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Structures of Tripeptides
A new computational strategy to approach the study of
amino acids and model peptide systems is suggested by P.
Hobza et al. in their Full Paper on page 6803 ff. A compari-
son of experimental and theoretical results (obtained by dif-
ferent methods) is presented.


Molecular Recognition
In their Full Paper on p. 7060 ff, Jim8nez-Barbero, F. J.
CaÇada et al. describe the importance of carbohydrate–aro-
matic interactions for the molecular recognition of oligosac-
charides by proteins. The 3D structures of mutant
AcAMP2-like peptides bound to a chitin-derived trisaccha-
ride are established, and the binding process is investigated.


PNA Encoding
In their Concept on page 6792 ff N. Winssinger and J. L.
Harris discuss the advances made in microarray technology.
They have developed an alternative method whereby libra-
ries are encoded with peptide nucleic acid (PNA), such that
libraries which exist as mixtures in solution self-assemble
into an organized microarray through hybridization to pro-
duce readily available DNA arrays.
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PNA Encoding (PNA=peptide nucleic acid):
From Solution-Based Libraries to Organized Microarrays


Jennifer L. Harris[b] and Nicolas Winssinger*[a]


Introduction


One could provocatively argue that significant break-
throughs in science do not come from hypothesis-driven ex-
periments, but rather through the astute observation of
events that challenge our intuition. Considering this, much
effort has been devoted to increase our capability for dis-
covery-driven research and investigate the millions of inter-
actions that make up a biological organism. The use of small
molecules has been an effective means of selectively per-
turbing biological signaling and processing pathways. With
the advent of combinatorial chemistry, small teams of chem-
ists are now able to rapidly access large libraries of com-
pounds. This ability to generate large numbers of synthetic
compounds necessarily requires high throughput and robust
screening methods to identify small molecules responsible
for the function or phenotype of interest. The success of mi-
croarrays in screening mRNA expression profiles of thou-
sands of genes simultaneously[1–3] has prompted researchers
in bioorganic chemistry to explore this format for screening
small molecules. From an analytical perspective, the pros-
pect of screening thousand of analytes in a few microlitres is
attractive.


Microarrays can be prepared by several techniques includ-
ing photolithography, contact printing, and inkjet to gener-
ate arrays with densities ranging from 1000 to 500 000 fea-
tures per square centimeter.[4] To date, a number of chemis-
tries (Figure 1) have been developed to derivatize glass sur-
faces to immobilize proteins,[5–9] oligosaccharides,[10–13] and
small molecules[14–23] in the microarray format. Many of
these methods require the attachment of the protein or
small molecule to the glass slide and likewise require that
screening with the biological sample also be performed on
the surface. We have opted for a supramolecular attachment
based on sequence specific hybridization of peptide nucleic
acid (PNA); this allows the use of the libraries as a mixture
in solution that can then be converted to an organized mi-
croarray in one step by a self-sorting process.[24–27]


Abstract: Microarray-based technologies have attracted
attention in chemical biology by virtue of their minia-
turized format, which is well suited to probe ligand–pro-
tein interactions or investigate enzymatic activity in
complex biological mixtures. A number of research
groups have reported the preparation of surfaces on mi-
croarrays with specific functional groups to chemoselec-
tively attach small molecules from libraries. We have
developed an alternative method whereby libraries are
encoded with peptide nucleic acid (PNA), such that li-
braries which exist as mixtures in solution self-assemble
into an organized microarray through hybridization to
produce readily available DNA arrays. This allows libra-
ries synthesized by split and mix methods to be decoded
in a single step. An asset of this method compared to
direct spotting is that libraries can be used in solution
for bioassays prior to self-assembly into the microarray
format.


Keywords: combinatorial chemistry · microarrays ·
PNA · self-assembly
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Oligonucleotides as Amplifiable Tags and
Supramolecular Barcodes


The sequence specificity of oligonucleotide hybridization
and the fact that it can be amplified have inspired research-


ers to explore applications beyond its primary biological
function of encoding protein sequences. An elegant example
of DNA as an amplifiable tag for proteins was reported by
Sano and co-workers, who tagged antibodies with DNA for
immunoassays.[28] Rather than detect the antibody with lumi-
nescence or fluorescence as in traditional ELISA (ELISA=


enzyme linked immunosorbent assay), they detected the an-
tibody by amplifying its DNA tag by PCR (PCR=poly-
merase chain reaction). This amplification afforded an im-
provement of detection that was five orders of magnitude
better than with traditional methods. The potential of using
oligonucleotide tags as barcodes for the identification of
proteins of interest has long been recognized in applications
such as phage and ribosome display.[29] The application of
DNA microarrays as a means of detecting or organizing
oligonucleotide tagged proteins was first demonstrated by
Niemeyer and co-workers; they immobilized antibodies
tagged with DNA in an array format by hybridization.[30]


