drops rapidly with a
further decrease towards monomethines or with an increase
in the chain length.[12] This effect can be caused by various
factors that are predominantly connected to the (multiple)
flexible bonds of the molecules. For instance, twisting of
single and/or double bonds can readily dissipate the excita-
tion energy.[13] Other researchers identified the many vibra-
tional degrees of freedom as a major nonradiative pathway
for flexible and semiflexible cyanines.[14] Even for largely
rigid or bridged cyanines, the remaining flexible bonds can
still be an effective funnel for nonemissive deactivation.[15]


In analogy to rhodamine (Rh) chemistry (for the chemical
structure, see Scheme 1),[16] only the complete fixation of the
chromophoric system seems to guarantee an intrinsically
high conversion of the absorbed light into fluorescence
emission.[17] However, the disadvantages here are the time-
consuming and often complex synthesis of fully rigid cya-
nines and, in the case of the rhodamines, that the remaining
positions for functionalization at the chromophoric core are
limited. Moreover, as positively charged ions, the solubility
of rhodamines is generally restricted to highly polar solvents
and, for any application, the presence of the dye+s counter-
ion has to be taken into account.[18]


As an alternative, the internally zwitterionic boron–dipyr-
romethene (BDP) chromophore (Scheme 1) has gained con-
siderable attention during the last three decades.[22] BDPs
are rigid cyanine-type dyes with a fixed planarity of the
chromophoric p-electron system. They combine the favor-
able properties of cyanines, such as their typical spectral
shapes in absorption and emission, high molar extinction co-
efficients (usually e>80,000m�1 cm�1), and high fluorescence
quantum yields (commonly Ff>0.70), while absorbing and
emitting in the range of the simple heptamethine and rhoda-
mine dyes (Scheme 1), or fluorescein dyes.[23] Additionally,
the BDP core has a relatively moderate redox potential,
which is a prerequisite when aiming at the construction of
fluorescent switches based on electron- (ET) or charge-
transfer (CT) processes.[22d,24] Owing to their specific chemi-
cal nature, BDPs are generally well soluble in a large variety
of common solvents of different polarity. Despite these ad-
vantageous features, the spectral properties of the classical
BDP chromophore are limited to the wavelength range be-
tween 470 and 530 nm. However, with regard to various ap-
plications it would be very interesting to have BDP dyes
available that absorb and emit at longer wavelengths. For in-
stance, in chemical sensing and imaging or for optical
switches, the matrix can spectroscopically interfere at wave-
lengths �600 nm.[1e] Thus, other groups[25,26] and our
group[27] have recently shifted the absorption and fluores-
cence maxima to longer wavelengths by chemical modifica-
tion of the BDP core with aryl or styryl substituents, or have
restricted bond rotation in rigid ring-fused systems. Here,
the constrained molecules generally exhibit more favorable
fluorescence characteristics than the unconstrained ones.


Based on this background, we have developed a new class
of aromatic ring-fused BDP derivatives, boron–di(iso)indo-
methene (BDI) dyes (for general structure, see Scheme 1;
the dyes prepared and investigated in this work are depicted
in Scheme 2), by adopting the strategy of benzoporphyrin
synthesis by means of a retro Diels–Alder reaction.[28] In the
present paper, we elaborate the synthetic procedure and
transfer it to the design and tuning of chemically address-
able BDI derivatives that utilize charge-transfer processes
for communication. Besides synthetic details, the molecular
requirements, as can be deduced from X-ray structures, of
the bicyclo-appended BDP (bc-BDP)[29] precursors as well
as the BDI dyes are presented. The investigation of the pre-
cursor dyes, in particular, revealed some interesting mecha-
nistic features of general BDP photochemistry. Owing to
our interest in molecular switches and sensors and our expe-
rience with functionalized BDP dyes in this research
area,[27,30] specific spectroscopic and redox features of the
BDI derivatives have been introduced, by tuning the scaf-
fold, to obtain a sodium-ion-responsive fluorescent sensor
molecule.


Results and Discussion


Synthesis : The synthetic route for the preparation of com-
pounds 4a–f is depicted in Scheme 3. Ethyl 4,7-dihydro-4,7-


Scheme 1. General structure of the cyanine (Cy), rhodamine (Rh),
boron–dipyrromethene (BDP; with the zwitterionic character indicated),
and boron–diindomethene (BDI) chromophores. In the majority of
actual examples, X and Y are heterocyclic or aromatic substitutents. For
Rh, R to R’’’ are mostly short alkyl substituents or hydrogens. For BDP
and BDI, the substituents Rn can vary from H to alkyl and other small
functional groups, or to larger aryl moieties. Three representative exam-
ples are included on the right.
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ethano-2H-isoindole carboxylate (1) was prepared according
to a method reported earlier by us[31] and was converted
into 2-methyl-4,7-dihydro-4,7-ethano-2H-isoindole (2) by re-
duction with excess LiAlH4 in dry THF under reflux for 2 h.
Acid-catalyzed condensation of pyrroles 1 or 2 with various
aldehydes followed by treatment with N-ethyl-N,N-diisopro-
pylamine and BF3·Et2O yielded the bicyclo[2.2.2]octadiene-
fused precursors 3a–f. The latter were then quantitatively
transferred into the aromatic ring-fused systems upon heat-
ing to 220 8C under reduced pressure (10 mmHg) for 30 min.
We favored this strategy for several reasons:


1) Pyrroles fused with aromatic rings, namely isoindoles,
are too unstable to be used directly for the preparation
of such compounds.


2) Precursors 3a–f can be prepared conveniently with satis-
factory yields; they are also more stable in acidic or
basic solutions and on silica gel than compounds 4a–f.


3) Compounds 4a–f are obtained via a retro Diels–Alder
reaction and do not require further purification.


X-ray structure analysis : Single-
crystal X-ray structures were
obtained for compounds 3a,c–e,
4a, and 4d and the basic fea-
tures are listed in Table 1. The
corresponding molecular con-
figurations and conformations
are shown in Figure 1. The
average B�N bond length
amounts to 1.549(10) T, indi-
cating that all the investigated
compounds possess single B�N
bonds. The average B�F bond
is 1.380(10) T and the average
N-B-N and F-B-F angles are
107.3(6) and 110.6(14)8, respec-
tively. These data indicate that
the bond lengths and angles of
the BF2N2 tetrahedron of the
bc-BDP and BDI compounds
of the present work are in good
agreement with the correspond-
ing values in the simpler ana-
logues 4,4-difluoro-1,3,5,7,8-pen-
tamethyl-3a.4a-diaza-4-bora-5-
indacene,[32] 2,2-difluoro-1,3,4,6-
tetramethyl-3-aza-1-azonia-2-
borata-4,6-cyclohexadiene,[33]


and 2,2-difluoro-4,6-dimethyl-
1,3-di-p-toluyl-3-aza-1-azonia-
2-boracyclohexa-4,6-dione.[34]


With regard to the prerequi-
sites for the general spectro-
scopic features as well as the
charge-transfer characteristics
of such highly internally twisted
composite chromophores, the
conjugation and the planarity


within the molecular fragment are important. The average
bond length of N1�C4/N2�C5 is 1.353(10) T, which indi-
cates a pronounced double-bond character in contrast, for
instance, to the average bond length of N1�C1/N2�C8,
which is significantly longer (1.405(8) T). Nonetheless, in all
the compounds a strong p-electron delocalization is ob-
served in 3a,c–e within the central six-membered and both
adjacent five-membered rings, and in 4a,d within the whole
ring system. This p-electron delocalization is interrupted be-
tween both B�N bonds.


For symmetry reasons, all ring atoms of 3a and 4a are ex-
actly positioned within a plane. The atoms are on a mirror
plane which coincides with that of the space group Pnnm. In
3c,d and 4d, the root-mean-square (rms) deviations of the
ring atoms are 0.022 T, 0.037 T, and 0.012 T, respectively,
which also reveals a high planarity of the ring systems. In
contrast, we found a certain distortion of the chromophore+s
planarity in 3e, as manifested in a corresponding mean rms
deviation of 0.195 T. In this case, the ring system displays a
“butterfly” conformation; the single “wings” consisting of
two planes B1-N1-C1-C2-C3-C4-C9 and B1-N2-C5-C6-C7-


Scheme 2. Structures of the BDI compounds investigated (4a–f), the bicyclo-type precursors (3a–f), and some
BDP (5a–c, 6a,b, 7a,b), as well as cyanine (8a–c) reference compounds.


Scheme 3. Synthetic route to the preparation of compounds 4a–f. Reagents and conditions: i) LiAlH4, dry
THF, reflux; ii) TFA, DDQ, EDIPA, BF3·Et2O in CH2Cl2; iii) 220 8C, 30 min.


Chem. Eur. J. 2004, 10, 4853 – 4871 www.chemeurj.org O 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4855


Boron–Diindomethene Dyes 4853 – 4871



www.chemeurj.org





C9. The dihedral angle between both planes is 14.3(9)8. The
significant deviation from coplanarity is most probably
caused by steric hindrances between both fluorine atoms
and the oxygen atoms O7 and O8 of the ester groups
(Figure 1).


In 3c–e, the double bonds C11=C12 and C15=C16 are on
opposite sides of the molecular plane; that is, the ring sys-
tems contain approximately a twofold axis passing through
B1 and C9. This in turn leads to the conclusion that in the
synthesis, molecular parts with the same absolute configura-
tion were fused. This should also be true for compound 3a.
However, the crystal structure of 3a is disordered as the
mirror plane of the space group Pnnm passing through the
atoms of the fused rings is fulfilled only statistically.


With respect to the methene-appended crown-substituted
phenyl moieties in 3c–e and 4d, the important structural
features of the heteroatom fused to the phenyl+s para (and
meta, in the case of the benzocrowns) position can be ratio-
nalized as follows: in 3c, the nitrogen atom N3 has a sp2 hy-
bridization state, because the sum of the bond angles equals
359.78. Moreover, the bond length N3�C21=1.387(3) T is
substantially shortened with respect to the alkyl amino
bonds N3�C26=1.450(5) T and N3�C35=1.452(4) T. In
3d,e and 4d, the distances between the crown O atoms and
the p/m-phenyl C atoms are also significantly shorter than
the other ether-type O�C bonds within the crown. The aver-
age value for the first type of bond is 1.365(5) T, and the
ether bonds show an average length of 1.419(12) T.


For symmetry reasons, the phenyl rings C18-C19-C20-
C21-C20’-C19’ are positioned exactly perpendicularly to the
ring system in 3a and 4a. For the other molecules, the con-
formation may be described by the dihedral angles between


the planes of the chromophore E1 (B1, N1, C1–C9), the
methene-appended phenyl ring E2, and the crown+s non-hy-
drogen atoms E3. Interestingly, as can be seen from Table 2,
the expected virtually orthogonal conformation is only
found for the BDI derivative 4d. However, 3c–e exhibit an
internal twist of the E1–E2 planes that is rather close to
biaryl derivatives, such as 9,10-diphenylanthracene (q=
678)[35] or 10-methyl-9-p-A15C5-phenylacridinium perchlo-
rate (q=578),[36] which do not carry sterically demanding
substituents at positions close to the interannular bond.


Figure 2 shows the molecular packing in the crystal struc-
tures of 4a and 4d. In 4a, strong p–p electron interactions
exist between n-glide-plane-related molecules to form infi-
nite layers perpendicular to the b axis in the crystal. The
plane-to-plane distance is 3.45 T. In the crystal of 4d
(Figure 2), strong p–p electron interactions are found be-
tween the molecular ring systems of molecules related by a
translation in the x direction by ao to form infinite stacks.
The plane-to-plane distance here is 3.49 T. In addition to
these interactions, relatively strong van der Waals contacts
(shorter than 3.5 T) between adjacent crown moieties relat-
ed by a center of symmetry are found for this molecule. For
sterical reasons, comparable stacking interactions are not
possible in the dyes of the 3 series.


Absorption and fluorescence spectroscopy of 3a–d and 4a–
d : The absorption and emission spectra of the bc-BDP and
BDI dyes carrying only alkyl substituents on the (p-extend-
ed) core are of similar shape to those of the classical BDP
dyes. In absorption, both series show narrow spectra with
two maxima, the global maximum appearing at l=527�
3 nm for 3a–d and at 598�3 nm in the case of 4a–d, irre-


Table 1. Crystallographic data and details of the structure determinations of the compounds 3a,c–e and 4a,d.


3a 3c 3d 3e 4a 4d


formula C29H27BF2N2 C39H46BF2N3O4·CH2Cl2 C37H41BF2N2O5·2CHCl3 C41H45BF2N2O9 C25H19BF2N2 C33H33BF2N2O5


Mr 452.34 754.55 881.26 758.62 396.23 586.42
T [K] 293(2) 298(2) 293(2) 298(2) 293(2) 293(2)
crystal system orthorhombic triclinic orthorhombic monoclinic orthorhombic triclinic
space group Pnnm P1̄ Pbca Cc Pnnm P1̄
a [T] 13.214(2) 11.938(2) 19.307(3) 22.653(7) 14.302(4) 8.2399(13)
b [T] 18.342(3) 12.384(1) 18.032(3) 11.952(3) 20.467(5) 12.537(2)
c [T] 9.732(2) 14.872(2) 23.990(4) 16.342(5) 6.909(2) 14.634(2)
a [o] 90 74.083(9) 90 90 90 70.993(2)
b [o] 90 69.963(10) 90 124.563(5) 90 89.259(4)
g [o] 90 70.100(10) 90 90 90 85.554(3)
V [T3] 2358.9(6) 1911(4) 8352(3) 3643(1) 2022.5(9) 1424.9(4)
Z 4 2 8 4 4 2
1calcd [gcm


�3] 1.274 1.311 1.402 1.383 1.301 1.367
m [mm�1] 0.085 0.224 0.465 0.103 0.089 0.100
F(000) 952 796 3648 1600 824 616
crystal size [mm] 0.20W0.22W0.28 0.20W0.40W0.60 0.32W0.38W0.42 0.10W0.15W0.30 0.05W0.10W0.25 0.04W0.11W0.23
qmax [


o] 28.5 27.5 27.5 27.5 25.0 25.0
index ranges �18�h�16 �15�h�14 �25�h�24 �29�h�25 �18�h�19 �11�h�10


�26�k�23 �16�k�0 �24�k�11 �15�k�15 �29�k�24 �17�k�16
�13� l�7 �19� l�18 �34� l�31 �18� l�21 �9� l�7 �12� l�20


unique reflections 3136 9185 9579 6785 1937 4942
reflections observed [I>2s(I)] 1948 4369 5175 5194 1295 2370
parameters 250 486 649 493 222 389
R1 (on F) [I>2s(I)] 0.0452 0.0650 0.0672 0.0772 0.0448 0.0591
wR2(on F2) 0.1311 0.1650 0.2002 0.1760 0.1090 0.1565
largest diff. peak/hole [eT�3] 0.234/�0.156 0.47/�0.62 0.637/�0.501 0.78/�0.38 0.174/�0.235 0.434/�0.162
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Figure 1. ORTEP plots of 3a, 3c–3e, 4a, and 4d. For better clarity, only ordered molecules are shown; in the case of 3c and 3d, the CH2Cl2 and CHCl3
solvent molecules, respectively, were omitted.
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spective of the solvent employed. The second maxima, or
shoulders on the high-energy side, are centered at l�496
and 555 nm, respectively (Figure 3). In addition, a consider-
ably weaker, broad absorption band is found at �400 nm
for the bicyclo compounds (Figure 3, upper part), and its po-
sition is also not significantly affected by solvent polarity.
Analysis of the molecular orbitals (MOs) obtained in 1SCF
calculations for the AM1-optimized ground state geometries
of 3a and 4a reveals that the HOMO–LUMO transition
shows typical cyanine features (Figure S1, Supporting Infor-
mation). Both MOs are delocalized along the polymethinic
chain of the BDP and BDI core with alternating patterns
and show a large orbital overlap, and are thus strongly al-
lowed in both cases. Besides this oscillator-strong transition,
a second lowest transition in the 350–400 nm range with a
�5 times reduced oscillator strength is only found for 3a.
The molecular orbitals predominantly involved here are the
HOMO�1/�2 and the LUMO, the two former are now ap-
proximately equally localized on the polymethinic BDP core
and the bicyclo fragments. For 4a, the second lowest transi-
tion is even less intensive and is only found at higher ener-
gies. Again, it is located on the entire BDI core. We thus at-
tribute the broader and weaker absorption band in the 3
series to the S2


!S0 transition, which partly involves the bi-
cyclo skeleton. Within the 3 and the 4 series, the variation
of the substituent in the 14-position has no influence on


these two transitions. The typical weak aniline-type absorp-
tion band is found at �270 nm only in the case of the 14-al-
kylanilino derivatives. In relation to the twist angles qE1–E2


between the two biarylic molecular fragments, as found in
the X-ray analyses, the subunits seem to be entirely elec-
tronically decoupled in the dyes in liquid solutions. Packing
effects most probably account for qE1–E2~708 of some of the
bc-BDP derivatives in the crystal.


To obtain further information on the influence of the sol-
vent on the lowest energy transition, the intense S1


!S0


bands were converted to the energy scale and spectrally de-
convoluted by means of a progression of Gaussian functions
(Section S2 in the Supporting Information). For both series
of dyes, the full width at half maximum (fwhm) of the ab-
sorption bands only increase slightly as a function of the po-


Table 2. Dihedral angles [8] of the molecular planes as defined in the
text.


qE1–E2 qE2–E3


3c 65.0(1) 60.3(1)
3d 67.6(1) 16.2(1)
3e 67.9(1) 19.9(2)
4d 80.9(1) 4.9(1)


Figure 2. Molecular packing in the crystal structure of 4a (left) and 4d (right).


Figure 3. Absorption (c) and emission (a) spectra of 3a (upper
part, excited at 495 nm) and 4a (lower part, excited at 553 nm) in aceto-
nitrile.
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larity of the solvent (Table 3, and Tables S1 and S2 in the
Supporting Information), which is presumably related to the
high rigidity and weak dipolar nature of the chromo-
phores.[37] At the same time, it is evident that the fwhm of
4a–d are distinctly smaller than those of 3a–d. In both
cases, the nature of the substituent in the 14-position has
again virtually no effect on these properties (Table 3, and
Tables S1 and S2 in the Supporting Information; note that
the 14-position of the tetrahydrobis(ethano)diisoindoles or
bc-BDPs corresponds to the 8-position of the classical
BDPs). A similar reduction in bandwidth is found for the
cyanine reference compounds 8a–c[38] with increasing degree
of bridging in the polymethine chain; that is, fwhm=970,
780, and 710 cm�1 for 8a–c, respectively. In both cases, the
reduction in the degree of flexibility—by bridging the bonds
in the 8 series and by increasing the planar aromatic skele-
ton for 4 versus 3—diminishes the degrees of vibrational
freedom. Moreover, the results of the spectral analysis sup-
port these assumptions. The fits yield equidistant spacings
for the maxima of the single subbands; this freely fitted pa-
rameter was calculated as 710�40 cm�1 for 3a–d and 460�
30 cm�1 for 4a–d. As can be deduced from Figure S4 (in the
Supporting Information), the molecular C�C frame vibra-
tion of �1300 cm�1, which is typical for cyanine dyes, is also
found for the present compound families. On the other
hand, the more expanded and more rigid BDI chromophoric
system is also reflected by the considerably higher extinction
coefficients of the dyes of the 4 series relative to the bc-
BDPs. A representative couple here is 4d with e598=


112760�2250 cm�1m�1 and 3d with e526=46160�
500 cm�1m�1 in acetonitrile, while the oscillator strengths of
the entire transition differ only by a factor of 1.5 (see also
Figure 3 for comparison).


As can be deduced from Figure 3, excitation of the bc-
BDPs and BDIs yields fluorescence spectra with a mirror-
image shape. The Stokes shifts are generally larger for the 3
series than those of dyes 4a–d (Table 3), and the fluores-
cence excitation spectra match the absorption spectra in all
the cases. While the BDP dyes with the core not fully alky-
lated show emission maxima at l=500–510 nm,[30a–c] the
fluorescence bands of 3a–d are found at 542�2 nm, which
is comparable to those of the tetramethyldiethyl-(8-phenyl)-
substituted derivatives.[30d] The spectra of 4a–d are further
red-shifted, and are centered at 606�2 nm. Again, the band
positions do not show any particular trend as a function of
solvent polarity. These features suggest that emission occurs
from the weakly polar, relaxed Franck–Condon excited state
of the dyes. The use of a similar fitting procedure as for the
absorption spectra showed the same trends of slightly nar-
rowing bands with reduced solvent polarity. In general, the
fwhm and the spacings Dñ of the absorption and emission
bands agree rather well, and support the classification of the
bc-BDP and BDI chromophores as polymethines.[39] Howev-
er, the agreement is better for the highly conjugated dyes
(e.g., Dñ=460 vs 480 cm�1 for absorption vs emission for
the 4 series, but 710 vs 810 cm�1 for the 3 series), which
stresses the influence of the rigidity of the BDI chromo-
phore. In addition to the decrease in fwhm, the Stokes shift
gradually decreases for a certain dye on going from an ace-
tonitrile to a hexane environment, reflecting the influence
of the solvation capability of the solvents on such types of
highly delocalized and weakly dipolar chromophores. Dual
fluorescence as has been observed for several 8-p-amino-
phenyl-substituted classical BDP dyes (e.g. 5b ; as well as
other dyes[30a,b]) could be reliably detected in the present
case only for 3b and 3c in THF; the maximum of the broad


Table 3. Selected spectroscopic data of 3a–d and 4a–d in hexane and acetonitrile. For comprehensive solvent-dependent data, see Tables S1 and S2 in
the Supporting Information.


Solvent labs fwhmabs lem fwhmem Dñabs-em Ff
[c] tf kr knr


[nm] [cm�1][a] [nm] [cm�1][a] [cm�1][b] [ns] [108 s�1] [108 s�1]


3a hexane 529 754 544 848 484 0.90 5.96 1.5 0.2
MeCN 526 812 543 907 563 0.81 6.18 1.3 0.3


3b hexane 527 718 540 808 427 0.93 5.51 1.7 0.1
THF[d] 527 796 544 984 624 0.16 0.03 [e] [e]


MeCN[f] 524 824 542 980 687 <0.001[g] <0.003 n.d.[h] n.d.[h]


3c hexane 527 742 539 791 416 0.80 5.53 1.4 0.4
MeCN[f] 524 841 543 1024 728 0.0009 0.01 1.5 1660


3d hexane 529 746 542 777 434 0.90 6.59 1.4 0.1
MeCN 526 784 541 827 503 0.84 6.45 1.3 0.2


4a hexane 599 440 605 530 176 0.91 5.71 1.6 0.2
MeCN 597 582 606 593 241 0.87 5.63 1.5 0.2


4b hexane 599 450 605 527 155 0.90 5.65 1.6 0.2
MeCN 597 532 605 577 222 0.022 0.19 1.2 51


4c hexane 599 487 605 509 143 0.74 5.52 1.3 0.5
MeCN 598 516 606 560 210 0.093 0.70 1.3 13


4d hexane n.d.[i] n.d.[i] 605 511 n.d.[i] 0.78 5.45 1.4 0.4
MeCN 598 537 607 605 252 0.86 5.66 1.5 0.2


[a] Obtained from the data treatment and fitting procedure described in the text and Supporting Information, fwhm �10 cm�1 (for 3 series) and �
5 cm�1 (for 4 series). [b] Obtained as described in the Experimental Section. [c] Fluorescence quantum yield in the region of LE emission; after deconvo-
lution in case of dual emission. [d] Features of the dominant species in the region of the typical BDP or LE emission; CT emission band characteristics
are l=674 nm, fwhm=6900 cm�1, Ff=0.022. The decays are biexponential over the entire emission spectrum with a second decay time of tf=3.39 ns.
[e] See discussion and data in the text for more details. [f] No CT fluorescence could be detected. [g] Could not be reliably determined. [h] Not deter-
mined. [i] Not determined due to too low solubility.
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and red-shifted charge-transfer emission appearing at l=


674 and 641 nm, respectively. The time-resolved fluores-
cence measurements gave further evidence for this observa-
tion, vide infra.


The similarity of the nature of the absorbing and the emit-
ting state can be deduced from an analysis of the transition
dipole moments of absorption and emission, Mabs and Mem,
by way of the radiative rate constants observed experimen-
tally [kr, Eq. (1)] and calculated from the absorption spectra
[kcalcdr , Eq. (2)]. Here, n is the refractive index of the solvent,
c0 the speed of light in vacuum, and h and NA are the
Planck and the Avogadro constants, respectively.[40]


kr ¼
Ff


tf
¼ 64p4


3h
n3~n3emjMemj2 ð1Þ


kcalcd
r ¼ 64p4


3h
n3~n3emjMabsj2


jMabsj2 ¼
3hc0ln 10
8p3NAn


Z


band


eð~nabsÞd~nabs
~nabs


ð2Þ


The ratios kr/k
calcd
r =1.00�0.05, obtained for 3d and 4d in


acetonitrile and dibutyl ether, stress the previous interpreta-
tion of the data that the differences in conformation in-
volved in the absorption and emission processes seem to be
rather small and solvent-independent.


The fluorescence quantum yields (Ff) are always high in
solvents of rather low polarity, such as diethyl ether or
hexane (Table 3 and Tables S1 and S2 in the Supporting In-
formation). For the 14-phenyl-substituted derivatives 3a and
4a, these features are unchanged upon increasing the polari-
ty of the solvent. However, an inspection of the respective
data of the 14-dimethylanilino-substituted dyes 3b and 4b
reveals that the fluorescence is quenched with increasing
solvent polarity. A similar trend is registered for the fluores-
cence lifetimes. Except for 3b in THF (and 3c, see Table S1
in the Supporting Information), monoexponential decays
are found for all dyes (Table 3 and Tables S1 and S2 in the
Supporting Information). Accordingly, the rate constants of
fluorescence kr


[41] show a minor solvatokinetic modulation
for 3a–d and 4a–d. The concomitant, distinctly more pro-
nounced increase in the nonradiative rate constant knr thus
suggests that not only does 3b behave similarly to its classi-
cal BDP analogue with less sterically demanding substi-
tuents,[30a] but also an addressable and analytically potential-
ly valuable deactivation process can be installed in the BDI
derivatives. Here, two different regions are noticed in a plot
of knr as a function of the solvent polarity; this suggests that
the quenching process is activated in solvents more polar
than THF (Figure 4). Consequently, when equipping the bc-
BDP and BDI core with a phenyl-A15C5 substituent, these
features are preserved and dyes 3c and 4c also exhibit
charge- or electron-transfer-type quenching of the emission.
As has been discussed above, the electron-donating nitrogen
atom in the 14-anilino moiety of 3c is sp2 hybridized and
thus readily feeds its electrons into the 14-phenyl ring. The
distance between these “virtually decoupled” ET partners is
at a minimum. It is interesting to note that the long wave-


length dyes of the 4 series, which are equipped with a strong
anilino-type donor in the 14-position, do not show any
dual fluorescence. Apparently, as has been found for the
distyryl-substituted BDP chromophore that also emits at
>600 nm,[27b] the excited-state charge-transfer process leads
to the formation of a nonemissive CT state in the BDI case,
too. Furthermore, because the flexibility in 4b,c is reduced
to a minimum, it seems reasonable to assume that an ener-
getic limit exists for the charge-recombination fluorescence
from strongly forbidden CT transitions, which is located
somewhere between 2.07 and 2.48 eV for the present type of
dye. At energies below this threshold, deactivation of such
highly twisted excited-state species seems to be entirely ra-
diationless. On the other hand, 3d as well as 4d, which car-
ries the less electron-donating benzocrown unit, show a high
fluorescence emission that is independent of solvent polari-
ty.


Analysis of the dual fluorescence features of 3b in THF,
according to a procedure described in more detail in refer-
ence [30a], revealed the following characteristics: the ratio
of charge transfer to BDP-localized (or locally excited, LE)
fluorescence Ff(CT)/Ff(LE)=0.14. This value is distinctly
lower than Ff(CT)/Ff(LE)=2 of the all core-alkylated
model dye 7a in THF.[42] In combination with the overall
stronger fluorescence of 3b in this solvent, Ff=0.18 versus
0.03[42] for 7a, this suggests that CT state formation is less
efficient in the sterically more hindered dye (for the respec-
tive, virtually identical redox data and electron-transfer driv-
ing forces, see below). Following the procedure in refer-
ence [30a], the excited-state reaction dynamics of 3b in
THF are determined to kLC=31.9W109 s�1, kCL=3.6W109 s�1,
and (t0


CT)�1=0.31W109 s�1 (for parameters, see Scheme 4
and reference [43]). The ratio of kf


CT/kf
LE=0.02 indicates


Figure 4. Plot of the nonradiative rate constant vs solvent polarity for 4b
(data from Table S2 in the Supporting Information, EA=ethyl acetate,
CHone=cyclohexanone, PrCN=propionitrile). The two different regions
are indicated by a fit (c) and a trendline (g), the latter as a guide to
the eye.


Scheme 4. Generalized kinetic scheme for the charge-transfer process in
3b in THF. Where k are the respective rate constants and t0 the intrinsic
lifetimes of the LE and CT states. The CT-type ground state is highly un-
stable and relaxes immediately to the initial ground state.
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that fluorescence from the perpendicular state is forbidden,
and the ratio of the excited-state reaction rate constants kLC/
kCL=8.9 stresses the observation that the CT state is still ef-
ficiently populated, yet the reaction is less strong than in the
simpler alkylated BDP analogues.


To obtain a better insight into the nature of the quenching
process in the alkylanilino-substituted derivatives and its de-
pendence on molecular motions, absorption as well as
steady-state and time-resolved fluorescence measurements
were carried out with 3b in ethanol as a function of temper-
ature, as well as with 3a and 4a,b in ethanol at 299 and
77 K. In all cases, the typical spectroscopic features of the
bc-BDP and BDI dyes are observed; that is, the narrow ab-
sorption and emission bands of mirror-image shape and
monoexponential decay kinetics.[44,45] Upon reducing the
temperature, the width of the spectral bands is further re-
duced, the vibronic structure more pronounced, and the
maxima show slight red-shifts below the freezing point of
the solvent. Concomitantly, the fluorescence quantum yields
and lifetimes of dyes 4b and 3b increase significantly with
decreasing temperature, while those of 3a and 4a show a
much less pronounced increase. For instance, tf of 3a and
4a change from 6.44 and 5.53 to 7.37 and 8.52 ns, respective-
ly, upon cooling a solution of the dye in ethanol from 299 K
to 77 K. The corresponding data of the 14-donor-substituted
derivatives were determined to 0.09 and 6.06 ns for 3b and
2.48 and 5.09 ns for 4b at 299 and 77 K, respectively. Follow-
ing the arrest of the CT process in 3b by gradually reducing
the temperature revealed that the photophysical parameters
are largely constant at temperatures below the glass temper-
ature of ethanol (TEtOH


g =158 K). This suggests that the
quenching process is blocked below Tg. Furthermore, analy-
sis of the temperature-dependent emission data above Tg in
terms of the Arrhenius equation [Eq. (3)] yielded a linear
correlation for a plot of lnknr versus T


�1 and allowed the cal-
culation of an activation barrier of 7.9 kJmol�1 for the non-
radiative processes in 3b in ethanol.[46] On the other hand,
kr does not show a distinct temperature dependence with
values of 1.5(�0.3)W108 s�1 over the entire temperature
range studied. This behavior points to a predominantly vis-
cosity-controlled quenching process that is active in the 14-
alkylaminophenyl derivatives.


ln k ¼ lnA�EA=RT ð3Þ


An analysis of the fluorescence anisotropy data of 3a,b
and 4a,b in propylene glycol at 223 K provided further in-
formation on the orientation of absorption and emission di-
poles within such molecules. Figure 5 reveals that r values
close to 0.4 are found for 3a, 4a, and 4b in the region of the
BDP and BDI bands.[47] Thus, the dipoles of both transitions
are highly colinear, and oriented along the long axis of the
respective core. For 3a,b, r decreases in the region of the
S2


!S0 transition between 350–400 nm. This is consistent
with the involvement of the bicyclo rings, which induce a
symmetry distortion. The higher transitions (<400 nm) in
4a,b are partly mixed and involve various molecular orbitals
localized asymmetrically on the BDI fragment, entailing r
values between 0.1–0.2 with dipole differences up to �458.


The reduction in r to �0 around 440 nm for 3b and 470 nm
for 4b is probably related to oscillator-weak transitions in-
volving the meso-substituent. Moreover, in the case of 3b,
the decrease of r on the low-energy side of the BDP emis-
sion and at �500 nm on the high-energy side of the excita-
tion bands suggests some admixing of other transitions and
remains unclear at the present stage of investigation. This
fact along with the peculiar CT features of 3b indicate that
further experiments are necessary to obtain a more detailed
picture of the deactivation processes in the meso-donor-sub-
stituted precursors of the BDI dyes.


Cation-induced chemical switching features of 3c and 4c in
MeCN and of 3d and 4d in MeOH : Whereas the absence of
a quenching process in 3d might be rationalized in terms of
the similar behavior of 5c,[30c] the immunity of 4d against
the activation of an electron-transfer process has a strong
impact on the design of efficient BDP-type fluorescent
switches for the red spectral range. Before we attempt to
access the underlying energetics and thus a means of how to
improve the BDI chromophore, exemplary cation-induced
switching features of the crowned dyes 3c,d and 4c,d will be
briefly presented.


The cation selectivities of the A15C5-substituted dyes are
similar to those found previously for many other such fluo-
roionophores,[48] and thus we will concentrate on protons
and particular Group I and Group II metal ions here. The
quenched fluorescence of 3c and 4c can be entirely revived
by protonation. This yields Ff=0.72 and tf=6.01 ns for 3c-
H+ and Ff=0.91 and tf=5.58 ns for 4c-H+ in MeCN.[49] Ac-
cordingly, upon binding of alkali and alkaline-earth metal
ions to the A15C5 unit, the latter+s electron-donating ability
is also reduced and thus the CT process is interrupted. For
instance, 3c-Na+ shows a high fluorescence enhancement
factor (FEF) of 41. Very similar to the characteristics of 5b-
Na+ ,[30a] this pair also forms two different, spectrally undis-
tinguishable complex species, as manifested in a biexponen-
tial decay of the typical BDP fluorescence (tf=0.35 and
2.72 ns, amplitude ratio=1.02; see reference [30a] for a
more detailed discussion). In contrast, all the alkali and al-


Figure 5. Fluorescence excitation (*) and emission (*) spectra of 3a
(upper left), 3b (upper right), 4a (lower left), and 4b (lower right) in
propylene glycol at 223 K. The corresponding anisotropies are included.
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kaline-earth metal ion complexes of 4c display only single
exponential decays, ranging for example, from tf=4.46 ns
for 4c-K+ to 5.75 ns for 4c-Ca2+ . The corresponding fluores-
cence quantum yields are generally high with an average of
0.7 for the monovalent and 0.85 for the divalent cation com-
plexes. This simultaneous increase in fluorescence quantum
yield and lifetime signifies that the kr of the complexes are
rather similar to those of the unbound dyes and only the knr
are reduced; the quenching process is switched off. Owing
to the higher quantum yield of 4c in the unbound state, the
FEF between 7.5 and 9.5 are lower for the red-emitting dye.
Moreover, the bulkiness of the BDI core with its annelated
phenyl rings, which point in the direction of the receptor
unit, seems to shift the equilibrium of different complex
conformers to one form only, thus yielding monoexponential
decays.


The spectral properties of the complexes are rather simi-
lar to those of the free dyes. For 3b-H+ as well as 3c-Mn+ ,
the absorption and fluorescence spectra are slightly red-
shifted (e.g. to 528/545 and 531/551 nm for 3b-H+ and 3c-
Ca2+ , respectively), and the widths are slightly larger. The
mirror-image relationship is also found. Since upon excita-
tion, the electron density is increased at the 14-position of
the bc-BDP core in the 3 series (see Section S1 in the Sup-
porting Information), the red-shift upon protonation or
cation binding is conceivable with the change from a donor
to an acceptor moiety in this position. All these effects are
less pronounced in the case of 4b,c (spectral red-shifts of 1
or 2 nm, Figure 6), in which the change in electron density
at the 14-position, obtained from the quantum chemical cal-
culations, is less pronounced. The complex stoichiometries
determined from titrations are 1:1. However, whereas 4c
and Na+ or Ca2+ show complex stability constants that
agree well with those of 5b, complex formation is evidently
hampered by the bulky bicyclo groups in 3c, resulting in
lower logK for both Na+ and Ca2+ in MeCN (see Table 4).


Evidently, 3c and 4c with an A15C5 unit suffer from a
low selectivity and this nitrogen-atom-containing receptor is
not very suitable for selectively targeting a biologically im-
portant alkali metal ion, such as sodium. The use of a ben-
zocrown instead would improve the chances of obtaining se-
lective Na+ fluoroionophores. However, as already men-
tioned above, 3d and 4d show a strong fluorescence in sol-
vents from hexane to methanol and, thus, these molecules
remained spectroscopically silent toward Na+ in methanol.
Therefore, further modification of the BDI chromophore
became necessary.


Electrochemical properties of 3a–d and 4a–d : Before set-
ting out to enhance the BDI core, a detailed analysis of the
electron-transfer features of the dyes presented so far is in-
dispensable. Thus, the redox properties of the compounds
were studied by cyclic voltammetry in 0.1m TBAP in aceto-
nitrile. The electrochemical data and electron-transfer pa-
rameters of 3a–d, 4a–d, and the reference compounds 5a–c,
and 7a are given in Table 5. Compound 3a displays a rever-
sible one-electron reduction wave at the same potential
(Ered


1=2
=�1570 mV vs Fc+/Fc) and a reversible oxidation


wave at a slightly less positive potential (Eox
1=2
=670 mV) than


the conventional BDP model dye 5a. The reduction poten-
tials of 3b–d are slightly negatively shifted into the range
from �1595 to �1640 mV, and a second oxidation wave ap-


Figure 6. A) Absorption and emission spectra of 4c (c) and 4c-Na+


(g) in acetonitrile. The absorption band of the complex overlaps
strongly and is omitted for clarity. B) Corresponding, representative titra-
tion curve (c4c=1.2W10�6m).


Table 4. Selected complex stability data of the sensor molecules investi-
gated.


Complex Solvent logK


3c-Na+ MeCN 1.95
3c-Ca2+ MeCN 3.95
4c-Na+ MeCN 2.53
4c-Ca2+ MeCN 4.56
5b-Na+ MeCN 2.20
5b-Ca2+ MeCN 4.40
3e-Na+ MeOH 2.50
4e-Na+ MeOH 2.35


Table 5. Redox potentials and electron-transfer data of compounds 3a–d,
4a–d and various model compounds (in CH3CN, c=10�3m, 0.1m TBAP,
u=250 mVs�1).[a]


Ered
1=2 Eox


1=2 Eox
1=2 E00 DGET


[mV] [mV][b] [mV][c] [eV] [eV]


3a �1570 670 – 2.36 –
3b �1640 740 540 2.37 �0.3
3c �1640 730 570 2.37 �0.1
3d �1595 665 1150[d] 2.36 0.3
4a �1530 330 – 2.07 -
4b �1590 290 630[e] 2.08 0.0
4c �1600 310[e] 700[e] 2.07 0.1
4d �1565 325 1150[d] 2.07 0.5
5a[f] �1560 760 – 2.49 –
5b[f] �1600 840 570 2.50 �0.4
5c[g] �1575 750 1150[d] 2.49 0.1
7a[f] �1686 700 512 2.39 �0.3


[a] Referenced against Fc+/Fc. [b] BDI or bc-BDP chromophore.
[c] Group in the 14- or 8-position. [d] Value of dimethoxybenzene.
[e] Quasireversible. [f] Redox data taken from reference [42]. [g] Redox
data taken from reference [30c].
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peared that is attributed to the oxidation of the 4-nitrogen
substituents on the meso aromatic ring in compounds 3b
and 3c. The oxidation potential for the benzocrown moiety
in 3d is much higher and cannot be detected. To calculate
the driving force DGET of the excited-state electron-transfer
reaction according to Equation (4), we thus take the tabulat-
ed value of dimethoxybenzene (Eox1=2 =1150 mV vs Fc+/
Fc).[30c] A comparison of this value with those given for the
amino substituents in Table 5 indicates that the benzocrown
group is a considerably weaker donor than the anilino or
azacrown units.


�DGET ¼ DE00�IPD þ EAA þ EC ð4Þ


In Equation (4) DE00 is the zero–zero transition energy of
the excited donor–acceptor pair, IPD is the ionization poten-
tial of the donor, EAA is the electron affinity of the accep-
tor, and EC is the Coulomb stabilization energy of the radi-
cal ion pair DC+�AC� , taken to 0.1 eV.[30c] As can be deduced
from the data of 3b,c, 5b, and 7a in Table 5, the driving
forces for these anilino-substituted BDPs are rather similar
and largely correlate with the fluorescence deactivation pa-
rameters for a single series.


Compared with 3a–d, the reduction potentials of 4a–d
are only slightly shifted to more positive values, for example,
4a shows a reversible one-electron reduction at=�1530 mV.
However, their oxidation potentials are considerably nega-
tively shifted (e.g. to 330 mV for 4a), approximately ten
times more than the reduction potentials. These findings in-
dicate that fusion of the benzene rings strongly increases the
HOMO energy level, while the LUMO energy levels are vir-
tually unaffected.[50] As a consequence, the HOMO–LUMO
separation in 4a–d is narrowed. In addition, a second oxida-
tion wave appeared for 4b,c that is attributed to the oxida-
tion of the nitrogen donor atom. The oxidation of the recep-
tor group in the benzocrown derivative 4d is again much
higher and could not be detected under the experimental
conditions used. From the DGET data in Table 5, it is appa-
rent that the values for 4b,c are distinctly higher than those
of the corresponding bc-BDPs; this reflects the generally
higher fluorescence emission of the 14-anilino BDIs in
highly polar solvents.


Tuning the BDI chromophore toward 4e,f : On the basis of
previous design considerations,[30c] the introduction of elec-
tron-withdrawing substitutents, such as ester groups, to the
pyrro- or indomethene core seems to provide a means to ac-
tivate a redox-based quenching process in otherwise silent
ensembles. Accordingly, we synthesized 4e,f via the precur-
sors 3e,f, vide supra. As is evident from Table 6, the intro-


duction of the ester groups indeed causes the redox poten-
tials to dramatically shift to the positive. Moreover, in com-
parison to our previous example, the 300 mV shift of the re-
duction and oxidation potentials of 5c with respect to 6a,
the shifts in the bc-BDP system are almost twice as large.
For instance, the reduction potential of 3 f is 630 mV less
negative, and the oxidation potential is 540 mV more posi-
tive than that of 3a. Even more favorably, such dramatic ef-
fects are also observed in the more conjugated 4 f (690 mV
positive shift for reduction and 490 mV positive shift for oxi-
dation) and 4e (695 mV positive shift for reduction and
425 mV positive shift for oxidation) with respect to 4a and
4d. Accordingly, the HOMO–LUMO energy gaps of the
present dyes are narrowed even further. With regard to the
electron-transfer driving force, both 3e and 4e should now
show the favorable quenched fluorescence in the unbound
state.


The validity of this assumption can be directly seen from
Table 7 and Table S4 in the Supporting Information. Where-


Table 6. Redox potentials and electron-transfer data of compounds 3e,f,
4e,f and reference compounds 6a,b (in CH3CN, c=10�3m, 0.1m TBAP,
u=250 mVs�1).[a]


Ered
1=2 Eox


1=2 Eox
1=2 E00 DGET


[mV] [mV][b] [mV][c] [eV] [eV]


3e �970 n.m.[d] 1150[e] 2.30 �0.3
3 f �940 1210[f] – 2.30 –
4e �870 750[f] 1150[e] 1.96 0.0
4 f �840 820[f] – 1.96 –
6a[g] �1250 1040 1150[e] 2.49 �0.2
6b[h] �1250 1090 – 2.49 –


[a] Referenced against Fc+/Fc. [b] BDI or bc-BDP chromophore.
[c] Group in the 14- or 8-position. [d] Not measurable. [e] Value of dime-
thoxybenzene. [f] Irreversible peak (Ep). [g] Redox data taken from refer-
ence [30c]. [h] Redox data taken from reference [42].


Table 7. Selected spectroscopic data of 3e,f and 4e,f in various solvents.