This concept was later demonstrated with PNA tags that
were chemoselectively introduced on the antibody by native
chemical ligation.[31] In an elegant application of this con-
cept, Kuimelis and co-workers exploited the puromycin-
mediated reaction between mRNA and the growing peptide
chain to generate in vitro several mRNA-peptide epitope
fusion molecules that demonstrated an unamplified detec-
tion limit at the sub-attomole level on DNA microarrays
(Figure 2A).[32] In a similar fashion, Yao and co-workers
used ribosome display of a yeast cDNA library to tether
mRNA to its encoded protein sequence en masse with sub-
sequent amplification of the mRNA through reverse-tran-
scription PCR and detection on a DNA microarray.[33]


The authors further employed the use of an activity probe
that targets protein tyrosine phosphatase to selectively iso-
late proteins from the library based on enzymatic activity
rather than on transcript or protein abundance (Figure 2B).
The concept of DNA “barcode” has also been used to tag
mutant strains of yeast.[34] The unnatural barcode sequence
could be amplified and hybridized to an oligonucleotide mi-
croarray to identify which mutants strains were selected or
survived under different conditions. Mirkin and co-workers
used antibodies attached to gold particles that were “bar-
coded” with DNA tags and showed that they could detect
multiple analytes in a single solution.[35] The advantage of
using gold nanoparticles was that a large stoichiometric
excess of oligonucleotide relatively to the antibody could be
archived thereby bypassing the need of amplifying the DNA
tag.


From a small molecule perspective, tagging beads from
combinatorial synthesis with DNA was proposed 1992 by
Brenner and Lerner,[36] who suggested that the identity of
the molecule from a positively selected bead could be de-
coded by amplifying the DNA tag. Phagemid covalently
tagged with small molecules have also been used such that
the identity of the small molecule displayed on the phage
could be derived by hybridization of its DNA tag.[37] On a
more preparative scale, Harbury and Halpin showed that
mixtures of molecules tagged with DNA could be separated


Figure 1. Selected examples of chemistries to immobilize molecules to
glass surface.
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by using columns derivatized with complementary oligonu-
cleotides, thereby allowing complex mixtures to be separat-
ed and routed through different reactions paths.[38]


In an other application, DNA templates have been used
to direct chemical reactions by bringing reactive species
tagged with DNA in close proximity through their hybridi-
zation to the template.[39,40] An attractive feature of this
method is that the product is tagged with its synthetic in-
structions, which can be amplified after a selection process.
Last but not least, affinity maturation of lead compounds
has been achieved through the use of DNA-encoded small
molecules that allow for the DNA-directed self assembly of
multiple combinations of polyvalent compounds (Fig-
ure 2C).[41]


The predictability of the hybridization pattern has also
been exploited to organize nanoparticles that were tagged


with DNA to build nanoscale assemblies in a bottom-up ap-
proach.[42,43]


Library Preparation—Split and Mix Combinatorial
Chemistry


Combinatorial synthesis has opened the door for small re-
search teams to build chemical libraries in search of selec-
tive small molecule inhibitors as probes for investigating
biological phenomena. To date, several thousand libraries
have been reported in the literature.[44]


The two main strategies for the synthesis of libraries are
parallel synthesis and split and mix combinatorial synthe-
sis.[45] The latter is particularly powerful as the library size
increases exponentially with the number of steps used to in-


Figure 2. Selected examples of oligonucleotide encoded peptides and small molecules. A) Puromycin-mediated mRNA-protein fusion, B) ribosome dis-
play, C) affinity maturation of small molecules.
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troduce diversity. As illustrated in Figure 3, the synthesis of
the library with five elements of diversity used in two steps
yields 25 products, which are obtained in ten chemical trans-


formations. If this library was prepared with 20 elements of
diversity for four steps, as would be the case in a library
containing all the permutations of a tetrapeptide, the library
would have a size of (20)4 compounds (i.e. , 160 000), but
would require only 80 chemical transformation (omitting
protecting group manipulations)! While emphasis is shifting
away from large libraries, this method is still attractive as it
is quick and does not require automation or specialized in-
struments. One of the major drawbacks of the split and mix
synthesis is that the libraries are obtained as a mixture. This
has stimulated the development of a number of encoding
methods to track the synthetic path of the bead through the
split and mixing processes.[46] The two most used methods
are the haloaromatic tags developed by Still and co-work-
ers[47] and the directed sorting developed by Nicolaou
et al.[48] We reasoned that PNA[49, 50] could be used to encode
library synthesis. As shown in Figure 4, a bifunctional linker
such as a lysine with mutually orthogonal Fmoc and Alloc
protecting groups can be used to elaborate the PNA tag and
the small library, respectively.


The resin is split into pools in which the diverse building
blocks are introduced followed by their respective PNA


codons and the resin is then remixed. Reiteration of this
cycle affords a library wherein every molecule is tagged with
its own synthetic history and thus its unique structure. Final
cleavage off the solid support yields the library as a mixture
in solution that can be converted to an organized format by
hybridization to the DNA microarray.


The choice of PNA was primarily based on its chemical
robustness and the fact that its oligomerization involves pep-
tide coupling that is more compatible with organic synthesis
than phosphoamidate chemistry of DNA oligomers. Further-
more, PNA is stable to strong acid and does not undergo a
depurination reaction, as is the case with ribose nucleotides.
From a screening perspective, they are not substrates for nu-
cleic acid enzymes or proteases, and thus should not inter-
fere with biochemical assays. As for the length of the PNA
tag, considering that four combinatorial steps are sufficient


Figure 3. Schematic representation of split and mix synthesis. A batch of
resin is split into five pools and the first element of diversity (A1–A5) is
introduced. The pools are then mixed and split into five new pools such
that a member of each first five pools should be present in the second
pools. Then, the second element of diversity (B1–B5) is added to yield a
library containing all permutations of A1–5B1–5. The power of this method
comes from the fact that the number of product formed is exponentially
related to the number of steps (in this example 52 products in 5+5
steps).


Figure 4. Schematic representation of PNA-encoded split and mix combi-
natorial synthesis [B=nucleotide base] (A) and conversion to an organ-
ized microarray (B).
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for most libraries, codons with three bases would yield a 12-
mer PNA tag. As shown in Figure 5, three 12-mer PNA se-
quence labeled with a fluoroscein were prepared and hybri-


dized to a GenFlex microarray
(Affymetrix) containing 10 000
features. This experiment
showed that the 12-mer PNA
was sufficient to give desirable
hybridization properties (Tm


and sequence specificity) and
can theoretically encode mil-
lions of compounds.


PNA Encoding—Scope
and Limitation of the


Chemistry


While any encoding method
necessarily imposes restrictions
on the kind of chemistry that can be carried out to build a
library, the chemical stability of PNA coupled with the fact
that a large arsenal of nitrogen protecting groups and cou-
pling reagents are known should minimize these constraints.
Several protecting groups have already been reported for
the PNA backbone nitrogen atoms,[51] the Fmoc- or Boc-
protected PNA monomers being both commercially avail-
able (Fmoc= (9H-fluoren-9-ylmethoxy)carbonyl, Boc= tert-
butyloxycarbonyl). The use of azide,[26] Alloc,[52] and Dde[53]


have also been recently reported (Alloc=allyloxycarbonyl,
Dde=1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl).
The protecting groups for the nucleotide’s exocyclic nitro-
gen atom include TFA-cleavable groups (Bhoc, Boc, Tr),
HF-cleavable groups (Cbz), and base labile groups (TFA=


trifluroacetic acid, Bhoc=benzhydroxycarbonyl, Tr= trityl,


Cbz=carbobenzoxy). While a number of permutations of
orthogonal linkers and PNA protecting groups are conceiva-
ble, we have thus far used acid labile Rink resin with acid-
labile protecting groups on the nucleotides and three differ-
ent protecting groups for the terminal nitrogen atom
(Figure 6). With this set of protecting groups, we have
shown that an important repertoire of reactions used in
combinatorial chemistry can be used with PNA-encoded
chemistry, including palladium-catalyzed couplings, metathe-
sis reactions, Mitsunobu reactions, reductive aminations, and
of course amide and ester bond formations. The reactions
which are unlikely to work due to the presence of amide
proton in the PNA backbone are reactions such as enolate
chemistry or organometallic reactions, which require strong-
ly basic conditions.


Screening and Profiling


There is a strong interest in methods to quantify enzymatic
activity from complex proteomes such as crude cell ly-
sates.[54] The microarray format offers a tangible opportunity
to address this challenge. As shown in Figure 7, PNA-encod-


ed libraries offer two possibilities to achieve this goal. In the
direct-profiling example, PNA-encoded libraries of sub-
strates can be incubated with a sample of interest and then
hybridized to the array to quantify the modifications. The
second possibility is to use PNA-encoded inhibitors that are
all individually labeled with a fluorophore. The library is in-
cubated with the sample of interest and the inhibitors that
are bound to their target are separated from the unbound
ones by size-exclusion methods. Hybridization of the select-
ed compounds will reveal the structure of inhibitors that
bound to a protein in the sample. In this latter case, the abil-
ity to use the library in solution prior to hybridization is es-
sential, as the selection step based on molecular mass would
not be possible otherwise. A considerable asset of this ap-
proach is that the proteomic sample being profiled does not


Figure 5. Hybridization of three 12-mer PNA to a GenFlex microarray
(100× 100 microarray of 50 mm feature).