Solvent labs fwhmabs lem fwhmem Dñabs-em Ff tf kr knr
[nm] [cm�1][a] [nm] [cm�1][a] [cm�1][b] [ns] [108 s�1] [108 s�1]


3e hexane 547 907 568 944 500 0.32 4.15 0.8 1.6
MeCN 538 1071 569 1090 894 0.005 0.02 0.3 588
MeOH 541 996 571 1159 833 0.001 0.03 0.3 312


3 f hexane 548 914 570 902 654 0.32 3.95 0.8 1.7
MeCN 538 1029 571 1095 914 0.006 0.15 0.4 66
MeOH 542 1001 572 1031 834 0.008 0.19 0.4 52


4e hexane 638 848 655 683 386 0.35 6.53 0.5 1.0
MeCN 634 867 662 834 592 0.018 0.22 0.8 44
MeOH 636 871 661 855 517 0.046 0.37[c] [c] [c]


4 f hexane 637 702 654 678 382 0.44 6.09 0.7 0.9
MeCN 633 784 662 857 639 0.43 6.52 0.7 0.9
MeOH 634 918 664 867 652 0.34 5.84 0.6 1.1


[a] Obtained from the data treatment and fitting procedure described in the text and Supporting Information, fwhm�10 cm�1. [b] Obtained as described
in the Experimental Section. [c] Biexponential decay with a second tf=3.47 ns, see ref. [52]; kr and knr data not determined.
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as 4 f, for instance, shows strong emission in solvents of high
and low polarity, the fluorescence of 4e is progressively
quenched upon going from hexane to methanol. The
quenching characteristics are again similar to those reported
for 4b,c above; that is, significant spectral shifts are not no-
ticed and the fluorescence lifetime concomitantly decreases.
A plot of the nonradiative rate constant versus the solvent
polarity function shows a very similar development
(Figure 7). Apparently, the acceptor-modified BDI core is


now strong enough to activate an electron-transfer process
from the considerably weak benzocrown donor. Further-
more, an advantageous side-effect of the substitution of the
BDI core is the fact that both the absorption and emission
band maxima shift by �40 nm to the red and are now
found in a wavelength range for which a variety of low-cost
laser diodes (e.g., of AlGaInP- or GaInP-type) are commer-
cially available. Spectral analysis by means of the deconvo-
lution and fitting procedure introduced previously reveals
very similar behavior as for the nonacceptor-substituted
BDIs; that is, narrowing bands and Stokes shifts on decreas-
ing the solvent polarity (Table 7 and Table S4 in the Sup-
porting Information). The ester groups themselves do not
seem to have a pronounced influence on the polymethinic
conjugation within the chromophore other than introducing
a higher degree of flexibility. While the spectra are broad-
ened, as manifested in a fwhm=784 versus 537 cm�1 of the
subbands of 4e versus 4d in acetonitrile, the molar extinc-
tion coefficients are reduced, for example, e634=68600�
400m�1 cm�1 versus e598=112760m�1 cm�1 for this pair of
dyes, with the integral strength of the transition remaining
very similar with f oszS1 S0(4e)/f


osz
S1 S0(4d)=1.05. Moreover, a


comparison of the observed and the calculated radiative
rate constants performed in the same way as outlined above
also yields ratios of kr/k


calcd
r =1.00�0.05 for 3e and 4e in


acetonitrile and dibutyl ether; this supports the composite
dye model and the polymethinic nature of the ester-substi-
tuted chromophore.


Temperature-dependent studies carried out as described
above revealed the typical electron-transfer-type quenching
features. Upon reducing the temperature, the absorption
and emission bands become narrower and more structured,
and shift by �8 nm to the red in the glass. The fluorescence
decays are singly exponential, and the increase in lifetime is
pronounced for 4e, from 1.75 to 7.36 ns, yet less dramatic
for 4 f, from 6.12 to 6.33 ns at 299 and 77 K, respectively.


A remarkable effect, however, is found for 3e,f. For these
two dyes, not only does 3e show a reduced fluorescence in
polar solvents relative to 3 f, but the fluorescence of the
model dye 3 f itself is quenched upon increasing the polarity
of its environment, a behavior that is evidently independent
of the CT process described so far (Figure 7, Table 7, and
Table S3 in the Supporting Information). The effect of ester
substitution on the spectral band positions is yet again com-
parable to their BDI relatives, that is, they are bathochromi-
cally shifted by l�25 nm (Figure 8). Also in agreement with


the general optical excitation features of the BDI dyes are
the relationships of the integral S1


!S0 transitions and the
molar extinction coefficients between 3d and 3e, the quo-
tient of the integrals amounting to 0.99 and the respective
value of 3e being e538=34540�580m�1 cm�1.[51]


Besides the fact that the two lowest transitions are not
well-separated anymore for 3e,f (see, for example, Figure 8),
the mirror-image relationship between absorption and fluo-
rescence spectra is fulfilled. Thus, apparently, the accelerat-
ed radiationless deactivation of 3 f is not caused by a differ-
ent emitting species, accelerated internal conversion, or any
pronounced conformational changes between the Franck–
Condon and the fluorescing excited state, but to the activa-
tion of another “dark” deexcitation channel. Keeping in
mind that the most stable conformation of 3e in the crystal-
line state is a “butterfly”-like kinked geometry (see the sec-
tion on X-ray diffraction), we tentatively assume that we ob-
served here, for the first time, the solvatokinetically control-
led activation of a nonfluorescent competitor state postulat-
ed recently by Lindsey et al.[22f] Inspection of the theoretical
results in that work suggested that this “butterfly”-type spe-
cies has a certain charge-transfer character and should pos-
sess a higher dipole moment than the planar conformer.
Thus, its formation might be facilitated with increasing sol-
vent polarity and might lead to the quenching observed here
for 3 f.[53] In the highly rigid and conjugated BDI chromo-
phore, such a bending motion should be much less favored


Figure 8. Absorption and fluorescence spectra of 3d (c) and 3e (a)
in acetonitrile.


Figure 7. Plot of the nonradiative rate constant vs solvent polarity for 3e
(&) and 3 f (*), both in the upper part, as well as 4e (&) and 4 f (*) in
the lower part (data from Tables S3 and S4 in the Supporting Informa-
tion; for solvent key, see Figure 4).
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and interference by this quenching channel is not expected.
The data in Table 7 support these considerations.


A study of the effect of temperature variation on the
spectroscopic properties of the ester-substituted dyes 3e,f
promised a better picture of the quenching process. As
would be expected, the spectroscopic changes upon steadily
reducing the temperature of solutions of 3 f in ethanol as
well as going from 299 K to 77 K for 3e are small and in
agreement with the previous results. Moreover, the increase
in fluorescence yield is in accordance with the other low-
temperature data as well, resulting in lifetime changes from
0.39 to 5.13 ns and from 0.09 to 5.15 ns at 299 and 77 K for
3 f and 3e, respectively. An Arrhenius-type analysis of the
temperature-dependent fluorescence behavior of 3 f in etha-
nol (Figure 9) gave an activation barrier of 5.5 kJmol�1 for


the quenching reaction. Comparison with literature data on
other polyaromatic compounds in which such a structural re-
laxation pathway in the excited state plays an important role
for nonradiative deactivation, for example, 9-tert-butyl- or 9-
tert-pentyl-anthracenes,[54a] suggests that the activation barri-
er in the present case is rather small. For instance, Jahn and
Dreeskamp found an activation energy of 17.5 kJmol�1 for
such a process in 9-tert-butyl-anthracene in ethanol.[54a]


Moreover, as in the case of the anthracenes, a certain “but-
terfly”-like asymmetry in the ground state of the molecule
seems to facilitate the reaction.[54b]


However, recent solvatokinetic studies on the fluores-
cence behavior of model compound 7b[22e] show that the in-
tramolecular quenching reactions of the anthracene and the
BDP chromophore are not identical. This closely related
BDP derivative deviates from 3 f only by the bulkiness of
the alkyl substituents in the 1-, 2-, 6-, and 7-positions—the
bicyclo skeleton versus methyl and ethyl groups—and also
possesses a kinked conformation in the crystalline state (�
13.38 as derived from the X-ray structure given in refer-
ence [22e]). In contrast to 3 f, however, 7b exhibits the
common BDP features of uniform and considerably high
fluorescence yields Ff=0.26�0.03 in solvents of any polari-
ty.[42] Apparently, in the BDP case, not only a prekinked
ground-state conformation seems to be the driving force to-
wards this “dark” channel, but most probably the barrier
height between the two excited conformers, and thus the


probability of the backreaction seems to be a determining
factor here. The latter is expected to be lower in 7b. At the
present stage, we cannot provide a more detailed picture;
however, further studies involving a more sophisticated the-
oretical treatment as well as femtosecond transient absorp-
tion spectroscopy and other model compounds are currently
being performed to access the underlying mechanism.


With respect to the dye molecule of predominant analyti-
cal interest here, namely 4e, Figure 10 reveals its favorable


sensing features. Without any pronounced shifts in absorp-
tion and emission, the formation of a 1:1 complex of logK=


2.35 stability leads to a �8-fold enhanced fluorescence in
methanol, Ff(4e-Na+)=0.35, with the typical ET-type char-
acteristics as described above for 4c.[55] Ca2+ and Mg2+ do
not induce any modulation of the fluorescence, and the
effect of K+ is much less pronounced. In principle, these ad-
vantageous features are preserved in water. Unfortunately,
the solubility of 4e in water is not high enough to prevent
aggregation. Thus, when attempting a detection of Na+ with
4e in highly aqueous media, complicated band shifts are al-
ready observed in absorption.[56] We are thus presently fol-
lowing two different routes with this system: modification of
the BDI skeleton to improve the actual performance of 4e,
and development of a sensing protocol that can profit from
aggregation phenomena.


Conclusion


The present contribution introduced and characterized a
new class of strongly absorbing and highly emissive fluores-
cent dyes that can be used at advantageously long wave-
lengths. On the basis of preparative pyrrole chemistry, which
constitutes an active and intensively studied area of organic
chemistry, the facile synthesis in comparatively high yields
of a variety of BDI derivatives shown here should stimulate


Figure 9. Plot of lnknr versus T
�1 for 3 f in ethanol. The temperature de-


pendence above (c) and below (virtually constant, g) the glass tem-
perature of ethanol are indicated.


Figure 10. A) Absorption and emission spectra of 4e (c) and (4e)Na+


(g) in methanol. The absorption band of the complex largely overlaps
(lmax=636 nm) and is omitted for clarity. B) Corresponding, representa-
tive titration curve (c4e=2W10�6m).
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further research in this area. X-ray structure analyses pro-
vided detailed insight into the molecular specifications of
these dyes. An important outcome of the work reported
here is the interdependence of redox and spectral data. In
the same way as the extension of the p system does not dra-
matically change the energetics that are important for the
CT process, it is not expected that a further step to the red
by increasing the size and conjugation of the BDI chromo-
phore would have a different impact on such an intramolec-
ular process. However, by simple synthetic means and
design considerations it is possible to tune a “silent switch”,
such as 4d, to an active one, such as 4e. Based on this im-
proved understanding of the energetics and photophysics of
the bc-BDP and BDI chromophores, we have now a tool in
hand that should allow us to custom-design new fluorescent
signaling ensembles. Moreover, in addition to supramolec-
ular sensor and switch chemistry as well as electron- or
energy-transfer cascades or arrays, such functional dyes are
promising candidates for new active materials for dye lasers,
organic light-emitting diodes, or other redox-controlled opti-
cal applications; they are also expected to give new impulses
to labeling chemistry for imaging applications.


Experimental Section


Materials : Metal perchlorates purchased from Aldrich were of highest
purity available and were dried in a vacuum oven before use.[57] HClO4,
70% Suprapur from Merck, was used for the protonation experiments.
The dyes used for the determination of the relative fluorescence quantum
yields and the calibration of the laser impulse fluorometer were obtained
from Lambda Physik GmbH (GCttingen, Germany). All the solvents em-
ployed were of UV spectroscopic grade (Aldrich, Merck, and Fluka).


General synthesis methods : All syntheses were carried out under a nitro-
gen atmosphere. Unless otherwise noted, all reagents or solvents were of
commercial reagent grade and were used without further purification.
Dry dichloromethane and N-ethyl-N,N-diisopropylamine were obtained
by refluxing and distilling over CaH2 under inert atmospheres. Dry THF
was distilled from sodium/benzophenone under an inert atmosphere.
Column chromatography and TLC were carried out on C-200 (Wakogel)
and Kieselgel 60F254 (Merck), respectively. Melting points were mea-
sured with a Yanagimoto BY-1 apparatus. 1H NMR and 13C NMR spectra
were recorded in CDCl3 on a JEOL EX400 spectrometer at ambient
temperature. NMR chemical shifts are expressed relative to TMS as the
internal standard. IR and UV/Vis spectra were obtained with Hitachi
270–30 and Shimadzu UV-2200 spectrometers, respectively. Mass spectra
were measured with a JEOL JMS-700 spectrometer (20 eV for EI and m-
nitrobenzyl alcohol as matrix for FAB). Elemental analyses were per-
formed with a Yanako MT-5 recorder. DSC and TG experiments were
performed on a Seiko Instruments EXSTAR6000 apparatus.


2-Methyl-4,7-dihydro-4,7-ethano-2H-isoindole (2): LiAlH4 (759 mg,
20 mmol) powder was added in small portions over a period of 30 min to
a stirred solution of ethyl 4,7-dihydro-4,7-ethano-2H-isoindole-1-carboxy-
late[31] (869 mg, 4 mmol) in dry THF (100 mL) under argon, and the reac-
tion mixture was refluxed for 2 h. After cooling to room temperature,
water (50 mL) was added dropwise, and the resulting mixture was filtered
through a Celite pad, which was washed with EtOAc (3W50 mL). The or-
ganic layer was separated, and the aqueous layer was extracted with
EtOAc (2W20 mL). The combined organic layers were washed with
water (5W50 mL) and brine (30 mL), dried over Na2SO4, and concentrat-
ed at reduced pressure. The residue was purified by chromatography on
silica gel (50% CHCl3/hexane) to give 573 mg (yield 90%) of 2 as color-
less plates. M.p. 129–130 8C; 1H NMR (400 MHz, CDCl3): d=8.40 (s,
1H), 7.22 (s, 1H), 6.50–6.45 (m, 2H), 3.76 (m, 2H), 2.19 (s, 3H), 1.57–
1.43 ppm (m, 4H); 13C NMR (100 MHz, CDCl3): d=11.09, 27.42, 27.50,


32.22, 33.33, 105.57, 117.18, 125.24, 129.47, 136.07, 136.40 ppm; MS (EI):
m/z : 159 [M]+ , 131 [M�C2H4]


+ ; elemental analysis calcd (%) for
C11H13N: C 82.97, H 8.23, N 8.80; found: C 82.82, H 8.05, N 8.83.


General procedure for the preparation of 3a–d : Compound 2 (2 mmol)
and an aldehyde [benzaldehyde (3a), 4-(dimethylamino)benzaldehyde[58]


(3b), N-(4’-formylphenyl)aza[15]crown-5[59] (3c) or 15-formylbenzo[15]c-
rown-5 (3d); 1 mmol] were dissolved in dry CH2Cl2 (100 mL) under ni-
trogen. One drop of trifluoroacetic acid (TFA) was added, and the solu-
tion was stirred at room temperature in the dark for 2–4 h (until TLC in-
dicated complete consumption of the aldehyde). A solution of dichlorodi-
cyanobenzoquinone (DDQ, 1 mmol) in dry CH2Cl2 (20 mL) was added,
and the mixture was stirred for additional 15 min. The reaction mixture
was then treated with N-ethyl-N,N-diisopropylamine (3 mL) and boron
trifluoride etherate (3 mL). After stirring for another 30 min, the dark
brown solution was washed with water (3W20 mL) and brine (30 mL),
dried over Na2SO4, and concentrated at reduced pressure. The crude
product was purified by silica-gel flash column chromatography and re-
crystallization from CHCl3/hexane.


7,7-Difluoro-5,9-dimethyl-14-phenyl-1,4,10,13-tetrahydro-1,4;10,13-bis-
ethano-7-bora-7H-benzo[1,2-a;4,5-a’]diisoindole (3a): Diisoindole 3a was
prepared from the reaction of 2 (318 mg, 2 mmol) and benzaldehyde
(106 mg, 1 mmol) in dry CH2Cl2 (100 mL) under nitrogen. The crude
product was purified by chromatography (silica gel, 10% EtOAc/
hexane). Recrystallization from CHCl3/hexane yielded orange-red, metal-
like shining crystals (190 mg, yield 42%). M.p. 196 8C (decomp); 1H
NMR (400 MHz, CDCl3): d=7.57–7.39 (m, 5H), 6.40–6.36 (m, 2H),
6.08–6.03 (m, 2H), 3.80–3.82 (m, 2H), 2.61 (m, 2H), 2.53 (s, 6H), 1.15–
1.42 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): d=12.52 (both), 25.84
(one diastereomer), 25.88 (other diastereomer), 26.42 (one diastereo-
mer), 26.48 (other diastereomer), 32.87 (both), 35.16 (both), 110.40
(both), 121.74 (one diastereomer), 121.77 (other diastereomer), 127.75
(both), 130.5 (both), 130.90 (both), 134.20 (one diastereomer), 134.29
(other diastereomer), 135.82 (one diastereomer), 135.84 (other diaster-
eomer), 140.62 (one diastereomer), 140.65 (other diastereomer), 146.41
(both), 148.57 (both), 150.11 ppm (both); IR (KBr): ñ=1562, 1509 (C=C,
C=N), 1197 cm�1 (B�F); MS (EI): m/z : 452 [M]+ , 396 [M�2C2H4]


+ ; ele-
mental analysis calcd (%) for C29H27BF2N2·


1=2H2O: C 75.50, H 6.12, N
6.07; found: C 75.23, H 6.05, N 6.03.


7,7-Difluoro-5,9-dimethyl-14-[4-(dimethylamino)phenyl]-1,4,10,13-tetrahy-
dro-1,4;10,13-bisethano-7-bora-7H-benzo[1,2-a;4,5-a’]diisoindole (3b):
Acid-catalyzed condensation of 2 (318 mg, 2 mmol) and 4-(dimethylami-
no) benzaldehyde (149 mg, 1 mmol) in dry CH2Cl2 (100 mL) at room
temperature, followed by flash chromatography (silica gel, 10% EtOAc/
hexane) and recrystallization from CHCl3/hexane yielded red crystals
(258 mg, yield 52%). M.p. 200 8C (decomp); 1H NMR (400 MHz,
CDCl3): d=7.23–7.25 (m, 2H), 6.79–6.81 (m, 2H), 6.38–6.41 (m, 2H),
6.1–6.15 (m, 2H), 3.8–3.81 (m, 2H), 3.10 (s, 6H), 2.93–3.07 (m, 2H), 2.52
(s, 6H), 1.18–1.44 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): d=12.48
(both), 25.94 (one diastereomer), 25.98 (other diastereomer), 26.52 (one
diastereomer), 26.60 (other diastereomer), 32.89 (both), 35.28 (one dia-
stereomer), 35.31 (other diastereomer), 40.37 (both), 111.09 (both),
122.19 (one diastereomer), 122.21 (other diastereomer), 127.81 (both),
129.92 (one diastereomer), 130.25 (other diastereomer), 130.65 (both),
134.20 (one diastereomer), 134.28 (other diastereomer), 135.87 (both),
137.67 (both), 140.63 (one diastereomer), 140.65 (other diastereomer),
146.55 (both), 150.16 (one diastereomer), 150.87 ppm (other diastereo-
mer); IR (neat): ñ=1566, 1504 (C=C, C=N), 1188 cm�1 (B�F); MS (EI):
m/z : 495 [M]+ , 439 [M�2C2H4]


+ ; elemental analysis calcd (%) for
C31H32BF2N3: C 75.16, H 6.51, N 8.48; found: C 75.12, H 6.50, N 8.45.


7,7-Difluoro-5,9-dimethyl-14-[4-(1,4,7,10,13-azatetraoxaheptadecanyl)-
phenyl]-1,4,10,13-tetrahydro-1,4;10,13-bisethano-7-bora-7H-benzo[1,2-
a;4,5-a’]diisoindole (3c): Diisoindole 3c was prepared from acid-cata-
lyzed condensation of 2 (318 mg, 2 mmol) and N-(4’-formylphenyl)-
aza[15]crown-5 (323 mg, 1 mmol) in dry CH2Cl2 (100 mL) and purified by
flash chromatography (silica gel, 50% EtOAc/CHCl3) followed by recrys-
tallization from CHCl3/hexane to yield orange-red crystals (482 mg, yield
72%). M.p. 192 8C (decomp); 1H NMR (400 MHz, CDCl3): d=7.20–7.22
(m, 2H), 6.73–6.75 (m, 2H), 6.38–6.4 (m, 2H), 6.14–6.15 (m, 2H), 3.85–
3.87 (m, 2H), 3.82 (m, 2H), 3.67–3.71 (m, 18H), 3.0 (m, 2H), 2.51 (s,
6H), 1.21–1.45 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): d=12.45
(both), 25.93 (one diastereomer), 25.98 (other diastereomer), 26.51 (one
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diastereomer), 26.60 (other diastereomer), 32.88 (both), 35.31 (one dia-
stereomer), 35.34 (other diastereomer), 52.79 (both), 68.55 (both) , 69.84
(both), 70.26 (both), 71.27 (both), 110.40 (both) , 121.74 (one diastereo-
mer), 121.77 (other diastereomer), 127.75 (both), 130.17 (one diastereo-
mer), 130.5 (other diastereomer), 130.90 (both), 134.20 (one diastereom-
er), 134.29 (other diastereomer), 135.82 (one diastereomer), 135.84
(other diastereomer), 140.62 (one diastereomer), 140.65 (other diaster-
eomer), 146.41 (both), 148.57 (both), 150.11 ppm (both); IR (neat): ñ=
1558, 1508 (C=C, C=N), 1195 cm�1 (B�F); MS (FAB): m/z : 670 [M+H]+ ;
elemental analysis calcd (%) for C39H46BF2N3O4·


1=2H2O: C 69.02, H 6.98,
N 6.19; found: C 68.92, H 6.83, N 6.11.


7,7-Difluoro-5,9-dimethyl-14-(1,4,7,10,13-pentaoxabenzoheptadecan-15-
yl)-1,4,10,13-tetrahydro-1,4;10,13-bisethano-7-bora-7H-benzo[1,2-a;4,5-
a’]diisoindole (3d): Diisoindole 3d was prepared from the acid-catalyzed
condensation of 2 (318 mg, 2 mmol) and 15-formylbenzo[15]crown-5
(296 mg, 1 mmol) in dry CH2Cl2 (100 mL), and purified by flash chroma-
tography (silica gel, 50% EtOAc/CHCl3) followed by recrystallization
from CHCl3/hexane to yield orange-red crystals (372 mg, yield 58%).
M.p. 192 8C (decomp); 1H NMR (400 MHz, CDCl3): d=6.93–6.99 (m,
3H), 6.38–6.41 (m, 2H), 6.09–6.11 (m, 2H), 4.27 (m, 2H), 4.1 (m, 2H),
4.01–4.02 (m, 2H), 3.92–3.94 (m, 2H), 3.81–3.83 (m, 10H), 2.82 (m, 2H),
2.52 (s, 6H), 1.15–1.44 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): d=
12.52 (both), 25.88 (one diastereomer), 25.92 (other diastereomer), 26.51
(one diastereomer), 26.57 (other diastereomer), 32.90 (one diastereo-
mer), 32.92 (other diastereomer), 35.26 (one diastereomer), 35.28 (other
diastereomer), 68.39 (both), 68.72 (both), 69.21 (both), 69.23 (both),
69.36 (both), 70.14 (both), 70.98 (both), 71.06 (both), 112.3 (both), 114.3
(one diastereomer), 114.4 (other diastereomer), 122.0 (one diastereom-
er), 122.44 (other diastereomer), 127.33 (one diastereomer), 127.38
(other diastereomer), 127.41 (one diastereomer), 127.5 (other diaster-
eomer), 134 (both), 135.84 (both), 135.90 (one diastereomer), 135.93
(other diastereomer), 138.0 (one diastereomer), 138.82 (other diaster-
eomer), 147.4 (both), 148.35 (one diastereomer), 148.4 (other diastereom-
er), 149.6 (both), 150.2 ppm (both); IR (neat): ñ=1562, 1504 (C=C, C=
N), 1187 cm�1 (B�F); MS (EI): m/z : 642 [M]+ , 623 [M�F]+ , 586
[M�2C2H4]


+ ; elemental analysis calcd (%) for C37H41BF2N2O5·
1=3H2O: C


68.52, H 6.48, N 4.32; found: C 68.54, H 6.43, N 4.33.


General procedure for the preparation of 3e and 3 f : Compound 1
(2 mmol) and 15-formylbenzo[15]crown-5 (3e, 1 mmol) or benzaldehyde
(3 f, 1 mmol) were dissolved in dry CH2Cl2 (100 mL) under nitrogen. One
drop of TFA was added, and the solution was refluxed in the dark for
12 h (until TLC indicated complete consumption of the aldehyde). After
cooling to room temperature, a solution of DDQ (1 mmol) in dry CH2Cl2
(20 mL) was added, and the mixture was stirred for additional 15 min.
The reaction mixture was then treated with N-ethyl-N,N-diisopropyla-
mine (3 mL) and boron trifluoride etherate (3 mL). After stirring for an-
other 30 min, the dark brown solution obtained was washed with water
(3W20 mL) and brine (30 mL), dried over Na2SO4, and concentrated
under reduced pressure. The crude product was purified by silica gel
flash column chromatography and recrystallization from CHCl3/hexane.


Diethyl-7,7-difluoro-14-(1,4,7,10,13-pentaoxabenzoheptadecan-15-yl)-
1,4,10,13-tetrahydro-1,4;10,13-bisethano-7-bora-7H-benzo[1,2-a;4,5-a’]di-
isoindole-5,9-dicarboxylate (3e): Dicarboxylate 3e was prepared from the
acid-catalyzed condensation of 1 (434 mg, 2 mmol) and 15-formylben-
zo[15]crown-5 (296 mg, 1 mmol) in dry dichloromethane (100 mL), and
was purified by chromatography (silica gel, 50% EtOAc/CHCl3) and re-
crystallization from CHCl3/hexane to yield red crystals (258 mg, yield
34%). M.p. 140 8C (decomp); 1H NMR (400 MHz, CDCl3): d=6.92–7.05
(m, 3H), 6.39–6.44 (m, 2H), 6.09–6.11 (m, 2H), 4.45 (q, J=7.3 Hz, 4H),
4.30 (m, 4H), 4.10–4.12 (m, 2H), 4.02–4.04 (m, 2H), 3.94–3.96 (m, 2H),
3.81–3.83 (m, 8H), 2.81 (m, 2H), 1.45 (t, J=7.3 Hz, 6H), 1.14–1.29 ppm
(m, 8H); 13C NMR (100 MHz, CDCl3): d=14.10 (both), 25.67 (one dia-
stereomer), 25.87 (other diastereomer), 26.11 (both), 34.09 (both), 35.51
(both), 61.56 (both), 65.82 (both), 68.32 (both), 68.84 (both), 69.07
(both), 69.18 (both), 70.02 (both), 70.08 (both), 70.9 (both), 70.96 (both),
112.25 (both), 113.9 (one diastereomer), 114.16 (other diastereomer),
121.84 (one diastereomer), 122.33 (other diastereomer), 126.43 (both),
130.46 (both), 133.60 (both), 135.92 (one diastereomer), 135.98 (other di-
astereomer), 138.26 (both), 142.44 (both), 147.72 (one diastereomer),
148.72 (other diastereomer), 150.58 (both), 153.17 (both), 161.02 ppm
(both); IR (neat): ñ=1546, 1512 (C=C, C=N), 1192 cm�1 (B�F); MS


(FAB): m/z : 759 [M+H]+ ; elemental analysis calcd (%) for
C41H45BF2N2O9: C 64.91, H 5.98, N 3.69; found: C 64.62, H 6.01, N 3.65.


Diethyl-7,7-difluoro-14-phenyl-1,4,10,13-tetrahydro-1,4;10,13-bisethano-7-
bora-7H-benzo[1,2-a;4,5-a’]diisoindole-5,9-dicarboxylate (3 f): Dicarboxy-
late 3 f was prepared from the acid-catalyzed condensation of 1 (434 mg,
2 mmol) and benzaldehyde (106 mg, 1 mmol) in dry CH2Cl2 (100 mL)
under nitrogen. It was purified by chromatography (silica gel, 50%
EtOAc/CHCl3) and recrystallization from CHCl3/hexane to yield red
crystals (210 mg, yield 37%). M.p. 130 8C (decomp); 1H NMR (400 MHz,
CDCl3): d=7.57–7.68 (m, 3H), 7.40–7.42 (m, 2H), 6.38–6.42 (m, 2H),
6.03–6.06 (m, 2H), 4.46 (q, J=7.3 Hz, 4H), 4.31 (m, 2H), 2.57–2.59 (m,
2H), 1.46 (t, J=7.3 Hz, 6H), 1.13–1.42 ppm (m, 8H); 13C NMR
(100 MHz, CDCl3): d=14.12 (both), 25.57 (one diastereomer), 25.85
(other diastereomer), 26.12 (both), 34.09 (both), 35.53 (both), 61.55
(both), 65.83 (both), 110.37 (both), 121.69 (one diastereomer), 121.73
(other diastereomer), 127.73 (both), 130.3 (both), 130.92 (both), 134.19
(one diastereomer), 134.27 (other diastereomer), 135.77 (one diastereo-
mer), 135.81 (other diastereomer), 140.61 (one diastereomer), 140.63
(other diastereomer), 146.39 (both), 148.53 (both), 150.13 ppm (both); IR
(neat): ñ=1558, 1510 (C=C, C=N), 1190 cm�1 (B�F); MS (EI): m/z : 568
[M]+ , 540 [M�C2H4]


+ ; elemental analysis calcd (%) for
C33H31BF2N2O4·


1=2H2O: C 68.64, H 5.58, N 4.85; found: C 68.77, H 5.46,
N 4.83.


General procedure for the preparation of 4a–f : Compounds 3a–f were
heated at 220 8C under N2 at reduced pressure (10 mmHg) to afford
quantitative yields of the corresponding pure 4a–f.


7,7-Difluoro-5,9-dimethyl-14-phenyl-7-bora-7H-benzo[1,2-a;4,5-a’]diisoin-
dole (4a): Copper-colored crystals; m.p.>250 8C; 1H NMR (400 MHz,
CDCl3): d=7.64–7.68 (m, 5H), 7.51–7.53 (m, 2H), 7.08–7.11 (m, 2H),
6.98–7.02 (m, 2H), 6.16–6.18 (m, 2H), 2.97 ppm (s, 6H); 13C NMR
(100 MHz, CDCl3): d=12.45, 121.18, 121.94, 123.75, 124.76, 128.72,
129.01, 129.20, 129.38, 130.50, 130.53, 133.89, 135.05, 150.41 ppm; IR
(neat): ñ=1542, 1510 (C=C, C=N), 1191 cm�1 (B�F); MS (EI): m/z : 396
[M]+ ; elemental analysis calcd (%) for C25H19BF2N2·H2O: C 72.49, H
5.11, N 6.76; found: C 72.73, H 4.82, N 6.77.


7,7-Difluoro-5,9-dimethyl-14-[4-(dimethylamino)phenyl]-7-bora-7H-
benzo[1,2-a;4,5-a’]diisoindole (4b): Copper-colored crystals; m.p.
>250 8C; 1H NMR (400 MHz, CDCl3) d=7.63–7.65 (m, 2H), 7.30–7.32
(m, 2H), 7.01–7.11 (m, 4H), 6.91–6.93 (m, 2H), 6.43–6.45(m, 2H), 3.13
(s, 6H), 2.95 ppm (s, 6H); 13C NMR (100 MHz, CDCl3): d=12.41, 40.44,
112.55, 121.61, 121.74, 122.19, 123.55, 125.51, 128.54, 129.75, 130.38,
134.06, 135.96, 149.68, 150.85 ppm; IR (neat): ñ=1531, 1508 (C=C, C=N),
1195 cm�1 (B�F); MS (EI): m/z : 439 [M]+ ; elemental analysis calcd (%)
for C27H24BF2N3: C 73.82, H 5.51, N 9.56; found: C 73.77, H 5.58, N 9.44.


7,7-Difluoro-5,9-dimethyl-14-[4-(1,4,7,10,13-azatetraoxaheptadecanyl)-
phenyl]-7-bora-7H-benzo[1,2-a;4,5-a’]diisoindole (4c): Copper-colored
crystals; m.p.>250 8C; 1H NMR (400 MHz, CDCl3): d=7.63–7.65 (m,
2H), 7.27–7.29 (m, 2H), 7.07–7.11 (m, 4H), 6.86–6.88 (m, 2H), 6.48–6.50
(m, 2H), 3.89–3.91 (m, 2H), 3.63–3.74 (m, 18H), 2.96 ppm (s, 6H); 13C
NMR (100 MHz, CDCl3): d=14.12, 52.81, 68.57, 69.86, 70.27, 71.33,
112.40, 121.67, 121.75, 127.95, 130.67, 131.43, 134.07, 135.37, 136.63,
141.67, 146.61, 149.57, 150.91 ppm; IR (neat): ñ=1538, 1508 (C=C, C=N),
1195 cm�1 (B�F); MS (EI): m/z : 613 [M]+ ; elemental analysis calcd (%)
for C35H38BF2N3O4: C 68.52, H 6.24, N 6.85; found: C 68.45, H 6.32, N
6.78.


7,7-Difluoro-5,9-dimethyl-14-(1,4,7,10,13-pentaoxabenzoheptadecan-15-
yl)-7-bora-7H-benzo[1,2-a;4,5-a’]diisoindole (4d): Copper-colored crys-
tals; m.p. >250 8C; 1H NMR (400 MHz, CDCl3): d=7.64–7.66 (m, 2H),
7.0–7.13 ( m, 7H), 6.34–6.36 (m, 2H), 4.31–4.33 (m, 2H), 4.05–4.09 (m,
4H), 3.81–3.87 (m, 10H), 2.95 ppm (s, 6H); 13C NMR (100 MHz, CDCl3):
d=12.43, 68.48, 68.50, 69.16, 69.41, 70.16, 70.17, 71.00, 71.11, 113.66,
113.81, 121.50, 121.65, 121.85, 123.80, 125.00, 127.52, 128.92, 130.42,
133.84, 134.48, 149.55, 149.60, 150.28 ppm; IR (neat): ñ=1538, 1509 (C=
C, C=N), 1192 cm�1 (B�F); MS (EI): m/z : 586 [M]+ ; elemental analysis
calcd (%) for C33H33BF2N2O5·H2O: C 65.57, H 5.84, N 4.63; found: C
65.55, H 5.74, N 4.37.


Diethyl-7,7-difluoro-14-(1,4,7,10,13-pentaoxabenzoheptadecan-15-yl)-7-
bora-7H-benzo[1,2-a;4,5-a’]diisoindole-5,9-dicarboxylate (4e): Blue
powder; m.p. 143–145 8C; 1H NMR (400 MHz, CDCl3): d=8.10–8.12 (m,
2H), 7.26–7.30 (m, 4H), 6.99–7.19 (m, 3H), 6.36–6.38 (m, 2H), 4.61 (q,
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J=7.3 Hz, 4H), 4.33 (m, 2H), 4.05–4.08 (m, 4H), 3.81–3.86 (m, 10H),
1.55 ppm (t, J=7.3 Hz, 6H); 13C NMR (100 MHz, CDCl3): d=14.14,
62.21, 62.30, 68.36, 68.52, 68.99, 69.22, 70.04, 70.04, 70.90, 71.00, 113.06,
121.24, 122.07, 124.04, 126.51, 126.57, 129.42, 129.92, 131.14, 134.64,
140.03, 141.06, 149.88, 150.17, 160.63 ppm; IR (neat): ñ=1546, 1511 (C=
C, C=N), 1192 cm�1 (B�F); MS (FAB): m/z : 703 [M+H]+ ; elemental
analysis calcd (%) for C37H37BF2N2O9: C 63.26, H 5.31, N 3.99; found: C
62.98, H 5.09, N 3.90.


Diethyl-7,7-difluoro-14-phenyl-7-bora-7H-benzo[1,2-a;4,5-a’]diisoindole-
5,9-dicarboxylate (4 f): Copper-colored crystals; m.p. >250 8C; 1H NMR
(400 MHz, CDCl3): d=8.18–8.20 (m, 2H), 7.52–7.71 (m, 5H), 7.21–7.25
(m, 2H), 6.95–6.99 (m, 2H), 6.11–6.13 (m, 2H), 4.58 (q, J=7.3 Hz, 4H),
1.56 ppm (t, J=7.3 Hz, 6H); 13C NMR (100 MHz, CDCl3): d=14.14,
62.21, 68.36, 121.17, 121.97, 123.75, 124.77, 128.75, 129.02, 129.23, 129.43,
130.51, 130.57, 133.92, 135.15, 150.50 ppm; IR (neat): ñ=1546, 1509 (C=
C, C=N), 1191 cm�1 (B�F); MS (EI): m/z : 512 [M]+ , 464 [M�BF2]


+ ; ele-
mental analysis calcd (%) for C29H23BF2N2O4: C 67.99, H 4.53, N 5.47;
found: C 67.76, H 4.62, N 5.51.


X-ray crystallography : A summary of the crystallographic data and de-
tails of the structure determinations is given in Table 1. The data were
collected on a Bruker SMART CCD diffractometer (3a,d and 4a,d ;
MoKa radiation, l=0.71073 T, w scans), a RigakuAFC5R diffractometer
(3c ; MoKa radiation, 2V�w scans), and a Rigaku/MSC Mercury CCD
diffractometer (3e ; MoKa radiation, w scans). The data were corrected
for Lorentz and polarization effects, absorption, and secondary extinc-
tion. The structures were solved by direct methods and refined by full-
matrix least-squares methods based on F2 (SHELX97[60] for 3a,d and
4a,d, teXsan[61] for 3c,e). In 4a and 3d, hydrogen atoms were located by
difference Fourier syntheses. For all other compounds, hydrogen posi-
tions were calculated in correspondence to their geometrical conditions.
It should be noted that 4a contains a mirror plane which coincides with
that of the space group Pnnm. For 3a, the Pnnm symmetry is fulfilled
only statistically. This leads to an overlap of the double bonds C11=C12
and C15=C16 with the single bonds C11A�C12A and C15A�C16A, re-
spectively. Therefore, four corresponding restraints for bond lengths were
used in the structure refinement. In the structure of 3e, a conformational
disorder of the benzocrown ring was observed. This disorder leads to a
splitting of one oxygen and three carbon atoms.


CCDC-215231 (3a), CCDC-210669 (3c), CCDC-214765 (3d), CCDC-
210668 (3e), CCDC-212601 (4a), and CCDC-212600 (4d) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB21EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk)


Steady-state absorption and fluorescence spectroscopy : UV/Vis spectra
were recorded on a Bruins Instruments Omega10 spectrophotometer and
for the steady-state fluorescence spectra, a Spectronics Instruments 8100
spectrofluorometer was employed. Titrations and low-temperature phos-
phorescence checks were performed on a Perkin–Elmer LS50B spectro-
fluorometer. All measurements were carried out at 298�1 K. Molar ex-
tinction coefficients were determined from N=8 individual samples. For
the fluorescence experiments, only dilute solutions with an optical density
(OD) below 0.1 at the absorption maximum were used and the fluores-
cence measurements were performed with a 908 standard geometry and
polarizers set at 54.78 (emission) and 08 (excitation). The fluorescence
quantum yields (Ff) were determined relative to fluorescein 27 in 0.1n
NaOH (Ff=0.90�0.03)[62] and 4-dicyanomethylene-2-methyl-6-(p-dime-
thylaminostyryl)-4H-pyran in methanol (Ff=0.43�0.08)[63] for the 3
series as well as rhodamine 101 in ethanol (Ff=1.00�0.02)[64] for all the
compounds of the 4 series, except 4e,f. For the latter, cryptocyanine in
ethanol (Ff=0.007�0.001)[65] was used, which was additionally checked
against rhodamine 101 for comparability. All the fluorescence spectra
presented here were corrected for the spectral response of the detection
system (calibrated quartz halogen lamp placed inside an integrating
sphere; Gigahertz-Optik) and for the spectral irradiance of the excitation
channel (calibrated silicon diode mounted at a sphere port; Gigahertz-
Optik). The uncertainties of the fluorescence quantum yields were deter-
mined to �5% (for Ff>0.2), �10% (for 0.2>Ff>0.02), �20% (for
0.02>Ff>5W10�3), and �30% (for 5W10�3>Ff). The Stokes shifts were
calculated from the differences between the maxima of the lowest/highest
energy subband of the corresponding deconvoluted absorption and emis-


sion spectra (cf. Figure S4 in the Supporting Information), and not from
the global band maxima (in nm) as given in the tables. It should further
be noted that in addition to deconvolution, conversion of the fluores-
cence spectra to the energy scale requires another correction step.[66]


Time-resolved fluorescence spectroscopy : Fluorescence lifetimes (tf)
were measured with a unique customized laser impulse fluorometer with
picosecond time resolution. To be able to excite the BDI dyes in their
longest-wavelength absorption band, the setup described by us in an ear-
lier publication[67] was modified with respect to the excitation source. The
80 fs pulses provided at 800 nm with a repetition rate of 82 MHz by a fre-
quency-doubled Nd:YVO4 laser (Spectra Physics Millennia Xs) pumped
Ti:sapphire laser (Spectra Physics Tsunami) were used to seed a regener-
ative amplifier (Spectra Physics Spitfire P-5K), whereby pulse amplifica-
tion was obtained by pumping with a frequency-doubled Nd:YLF laser
(Spectra Physics Evolution X) operated at 5 kHz. The typically 90 fs long
output pulses were fed into an OPA (Spectra Physics OPA-800-F-HGII)
and used to generate the respective excitation light by frequency quadru-
pling the idler of the OPA. The fluorescence was collected at right angles
(polarizer set at 54.78 ; monochromator with spectral bandwidths of 4, 8,
and 16 nm) and the fluorescence decays were recorded with a modular
single-photon timing unit described in reference [67]. With typical instru-
mental response functions of 25–30 ps (full width at half maximum), the
time division was 5.2 ps per channel and the experimental accuracy was
�3 ps. The laser beam was attenuated with a double prism attenuator
from LTB and typical excitation energies were in the nanowatt-to-micro-
watt range (average laser power). Other details on the characterization
and calibration of the instrument can be found in references [57, 67]. The
fluorescence lifetime profiles were analyzed with a PC and the software
package Global Unlimited V2.2 (Laboratory for Fluorescence Dynamics,
University of Illinois). The goodness-of-fit of the single decays, as judged
by reduced chi-squared (c2R) and the autocorrelation function C(j) of the
residuals, was always below c2R<1.2. For all dyes showing a single fluores-
cence band, decays were recorded at three different emission wave-
lengths and analyzed globally. For the dual emissive dyes, decays were re-
corded at ten different wavelengths over the entire emission spectrum
and also analyzed by global analysis. Such a global analysis of decays re-
corded at different emission wavelengths implies that the decay times of
the species are linked while the program varies the preexponential fac-
tors and lifetimes until the changes in the error surface (c2 surface) are
minimal, that is, convergence is reached. The fitting results are judged for
every single decay (local c2R) and for all the decays (global c2R). The
errors for all the global analytical results presented here were below a
global c2R=1.2.


Low-temperature and temperature-dependent measurements : Absorp-
tion and fluorescence measurements as a function of temperature or at
77 K were conducted with a continuous flow cryostat CF1204 (Oxford
Instruments), modified for us with liquid nitrogen. Liquid N2 was
pumped from a storage container through a transfer tube (GFS300,
Oxford Instruments) and flow control (VC30, Oxford Instruments) by a
gas flow pump (GF2, Oxford Instruments) through the cryostat. The
temperature was externally controlled by heating and flow adjustment
with the temperature controller ITC4 (Oxford Instruments). The temper-
ature in the sample rod was monitored by means of the temperature-de-
pendent resistance of a sensor, which was calibrated with a Peltier ele-
ment. In the cooling regime, the temperature was gradually decreased in
steps of 30 K with equilibration times of 20 min at every point of mea-
surement.