Figure 6. Current scope of PNA-encoded synthesis.
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need to be labeled. Considering that the average molecular
weight of PNA-encoded small molecule is approximately
4000 g mol�1, there is a large window of opportunity to sepa-
rate the unbound PNA-encoded inhibitors from those
bound to macromolecules, with typical molecular masses be-
tween 10 thousand and several hundred thousand g mol�1.
Selection of bound compounds by size exclusion has the ad-
vantage that it does not require any knowledge about the
target of the small molecules, nevertheless more focused se-
lection may be preferable under some circumstances. Such


selection could involve immu-
noprecipitation or gel purifica-
tion. Alternatively, proteins ex-
pressed with epitope or affinity
tags could be screened as the
crudely expressed protein and
then selected by the affinity
tag. While this type of selection
step is not necessary for the
substrate library, it may be used
to enrich solutions in which
substrate conversion was too
low for direct detection. Anoth-
er advantage of using the sub-
strate libraries in solution prior
to hybridization is that the in-
teraction between the enzyme
and a substrate in solution is
closer to physiological condi-
tions and, therefore, is not
plagued by potential artifacts
due to proteins interacting with
the immobilized surface. We
have demonstrated the poten-
tial of substrate libraries to pro-
file proteases and kinases. As
shown in Figure 8, by using flu-
orogenic substrates we showed
that we could profile the sub-
strate specificity of single pro-


teases as well as measure proteolytic activity in complex sys-
tems such as lysates from apoptotic cells (Figure 9).[25] Fur-
thermore, using specific peptide substrates, we should we
could detect the activity of kinases. In this latter case, the
phosphorylated substrates were detected using a specific an-
tibody against phosphotyrosine (Figure 10). Importantly, we
showed that we could assess the selectivity of an inhibitor
against a panel of kinases. For inhibitors, we have prepared
PNA-encoded libraries of mechanism-based inhibitors, such
as the acrylates (Figure 11) for targeting cysteine protease,


Figure 7. Profiling or screening with PNA-encoded libraries. The library of PNA-encoded substrates (left) pres-
ent as a mixture in solution is incubated with the sample of interest leading to some of the subtracted being
converted (green to yellow). The library is then hybridized to the microarray to identify the substrates that
have been converted. Conversely, a library of fluorescently labeled PNA-encoded inhibitors (right) present as
a mixture in solution is incubated with the sample of interest leading to some inhibitor binding to proteins.
The bound inhibitors are isolated by size exclusion filtration and hybridized to the microarray.


Figure 8. Profiling proteolytic activity using PNA-encoded fluorogenic substrates. The rhodamine fluorophore has low fluorescence as long as the anilines
are acylated with the peptide substrates. If a protease cleaves the substrate at P1, the fluorescence increases. Hybridization of a library treated with a
protease will reveal which substrate has been cleaved.
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and we have shown that selected inhibitors could be isolated
by size-exclusion filtration.[24,27] This led to the identification
of multiple protease activities in house dust mite feces and
the characterization of the Derp1 cysteine protease activity
(Figure 12). Comparing the use of substrate libraries versus
inhibitor libraries to profile enzymatic activity, the substrates
have the potential of being more sensitive, since the enzyme
can catalytically convert multiple substrates. However, from
a chemical genetics perspective, to identify an enzymatic ac-
tivity with an inhibitor should allow us to prove the correla-
tion between the enzymatic activity and the phenotype.


The application of PNA-encoded small molecule probes is
not limited to proteases and kinases. Indeed, several mecha-
nism-based probes have already been demonstrated for
many important enzyme classes including hydrolases,[55,56]


glycosidases,[57] phosphatases,[58] sulfatransferases,[59] and
methyltransferases.[60] Collections of compounds based
around these and other probe scaffolds could be applied to
PNA encoding, thus expanding the functional diversity of
this proteomic approach. Furthermore, non-directed PNA-
encoded libraries could be used to screen single or complex
biological samples for the discovery of new enzymatic or
binding activities.


Concluding Remarks and Future Prospects


The PNA-encoded methodology
allows for combinatorial libra-
ries synthesized in a split and
mix format to be organized into
microarrays by a self-sorting as-
sembly. The PNA encoding is
robust and tolerant of diverse
chemistries for the synthesis of
small-molecule probes. The ap-
plication of this technology to
profile proteases and kinases
has already been demonstrated
and could readily be extended
to other important biochemical
and regulatory transformations,
such as methylation, acetylation,
glycosylation, dephosphoryla-
tion, and so forth. While pepti-
dic libraries have been used for
profiling the function of en-
zymes, the technique is not lim-
ited to peptides, and the synthe-
ses of small-molecule libraries
are currently underway. An im-
portant asset of this technique is
that library members can be se-
lected prior to hybridization on
the microarray. This provides a
method of detecting protein/
small-molecule interaction with-


out labeling the protein. Likewise it should allow to enrich
modified substrates that have been processed by an enzyme.