Cyclic voltammetry : Cyclic voltammograms were obtained in acetoni-
trile/0.1m TBAP (tetra-n-butylammonium perchlorate) on a BAS electro-
chemical analyzer model BS-1 with a platinum disk as the working elec-
trode, Ag/AgNO3 as the quasi-reference electrode, and a platinum wire
as the counterelectrode. Redox potentials were referenced internally
against ferrocenium/ferrocene (Fc+/Fc). Measurements were performed
under an inert atmosphere with a scan rate of 250 mVs�1 at room temper-
ature.


Complex stability constants : The complex stability constants reported
here were determined from fluorescence measurements. The complex
stability constants K were measured by titrating a dilute solution (typical-
ly 10�6m) of ligand by adding aliquots of metal ion solution (cM0 titra-
tion). Methods detailed in reference [57] based on models introduced by
Valeur et al.[68] were employed to fit the complexometric titration data
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(with Origin V7.0, Originlab Corp.). The reported values are mean
values of at least two measurements with correlation coefficients >0.99.


Quantum chemical calculations : Geometry optimizations were performed
employing the semiempirical AM1 method (gradient<0.01) and transi-
tion energies were calculated on the basis of these ground state geome-
tries and 1SCF calculations with a CI of 8 by the AM1 method
(Ampac V6.55, Semichem).[69]
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Facile Access to Redox-Active C2-Bridged Complexes with Half-Sandwich
Manganese End Groups


Sohrab Kheradmandan, Koushik Venkatesan, Olivier Blacque, Helmut W. Schmalle, and
Heinz Berke*[a]


Introduction


The field of electronics using single-molecule components
has recently received much attention as a possible new path
for the continued miniaturization of electronics. Molecular
wires are conceptually the simplest components and basic
motifs of single electron devices.[1–5] Organometallic com-
plexes consisting of a cumulenic spacer and transition-metal
end groups were anticipated to appropriately serve the fun-
damental requirements for the wire function.[1,4,5] Related
polymers or oligomers consisting of dinuclear transition-
metal units spaced by �(C�C)x� bridges were first reported
by Hagihara et al. in the late 1970 s.[7,8] Even though this
earlier work has been joined by extensive preparative explo-
rations, there is still lack of knowledge on appropriate �
(LmM�Cx�MLm)n� species and even on their LmM�Cx�MLm


monomers. In redox wires[9–38] this electronic communication
between the remote ends is related to the capability to un-
dergo facile redox changes in conjunction with a strongly
bound and electronically delocalized spacer.[6] Quite a few
cases[10–15,25,32, 39–78] have been studied, but there is still
demand for further thorough explorations.
Redox-active metal centers combined with C2 bridges are


expected to exhibit strong through-bridge interactions. How-
ever, such species have rarely been reported.[79–93] We there-
fore initiated a search for C2-bridged species with prominent
redox and electron delocalization properties based on low-
energy work functions. These requirements were anticipated
to be well satisfied by half-sandwich molecular end groups
with manganese centers bearing electron-donating phos-
phane and cyclopentadienyl ligands. By analogy we were
able to access related redox-active dinuclear complexes of
the type [{Mn(dmpe)2(X)}2(m-C4)]


n (X= I, C�CH, C�C�C�
CSiMe3 and n=0–+2),[13,67, 84] but the C2-bridged complex
with, for instance, X= I could not be isolated.
Nevertheless, we then attempted the preparation of half-


sandwich complexes of the type [(MeC5H4)(dmpe)Mn�C�
C�Mn(dmpe)(MeC5H4)]n+ (n=0, 1, 2) starting from the
substituted manganocene [(MeC5H4)2Mn],


[85,86] dmpe, and
Me3SnC�CSnMe3. The synthetic potential of manganocenes,
in particular with regard to Cp or MeC5H4 replacement, has
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Dr. H. W. Schmalle, Prof. H. Berke
Anorganisch-Chemisches Institut der UniversitDt ZFrich
Winterthurerstrasse 190, 8057 ZFrich, Switzerland
Fax: (+41)163-56802
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Supporting information for this article is available on the WWW
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Abstract: The dinuclear mixed-valent
complex [(MeC5H4)(dmpe)MnC2Mn-
(dmpe)(C5H4Me)]


+[(h2-MeC5H4)3Mn]
�


[1]+[2]� (dmpe=1,2-bis(dimethylphos-
phanyl)ethane) was prepared by the re-
action of [Mn(MeC5H4)2] with dmpe
and Me3SnC�CSnMe3. The reactions of
[1]+[2]� with K[PF6] and Na[BPh4]
yielded the corresponding anion meta-
thesis products [(MeC5H4)(dmpe)Mn-
C2Mn(dmpe)(C5H4Me)][PF6] ([1][PF6])
and [(MeC5H4)(dmpe)MnC2Mn(dmpe)-
(C5H4Me)][BPh4] ([1][BPh4]). These
mixed-valent species can be reduced to


the neutral form by reaction with Na/
Hg. The obtained complex [(MeC5H4)-
(dmpe)MnC2Mn(dmpe)(C5H4Me)] (1)
displays a triplet/singlet spin equilibri-
um in solution and in the solid state,
which was additionally studied by DFT
calculations. The diamagnetic dication-
ic species [(MeC5H4)(dmpe)MnC2Mn-


(dmpe)(C5H4Me)][PF6]2 ([1][PF6]2) was
obtained by oxidizing the mixed-valent
complex [1][PF6] with one equivalent
of [Fe(C5H5)2][PF6]. Both redox pro-
cesses are fully reversible. The dinucle-
ar compounds were characterized by
NMR, IR, UV-visible, and Raman
spectroscopy, cyclic voltammetry, and
magnetic susceptibility measurements.
X-ray diffraction studies were per-
formed on [1][2], [1][PF6], [1][BPh4],
and [1][PF6]2.


Keywords: alkyne ligands · density
functional calculations · half-sand-
wich complexes · manganese ·
mixed-valent compounds
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not been exploited appropriately, except for an earlier work
by us.[87]


Results and Discussion


Synthesis of the salt [(MeC5H4)(dmpe)MnC2Mn(dmpe)-
(C5H4Me)]+[(h2-MeC5H4)3Mn]� ([1]+[2]�): Treatment of
[(MeC5H4)2Mn] with dmpe affords the pale yellow adduct
[(h2-MeC5H4)(h


5-MeC5H4)Mn(dmpe)].
[88] The compound


was crystallized from diethyl ether/pentane at �30 8C. The
X-ray crystal structure of this d5 high-spin complex was de-
termined (Figure 1). Remarkably, one of the methylcyclo-
pentadienyl rings is coordinated to the metal center in an h2


fashion, rather than in the h5 mode suggested by Wilkinson
et al.[88] This is also in contrast to the structures of related
complexes [(h5-C5H5)2Mn(dmpe)] (dmpe=1,2-bis(dimethyl-
phosphino)ethane),[85,86] [(h5,h1-C5H5)2Mn(tmeda)] and
[(h1,h1-MeC5H4)2Mn(tmeda)] (tmeda=N,N,N’,N’-tetrameth-
yl 1,2-ethanediamine),[88,89] in which other hapticities of the
Cp rings occur. It was not possible to provide evidence for
the hapticity of the cyclopentadienyl rings in solution, since
the 1H NMR spectrum shows strong line broadening due to
the paramagnetism of these species. The low hapticities of
the Cp rings, which we assumed to prevail also in solution,
may be supportive of the facile ring displacements exploited
in the following reactions.
The reaction of Me3SnC�CSnMe3 with two equivalents of


[(h2-MeC5H4)(h
5-MeC5H4)Mn(dmpe)] in THF at room tem-


perature did not yield the ex-
pected [(MeC5H4)(dmpe)Mn-
C2Mn(dmpe)(C5H4Me)] (1);
instead, its oxidized mixed-
valent form [1]+ was obtained
in combination with the trigo-
nally coordinated high-spin
anion [(h2-MeC5H4)3Mn]


� (2),
which was described earlier by
us.[90] The brown paramagnetic
product [1]+[2]� was isolated
in a 67% theoretical yield
based on [(MeC5H4)2Mn] and
the given stoichiometry of
Scheme 1. The formation of
this peculiar pair of complexes
can be rationalized on the
basis of strongly reducing
properties of neutral 1, which
may indeed form first. Subse-
quent electron transfer occurs
from 1 to an intermediate
MnII complex cation
[(MeC5H4)(dmpe)Mn(h


1-dmpe)]+


to form the very stable complex
[{(MeC5H4)(dmpe)Mn}2(m-dmpe)]
(3) and dmpe. Formation of
the intermediate cation can be
envisaged by ligand dispro-
portionation starting from


Figure 1. Molecular structure of [(h2-MeC5H4)(h
5-MeC5H4)Mn(dmpe)]


(30% probability displacement ellipsoids). Selected bond lengths [P] and
angles [8]: Mn1�C9 2.374(2), Mn1�C10 2.409(2), Mn1�P1 2.6646(6),
Mn1�P2 2.7153(6); C9-Mn1-C10 34.19(8), C9-Mn1-P1 128.92(6), C10-
Mn1-P1 108.78(7), C9-Mn1-P2 103.96(7), C10-Mn1-P2 131.54(6). Hydro-
gen atoms are omitted for clarity.


Scheme 1.
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[(h2-MeC5H4)(h
5-MeC5H4)Mn(dmpe)] [Eq. (1)], which also


makes 2 available.


2 ½ðMeC5H4Þ2MnðdmpeÞ� Ð ½ðMeC5H4ÞðdmpeÞMnðh1-dmpeÞ�þ


þ½ðh2-MeC5H4Þ3Mn��
ð1Þ


In the 1H NMR spectrum of 3 the protons of the dmpe
ligand were observed at 1.1–1.7 ppm. The resonances for the
methylcyclopentadienyl ring appear as singlets at 3.6 and
3.8 ppm, and the methyl protons as a singlet at 2.2 ppm. The
31P NMR spectrum exhibits two broad resonances at 56.0
and 87.9 ppm. Compound 3 was crystallized from diethyl
ether at �30 8C and was characterized by X-ray diffraction
(Figure 2).


It was found earlier that the trigonal-planar tris(h2-meth-
ylcyclopentadienyl)manganate anion 2 is stable only in the
presence of large cations.[90] Therefore its stability in the salt
[1][2] is assumed to be supported by the presence of the
bulky and relatively inert coun-
terion [1]+ . The overall reaction
forming the complex [1][2] is
thus a complicated multistep
process involving electron and
ligand exchanges. The 1H NMR
spectrum of [1][2] shows broad
signals for the dmpe ligand at
�8.2 ppm and for the methylcy-
clopentadienyl protons at �7.20
and 1.1 ppm; this is expected
for a mixture of paramagnetic
d5/d4 low-spin complexes with
chemical shifts in the upfield
region. In accord with related
investigations of KQhler
et al. ,[91,92a] the proton signals of
the cationic part of [1][2] show


a linear dependence of the chemical shifts on 1/T, which
stresses their Curie–Weiss behavior. Deep red plates of [1]
[2] were obtained by slow diffusion of diethyl ether into a
saturated solution of the complex in THF. The structure of
[1][2] was determined by X-ray diffraction (Figure 3).


Anion metathesis of [1]+[2] with [PF6]
� and [BPh4]


� : Treat-
ment of the reaction mixture of [1][2] with an excess of
K[PF6] or Na[BPh4], respectively, gave the desired salts [1]


+


A� (A=PF6
� , BPh4


� ; Scheme 2); these have good solubility
in dichloromethane, while [1][2] is soluble in THF. The
1H NMR spectra of [1][PF6] and [1][BPh4] show single reso-
nances for the methyl group of the methylcyclopentadienyl
unit at 0.3 ppm and broad superimposed high-field reso-


nances for the dmpe and ring
protons at �7.9 ppm. Both
complexes were additionally
characterized by single-crystal
X-ray diffraction, which showed
that the ion [1]+ has a stable
structure, grossly independent
of influences of the counterions.
Deep red single crystals of [1]+


[BPh4] suitable for X-ray stud-
ies (Figure 4) were obtained
from CH2Cl2/THF (1/1) at
�40 8C.


Redox chemistry of [1][PF6]
leading to 1 and [1][PF6]2 : The
mixed-valent species [1][PF6]
requires a strong reducing
agent for its transformation into
the neutral complex 1. Thus, re-
duction of [1][PF6] was carried
out with Na/Hg in THF at room
temperature for 5 h and led to


the dark red neutral complex 1 (Scheme 2), which is soluble
in pentane. Compound 1 is very sensitive towards oxygen
and moisture and decomposes in solution within 24 h. Con-
centration of a solution of 1 and crystallization at �40 8C


Figure 2. Molecular structure of 3 (30% probability displacement ellipsoids). Selected bond lengths [P] and
angles [8]: Mn1�MeCp1(Cg) 2.132(3), Mn2�MeCp2(Cg) 2.132(3), Mn1�P1 2.1814(8), Mn1�P2 2.1788(8),
Mn1�P3 2.2041(7), Mn2�P4 2.2090(8), Mn2�P5 2.2055(8), Mn2�P6 2.1948(8); P1-Mn1-P2 83.89(3), P2-Mn1-
P3 95.83(3), P5-Mn2-P6 84.20(3), P5-Mn2-P4 99.03(3), P6-Mn2-P4 95.30(3), Mn1-P3-C15 114.20(9). Hydrogen
atoms are omitted for clarity.


Figure 3. Molecular structure of [1][2] (30% probability displacement ellipsoids). Selected bond lengths [P]
and angles [8]: Mn4�C28 1.790(7), C27�C28 1.312(8), Mn4�P7 2.232(2), Mn4�P8 2.217(2); C27-C28-Mn4
173.8(5), C28-Mn4-P8 86.88(18), C28-Mn4-P7 94.8(2). Seven independent molecules are found in the unit cell,
of which only two are displayed for clarity. Hydrogen atoms are omitted for clarity.
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gave deep red crystals, for which an X-ray diffraction study
was performed (Figure 5).
The 1H NMR spectrum of 1 revealed an unusual paramag-


netic behavior from room temperature down to �90 8C. At
room temperature the 1H NMR resonances for the methyl-
cyclopentadienyl ring protons were observed as two sharp
singlets at 4.95 and 6.67 ppm and those of the methyl pro-
tons at 2.47 ppm; both groups of resonances appeared in a
chemical shift range quite consistent with that of diamagnet-
ic compounds. However, the proton resonances for the
dmpe ligand were observed at room temperature in a para-
magnetically shifted range of �0.09 – 1.54 ppm. The high-
field 31P NMR resonance of 1 at around �21.6 ppm[84] also
indicates paramagnetic influence. Variable-temperature
1H NMR studies revealed that the chemical shifts of the
methylcyclopentadienyl ligand were only weakly dependent
on temperature, whereas the signals of the phosphorus
donors exhibit a very strong temperature dependence. Vari-
able-temperature 31P NMR experiments in the range from
�90 to +50 8C showed a steady shift of the signal to lower
field, which finally leveled off at �90 8C.
This can be explained by assuming an equilibrium be-


tween a singlet ground state and a triplet state of 1, with the


latter at somewhat higher
energy (several kcalmol�1, see
DFT calculations below). If
thermal equilibration according
to Equation (2) is fast on the
NMR timescale, this leads to
averaging of the signals of both
species.
In the high-temperature


regime of Figure 6 the triplet
molecule thus prevails and
causes Curie–Weiss behavior of
the curve in the initial part of
the 1/T plot, while at low tem-
perature the singlet molecule is
dominant and leads to an ap-
proximately constant 31P NMR
chemical shift. Note that the
magnetic susceptibility mea-
surements in the solid state
(vide infra) support paramag-
netic behavior of 1 due to two
electrons at room temperature,
but also a spin equilibrium with
the singlet state, as the ground
state and the triplet state in
close energetic vicinity. Further-
more, the singlet state appears
energetically more preferred in
solution than in the solid state,
owing to significant extra stabi-
lization from a specific interac-
tion with the solvent. To pro-
vide support for this view of
equilibrating spin states in both
solution and the solid state,


DFT calculations were carried out on a model system (see
below).
[1][PF6] could be oxidized with one equivalent of [Cp2Fe]


[PF6] in CH2Cl2 over 24 h to [1][PF6]2 in quantitative yield.
Complex [1][PF6]2 shows diamagnetic behavior. The
1H NMR of [1][PF6]2 reveals a broad resonance for the pro-
tons of the methylcyclopentadienyl ring at 6.2 ppm, and the
signal for the methyl protons appears at 2.1 ppm. The
31P NMR spectrum exhibits a broad resonance at 79.3 ppm
for the dmpe ligand and a septet for the [PF6]


� ion at
144.8 ppm. The deep red-brown crystals of [1][PF6]2 are only
soluble in polar solvents like CH3CN and CH3NO2. They
are stable in air, which contrasts with the behavior of the
complexes [1][PF6] and 1. Single crystals of [1][PF6]2 were
obtained from CH3CN/CH2Cl2/THF (2/1/1) at �40 8C
(Figure 7).


DFT calculations : DFT calculations on the neutral model
complex [(MeC5H4)(dHpe)MnC2Mn(dHpe)(C5H4Me)] (1-
H) in the gas phase revealed a paramagnetic ground state,
with a singlet state at somewhat higher energy. The energy
difference between the most stable conformations of the
two spin states of 1-H is only 4.5 kcalmol�1. This quite small


Scheme 2.
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difference is nevertheless in contrast to the experimental ob-
servations. To put this in perspective one should bear in


mind that the calculations were carried out on the model
system 1-H, since replacement of the phosphane methyl
groups in 1 by H substituents[92b] might affect the relative


energies of HOMO and
LUMO, and therefore the ener-
gies of the triplet and singlet
states. Nevertheless it is clear
from the calculations that the
singlet and triplet states are
close in energy.
It was found that the mini-


mum energies of the structures
associated with the different
electronic states refer to differ-
ent rotamers of 1-H, character-
ized by dihedral angles a of the
pseudo mirror planes of the
(MeC5H4)(dHpe)Mn fragments
of 179.58 (transoid geometry)
for the triplet state T1 and for
the singlet state S1 and 89.98
(gauche geometry) for the other
triplet state T2.
An analysis of MeC5H4 rota-


tion was carried out on Mn�Mn
rotamers. The respective ener-
gies of the rotational isomers of
the C5H4Me rings are indicated
in Figure 8. The calculated
energy differences are rather


small; therefore, the C5H4Me ring rotation is not considered
further.


Figure 5. Molecular structure of 1 (30% probability displacement ellipsoids). Selected bond lengths [P] and
angles [8]: Mn1�C1 1.872(2), C1�C1a 1.271(4), Mn1�MeCp(Cg) 2.156(2), Mn1�P1 2.1871(7), Mn1�P2
2.1943(7); Mn1-C1-C1a 176.7(2), C1-Mn1-P1 87.62(7), C1-Mn1-P2 89.77(7), P1-Mn1-P2 83.66(2). Hydrogen
atoms are omitted for clarity.


Figure 6. VT 31P NMR chemical shift of 1.


Figure 4. Molecular structure of [1][BPh4] (30% probability displacement
ellipsoids). Selected bond lengths [P] and angles [8]: Mn1�C1 1.8003(18),
C1�C1a 1.291(4), Mn1�MeCp(Cg) 2.165(2), Mn1�P1 2.2504(6) Mn1�P2
2.2201(6); Mn1-C1-C1a 178.2(2), C1-Mn1-P1 92.29(6), C1-Mn1-P2
88.48(6), P1-Mn1-P2 84.86(3). Hydrogen atoms are omitted for clarity.
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The two potential-energy curves displayed in Figure 8 for
the singlet and triplet states showed no crossing point along
the reaction coordinate. The triplet state of model complex
1-H is according to the calculations in all cases more stable
than the singlet state, but very small energy differences of
1.3–1.4 kcalmol�1 are seen between the two states in the 0
and 1808 conformations. It is also worth noting that the sin-
glet state is considerably destabilized in its 908 (or 2708) ge-
ometry, and this results in a large gap of 13.5 kcalmol�1 with
respect to the corresponding local triplet-state minima. It
should be emphasized once more that the triplet curve
being energetically below the singlet curve does not agree
with the experimental observations and presumably corre-
sponds to an artifact of the calculations. Nevertheless, the
general rule that reactions with a barrier of 21 kcalmol�1 or
less will proceed readily at room temperature[93a] suggests
that facile rotation around the Mn�Mn vector can occur in
solution regardless of the electronic configuration. A hint
that the calculated order with T2 (a=908) energetically
below T1 and S1 might not agree with reality comes from
the structure determination of 1, which suggests the real
ground state geometry to have a=1808, which is the case
for T1 or S1. However, even T1 lying energetically below S1
seems to be false according to the NMR data and of the
magnetic measurements. However, this situation should not
be stressed too much, since T1 and S1 were computed to be
very close and this allows one to conclude that both triplet
and singlet states could be real and might even coexist with
a very small energy difference.
A careful analysis of the frontier molecular orbitals of


three prominent structures from the potential-energy sur-
faces is shown in Figure 9. The quantitative energy diagrams
provide a comparison between the energy levels of selected
frontier molecular orbitals of the S1 molecule in its lowest
energy conformation (a	1808) and the triplet state mole-
cules T1 (a	1808) and T2 (a	908). A relatively small
energy gap of 0.29 eV separates the HOMO and LUMO of
S1. These two perpendicular p orbitals have almost identical
shapes. Due to the low symmetry of CpML2 fragments


[94]


their p? and pk orbitals are nondegenerate and in coplanar
dinuclear arrangements (a=0 or 1808); this leads to nonde-
generate p?–p? and pk–pk interactions. The HOMO and
LUMO of the S1 molecule are such a pair of p?- and pk-de-
rived p interactions delocalized along the Mn�C�C�Mn
chain with Mn�C nodal planes.[93b] This situation in which
one orbital of a closely related p set is unoccupied mirrors
the fact that 1 is not an electron-precise molecule. The ion
[1]2� would be so; this would require filling the LUMO of 1
with two electrons and the bridging C2 unit to be an acety-
lide ligand C2


2�. However, [1]2� seems energetically unfavor-
able, since the out-of-phase Mn�C interactions in the
HOMO and LUMO of S1 (or the two HOMOs of a hypo-
thetical [1]2� ion) are reminiscent of the p-donor properties
of the C2


2� ligand, which pushes both these orbitals to quite
high energies. The two “excess” electrons of [1]2� are there-
fore highly reducing in character. The CV results (vide
infra) confirm this picture, in that reduction of 1 is just pos-
sible by one electron, and can occur only at very negative
potentials that are presumably not even synthetically accom-


Figure 7. Molecular structure of [1][PF6]2 (30% probability displacement
ellipsoids). Selected bond lengths [P] and angles [8]: Mn1�C1 1.733(2),
Mn1�MeCp(Cg) 2.164(2), Mn1�P1 2.2595(8), Mn1�P2 2.2818(7), C1�
C1a 1.325(5); Mn1-C1-C1a 175.7(3), P1-Mn1-P2 85.28(3), P1-Mn1-C1
86.68(9), P2-Mn1-C1 94.59(8). Hydrogen atoms and the anions have been
omitted for clarity.


Figure 8. Potential energy surfaces for singlet and triplet states of model
complex [(MeC5H4)(dHpe)MnC2Mn(dHpe)(MeC5H4)] (1-H) showing the
changes in relative energies with respect to the reaction coordinate a, de-
fined as the dihedral angle between the local pseudo mirror planes of the
two (MeC5H4)(dHpe)Mn fragments; distinct rotamers of the (MeC5H4)
rings are also taken into account (open symbols: partially optimized ge-
ometry; gray symbols: fully optimized geometry for the (MeC5H4) ring
with proximal methyl groups at 908 to the Mn�Mn axis; black symbols:
fully optimized geometry for (MeC5H4) with distal methyl groups at 908
to the Mn�Mn axis.
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plishable. It is a general feature of all the electronic states of
1 that their HOMOs and SOMOs are at very high absolute
energies and therefore have relatively high values of the or-
bital coefficients at the Mn and C atoms. However, this en-
hances the electron-delocalization properties of molecules
like 1 and also leads to their small work functions. Further-
more, the orbital diagram of S1 shows a set of four occupied
orbitals lying energetically below the HOMO, two of which
exhibit practically only metal d character, whereas the other
two are again a set of nondegenerate p? and pk interactions
with Mn�C bonding and C�C antibonding character. Over-
all the picture of the perpendicular p sets of the Mn�C2�Mn
fragments is reminiscent of the orbitals of two four-centered
p systems, in which the two p3 orbitals bear only two elec-
trons and thus singlet- and triplet-type distributions result.
The triplet state in the geometry of T1 (a	1808) then


leads to a larger SOMO–LUMO separation than in S1
(0.41 eV). The two unpaired electrons of like spin a occupy
perpendicular orbitals of similar shape, which were HOMO
and LUMO of S1, and the other filled orbitals of T1 are
also very similar to those of S1. The geometry of the triplet
molecule T2 with a=908 shows a large increase in the
SOMO–LUMO gap, which now amounts to 0.90 eV. In the
spin-separated view the upper six singly occupied a spin or-
bitals can now form three doubly degenerate sets of p?–pk


between the manganese centers, and the b orbitals accord-
ingly can form two sets.
The spin-separated orbital picture reveals that the energy


minima found for T2, S1, and T1 are the result of counterac-


tion of electron–electron repulsions and the extent of anti-
bonding Mn�C interactions in the HOMO of S1 with re-
spect to the SOMOs of T1 and T2. The energetic balancing
of these factors with their small partial energy contributions
leads to the observed quite small total energy differences of
S1, T1, and T2. This indeed precludes qualitative arguments,
and, if the calculational procedures tend to overestimate
one or the other factor, then it is quite conceivable that they
might not fully reproduce reality.
The described electronic behavior of complex 1 in solu-


tion, in which its singlet state may even be enforced and
substantially lower in energy than the triplet state, was in-
tended to be mimicked in the calculations by a general sol-
vent effect, by using electrostatic model calculations, and
furthermore by a specific solvent effect in which 1-H is ap-
proached by a solvent molecule. Since 1 is a neutral species,
the effect of model solvation applying electrostatic fields in
the calculations was found to be minor and is therefore ap-
parently not significant.
However, according to a Mulliken charge analysis for the


S1 molecule, the atoms of the carbon spacer carry a positive
partial charge, whereas the metal centers have negative
charges. Thus, a directed interaction between a solvent mol-
ecule, that is, THF with its electron-rich donor atom, and
the carbon atoms could be expected. However, full geome-
try optimizations of model compound 1-H(THF), in which a
tetrahydrofuran molecule interacts with one carbon atom of
the C=C bridge, failed to converge for both spin states, ap-
parently because steric repulsion was too large.


Figure 9. Energies of the main frontier orbitals for the selected molecules S1, T1, and T2.
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When the distance to THF was fixed at 2.6 P, there was
no clear-cut preference for a singlet or triplet ground state
of the molecule, and the singlet structure was more stable
by only 0.5 kcalmol�1. This might indicate that electron-do-
nating solvent molecules could induce a preference for the
single state.
In conclusion, the gas-phase calculations suggested a trip-


let ground state of the neutral model complex
[(MeC5H4)(dHpe)MnC2Mn(dHpe)(C5H4Me)] (1-H), which
in fact might be artificial. Despite the inability to describe
the kind of ground state with certainty by DFT calculations,
these nevertheless made plausible the fact that the singlet/
triplet energy gap for such dinuclear compounds can be very
small, so that a singlet/triplet spin equilibrium is very likely
to exist for 1. In addition, the singlet state seems to be sup-
ported by solvent interactions.


Cyclic voltammetry (CV) studies, magnetic measurements,
UV-visible studies, and vibrational spectroscopy of 1, [1][2],
[1][PF6], and [1][PF6]2 : Complexes 1, [1][2], [1][PF6], and
[1][PF6]2 exhibit structural variations that are directly relat-
ed to the oxidation states of the manganese atoms. A similar
behavior was observed in complexes with longer carbon
chains between the metal centers.[43,44,48–59,67–74] According to
the resonance forms of Equation (3) the Mn�C bonds short-
en with increasing degree of oxidation, while the internal
C�C bond elongates. This indicates that the cumulenic reso-
nance form is transformed into the bis-carbyne type with a
C�C single bond (Table 1).


Mn¼C¼C¼Mn $ Mn�C�C�Mn ð3Þ


These structural features are expected to be reflected in
appropriate physical properties of these complexes. For in-
stance in Raman spectra symmetric a1g stretching vibrations


should appear as strong bands. Indeed the solid-state
Raman spectrum of [1][PF6] exhibits such an intense n(C�
C) band at 1564 cm�1 with a shoulder at 1590 cm�1. A relat-
ed characteristic strong band was also observed for [1][PF6]2
at 1314 cm�1, but for 1 no such bands were detectable even
when other wavelengths of the incident laser light were ap-
plied. The observed two-band pattern of [1][PF6] could cor-
roborate the existence of two rotamers. The emissions of
[1]2+ and [1]+ indeed correspond to a1g vibrations of the C2
chain.[95–99] The observed shifts of the n(C2) band on going
from [1]+ to [1]2+ indicate significant changes in the elec-
tronic configuration of the C2 chain upon oxidation of the
metal center(s) in the direction suggested by the above reso-
nance forms. This behavior is typical of strongly electroni-
cally coupled systems. Similar structural features of the
MnC2Mn unit were detected in the [{Mn(dmpe)2I}2(m-C4)]


n+


series (n=0, 1, 2).[67] In addition a Raman emission at
around 340 cm�1 was assigned to the n(Mn�C) vibration for
all complexes,[100] and a band at around 270 cm�1 was attrib-
uted to an a1g n(Mn�P) stretch.[101] The IR spectra of 1, [1]
[PF6], and [1][PF6]2 revealed characteristic n(C�C) vibra-
tions for the methylcyclopentadienyl rings at 1629, 1689 (m),
and 1644 cm�1 (w), respectively. The IR intensities of the
n(C=C) vibrations of the C2 bridge were apparently too low
to be observed.
The cyclic voltammogram starting from [1]2+[PF6]2 (CV,


20 8C, NBu4[PF6]/CH3CN, gold electrode, vs Fc/Fc
+) displays


three fully reversible waves (Figure 10): at E1/2=�0.847 V
corresponding to the MnIII�C2�MnIII [1]2+[PF6]2/MnII�C2�
MnIII [1]2+[PF6] redox couple (DEp=0.060 V and ipa/ipc	1
for scan rates of 0.100–0.700 Vs�1), at E1/2=�1.835 V due to
the MnIII�C2�MnII [1]+[PF6]/MnII�C2�MnII 1 couple, and at
E1/2=�2.824 V due to MnIII�C2�MnII 1/MnII�C2�MnI elec-
tron transfer. This species [(MeC5H4)(dmpe)MnC2Mn(dm-
pe)(MeC5H4)]


� is new and has not been generated in pre-
parative studies. However, the potential of this redox couple
may be too negative for reaching the anion by chemical
means. The difference of the values of the first two waves
(DE1/2=0.988 V) establishes a comproportionation constant
of 8.6T1016 [Kc=exp(FDE1/2/RT)].


[6] Incidentally, both po-
tential differences between the three redox processes have


Table 1. Structural features [P] of the Mn-C2-Mn units in [1], [1]
+ , and


[1]2+ .


Mn�C C�C C�Mn
1 1.872(2) 1.271(4) 1.872(2)
[1][PF6] 1.792(3) 1.310(6) 1.792(3)
[1][BPh4] 1.8003(18) 1.291(4) 1.8003(18)
[1][2] 1.817(7) 1.291(8) 1.760(6)


1.774(6) 1.312(8) 1.776(6)
1.780(6) 1.322(12) 1.780(6)


[1][PF6]2 1.733(2) 1.325(5) 1.733(2)


Figure 10. Cyclic voltammogram of [1][PF6]2 (10�3m in CH3CN
nBu4[PF6]/THF, vs Fc/Fc


+ , gold electrode, 100 mVs�1).
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the same large value, which emphasizes the existence of
strong interactions between the manganese centers transmit-
ted through the orbitals of the C2 bridge. The Kc value of
these complexes exceeds those of a series of complexes with
a C4 bridge [{Mn(dmpe)2(X)}2(m-C4)]


n+ (X= I, 1.1T1010; C�
CH, 7.5T109; C�CSiMe3, 2.2T109; C4SiMe3, 1.8T10)[60,67,93]
by several orders of magnitude.
The temperature-dependent magnetic susceptibility was


measured for 1 (Figure 11) and [1][PF6] (Figure 12) in the


solid state in the temperature range 2–300 K. Complex [1]
[PF6] has a magnetic moment of 1.67 mB at 5 K and 1.04 mB
at 200 K. This is a manifestation of its one-electron para-
magnetism, as also suggested by the 1H NMR stud-
ies.[43, 48,67,87]


For 1 the cT value at 300 K drops from 0.94 emuKmol�1


(meff=2.47 mB) to 0.65 emuKmol�1 (meff=2.28 mB) at 2 K.
From this we can conclude that for the 1 in the solid state
the triplet state exists at all temperatures. However, the ob-
served drop in magnetic moment at low temperatures is un-
expected for a genuine paramagnet. This might be caused
by antiferromagnetic coupling or by a singlet/triplet spin
equilibrium with the singlet form as the ground state. The


latter explanation is preferred, since DFT calculations on
model molecules suggested the existence of singlet/triplet
equilibria. Furthermore a spin equilibrium for solid 1 would
parallel the observations found for this complex in solution,
albeit with a significantly higher energetic preference for the
singlet state in solution. Any respective quantification re-
garding the electronic states of 1 seemed to be theoretically
and experimentally difficult both in solution and in the solid
state.
The UV-visible spectra of the series of complexes 1, [1]+


[PF6], and [1]
2+[PF6]2 (Figure 13) are well-structured with an


intense band and a shoulder for all complexes and one addi-
tional band of low intensity at shorter wavelength for 1 and
[1]+[PF6]. In comparison with the spectra of 1 and [1]


2+


[PF6]2, [1]
+[PF6] did not reveal an extra broad absorption at


long wavelength that could be assigned to a mixed-valence
band,[6,11,15,18,43, 48,74, 102–106] as expected for class II systems ac-
cording to the Robin–Day classification. In accord with the
CV results, this would allow one to conclude that the man-
ganese end groups of 1, [1]+[PF6], and [1]


2+[PF6]2 are elec-
tronically strongly coupled and that these complexes belong
to class III. Furthermore, it is quite remarkable how strongly
the systems are affected by charge, since the two major tran-
sitions, which are expected to arise from the same types of
orbitals,[107] shift to shorter wavelengths on going from [1]
[PF6] to [1][PF6]2. This is presumably due to the filled orbi-
tals in the HOMO region of [1][PF6], which are particularly
sensitive to positive charge and are therefore significantly
lowered in energy.


Conclusion


A series of half-sandwich Mn-C2-Mn complexes of the type
[(MeC5H4)(dmpe)MnC2Mn(dmpe)(C5H4Me)]


n+ (n=0, 1, 2)
was prepared. In solution and in the solid state, it is assumed
that the ground state of the neutral species 1 is diamagnetic,
but a triplet state is in close energetic vicinity, so that 1 is


Figure 11. Temperature dependence of the molar magnetic susceptibility
for 1.


Figure 12. Temperature dependence of the molar magnetic susceptibility
for [1]+[PF6].


Figure 13. UV-visible spectra of 1, [1]+[PF6] and [1]
2+[PF6]2 (CH2Cl2, am-


bient temperature, 1T10�4m). [{C5H4CH3Mn(dmpe)}2(m-C2)]
n+ c n=2,


c n=1,a n=0.
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anticipated to exhibit the interesting phenomenon of a sin-
glet/triplet equilibrium. Density functional calculations sug-
gest a small energy gap between the two electronic states.
Several types of physical studies on the dinuclear com-
pounds stress the fact that the manganese centers have very
strong electronic coupling according to class III systems of
the Robin–Day classification. The interesting electronic
properties exhibited by these complexes makes them prom-
ising candidates for the purpose of molecular electronics.


Experimental Section


General : Reagent-grade benzene, toluene, hexane, pentane, diethyl
ether, and tetrahydrofuran were dried and distilled from sodium benzo-
phenone ketyl prior to use. Dichloromethane was distilled first from
P2O5, and then prior to use from CaH2. Literature procedures were used
to prepare the following compounds: 1,2-bis(dimethylphosphanyl)ethane
(dmpe),[108] [(MeC5H4)2Mn],


[85,86] [(MeC5H4)2Mn(dmpe)],
[88] and


[(C5H5)2Fe]
+[PF6]


� .[109] Me3SnC�CSnMe3 was prepared by a modified lit-
erature procedure (see below). nBuLi (1.6m in hexane), MeLi·LiBr (1.5m
in diethyl ether), and Me3SnCl were used as received. All manipulations
were carried out under a nitrogen atmosphere using Schlenk techniques
or a dry box. IR spectra were obtained on a Bio-Rad FTS-45 instrument,
and near-IR spectra on a Perkin–Elmer Lambda 19 UV-visible/near-IR
spectrometer. NMR spectra were measured on a Varian Gemini-300 at
300 MHz for 1H, 121.5 MHz for 31P{1H}, and 282.3 MHz for 19F. All NMR
spectra of paramagnetic compounds were obtained from concentrated
solutions of analytically pure samples. The assignment of the 1H NMR
signals for paramagnetic signals was principally based on the investiga-
tions of KQhler et al.[100, 101] Chemical shifts for 1H, 31P, and 19F are given
in ppm with respect to the signals for residual solvent protons (1H) of the
deuterated solvents. 31P{1H} NMR spectra are referenced to 98% exter-
nal H3PO4. Cyclic voltammograms were obtained with a BAS 100B/W in-
strument (10�3m in 0.1m CH3CN/nBu4N[PF6].


Preparation of Me3SnC�CSnMe3 : According to the literature proce-
dure[110] acetylene (1 equiv) was introduced into a solution of nBuLi
(2.1 equiv, 1.6m) in hexane and diethyl ether at �70 8C under nitrogen.
After stirring the resulting white suspension for 1 h at this temperature,
Me3SnCl (2.1 equiv) in diethyl ether was added, and the reaction mixture
was stirred for 1 h at room temperature. Then a saturated solution of
aqueous NH4Cl was added carefully and slowly to the solution. The or-
ganic layer was separated and dried over magnesium sulfate overnight.
Evaporation of the solvent gave pure Me3SnC�CSnMe3 in good yield
(70–80%) based on Me3SnCl. Alternatively Me3SnC�CSnMe3 can be
prepared in good yield (80–90%) by treating Me3SiC�CSiMe3 with Me-
Li·LiBr (2.2 equiv) in THF, followed by addition of Me3SnCl (2.1 equiv)
and stirring for 1 h at room temperature. A saturated solution of aqueous
NH4Cl was slowly added, and the organic layer was separated and dried
over magnesium sulfate. Evaporation of the solvent gave pure Me3SnC�
CSnMe3 in good yield (70–80%) based on Me3SnCl.


{Bis{[1,2-bis(dimethylphosphanyl)ethane](h5-methylcyclopentadienyl)-
manganese(ii/iii)}(m-CC)}·[tris(h2-methylcyclopentadienyl)manganate(ii)]
[1][2]: [(MeC5H4)2Mn(dmpe)] (363.4 mg, 1.00 mmol) was dissolved in
THF (20 mL). Me3SnC�CSnMe3 (88 mg, 0.25 mmol) in THF (10 mL) was
added to the resulting yellow solution. The reaction mixture turned red
and then dark red-brown. The mixture was stirred for 72 h. The dark red-
brown solution was evaporated to dryness and washed with pentane, di-
ethyl ether, and benzene until the washings were colorless. After extrac-
tion of the red-brown oily residue with THF (5 mL), the solution was fil-
tered through Celite. Diethyl ether (15 mL) was added, and the mixture
was stored at �30 8C. Red-brown crystals were obtained. Yield: 200 mg,
69%; elemental analysis calcd (%) for C54H67Mn3P4 (864.5): C 64.54, H
6.72; found: C 64.43, H 6.59; 1H NMR ([D8]THF, 300 MHz, 20 8C): d=
27.8 (s, 18H, (CH3C5H4)3Mn


�), 1.1 (s, 6H; CH3C5H4), �7.2 (s, 8H;
CH3C5H4), �8.2 ppm (br, 32H; dmpe); 31P{1H} NMR ([D8]THF,
121.5 MHz, 40 8C): d=95.5 ppm (s, dmpe); IR (KBr, 20 8C): ñ=1689 (m,
br), 1644 (w), 1592 (w), 1568 (w), 1531 (w), 1486 (w) n(C=C), 1449 (w),


1417 (m), 1377 (w), 1294 (w), 1278 (m), 1233 (w), 1178 (w, br), 1126 (m),
1081 (w), 1058 (w), 1027 (s), 938 cm�1 (s).


Complex [1]+[PF6]: [(MeC5H4)2Mn(dmpe)] (363.4 mg, 1.00 mmol) was
dissolved in THF (20 mL). Me3SnC�CSnMe3 (88 mg, 0.25 mmol) in THF
(10 mL) was added to the resulting yellow solution. The reaction mixture
turned red and then dark red-brown. The mixture was stirred for 72 h.
After addition of K[PF6] (500 mg, 2.72 mmol) and stirring for 24 h the
dark red-brown solution was evaporated to dryness and washed with pen-
tane and diethyl ether until the washings were colorless. After extraction
of the brown solid residue with dichloromethane (5 mL), the solution
was filtered through Celite. Diethyl ether (15 mL) was added and the
mixture was stored at �30 8C. Black-brown crystals were obtained. Yield:
195 mg, 80%; elemental analysis calcd (%) for C26H46F6Mn2P5 (737.3): C
42.35, H 6.29; found: C 42.71, H 6.52; 1H NMR (CD2Cl2, 300 MHz,
20 8C): d=0.3 (s, 6H; CH3C5H4), �7.9 (br, 40H; CH3C5H4 and dmpe),
�8.2 ppm (br, 32H; dmpe); 31P{1H} NMR (CD2Cl2, 121.5 MHz, 20 8C):
d=�145.7 ppm (sept, JP,F=719 Hz, [PF6]�); IR (KBr, 20 8C): ñ=1629 (w,
br), 1487 (w; C=C), 1454 (w), 1418 (m), 1375 (w), 1298 (w), 1280 (m),
1264 (w), 1236 (w), 1127 (m), 1080 (w), 1032 (w), 946 (s), 933 (s; C�P),
841 cm�1 (vs; P�F); meff=1.04 (220), 1.44 (100), 1.67 mB (5 K).
Complex [1]+[BPh4]: [(MeC5H4)2Mn(dmpe)] (363.4 mg, 1.00 mmol) was
dissolved in THF (20 mL). Me3SnC�CSnMe3 (88 mg, 0.25 mmol) in THF
(10 mL) was added to the resulting yellow solution. The reaction mixture
turned red and then dark red-brown. The mixture was stirred for 72 h.
After addition of Na[BPh4] (924 mg, 2.7 mmol) and stirring for 24 h, the
dark red-brown solution was evaporated to dryness and washed with pen-
tane and diethyl ether until the wash solution was colorless. After extrac-
tion of the red-brown solid residue with dichloromethane (5 mL), the so-
lution was filtered through Celite. Diethyl ether (15 mL) was added and
the mixture was stored at �30 8C. Red-brown crystals were obtained.
Yield: 185 mg, 60.6%. Alternatively this complex can be obtained in
90% yield by reaction of [1]+[PF6] and Na[BPh4] (1 equiv) in THF. Yield
(90%); elemental analysis calcd (%) for C50H66BMn2P4 (911.41): C 65.87,
H 7.30; found: C 66.00, H 7.50; 1H NMR (CD2Cl2, 300 MHz, 25 8C): d=
7.4 (br, 8H; o-C6H5), 7.1 (br, 8H; m-C6H5), 6.9 (br, 4H; p-C6H5), 0.3 (br,
6H; CH3C5H4), �6.7 ppm (br, 40H; CH3C5H4 and dmpe).