It is clear that sequence specificity of oligonucleotide hy-
bridization has many applications as a method to encode or
“barcode” as well as organize and build supramolecular as-
semblies. The concept and related work described herein
adds precedence for the use of unnatural oligonucleotides
coupled to oligonucleotide microarrays as a facile and flexi-
ble encoding and detection strategy.[61]


Figure 9. Difference in proteolytic activity between apoptotic cells and
normal cells. Proteolysis of DTVD substrate corresponds to caspase-3 ac-
tivity, an essential protease in the apoptotic cascade.


Figure 10. Profiling kinase activity by using PNA-encoded substrates. Phosphorylated substrates are detected
by using a labeled antibody that specifically recognizes phosphotyrosine.
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Introduction


The formation of protein secondary and tertiary structure
depends on chemical and physical constraints imposed by
the individual properties of the protein building blocks; that


is, the 20 DNA-coded amino acids and their sequence in the
polypeptide chain. In spite of considerable effort to eluci-
date the nature of the forces that determine the conformer
states of amino acids in a particular context of a protein or
short peptide, the issue remains unresolved.
Prediction of side-chain conformations plays an essential


role in the modeling of protein structure. A number of pre-
vailing approaches utilize rotamer libraries. The basic idea
of this concept, which simplifies the prediction problem, is
the grouping of side-chain positions in a relatively small
number of statistically likely orientations called rotamers.
These rotamers generally correspond to the minimum-
energy positions expected for tetrahedral or trigonal carbon
atoms.[1]


Tripeptides can represent efficient building blocks for pro-
tein-structure prediction. A tripeptide constitutes a minimal


Abstract: We investigated the poten-
tial-energy surface (PES) of the phe-
nylalanyl–glycyl–glycine tripeptide in
the gas phase by means of IR/UV
double-resonance spectroscopy, and
quantum chemical and statistical ther-
modynamic calculations. Experimental-
ly, we observed four conformational
structures and we recorded their IR
spectra in the spectral region of 3000–
4000 cm�1. Computationally, we investi-
gated the PES by a combination of mo-
lecular dynamics/quenching procedures
with high-level correlated ab initio cal-
culations. We found that neither empir-
ical potentials nor various DFT func-
tionals provide satisfactory results. On
the other hand, the approximative
DFT method covering the dispersion
energy yields a reliable set of the most


stable structures, which we subsequent-
ly investigated with an accurate, corre-
lated ab initio treatment. The global
minimum contains three moderately
strong intramolecular hydrogen bonds
and is mainly stabilized by London dis-
persion forces between the phenyl ring,
the carboxylic acid group, and various
peptide bonds. A proper description of
the last type of interaction requires ac-
curate correlated ab initio calculations,
including the complete basis set limit
of the MP2 method and CCSD(T) cor-
rection terms. Since in our beam ex-
periments the conformations are frozen


by cooling from a higher temperature,
it is necessary to localize the most
stable structures on the free-energy
surface rather than on the PES. We
used two different procedures (rigid
rotor/harmonic oscillator/ideal gas ap-
proximation based on ab initio charac-
teristics and evaluation of relative pop-
ulations from the molecular dynamic
simulations using the AMBER poten-
tial) and both yield four structures, the
global minimum and three local
minima. These four structures were
among the 15 most energetically stable
structures obtained from accurate ab
initio optimization. The calculated IR
spectra for these four structures agree
well with the experimental frequencies,
which validates the localization proce-
dure.
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model containing all important forces resulting in distinct
conformer states of the participating amino acids. A particu-
lar tripeptide contains all necessary factors that influence
the behavior of the rotamer, maintain the interaction of
side-chain with the main chain, and take into account f and
y preferences of allowed regions in protein structures.
Recent findings show that there is relative structural rigidity
between Ca and Cb atoms in some tripeptides.[2] The carrier
of such structural rigidity is often a hydrophobic residue;
however, there are also tripeptides with polar chains that
form rigid structures.
Tripeptides containing at least one aromatic ring are of


special interest, because of a possible strong interaction be-
tween delocalized p electrons of the aromatic ring with pep-
tide bonds. It has been recently shown[3,4] that attraction be-
tween phenylalanine and a peptide bond modeled by N-
methyl formamide is surprisingly large, ranging up to about
10 kcalmol�1. A proper description of this attraction origi-
nating in London dispersion forces requires the performance
of high-level correlated ab initio methods. Popular DFT
methods are of limited use, since these methods do not
cover the dispersion attraction.[4]


Experimentally, a lot of work has been reported on amino
acids and model peptides.[5–11] For those systems, the confor-
mational landscapes can be explored with quite satisfactory
agreement between theory and experiment in most cases.[12]


The smallest tripeptide we can study by spectroscopic meth-
ods in the gas phase is phenylalanyl–glycyl–glycine (FGG).
The system needs to contain a chromophore, and phenylala-
nine is the smallest aromatic amino acid; for the other resi-
dues we add glycine residues, the smallest amino acids. Thus
this combination provides us with the smallest tripeptide for
which the computational treatment can be performed at the
highest theoretical level allowing comparison with experi-
ment. At the same time, FGG is already a very complex
molecule, because of its very extensive conformational land-
scape. In fact, this molecule can serve as a testing ground
for computations of a system of this magnitude.
In addition to their biological importance as building


blocks of peptides and proteins, these types of molecules are
also of interest from a purely chemical point of view, be-
cause they form typical multiconformer systems with numer-
ous local minimum structures associated with different con-
formational arrangements of the backbone and the side-
chain.
In the present paper we report the experimental as well


as theoretical investigation of the phenylalanyl–glycyl–gly-
cine tripeptide.


Experimental Section


The experimental setup has been described elsewhere.[13] We obtained
FGG from Sigma–Aldrich and used it without further purification. In
brief, we prepared samples by applying the neat compound to the surface
of a graphite substrate. To bring the molecules into the gas phase, we em-
ployed laser desorption by using a Nd:YAG laser operating at its funda-
mental wavelength (1064 nm). The laser was attenuated to 1 mJcm�2 and


focused to a spot approximately 0.5 mm diameter 2 mm in front of a
pulsed nozzle. We translated the sample in order to expose fresh sample
to successive laser shots. The nozzle consisted of a pulsed valve with a
nozzle diameter of 1 mm and a backing pressure of about 5 atm of argon
drive gas.


To obtain a resonant two-photon ionization (R2PI) spectrum, we used a
frequency-doubled dye laser and detected the photoions in a time-of-
flight mass spectrometer. By monitoring specific mass peaks while vary-
ing the two-photon ionization wavelength, we obtained mass-selected ex-
citation spectra. We performed double-resonance spectroscopy by apply-
ing two successive laser pulses separated by a delay of about 200 ns.[14,15]


As a result of this delay, we obtained two peaks in the time-of-flight spec-
trum that could be monitored individually. The first laser pulse served as
an intense “burn” laser, and was scanned over the desired wavelength
region, while the delayed laser was used as the “probe” laser and was
fixed on one resonance. The burn laser depleted the ground state, and
when both lasers were tuned to a resonance of the same conformer, this
caused a decrease in the signal of the probe laser. To obtain IR spectra
for each conformer, we used IR/UV double-resonance spectroscopy by
employing an IR laser as the burn laser. For this purpose we used an
OPO system (LaserVision) pumped by a Nd:YAG laser. The output of
the OPO system was 8 mJ per pulse and the bandwidth was 3 cm�1.


Computational Methods


Empirical potentials : We used the Cornell et al. potential in the original
parameterization.[16] We determined the atomic charges of the FGG tri-
peptide using the procedure recommended by the authors of the
AMBER force field; that is, the restrained electrostatic potential fitting
procedure (RESP)[17] at the HF/6–31G* level. The charges of FGG are
listed in Table S1 in the Supporting Information.


We used the CHARMM program as a part of Accelrys software pack-
age[18] and environment with two CHARMM force fields parameters.[19]


The force field engine used a classical empirical energy function as well
as a polarizable version of the function. All atomic parameters including
partial charges were taken as default CHARMM parameters.


SCC-DFTB-D : Our approach was based on a combination of the approx-
imate self-consistent charge, density functional tight-binding (SCC-
DFTB-D) method[20] with empirical dispersion energy. The inclusion of
an empirical dispersion term improved the major traditional deficiency of
DFT methods, namely the omission of dispersion energy. Another ad-
vantage of the SCC-DFTB-D method is its computational efficiency,
which allows its use in MD simulations for small systems (up to 400
atoms). A more detailed description of this method can be found in refer-
ence [21].


Molecular dynamics/quenching (MD/Q) calculations : For the present
system we performed two types of molecular dynamics/quenching (MD/
Q) calculations. The first calculation combines MD/Q with the Cornell
et al. force field,[16] under the condition of constant total energy; that is,
in a microcanonical NVE ensemble (N, V, and E refer to the number of
particles, volume, and energy, respectively). We chose the total energies
to correspond to an average temperature of 1000 K. We also employed
the MD/Q method by using the SCC-DFTB-D approach.[20, 21] The SCC-
DFTB-D MD run was performed with scaled velocities according to a
temperature of 900 K. The basic procedure of quenching consists of stop-
ping the MD simulation repeatedly after a limited number of steps, re-
moving the kinetic energy term, and then performing a nonrestricted
minimization by using the conjugate gradient method. The energies and
coordinates of the resulting minima are stored and subsequently the MD
simulation continues from the point at which it was stopped. A more de-
tailed description of the procedure can be found in reference [22].