31P{1H} NMR
(CD2Cl2, 121.5 MHz, 25 8C): d=48.6 ppm (s, dmpe); 13C{1H} NMR
(CD2Cl2, 125 MHz, 25 8C): d=122.7 (s, p-C6H5), 126.9 (s, o-C6H5), 137.2
(s, m-C6H5), 165.8 ppm (q, 1JB,C=50 Hz, BC6H5); IR (KBr, 20 8C): ñ=
1935 (vw), 1874 (vw), 1813 (vw), 938 cm�1 (s; C�P).
{Bis{[1,2-bis(dimethylphosphanyl)ethane](h5-methylcyclopentadienyl)-
manganese(iii/iii)}(m-CC)} bis(hexafluorophosphate) [1]2+[PF6]2 : A solu-
tion of [(C5H5)2Fe][PF6] (33.1 mg, 0.1 mmol) in CH2Cl2 (10 mL) was
added at room temperature to a solution of [1]+[PF6] (73.7 mg,
0.1 mmol) in CH2Cl2 (10 mL) and stirred overnight. After evaporation of
the solvent to 2 mL, diethyl ether (20 mL) was added. A dark brown pre-
cipitate was obtained, which was washed several times with diethyl ether
until the washings were colorless. Recrystallization from MeCN/diethyl
ether gave [1]2+[PF6]2. Yield: 84 mg, 95%; elemental analysis calcd (%)
for C26H46F12Mn2P6: C 35.39, H 5.26; found: C 35.73, H 5.04. 1H NMR
(CD3NO2, 300 MHz, 30 8C): d=0.96 (s, 24H; P(CH3)2), 1.4 (s, 8H;
PCH2), 2.1 (s, 6H; CH3C5H4), 6.2 ppm (br, 8H; CH3C5H4);


31P{1H} NMR
(CD3NO2, 121.5 MHz, 40 8C): d=79.3 (br s, dmpe), �144.8 ppm (sept,
1JP,F=715 Hz; PF6);


13C{1H} NMR (CD3NO2, 125 MHz, 40 8C): d=


14.6 ppm (br; dmpe), 94.0 (s; MeCp); 19F NMR (CD3NO2, 282.3 MHz,
30 8C): d=�74.1 ppm (d, 1JF,P=714 Hz; PF6). IR (KBr, 20 8C): ñ=2012
(w; C=C), 1638 (br, w), 1580 (br, w; C=C), 939 (s; C�P), 835 cm�1 (vs, br;
P�F).
{Bis{[1,2-bis(dimethylphosphanyl)ethane](h5-methylcyclopentadienyl)-
manganese(i)}(m-CC)} (1): [1]+[PF6] (73.7 mg, 0.1 mmol) in THF (20 mL)
was treated with Na/Hg (5% Na) in THF and stirred for 4 h. After filtra-
tion through Celite and evaporation of the solvent, the brown crude resi-
due was extracted with pentane (3T5 mL) and was filtered again through
Celite. Concentration of the solution and crystallization at �40 8C gave
deep red crystals of 1. Yield: 48 mg, 81%; elemental analysis calcd (%)
for C26H46Mn2P4: C 52.71, H 7.83; found: C 52.80, H 7.52; 1H NMR
([D8]toluene, 300 MHz, 20 8C): d=6.67 (s, 4H; CH3C5H4), 4.95 (s, 4H;
CH3C5H4), 2.39 (s, 6H; CH3C5H4), 1.54 (s, 4H; PCH2), 0.44 (s, 4H;
PCH2), 0.10 (s, 12H; PCH3), �0.09 ppm (s, 12H; PCH3);


31P NMR
([D8]toluene, 125 MHz, 30 8C): d=�21.6 (s; dmpe); IR (KBr, 20 8C): ñ=
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1805 (w), 1626 (br, m), 1487 (w), 1450
(w), 1417 (m), 1378 (w), 932 cm�1 (s;
C�P); meff=2.74 (300), 2.61 (200), 2.49
(100), 2.35 (10), 2.28 mB (2 K).


{Bis{[1,2-bis(dimethylphosphanyl)eth-
ane](h5-methylcyclopentadienyl)man-
ganese(i/i)}[m-(1,2-bis(dimethylphos-
phanyl)ethane)]} (3): [(MeC5H4)2Mn-
(dmpe)] (363.4 mg, 1.00 mmol) was
dissolved in THF (20 mL). Me3SnC�
CSnMe3 (88 mg, 0.25 mmol) in THF
(10 mL) was added to the resulting
yellow solution. The reaction mixture
turned red and then dark red-brown.
The mixture was stirred for 72 h. The
dark red-brown solution was evaporat-
ed to dryness, and the residue extract-
ed with pentane and diethyl ether. The
solvent was evaporated to yield com-
pound 3. Compound 3 was crystallized
from diethyl ether at �30 8C. Yield:
15 mg, 18%; elemental analysis calcd
(%) for C30H62Mn2P6: C 50.15, H 8.70;
found: C 50.52, H 8.60; 1H NMR
(C6D6, 300 MHz, 30 8C): d=3.6, 3.8 (s,
8H; CH3C5H4), 2.2 (s, 6H; CH3C5H4),
1.1, 1.2, 1.3, 1.7 ppm (s, 48H; dmpe
and m-dmpe); 31P{1H} NMR (C6D6,
125 MHz, 30 8C): d=56.0 (s, m-dmpe),
87.9 ppm (s; dmpe); 13C{1H} NMR
(C6D6, 125 MHz, 25 8C): d=83.6 (s;
ipso-C, CH3C5H4), 75.9 (s; CH3C5H4),
71.5 (s; CH3C5H4), 70.7 (s; CH3C5H4),
34.1 (m; PCH2), 32.4 (t, JC,P=20.6 Hz;
PCH3), 25.4 (m; PCH2), 24.9 (t, JC,P=
7 Hz; m-PCH3), 23.9 (t, JC,P=7 Hz;
PCH3), 22.6 (d, JC,P=15 Hz; m-PCH2),
21.9 (d, JC,P=14 Hz; PCH2), 15.2 ppm
(s, CH3C5H4).


X-ray crystal structure analyses : X-ray
diffraction data were collected at
183(1) K for compounds [(h5,h2-
MeC5H4)2Mn(dmpe)], 3, [1][2], [1]
[BPh4], [1][PF6], [1][PF6]2, and 1, by
using an imaging plate detector system
(Stoe IPDS) with graphite-monochro-
mated MoKa radiation. A total of 149,
167, 210, 263, 210, 164, and 167 images
were exposed at constant times of
5.00, 1.50, 8.00, 3.00, 1.80, 3.60, and
2.00 min per image for the seven struc-
tures, respectively. The crystal-to-
image distances were set to 54, 50, 70,
50, 50, 50, and 50 mm (qmax range:
25.908 for [1][2] and 30.408 for [1]
[PF6]). f rotation (for 1, [1][PF6], and
3) and oscillation modes for the other
four compounds were used for the in-
crements of 1.2, 1.0, 1.28 and 1.3, 1.0,
0.8, and 1.48 per exposure in each
case. Total exposure times were 24, 16,
43, 32, 16, 21, and 17 h. The intensities
were integrated by using a dynamic
peak profile analysis, and an estimated
mosaic spread (EMS) check was per-
formed to prevent overlapping intensi-
ties. For the cell parameter refinements 7997 to 8000 reflections were se-
lected from the whole limiting spheres with intensities I>6s(I) for all
structures. A total of 19988, 41387, 56773, 27350, 20631, 12387, and
17389 reflections were collected, of which 5161, 10544, 24864, 7737,
4685, 4993, and 4440 were unique after data reduction (Rint=0.0719,


0.0452, 0.1543, 0.0631, 0.1046, 0.0554, and 0.0431). For the numerical ab-
sorption corrections[120] 12, 25, 10, 11, 11, 12, and 19 indexed crystal faces
were used.


All crystals were embedded in polybutene oil in a glove box. The crystal
quality was then examined by using a polarizing microscope. Sometimes,


Table 2. Crystallograhic details of [(h5-MeC5H4)(h
2-MeC5H4)Mn(dmpe)], 3, [1][2], [1][BPh4], 1, and [1][PF6]2.


[(h5,h2-MeC5H4)2 3 [1][2]
Mn(dmpe)]


formula C18H30MnP2 C30H62Mn2P6 C132H201Mn9P12
color, habit light green plate orange block red plate
Mr 363.30 718.50 2654.02
crystal size [mm] 0.06T0.20T0.28 0.56T0.55T0.37 0.15T0.25T0.31
T [K] 183(2) 183(2) 183(2)
l(MoKa) [P] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic
space group P21/n P21/c P1̄
a [P] 8.5805(5) 16.2679(9) 16.3581(11)
b [P] 15.3024(12) 14.2086(10) 20.6494(14)
c [P] 14.8060(8) 17.2417(10) 23.6425(16)
a [8] 90 90 112.426(8)
b [8] 95.771(7) 115.763(6) 107.625(8)
g [8] 90 90 93.828(8)
V [P3] 1934.2(2) 3589.2(4) 6883.4(8)
Z 4 4 2
1calcd [g cm


�3] 1.248 1.330 1.281
m [mm�1] 0.841 0.990 0.980
F(000) 772 1528 2796
transmission range 0.9513–0.7986 0.7264–0.6545 0.8709–0.7589
q range [8] 5.26<2q>58.70 5.80<2q>60.60 3.9<2q>51.8
measured reflections 19988 41837 56773
unique reflections 5161 10544 24864
I>2s(I) reflections 2817 6818 6179
parameters 196 357 1352
GOF (for F2) 0.874 1.027 0.558
R1 [I>2s(I)]/R1 (all data)


[a] 0.0301/0.0745 0.0399/0.0688 0.0498/0.2056
wR2 [I>2s(I)]/wR2 (all data)


[a] 0.0442/0.0483 0.1068/0.1286 0.0768/0.1085
D1max/min 0.298/�0.370 1.014/�1.472 1.282/�0.400


[1][BPh4] 1 [1]2+[PF6]2


formula C54H74BMn2OP4 C26H46Mn2P4 C26H46F12Mn2P6
color, habit red plate red block red-orange plate
Mr 983.70 592.39 882.33
crystal size [mm] 0.06T0.18T0.30 0.24T0.30T0.32 0.07T0.15T0.19
T [K] 183(2) 183(2) 183(2)
l(MoKa) [P] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic
space group I2/a P21/n P1̄
a [P] 15.3746(7) 9.1696(7) 8.2777(7)
b [P] 13.7405(6) 16.6636(9) 9.4492(9)
c [P] 25.1942(11) 9.9733(8) 12.1706(11)
a [8] 90 90 79.031(11)
b [8] 102.277(5) 100.309(9) 78.057(10)
g [8] 90 90 89.678(10)
V [P3] 5200.7(4) 1499.31(18) 913.77(14)
Z 4 2 1
1calcd [g cm


�3] 1.256 1.312 1.603
m [mm�1] 0.645 1.068 1.034
F(000) 2084 624 450
transmission range 0.8828–0.5867 0.7962–0.7150 0.9369–0.8644
q range [8] 5.6<2q>60.60 6.10<2q>60.50 5.5<2q>60.70
measured reflections 27350 17389 12387
unique reflections 7737 4440 4993
I>2s(I) reflections 4267 2971 3311
parameters 283 150 213
GOF (for F2) 0.996 1.038 1.006
R1 [I>2s(I)]/R1 (all data)


[a] 0.0401/0.0898 0.0365/0.0624 0.0364/0.0662
wR2 [I>2s(I)]/wR2 (all data)


[a] 0.0704/0.0764 0.0871/0.0977 0.0779/0.0930
D1max/min 0.526/�0.519 1.368/�0.592 0.726/�1.059


[a] R1=�(Fo�Fc)/�Fo; wR2= [�w(F2o�F2c)2/�w(F2o)2]1/2.
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crystals with intrusions (holes or solvent) or with tiny intergrown pieces
had to be accepted for the X-ray experiment. Cutting crystals to a suit-
able size is always a procedure that can damage a crystal of good quality
because of different cleavage properties. Twins can be generated during
handling. In general, the structures were solved with an incomplete data
set (50% or less completeness) while the measurement was still being
performed, because the correct chemical formula cannot always be pre-
dicted when solvent molecules (e.g., for [1][BPh4]) co-crystallize with the
complex, or, as in the case of [1][2], a mixture of different complexes was
found (ratio 3:4 in the asymmetric unit of the cell, Z’=7). The corrected
formula was then used for the final absorption correction. All these pro-
cedures were calculated by using the Stoe IPDS software.[111] The mea-
surement temperatures were controlled by an Oxford cryogenic system.


The structures were solved with the merged unique data set after check-
ing for correct space groups. The Patterson method was used to solve the
crystal structures by applying the software options of the program
SHELXS-97.[112] The structure refinements were performed with the pro-
gram SHELXL-97.[113] The programs PLATON[114] and PLUTON[115]


were used to check the results of the X-ray analyses; they are helpful for
the interpretation of the initially determined structural models. They
were also used for the completion of the structure by checking the differ-
ence electron density calculations. Relevant crystallographic data are col-
lected in Table 2. All seven structures crystallize in centrosymmetric
space groups.


CCDC 218719–218725 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Computational details : DFT calculations were performed with the TUR-
BOMOLE program package, version 5.5.[116] The Vosko–Wilk–Nusair[117]


local density approximation (LDA) and the generalized gradient approxi-
mation (GGA) with corrections for exchange and correlation according
to Becke[118] and Perdew[119] (BP86) were used for all calculations. The
TURBOMOLE approach to DFT GGA calculations is based on the use
of Gaussian-type orbitals (GTO) as basis functions. Geometries were
pre-optimized within the framework of the RI-J approximation[120] using
accurate triple-z valence basis sets augmented by one polarization func-
tion TZV(P)[121a] for Mn and P, and slightly smaller polarized split-va-
lence SV(P)[121b] basis sets of double-z size for the remaining elements. In
the final steps of the geometry optimizations, all elements were treated
with the accurate TZV(P) basis sets. The geometry optimizations, man-
aged mainly through the use of the modules RIDFT, RDGRAD, and
RELAX supplied with the TURBOMOLE program package, were con-
sidered converged when the change in total energy was less than
10�6 Hartree and the norm of the Cartesian gradient was smaller than
10�3 (fully optimized geometry) or 5.10�3 HartreeP�1 (constrained ge-
ometries).
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Brønsted Acidic Ionic Liquids and Their Zwitterions: Synthesis,
Characterization and pKa Determination


Zhaofu Fei, Dongbin Zhao, Tilmann J. Geldbach, Rosario Scopelliti, and Paul J. Dyson*[a]


Introduction


Room-temperature ionic liquids continue to attract consid-
erable interest as alternative reaction media.[1] Low-melting
ionic liquids based on imidazolium cations are the most in-
tensively investigated among those available, and a variety
of functional groups have been attached in order to modify
their physical and chemical properties, including, among
others,[2] amines,[3,4] amides,[4] ethers and alcohols,[5] phos-
phines,[6] and fluorous side chains.[7] High-melting imidazoli-
um salts with acidic groups have been known for many
years, but only recently were the first room-temperature sul-
fonic acid functionalized ionic liquids prepared by Davis
and co-workers, who employed them as both solvent and
catalyst in esterification reactions.[8] Various imidazolium
cations with carboxylic ester or acid groups are known; a se-
lection is shown in Scheme 1. Cations with carboxylic ester
groups (I) have been prepared by quarternization of 1-
methyl imidazole with chloroalkylcarboxylic acid esters.[9,10]


Related imidazolium salts functionalized with 1,3-dicarbox-
ylic esters (II) were obtained from reaction of imidazole po-


tassium salt with two equivalents of bromoalkylcarboxylic
acid esters.[11]


[a] Dr. Z. Fei, D. Zhao, Dr. T. J. Geldbach, R. Scopelliti,
Prof. P. J. Dyson
Institut des Sciences et Ing:nierie Chimiques
Ecole Polytechnique F:d:rale de Lausanne
EPFL-BCH, 1015 Lausanne (Switzerland)
E-mail : paul.dyson@epfl.ch


Abstract: Imidazolium chlorides with
one or two carboxylic acid substituent
groups, 1-methyl-3-alkylcarboxylic acid
imidazolium chloride, [Me{(CH2)nCO-
OH}im]Cl (n=1, 3), and 1,3-dial-
kylcarboxylic acid imidazolium chlo-
ride, [{(CH2)nCOOH}2im]Cl (n=1, 3),
have been synthesized via their corre-
sponding acid esters. Deprotonation of
the carboxylic acid functionalized imi-
dazolium chlorides with triethylamine
affords the corresponding zwitterions


[Me{(CH2)nCOO}im] (n=1, 3) and
[{(CH2)nCOOH}{(CH2)nCOO}im] (n=
1, 3). Subsequent reaction of the zwit-
terions with strong acids gives the new
imidazolium salts [Me{(CH2)nCOO-
H}im]X (n=1, 3; X=BF4, CF3SO3)
and [{(CH2)nCOOH}2im]X (n=1, 3;


X=BF4, CF3SO3), which exhibit melt-
ing points as low as �61 8C. The solid-
state structures of two of the carboxylic
acid functionalized imidazolium salts
have been determined by single-crystal
X-ray diffraction analysis. Extensive
hydrogen bonding is present between
the chloride and the imidazolium, with
eight Cl···H interactions below 3 E.
The pKa values of all the salts, deter-
mined by potentiometric titration, lie
between 1.33 and 4.59 at 25 8C.


Keywords: acidity · carboxylic
acids · imidazolium salts · structure
elucidation · zwitterions


Scheme 1. Some of the known imidazolium salts containing carboxylic
ester and acid groups, and their corresponding zwitterions.
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Imidazolium salts containing carboxylic acid groups (III)
have been used as precursors for benzimidazolate zwitter-
ions[12] and type IV salts appear in the patent literature as
materials for the pharmaceutical industry.[13] Several exam-
ples of zwitterions based on the 1,3-imidazole skeleton are
known. Compound V was prepared from the reaction of 1-
methylimidazole with b-propiolactone,[14] and zwitterions of
type VI were first observed as products in the glucose–gly-
cine Maillard reaction,[15] but have subsequently been pre-
pared by the condensation of glyoxal with glycine.[16] The
solid-state structure of VI (n=1) determined by single-crys-
tal X-ray diffraction reveals the presence of CH2COO� and
CH2COOH units.[17] These groups are connected by strong
intermolecular O···H�O hydrogen bonding with O···O=


2.463 E, possibly contributing to the high melting (decom-
position) point of 290 8C. Furthermore, addition of CO2 or
CS2 to 1,3-dialkylimidazolium-2-ylidenes affords 2-imidazoli-
um zwitterions (VII),[18] and the condensation reaction be-
tween 1-methylimidazole and dimethyl carbonate leads to
similar compounds (VIII).[19] The latter undergo an exten-
sive chemistry and, in particular, can be transformed into
“halogen-free” ionic liquids under controlled protonation.[20]


The zwitterion VIII is also accessible by deprotonation of
imidazolium salts under an atmosphere of CO2.


[21]


Since one of the most important applications of ionic liq-
uids is as reaction media for clean catalysis,[1] we were inter-
ested in developing a series of low-melting imidazolium salts
incorporating COOH groups. So far, however, all known ex-
amples of imidazolium salts bearing carboxylic acid groups
have high melting points and therefore have had no applica-
tion as reaction media. Furthermore, many of them have
been prepared in a rather special manner that is not applica-
ble to obtaining a wider range of products. We describe here
the synthesis and characterization of a series of ionic liquids
with carboxylic acid functionalities, with melting points as
low as �61 8C. They have been derived in almost quantita-
tive yield from their corresponding zwitterions in a way
which effectively eliminates any chloride contamination.


Results and Discussion


As the reaction of imidazole with halo acids may lead to
considerable protonation at the nitrogen atom instead of al-
kylation, a different approach was sought to obtain carbox-
ylic acid functionalized imida-
zolium cations. Reaction of
methyl chloroacetate and
methyl chlorobutyrate with 1-
methylimidazole affords 1 and
2, respectively, in high yield
(Scheme 2). The bis-substituted
compounds 3 and 4 are ob-
tained from the addition of two
equivalents of halo acid to tri-
methylsilyl imidazole.[22] As the
next reaction step takes place
in aqueous solution, the very
hygroscopic nature of all the


ester compounds does not cause any problems. Heating 1–4
to reflux in aqueous hydrochloric acid affords 5–8 in quanti-
tative yield. Hence, carboxylic acid esters, synthesized by
the commonly used quarternization method,[23] represent
ideal precursors for the preparation of the desired carboxyl-
ic acid functionalized imidazolium salts.


The NMR spectra of the new compounds are by and large
as expected (see Experimental Section). The carboxylate
carbon atom is sensitive to the proximity of the positive
charge and is shifted by d�7 ppm to higher frequency on in-
creasing the aliphatic chain length, that is, from d=


172.7 ppm in 7 to d=179.7 ppm in 8. The positive-ion elec-
trospray ionization mass spectra (ESI-MS) of 1–8 show the
cation as the most abundant peak, although aggregates cor-
responding to oligomers [(cation)+(cation�H)n]


+ (n=0–5)
are present when the spectra are recorded at high concen-
trations. For example, the positive-ion ESI-MS of 8 diluted
in water to 250 ppm shows a single peak at m/z=241 corre-
sponding to the intact 1,3-dibutylcarboxylic acid imidazoli-
um cation. In a 500 ppm solution but otherwise under identi-
cal conditions, in addition to the peak at m/z=241, a peak
of low relative intensity is observed at m/z=481 correspond-
ing to [(cation)+(cation�H)]+ . At a higher concentration,
approximately 1000 ppm, a third peak at m/z=721 is also
observed and can be assigned to the trimer [(cation)+(cat-
ion�H)2]


+ . Similarly, a tetramer at m/z=961 and a penta-
mer at m/z=1201 are observed as the concentration is in-
creased further. All of the new salts show oligomers in
which a proton is lost as a new cation is attached; this rules
out aggregation due to hydrogen bonding. Presumably the
carboxylate group forms an ionic interaction with the neigh-
boring imidazolium cation. The aggregates are different in
nature from those usually detected by mass spectrometry
for unfunctionalized ionic liquids. There, peaks for ionic liq-
uids other than those for the molecular cation are usually
composed of cation–anion aggregates of general formula
[(cation)n+1+(anion)n]


+ , and these are also highly concen-
tration-dependent.[24]


Crystals of 6 and 8 suitable for X-ray diffraction were ob-
tained from water–acetonitrile mixtures at 0 8C. The cations
are depicted in Figure 1 and a selection of bond lengths and
angles of the cations in 6 and 8 are given in Table 1. From
comparison of the new structures with those of unfunction-
alized alkylimidazolium salts, the presence of the carboxylic
acid group and the bonding within the imidazolium ring do


Scheme 2. Synthetic route to the imidazolium salts 1–8. Reagents and conditions: i) 1 equiv Cl(CH2)nCOOCH3,
RT, 1 h for 1; 60 8C, 24 h for 2 ; ii) 2 equiv Cl(CH2)nCOOCH3, 60 8C, 24 h; iii) 37% aqueous HCl solution,
100 8C, 2 h.
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not appear to influence each other significantly. Bond
lengths and angles are basically identical, within experimen-
tal error, with those reported previously.[25] The bond lengths
within the imidazolium ring, ranging between 1.328(4) and
1.390(4) E, are in agreement with the presence of conjugat-
ed double bonds. Even in zwitterionic structures, for exam-
ple, VIII in Scheme 1, these bond lengths remain essentially
unchanged.[19]


More interesting is the presence of a strong hydrogen-
bonding network in both compounds; Figure 2 shows the in-
teraction of the chloride ion in 6 and 8 with proximate hy-
drogen atoms, all being closer than 3 E. Such hydrogen
bonding is well known from other imidazolium chloride
structures,[17,19,25] but it is especially pronounced in 6 and 8,
in which there are eight contacts close (<3 E) to the chlo-
ride stemming from six different cations. The strongest inter-
actions arise from the OH protons, with O�H···Cl distances
and angles of 2.18 E and 167.08 (6) and 2.21 E and 169.18
(8), respectively. In 8, this leads to formation of infinite,
one-dimensional chains of the cation and anion. In addition,
all the hydrogen atoms belonging to the imidazolium ring
are involved in hydrogen bonding to different chloride


anions, together with the axial protons at C4 and, in case of
6, two protons at C8.


The carboxylic acid functionalized imidazolium salts 5–8
are Brønsted acids, and treatment with a mild base such as
triethylamine is sufficient to afford the corresponding zwit-
terions 9, 11, and 12, within 24 h in essentially quantitative
yield (Scheme 3) (stronger bases could result in a Hofmann-
type elimination).[26]


Compound 11 has been prepared previously, though in an
entirely different manner; see VI (n=1) in Scheme 1. As
the resulting compounds are insoluble in nonprotic solvents,
the NEt3·HCl formed can be easily removed by washing the
residue with dichloromethane. Further recrystallization of


Figure 1. Top: ORTEP plot of the cation 6 ; ellipsoids drawn at the 50%
probability level. Bottom: ORTEP plot of the cation 8 ; ellipsoids drawn
at the 50% probability level; the starred atoms are obtained by the sym-
metry operation �x+1,�y,z.


Table 1. Selected bond lengths [E] and angles [8] of 6 and 8.


6 8


C1�O1 1.206(4) 1.202(4)
C1�O2 1.318(4) 1.330(4)
C1�C2 1.505(4) 1.505(5)
C5�N1 1.337(4) 1.337(4)
C5�N2 1.328(4) 1.337(4)
C6�C7 1.347(5) 1.349(7)
N1�C7 1.373(4) 1.390(4)
N2�C6 1.377(4) 1.390(4)
O2···Cl1 3.019(4) 3.001(4)
O1-C1-O2 123.9(3) 123.7(3)
C5-N1-C7 108.1(3) 108.5(3)
C5-N2-C6 108.0(3) 108.5(3)


Figure 2. Top: Ball and stick representation of the hydrogen-bonding in-
teractions between the cation and chloride in 6. Bottom: Ball and stick
representation of the hydrogen-bonding interactions between the cation
and the chloride in 8.
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the products from water–acetone at room temperature af-
forded the products in pure, chloride-free form. Absence of
chloride impurities was established in the first instance by a
negative test reaction with aqueous AgNO3 and then by
ESI-MS.


In contrast to the chemistry of 5, 7, and 8, reaction of 6
with triethylamine does not afford the desired zwitterion 10 ;
this might be a reflection of the significantly weaker acidity
of 6 than 5 (vide infra). Reaction of the isolated product
with AgNO3 provides a positive test for the presence of
chloride. In the mass spectrum, the signal at m/z=169 for
the single acid unit is the most intense peak, but a dimeric
cation at m/z=337 is also observed. Crystals suitable for X-
ray diffraction were obtained from water–acetonitrile, but
because of the presence of a disordered water molecule the
structure could not be solved unambiguously. On the basis
of the available data, we tentatively propose structure 10’, in
which one proton is shared by two imidazolium molecules,
as the reaction product; this is also in accordance with the
elemental analysis.


In D2O the 1H and 13C NMR spectra undergo only minor
changes on conversion of the acids to the zwitterion deriva-
tives. However, the IR spectra of 9–12 clearly differ from
those of the starting materials. The chloride salts 5–8 contain
weak/medium absorptions in the range 2400–2800 cm�1,
which have been assigned to C�H···Cl vibrations. In the
zwitterions these vibrational bands are no longer observed,
providing further evidence that chloride is no longer present
(Figure 3). Although a chloride anion is still present in 10’,
its interaction with the cation appears to have changed con-
siderably, according to IR spectroscopy, as most of the
bands in the 2400–2800 cm�1 region mentioned above have
disappeared.


Treatment of 11 and 12 with excess triethylamine at room
temperature does not lead to further deprotonation. Howev-
er, careful titration of 12 with stronger inorganic bases, such
as NaOH or KOH (the pH of the reaction mixture must not
exceed 7.0), results in solutions that exhibit peaks at m/z=
263 and 279 in the ESI-MS spectrum, suggesting the forma-


tion of the sodium and potassium salts 13 and 14, respective-
ly (Scheme 4).


Addition of the strong acid HBF4 or HO3SCF3 to the
zwitterions 9, 11, and 12 affords the new carboxylic acid
functionalized imidazolium salts 15, 17, and 18, respectively
(Scheme 5). Because the zwitterion 10 could not be obtained
from reaction of 6 with triethylamine, 16a and 16b were
prepared by the anion exchange reaction with NaBF4 or
AgSO3CF3 from 6. Imidazolium salts with BF4


� or SO3CF3
�


as anions are usually synthesized by reaction of the corre-
sponding halide with NaBF4


[27] or NH4SO3CF3;
[28] or alterna-


tively, for SO3CF3
� , direct reaction of alkyltriflate with


alkylimidazole.[29] This route via the zwitterions provides
two main advantages. First, the reaction is fast and no sol-
vent is required. Secondly, use of theoretically chloride-free
zwitterions makes possible the efficient removal of chloride


Scheme 3. Synthesis of zwitterions 9, 11, and 12.


Figure 3. IR spectra of the imidazolium chloride 7 (top) and its corre-
sponding zwitterions 11 (bottom).


Scheme 4. Possible formation of 13 and 14.
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sources, such as NaCl, which can be detrimental in certain
applications.[30]


The nature of both the anion and the cation strongly in-
fluences the melting point of potential ionic liquids; system-
atic studies have been undertaken, for example, for imidazo-
lium and tetraalkylammonium salts.[31] These demonstrate
that factors such as size, symmetry, and charge distribution
play an important role. For unfunctionalized 1-alkyl-3-meth-
ylimidazolium salts, some trends have evolved: for the
anion, the melting points decrease roughly in the order Cl@
PF6>BF4=Tf2N=OTf; for the cation, melting points de-
crease with increasing alkyl chain length up to C6–C8, then
increase again. Whether the presence of polar functional
groups has a strong effect on the melting point is hard to
predict.


Exchanging the hard chloride anion in 5–8 for soft, non-
or weakly coordinating anions such as BF4 or OTf, which
exert a more diffuse charge distribution, leads to a signifi-
cant decrease in the melting point (up to DT=232 8C). This
is mainly because the hydrogen-bond network between the
chloride and imidazolium cation is broken (vide supra).
Those salts with short alkyl chains, namely 15 and 17, have
melting/decomposition points above room temperature,
ranging between 68 8C and 210 8C, whereas an increase in
the chain length leads to a further marked decrease in the
melting point. Compounds 16 and 18 are viscous liquids and
melt at surprisingly low temperatures, �59 8C to �61 8C. The
flexibility of the side arms and the strength of the acid are
presumably related to the melting point of the salt, which is
discussed further below.


Determination of pKa : Many chemical transformations are
sensitive to the presence of protons. Therefore, knowledge
of the pKa value, especially of the liquid salts 17 and 18, is
important in order to decide about their possible application
as reaction media. The acidic strength of carboxylic acids
has been subjected to extensive experimental[32] and theoret-
ical[33,34] studies. Imidazolium salts with carboxylic acid
groups can be regarded as nonclassical acids due to the pres-
ence of the positively charged imidazolium ring and of a
counter anion. The pKa values of the carboxylic acid groups
of compounds 5–12 and 15–18 (Table 2) have been deter-
mined by titration with KOH (see Experimental Section).
As one might expect, the dicarboxylic acid with the shortest
alkyl chain, 7, is the strongest acid in the series (pKa=1.33),
its acidity being comparable with the first deprotonation
step in oxalic acid.[35] The other acids 5, 15a/15b, and 17a/


17b with �CH2COOH groups
all have a lower first pKa value
(1.40–2.03) than the corre-
sponding halogen-substituted
acetic acids (XCH2COOH, X=


F, Cl, Br, I, 2.66–3.13),[32,35] im-
plying that the positively charg-
ed imidazolium ring is more
strongly electron withdrawing
than the halides.


As is known from aliphatic carboxylic acids, increasing
the alkyl chain length leads to a decrease in acidity. Accord-
ingly, for 6, 16a/16b, 8, and 18a/18b, the first pKa ranges be-
tween 3.46 and 4.11. Thus, the presence of the positive
charge on the imidazolium ring has only a minor effect on
the acidity once the aliphatic spacer is sufficiently long. The
pKa values of the zwitterionic acids 11 and 12 correspond
approximately to the pKa2 of the corresponding binary car-
boxylic acids 7 and 8 without considering any counterion ef-
fects. We believe that the latter are a reflection of the differ-
ent hydrogen-bonding capabilities of the anions. In general,
the stronger acids have higher melting points than the
weaker acids, and although this can be attributed to in-
creased hydrogen-bonding interactions, the various types of
bonds and forces present in an ionic liquid that contribute
toward determining the melting point are very complex, so
a simple relationship between acidity and melting point
cannot be found.


Conclusion


In summary, a versatile and virtually chloride-free route to
ionic liquids bearing carboxylic acid functionalities has been
established. Depending on the counterion and alkyl chain
length, melting points significantly below 0 8C can be ob-
served; the acidity of these novel compounds lies between
those of oxalic acid and acetic acid. The route to the zwitter-


Scheme 5. Pathway to the carboxylic acids 15–18.


Table 2. pKa values of carboxylic acids at 25 8C.


R1 R2 X� pKa


5 CH3 CH2COOH Cl 1.90
15a CH3 CH2COOH BF4 2.00
15b CH3 CH2COOH SO3CF3 2.03
6 CH3 (CH2)3COOH Cl 3.83
16a CH3 (CH2)3COOH BF4 3.95
16b CH3 (CH2)3COOH SO3CF3 4.11
7 CH2COOH CH2COOH Cl 1.33
17a CH2COOH CH2COOH BF4 1.40
17b CH2COOH CH2COOH SO3CF3 1.44
8 (CH2)3COOH (CH2)3COOH Cl 3.46
18a (CH2)3COOH (CH2)3COOH BF4 3.60
18b (CH2)3COOH (CH2)3COOH SO3CF3 3.65
10’ – – – 4.59
11 CH2COOH CH2COO� – 2.92
12 (CH2)3COOH (CH2)3COO� – 4.47
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ions using triethylamine is straightforward and can be gener-
alized to synthesize other Brønsted acid functionalized imi-
dazolium salts. Controlled acidification of the zwitterions
leads to “halide-free” imidazolium salts. Many of the car-
boxylic acids and zwitterions have melting points below
100 8C; several are liquid at room temperature, and thus can
be classified as ionic liquids. Strong Brønsted acidic ionic
liquids have been used as reagents/reaction media in organic
syntheses[8] and very mildly acidic ionic liquids have been
successfully applied as solvents in, for example, ruthenium-
catalyzed metathesis reactions.[36] Solid Brønsted acids based
on mercury have also been used as reagents in non-Brønsted
acidic ionic liquids for which exclusion of water is essen-
tial,[37] and the imidazolium salts described herein could
probably find many applications as nonaqueous acids, used
either neat or dissolved in other ionic liquids. They are also
considerably more environmentally benign than many of the
alternatives in current use.


Experimental Section


General : The methyl ester of 4-chlorobutyric acid, 1-methylimidazole,
and 1-trimethylsilylimidazole were purchased from Acros. HBF4,
CF3SO3H, NaBF4, and AgCF3SO3 were purchased from Aldrich and
were used as received without further purification. IR spectra were re-
corded on a Perkin–Elmer FT-IR 2000 system. NMR spectra were meas-
ured in D2O on a Bruker DMX 400, with SiMe4 as external standard, at
20 8C. The ESI-MS of samples diluted with water were recorded on a
ThermoFinnigan LCQ -Deca XP Plus quadrupole ion-trap instrument.[38]


Samples were infused directly into the source at 5 mLmin�1 by using a sy-
ringe pump (spray voltage 5 kV; capillary temperature 100 8C). Melting
points of all the liquid compounds were measured by differential scan-
ning calorimetry with a SETARAM DSC 131 instrument. Elemental
analysis was carried out at the EPFL.


For pKa determinations in triplicate, a stock solution (0.01 molL�1) of the
complex was prepared in degassed water. The solution was then titrated
with aqueous KOH solution (0.100 molL�1). The pH of the solution was
measured using a calibrated glass electrode on a Metrohm 780 pH meter
at 295.0(�0.10) K. The pKa for each compound was calculated by the
procedure described by Albert and Serjeant.[39]


Crystallography : Data collection for the X-ray structure determinations
was performed on a mar345 IPDS diffractometer system with graphite-
monochromated MoKa (0.71070 E) radiation and a low-temperature
device (T=140(2) K). Colorless crystals of 6 and 8 suitable for X-ray dif-
fraction were obtained from a water–acetonitrile mixture at 0 8C. Data
reduction was performed by CrysAlis RED (Oxford Diffraction, 68
Milton Park, Abingdon OX144RX, UK). Structure solution and refine-
ment were performed on PCs by means of the SHELX97[40] software
package, and graphical representations of the structures were made with
ORTEP32.[41] Structures were solved by direct methods and successive in-
terpretation of the difference Fourier maps, followed by full-matrix least-
squares refinement (against F2). An empirical absorption correction
(DELABS)[42] was applied for 6. All atoms were refined anisotropically.
The contribution of the hydrogen atoms, in their calculated positions, was
included in the refinement using a riding model, although they can all be
located from a Fourier difference density map.


Relevant crystallographic data, and data collection and refinement de-
tails, are compiled in Table 3. CCDC-231134 and CCDC-231135 contain
the crystallographic data (excluding structure factors) for the structures
reported in this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge crystal-
lographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk.


Synthesis of 1 and 2 : Under an inert atmosphere of dry nitrogen a mix-
ture of 1-methylimidazole (0.010 mol) and ClCH2COOCH3 (0.010 mol)


was stirred at RT for 1 h, during which time the reaction mixture turned
to a solid. The solid was washed with diethyl ether (3U30 mL) and dried
under vacuum for 24 h to give 1. Compound 2 was obtained similarly by
refluxing a mixture of 1-methylimidazole (0.010 mol) and
ClCH2CH2CH2COOCH3 (0.010 mol) at 60 8C for 24 h and following the
same purification procedure; an oil was obtained.


Data for 1: Yield: >99%; m.p. 240 8C (decomp); 1H NMR: d=8.80 (s,
1H), 7.50 (s, 1H), 7.48 (s, 1H), 5.18 (s, 2H), 3.94 (s, 3H), 3.83 ppm (s,
3H); 13C NMR: d=171.7, 140.5, 126.6, 126.5, 56.6, 52.8, 39.0 ppm; IR:
ñ=3144, 3098, 3002, 2961, 2932, 2841, 1752, 1567, 1426, 1368, 1215,
1175 cm�1; ESI-MS: 155 [M�Cl]+; elemental analysis calcd (%) for
C7H11ClN2O2: C 44.10, H 5.82, N 14.70; found: C 44.21, H 5.91, N 14.75.


Data for 2 : Yield: 97%; yellowish oil; 1H NMR: d=8.77 (s, 1H), 7.45 (s,
1H), 7.40 (s, 1H), 4.17 (t, 3J(H,H)=7.1 Hz, 2H), 3.80 (s, 3H), 3.60 (s,
3H), 2.38 (t, 3J(H,H)=7.1 Hz, 2H), 2.08 ppm (m, 2H); 13C NMR: d=
177.7, 139.0, 126.6, 125.2, 55.3, 51.5, 38.5, 33.2, 27.7 ppm; IR: ñ=3107,
2956, 1728, 1560, 1438, 1365, 1170 cm�1; ESI-MS: 183 [M�Cl]+ ; elemen-
tal analysis calcd (%) for C9H15ClN2O2: C 49.43, H 6.91, N 12.81; found:
C 49.51, H 6.98, N 12.80.


Synthesis of 3 and 4 : In a typical procedure, a mixture of trimethylsilyli-
midazole (0.010 mol) and ClCH2COOCH3 (0.020 mol) for 1
(ClCH2CH2CH2COOCH3 for 2) was refluxed at 60 8C for 24 h under an
inert atmosphere of dry nitrogen. The reaction mixture was washed with
diethyl ether (3U30 mL) and dried under vacuum for 24 h.


Data for 3 : Yield: 99%; m.p. 230 8C (decomp); 1H NMR: d=8.90 (s,
1H), 7.51 (s, 2H), 5.33 (s, 4H), 3.75 ppm (s, 6H); 13C NMR: d=171.4,
141.4, 126.5, 56.5, 52.9 ppm; IR: ñ=3074, 2959, 2921, 2598, 1743, 1560,
1439, 1223 cm�1; ESI-MS: 213 [M�Cl]+ ; elemental analysis calcd (%) for
C9H13ClN2O4: C 43.47, H 5.27, N 11.27; found: C 43.53, H 5.34, N 11.35.


Data for 4 : Yield: 95%; off-white oil; 1H NMR: d=8.80 (s, 1H), 7.49 (s,
2H), 4.20 (t, 3J(H,H)=6.8 Hz, 4H), 3.60 (s, 6H), 2.41 (t, 3J(H,H)=
6.8 Hz, 4H), 2.14 ppm (m, 4H); 13C NMR: d=178.4, 138.6, 125.5, 55.3,
51.7, 33.2, 27.6 ppm; IR: ñ=3150, 2953, 1730, 1564, 1439, 1369,
1170 cm�1; ESI-MS: 269 [M�Cl]+; elemental analysis calcd (%) for
C13H21ClN2O4: C 51.23, H 6.95, N 9.19; found: C 51.36, H 7.02, N 9.13.


Synthesis of 5–8 : In a typical procedure, a mixture of 1 (0.010 mol) and
HCl (37% H2O solution; 0.011 mol for 5 and 6 ; 0.022 mol for 7 and 8)
was refluxed for 30 min. The solvent was removed under reduced pres-
sure and the remaining solid was washed with acetone and diethyl ether
to give the product as a white powder.


Data for 5 : Yield: >98%; m.p. 204 8C; 1H NMR: d=8.78 (s, 1H), 7.50 (s,
1H), 7.49 (s, 1H), 5.08 (s, 2H), 3.95 ppm (s, 3H); 13C NMR: d=173.3,
140.2, 126.4, 126.3, 53.1, 38.8 ppm; IR: ñ=3418, 3119, 3097, 2988, 2579,
2490, 2401, 1715, 1580, 1570, 1439, 1400, 1209, 1197 cm�1; ESI-MS: 141
[M�Cl]+ ; elemental analysis calcd (%) for C6H9ClN2O2: C 40.81, H 5.14,
N 15.86; found: C 40.88, H 5.19, N 15.85.


Table 3. Crystallographic data for compounds 6 and 8.


6 8


formula C8H13ClN2O2 C11H17ClN2O4


M 204.65 276.72
crystal system monoclinic orthorhombic
space group P21/n P21212
a [E�1] 7.728(6) 18.479(6)
b [E�1] 4.5947(10) 4.5176(5)
c [E�1] 27.824(10) 7.753(4)
a [8] 90 90
b [8] 97.61(5) 90
g [8] 90 90
V [E�3] 979.3(9) 647.2(4)
Z 4 2
1calcd [Mgm�3] 1.388 1.420
T [K] 140 140
q range [8] 3.23–25.02 3.43–24.99
m [mm�1] 0.360 0.304
reflections measured 5358 4090
unique reflections [I>2s(I)] 1653 (Rint=0.0353) 1125 (Rint=0.0600)
final R1, wR2[I>2s(I)] 0.0461, 0.1134 0.0521, 0.1350
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Data for 6 : Yield: 95%; m.p. 105 8C; 1H NMR: d=8.77 (s, 1H), 7.45 (s,
2H), 4.17 (t, 3J(H,H)=7.1 Hz, 2H), 2.38 (t, 3J(H,H)=7.1 Hz, 2H),
2.08 ppm (m, 2H); 13C NMR: d=179.7, 139.0, 126.6, 125.2, 51.5, 38.5,
33.2, 27.7 ppm; IR: ñ=3404, 3107, 2956, 2762, 2640, 2563, 2509, 2453,
1702, 1558, 1463, 1410, 1268, 1193, 1157, 1063 cm�1; ESI-MS: 169
[M�Cl]+ ; elemental analysis calcd (%) for C8H13ClN2O2: C 46.95, H
6.40, N 13.69; found: C 47.01, H 6.42, N 13.65.


Data for 7: Yield: 97%; m.p. 260 8C (decomp); 1H NMR: d=8.84 (s,
1H), 7.47 (s, 2H), 5.06 ppm (s, 4H); 13C NMR: d=172.7, 141.1, 126.4,
52.1 ppm; IR: ñ=3141, 3112, 2898, 2583, 2493, 1730, 1565, 1404,
1163 cm�1; ESI-MS: 185 [M�Cl]+; elemental analysis calcd (%) for
C7H9ClN2O4: C 38.11, H 4.11, N 12.70; found: C 38.23, H 4.14, N 12.65.


Data for 8 : Yield: 96%; colorless solid; m.p. 172 8C; 1H NMR: d=8.77
(s, 1H), 7.45 (s, 2H), 4.17 (t, 3J(H,H)=7.1 Hz, 4H), 2.38 (t, 3J(H,H)=
7.1 Hz, 4H), 2.08 ppm (m, 4H); 13C NMR: d=179.7, 138.5, 125.5, 51.6,
33.2, 27.6 ppm; IR: ñ=3421, 3104, 2920, 2581, 2512, 1710, 1558, 1461,
1433, 1406, 1374, 1263, 1181, 1153, 1063 cm�1; ESI-MS: 241 [M�Cl]+; ele-
mental analysis calcd (%) for C11H17ClN2O4: C 47.75, H 6.19, N 10.12;
found C 47.81, H 6.22, N 10.05.


Synthesis of 9–12 : In a typical procedure, a mixture of 5 (0.010 mol) and
triethylamine (0.011 mol) in dichloromethane (20 mL) was stirred at RT
for 24 h under an inert atmosphere of dry nitrogen. The solid was filtered
and washed with dichloromethane (3U15 mL) to give the product.


Data for 9 : Yield: 97%; colorless solid; m.p. 270 8C (decomp); 1H NMR:
d=8.61 (s, 1H), 7.34 (s, 1H), 7.32 (s, 1H), 4.71 (s, 2H), 3.82 ppm (s, 3H);
13C NMR: d=175.3, 139.8, 126.3, 126.1, 54.8, 38.6 ppm; IR: ñ=3186,
3148, 3096, 3061, 2994, 2953, 2866, 2242, 1692, 1624, 1567, 1376, 1310,
1294, 1188, 1119, 1034 cm�1; ESI-MS: 141 [M+H]+; elemental analysis
calcd (%) for C6H8N2O2: C 51.42, H 5.75, N 19.99; found: C 51.51, H
5.81, N 20.01.


Data for 10 : Yield: 98%; colorless solid; m.p. 95 8C; 1H NMR: d=8.64
(s, 1H), 7.40 (s, 1H), 7.34 (s, 1H), 4.14 (t, 3J(H,H)=7.1 Hz, 2H), 3.79 (s,
3H), 2.22 (t, 3J(H,H)=7.1 Hz, 2H), 2.06 ppm (m, 2H); 13C NMR: d=
182.0, 139.0, 126.6, 125.2, 51.7, 38.6, 35.0, 28.4 ppm; IR: ñ=3367, 3089,
3066, 2962, 2849, 1659, 1564, 1471, 1397, 1176 cm�1; ESI-MS: 337
[M�Cl]+ ; elemental analysis calcd (%) for C16H25ClN4O4: C 51.54, H
6.76, N 15.03; found: C 51.61, H 6.82, N 15.25.


Data for 11: Yield: 97%; colorless solid; m.p. 290 8C (decomp);
1H NMR: d=8.84 (s, 1H), 7.50 (s, 2H), 4.98 ppm (s, 4H); 13C NMR: d=
174.0, 140.7, 126.4, 54.2 ppm; IR: ñ=3145, 3111, 2960, 1666, 1613, 1562,
1334, 1163; ESI-MS: 185 [M+H]+ ; elemental analysis calcd (%) for
C7H8N2O4: C 45.66, H 4.38, N 15.21; found: C 45.73, H 4.40, N 15.18.


Data for 12 : Yield: 99%; colorless solid; m.p. 176 8C; 1H NMR: d=8.72
(s, 1H), 7.40 (s, 2H), 4.12 (t, 3J(H,H)=7.1 Hz, 4H), 2.21 (t, 3J(H,H)=
7.1 Hz, 4H), 2.01 ppm (m, 4H); 13C NMR: d=181.9, 138.4, 125.4, 51.8,
34.9, 28.3 ppm; IR: ñ=3386, 3100, 2953, 1708, 1558, 1409, 1176,
1020 cm�1; ESI-MS: 241 [M+H]+ ; elemental analysis calcd (%) for
C11H16N2O4: C 54.99, H 6.71, N 11.66; found: C 55.06, H 6.76, N 11.65.


Protonation of zwitterions : On a 0.01 mol scale, addition of HBF4/
HSO3CF3 to 9 (1:1 molar ratio) at RT under an inert atmosphere of dry
nitrogen gave 15a/15b ; similarly 17a/17b and 18a/18b were obtained by
adding HBF4/HSO3CF3 to the zwitterions 11 and 12. In all cases, the solid
salts became oils after addition of HBF4/HSO3CF3; 15a/15b and 17a/17b
changed back to solid again after two days at RT. The acids 16a/16b
were obtained by anion exchange from 6 and NaBF4/AgSO3CF3 accord-
ing to the literature method.[27, 28]


Data for 15a : Yield: 98%; colorless solid; m.p. 138 8C; 1H NMR: d=8.66
(s, 1H), 7.37 (s, 1H), 7.36 (s, 1H), 5.00 (s, 2H), 3.81 ppm (s, 3H);
13C NMR: d=173.2, 140.2, 126.4, 126.3, 53.0, 38.7 ppm; IR: ñ=3132,
3106, 2970, 2901, 1723, 1628, 1570, 1420, 1365, 1242, 1163, 1150 cm�1;
ESI-MS: 141 [cation]+ ; elemental analysis calcd (%) for C6H9BF4N2O2:
C 31.61, H 3.98, N 12.29; found: C 31.71, H 4.01, N 12.32.


Data for 15b : Yield: 99%; colorless solid; m.p. 68 8C; 1H NMR: d=8.65
(s, 1H), 7.38 (s, 1H), 7.37 (s, 1H), 5.00 (s, 2H), 3.82 ppm (s, 3H);
13C NMR: d=173.0, 140.2, 126.3, 120.9–124.1 (m, CF3), 52.8, 38.7 ppm;
IR: ñ=3306, 3171, 2987, 2901, 1751, 1579, 1403, 1173, 1034 cm�1; ESI-
MS: 141 [cation]+ ; elemental analysis calcd (%) for C7H9F3N2O5S: C
28.97, H 3.13, N 9.65; found: C 29.01, H 3.16, N 9.62.


Data for 16a : Yield: >99%; colorless liquid; m.p. �58 8C; 1H NMR: d=
8.63 (s, 1H), 7.42 (s, 1H), 7.37 (s, 1H), 4.19 (t, 3J(H,H)=7.1 Hz, 2H),
3.82 (s, 3H), 2.38 (t, 3J(H,H)=7.1 Hz, 2H), 2.11 ppm (m, 2H); 13C NMR:
d=179.7, 139.0, 126.7, 125.2, 51.4, 38.6, 33.1, 27.7 ppm; IR: ñ=3161,
3120, 2947, 1734, 1576, 1421, 1168, 1055 cm�1; ESI-MS: 169 [cation]+ ; ele-
mental analysis calcd (%) for C8H13BF4N2O2: C 37.53, H 5.12, N 10.94;
found: C 37.61, H 5.17, N 10.99.


Data for 16b : Yield: 99%; colorless liquid; m.p. �61 8C; 1H NMR: d=
8.63 (s, 1H), 7.40 (s, 1H), 7.35 (s, 1H), 4.16 (t, 3J(H,H)=7.1 Hz, 2H),
3.80 (s, 3H), 2.37 (t, 3J(H,H)=7.1 Hz, 2H), 2.07 ppm (m, 2H); 13C NMR:
d=179.7, 139.0 126.6, 125.2, 120.9–124.1 (m, CF3), 51.4, 38.6, 33.10,
27.6 ppm; IR: ñ=3484, 3156, 3117, 2962, 1722, 1575, 1416, 1249, 1224,
1157, 1027 cm�1; ESI-MS: 169 [cation]+ ; elemental analysis calcd (%) for
C9H13F3N2O5S: C 33.96, H 4.12, N 8.80; found: C 34.06, H 4.15, N 8.83.


Data for 17a : Yield: >97%; colorless solid; m.p. 210 8C (decomp);
1H NMR: d=8.83 (s, 1H), 7.55 (s, 2H), 5.15 ppm (s, 4H); 13C NMR: d=
172.7, 141.2, 126.5, 53.0 ppm; IR: ñ=3164, 3132, 2974, 1736, 1571, 1403,
1176, 1005 cm�1; ESI-MS: 185 [cation]+ ; elemental analysis calcd (%) for
C7H9BF4N2O4: C 30.91, H 3.34, N 10.30; found: C 31.03, H 3.39, N 10.25.


Data for 17b : Yield: >96%; colorless solid; m.p. 140 8C (decomp);
1H NMR: d=8.71 (s, 1H), 7.33 (s, 2H), 4.92 ppm (s, 4H); 13C NMR: d=
172.2, 141.1, 126.3, 120.9–124.1 (m, CF3), 52.7 ppm; IR: ñ=3165, 2990,
1743, 1663, 1423, 1175 cm�1; ESI-MS: 185 [cation]+ ; elemental analysis
calcd (%) for C8H9F3N2O7S: C 28.75, H 2.71, N 8.83; found: C 28.83, H
2.79, N 8.85.


Data for 18a : Yield: >99%; colorless liquid; m.p. �57 8C; 1H NMR: d=
8.74 (s, 1H), 7.43 (s, 2H), 4.16 (t, 3J(H,H)=7.1 Hz, 4H), 2.34 (t,
3J(H,H)=7.1 Hz, 4H), 2.07 ppm (m, 4H); 13C NMR: d=179.8, 138.5,
125.5, 51.6, 33.2, 27.6 ppm; IR: ñ=3153, 2943, 1712, 1566, 1417, 1161,
1061 cm�1; ESI-MS: 241 [cation]+ ; elemental analysis calcd (%) for
C11H17BF4N2O4 (%): C 40.27, H 5.22, N 8.54; found: C 40.41, H 5.28, N
8.55.


Data for 18b : Yield: >99%; colorless liquid; m.p. �60 8C; 1H NMR: d=
8.76 (s, 1H), 7.44 (s, 2H), 4.16 (t, 3J(H,H)=7.1 Hz, 4H), 2.36 (t,
3J(H,H)=7.1 Hz, 4H), 2.07 ppm (m, 4H); 13C NMR: d=179.8, 138.5,
125.5, 120.9–124.1 (m, CF3), 51.6, 33.1, 27.55 ppm; IR: ñ=3147, 1710,
1565, 1412, 1241, 1223, 1155, 1027 cm�1; ESI-MS: 241 [cation]+ ; elemen-
tal analysis calcd (%) for C12H17F3N2O7S: C 36.92, H 4.39, N 7.18; found:
C 37.01, H 4.43, N 7.20.
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Diverted Total Synthesis and Biological Evaluation of Gambierol Analogues:
Elucidation of Crucial Structural Elements for Potent Toxicity


Haruhiko Fuwa,[b, c] Noriko Kainuma,[b] Kazuo Tachibana,[b] Chihiro Tsukano,[a]


Masayuki Satake,[a] and Makoto Sasaki*[a]


Introduction


The fused polycyclic ether class of marine natural products
has attracted the attention of chemists and biologists owing
to their complex and large molecular architecture as well as
their potent and diverse biological activities.[1] Ciguatoxin
and its congeners, produced by the epiphytic dinoflagellate,
Gambierdiscus toxicus, are a representative family of marine
polycyclic ether toxins.[2,3] Ciguatoxins (CTXs) are the prin-
cipal toxins responsible for the ciguatera seafood poisoning
prevalent in the circumtropic area, from which more than
25000 patients suffer annually.[4] CTXs are known to exert
their potent neurotoxicity by binding to voltage-sensitive
sodium channels (VSSC) and altering their function.[5]


Gambierol (1) is another marine polycyclic ether toxin,
which was isolated along with ciguatoxin congeners from
culture cells of G. toxicus collected from the Rangiroa Pen-
insula in French Polynesia. Its gross structure including the
relative stereochemistry has been determined by extensive
NMR studies.[6] Subsequently, the absolute configuration


was established by derivatization and application of a modi-
fied Mosher analysis.[7] This intriguing toxic molecule con-
sists of a trans-fused octacyclic polyether core that contains
18 stereogenic centers and a partially conjugated triene side
chain, including a conjugated (Z,Z)-diene system, and thus
it provides a formidable synthetic challenge. Gambierol ex-
hibits potent neurotoxicity against mice with a minimal
lethal dose (MLD) of 50 mgkg�1 by intraperitoneal (ip) in-
jection, and the neurological symptoms caused in mice re-
semble those shown by CTXs. This finding implies the possi-
bility that gambierol is also responsible for ciguatera sea-
food poisoning. Very recently, Inoue et al. reported that
gambierol inhibits the binding of dihydrobrevetoxin B
(PbTx-3) to VSSC, though its binding affinity is significantly
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Abstract: Gambierol is a polycyclic
ether toxin, which has been isolated
from the marine dinoflagellate Gam-
bierdiscus toxicus. A series of gambier-
ol analogues have been prepared from
an advanced intermediate of our total
synthesis of gambierol and investigated
for their toxicity against mice, thus pro-
viding the first systematic structure–ac-


tivity relationships (SAR) of this poly-
cyclic ether class of marine toxin. The
SAR studies described herein clearly
indicate that 1) the C28=C29 double


bond within the H ring and the unsatu-
rated side chain are the crucial struc-
tural elements required for exerting
potent biological activity and 2) the C1
and C6 hydroxy groups, the C30
methyl group, and the C37=C38 double
bond have little influence on the
degree of neurotoxicity against mice.


Keywords: ciguatoxins · gambierol ·
polycyclic ethers · structure–activity
relationships · total synthesis
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lower than those of brevetoxins and ciguatoxins.[8] Over the
past decade, however, its extremely limited availability from
nature has precluded detailed biological studies on this neu-
rotoxin. Therefore, there have been strong demands for a
supply of useful quantities of this natural product to be pre-
pared by chemical total synthesis. Consequently, substantial
efforts have been devoted towards the synthesis of gambier-
ol[9] and, to date, two complete total syntheses have been re-
ported by us[10] and by Yamamoto and co-workers.[11] Now
that ample quantities of gambierol can be supplied by chem-
ical synthesis, we undertook studies aimed at gaining an un-
derstanding of the molecular basis of the biological mode of
action of this marine toxin. In this context, we have investi-
gated the structure–activity relationships (SAR) of gambier-
ol to establish the structural elements that are essential for
potent biological activity and the basis for the design and
synthesis of molecular probes useful for biological studies.
Herein, we describe in detail the total synthesis and biologi-
cal evaluation of a series of gambierol analogues, which cul-
minated in the elucidation of the crucial structural elements
required for potent neurotoxicity.[12]


Results and Discussion


Only a few reports concerning the structure–activity rela-
tionships (SAR) of marine polycyclic ether toxins exist.[13]


Two plausible reasons for this are 1) the extremely limited
availability of these secondary metabolites from natural
sources and 2) the difficulties of altering the highly complex
and huge molecular structures by chemical means. In the
case of gambierol, we have solved the former problem by
our convergent total synthesis, which realized the prepara-
tion of ample quantities of this natural toxin. However,
owing to the presence of extremely sensitive functional
groups, including the labile triene side chain and the tertiary
allylic alcohol, the controlled chemical modification of gam-
bierol itself is seemingly quite difficult.[7] On the other hand,
information gained through the total synthesis suggested
that one would be able to overcome such a limitation by car-
rying out analogue synthesis, starting from an advanced in-
termediate that has a simple structure and sufficient func-
tional groups for further chemical manipulation.[14] During
the course of our total synthesis of gambierol, we establish-
ed a practical synthetic entry to the octacyclic polyether
core 2[9k,10] based on our modified Suzuki–Miyaura coupling
approach.[15,16] This advanced intermediate fulfilled the
above requirements and is available in a gram quantity.
Thus, we anticipated that the octacyclic polyether core 2
would be an ideal starting point for the diverted total syn-
thesis of gambierol analogues for SAR studies.


Synthesis of the right-wing modified analogues : We first di-
rected our attention to the synthesis of the right-wing modi-
fied analogues of gambierol in order to evaluate the role of
the H-ring functionalities and the lipophilic triene side
chain. At the outset, we prepared analogues 3 and 4 to see
whether the octacyclic polyether core of 1 alone is a suffi-
cient minimal structure for exhibiting toxicity. Debenzyla-
tion of 2 by hydrogenolysis gave diol 3 in 94% yield
(Scheme 1). Subsequent removal of the acetyl groups under


basic conditions afforded tetraol 4 in 84% yield. We also
synthesized analogue 5, which bears a heptyl side chain
(Scheme 2). Removal of the acetyl groups of 2 followed by
silylation with tert-butyldimethylsilyl trifluoromethanesulfo-


Scheme 1. Reagents and conditions: a) H2, 20% Pd(OH)2/C, EtOAc, RT,
94%; b) K2CO3, MeOH, RT, 84%.


Scheme 2. Reagents and conditions: a) K2CO3, MeOH, RT; b) TBSOTf,
Et3N, DMF, 0 8C; c) CSA, MeOH/CH2Cl2 (1:1), 0 8C, 59% (three steps);
d) TPAP, NMO, 4 L molecular sieves, CH2Cl2, RT; e) Br�Ph3P


+


(CH2)5CH3, NaHMDS, THF, 0 8C, 45% (two steps); f) HF·pyridine, THF,
RT, 72%; g) H2, 20% Pd(OH)2/C, MeOH/EtOAc (1:1), RT, quantitative.
TBSOTf= tert-butyldimethylsilyl trifluoromethanesulfonate; DMF=N,N-
dimethylformamide; CSA=dl-camphorsulfonic acid; TPAP= tetra-n-pro-
pylammonium perruthenate; NMO=N-methylmorpholine N-oxide;
NaHMDS= sodium bis(trimethylsilyl)amide.
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nate (TBSOTf) and triethylamine led to the bis-silyl ether 6.
Selective liberation of the C32[17] primary hydroxy group
under acidic conditions produced the alcohol in 59% yield
for the three steps. Oxidation of the alcohol using LeyMs con-
ditions [tetra-n-propylammonium perruthenate (TPAP), N-
methylmorpholine N-oxide (NMO)][18] and the ensuing
Wittig reaction with the ylide generated from n-hexyltriphe-
nylphosphonium bromide [Br�Ph3P


+(CH2)5CH3], afforded
(Z)-olefin 7 in 45% overall yield. Deprotection of the silyl
group with HF·pyridine followed by removal of the benzyl
groups with concomitant reduction of the double bond fur-
nished analogue 5 in 72% yield for the two steps.


Analogues 8--10, which possess the C30 axial methyl
group, were prepared as depicted in Scheme 3. The synthesis
of analogues 8 and 9 started from alcohol 11, which is avail-
able in 11 steps from 2.[10] Parikh–Doering oxidation of 11
and Wittig reaction of the derived aldehyde led to (Z)-
olefin 12 in 58% overall yield. Removal of the silyl protect-
ing groups by exposure to excess HF·pyridine furnished
34,35,37,38-tetrahydrogambierol (9) in 81% yield. Hydroge-
nation of 9 then afforded perhydrogambierol (8) in 59%
yield. The synthesis of analogue 10 also commenced with al-
cohol 11. Oxidation of 11 followed by Julia–Kociensky olefi-
nation[19] with a sulfone anion derived from 5-(pentane-1-
sulfonyl)-1-phenyl-1H-tetrazole (13) gave olefin 14 as an in-
separable mixture of geometric isomers with disappointingly
poor selectivity (E :Z=ca. 1:2, 70% overall yield). Several
attempts to improve the selectivity met with failure. Howev-
er, after deprotection of the silyl groups by treatment with
excess HF·pyridine, pure (32E)-34,35,37,38-tetrahydrogam-
bierol (10) was isolated by HPLC separation of the configu-
rational isomers.


To further investigate the effect of the multiunsaturated
side chain of parent 1, two isomeric diene analogues 15 and
16 and (32E)-analogue 17 as well as the truncated analogue


18 were designed. Analogues 15 and 16 were synthesized
stereoselectively by palladium(0)-mediated cross-coupling[20]


of (Z)-vinyl bromide 19, accessible from 2 in 15 steps,[10]


with (Z)-vinylstannane 20 and the known (E)-vinylboronic
acid 21,[21] respectively (Scheme 4). The Stille coupling of
(Z)-vinyl bromide 19 with (Z)-vinyl stannane 20 under
CoreyMs modified conditions [[Pd(PPh3)4], CuCl, LiCl,
DMSO/THF (1:1), 60 8C][10,22] provided 37,38-dihydrogam-
bierol (15) in high yield. On the other hand, the Suzuki–
Miyaura coupling[13] of 19 with (E)-vinylboronic acid 21 with
a catalytic amount of [Pd(PPh3)4] and Na2CO3 in DME/H2O
(4:1) at 95 8C furnished (32E)-37,38-dihydrogambierol (16)
in excellent yield. The synthesis of analogue 17 is summar-
ized in Scheme 5. Oxidation of 11 and Takai iodo-olefina-
tion (CrCl2, CHI3)


[23] of the derived aldehyde gave (E)-vinyl
iodide 22 together with its Z isomer in an acceptable selec-
tivity (E :Z>10:1 determined by 1H NMR spectroscopy,
71% combined yield). Global desilylation of 22 followed by
Stille coupling with (Z)-vinylstannane 23 under established
conditions[10] delivered (32E)-gambierol (17) along with a
small amount of its Z isomer, gambierol; these isomers were
separated by HPLC. Truncated analogue 18 was prepared
by the Stille coupling of 19 with tributyl(vinyl)tin
(Scheme 4).


To evaluate the H-ring functionalities, analogues 24–26,
each of which has the triene side chain in the natural form,
were designed and synthesized based on our total synthesis
of 1.[10] The synthesis of 28,29-dihydro-30-desmethylgambier-
ol (24) commenced with compound 6 (Scheme 6). Reductive
debenzylation of 6 by exposure to excess lithium di-tert-bu-
tylbiphenylide (LiDBB)[24] was followed by selective protec-
tion of the C1 hydroxy group to give tert-butyldiphenylsilyl
(TBDPS) ether 27 in 79% yield for the two steps. Further
silylation of the C6 hydroxy group and subsequent selective
cleavage of the C32 primary TBS ether under acidic condi-


Scheme 3. Reagents and conditions: a) SO3·pyridine, Et3N, DMSO/CH2Cl2 (1:1), 0 8C; b) Br�Ph3P
+(CH2)5CH3, NaHMDS, THF, 0 8C, 58% (two steps);


c) HF·pyridine, THF, RT, 81%; d) H2, 10% Pd/C, EtOAc, RT, 59%; e) TPAP, NMO, 4 L molecular sieves, CH2Cl2, RT; f) 5-(pentane-1-sulfonyl)-1-
phenyl-1H-tetrazole 13, KHMDS, THF, �78 8C!RT, 70% (two steps); g) HF·pyridine, THF, RT, 87%; h) HPLC separation of configurational isomers
(9 : 58%; 10 : 29%). DMSO=dimethylsulfoxide; HPLC=high-performance liquid chromatography.
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tions led to alcohol 28 in 80% yield for the two steps. Oxi-
dation of 28 with SO3·pyridine and Corey–Fuchs olefina-
tion,[25] followed by stereoselective reduction of the derived
dibromoolefin under conditions [nBu3SnH, Pd(PPh3)4] re-
ported by Uenishi and co-workers[26] afforded (Z)-vinyl bro-
mide 29 in 47% overall yield. Global deprotection of the
silyl protective groups with HF·pyridine and the ensuing
Stille coupling with (Z)-vinylstannane 23[27] furnished ana-
logue 24 in 63% yield for the two steps. Two other ana-
logues, 28,29-dihydrogambierol (25) and 30-desmethylgam-


bierol (26), were prepared by using a similar chemistry to
that described for the synthesis of 24. 28,29-Dihydrogam-
bierol (25) was accessible from alcohol 11 (Scheme 7). After
reduction of the H-ring double bond of 11, the derived alco-
hol 30 was elaborated to analogue 25 by the sequence de-
scribed above. The synthesis of 30-desmethylgambierol (26)
commenced with enone 31,[10] which is derived from 2 in
five steps as previously reported (Scheme 8). Reduction of
the carbonyl group under Luche conditions[28] gave allylic al-
cohol 32 in 78% yield after separation of a small amount of
the undesired diastereomer by flash chromatography. Fur-
ther protecting-group manipulations led to alcohol 33, to
which the triene side chain was incorporated by modified
Stille coupling to afford analogue 26.


Synthesis of the left-wing modified analogues : With a series
of right-wing modified analogues in hand, we next turned
our attention to the modification of the C1 and C6 hydroxy
groups. 6-epi-Gambierol (34) and 6-deoxygambierol (35)
were targeted in order to evaluate the effect of the C6 hy-
droxy group on toxicity. Initially, the C6 axial-oriented hy-
droxy group of 36[10] was inverted through an oxidation–re-
duction sequence (Scheme 9). Alcohol 36 was oxidized with
TPAP in the presence of NMO and the resultant ketone was
reduced stereoselectively with NaBH4 (methanol/CH2Cl2,
�78 8C) to give alcohol 37 (d.r.=6.9:1) in good overall
yield. As shown in Figure 1, the stereochemistry at the C6
position of 37 was unambiguously confirmed by 1H NMR
analysis of the corresponding acetate (J5eq,6=5.5 Hz, J5ax,6=
10.8 Hz). Protection of 37 as the TBS ether gave tetra-silyl
ether 38, which was then elaborated to 6-epi-gambierol (34)
following the same protocol as described for the synthesis of
analogue 24. On the other hand, for the synthesis of 6-
deoxygambierol (35), alcohol 37 was treated with thiocarbo-
nyldiimidazole to give the imidazolylthiocarbonyl derivative
40. Reduction of 40 with nBu3SnH in the presence of 2,2’-
azobisisobutyronitrile (AIBN) produced deoxygenated


Scheme 4. Reagents and conditions: a) 20, [Pd(PPh3)4], CuCl, LiCl, DMSO/THF (1:1), 60 8C, 91%; b) 21, [Pd(PPh3)4], Na2CO3, DME/H2O (4:1), 95 8C,
91%; c) tributyl(vinyl)tin, [Pd(PPh3)4], CuCl, LiCl, DMSO/THF, 60 8C, 26% (45% based on recovered 19). DME=dimethoxyethane.


Scheme 5. Reagents and conditions: a) TPAP, NMO, 4 L molecular
sieves, CH2Cl2, RT; b) CrCl2, CHI3, THF, RT!40 8C, 71% (two steps);
c) HF·pyridine, THF, RT, quantitative; d) 23, [Pd(PPh3)4], CuCl, LiCl,
DMSO/THF (1:1), RT, 84%.
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product 41, which was converted into the 6-deoxy analogue
35 via 42 in a way similar to that described above.


To investigate the role of the terminal C1 primary hy-
droxy group, we prepared 1-O-methylgambierol (43) and 1-
deoxygambierol (44) (Scheme 10). The synthesis of 1-O-
methylgambierol (43) commenced with (Z)-vinyl bromide
45. During the course of our total synthesis of gambierol, we
found that the three silyl protecting groups of 45 could be
differentially removed by controlling the reaction time of
the deprotection step. As expected, selective liberation of
the C1 hydroxy group was realized by brief exposure of 45
to HF·pyridine; this reaction gives rise to alcohol 46 in 86%
yield. Treatment of 46 with methyl trifluoromethanesulfo-
nate in the presence of 2,6-di-tert-butylpyridine afforded


Scheme 6. Reagents and conditions: a) LiDBB, THF, �78!�40 8C;
b) TBDPSCl, Et3N, DMAP, CH2Cl2, RT, 79% (two steps); c) TBSOTf,
Et3N, CH2Cl2, 0 8C!RT; d) CSA, MeOH/CH2Cl2 (1:1), 0 8C, 80% (two
steps); e) SO3·pyridine, Et3N, DMSO/CH2Cl2 (1:1), 0 8C; f) CBr4, PPh3,
Et3N, CH2Cl2, 0 8C; g) nBu3SnH, [Pd(PPh3)4], benzene, RT, 47% (three
steps); h) HF·pyridine, THF, RT, 92%; i) 23, [Pd(PPh3)4], CuCl, LiCl,
DMSO/THF (1:1), 60 8C, 68%. LiDBB= lithium di-tert-butylbiphenylide;
TBDPS= tert-butyldiphenylsilyl ; DMAP=N,N-dimethylaminopyridine.


Scheme 7. Reagents and conditions: a) H2, 10% Pd/C, EtOAc, room tem-
perature, 95%; b) SO3·pyridine, Et3N, DMSO/CH2Cl2 (3:2), 0 8C; c) CBr4,
PPh3, Et3N, CH2Cl2, 0 8C; d) nBu3SnH, [Pd(PPh3)4], benzene, RT, 74%
(three steps); e) HF·pyridine, THF, RT, quantitative; f) 23, [Pd(PPh3)4],
CuCl, LiCl, DMSO/THF (1:1), 60 8C, 64%.


Scheme 8. Reagents and conditions: a) NaBH4, CeCl3·7H2O, MeOH, 0 8C,
78%; b) TBSOTf, Et3N, CH2Cl2, 0 8C!RT; c) LiDBB, THF, �78!
�40 8C, 74% (two steps); d) TBDPSCl, Et3N, DMAP, CH2Cl2, RT, 85%;
e) TBSOTf, Et3N, CH2Cl2, 0 8C!RT; f) CSA, MeOH/CH2Cl2 (1:1), 0 8C,
81% (two steps); g) SO3·pyridine, Et3N, DMSO/CH2Cl2 (1:1), 0 8C;
h) CBr4, PPh3, Et3N, CH2Cl2, 0 8C, 47% (two steps); i) nBu3SnH,
[Pd(PPh3)4], benzene, RT; j) HF·pyridine, THF, RT; k) 23, [Pd(PPh3)4],
CuCl, LiCl, DMSO/THF (1:1), 60 8C, 34% (three steps).
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methyl ether 47 in high yield without affecting the sensitive
(Z)-vinyl bromide portion. Removal of the remaining silyl
protecting groups and the ensuing modified Stille coupling
with (Z)-vinylstannane 23 furnished 1-O-methyl analogue
43. 1-Deoxygambierol (44) was also prepared from alcohol
46 by reduction of the corresponding mesylate. Thus, treat-
ment of 46 with methanesulfonyl chloride in the presence of
triethylamine gave the corresponding mesylate, which was
reduced with LiBHEt3 to afford the deoxygenated product
48 in excellent yield. Elaboration of 48 into the desired ana-
logue 44 was readily accomplished as described for the syn-
thesis of 43.


Biological evaluation : The toxicities (MLD values) of syn-
thetic gambierol (1) and its analogues against mice were
next determined by intraperitoneal (ip) injection. The re-
sults are summarized in Tables 1 and 2. All toxic analogues
except for compounds 43 and 44 caused death of the mice
within 15–30 min of ip injection at the minimum lethal dose
level indicated in Tables 1 and 2. In addition, at a lower
dose level for all the active analogues, mice showed typical
neurological symptoms, as observed in the case of gambier-
ol.[29] On the other hand, such changes were not observed
for the inactive compounds. For analogues 43 and 44, death
of the mice occurred 45–145 min after the ip injection.


Not surprisingly, simple analogues 3 and 4 were complete-
ly inactive, which clearly indicates that the octacyclic poly-
ether core structure itself does not exert toxicity. Analogues
5 and 8, both of which contain a heptyl chain in place of the


Scheme 9. Reagents and conditions: a) TPAP, NMO, 4 L molecular
sieves, CH2Cl2, RT, 97%; b) NaBH4, MeOH, �78 8C, 83%+12% of 36 ;
c) TBSOTf, Et3N, CH2Cl2, 0 8C!RT; d) (Im)2C=S, DMAP, toluene,
110 8C, 94%; e) nBu3SnH, AIBN, toluene, 110 8C; f) CSA, MeOH/
CH2Cl2 (1:1), 0 8C, 86% (two steps) for 39, 97% (two steps) for 42 ;
g) TPAP, NMO, 4 L molecular sieves, CH2Cl2, RT; h) CBr4, PPh3, Et3N,
CH2Cl2, 0 8C; i) nBu3SnH, [Pd(PPh3)4], benzene, RT; j) HF·pyridine,
THF, RT; k) 23, [Pd(PPh3)4], CuCl, LiCl, DMSO/THF (1:1), 60 8C, 51%
(five steps) for 34, 46% (five steps) for 35. Im= imidazole; AIBN=2,2’-
azobisisobutyronitrile.


Scheme 10. Reagents and conditions: a) HF·pyridine, THF, RT, 86%;
b) MeOTf, 2,6-di-tert-butylpyridine, CH2Cl2, RT, 82%; c) MsCl, Et3N,
CH2Cl2, 0 8C; d) LiBHEt3, THF, 0 8C!RT, 96% (two steps); e) HF·pyri-
dine, THF, RT; f) 23, [Pd(PPh3)4], CuCl, LiCl, DMSO/THF (1:1), 60 8C,
86% (two steps) for 43, 82% (two steps) for 44. Ms=methanesulfonyl.


Figure 1. Confirmation of the stereochemistry at the C6 position by perti-
nent 1H NMR coupling constants: 3J5eq,6=5.5 Hz, 3J5ax,6=10.8 Hz. The
benzyl group was replaced with a methyl group for clarity.
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natural triene side chain, showed no detectable toxicity, un-
derlining the importance of the functionalities of the H ring
as well as the double bond(s) within the side chain.


The importance of the conjugated diene system within the
triene side chain was revealed by the evaluation of the toxic-
ity of the analogues that contain the H-ring functionalities.
34,35,37,38-Tetrahydrogambierol (9) exhibited only moder-
ate toxicity against mice (MLD 1.66 mgkg�1, ca. 25-fold less
active than 1), and (32E)-34,35,37,38-tetrahydrogambierol
(10), in which the configuration of the C32=C33 double
bond is altered (Z!E), showed no detectable toxicity.
These results suggest that the conjugated diene system,
which strongly restricts the orientation of the side chain, is
an important and preferred structural feature for exhibiting
potent activity. On the other hand, 37,38-dihydrogambierol
(15) and (34E)-37,38-dihydrogambierol (16) were as potent
as the parent 1, which indicates that reduction of the C37=
C38 double bond and inversion of the configuration of the
C34=C35 double bond are irrelevant to toxicity. In addition
to these compounds, we evaluated the toxicity of (32E)-
gambierol (17) and the truncated analogue 18. Interestingly,


analogue 17 retained lethality about fivefold less active than
that of the parent 1. By comparing the structures of 10 and
17, the conjugated diene system within the side chain again
turns out to be important for exhibiting potent toxicity. In
contrast, analogue 18, which bears a butadiene side chain,
was found to exhibit lower toxicity (MLD 1.18 mgkg�1) than
compounds 15–17, which suggests that the length of the side
chain in gambierol is also important for toxicity.


During the evaluation of analogues 24–26, which possess
the natural triene side chain, we found that the C28=C29
double bond within the H ring has a considerable effect on
biological activity. To our surprise, 28,29-dihydro-30-desme-
thylgambierol (24) was completely inactive. 30-Desmethyl-
gambierol (26) displayed toxicity about fivefold less active
than 1 (MLD 0.34 mgkg�1), whereas 28,29-dihydrogambierol
(25) was approximately 120-fold less active (MLD
7.95 mgkg�1). These results strongly indicate that the C28=
C29 double bond is an indispensable structural element for
exerting potent toxicity, whilst the C30 methyl group is not
critical although it is possibly important. Reduction of the
C28=C29 double bond should cause significant changes in


Table 1. Minimal lethal dose (MLD) values of gambierol (1) and right-wing modified analogues 3–5, 8–10, 15–18, and 24–26 against mice.


Structure MLD Relative Structure MLD Relative
[mgkg�1] (ip) activity [mgkg�1] (ip) activity


1 0.050–0.075 1 15 0.065 1


3 >8.20 – 16 0.134 1/2


(inactive)


4 >18.3 – 17 0.336 1/5


(inactive)


5 >7.63 – 18 1.18 1/18


(inactive)


8 >12.9 – 24 >11.9 –


(inactive) (inactive)


9 1.66 1/25 25 7.95 1/120


10 >12.9 – 26 0.340 1/5


(inactive)
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the conformation of the H ring and consequently the orien-
tation of the triene side chain. The drastic decrease in the
toxicity of analogue 25 could be ascribed to the conforma-
tional change of the right-wing of the molecule. This was
also supported by molecular mechanics calculations of com-
pounds 1, 25, and 26. A Monte Carlo conformational search
with the MM3* forcefield implemented in MacromodelP ver-
sion 8.0 was carried out for each compound simulated in
water. Analogue 25, in which the C28=C29 double bond is
removed, adopts a conformation very different from that of
1, whereas the conformation of analogue 26, which lacks the
C30 methyl group, is similar to that of parent 1 (Figure 2).


Finally, the role of the C1 and C6 hydroxy groups was es-
tablished by analyzing analogues 34, 35, 43, and 44
(Table 2). Since both 6-epi-gambierol (34) and 6-deoxygam-
bierol (35) displayed activity comparable to that of parent 1,
it can be assumed that the C6 hydroxy group has essentially
no influence on the biological activity of gambierol. 1-O-


Methylgambierol (43) and 1-deoxygambierol (44) also re-
tained potent neurotoxicity (MLD 0.42 and 0.20 mgkg�1, re-
spectively). However, these analogues required a longer
time to cause death in mice (45–145 min after ip injection)
than other active analogues, which suggests that these C1
modified analogues may have relatively low absorption and/
or distribution properties. In any case, it can be concluded
that the C1 and C6 hydroxy groups are not essential struc-
tural elements for exhibiting toxicity, though their presence
is preferred.


Conclusion


By virtue of our practical synthetic route to gambierol, di-
verted total synthesis of gambierol analogues and systematic
and detailed structure–activity relationship (SAR) studies of
this complex marine toxin have been realized for the first
time. The SAR study described herein has revealed that the
structural elements of gambierol indispensable for exhibiting
potent toxicity are the C28=C29 double bond, and the unsa-
turated side chain of specific length. In contrast to these im-
portant structural elements, the C1 and C6 hydroxy groups,
the C30 axial-oriented methyl group, and the C34=C35
double bond are not essential but are preferred functional
groups for exhibiting potent toxicity (Figure 3). The results
presented here will allow the rational design of photoaffinity
labeling and/or biotin-tagged probe molecules that will be
useful for detailed biological studies on gambierol. Further
studies along this line are currently underway and will be re-
ported elsewhere.


Experimental Section


General : All reactions sensitive to air and/or moisture were carried out
under an atmosphere of argon or nitrogen in oven-dried glassware with
anhydrous solvents. All anhydrous solvents were purchased from Kanto
Chemical Co. and used without further drying. Triethylamine was distil-
led from calcium hydride under an argon atmosphere. Tetrakis(triphenyl-
phosphine)palladium(0) was prepared according to the literature proto-
col[30] and stored under an atmosphere of argon below �20 8C. Lithium
chloride was dried by heating under a high vacuum prior to use. All
other reagents purchased were of the highest commercial quality and
used as received unless otherwise stated. Analytical thin-layer chroma-
tography was carried out by using E. Merck silica gel 60 F254 plates
(0.25 mm thickness). Flash chromatography was carried out with Fuji Si-
lysia silica gel BW300 (200–400 mesh). Optical rotations were recorded
on a JASCO DIP-350 digital polarimeter; specific optical rotations ([a]D)


Table 2. Minimal lethal dose (MLD) values of gambierol (1) and left-
wing modified analogues 34, 35, 43, and 44 against mice.


Structure MLD [mgkg�1] Relative activity


1 0.050–0.075 1


34 0.065 1


35 0.19 1/3


43 0.42 1/6


44 0.20 1/3


Figure 2. Lowest energy conformers for gambierol (1), 28,29-dihydrogam-
bierol (25) and 30-desmethylgambierol (26). The A–E ring portion and
hydrogen atoms have been removed for clarity.


Figure 3. Summary of the structure-activity relationships of gambierol.
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are given in 10�1 degcm2g�1. Infrared spectra spectra were recorded on a
JASCO FT/IR-420 spectrometer. 1H and 13C NMR spectra were recorded
on a JEOL A500 or Bruker DRX-500 spectrometer. Chemical shifts are
reported in ppm downfield from tetramethylsilane with the solvent reso-
nance as the internal standard [1H NMR, CHCl3 (7.24), C6HD5 (7.15),
C5HD4N (8.50); 13C NMR, CDCl3 (77.0), C6H6 (128.0), C5D5N (135.5)],
and coupling constants (J) are reported in hertz (Hz). The following ab-
breviations are used to designate the multiplicities: s= singlet, d=dou-
blet, t= triplet, m=multiplet, br=broad. Low- and high-resolution mass
spectra were recorded on a JEOL SX-102A mass spectrometer under
fast atom bombardment (FAB) conditions using m-nitrobenzyl alcohol
(NBA) as the matrix. Experimental procedures and characterization data
for compounds 6, 7, 12, 13, 20, 27–30, 32, 33, 38–42, 47 and 48 are includ-
ed in the Supporting Information.


Analogue 3 : Pd(OH)2/C (20%, cat.) was added to a solution of octacyclic
polyether 2 (14.8 mg, 0.0156 mmol) in ethyl acetate (2 mL). The resulting
mixture was stirred at room temperature under hydrogen atmosphere for
2 days and then filtered through a plug of Celite. The filtrate was concen-
trated under reduced pressure to give diol 3 (11.4 mg, 94%) as an amor-
phous solid: [a]29D =�5.2 (c=0.16 in CHCl3); IR (film): ñmax=3444, 2947,
2875, 1739, 1650, 1458, 1382, 1239, 1089, 1049 cm�1; 1H NMR (500 MHz,
CDCl3): d=4.98 (ddd, J=5.2, 3.1, 2.1 Hz, 1H), 4.11 (dd, J=11.6, 6.4 Hz,
1H), 3.99 (dd, J=11.6, 4.6 Hz, 1H), 3.80–3.72 (m, 3H), 3.69 (dd, J=2.8,
2.8 Hz, 1H), 3.65–3.57 (m, 2H), 3.47–3.39 (m, 2H), 3.34 (dd, J=11.0,
4.9 Hz, 1H), 3.20 (ddd, J=11.0, 9.8, 4.9 Hz, 1H), 3.17–3.05 (m, 3H), 3.01
(dd, J=12.8, 3.4 Hz, 1H), 2.58 (br, 1H), 2.23 (ddd, J=11.9, 4.6, 4.3 Hz,
1H), 2.10–1.33 (m, 29H), 1.32 (s, 3H), 1.30 (s, 6H), 1.22 ppm (s, 3H); 13C
NMR (125 MHz, CDCl3): d=170.7, 170.1, 84.8, 82.5, 81.3, 81.0, 80.0, 79.7,
79.1, 76.4, 75.9, 75.8, 75.2, 75.1, 73.9, 73.5, 73.0, 72.2, 72.0, 70.8, 65.0, 62.8,
53.9, 43.6, 37.4, 35.5, 32.4, 32.0, 29.2, 28.5, 27.2, 27.0, 24.8, 24.2, 21.3, 21.2,
20.8, 20.3, 18.2, 16.1 ppm; HRMS (FAB): m/z calcd for C40H62O14Na [M+


+Na]: 789.4037; found: 789.4033.


Analogue 4 : K2CO3 (7.0 mg, 0.051 mmol) was added to a solution of di-
acetate 3 (5.3 mg, 0.0068 mmol) in methanol (1 mL). The resulting mix-
ture was stirred at room temperature overnight and concentrated under
reduced pressure. The residue was purified by flash chromatography
(silica gel, CHCl3 then 3!5!10% methanol/CHCl3) to give analogue 4
(3.9 mg, 84%) as an amorphous solid: [a]29D =�3.3 (c=0.11 in CHCl3);
IR (film): ñmax=3435, 2939, 2871, 1620, 1456, 1381, 1263, 1094, 754 cm�1;
1H NMR (500 MHz, CDCl3/CD3OD): d=3.93–3.85 (m, 3H), 3.85 (dd,
J=2.8, 2.8 Hz, 1H), 3.74–3.49 (m, 8H), 3.45–3.20 (m, 5H), 3.16 (dd, J=
12.2, 3.4 Hz, 1H), 2.32 (ddd, J=11.9, 4.3, 4.3 Hz, 1H), 2.22–2.05 (m, 5H),
2.01–1.53 (m, 18H), 1.44 (m, 3H), 1.43 (m, 3H), 1.41 (m, 3H), 1.34 ppm
(m, 3H); 13C NMR (125 MHz, CDCl3/CD3OD): d=87.8, 85.6, 83.0, 82.5,
80.8, 80.6, 79.8, 77.2, 76.8, 76.6, 75.8, 75.5, 74.9, 74.5, 73.04, 72.97, 71.5,
71.0, 64.7, 62.6, 54.5, 43.9, 38.0, 36.6, 32.6 (Q2), 29.6, 29.3, 29.1, 27.7, 27.3,
24.8, 21.8, 20.9, 18.7, 16.5 ppm; HRMS (FAB): m/z calcd for C36H58O12Na
[M++Na]: 705.3826; found: 705.3815.