The MD/Q procedure can serve to describe not only the PES but also
the free-energy surface (FES). In the latter case one determines the pop-
ulation of individual energy minima during a long MD/Q simulation.
This population is directly proportional to the free energy of the system.
Long runs of the MD/Q simulations allow construction of the free-energy
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surface. The ultimate quality of the free-energy surface depends on the
quality of the empirical potential used.


The PES of the FGG tripeptide is very complex and it may happen that
several energetically quite similar structures have very different geome-
tries. Therefore, an accurate sorting and selection procedure had to be
developed. After performing the MD/Q run, we sorted all structures not
only on the basis of energy, but also on the basis of geometry. This proce-
dure reduced the initial set of energy minimized structures to a set of
geometrically distinct structures.


Correlated ab initio quantum chemical calculations : We carried out ge-
ometry optimizations using the approximate resolution of the identity
MP2 (RI-MP2) method[23–25] together with cc-pVXZ (X=D, T) Dun-
ningSs basis sets.[26,27] We have shown[28] that absolute as well as relative
RI-MP2 energies of DNA bases and base pairs differ only marginally
from the exact MP2 ones, while the time saving is as large as one order
of magnitude. The use of systematically improved AO basis sets allows
the extrapolation of total energies to the complete AO basis set (CBS)
limit (see later).[29] Single-point calculations were carried out at RI-MP2/
cc-pVQZ//RI-MP2/cc-pVTZ and RI-MP2/cc-pVTZ//RI-MP2/cc-pVDZ
levels.


We performed extrapolation to the CBS limit to overcome the slow con-
vergence of the correlation energy, using the extrapolation scheme of
Helgaker and co-workers [Eq. (1)],[30] in which EX and ECBS are energies
for the basis set with the largest angular momentum X and for the com-
plete basis set (CBS), respectively. CBS CCSD(T) relative energies were
calculated with Equation (2), in which the first term represents the CBS
limit of the relative MP2 energy and the second term describes the
higher-order contributions to the correlation energy (beyond the second
perturbation order).


EHF
X ¼ EHF


CBS þA expð�aXÞ
Ecorr


X ¼ Ecorr
CBS þ BX�3


ð1Þ


ECCSDðTÞ
CBS ¼ EMP2


CBS þ ðECCSDðTÞ�EMP2Þjsmall basis set ð2Þ


This difference is known to not significantly depend on the AO basis set
size (contrary to MP2 and CCSD(T) energies).[31] Previous studies[32]


have shown that the 6–31G*(0.25) basis set provides a satisfactory value
of the CCSD(T)-MP2 difference for molecular clusters, and thus we sys-
tematically used this basis set for all present CCSD(T) calculations.


We calculated harmonic vibrational frequencies using a numerical Hessi-
an with a scaling factor of f=0.956. This factor was obtained as the ratio
between the theoretical and experimental OH stretch frequencies of
FGG. In order to compare theoretical data with experimental enthalpies,
we determined the zero-point vibrational energy (ZPVE) from the calcu-
lated harmonic vibration frequencies. We determined thermodynamic
characteristics (entropy and free energy) from calculated geometries and
vibrational frequencies using the rigid rotor/harmonic oscillator/ideal gas
approximation (RR-OHO-IG). Thermodynamic characteristics deter-
mined in this way are based on the MP2/cc-pVDZ ab initio molecular
constants (in contrast to the characteristics derived from MD/Q simula-
tions, which are based on empirical potential description).


Density functional theory calculations : DFT calculations are today
widely used for predicting structures and energies of isolated systems as
well as of molecular clusters. Introduction of hybrid functionals has in-
creased the accuracy of DFT methods to the point of becoming compara-
ble to the accuracy of correlated ab initio methods. An important advant-
age of DFT methods over correlated ab initio methods is their favorable
CPU performance, which allows the application of DFT techniques to
systems of increasing size and complexity. There is, however, one notori-
ous drawback of DFT techniques in their inability to properly describe
the London dispersion energy. A most spectacular demonstration of this
problem can be seen in the failure of any DFT functional to describe
stacking of nucleic acid bases.[33] In our recent paper we have shown that
DFT methods also strongly underestimate such interactions in amino
acids, and, particularly, that they are unable to describe the rather strong


attraction (~10 kcalmol�1) between phenylalanine and a peptide bond.[44]


In the present study we used four different functionals, namely BLYP,
B3LYP, PBE, and PW91[34–37] as well as two different basis sets, 6–31G-
(d,p)[38] and cc-pVTZ.[26,27] DFT optimizations were performed at
B3LYP/6–31G(d,p) level of theory, while single-point calculations were
done at the F/6–31G(d,p)//B3LYP/6–31G(d,p) level (in which F=BLYP,
PBE, and PW91) as well as at the B3LYP/cc-pVTZ//B3LYP/6–31G(d,p)
level of theory.