Analogue 5 : HF·pyridine (0.30 mL) was added to a solution of olefin 7
(8.7 mg, 0.0083 mmol) in THF (1 mL). The resulting mixture was stirred
at room temperature for 2 days and then poured into cold saturated
aqueous NaHCO3 and stirred at room temperature for 1 h. The aqueous
layer was extracted several times with CHCl3. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by flash chromatography (silica gel,
30:40 ethyl acetate/hexanes) to give an alcohol (5.6 mg, 72%) as a color-
less oil: [a]29D =++22.9 (c=0.042 in benzene); IR (film): ñmax=3441, 2920,
1646, 1550, 1382, 1086 cm�1; 1H NMR (500 MHz, C6D6): d=7.41–7.40 (m,
2H),7.31–7.28 (m, 2H), 7.23–7.07 (m, 6H), 5.49–5.40 (m, 2H), 4.98 (d,
J=12.2 Hz, 1H), 4.55 (d, J=12.2 Hz, 1H), 4.35 (dd, J=7.6, 4.3 Hz, 1H),
4.31 (s, 2H), 4.10 (dd, J=12.2, 4.0 Hz, H), 3.87 (ddd, J=14.6, 7.3, 4.3 Hz,
1H), 3.58–3.54 (m, 3H), 3.40–3.30 (m, 4H), 3.26 (dd, J=12.2, 3.4 Hz,
1H), 3.13 (ddd, J=11.3, 9.2, 4.9 Hz, 1H), 3.06–2.97 (m, 3H), 2.40 (ddd,
J=11.9, 4.3, 4.3 Hz, 1H), 2.34 (dd, J=11.6, 4.9 Hz, 1H), 2.22–1.93 (m,
10H), 1.87–1.44 (m, 14H), 1.34–1.04 (m, 7H), 1.32 (s, 3H), 1.25 (s, 3H),
1.20 (s, 3H), 1.13 (s, 3H), 0.87 ppm (t, J=6.7 Hz, 3H); 13C NMR
(125 MHz, C6D6): d=140.4, 139.5, 132.5, 130.4, 128.5, 128.3, 127.5, 85.1,
82.7, 81.9, 80.4, 80.3, 79.8, 79.5, 79.3, 77.8, 77.0, 76.1, 75.4, 74.9, 74.8, 74.7,
74.3, 74.1, 72.9, 72.7, 72.0, 70.5, 54.7, 44.7, 38.6, 37.0, 33.1, 33.0, 31.7, 29.5,
29.1, 28.5, 28.1, 27.9, 27.4, 26.4, 24.8, 22.9, 22.0, 21.6, 18.3, 16.3, 14.2 ppm;


HRMS (FAB): m/z calcd for C56H80O11Na [M++Na]: 951.5598; found:
951.5646.


Pd(OH)2/C (cat.) was added to a solution of the above alcohol in ethyl
acetate/methanol (1:1, v/v, 2 mL). The resulting mixture was stirred at
room temperature under a hydrogen atmosphere for 2 days, and then fil-
tered through a plug of Celite. The filtrate was concentrated under re-
duced pressure to give analogue 5 (4.5 mg, quantitative) as an amorphous
solid: [a]29D =�4.6 (c=0.15 in CHCl3); IR (film): ñmax=3437, 2931, 2872,
1631, 1460, 1386, 1292, 1089, 1052, 755 cm�1; 1H NMR (500 MHz,
CD3OD): d=3.79 (dd, J=12.2, 3.7 Hz, 1H), 3.76–3.71 (m, 1H), 3.66–3.62
(m, 2H), 3.52–3.48 (m, 3H), 3.41–3.06 (m, 8H), 3.02 (dd, J=12.5, 3.4 Hz,
1H), 2.16 (ddd, J=11.6, 4.3, 4.3 Hz, 1H), 2.01–1.93 (m, 4H), 1.89–1.42
(m, 21H), 1.37–1.18 (m, 10H), 1.31 (s, 3H), 1.30 (s, 3H), 1.27 (s, 3H),
1.20 (s, 3H), 0.87 ppm (t, J=6.7 Hz, 3H); 13C NMR (125 MHz, CD3OD):
d=87.7, 86.1, 82.9, 81.3, 81.1, 80.3, 77.8, 77.2, 77.1, 76.2, 75.8, 75.5, 75.4,
75.1, 73.7, 73.4, 72.1, 62.9, 55.1, 49.6, 44.3, 38.7, 37.4, 36.2, 33.2, 33.1, 33.0,
30.5, 30.4, 29.9, 29.7, 29.6, 28.2, 27.8, 27.2, 25.3, 23.7, 21.9, 21.1, 18.8, 16.6,
14.4 ppm; HRMS (FAB): m/z calcd for C42H70O11Na [M++Na]: 773.4816;
found: 773.4803.


34,35,37,38-Tetrahydrogambierol (9): HF·pyridine (0.2 mL) was added to
a solution of olefin 12 (8.5 mg, 0.0069 mmol) in THF (0.6 mL) cooled to
0 8C. The resulting mixture was stirred at room temperature for 3 days
and then poured into cold saturated aqueous NaHCO3. The aqueous
layer was extracted several times with CHCl3. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by flash chromatography (silica gel,
CHCl3 3!5% methanol/CHCl3) to give 9 (4.3 mg, 81%) as an amor-
phous solid: [a]30D =++10.6 (c=0.12 in CHCl3); IR (film): ñmax=3439,
2928, 2871, 1620, 1459, 1381, 1077, 748 cm�1; 1H NMR (500 MHz,
CDCl3): d=5.76 (dd, J=12.8, 2.8 Hz, 1H), 5.71 (ddd, J=11.0, 7.6, 7.3 Hz,
1H), 5.48 (dd, J=12.8, 1.8 Hz, 1H), 5.41 (dd, J=11.0, 9.5 Hz, 1H), 4.22–
4.20 (m, 2H), 3.79–3.76 (m, 2H), 3.70 (m, 1H), 3.64–3.59 (m, 2H),
3.45(m, 1H), 3.39–3.32 (m, 5H), 3.17–3.02 (m, 5H), 2.58 (m, 1H), 2.23
(ddd, J=11.9, 4.3, 4.3 Hz, 1H), 2.18–1.82 (m, 10H), 1.77–1.45 (m, 11H),
1.40–1.22(m, 5H), 1.32 (s, 3H), 1.30 (s, 6H), 1.28 (s, 3H), 1.22 (s, 3H),
0.87 ppm (t, J=7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=137.9,
136.4, 130.8, 125.7, 84.8, 82.4, 82.2, 81.3, 79.9, 79.5, 79.1, 77.2, 76.3, 75.9,
75.8, 75.2, 75.1, 73.9, 72.2, 71.9, 71.8, 70.8, 62.8, 53.7, 43.6, 37.4, 35.5, 32.4,
32.1, 31.4, 29.2, 29.1, 28.6, 28.4, 27.0, 24.2, 22.5, 21.6, 21.3, 20.3, 18.2, 15.6,
14.0 ppm; HRMS (FAB): m/z calcd for C43H68O11Na [M++Na]: 783.4659;
found: 783.4670.


Perhydrogambierol (8): Pd/C (10%, cat.) was added to a solution of 9
(2.6 mg, 0.0034 mmol) in ethyl acetate (1 mL). The resulting mixture was
stirred at room temperature under a hydrogen atmosphere overnight and
then filtered through a plug of Celite. The filtrate was concentrated
under reduced pressure to give perhydrogambierol (8) (1.5 mg, 59%) as
an amorphous solid: [a]30D =�15.2 (c=0.046 in CHCl3); IR (film): ñmax=


3441, 2927, 2872, 1650, 1460, 1382, 1087, 1051 cm�1; 1H NMR (500 MHz,
CDCl3): d=3.78–3.76 (m, 3H), 3.70 (m, 1H), 3.64–3.59 (m, 2H), 3.45
(ddd, J=13.7, 4.9, 4.9 Hz, 1H), 3.38–3.34 (m, 2H), 3.21–3.02 (m, 7H),
2.23 (ddd, J=11.6, 4.0, 4.0 Hz, 1H), 2.12–2.09 (m, 2H), 2.02–1.22 (m,
32H), 1.32 (s, 3H), 1.31 (s, 6H), 1.22 (s, 3H), 1.12 (s, 3H), 0.86 ppm (t,
J=6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=89.1, 84.9, 84.3, 82.4,
80.4, 79.9, 79.1, 76.4, 75.9, 75.8, 75.2, 75.1 (Q2), 74.9, 73.9, 72.4, 72.2, 70.8,
62.8, 53.9, 43.6, 40.0, 37.3, 35.5, 32.4, 32.0, 31.8, 30.5, 29.6, 29.3, 29.2, 28.5,
27.7, 26.9 (Q2), 24.5, 24.2, 22.7, 21.3, 20.3, 18.3, 16.2, 14.1 ppm; HRMS
(FAB): m/z calcd for C43H72O11Na [M++Na]: 787.4972; found: 787.5000.


(32E)-34,35,37,38-Tetrahydrogambierol (10): N-Methylmorpholine N-
oxide (11.3 mg, 0.0962 mmol), tetra-n-propylammonium perruthenate
(cat.), and 4 L molecular sieves were added to a solution of alcohol 11
(7.3 mg, 0.0063 mmol) in CH2Cl2 (1 mL). The resulting mixture was stir-
red at room temperature for 20 min and then filtered through a plug of
silica gel (eluted with ethyl acetate). The eluent was concentrated under
reduced pressure to give a crude aldehyde, which was immediately used
in the next reaction.


KHMDS (0.5m in toluene, 0.065 mL, 0.065 mmol) was added to a solu-
tion of 5-(pentane-1-sulfonyl)-1-phenyl-1H-tetrazole (13) (20.6 mg,
0.07 mmol) in THF (0.5 mL) cooled to �78 8C . The resulting solution
was stirred at �78 8C for 40 min, and a solution of the above aldehyde in
THF (0.5 mL + 1.2 mL rinse) was added. The resultant mixture was stir-
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red at �78 8C for 1 h and then allowed to warm to room temperature.
This mixture was stirred at room temperature overnight and then
quenched with water. The solution was diluted with ethyl acetate, washed
with brine, dried over Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by flash chromatography (silica gel,
8!10!20% ether/hexanes) to give olefin 14 as an inseparable 2:1 mix-
ture of isomers (5.4 mg, 70% for the two steps) as a colorless oil.


HF·pyridine (0.1 mL) was added to a solution of the above mixture of
isomers 14 (5.4 mg, 0.0044 mmol) in THF (0.3 mL) cooled to 0 8C. The re-
sulting mixture was stirred at room temperature for 4 days and then
poured into cold saturated aqueous NaHCO3. The aqueous layer was ex-
tracted several times with CHCl3. The combined organic layers were
dried over Na2SO4, filtered, and concentrated under reduced pressure.
The residue was filtered through a plug of silica gel and eluted with 5%
methanol/CHCl3. Further purification by HPLC (Asahi-pack ODP-60,
50% CH3CN/H2O) gave 10 (0.98 mg, 29%) and (Z)-olefin analogue 9
(1.9 mg, 58%) as amorphous solids. 10 : [a]30D =�17.7 (c=0.033 in
CHCl3); IR (film): ñmax=3437, 2927, 2872, 1623, 1463, 1383, 1086,
1052 cm�1; 1H NMR (500 MHz, CDCl3): d=5.75 (m, 1H), 5.74 (dd, J=
12.9, 2.7 Hz, 1H), 5.47 (dd, J=15.6, 7.1 Hz, 1H), 5.47 (dd, J=12.9,
2.0 Hz, 1H), 4.20 (ddd, J=9.4, 2.7, 2.0 Hz, 1H), 3.85 (d, J=7.1 Hz, 1H),
3.79–3.76 (m, 2H), 3.70 (m, 1H), 3.66–3.58 (m, 2H), 3.45 (ddd, J=10.5,
4.9, 4.9 Hz, 1H), 3.36–3.31 (m, 2H), 3.17–3.03 (m, 4H), 3.02 (dd, J=12.9,
3.6 Hz, 1H), 2.24 (m, 1H), 2.13–1.83 (m, 9H), 1.76–1.47 (m, 10H), 1.38–
1.25 (m, 8H), 1.32 (s, 3H), 1.31 (s, 1H), 1.23 (s, 3H), 1.22 (s, 3H),
0.86 ppm (t, J=6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=137.8,
136.3, 130.7, 126.1, 87.5, 84.7, 82.4, 81.2, 79.9, 79.4, 79.1, 76.3, 75.9, 75.8,
75.3, 75.2, 75.1, 73.9, 72.2, 71.9, 71.8, 70.8, 62.8, 53.7, 43.6, 37.3, 35.5, 32.5,
32.4, 32.0, 31.4, 29.2, 28.7, 28.5, 26.9, 24.2, 22.5, 21.7, 21.3, 20.3, 18.2, 15.6,
14.0 ppm; HRMS (FAB): m/z calcd for C43H68O11Na [M++Na]: 783.4659;
found: 783.4680.


37,38-Dihydrogambierol (15): CuCl (39.6 mg, 0.400 mmol), LiCl (20.2 mg,
0.477 mmol), and [Pd(PPh3)4] (3.2 mg, 0.0028 mmol) were added to a sol-
ution of (Z)-vinyl bromide 19 (4.7 mg, 0.0061 mmol) and (Z)-vinylstan-
nane 20 (71.5 mg, 0.199 mmol) in degassed DMSO/THF (1:1, v/v, 2 mL).
The resulting mixture was stirred at 60 8C for 2.5 days and then quenched
with 5% NH4OH. The aqueous layer was extracted several times with
CHCl3. The combined organic layers were dried over Na2SO4, filtered,
and concentrated under reduced pressure. The residue was purified by
flash chromatography (silica gel, CHCl3 then 3!5% methanol/CHCl3) to
give 15 (4.2 mg, 91%) as an amorphous solid: [a]30D =�8.0 (c=0.11 in
methanol); IR (film): ñmax=3437, 2925, 2872, 1622, 1461, 1383, 1059 cm�1;
1H NMR (500 MHz, CD3CN): d=6.46 (dd, J=11.6, 11.4 Hz, 1H), 6.32
(ddd, J=11.6, 10.7, 1.1 Hz, 1H), 5.70 (dd, J=12.9, 2.7 Hz, 1H), 5.56 (m,
1H), 5.42 (m, 1H), 5.39 (dd, J=12.9, 1.9 Hz, 1H), 4.31 (d, J=8.9 Hz,
1H), 4.21 (ddd, J=9.4, 2.7, 1.9 Hz, 1H), 3.75 (dd, J=11.5, 4.4 Hz, 1H),
3.68 (m, 1H), 3.59 (m, 1H), 3.55–3.38 (m, 4H), 3.34 (m, 1H), 3.23–3.13
(m, 3H), 3.07–3.00 (m, 2H), 2.83 (d, J=1.9 Hz, 1H), 2.61 (s, 1H), 2.53 (t,
J=5.4 Hz, 1H), 2.19–2.08 (m, 3H), 1.97–1.69 (m, 8H), 1.65–1.38 (m,
13H), 1.30 (s, 3H), 1.29 (s, 3H), 1.26 (s, 3H), 1.22 (s, 3H), 1.20 (s, 3H),
0.90 ppm (t, J=7.3 Hz, 3H); 13C NMR (125 MHz, CD3CN): d=140.6,
135.0, 131.1, 128.5, 127.9, 125.3, 85.6, 83.1, 82.9, 82.0, 80.4, 80.2, 79.8, 77.1,
76.8, 76.7, 76.5, 75.9, 75.5, 74.6, 73.1, 72.7 (Q2), 71.7, 62.5, 54.8, 44.1, 38.2,
36.6, 32.9 (Q2), 30.0, 29.7, 29.3, 27.9, 25.0, 23.5, 21.7, 21.4, 20.8, 18.7, 15.9,
14.0 ppm; HRMS (FAB): m/z calcd for C43H66O11Na [M++Na]: 781.4503;
found: 781.4529.


(34E)-37,38-Dihydrogambierol (16): Na2CO3 (2.2 mg, 0.0133 mmol), (E)-
vinylboronic acid 21 (12.8 mg, 0.112 mmol), and [Pd(PPh3)4] (5.2 mg,
0.0045 mmol) were added to a solution of (Z)-vinyl bromide 19 (5.0 mg,
0.0065 mmol) in DME/water (4:1, v/v, 1 mL). After being stirred at 95 8C
for 4.5 h, the reaction mixture was diluted with CHCl3 and washed with
brine. The aqueous layer was separated and extracted with CHCl3. The
combined organic layers were dried over Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was purified by flash chroma-
tography (silica gel, CHCl3 then 2% methanol/CHCl3) to give analogue
16 (4.5 mg, 91%) as an amorphous solid: [a]30D =++17.0 (c=0.155 in meth-
anol); IR (film): ñmax=3436, 2951, 2874, 1635, 1460, 1381, 1123,
1073 cm�1; 1H NMR (500 MHz, CD3CN): d=6.39 (ddd, J=15.1, 11.1,
1.1 Hz, 1H), 6.11 (dd, J=11.1, 11.1 Hz, 1H), 5.74 (m, 1H), 5.70 (dd, J=
12.9, 2.7 Hz, 1H), 5.39 (dd, J=12.9, 1.9 Hz, 1H), 5.28 (dd, J=11.1,
8.4 Hz, 1H), 4.29 (d, J=8.4 Hz, 1H), 4.21 (ddd, J=9.5, 2.7, 1.9 Hz, 1H),


3.75 (dd, J=11.5, 4.4 Hz, 1H), 3.68 (m, 1H), 3.59 (m, 1H), 3.51 (ddd, J=
10.6, 8.9, 5.0 Hz, 1H), 3.46–3.41 (m, 3H), 3.35 (m, 1H), 3.23–3.13 (m,
3H), 3.07–3.01 (m, 2H), 2.84 (d, J=1.8 Hz, 1H), 2.61 (s, 1H), 2.56 (t, J=
5.4 Hz, 1H), 2.11–2.06 (m, 3H), 1.96–1.69 (m, 8H), 1.65–1.37 (m, 13H),
1.30 (s, 3H), 1.29 (s, 3H), 1.26 (s, 3H), 1.202 (s, 3H), 1.198 (s, 3H),
0.89 ppm (t, J=7.4 Hz, 3H); 13C NMR (125 MHz, CD3CN): d=139.6,
136.9, 132.2, 130.0, 126.5, 125.5, 84.5, 82.4, 81.9, 80.9, 79.4, 79.2, 78.7, 76.0,
75.8, 75.7, 75.4, 74.8, 74.4, 73.5, 72.1, 71.7 (Q2), 70.7, 61.5, 53.7, 43.1, 37.2,
35.6, 34.5, 31.9, 31.8, 28.7, 28.3, 26.9, 24.0, 22.1, 20.7, 20.3, 19.8, 17.6, 14.9,
13.0 ppm; HRMS (FAB): m/z calcd for C43H66O11Na [M++Na]: 781.4503;
found: 781.4520.


(E)-Vinyl iodide 22 : N-Methylmorpholine N-oxide (10.2 mg,
0.0868 mmol), a catalytic amount of tetra-n-propylammonium perruthen-
ate, and 4 L molecular sieves (ca. 10 mg) were added to a solution of al-
cohol 11 (10.5 mg, 0.0091 mmol) in CH2Cl2 (1 mL). The resulting mixture
was stirred at room temperature for 40 min and then filtered through a
plug of silica gel and eluted with ethyl acetate. The eluent was concen-
trated under reduced pressure to give a crude aldehyde, which was imme-
diately used in the next reaction.


A solution of the above aldehyde and iodoform (11.4 mg, 0.0290 mmol)
in THF (0.5 mL + 1 mL rinse) was added by cannula to a suspension of
CrCl2 (11.0 mg, 0.0895 mmol) in THF (0.5 mL). After stirring the mixture
at room temperature for 5 h, further CrCl2 (11.0 mg, 0.0895 mmol) and
iodoform (11.0 mg, 0.0279 mmol) were added. The resulting mixture was
stirred at room temperature for a further 4 h 40 min and then allowed to
warm to 40 8C. The reaction mixture was stirred at this temperature for
75 min and then poured into water and extracted several times with ethyl
acetate. The combined organic layers were washed with saturated aque-
ous NaHCO3, water, and brine, dried over Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was purified by flash chroma-
tography (silica gel, 5!10% ethyl acetate/hexanes) to give (E)-vinyl
iodide 22 (8.3 mg, 71%) as a colorless oil: 1H NMR (500 MHz, C6D6):
d=7.79–7.77 (m, 4H), 7.24–7.23 (m, 6H), 6.91 (dd, J=14.5, 4.0 Hz, 1H),
6.47 (dd, J=14.5, 1.7 Hz, 1H), 5.74 (dd, J=13.0, 2.5 Hz, 1H), 5.67 (dd,
J=13.0, 1.5 Hz, 1H), 4.22 (d, J=9.4 Hz, 1H), 4.01 (dd, J=12.2, 3.7 Hz,
1H), 3.89 (m, 1H), 3.86 (dd, J=4.0, 1.7 Hz, 1H), 3.72–3.65 (m, 3H),
3.38–3.34 (m, 2H), 3.28 (dd, J=11.9, 3.1 Hz, 1H), 3.18–3.08 (m, 3H),
3.03 (ddd, J=11.2, 8.2, 2.9 Hz, 1H), 2.98 (dd, J=12.7, 3.5 Hz, 1H), 2.44
(ddd, J=11.9, 4.3, 3.9 Hz, 1H), 2.32 (dd, J=11.6, 4.5 Hz, 1H), 2.14 (ddd,
J=7.9, 3.7, 3.7 Hz, 1H), 2.10–1.41 (m, 17H), 1.32 (s, 3H), 1.26 (s, 3H),
1.24 (s, 3H), 1.17 (s, 9H), 1.13 (s, 3H), 1.10 (s, 3H), 1.01 (s, 9H), 0.93 (s,
9H), 0.16 (s, 3H), 0.074 (s, 3H), 0.066 (s, 3H), 0.056 ppm (s, 3H); 13C
NMR (125 MHz, C6D6): d=143.9, 139.0, 136.0, 134.4, 130.7, 129.9, 128.5,
128.3, 88.3, 85.3, 82.9, 81.9, 80.2, 79.9, 79.7, 79.0, 77.1, 76.1, 76.0, 74.8,
74.1, 72.7, 72.4, 72.2, 72.1, 64.3, 54.4, 44.4, 39.2, 38.1, 32.4, 32.3, 29.2, 28.9,
27.9, 27.1, 26.2, 25.9, 24.7, 22.1, 21.9, 21.5, 19.5, 18.4, 18.3 (Q2), 15.7, �1.9,
�2.2, �4.0, �4.9 ppm.


(32E)-Gambierol (17): HF·pyridine (0.1 mL) was added to a solution of
(E)-vinyl iodide 22 (8.3 mg, 0.0065 mmol) in THF (0.3 mL) cooled to
0 8C. The resulting mixture was stirred at room temperature for 4 days
and then poured into cold saturated aqueous NaHCO3. The aqueous
layer was extracted several times with CHCl3. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by flash chromatography (silica gel,
CHCl3 then 3!5% methanol/CHCl3) to give a triol (5.7 mg, quantita-
tive) as an amorphous solid: [a]30D =�190.8 (c=0.015 in CHCl3); IR
(film): ñmax=3434, 2947, 2874, 1609, 1458, 1382, 1085, 1049, 681 cm�1; 1H
NMR (500 MHz, CDCl3): d=6.66 (dd, J=14.5, 4.9 Hz, 1H), 6.41 (dd, J=
14.5, 1.5 Hz, 1H), 5.67 (dd, J=12.9, 2.6 Hz, 1H), 5.47 (dd, J=12.9,
1.7 Hz, 1H), 4.16 (d, J=9.4 Hz, 1H), 3.99 (dd, J=4.9, 1.5 Hz, 1H), 3.84–
3.75 (m, 2H), 3.70 (m, 1H), 3.64–3.58 (m, 2H), 3.45 (ddd, J=10.5, 8.8,
5.1 Hz, 1H), 3.35–3.28 (m, 2H), 3.17–3.03 (m, 4H), 3.01 (dd, J=12.8,
3.6 Hz, 1H), 2.59 (s, 1H), 2.23 (ddd, J=11.7, 4.4, 4.0 Hz, 1H), 2.11–1.97
(m, 6H), 1.94–1.81 (m, 2H), 1.76–1.41 (m, 16H), 1.32 (s, 3H), 1.30 (s,
6H), 1.22 ppm (s, 6H); 13C NMR (125 MHz, CDCl3): d=142.5, 137.9,
131.1, 128.6, 87.9, 84.7, 82.4, 81.4, 79.8, 79.2, 79.1, 76.3, 75.82, 75.77, 75.6,
75.2, 75.1, 73.9, 72.2, 72.0, 71.5, 70.7, 62.8, 53.6, 43.5, 37.3, 35.5, 32.4, 31.8,
29.2, 28.5, 26.9, 24.1, 21.5, 21.3, 20.3, 18.2, 15.6 ppm; HRMS (FAB): m/z
calcd for C38H57IO11Na [M++Na]: 839.2843; found: 839.2808.


CuCl (34.7 mg, 0.351 mmol), LiCl (20.2 mg, 0.470 mmol), and [Pd(PPh3)4]
(3.4 mg, 0.0029 mmol) were added to a solution of the above triol
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(4.7 mg, 0.0058 mmol) and (Z)-vinylstannane 23 (20.2 mg, 0.0564 mmol)
in degassed DMSO/THF (1:1, v/v, 0.5 mL). The resulting mixture was
stirred at room temperature overnight and then quenched with 5%
NH4OH. The aqueous layer was extracted several times with CHCl3. The
combined organic layers were dried over Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was purified by flash chroma-
tography (silica gel, CHCl3 then 5% methanol/CHCl3) to give 17 (3.7 mg,
84%) as an amorphous solid: [a]30D =�62.5 (c=0.10 in methanol); IR
(film): ñmax=3435, 2930, 2871, 1630, 1445, 1382, 1058 cm�1; 1H NMR
(500 MHz, CD3CN): d=6.59 (dd, J=15.3, 11.2 Hz, 1H), 6.08 (dd, J=
11.2, 10.8 Hz, 1H), 5.84 (dddd, J=17.2, 10.2, 6.3, 6.3 Hz, 1H), 5.79 (dd,
J=15.3, 5.2 Hz, 1H), 5.69 (dd, J=12.9, 2.7 Hz, 1H), 5.44 (ddd, J=10.8,
7.7, 7.7 Hz, 1H), 5.38 (dd, J=12.9, 1.8 Hz, 1H), 5.05 (dd, J=17.2, 1.8 Hz,
1H), 4.98 (dd, J=10.2, 1.8 Hz, 1H), 4.21 (ddd, J=9.4, 2.7, 1.8 Hz, 1H),
3.97 (d, J=5.2 Hz, 1H), 3.75 (dd, J=11.4, 4.5 Hz, 1H), 3.67 (m, 1H),
3.59–3.34 (m, 6H), 3.23–3.13 (m, 3H), 3.06–3.01 (m, 2H), 2.95–2.91 (m,
3H), 2.84 (m, 1H), 2.56 (m, 1H), 2.12 (m, 1H), 1.98–1.71 (m, 8H), 1.67–
1.41 (m, 11H), 1.30 (s, 3H), 1.29 (s, 3H), 1.25 (s, 3H), 1.21 (s, 3H),
1.12 ppm (s, 3H); 13C NMR (125 MHz, CD3CN): d=140.7, 137.7, 132.2,
131.0, 130.0, 129.6, 127.9, 115.4, 87.2, 85.5, 82.9, 82.0, 80.4, 80.2, 79.7, 77.0,
76.8, 76.7, 76.2, 75.8, 75.4, 74.5, 73.1, 72.7 (Q2), 71.7, 62.5, 54.7, 44.1, 38.2,
36.6, 32.8 (Q2), 32.5, 29.7, 29.3, 27.9, 25.0, 21.7, 21.5, 20.8, 18.6, 15.9 ppm;
HRMS (FAB): m/z calcd for C43H64O11Na [M++Na]: 779.4346; found:
779.4326.


Analogue 18 : CuCl (8.6 mg, 0.087 mmol), LiCl (4.5 mg, 0.11 mmol), and
[Pd(PPh3)4] (0.8 mg, 0.0007 mmol) were added to a solution of (Z)-vinyl
bromide 19 (1.1 mg, 0.0014 mmol) and tributyl(vinyl)tin (0.015 mL,
0.050 mmol) in degassed DMSO/THF (1:1, v/v, 1 mL). The resulting mix-
ture was stirred at 60 8C for 2 days. The mixture was then cooled to room
temperature, diluted with CH2Cl2, and treated with 3% NH4OH. The re-
sulting mixture was stirred at room temperature for 10 min. The aqueous
layer was extracted with CHCl3, dried over Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was purified by flash chroma-
tography (silica gel, CHCl3!2% methanol/CHCl3) and then HPLC
(Asahi-pack ODP-50, 45% CH3CN/H2O) to give diene 18 (0.27 mg,
26%) and 19 (0.45 mg). 18 : [a]24D =++96.3 (c=0.02 in CHCl3);


1H NMR
(600 MHz, C5D5N): d=7.14 (m, 1H), 6.48 (s, 1H), 6.34 (dd, J=11.4,
11.4 Hz, 1H), 6.27 (d, J=12.6 Hz, 1H), 6.05–5.94 (m, 2H), 5.85 (d, J=
12.6 Hz, 1H), 5.27 (d, J=16.8 Hz, 1H), 5.18 (d, J=9.6 Hz, 1H), 5.13
(br s, 1H), 4.83 (d, J=7.2 Hz, 1H), 4.58 (brd, J=9.0 Hz, 1H), 4.22 (brd,
J=10.8 Hz, 1H), 4.16 (m, 1H), 3.96 (br s, 1H), 3.92–3.86 (m, 2H), 3.73
(m, 1H), 3.64 (m, 1H), 3.59 (m, 1H), 3.46 (brd, J=11.4 Hz, 1H), 3.34–
3.22 (m, 4H), 2.46 (m, 1H), 2.25 (m, 1H), 2.18–2.02 (m, 6H), 2.02–1.66
(m, 11H), 1.63 (s, 3H), 1.46 (s, 3H), 1.42 (s, 3H), 1.34 (s, 3H), 1.33 ppm
(s, 3H); 13C NMR (125 MHz, C5D5N): d=141.5, 134.3, 132.4, 130.6,
130.1, 118.6, 85.1, 84.0, 82.7, 81.8, 80.0, 79.9, 79.3, 76.8, 76.5, 76.3, 75.8,
75.2, 74.9, 74.1, 72.7, 72.6, 72.3, 71.2, 62.1, 54.5, 44.0, 38.0, 37.1, 32.9, 32.7,
29.9, 39.0, 27.9, 24.7, 21.8, 21.5, 21.0, 18.3, 15.8 ppm; HRMS (FAB): m/z
calcd for C40H60O11Na [M++Na]: 739.4033; found: 739.4036.


28,29-Dihydro-30-desmethylgambierol (24): HF·pyridine (0.2 mL) was
added to a solution of (Z)-vinyl bromide 29 (7.2 mg, 0.0058 mmol) in
THF (0.6 mL) cooled to 0 8C. The resulting mixture was stirred at room
temperature for 4.5 days and then poured into cold saturated aqueous
NaHCO3. The aqueous layer was extracted several times with CHCl3.
The combined organic layers were dried over Na2SO4, filtered, and con-
centrated under reduced pressure. The residue was purified by flash chro-
matography (silica gel, CHCl3 then 3!5% methanol/CHCl3) to give a
triol (4.3 mg, 92%) as an amorphous solid: 1H NMR (500 MHz, CDCl3):
d=6.33 (dd, J=7.5, 1.5 Hz, 1H), 6.15 (dd, J=7.5, 7.5 Hz, 1H), 4.37 (ddd,
J=7.5, 4.5, 1.5 Hz, 1H), 3.94 (m, 1H), 3.79–3.76 (m, 2H), 3.70 (m, 1H),
3.65–3.58 (m, 2H), 3.48–3.40 (m, 3H), 3.34 (dd, J=11.0, 4.5 Hz, 1H),
3.17–3.02 (m, 5H), 2.59 (m, 1H), 2.23 (ddd, J=12.0, 4.5, 4.0 Hz, 1H),
2.12–2.07 (m, 2H), 2.02–1.42 (m, 20H), 1.32 (s, 3H), 1.31 (s, 3H), 1.30 (s,
3H), 1.22 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=134.9, 110.2,
84.7, 83.6, 82.4, 80.1, 79.9, 79.8, 79.1, 76.3, 75.84, 75.79, 75.2, 75.1, 74.4,
73.9, 73.5, 72.2, 71.9, 70.8, 62.8, 53.9, 43.6, 37.3, 35.5, 32.4, 32.1, 29.2, 28.5,
28.0, 26.9, 26.6, 24.2, 22.3, 20.3, 18.2, 16.1 ppm.


CuCl (33.9 mg, 0.342 mmol), LiCl (22.1 mg, 0.521 mmol), and [Pd(PPh3)4]
(3.3 mg, 0.0029 mmol) were added to a solution of the above triol
(4.3 mg, 0.0056 mmol) and (Z)-vinylstannane 23 (54.2 mg, 0.151 mmol) in
degassed DMSO/THF (1:1, v/v, 1.5 mL). The resulting mixture was stir-


red at 60 8C for 2 days and then quenched with 5% NH4OH. The aque-
ous layer was extracted several times with CHCl3. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by flash chromatography (silica gel,
CHCl3 then 3% methanol/CHCl3) to give 24 (2.9 mg, 68%) as an amor-
phous solid: [a]30D =++8.0 (c=0.12 in CH3OH); IR (film): ñmax=3436,
2925, 2870, 1627, 1381, 1192, 1054 cm�1; 1H NMR (500 MHz, CDCl3): d=
6.33–6.22 (m, 2H), 5.70 (dddd, J=17.1, 10.1, 6.4, 6.4 Hz, 1H), 5.49 (dd,
J=17.1, 7.9 Hz, 1H), 5.32 (dd, J=9.8, 8.5 Hz, 1H), 4.95 (dd, J=17.1,
1.8 Hz, 1H), 4.90 (dd, J=10.1, 1.5 Hz, 1H), 4.25 (dd, J=8.5, 5.2 Hz, 1H),
3.72–3.67 (m, 3H), 3.60 (m, 1H), 3.54–3.51 (m, 2H), 3.38–3.28 (m, 3H),
3.25 (dd, J=11.0, 4.9 Hz, 1H), 3.08–2.91 (m, 5H), 2.85–2.83 (m, 2H),
2.14 (dd, J=11.9, 4.3 Hz, 1H), 2.03–1.14 (m, 23H), 1.23 (s, 3H), 1.214 (s,
3H), 1.209 (s, 3H), 1.13 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=
135.9, 131.7, 130.4, 125.8, 124.1, 115.4, 84.7, 82.4, 81.6, 80.4, 79.9, 79.1,
76.3, 75.9, 75.8, 75.2, 75.1, 75.0, 73.9, 73.5, 72.2, 72.0, 70.8, 70.5, 62.8, 53.9,
43.6, 37.3, 35.5, 32.4, 32.3, 31.7, 29.2, 28.52, 28.46, 27.1, 26.9, 24.2, 21.3,
20.3, 18.2, 16.1 ppm; HRMS (FAB): m/z calcd for C42H64O11Na [M+


+Na]: 767.4346; found: 767.4344.


28,29-Dihydrogambierol (25): Triethylamine (0.060 mL, 0.430 mmol) and
the SO3·pyridine complex (40.5 mg, 0.254 mmol) were added to a solution
of alcohol 30 (20.1 mg, 0.0172 mmol) in CH2Cl2/DMSO (3:2, v/v,
1.25 mL) cooled to 0 8C. The resulting mixture was stirred at 0 8C for
40 min and then diluted with diethyl ether. The solution was washed with
1m aqueous HCl, saturated aqueous NaHCO3 and brine, dried over
Na2SO4, filtered, and concentrated under reduced pressure to give a
crude aldehyde, which was used in the next reaction without purification.


PPh3 (93.5 mg, 0.356 mmol) was added to a solution of CBr4 (57.8 mg,
0.174 mmol) in CH2Cl2 (1 mL) cooled to 0 8C. The resulting mixture was
stirred at 0 8C for 30 min. Triethylamine (0.100 mL, 0.716 mmol) followed
by a solution of the above aldehyde in CH2Cl2 (1 mL+0.75 mL rinse)
were added to this solution. The resulting mixture was stirred at 0 8C for
30 min and then quenched with saturated aqueous NaHCO3. The solution
was washed with saturated aqueous NaHCO3 and brine, dried over
Na2SO4, filtered, and concentrated under reduced pressure. The residue
was filtered through a plug of silica gel (eluted with 10% ether/benzene)
and the eluent was concentrated to give a dibromoolefin, which was used
in the next reaction without further purification.


nBu3SnH (0.023 mL, 0.0855 mmol) and [Pd(PPh3)4] (4.2 mg,
0.0036 mmol) were added to a solution of the above dibromoolefin in
benzene (1 mL). After the resulting mixture was stirred at room temper-
ature for 1 h, further nBu3SnH (0.014 mL, 0.0520 mmol) and [Pd(PPh3)4]
(cat.) were added. This reaction mixture was stirred at room temperature
for an additional 15 min and then concentrated under reduced pressure.
The residue was purified by flash chromatography (silica gel, 15!30%
ether/hexanes) to give a (Z)-vinyl bromide (16.4 mg, 74% for the three
steps) as a colorless oil: [a]30D =++8.5 (c=0.48, benzene); IR (film): ñmax=


2948, 2860, 1622, 1466, 1381, 1252, 1088, 834, 779, 703, 611 cm�1; 1H
NMR (500 MHz, C6D6): d=7.79–7.77 (m, 4H), 7.23–7.22 (m, 6H), 5.92–
5.88 (m, 2H), 4.56 (d, J=7.9 Hz, 1H), 3.98 (dd, J=12.2, 3.9 Hz, 1H),
3.88 (m, 1H), 3.71–3.64 (m, 4H), 3.48 (ddd, J=9.8, 9.5, 4.3 Hz, 1H),
3.38–3.34 (m, 4H), 3.26 (m, 1H), 3.13–3.02 (m, 4H), 2.41 (ddd, J=7.6,
3.7, 3.7 Hz, 1H), 2.31–2.26 (m, 2H), 2.13–1.92 (m, 7H), 1.85–1.35 (m,
14H), 1.31 (s, 3H), 1.25 (s, 3H), 1.19 (s, 3H), 1.17 (s, 9H), 1.12 (s, 3H),
1.08 (s, 3H), 1.00 (s, 9H), 0.98 (s, 9H), 0.15 (s, 3H), 0.09 (s, 3H), 0.07 (s,
3H), 0.06 ppm (s, 3H); 13C NMR (125 MHz, C6D6): d=136.0, 134.4,
133.3, 129.9, 128.3, 110.5, 86.3, 85.2, 82.9, 82.4, 80.8, 80.3, 79.7, 78.5, 77.1,
76.11, 76.07, 74.8 (Q2), 74.1, 74.0, 72.7, 72.4 (Q2), 64.3, 54.7, 44.4, 39.2,
38.6, 38.1, 32.9, 32.4, 30.4, 30.2, 29.2, 29.0, 28.3, 27.9, 27.1, 26.5, 26.2 (Q2),
24.7, 22.1, 21.5, 19.5, 18.4, 16.4, �1.7, �2.0, �4.0, �4.9 ppm; HRMS
(FAB): m/z calcd for C66H105


79BrO11Si3Na [M++Na]: 1259.6046; found:
1259.6079; calcd for C66H105


81BrO11Si3Na [M++Na]: 1261.6046; found:
1261.6039.


HF·pyridine (0.25 mL) was added to a solution of this (Z)-vinyl bromide
(13.2 mg, 0.0106 mmol) in THF (0.75 mL) cooled to 0 8C. The resulting
mixture was stirred at room temperature for 7 days and then poured into
cold saturated aqueous NaHCO3. The aqueous layer was extracted sever-
al times with CHCl3. The combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The residue
was purified by flash chromatography (silica gel, CHCl3 then 1!3%
methanol/CHCl3) to give a triol (8.2 mg, quantitative) as an amorphous
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solid: [a]29D =++112.6 (c=0.11 in CHCl3); IR (film): ñmax=3440, 2946,
2876, 1627, 1459, 1384, 1282, 1085, 1048, 912, 737 cm�1; 1H NMR
(500 MHz, CDCl3): d=6.39 (d, J=7.3 Hz, 1H), 6.14 (dd, J=8.2, 7.3 Hz,
1H), 4.36 (d, J=8.2 Hz, 1H), 3.78–3.75 (m, 2H), 3.69 (m, 1H), 3.64–3.59
(m, 2H), 3.47–3.39 (m, 3H), 3.34 (dd, J=10.4, 4.6 Hz, 1H), 3.17–3.03 (m,
5H), 2.98 (m, 1H), 2.23 (ddd, J=11.9, 4.0, 4.0 Hz, 1H), 2.12–2.09 (m,
2H), 2.02–1.43 (m, 21H), 1.32 (s, 3H), 1.30 (s, 6H), 1.22 (s, 3H),
1.17 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=132.7, 110.7, 85.4,
84.9, 82.44, 82.36, 80.1, 79.9, 79.1, 76.4, 75.9, 75.8, 75.7, 75.2, 75.1, 74.2,
73.9, 72.2 (Q2), 70.8, 62.8, 53.9, 43.6, 37.8, 37.4, 35.5, 32.4, 32.2, 29.2, 28.5,
27.8, 27.0, 26.0, 24.2, 21.3, 20.3, 18.3, 16.2 ppm; HRMS (FAB): m/z calcd
for C38H57


79BrO11Na [M++Na]: 791.3043; found: 791.3018; calcd for
C38H57


81BrO11Na [M++Na]: 793.2970; found: 793.2999.


CuCl (25.0 mg, 0.253 mmol), LiCl (13.0 mg, 0.307 mmol), and [Pd(PPh3)4]
(2.8 mg, 0.0024 mmol) were added to a solution of the above triol
(3.2 mg, 0.0041 mmol) and (Z)-vinylstannane 23 (37.9 mg, 0.106 mmol) in
degassed DMSO/THF (1:1, v/v, 1 mL). The resulting mixture was stirred
at 60 8C for 2 days and then quenched with 5% NH4OH. The aqueous
layer was extracted several times with CHCl3. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by flash chromatography (silica gel,
CHCl3 then 1!3!5% methanol/CHCl3) to give 25 (2.0 mg, 64%) as an
amorphous solid: [a]30D =++12.8 (c=0.11 in CHCl3); IR (film): ñmax=3437,
2930, 2871, 1622, 1384, 1051 cm�1; 1H NMR (500 MHz, CD3CN): d=


6.46–6.36 (m, 2H), 5.84 (dddd, J=17.1, 10.4, 6.4, 6.4 Hz, 1H), 5.55 (m,
1H), 5.37 (dd, J=10.4, 10.4 Hz, 1H), 5.05 (dd, J=17.1, 1.5 Hz, 1H), 4.98
(dd, J=10.4, 1.5 Hz, 1H), 4.39 (d, J=8.9 Hz, 1H), 3.75 (dd, J=11.9,
4.3 Hz, 1H), 3.68 (m, 1H), 3.59 (m, 1H), 3.55–3.33 (m, 6H), 3.21 (dd, J=
11.0, 4.0 Hz, 1H), 3.18–3.13 (m, 2H), 3.04 (m, 1H), 3.00 (dd, J=12.8,
3.4 Hz, 1H), 2.96–2.93 (m, 2H), 2.83 (m, 1H), 2.53 (m, 2H), 2.10 (m,
1H), 1.97–1.40 (m, 23H), 1.30 (s, 6H), 1.26 (s, 3H), 1.18 (s, 3H),
1.03 ppm (s, 3H); 13C NMR (125 MHz, CD3CN): d=137.6, 131.2, 130.6,
126.0, 125.6, 115.5, 85.6, 84.6, 82.9, 81.7, 80.9, 80.5, 79.8, 77.1, 76.8, 76.7,
75.9, 75.8, 75.5, 75.1, 74.6, 73.2, 72.8, 71.8, 62.5, 55.0, 44.1, 38.32, 38.26,
36.6, 33.3, 32.9, 32.3, 29.7, 29.3, 28.7, 27.9, 26.3, 25.0, 21.7, 20.8, 18.7,
16.5 ppm; HRMS (FAB): m/z calcd for C43H66O11Na [M++Na]: 781.4503;
found: 781.4478.


30-Desmethylgambierol (26): Triethylamine (0.023 mL, 0.236 mmol) and
the SO3·pyridine complex (29.1 mg, 0.183 mmol) were added to a solution
of alcohol 33 (13.5 mg, 0.0118 mmol) in CH2Cl2/DMSO (1:1, v/v, 1 mL)
cooled to 0 8C. The resulting mixture was stirred at 0 8C for 30 min before
dilution with diethyl ether. The solution was washed with 1m aqueous
HCl, saturated aqueous NaHCO3, and brine, dried over Na2SO4, filtered,
and concentrated under reduced pressure to give a crude aldehyde,
which was used in the next reaction without further purification.


PPh3 (61.5 mg, 0.234 mmol) was added to a solution of CBr4 (42.9 mg,
0.129 mmol) in CH2Cl2 (1 mL) cooled to 0 8C. The resulting mixture was
stirred at 0 8C for 30 min. Triethylamine (0.066 mL, 0.473 mmol) followed
by a solution of the above crude aldehyde in CH2Cl2 (0.5 mL+0.5 mL
rinse) were added to this solution. The resultant mixture was stirred at
0 8C for 90 min and then quenched with saturated aqueous NaHCO3. The
solution was diluted with ethyl acetate, washed with saturated aqueous
NaHCO3 and brine, dried over Na2SO4, filtered, and concentrated under
reduced pressure. The residue was filtered through a plug of silica gel
(eluted with 10!15% ether/benzene) and the eluent was concentrated
to give a dibromoolefin (7.3 mg, 47% for the two steps) along with alco-
hol 33 (6.8 mg, 50%). The dibromoolefin was used immediately in the
next step without further purification.


nBu3SnH (0.0065 mL, 0.0242 mmol) and a catalytic amount of
[Pd(PPh3)4] were added to a solution of the above dibromoolefin (7.3 mg,
0.0056 mmol) in benzene (1 mL). After stirring the resulting mixture at
room temperature for 90 min, additional nBu3SnH (0.0065 mL,
0.0242 mmol) and [Pd(PPh3)4] (cat.) were added. After 30 min, further
nBu3SnH (0.0065 mL, 0.0242 mmol) and [Pd(PPh3)4] (cat.) were added.
The reaction mixture was stirred at room temperature for an additional
30 min and then concentrated under reduced pressure. The residue was
filtered through a plug of silica gel (eluted with 25% ether/hexanes) and
the eluent was concentrated to give (Z)-vinyl bromide, which was conta-
minated with over-reduced product.


HF·pyridine (0.1 mL) was added to a solution of the above material in
THF (0.3 mL) cooled to 0 8C. The resulting mixture was stirred at room
temperature for 3 days and then poured into cold saturated aqueous
NaHCO3. The aqueous layer was extracted several times with CHCl3.
The combined organic layers were dried over Na2SO4, filtered, and con-
centrated under reduced pressure. The residue was filtered through a
plug of silica gel (eluted with 5% methanol/CHCl3) and the eluent was
concentrated to give the product, which was used in the next step without
further purification.


CuCl (23.3 mg, 0.235 mmol), LiCl (13.0 mg, 0.307 mmol), and [Pd(PPh3)4]
(2.2 mg, 0.0019 mmol) were added to a solution of the above material
and (Z)-vinylstannane 23 (35.8 mg, 0.100 mmol) in degassed DMSO/THF
(1:1, v/v, 1 mL). The resulting mixture was stirred at 60 8C for 2 days and
then quenched with 5% NH4OH. The aqueous layer was extracted sever-
al times with CHCl3. The combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The residue
was purified by flash chromatography (silica gel, CHCl3 then 1!3!5%
methanol/CHCl3) to give 26 (1.5 mg, 34% for the three steps) as an
amorphous solid: [a]31D =�48.2 (c=0.017 in methanol); 1H NMR
(500 MHz, CD3CN): d=6.47 (dd, J=11.9, 10.6 Hz, 1H), 6.34 (ddd, J=
11.9, 10.7, <1 Hz, 1H), 5.87 (dddd, J=17.1, 10.1, 6.4, 6.4 Hz, 1H), 5.66
(ddd, J=12.8, 2.4, 2.4 Hz, 1H), 5.59–5.52 (m, 2H), 5.41 (dd, J=10.6,
9.5 Hz, 1H), 5.05 (dd, J=17.1, 1.5 Hz, 1H), 4.98 (dd, J=10.1, 1.5 Hz,
1H), 4.16–4.12 (m, 2H), 4.05 (m, 1H), 3.75 (dd, J=11.6, 4.6 Hz, 1H),
3.68 (m, 1H), 3.59 (m, 1H), 3.51 (ddd, J=10.1, 8.5, 4.9 Hz, 1H), 3.47–
3.44 (m, 2H), 3.41–3.33 (m, 2H), 3.21 (dd, J=11.6, 4.3 Hz, 1H), 3.20–
3.13 (m, 2H), 3.07–3.01 (m, 2H), 2.96–2.94 (m, 2H), 2.89 (d, J=5.5 Hz,
1H), 2.83 (s, 1H), 2.52 (t, J=5.5 Hz, 1H), 2.09 (m, 1H), 1.97–1.70 (m,
8H), 1.65–1.40 (m, 11H), 1.30 (s, 6H), 1.26 (s, 3H), 1.19 ppm (s, 3H); 13C
NMR (125 MHz, CD3CN): d=137.5, 135.5, 133.4, 131.8, 131.1, 127.7,
125.7, 115.6, 85.5, 82.9, 81.0, 80.8, 80.5 (Q2), 80.1, 79.8, 77.1, 76.8, 75.9,
75.5, 74.6, 73.8, 73.6, 73.1, 72.6, 71.8, 62.5, 54.7, 44.1, 38.2, 36.6, 32.9, 32.8,
32.3, 29.7, 29.3, 27.9, 25.0, 21.7, 20.8, 18.6, 15.9 ppm; HRMS (FAB): m/z
calcd for C42H62O11Na [M++Na]: 765.4190; found: 765.4179.


6b-Alcohol 37: N-Methylmorpholine N-oxide (20.9 mg, 0.178 mmol), a
catalytic amount of tetra-n-propylammonium perruthenate, and 4 L mo-
lecular sieves were added to a solution of alcohol 36 (15.8 mg,
0.0136 mmol) in CH2Cl2 (2 mL). The resulting mixture was stirred at
room temperature for 4 h and then directly subjected to flash chromatog-
raphy (silica gel, 30% ethyl acetate/hexanes) to give a ketone (15.3 mg,
97%) as a colorless oil: [a]28D =++4.5 (c=0.20 in benzene); IR (film):
ñmax=2951, 2862, 1738, 1645, 1465, 1384, 1256, 1092, 834, 777, 704 cm�1;
1H NMR (500 MHz, C6D6): d=7.77–7.76 (m, 4H), 7.25–7.23 (m, 6H),
5.79 (dd, J=13.2, 2.3 Hz, 1H), 5.72 (d, J=13.2 Hz, 1H), 4.34 (d, J=
9.2 Hz, 1H), 4.16 (ddd, J=9.7, 5.2, 4.6 Hz, 1H), 3.76–3.73 (m, 2H), 3.62–
3.59 (m, 2H), 3.47–3.39 (m, 2H), 3.36–3.31 (m, 2H), 3.12 (dd, J=11.5,
4.0 Hz, 1H), 3.09–3.02 (m, 5H), 2.43–2.39 (m, 3H), 2.20 (dd, J=15.5,
11.5 Hz, 1H), 2.09–1.68 (m, 11H), 1.64–1.44 (m, 5H), 1.31 (s, 3H), 1.28
(s, 3H), 1.22 (s, 3H), 1.17 (s, 9H), 1.15 (s, 3H), 1.12 (s, 3H), 1.01 (s, 9H),
0.96 (s, 9H), 0.16 (s, 3H), 0.14 (s, 6H), 0.12 ppm (s, 3H); 13C NMR
(125 MHz, C6D6): d=201.9, 139.4, 136.0, 134.2, 130.5, 130.0, 128.5, 89.7,
85.1, 82.3, 81.9, 80.8, 80.2, 79.9, 79.8, 79.7, 78.7, 78.4, 76.9, 76.1, 75.0, 72.7,
72.6, 72.2, 63.9, 63.8, 54.5, 44.4, 44.0, 38.1, 32.60, 32.56, 28.9, 28.6, 27.4,
27.1, 26.1, 26.0, 24.7, 22.2, 21.6, 20.6, 19.4, 18.6, 18.31, 18.29, 15.7, �1.9,
�2.1, �4.9, �5.1 ppm; HRMS (FAB): m/z calcd for C65H102O12Si3Na [M+


+Na]: 1181.6577; found: 1811.6609.


NaBH4 (13.5 mg, 0.357 mmol) was added to a solution of the above
ketone (84.5 mg, 0.0730 mmol) in methanol (5 mL) cooled to 0 8C. The
resulting mixture was stirred at 0 8C for 25 min and then quenched with
saturated aqueous NH4Cl. The solution was diluted with ethyl acetate,
washed with water and brine, dried over Na2SO4, filtered, and concen-
trated under reduced pressure. The residue was purified by flash chroma-
tography (silica gel, 20!30% ethyl acetate/hexanes) to give 6b-alcohol
37 (70.1 mg, 83%) as a colorless oil along with recovered 36 (9.9 mg,
12%). 37: [a]28D =�8.9 (c=0.21 in benzene); IR (film): ñmax=3399, 2950,
2862, 1647, 1467, 1384, 1255, 1088, 834, 773, 704 cm�1; 1H NMR
(500 MHz, C6D6): d=7.78–7.76 (m, 4H), 7.23–7.22 (m, 6H), 5.80 (dd, J=
13.2, 2.9 Hz, 1H), 5.73 (d, J=13.2 Hz, 1H), 4.35 (m, 1H), 4.16 (ddd, J=
8.0, 6.3, 5.2 Hz, 1H), 3.78–3.75 (m, 2H), 3.65–3.62 (m, 2H), 3.51–3.44 (m,
3H), 3.36 (dd, J=10.9, 5.2 Hz, 1H), 3.32 (m, 1H), 3.16–3.04 (m, 5H),
2.76 (dd, J=11.5, 3.4 Hz, 1H), 2.45 (ddd, J=12.0, 4.6, 4.0 Hz, 1H), 2.41
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(ddd, J=12.6, 4.6, 4.6 Hz, 1H), 2.33 (dd, J=11.5, 4.0 Hz, 1H), 2.11–1.86
(m, 8H), 1.76–1.38 (m, 10H), 1.32 (s, 3H), 1.30 (s, 3H), 1.27 (s, 3H), 1.17
(s, 9H), 1.16 (s, 3H), 1.14 (s, 3H), 1.01 (s, 9H), 0.97 (s, 9H), 0.17 (s, 3H),
0.15 (s, 6H), 0.12 ppm (s, 3H); 13C NMR (125 MHz, C6D6): d=139.4,
136.0, 134.4, 130.5, 129.9, 128.5, 89.7, 85.1, 83.1, 82.3, 80.3, 80.0, 79.8, 79.7,
78.7, 77.8, 77.5, 77.0, 76.9, 76.1, 74.6, 72.8, 72.6, 72.2, 64.1, 63.9, 54.5, 44.6,
38.1, 37.5, 32.6, 32.3, 29.1, 29.0, 27.6, 27.1, 26.1, 26.0, 24.7, 22.5, 21.7, 19.4,
18.6, 18.31, 18.28, 16.3, 15.7, �1.9, �2.1, �4.9, �5.1 ppm; HRMS (FAB):
m/z calcd for C65H104O12Si3Na [M++Na]: 1183.6733; found: 1183.6730.


6-epi-Gambierol (34): N-Methylmorpholine N-oxide (14.7 mg,
0.125 mmol), a catalytic amount of tetra-n-propylammonium perruthen-
ate, and 4 L molecular sieves were added to a solution of alcohol 39
(7.7 mg, 0.0066 mmol) in CH2Cl2 (1 mL). The resulting mixture was stir-
red at room temperature for 25 min and then filtered through a plug of
silica gel (eluted with ethyl acetate). The eluent was concentrated under
reduced pressure to give crude aldehyde, which was immediately used in
the next reaction.


PPh3 (34.4 mg, 0.131 mmol) was added to a solution of CBr4 (21.2 mg,
0.0639 mmol) in CH2Cl2 (0.75 mL) cooled to 0 8C was added. The result-
ing mixture was stirred at 0 8C for 30 min. Triethylamine (0.0400 mL,
0.287 mmol) followed by a solution of the above aldehyde in CH2Cl2
(0.75 mL+0.5 mL rinse) were added to this solution. The resultant mix-
ture was stirred at 0 8C for 40 min and then quenched with saturated
aqueous NaHCO3. The solution was diluted with ethyl acetate, washed
with saturated aqueous NaHCO3 and brine, dried over Na2SO4, filtered,
and concentrated under reduced pressure. The residue was filtered
through a plug of silica gel (eluted with 10% diethyl ether/benzene) and
the eluent was concentrated to give dibromoolefin (7.7 mg,
0.0057 mmol), which was immediately used in the next reaction.


nBu3SnH (0.0046 mL, 0.0171 mmol) and a catalytic amount of
[Pd(PPh3)4] were added to a solution of the above dibromoolefin (7.7 mg,
0.0057 mmol) in benzene (1 mL). After stirring the mixture at room tem-
perature for 2 h, further nBu3SnH (0.0046 mL, 0.0171 mmol) and
[Pd(PPh3)4] (cat.) were added. The reaction mixture was stirred at room
temperature for an additional 30 min and then concentrated under re-
duced pressure. The residue was purified by flash chromatography (silica
gel, 10!15!20% ether/hexanes) to give a (Z)-vinyl bromide (5.2 mg,
64% for the three steps) as a colorless oil: [a]28D =�8.4 (c=0.119 in ben-
zene); IR (film): ñmax=2931, 2858, 1621, 1465, 1381, 1254, 1081, 840, 773,
706, 607 cm�1; 1H NMR (500 MHz, C6D6): d=7.79–7.77 (m, 4H), 7.24–
7.22 (m, 6H), 6.12 (dd, J=7.4, 7.4 Hz, 1H), 6.02 (d, J=7.4 Hz, 1H), 5.90
(dd, J=12.6, 2.3 Hz, 1H), 5.76 (dd, J=12.6, 1.7 Hz, 1H), 4.53 (d, J=
7.4 Hz, 1H), 4.35 (ddd, J=9.2, 2.3, 1.7 Hz, 1H), 3.68–3.66 (m, 2H), 3.61
(ddd, J=10.9, 9.2, 5.2 Hz, 1H), 3.55 (dd, J=10.3, 5.2 Hz, 1H), 3.45 (ddd,
J=10.3, 9.2, 5.2 Hz, 1H), 3.37 (dd, J=10.9, 5.2 Hz, 1H), 3.24 (m, 1H),
3.12–3.09 (m, 4H), 3.05 (dd, J=13.2, 3.4 Hz, 1H), 2.76 (dd, J=11.5,
3.4 Hz, 1H), 2.45 (dd, J=11.7, 4.6 Hz, 1H), 2.37 (ddd, J=8.0, 8.0, 4.6 Hz,
1H), 2.28 (dd, J=10.9, 4.0 Hz, 1H), 2.08–1.94 (m, 7H), 1.80–1.74 (m,
3H), 1.68–1.51 (m, 6H), 1.45 (m, 1H), 1.39 (s, 3H), 1.29 (s, 3H), 1.24 (s,
3H), 1.17 (s, 9H), 1.14 (s, 6H), 1.06 (s, 9H), 0.94 (s, 9H), 0.25 (s, 3H),
0.17 (s, 3H), 0.11 (s, 3H), 0.07 ppm (s, 3H); 13C NMR (125 MHz, C6D6):
d=139.3, 136.0, 134.4, 132.8, 131.1, 129.9, 128.5, 113.0, 85.1, 84.2, 83.1,
82.5, 80.23, 80.19, 80.0, 79.7, 78.6, 77.63, 77.61, 77.4, 77.0, 76.1, 74.3, 72.9,
72.6, 72.3, 64.2, 54.5, 44.5, 39.8, 38.1, 32.40, 32.37, 29.1, 29.0, 27.7, 27.1,
26.2, 26.0, 24.7, 22.2, 21.7, 19.4, 18.6, 18.31, 18.27, 16.3, 15.7, �1.8, �2.1,
�3.7, �4.8 ppm; HRMS (FAB): m/z calcd for C66H103


79BrO11Si3Na [M+


+Na]: 1257.5889; found: 1257.5891; calcd for C66H103
81BrO11Si3Na [M+


+Na]: 1259.5890; found: 1259.5837.


HF·pyridine (0.2 mL) was added to a solution of the above (Z)-vinyl bro-
mide (4.5 mg, 0.0037 mmol) in THF (0.6 mL) cooled to 0 8C. The result-
ing mixture was stirred at room temperature for 3 days and then poured
into cold saturated aqueous NaHCO3. The aqueous layer was extracted
several times with CHCl3. The combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The residue
was purified by flash chromatography (silica gel, 3!5% methanol/
CHCl3) to give a triol (2.9 mg, quantitative) as an amorphous solid:
[a]28D =++23.4 (c=0.10, CHCl3); IR (film): ñmax=3416, 2929, 2867, 1621,
1380, 1266, 1082, 735 cm�1; 1H NMR (500 MHz, CDCl3): d=6.47 (d, J=
7.4 Hz, 1H), 6.22 (dd, J=8.0, 7.4 Hz, 1H), 5.75 (dd, J=13.2, 2.9 Hz, 1H),
5.50 (dd, J=13.2, 1.7 Hz, 1H), 4.36 (d, J=8.0 Hz, 1H), 4.20 (m, 1H),
3.64–3.61 (m, 3H), 3.52 (m, 1H), 3.47–3.40 (m, 2H), 3.34 (dd, J=10.9,


5.2 Hz, 1H), 3.16–3.10 (m, 3H), 3.06–3.01 (m, 2H), 2.98 (dd, J=12.0,
4.0 Hz, 1H), 2.22 (ddd, J=11.5, 4.6, 4.0 Hz, 1H), 2.15–2.06 (m, 2H),
2.02–1.84 (m, 6H), 1.73–1.45 (m, 11H), 1.31 (s, 3H), 1.30 (s, 3H), 1.29 (s,
3H), 1.25 (s, 3H), 1.22 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=
138.2, 131.6, 131.1, 112.7, 84.8, 83.9, 82.4, 81.6, 80.1, 79.9, 79.5, 79.4, 79.1,
77.8, 76.54, 76.49, 76.1, 75.8, 74.4, 72.2, 72.0, 71.8, 62.8, 53.7, 43.7, 37.4,
37.0, 32.4, 31.8, 29.7, 29.2, 28.6, 26.9, 24.2, 21.3, 18.2, 15.9, 15.6 ppm;
HRMS (FAB): m/z calcd for C38H57


79BrO11Na [M++Na]: 791.2982;
found: 791.3021; calcd for C38H57


81BrO11Na [M++Na]: 793.2970; found:
793.3018.


CuCl (28.3 mg, 0.286 mmol), LiCl (17.2 mg, 0.406 mmol), and [Pd(PPh3)4]
(2.0 mg, 0.0017 mmol) were added to a solution of the above triol
(2.9 mg) and (Z)-vinylstannane 23 (40.7 mg, 0.1136 mmol) in degassed
DMSO/THF (1.1 mL). The resulting mixture was stirred at 60 8C for
2.5 days and then quenched with 5% NH4OH. The aqueous layer was ex-
tracted several times with CHCl3. The combined organic layers were
dried over Na2SO4, filtered, and concentrated under reduced pressure.
The residue was purified by flash chromatography (silica gel, CHCl3 then
2!5% methanol/CHCl3) to give 34 (2.2 mg, 80% for the two steps) as
an amorphous solid: [a]28D =++4.3 (c=0.047, CHCl3); IR (film): ñmax=


3425, 2941, 2867, 1645, 1532, 1466, 1389, 1267, 1053, 752 cm�1; 1H NMR
(500 MHz, CD3CN): d=6.45 (dd, J=11.6, 11.1 Hz, 1H), 6.38 (dd, J=
11.6, 11.4 Hz, 1H), 5.82 (dddd, J=17.2, 10.1, 6.3, 6.3 Hz, 1H), 5.71 (dd,
J=12.9, 2.7 Hz, 1H), 5.54 (m, 1H), 5.46 (m, 1H), 5.38 (dd, J=12.9,
1.9 Hz, 1H), 5.05 (ddd, J=17.2, 3.5, 1.7 Hz, 1H), 4.98 (ddd, J=10.1, 3.5,
1.5 Hz, 1H), 4.31 (d, J=8.9 Hz, 1H), 4.21 (ddd, J=9.4, 2.7, 1.9 Hz, 1H),
3.53–3.39 (m, 6H), 3.34 (dd, J=11.1, 4.7 Hz, 1H), 3.19–3.13 (m, 3H),
3.06–2.93 (m, 5H), 2.82 (m, 1H), 2.62 (s, 1H), 2.56 (t, J=5.4 Hz, 1H),
2.10 (m, 1H), 1.97 (dd, J=11.0, 4.8 Hz, 1H), 1.94–1.89 (m, 3H), 1.85–
1.77 (m, 4H), 1.65–1.33 (m, 11H), 1.30 (s, 3H), 1.26 (s, 3H), 1.21 (s, 3H),
1.20 (s, 3H), 1.17 ppm (s, 3H); 13C NMR (125 MHz, CD3CN): d=140.3,
138.7, 131.5, 131.1, 129.3, 127.5, 126.0, 115.6, 85.5, 83.1, 83.0, 81.9, 80.4,
80.3, 80.2, 79.7, 78.2, 78.0, 77.1, 76.9, 76.7, 76.4, 74.8, 73.1, 72.7 (Q2), 62.4,
54.7, 44.6, 38.8, 38.2, 32.9, 32.2, 29.6 (Q2), 29.3, 27.8, 25.0, 21.7, 21.3, 18.6,
16.2, 15.9 ppm; HRMS (FAB): m/z calcd for C43H64O11Na [M++Na]:
779.4346; found: 779.4371.


6-Deoxygambierol (35): N-Methylmorpholine N-oxide (14.0 mg,
0.119 mmol), a catalytic amount of tetra-n-propylammonium perruthen-
ate, and 4 L molecular sieves were added to a solution of alcohol 42
(9.9 mg, 0.0096 mmol) in CH2Cl2 (1.5 mL). The resulting mixture was stir-
red at room temperature for 25 min and then filtered through a plug of
silica gel (eluted with ethyl acetate). The eluent was concentrated under
reduced pressure to give a crude aldehyde, which was immediately used
in the next reaction.


PPh3 (58.1 mg, 0.222 mmol) was added to a solution of CBr4 (34.5 mg,
0.104 mmol) in CH2Cl2 (0.75 mL) cooled to 0 8C. The resulting mixture
was stirred at 0 8C for 25 min. Triethylamine (0.0550 mL, 0.394 mmol) fol-
lowed by a solution of the above aldehyde in CH2Cl2 (0.75 mL + 1.0 mL
rinse) were added to this solution. The reaction mixture was stirred at
0 8C for 30 min and then quenched with saturated aqueous NaHCO3. The
solution was diluted with ethyl acetate, washed with saturated aqueous
NaHCO3 and brine, dried over Na2SO4, filtered, and concentrated under
reduced pressure. The residue was filtered through a plug of silica gel
(eluted with 10% ether/benzene) and the eluent was concentrated to
give a dibromoolefin (9.1 mg, 0.0077 mmol), which was immediately used
in the next reaction.


nBu3SnH (0.0101 mL, 0.0385 mmol) and a catalytic amount of
[Pd(PPh3)4] were added to a solution of the above dibromoolefin (9.1 mg,
0.0077 mmol) in benzene (1.2 mL). The resulting mixture was stirred at
room temperature for 75 min and then concentrated under reduced pres-
sure. The residue was purified by flash chromatography (silica gel, 30!
35!40% ether/hexanes) to give a (Z)-vinyl bromide (7.3 mg, 66% for
the three steps) as a colorless oil: [a]28D =++5.3 (c=0.087 in benzene); IR
(film): ñmax=2944, 1631, 1459, 1382, 1255, 1079, 1029, 840, 705 cm�1; 1H
NMR (500 MHz, C6D6): d=7.79–7.77 (m, 4H), 7.24–7.22 (m, 6H), 6.12
(dd, J=7.7, 7.2 Hz, 1H), 6.02 (dd, J=7.2, 0.9 Hz, 1H), 5.89 (dd, J=13.0,
2.7 Hz, 1H), 5.75 (dd, J=13.0, 1.9 Hz, 1H), 4.52 (d, J=7.7 Hz, 1H), 4.34
(ddd, J=9.5, 2.7, 1.9 Hz, 1H), 3.72–3.65 (m, 2H), 3.59 (ddd, J=10.9, 9.6,
4.8 Hz, 1H), 3.43 (ddd, J=10.6, 8.7, 4.9 Hz, 1H), 3.35 (dd, J=11.3,
5.5 Hz, 1H), 3.26–3.18 (m, 2H), 3.17–3.01 (m, 5H), 2.45 (dd, J=12.2,
4.2 Hz, 1H), 2.36–2.33 (m, 2H), 2.07–1.87 (m, 6H), 1.80–1.23 (m, 13H),
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1.39 (s, 3H), 1.31 (s, 3H), 1.27 (s, 3H), 1.18 (s, 9H), 1.13 (s, 3H), 1.12 (s,
3H), 0.94 (s, 9H), 0.11 (s, 3H), 0.07 ppm (s, 3H); 13C NMR (125 MHz,
C6D6): d=139.3, 136.0, 134.4, 132.8, 131.1, 129.9, 128.5, 113.0, 85.1, 84.2,
83.5, 82.7, 82.5, 80.2, 79.9, 79.7, 78.9, 78.6, 77.1, 76.1, 74.5, 73.7, 72.8, 72.5,
72.3, 64.2, 54.5, 44.7, 38.9, 38.2, 32.5, 32.4, 30.4, 29.2, 29.0, 28.4, 27.1, 26.0,
24.7, 22.2, 22.0, 20.8, 19.4, 18.3, 18.2, 15.7, �1.8, �2.1 ppm; HRMS
(FAB): m/z calcd for C60H89


79BrO10Si2Na [M++Na]: 1127.5075; found:
1127.5110; calcd for C60H89


81BrO10Si2Na [M++Na]: 1129.5073; found:
1129.5061.


HF·pyridine (0.2 mL) was added to a solution of the above (Z)-vinyl bro-
mide (7.3 mg, 0.0064 mmol) in THF (0.6 mL) cooled to 0 8C. The result-
ing mixture was stirred at room temperature for 4 days and then poured
into cold saturated aqueous NaHCO3. The aqueous layer was extracted
several times with CHCl3. The combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The residue
was purified by flash chromatography (silica gel, CHCl3 then 2!4!6%
methanol/CHCl3) to give a triol (4.5 mg, 94%) as an amorphous solid:
[a]27D =++7.2 (c=0.067 in CHCl3); IR (film): ñmax=3437, 2937, 2875, 1645,
1464, 1386, 1268, 1074, 776, 677 cm�1; 1H NMR (500 MHz, CDCl3): d=
6.47 (d, J=6.9 Hz, 1H), 6.22 (dd, J=8.6, 6.9 Hz, 1H), 5.75 (dd, J=13.2,
2.9 Hz, 1H), 5.50 (dd, J=13.2, 1.7 Hz, 1H), 4.36 (d, J=8.6 Hz, 1H), 4.20
(ddd, J=9.2, 2.9 1.7 Hz, 1H), 3.64–3.59 (m, 2H), 3.48–3.40 (m, 3H), 3.34
(dd, J=11.5, 5.2 Hz, 1H), 3.19–3.10 (m, 4H), 3.07–3.03 (m, 2H), 2.22
(ddd, J=11.5, 4.6, 4.0 Hz, 1H), 2.15–2.07 (m, 2H), 2.02–1.89 (m, 4H),
1.84–1.34 (m, 15H), 1.314 (s, 3H), 1.309 (s, 3H), 1.30 (s, 3H), 1.29 (s,
3H), 1.22 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=138.2, 131.6,
131.1, 112.7, 84.8, 83.8, 82.7, 82.2, 81.6, 79.8, 79.5, 79.3, 79.0, 76.6, 76.1,
75.8, 74.3, 73.5, 72.2, 72.0, 71.8, 62.9, 53.7, 43.8, 38.2, 37.4, 32.7, 31.8, 30.2,
29.4, 28.6, 27.6, 24.2, 21.5, 21.3, 20.4, 18.2, 15.6 ppm; HRMS (FAB): m/z
calcd for C38H57


79BrO10Na [M++Na]: 775.3033; found: 775.2999; calcd
for C38H57


81BrO10Na [M++Na]: 777.3021; found: 777.3036.


CuCl (34.9 mg, 0.353 mmol), LiCl (23.0 mg, 0.543 mmol), and [Pd(PPh3)4]
(4.2 mg, 0.0036 mmol) were added to a solution of the above triol
(4.4 mg, 0.0059 mmol) and (Z)-vinylstannane 23 (52.5 mg, 0.147 mmol) in
degassed DMSO/THF (1:1, v/v, 1.5 mL). The resulting mixture was stir-
red at 60 8C for 2 days and then quenched with 5% NH4OH. The aque-
ous layer was extracted with CHCl3. The combined organic layers were
dried over Na2SO4, filtered, and concentrated under reduced pressure.
The residue was purified by flash chromatography (silica gel, CHCl3 then
1!2!3% methanol/CHCl3) to give 35 (3.3 mg, 76%) as an amorphous
solid: [a]28D =++33.7 (c=0.115 in benzene); IR (film): ñmax=3433, 2941,
2874, 1631, 1452, 1380, 1268, 1073, 755 cm�1; 1H NMR (500 MHz,
CD3CN): d=6.45 (dd, J=11.6, 10.9 Hz, 1H), 6.38 (dd, J=11.6, 11.3 Hz,
1H), 5.83 (dddd, J=17.1, 10.1, 6.3, 6.3 Hz, 1H), 5.70 (dd, J=12.9, 2.7 Hz,
1H), 5.56 (m, 1H), 5.46 (dd, J=10.9, 8.3 Hz, 1H), 5.38 (dd, J=12.9,
1.9 Hz, 1H), 5.05 (ddd, J=17.1, 3.5, 1.7 Hz, 1H), 4.98 (ddd, J=10.1, 3.5,
1.5 Hz, 1H), 4.31 (d, J=8.3 Hz, 1H), 4.21 (ddd, J=9.4, 2.7, 1.9 Hz, 1H),
3.51 (ddd, J=10.6, 8.8, 4.9 Hz, 1H), 3.47–3.39 (m, 4H), 3.34 (dd, J=11.3,
4.9 Hz, 1H), 3.21 (dd, J=11.3, 4.1 Hz, 1H), 3.18–3.12 (m, 3H), 3.05–3.00
(m, 2H), 2.96–2.93 (m, 2H), 2.67 (s, 1H), 2.55 (t, J=5.3 Hz, 1H), 2.08
(m, 1H), 1.96–1.83 (m, 4H), 1.78–1.40 (m, 17H), 1.30 (s, 3H), 1.27 (s,
3H), 1.24 (s, 3H), 1.21 (s, 3H), 1.20 ppm (s, 3H); 13C NMR (125 MHz,
CD3CN): d=140.6, 137.5, 131.5, 131.1, 129.3, 127.5, 126.0, 115.6, 85.6,
83.3, 83.1, 82.9, 82.0, 80.5, 80.2, 79.9, 79.7, 77.1, 76.8, 76.5, 75.0, 74.3, 73.1,
72.7 (Q2), 62.5, 54.8, 44.7, 39.2, 39.3, 33.1, 32.9, 32.3, 30.8, 29.8, 29.4, 28.6,
25.0, 21.9, 21.4, 20.8, 18.7, 15.9 ppm; HRMS (FAB): m/z calcd for
C43H64O10Na [M++Na]: 763.4397; found: 763.4404.


Alcohol 46 : HF·pyridine (0.15 mL) was added to a solution of tris-silyl
ether 45 (11.1 mg, 0.0090 mmol) in THF (0.9 mL) cooled to 0 8C. The re-
sulting mixture was stirred at 0 8C for 15 min and then warmed to room
temperature. The reaction mixture was stirred for 3.5 h and then poured
into cold saturated aqueous NaHCO3. The aqueous layer was extracted
several times with CHCl3. The combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The residue
was purified by flash chromatography (silica gel, 20!40% ethyl acetate/
hexanes) to give primary alcohol 46 (7.7 mg, 86%) as a colorless oil:
[a]28D =++14.2 (c=0.093 in benzene); IR (film): ñmax=3436, 2929, 2857,
1623, 1465, 1382, 1255, 1078, 878, 777 cm�1; 1H NMR (500 MHz, C6D6):
d=6.11 (dd, J=7.4, 6.9 Hz, 1H), 6.01 (d, J=6.9 Hz, 1H), 5.89 (dd, J=
13.2, 2.9 Hz, 1H), 5.76 (dd, J=13.2, 1.7 Hz, 1H), 4.52 (d, J=7.4 Hz, 1H),
4.34 (m, 1H), 3.99 (dd, J=12.6, 4.0 Hz, 1H), 3.85 (m, 1H), 3.65 (m, 1H),


3.58 (ddd, J=10.9, 9.7, 5.2 Hz, 1H), 3.42–3.32 (m, 4H), 3.23 (dd, J=12.0,
2.9 Hz, 1H), 3.14–3.05 (m, 3H), 3.02 (dd, J=13.2, 3.4 Hz, 1H), 2.42 (ddd,
J=12.0, 4.6, 4.0 Hz, 1H), 2.35–2.28 (m, 2H), 2.14 (m, 1H), 2.10–1.94 (m,
6H), 1.77–1.36 (m, 11H), 1.39 (s, 3H), 1.30 (s, 3H), 1.24 (s, 3H), 1.12 (s,
3H), 1.10 (s, 3H), 1.00 (s, 9H), 0.94 (s, 9H), 0.14 (s, 3H), 0.11 (s, 3H),
0.07 (s, 3H), 0.06 ppm (s, 3H); 13C NMR (125 MHz, C6D6): d=139.3,
132.8, 131.1, 112.9, 85.1,84.2, 82.8, 82.5, 80.3, 79.9, 79.7, 78.6, 77.7, 76.1,
75.9, 74.9, 74.5, 74.1, 72.6, 72.5 (Q2), 72.3, 62.7, 54.5, 44.3, 39.1, 38.1, 32.8,
32.4, 29.7, 29.0, 27.8, 26.1, 26.0, 24.7, 22.2, 22.0, 21.4, 18.4, 18.31, 18.27,
15.7, �1.8, �2.1, �4.0, �4.9 ppm; HRMS (FAB): m/z calcd for
C50H85


79BrO11Si2Na [M++Na]: 1019.4712; found: 1019.4726; calcd for
C50H85


81BrO11Si2Na [M++Na]: 1021.4705; found: 1021.4711.


1-O-Methylgambierol (43): HF·pyridine (0.2 mL) was added to a solution
of methyl ether 47 (6.9 mg, 0.0068 mmol) in THF (0.6 mL) cooled to
0 8C. The resulting mixture was stirred at room temperature for 5 days
and then poured into cold saturated aqueous NaHCO3. The aqueous
layer was extracted several times with CHCl3. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by flash chromatography (silica gel,
50!70!80% ethyl acetate/hexanes) to give a diol (5.2 mg, 98%) as an
amorphous solid: [a]27D =++21.6 (c=0.080 in CHCl3); IR (film): ñmax=


3426, 2942, 2876, 1630, 1381, 1219, 1047, 773 cm�1; 1H NMR (500 MHz,
CDCl3): d=6.47 (d, J=7.4 Hz, 1H), 6.22 (dd, J=8.6, 7.4 Hz, 1H), 5.75
(dd, J=13.2, 2.9 Hz, 1H), 5.50 (dd, J=13.2, 1.7 Hz, 1H), 4.36 (d, J=
8.6 Hz, 1H), 4.20 (m, 1H), 3.76–3.72 (m, 2H), 3.69 (m, 1H), 3.48–3.40
(m, 2H), 3.38–3.34 (m, 3H), 3.32 (s, 3H), 3.29–3.10 (m, 3H), 3.08–3.03
(m, 2H), 2.23 (ddd, J=12.0, 4.6, 4.0 Hz, 1H), 2.12–2.08 (m, 2H), 2.02–
1.97 (m, 3H), 1.92–1.46 (m, 14H), 1.32 (s, 3H), 1.314 (s, 3H), 1.306 (s,
3H), 1.30 (s, 3H), 1.22 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=
138.2, 131.7, 131.1, 112.6, 84.8, 83.9, 82.5, 81.6, 79.9, 79.4, 79.1, 76.4, 76.1,
76.0, 75.8, 75.2, 74.6, 73.8, 72.6, 72.2, 72.0, 71.8, 70.8, 58.6, 53.7, 43.6, 37.3,
35.4, 32.2, 31.8, 28.5, 27.1, 25.8, 24.2, 21.33, 21.31, 20.3, 18.2, 15.6 ppm;
HRMS (FAB): m/z calcd for C39H59


79BrO11Na [M++Na]: 805.3138;
found: 805.3157; calcd for C39H59


81BrO11Na [M++Na]: 807.3127; found:
807.3096.


CuCl (30.8 mg, 0.311 mmol), LiCl (15.2 mg, 0.359 mmol), and [Pd(PPh3)4]
(2.7 mg, 0.0023 mmol) were added to a solution of the above diol
(3.4 mg, 0.0043 mmol) and (Z)-vinylstannane 23 (62.3 mg, 0.174 mmol) in
degassed DMSO/THF (1:1, v/v, 1.7 mL). After stirring the mixture at
60 8C for 2 days, the reaction was quenched with 5% NH4OH. The aque-
ous layer was extracted several times with CHCl3. The combined organic
layers were dried over Na2SO4, filtered, and concentrated under reduced
pressure. The residue was purified by flash chromatography (silica gel,
50!60% ethyl acetate/hexanes) to give 43 (2.9 mg, 88%) as an amor-
phous solid: [a]28D =++45.0 (c=0.110 in benzene); IR (film): ñmax=3427,
2943, 2873, 1631, 1385, 1268, 1072, 755 cm�1; 1H NMR (500 MHz,
CD3CN): d=6.46 (dd, J=11.5, 10.9 Hz, 1H), 6.38 (dd, J=11.5, 11.5 Hz,
1H), 5.83 (dddd, J=17.2, 10.3, 6.3, 6.3 Hz, 1H), 5.70 (dd, J=12.6, 2.3 Hz,
1H), 5.55 (m, 1H), 5.46 (m, 1H), 5.39 (dd, J=12.6, 1.7 Hz, 1H), 5.05 (dd,
J=17.2, 3.5 Hz, 1H), 4.98 (dd, J=10.3, 3.5 Hz, 1H), 4.31 (d, J=8.0 Hz,
1H), 4.21 (m, 1H), 3.74 (dd, J=12.0, 4.6 Hz, 1H), 3.67 (m, 1H), 3.59 (m,
1H), 3.51 (ddd, J=10.3, 9.2, 5.2 Hz, 1H), 3.42 (ddd, J=10.9, 9.7, 5.2 Hz,
1H), 3.36–3.30 (m, 3H), 3.29 (s, 3H), 3.23–3.13 (m, 3H), 3.07–3.00 (m,
2H), 2.96–2.93 (m, 2H), 2.82 (d, J=1.8 Hz, 1H), 2.65 (s, 1H), 2.09 (m,
1H), 1.97–1.90 (m, 3H), 1.86–1.69 (m, 4H), 1.64–1.38 (m, 12H), 1.30 (s,
3H), 1.29 (s, 3H), 1.25 (s, 3H), 1.22 (s, 3H), 1.20 ppm (s, 3H); 13C NMR
(125 MHz, CD3CN): d=140.6, 137.5, 131.5, 131.1, 129.3, 127.5, 126.0,
115.6, 85.6, 83.1, 82.9, 81.9, 80.4, 80.2, 79.7, 77.0, 76.8, 76.7, 76.5, 75.9,
75.3, 74.5, 73.1 (Q2), 72.7 (Q2), 71.2, 58.5, 54.7, 44.1, 38.2, 36.6, 33.0, 32.9,
32.2, 29.3, 27.9, 26.4, 25.0, 21.7, 21.3, 20.8, 18.7, 15.9 ppm; HRMS (FAB):
m/z calcd for C44H66O11Na [M++Na]: 793.4503; found: 793.4524.


1-Deoxygambierol (44): HF·pyridine (0.3 mL) was added to a solution of
compound 48 (10.6 mg, 0.0108 mmol) in THF (0.9 mL) cooled to 0 8C.
The resulting mixture was stirred at room temperature for 5 days and
then poured into cold saturated aqueous NaHCO3. The aqueous layer
was extracted with CHCl3. The combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The residue
was purified by flash chromatography (silica gel, 40!60% ethyl acetate/
hexanes) to give a diol (7.4 mg, 91%) as an amorphous solid: [a]28D =


+35.5 (c=0.110 in CHCl3);
1H NMR (500 MHz, CDCl6): d=6.47 (d, J=


7.4 Hz, 1H), 6.22 (dd, J=8.0, 7.4 Hz, 1H), 5.75 (dd, J=12.6, 2.9 Hz, 1H),
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5.50 (dd, J=12.6, 1.7 Hz, 1H), 4.35 (d, J=8.0 Hz, 1H), 4.20 (m, 1H),
3.76–3.69 (m, 3H), 3.48–3.40 (m, 2H), 3.34 (dd, J=9.8, 4.6 Hz, 1H),
3.18–3.10 (m, 3H), 3.08–3.03 (m, 2H), 2.23 (ddd, J=11.5, 4.6, 4.6 Hz,
1H), 2.12–2.08 (m, 2H), 2.02–1.81 (m, 5H), 1.77–1.35 (m, 12H), 1.32 (s,
3H), 1.31 (s, 3H), 1.30 (s, 6H), 1.22 (s, 3H), 0.88 ppm (t, J=6.9 Hz, 3H);
13C NMR (125 MHz, CDCl3): d=138.2, 131.6, 131.1, 112.6, 84.8, 83.9,
82.5, 81.6, 79.8, 79.4, 79.1, 76.3, 76.1, 76.0, 75.8, 75.2, 74.7, 73.8, 72.2, 72.0,
71.8, 70.9, 53.7, 43.6, 37.9, 37.3, 35.4, 31.8, 28.5, 27.1, 24.2, 21.32, 21.30,
20.3, 18.8, 18.2, 15.6, 14.0 ppm; HRMS (FAB): m/z calcd for
C38H57


79BrO10Si2Na [M++Na]: 775.3033; found: 775.3008; calcd for
C38H57


81BrO10Si2Na [M++Na]: 777.3021; found: 777.2978.


CuCl (42.9 mg, 0.433 mmol), LiCl (26.5 mg, 0.625 mmol), and [Pd(PPh3)4]
(6.2 mg, 0.0054 mmol) were added to a solution of the above diol
(5.2 mg, 0.0069 mmol) and (Z)-vinylstannane 23 (105.1 mg, 0.2935 mmol)
in degassed DMSO/THF (1:1, v/v, 3 mL). The resulting mixture was stir-
red at 60 8C for 2 days and then poured into cold saturated aqueous
NaHCO3. The aqueous layer was extracted several times with CHCl3.
The combined organic layers were dried over Na2SO4, filtered, and con-
centrated under reduced pressure. The residue was purified by flash chro-
matography (silica gel, 30!35!40% ethyl acetate/hexanes) to give 44
(4.6 mg, 90%) as an amorphous solid: [a]28D =++19.2 (c=0.15 in benzene);
IR (film): ñmax=3340, 2950, 2874, 1730, 1631, 1458, 1384, 1266, 1078, 806,
752, 679 cm�1; 1H NMR (500 MHz, CD3CN): d=6.46 (dd, J=11.5,
11.5 Hz, 1H), 6.38 (dd, J=11.5, 10.9 Hz, 1H), 5.83 (dddd, J=17.2, 10.3,
6.3, 6.3 Hz, 1H), 5.70 (dd, J=13.2, 2.9 Hz, 1H), 5.56 (m, 1H), 5.46 (dd,
J=10.9, 8.0 Hz, 1H), 5.39 (dd, J=13.2, 1.7 Hz, 1H), 5.05 (dd, J=17.2,
3.5 Hz, 1H), 4.98 (dd, J=10.7, 3.5 Hz, 1H), 4.31 (d, J=8.0 Hz, 1H), 4.21
(m, 1H), 3.74 (dd, J=11.5, 4.6 Hz, 1H), 3.67 (m, 1H), 3.59 (m, 1H), 3.51
(ddd, J=10.3, 9.2, 5.2 Hz, 1H), 3.42 (ddd, J=10.9, 9.7, 5.2 Hz, 1H), 3.34
(dd, J=10.9, 4.6 Hz, 1H), 3.23–3.13 (m, 3H), 3.07–3.00 (m, 2H), 2.96–
2.93 (m, 2H), 2.82 (m, 1H), 2.65 (s, 1H), 2.10 (m, 1H), 1.97–1.90 (m,
6H), 1.86–1.77 (m, 3H), 1.70–1.26 (m, 10H), 1.30 (s, 3H), 1.29 (s, 3H),
1.25 (s, 3H), 1.22 (s, 3H), 1.20 (s, 3H), 0.87 ppm (t, J=6.9 Hz, 3H); 13C
NMR (125 MHz, CD3CN): d=140.8, 137.7, 131.7, 131.2, 129.5, 127.6,
126.2, 115.7, 85.7, 83.3, 83.1, 82.1, 80.6, 80.4, 79.9, 77.2, 76.9 (Q2), 76.6,
76.0, 75.4, 74.7, 73.3, 72.8 (Q2), 71.9, 54.9, 44.3, 38.7, 38.4, 36.7, 33.0, 32.4,
29.5, 28.1, 25.1, 21.9, 21.5, 21.0, 19.6, 18.1, 16.1, 14.5 ppm; HRMS (FAB):
m/z calcd for C43H64O10Na [M++Na]: 763.4397; found: 763.4423.


Mouse toxicity assay : All the synthetic analogues were purified by HPLC
(Asahipak ODP-506D, f 4.6Q150 mm, CH3CN/H2O as eluent, l 210 nm).
Each sample was dissolved in 1% Tween 60 (0.5–0.8 mL) by sonication
and intraperitoneally injected into a ddY strain male mouse (12–17 g
body weight).
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Mesostructured Silica Tubes and Rods by Templating Porous Membranes


Zhijian Liang*[a, b] and Andrei S. Susha[a]


Introduction


One-dimensional nanostructured materials have attracted
intensive scientific interest, because of their potential appli-
cations in optical, electronic, and magnetic devices. One-di-
mensional nanostructured materials with various composi-
tions have been prepared from the vapor or solution phase,
one-dimensional growth from a seed, or membrane tem-
plate-directed syntheses.[1] Membranes used for templating,
for example, alumina and polycarbonate (PC), contain tubu-
lar pores through the entire thickness of the membranes. By
depositing the desired materials on the walls of cylindrical
pores of the membranes, tubes and fibers of metal,[2] inor-
ganic oxide,[3] semiconductor,[4] polymer,[5] and carbon[6]


have been produced by a number of methods, including
electroless metal deposition,[2a,b] the sol-gel method,[3] elec-
trochemical deposition,[2c–e] chemical vapor deposition,[7] and
polymer coating of the membrane pores.[5,8] The size and
structural properties of the materials prepared by membrane
templating are determined by the size, shape, and morpholo-
gy of the template used.
Mesoporous materials with controllable morphologies are


of considerable interest for a variety of practical applica-


tions. Considerable efforts have been made to control the
morphologies of mesoporous materials.[9–11] One-dimensional
mesoporous materials[12–16] such as tubes and fibers have re-
ceived considerable attention due to their potential applica-
tions as waveguides,[12a] laser materials after doping with
dyes,[12b,d] and high capacity enzyme immobilization sup-
port.[13b] A range of methods, such as interfacial growth at a
water-oil interface,[12a,b] addition of an inorganic salt,[13a] one-
phase route,[12f] spinning,[15] and templating one-dimensional
materials,[16] have been used for the preparation of mesopo-
rous tubes and fibers. Recently, membrane template-direct-
ed synthesis has been extended to prepare tubes and fibers
of mesostrctured silica and silica–titania materials.[17] How-
ever, until now, PC membrane templates have not been
used to construct tubes and rods of mesoporous materials.
The main advantages of using PC membranes over alumina
membranes[17] for preparation of tubes and rods of mesopo-
rous materials are:


1) Using alumina membranes can give rise to aluminum-
based side reactions during the coating and calcination
steps; these reactions are prevented by the use of PC
membranes.


2) Both PC membrane template and the surfactant can be
removed in one step by calcination in this work, but the
removal of the alumina membranes usually takes place
by dissolving in acidic or alkali solution in a separate
step after calcination.


In this paper we report templating polycarbonate (PC)
membranes to produce mesostructured silica tubes and rods.
The uniformity control of the morphologies is achieved by
the template-directed synthesis.
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Abstract: Mesostructured silica tubes
and rods were prepared by deposition
of a prehydrolysed silica sol with sur-
factant onto the cylindrical pores of a
polycarbonate (PC) membrane tem-
plate, followed by calcination to
remove the surfactant and membrane
template. The tubular and rodlike mor-


phologies of mesostructured silica were
demonstrated by scanning electron mi-
croscopy (SEM) and transmission elec-


tron microscopy (TEM) measurements.
The tubes and rods show ordered hex-
agonal mesostructures, which were
demonstrated by small angle X-ray dif-
fraction (XRD) patterns and TEM
measurements.


Keywords: membranes · mesopo-
rous materials · nanostructures ·
silicates · template synthesis
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Results and Discussion


The preparation procedure (Figure 1) of the tubes involves
the following steps:


1) Preparation of silica sol by using nonionic block copoly-
mers as a supramolecular template. The silica sol used
for deposition on the cylindrical pore wall surfaces of
the PC templates is prepared by the addition of an alco-
holic solution of the nonionic surfactant poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) block
copolymer (EO20PO70EO20; Pluronic P123) to a prehy-
drolysed silica sol. The surfactant allows regulation of
the porosity and structure of material formed.[18] The so-
lution composition and the amount of Pluronic P123
added may be chosen to produce a mesoporous film
with the desired phase morphology. Herein hexagonal
mesostructures were expected.


2) Deposition of the silica sol onto the cylindrical pores of
the PC membrane templates by soaking the templates
into the sol. The PC membrane used as template in this
work contains tubular pores with average diameter of
400 nm and a pore depth of 10 mm. The surface of the
membrane is hydrophilic to facilitate the adsorption of
the silica sol.[19]


3) The silica sol adsorbed onto top and bottom surfaces of
membrane was removed by adsorption onto filter paper,
and the sol was also partly removed from the pores in
this case.


4) Gelation of the deposited sol on the membrane to form
a mesoporous silica film on the pore wall surface of the
membrane.


5) Calcination to remove the PC membrane templates and
the block copolymer species and increase cross-linking
of the inorganic framework, which results in the forma-
tion of mesoporous silica tubes.


Rods are formed by using silica sol with lower amount of
ethanol relative to that used in the preparation of tubes and
omitting the silica sol extraction step, which results in fully
filling of the pores.
Figure 2a and b show SEM images of mesoporous silica


tubes and rods, respectively, prepared in PC membranes
with a pore diameter of 400 nm and pore depth of 10 mm.


The samples show tubular and rodlike morphologies. The
rodlike morphology is further confirmed by observation of
broken rods (Figure 2b). The tubes and rods shrink by about
15% in length after calcination relative to the thickness of
the PC membrane templates. However, shorter tubes and
rods are also observed, because some cylindrical pores in
the PC membranes do not pass through the whole thickness
of the membrane. Alternatively, the tubes and rods may
have broken during the process of sample preparation, soni-
cation, or drying stages. The outer diameters of the tubes
are around 350�65 nm, thus showing about 15% shrinkage
relative to the pore diameters of the PC membranes. The
variation in the actual pore diameters of the PC membranes
is up to 20%,[19] in agreement with our experimentally deter-


Figure 1. The scheme of the procedure used for preparing mesoporous
silica tubes by templating polycarbonate membrane.


Figure 2. SEM images of mesoporous silica tubes (a) and rods (b) ob-
tained by templating polycarbonate membranes.
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mined range. Another reason for deviation in the outer di-
ameters is that individual pores are not uniform in diameter
throughout the entire membrane template. This can be vi-
sualized by close inspection of the tubes and rods (Figure 2).
Nitrogen sorption isotherms (Figure 3a) of calcined meso-


porous silica tubes show type IV behaviour, with type H1
hysteresis loops for a typical mesoporous material with one-


dimensional cylindrical channels. The sample has a pore size
of 5.8 nm from the adsorption branch by the Barrett–
Joyner–Halenda (BJH) model, a Brunauer–Emmett–Teller
(BET) surface area of 311 m2g�1, and a pore volume of


0.46 cm3g�1. The surface area is lower than that of hexago-
nal mesoporous silica materials (SBA-15) prepared by tem-
plating the surfactant P123.[12f]


The small angle X-ray diffraction (XRD) pattern of meso-
porous silica tubes after calcination is shown in Figure 3b.
Two peaks are observed in the pattern that can be assigned
to the (100) and (200) reflections of the two-dimensional
hexagonal space group (p6mm), similar to that observed for
SBA-15.[18] The intense (100) peak reflects a d spacing of
8.9 nm, corresponding to a cell parameter a of 10.3 nm
(a=d(100)J2


p
3).


The tubular morphology and mesoporous structure of the
calcined tubes were examined by TEM. Figure 4 shows the
TEM images of mesoporous silica tubes. The tubular struc-
tures are demonstrated by the TEM image of the ends of
the tubes (Figure 4a). The TEM images show ordered stripe
structures, and “dot” patterns at the edge of the tubes (Fig-
ure 4a, b), indicating that the pore channels may run circu-
larly around the longitudinal axis of the tubes. However, the
circular channels are not always strictly perpendicular to the
longitudinal axis of the tubes in some tubes (pictures not
shown). Hollow tubular morphology and circular channels
are further confirmed by the microtomed section of the tube
(Figure 4c).
Figure 5 shows TEM images of mesoporous silica rods (b


and c are images taken on microtomed thin sections of the
rods). The TEM image in Figure 5a of the rod clearly shows
hexagonal pore arrays. Rodlike morphology is confirmed in
the images of the microtomed thin section of the rods, in
which ordered stripes perpendicular to the longitudinal axis
of the rod are observed. However, “dot” patterns are also
observed (Figure 5c); these patterns may be explained by
deviation of the orientation of the stripes in some rods or
different sections of a rod from the direction perpendicular
to the longitudinal axis. Hexagonal pore arrays are observed
from the microtomed longitudinal cross-sections parallel to
the axis of rods (picture not shown), which is similar to the
image shown in Figure 5a. The mesoporous fibers prepared
from two- and one-phase routes,[12] and templating porous
alumina membranes[17] have the mesopore channels running
circularly around the fiber axis. Similarly in our experiments
the mesopore channels of the tubes run circularly around
the tube axis. However, the mesopore channels of the rods
show different arrangement from that of the tubes, with or-


Figure 3. N2 adsorption and desorption isotherms (a), pore size distribu-
tion (inset of a), and small angle X-ray diffraction (XRD) patterns (b) of
the mesoporous silica tubes after calcination.


Figure 4. a–c) TEM images of the mesoporous silica tubes; c) microtomed section.
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dered stripes or “dot” patterns found on the microtomed
thin sections of the rods.


Conclusions


In summary, this paper presents an extension of membrane
template-directed synthesis to prepare mesostructured silica
tubes and rods by deposition of a prehydrolysed silica sol
with surfactant onto the cylindrical pores of polycarbonate
(PC) membrane templates, followed by calcination to
remove the surfactant and membrane template. The meso-
pore channels of the tubes are aligned circularly around the
longitudinal axis of the tubes. However, the mesopore chan-
nels of the rods show different arrangement from that of the
tubes, with ordered stripes or “dot” patterns found on the
microtomed thin sections of the rods. These tubes and rods
might find application in separation processes, drug delivery,
and protection of biological active macromolecules. The pri-
mary advantage of this approach to mesoporous tubes and
rods synthesis is that uniformity control is determined by
the templates for which high-quality samples are routinely
available. The technique described here can be extended to
prepare various oxide mesoporous tubes and rods with con-
trolled size and structural properties. It has shown the possi-
bility to extend the technique to prepare mesoporous titania
tubes with ordered pore arrays.


Experimental Section


Materials : PC membranes with a pore diameter of 400 nm and a maxi-
mum pore length of 10 mm were obtained from Millipore. The non-ionic
surfactant poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) block copolymer EO20PO70EO20 (Pluronic P123), tetraethyl ortho-
silicate (98%), hydrochloric acid, and ethanol were obtained from Al-
drich. The water used in all experiments was prepared in a three-stage
Millipore Milli-Q plus 185 purification system and had a resistively
higher than 18.2MWcm.


Preparation of silica sol : The silica sol used for deposition on the cylin-
drical pore wall surfaces of the PC templates were prepared by the addi-
tion of a solution of Pluronic P123 in ethanol to a prehydrolyzed silica
sol. First tetraethyl orthosilicate (TEOS) was prehydrolyzed in an acidic
water/ethanol solution. Specifically TEOS was mixed with ethanol
(EtOH), and then dilute hydrochloric acid was added with stirring at
room temperature. The molar ratio of the reaction mixture was TEOS/


H2O/HCl/EtOH 1:6:0.0089:5.2. After reaction for 30 min, Pluronic P123
dissolved in EtOH was added to the prehydrolyzed silica solution at
room temperature. The final molar ratio was TEOS/P123/H2O/HCl/
EtOH 1:9.5J10�3 :6:0.0089:x (x=15.0 and 8.7 for preparation of tubes
and rods, respectively). The solution was then aged for 3 h before dipping
the PC membrane in.


Preparation of mesostructured silica tubes and rods : The PC membranes
were soaked into the silica sol for 1.5 h. Sonication treatment at the be-
ginning of the soak was used to help the diffusion of the sol into the cy-
lindrical pores. The silica sol was adsorbed onto the whole surface of
membrane (including pore walls, top and bottom surfaces of membrane).
The sol deposited on the top and bottom surfaces of the membrane was
removed by adsorption onto filter paper, and the sol was also partly re-
moved from the pores in this case. Rods were formed by omitting the
silica sol extraction step. The samples were stored at room temperature
for 4 days to allow for drying and gelation of the sol. Then calcination
was carried out by heating at a rate of 1 8Cmin�1 to 550 8C and holding
for 5 h to remove the PC membrane template and the nonionic surfac-
tants and increase cross-linking of the inorganic framework. After remov-
al of the PC membrane and the nonionic surfactant by calcination, tubes
and rods of mesoporous silica were obtained. The samples for scanning
electron microscopy and transmission electron microscopy measurements
were prepared by redispersing the samples after calcination in ethanol by
ultrasonication.


Characterization : Scanning electron microscopy (SEM) was recorded
with a JEOL (JSEM 6330 F) instrument operated at an acceleration volt-
age of 5 kV. SEM samples were sputter-coated with Pt. Transmission
electron microscopy (TEM) measurements were performed with a Philips
CM12 microscope operated at 120 kV. TEM samples were suspended in
ethanol by applying ultrasound methods. The suspension was dropped on
copper grids with a thin carbon film for TEM measurements. Ultrathin
sections of the tubes and the rods (50 nm in thickness) were sliced with a
Leica ultracut UCT ultramicrotome after sonicating the samples in etha-
nol to redisperse the tubes and rods, and drying and setting them in a
LR-White resin. The thin sections were placed onto carbon-coated
copper grids. The nitrogen adsorption and desorption isotherms at 77 K
were measured by using a Micromeritics Gemini II 2375 Surface Area
Analyzer. Powder X-ray diffraction pattern were taken on a Nonius CP
120 diffractometer using CuKa radiation (l=1.54 P).
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Retention of Configuration in the Nucleophilic Substitution Reactions of
Some Nine-Membered Ansa Derivatives of Cyclotriphosphazatriene


Serap Beşli,[b] Simon J. Coles,[c] David B. Davies,[a] Michael B. Hursthouse,[c]


Hanife İbişoǧlu,[b] Adem Kılı+,[b] and Robert A. Shaw*[a]


Introduction


The stereogenic effects of nucleophilic substitution at ali-
phatic carbon compounds lead predominantly to racemiza-
tion (SN1) or inversion (SN2) at the reaction centre, whereas
retention of configuration (e.g. SNi) is only rarely observed.[1]


Similar observations pertain to phosphorus(v) compounds
where the SN2(P) mechanism leads to inversion,[2] whilst a
rarer mechanism, pseudorotation, may give rise to retention
of configuration;[2] the latter has generally been associated
with five-membered rings. Although there have been many
synthetic and mechanistic studies on cyclophosphazenes,[3]


which amongst other things demonstrated associative and
dissociative pathways,[3,4] the question of inversion or reten-
tion of configuration does not seem to have been consid-
ered. A major reason may be that the chiral properties of
cyclophosphazenes, despite being realised a number of years
ago,[5] were not explored experimentally until recently,[6]


other than for two types of examples; one in which an opti-
cally active acyclic precursor was cyclised[7] and the other in
which the substituent group is stereogenic.[8] However, using
X-ray crystallographic structural evidence we demonstrated


recently that inversion of configuration occurred in nucleo-
philic substitution reactions on the two phosphorus atoms
adjacent to the ansa groups of macrocyclic-cyclophospha-
zene derivatives in which the ansa ring has sixteen atoms.[6]


Starting with a cis-ansa macrocyclic-cyclophosphazene,
which is meso, the first substitution geminal to the ansa
bridge gave a racemic product with the ansa ring in a trans-
configuration, and the second substitution gave a product
which is also meso with the ansa ring in the cis-configura-
tion.[6] We now provide X-ray crystallographic evidence to
demonstrate that nucleophilic substitution of cyclophospha-
zene derivatives with nine-membered cis-ansa rings leads to
retention of configuration. The effect is observed in two dif-
ferent molecular systems; nucleophilic substitution
(Scheme 1) of the tetrafluorobutanedioxy derivative,
N3P3Cl4(OCH2CF2CF2CH2O) (1),[9] which has a cis-ansa ring
with nine atoms including those in the cyclophosphazene
ring, and nucleophilic substitution (Scheme 2) of the tricyclic
compound (5),[10] in which the two atoms linking the nine-
membered cis-ansa ring in the ansa bridge to the cyclophos-
phazene group are nitrogen rather than the oxygen atoms as
in (1) (and the macrocyclic-cyclophosphazene derivatives[6]).


Results


Synthesis and characterisation of compounds 2–4 and 6–8 :
Nucleophilic substitution of 1[9] with pyrrolidine (pyrH) re-
places the remaining four P�Cl bonds with two, three, and
then four pyrrolidino groups as shown in Scheme 1. The first
two P�Cl bonds to react are those of the PCl2 group to form
N3P3Cl2(OCH2CF2CF2CH2O)(pyr)2 (2) and then there is re-
action of the third and fourth P�Cl bonds geminal to the
ansa moiety to give compounds, N3P3Cl(OCH2CF2CF2-
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Abstract: X-ray crystallographic evidence shows that nucleophilic substitution re-
actions of two different types of cyclophosphazene derivatives with relatively rigid
nine-membered ansa rings leads to the first demonstration of retention of configu-
ration in these molecular systems.
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CH2O)(pyr)3 (3) and N3P3(OCH2CF2CF2CH2O)(pyr)4 (4),
respectively.


Cyclophosphazene derivative 5[10] also has a nine-mem-
bered cis-ansa ring in which the two atoms linking the ansa
bridge to the group are nitrogen rather than the oxygen
atoms as in 1 and the macrocyclic cyclophosphazene deriva-
tives.[6] Reactions of 5 with a variety of nucleophiles [for ex-
ample, NH2tBu, pyrH, H2N(CH2)3OH] initially replace both
chlorine atoms at the PCl2 group to form compounds analo-
gous to 6, but the reaction seems to be reluctant to proceed
further with neutral nucleophiles even after prolonged heat-
ing of the reaction mixtures under reflux. However, with the
weak nucleophile, PhNH2, inadvertent hydrolysis by the
even weaker, but smaller, nucleophile, H2O, also occurred
and took place at the remaining P�Cl group to give the tau-
tomerised structure 7 (Scheme 2). Compound 5 also reacted
with the sterically small, but strong, anionic nucleophile


NaOMe, which replaces all
three chlorine atoms to give 8
(Scheme 2).


Details of the synthesis and
characterisation (EA, MS, 1H
NMR) of compounds 2–4 and
6–8 are provided in the Experi-
mental Section and their char-
acterisation by 31P NMR is
summarised in Table 1.


X-ray crystal structures of com-
pounds 2–4 and 6–8 : The crystal
structures of compounds 2, 3
and 4, which are fused bicyclic
systems, are summarised in Fig-
ure 1a–c, respectively. The tet-
rafluorobutanedioxy ring of the
starting compound 1 has a cis-
ansa configuration[9] and it is
also found that the tetrafluoro-


butanedioxy ring in each of the three compounds 2–4 has re-
tained its cis-ansa configuration; in particular, the tripyrroli-
dino derivative 3 can only be formed with retention of con-
figuration at the >P(OR)Cl site that is substituted by the
pyrrolidino group.


It is observed that the ansa loop in each of the three com-
pounds 2–4 has a similar overall conformation of the P-O-
CH2-CF2-CF2-CH2-O-P moiety, in which the CF2-CF2 groups
and one of the pairs of the CH2-CF2 groups adopt staggered
conformations, whilst one other of the pairs of CH2-CF2


groups is eclipsed. The N3P3 ring in cyclophosphazenes is es-
sentially planar, unless the substitution pattern causes strain,
which is then relieved by non-planarity of the ring.[3] The
N3P3 ring in compound 2 shows a slight saddle shape
through P(3)···N(1) and the ring atom N(1) between the two
ansa bearing phosphorus atoms is slightly forced out of the
plane. A similar saddle shape is adopted by compound 4


through P(2)···N(2). Compared
with a compound containing
the eight-membered ansa ring
of the P-O-CH2-CH2-CH2-O-P
moiety, where the nitrogen
atom deviates by 0.523 O from
the mean N3P3 plane,[11] the de-
viation from the mean plane of
the N3P3 ring is significantly
smaller for compounds 2–4
which have nine-membered
ansa rings containing the P-O-
CH2-CF2-CF2-CH2-O moiety,
namely 0.184 O for N(1) of 2,
0.158 O for P(1) of compound 4
and only 0.133 O for N(1) of
the asymmetrically substituted
compound 3. Notably com-
pound 3 has two different cen-
tres of chirality, >P(OR)Cl
and >P(OR)(pyr), and the X-


Scheme 1. Successive nucleophilic substitution reactions with pyrrolidine of 1, which has a nine-membered cis-
ansa ring with P–O linkages to the cyclophosphazene ring.


Scheme 2. Nucleophilic substitution reactions of tricyclic compound 5, which has a nine-membered cis-ansa
ring with P–N linkages to the cyclophosphazene ring.
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ray crystal structure shows that it exists as a racemic mixture
of RR/SS forms.


It was also observed by Allcock and co-workers[12] that
the N3P3 ring is considerably puckered in the ansa structures
N3P3(OCH2CF3)4(ORO) (R = biphenylenedioxy, 1,8-dioxy-
naphthalene or ferrocenyl) and that the bond angle at the
nitrogen atom separating the two phosphorus atoms carry-
ing the ansa moiety is considerably decreased in the order:
biphenylenedioxy < ferrocenyl < 1,8-dioxynaphthalene. A
closer look shows that these nitrogen atoms are forced a
great deal out of the plane of the other ring atoms. The re-
sultant strain, observed earlier,[11] facilitated easier ring
opening-polymerisations. However, the subject of inversion
versus retention of configuration was not addressed, the
ansa grouping being usually the last to be introduced.


There are bond length changes in compounds 2–4 as a
result of progressive replacement of the electron-withdraw-
ing substituent Cl by the strongly electron-donating pyrroli-
dino group. Thus, there is an increase in the average exocy-
clic P�N bond length for the geminal P(pyr)2 group from
1.625 (2) to 1.639 (3) to 1.648 O (4) with a concomitant de-
crease in the exocyclic pyrN-P-Npyr bond angle, 104.0 (2),
103.0 (3) and 101.48 (4), due to a smaller mesomeric back-
donation. The average P�O bond lengths for the symmetri-
cal ansa group increases in compound 1 from 1.573 to
1.620 O in compound 4, with the two bond lengths in the
asymmetric compound 3 with intermediate values of 1.596
and 1.616 O, as expected. The P�Cl(OR) bond lengths also
increase similarly from 1.986 O in compound 1 to 2.016 O in
compound 3. The first of these differs little from those of
the geminal PCl2 group of 1.995 O; this demonstrates that
there is only a very small electron release of the fluorinated
butoxy group relative to chlorine. On the other hand, if this
bond length is compared with that of a stereochemically
analogous structure, namely, cis-N3P3Cl4(NMe2)2,


[13] which
has two strongly electron-releasing substituents, NMe2, the


Table 1. 31P and 19F NMR parameters of some nine-membered ansa derivatives of cyclotriphosphazatriene.


i) 2,2,3,3-Tetrafluoro-1,4-butanedioxy
bicyclic ansa derivatives d(31P) [ppm][a] 2J(PP) [Hz] d(19F) [ppm][b] 2J(FF) [Hz]


P(OR)X X PY2 Y2 (CF2)2 CF2


1 23.6 Cl 25.2 Cl 65.0 �115.5 �116.6 283.5
2 26.9 Cl 15.6 pyr 49.9 �116 �117.5 283.6
3[c] 30.9 Cl 17.8 pyr 46.8, 52.6 �120 �124 283.9


19.5 pyr 48.4 �108 �117 270.7
4 26.1 pyr 20.2 pyr 45.2 �117 �119 270.8


ii) Tricyclic derivatives
d (31P) [ppm][a] 2J(PP) [Hz]


P(Nspiro) P(NH)X X PY2 or PYZ Y and/or Z
1 2 3 1,2 1,3 2,3


5[d] 9.2 26.7 Cl 25.9 Cl 42.1 41.7 57.1
6 12.1 31.3 Cl 6.9 NHPh 37.9 48.4 50.1
7 10.2 3.2 O 4.9 NHPh [e] 55 44
8 19.0 24.6 OMe 23.6 OMe 51.4 63.1 67.1


[a] 31P NMR measurements (at 202 MHz) in CDCl3 solutions at 298 K with chemical shifts given with respect to 85 % H3PO4 as an external reference.
[b] 19F NMR measurements (470 MHz) in CDCl3 solutions at 298 K with chemical shifts given with respect to CFCl3 as an internal reference. [c] Calculat-
ed as ABX spin system with A, >Ppyr2; B, >P(OR)pyr; X, >P(OR)Cl: J(AB)=48.4, J(AX)=52.6, J(BX)=46.8 Hz. [d] Calculated as an ABX spin
system. [e] Coupling constant leads to line broadening, but is too small to determine at the signal-to-noise of the spectrum of compound 7, which is only
slightly soluble in CDCl3 solution.


Figure 1. The molecular structures of the compound series a) 2, b) 3 and
c) 4.
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P�Cl bond of 2.052 O for the PCl(NMe2) group is, as ex-
pected, significantly longer.


The crystal structures of compounds 6–8 are summarised
in Figure 2a–c, respectively. Compounds 6–8 contain a nine-
membered ansa ring that is part of a fused tricyclic system
with linking nitrogen atoms, in contrast to compounds 1–4,
which are based on a fused bicyclic system with the linking
atoms of the ansa moiety being both oxygen atoms.


Although the structures of compounds 5–8 do not form
such a systematic series as do those of compounds 1–4, the
constraints of the fused tricyclic system results in overall
similar conformations for analogous rings in each molecule.
The six-membered ring containing the P(N-spiro) group is
an approximate chair form in all cases and the nine-mem-
bered P-N-(CH2)4-NH-P ansa ring for each structure is best
described as a twist-boat-chair, which exhibits similar puck-
ering parameters[14] for each compound 5–8.


The six-membered N3P3 ring of the starting compound 5
exhibits a slight saddle shape along the P1···N2 axis, that for
compound 6 appears to have a slight chair conformation,


whereas that for compound 8 is almost planar. There is no
evidence for compression of the N3P3 ring of compounds 5,
6 and 8 as shown by the non-bonded P···P distances, which
vary from 2.734–2.819 O and are in the normal range found
for cyclophosphazenes.[12] On the other hand, compound 7,
which is strictly speaking a cyclotriphosphazadiene, has a
badly distorted N3P3 ring that might be described as saddle-
shaped along the P2···N1 axis; it also has a THF molecule in
its crystal structure. Although two of the non-bonded P···P
distances of compound 7, 2.811 and 2.819 O, are in the
normal range, that for the P-NH-P ring segment has a value
of 3.059 O, which is in keeping with its phosphazane charac-
ter. The same characteristic is reflected in the endocyclic
P�N bonds with lengths of 1.665 and 1.704 O compared
with values of 1.57–1.59 O in the rest of the N3P3 ring.


Discussion


The chirality of 4-coordinate aliphatic carbon compounds[1]


and of PV compounds[2] has been extensively investigated in
nucleophilic substitution reactions. In similar reactions in cy-
clophosphazenes (one of the most investigated inorganic
ring systems), inversion of configuration appears to have
been tacitly assumed. The main reason is that, although the
chiral properties of cyclophosphazenes were foreseen 40
years ago,[5] they had not been experimentally explored until
quite recently. For example, we have proved by X-ray crys-
tallography that inversion of configuration occurs for nucle-
ophilic substitution of cyclophosphazene derivatives with 16-
membered ansa rings.[6] Nucleophilic substitution of 1 with
pyrrolidine (pyrH) replaces the remaining four P-Cl bonds
with 2, 3 then 4 pyrrolidino groups as shown in Scheme 1.
The first two P�Cl bonds to react are those of the PCl2


group to form N3P3Cl2(OCH2CF2CF2CH2O)(pyr)2 (2). Reac-
tions of the third and fourth P–Cl bonds geminal to the ansa
moiety take place with retention of the cis-ansa configura-
tion in both products, N3P3Cl(OCH2CF2CF2CH2O)(pyr)3 (3)
and N3P3(OCH2CF2CF2CH2O)(pyr)4 (4). This behaviour is
in striking contrast to that observed for the macrocyclic de-
rivatives with a sixteen-membered ring, which is sufficiently
long to allow inversion of configuration.[6]


The cyclophosphazene derivative 5[10] has a nine-mem-
bered cis-ansa ring in which the two atoms linking the ansa
bridge to the group are nitrogen rather than the oxygen
atoms in 1 and the macrocyclic cyclophosphazene deriva-
tives.[6] Reactions of 5 with a variety of nucleophiles [for ex-
ample, NH2tBu, pyrH, H2N(CH2)3OH] initially replace both
chlorine atoms at the PCl2 group to form compounds analo-
gous to 6, but the reaction seems to be reluctant to proceed
further with neutral nucleophiles even after prolonged heat-
ing under reflux of the reaction mixture. However, with the
weak nucleophile, PhNH2, inadvertent hydrolysis by the
even weaker, but smaller, nucleophile, H2O, also occurred
and took place at the remaining P–Cl group to give the tau-
tomerised structure 7, again with retention of the cis-ansa
configuration (Scheme 2). Final proof of retention of config-
uration in such nucleophilic substitution reactions is provid-
ed by the reaction of 5 with the sterically small, but strong,


Figure 2. The molecular structures of the compound series a) 6, b) 7 and
c) 8.
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anionic nucleophile NaOMe, which replaces all three chlor-
ine atoms to give 8 (Scheme 2).


Reaction mechanisms in phosphazene chemistry have
been discussed by Allen[3] and Krishnamurthy.[4] Whilst
“apical entry and apical departure”[15,16] is the general rule
for displacement reactions at tetrahedral PV centres, other
possibilities have been proposed, including attack in the
plane of the ring with or without pseudorotation.[15–17] It is
possible that some mechanistic feature of the latter type is
responsible for the relatively slow reaction and retention of
configuration in the work described here. We think that the
rigidity of the molecular framework in these two sets of
compounds is an important factor for the present observa-
tions and may indicate that mechanisms involving retention
of configuration are more common than observed previous-
ly.[3] We are investigating various factors, such as the nature
of the nucleophile, the substrate, the reaction medium and
above all, the size of the ansa ring, which determine when
retention of configuration changes to inversion of configura-
tion.


Experimental Section


Materials : Hexachlorocyclotriphosphazatriene was purified by fractional
crystallization from hexane. Sodium hydride, 60 % dispersion in mineral
oil (Merck) the oil being removed by washing with dry heptane followed
by decantation. 2,2,3,3-Tetrafluoro-1,4-butanediol (Aldrich), spermidine
(Fluka), pyrrolidine (Sigma) and from Merck; THF, hexane, methanol,
aniline, dichloromethane, ethyl acetate, sodium sulphate, chloroform and
carbon tetrachloride. THF was distilled over a sodium/potassium alloy
under an atmosphere of dry argon. For column chromatography silica gel
(230–400 mesh Merck) was used. All reactions were performed under a
dry argon atmosphere. For column chromatography silica gel (230–400
mesh Merck) was used.


Reaction of 1 with pyrrolidine to give 2,4-(2’,2’,3’,3’-tetrafluoro-1’,4’-but-
anedioxy)-6,6-dipyrrolidino-2,4-dichlorocyclotriphosphazatriene
[N3P3(OCH2CF2CF2CH2O)(pyr)2Cl2] (2): 2,4-(2’,2’,3’,3’-tetrafluoro-1’,4’-
butanedioxy)-2,4,6,6-tetrachlorocyclotriphosphazatriene (1),[9] (0.87 g,
2 mmol; m.p. 95 8C) and pyrrolidine (2.13 g, 30 mmol) were dissolved in
dry THF (10 mL) under an argon atmosphere. The reaction mixture was
stirred for 5 d at room temperature and the reaction followed on TLC
silica gel plates using hexane/dichloromethane 1:3 until there was no
starting material and only one product was obtained. The solvent was re-
moved under reduced pressure and the resulting colourless oil subjected
to column chromatography by using hexane/dichloromethane 1:3. The
product was isolated as a white solid (0.52 g, 51 %), which was recrystal-
lised from hexane. M.p. 105 8C; MS (FAB + LCSIMS): m/z : calcd for
506.15; found: 506; elemental analysis calcd (%) for C12H20Cl2F4N5O2P3:
C 28.48, H 3.98, N 13.84; found: C 28.58, H 4.07, N 13.80.


Reaction of 1 with pyrrolidine to give 2,4-(2’,2’,3’,3’-tetrafluoro-1’,4’-but-
anedioxy)-2,6,6-tripyrrolidino-4-chlorocyclotriphosphazatriene
[N3P3(OCH2CF2CF2CH2O)(pyr)3Cl] (3): Compound 1[9] (0.87 g, 2 mmol)
and pyrrolidine (2.13 g, 30 mmol) were dissolved in dry THF (10 mL)
under an argon atmosphere. The reaction mixture was refluxed for 2 d
and the reaction followed on TLC silica gel plates using hexane/dichloro-
methane 1:3 to show the absence of starting material and gave only one
product. The solvent was removed under reduced pressure and the result-
ing colourless oil subjected to column chromatography by using hexane/
dichloromethane 1:1. The product was obtained as a white solid (0.63 g,
58%), which was recrystallised from hexane/dichloromethane 3:1. M.p.
112 8C; MS (FAB + LCSIMS): m/z : calcd for: 540; found: 541; elemen-
tal analysis calcd (%) for C16H28ClF4N6O2P3: C 35.54, H 5.22, N 15.54;
found: C 35.50, H 5.27, N 15.55.


Reaction of 1 with pyrrolidine to give 2,4-(2’,2’,3’,3’-tetrafluoro-1’,4’-but-
anedioxy)-2,4,6,6-tetrapyrrolidinocyclotriphosphazatriene
[N3P3(OCH2CF2CF2CH2O)(pyr)4] (4): Compound 1[9] (0.87 g, 2 mmol)
was dissolved in pyrrolidine (2.84 g, 40 mmol) under an argon atmos-
phere and the reaction mixture was refluxed for 2 d. The reaction fol-
lowed on TLC silica gel plates using hexane/dichloromethane 1:1, which
showed the absence of starting material and the presence of two prod-
ucts. The solvent was removed under reduced pressure and the resulting
colourless oil subjected to column chromatography by using hexane/di-
chloromethane 1:1. The first product was compound 3 (0.12 g, 11%) and
the second was a white solid, compound 4 (0.3 g, 26 %), which was recrys-
tallised from hexane. M.p. 71 8C; MS (FAB + LCSIMS): m/z: calcd for:
575; found: 577; elemental analysis calcd (%) for C20H36F4N7O2P3: C
41.74, H 6.31, N 17.04; found: C 41.93, H 6.30, N 17.00.


Reaction of 5 with aniline in THF to give 12-chloro-14,14-bisanilino-
2,6,11,13,15,16-hexaaza-1,12-diphosphatricyclohexadeca-1,12,14-triene
(6): 12,14,14,-trichloro-2,6,11,13,15,16-hexaaza-1,12-diphosphatricyclohex-
adeca-1,12,14-triene (5)[18] (0.82 g, 2.14 mmol) and aniline (5.97 g,
64.10 mmol) were dissolved in THF (50 mL) in a 250 mL three-necked
round-bottomed flask and the reaction mixture was refluxed for 21 h.
The reaction mixture was followed on TLC silica gel plates using THF/
hexane 1:3, which showed formation of only one product and the absence
of starting material. The reaction mixture was then cooled to room tem-
perature, 100 mL of distilled water added and the mixture extracted with
dichloromethane. The organic layer was dried over anhydrous Na2SO4


and the solvent removed under reduced pressure at 30 8C. The crude
product was precipitated with hexane (200 mL) and the purple solid was
subjected to column chromatography by using THF/hexane 1:3. The
product was separated (0.35 g, 29 %) and recrystallised from THF/metha-
nol 1:1. M.p. 248 8C; elemental analysis calcd (%) for C19H28ClN8P3: C
45.93, H 5.68, N 22.55, found: C 46.20, H 6.28, N 23.01; MS (FAB): calcd
for 496.86; found: 496.83 [M+H]+ .


Reaction of 5 with aniline in CHCl3 to give 12-oxo-14,14-bisanilino-
2,6,11,13,15,16-hexaaza-1,12-diphosphatricyclohexadeca-12,14-diene (7):
Compound 5[18] (1 g, 2.61 mmol) and aniline (16.95 g, 182 mmol) were
dissolved in CHCl3 (50 mL) in a 250 mL three-necked round-bottomed
flask and the reaction mixture was refluxed for 5 h. The reaction mixture
was followed on TLC silica gel plates using ethyl acetate/dichlorome-
thane 1:3, which showed the absence of starting material and formation
of only one product. The reaction mixture was then cooled to room tem-
perature, distilled water (100 mL) was added and the mixture extracted
with dichloromethane. The organic layer was dried over anhydrous
Na2SO4 and the solvent removed under reduced pressure at 30 8C. The
crude product was precipitated with hexane (200 mL) and the purple
solid was subjected to column chromatography by using dichlorome-
thane/ethyl acetate 3:1. The product was separated (0.1 g, 8%) and re-
crystallised from THF/methanol 1:1. M.p. > 250 8C; elemental analysis
calcd (%) for C19H29N8OP3: C 47.70, H 6.11, N 23.42; found: C 47.65, H
6.10, N 23.30; MS (FAB): m/z : calcd for: 478.42; found: 479.5 [M+H]+ .


Reaction of compound 5 with sodium methoxide to give 12,14,14-trime-
thoxy-2,6,11,13,15,16-hexaaza-1,12-diphosphatricyclohexadeca-1,12,14-
triene (8): Compound 5[18] (0.8 g, 2.088 mmol) and NaH (60 % oil suspen-
sion, 0.25 g, 10.6 mmol) were dissolved in excess methanol (35 mL) in a
100 mL three-necked round-bottomed flask under an argon atmosphere.
The reaction mixture was stirred for 6 d at room temperature and the re-
action followed on TLC silica gel plates using THF/dichloromethane 1:1
to give only one product and no starting material remaining. Sodium
chloride was filtered off, the solvent removed under reduced pressure at
30 8C and the crude product was subjected to column chromatography by
using THF/dichloromethane 1:5. The product was separated (0.3 g, 39%)
and recrystallised from CCl4. M.p. 136 8C; elemental analysis calcd (%)
for C10H25N6O3P3: C 32.44, H 6.81, N 22.70; found: C 32.40, H 6.15, N
21.98; MS (FAB): m/z : 370; found: 371.0 [M+H+].


X-ray crystallography : Data were collected at a temperature of 120 K on
an Bruker-Nonius KappaCCD area detector diffractometer located at
the window of a Bruker-Nonius FR591 rotating anode X-ray generator,
equipped with a molybdenum target (l MoKa=0.71073 O), see Table 2.
Structures were solved and refined using the SHELX-97 suite of pro-
grams.[19] Data were corrected for absorption effects by means of compar-
ison of equivalent reflections using the program SORTAV.[20] Non-hydro-
gen atoms were refined anisotropically, whilst hydrogen atoms were gen-
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erally fixed in idealised positions with their thermal parameters riding on
the values of their parent atoms. The absolute structure of the two mole-
cules in compound 6 was confirmed by refinement of the Flack parame-
ter to a value of 0.0(4). Compound 7 co-crystallises with a molecule of
THF.


CCDC-215 794 (2), -215 795 (3), -215 796 (4), -215 797 (6), -215 798 (7),
-215 799 (8) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+
44) 1223-336033; or deposit@ccdc.cam.uk).
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Table 2. X-ray crystallographic data for compounds 2–4 and 6–8.


2 3 4 6 7 8


Empirical formula C12H20Cl2F4N5O2P3 C16H28ClF4N6O2P3 C20H36F4N7O2P3 C19H28ClN8P3 C23H37N8O2P3 C10H25Cl0N6O3P3


Fw 506.14 540.80 575.47 496.85 550.52 370.27
crystal system monoclinic triclinic monoclinic monoclinic triclinic orthorhombic
space group P21/c P1̄ P21/c P21 P1̄ Pbca
a [O] 8.5314(3) 9.3371(2) 9.9843(3) 10.39010(10) 8.5083(2) 9.34480(10)
b [O] 25.0735(8) 10.0319(2) 23.3106(10) 19.0419(2) 11.7741(3) 12.96150(10)
c [O] 9.8642(4) 14.0836(3) 11.5248(5) 12.5550(2) 13.6493(4) 27.4860(4)
a [8] 90 69.4950(10) 90 90 91.3840(10) 90
b [8] 95.270(2) 83.0270(10) 98.733(4) 110.29(6) 98.0770(10) 90
g [8] 90 69.3210(10) 90 90 99.484(2) 90
V [O3] 2101.15(13) 1156.00(4) 2651.19(18) 2329.79(5) 1333.72(6) 3329.18(7)
Z 4 2 4 4 2 8
1calcd [Mg m�3] 1.600 1.554 1.442 1.417 1.371 1.477
crystal size [mm] 0.34 [ 0.12 [ 0.03 0.48 [ 0.18 [ 0.1 0.26 [ 0.18 [ 0.07 0.30 [ 0.06 [ 0.06 0.14 [ 0.1[ 0.03 0.4[ 0.03 [ 0.02
indep reflns 4618 5172 5068 10479 5821 3801
R(int) 0.0513 0.0298 0.0592 0.0812 0.0352 0.0938
final R indices F 2>2sF 2


R1 0.0483 0.0282 0.0504 0.0396 0.0459 0.0374
wR2 (all) 0.1322 0.0825 0.1266 0.0953 0.1220 0.1138
D1 max/min [e O�3] 0.273/�0.328 0.374/�0.409 0.817/�0.544 0.311/�0.348 0.917/�0.548 0.518/�0.444
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