Codes : Energies, geometries, harmonic vibrational frequencies, and ther-
modynamic characteristics were determined using the TURBO-
MOLE 5.6.[39] DFT optimizations were performed using the Gaussian 03
program package.[40] CCSD(T) calculations were done by using the
MOLPRO 2002.6 suite of programs.[41] MD/Q simulations were per-
formed using the AMBER 8.0[42] as well as SCC-DFTB-D[20] codes.
CHARMM calculations were done using the Accelrys software pack-
age.[18]


Results and Discussion


Spectroscopy : Figure 1 shows the R2PI spectrum of FGG
together with UV/UV double-resonance spectra. We found
four conformations. Three of these resemble the spectra of
Phe and of Phe-Gly, while the origin of the fourth one is sig-
nificantly red-shifted, by 180 cm�1 relative to the other three


conformations. In earlier work we speculated that this con-
formation might have a geometric structure distinct from
the other three, involving an interaction of the C terminus
with the phenyl ring.[43] Figure 2 shows the IR/UV double-
resonance spectra, obtained with the probe laser tuned to
each of the four origins of the respective conformers. In the
following sections we shall compare calculated normal mode
frequencies with the experimental IR data.


Strategy of calculations : The case of FGG is complicated,
since the system contains several proton donors (NH bonds
from two peptide bonds and the OH group), several proton
acceptors (oxygen atoms from the C=O bonds of peptide
bonds, the nitrogen atom from the amino group, and the
oxygen atom from the OH group), and, moreover, regions


Figure 1. R2PI and UV/UV hole-burning spectra of FGG.
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of delocalized electrons (peptide bonds, aromatic ring, and
carboxylic acid) (see Scheme 1). All these areas can interact
through the formation of hydrogen bond, electrostatic, or


dispersion interactions and this complexity leads to a great
variety of PESs. The large number of attraction sites also ex-
plains why the effectiveness of classical gradient optimiza-
tion is limited.
The PES of the FGG (as well as of any peptide) is thus


very complicated and contains a large number of energy
minima separated by transition structures. Evaluation of the
deepest minimum structures that can be detected experi-
mentally is thus very difficult and the use of accurate quan-
tum chemical procedures is limited. The PES is usually scan-
ned by using empirical potentials (EP). MD simulations and
energy minima are determined by using molecular annealing
or quenching procedures. The former procedure aims to de-
termine the global minimum, while the latter one locates all
energy minima at the surface. For the present purposes the
quenching procedure is more suitable, since the experiment
yields several of the deepest energy minima rather than only
the global minimum. We note that the present experiments
cannot measure relative energies and cannot determine
which structure represents a global minimum; this funda-
mental information can only be obtained theoretically. Very
recently it was provided experimentally.[44] By performing
MD/Q calculations, one obtains global and local energy


minima. However, geometries as well as energies rely on the
EP used and different potentials might lead to different sets
of energy minima. We suggest several possible approaches
to overcome this basic limitation; these are summarized in
Scheme 2 and specific routes will be briefly discussed in the
following paragraphs.


Route 1: We first explored the PES by a MD/Q[45,46] proce-
dure using the Cornell et al. empirical potential[16] (route 1
in Scheme 2) and we considered approximately 1500 energy
minima. As the crystal structure of FGG shows a compact
structure, from this set we selected only compact (folded)
structures (with the distance between phenyl ring and car-
boxylic group smaller than 4 T) and for the 100 lowest-
energy folded structures we performed single-point calcula-
tions (without any geometry optimization) using correlated
ab initio quantum chemical calculations. As a final step we
performed a full gradient optimization at higher correlated
ab initio level for structures with a relative energy lower
than 6 kcalmol�1 (set 1).
The above procedure combines the accuracy of the corre-


lated quantum chemical calculations with the efficiency of
MD/Q EP calculations. It depends, however, on the ability
of the EP used to correctly describe the relative energies of
the peptide. If this requirement is not fulfilled then several
structures with unfavorable relative empirical energies are
excluded from the further, more accurate treatment. Be-
cause accurate quantum chemical methods cannot be ap-
plied for the first screening (in the present system about
1500 structures should be considered), the only chance to
avoid this problem typical for all biomacromolecules is to
use a higher quality initial screening method. The choice of
such a method is limited and there exist only two possibili-
ties.


1) First, improvement can be expected from application of
a polarized force field, that is, from inclusion of a polari-
zation (induction) term.[47] The presence of this term
avoids one of the main problems of the application of
EP for peptides and proteins, namely, the dependence of
atomic charges on structural arrangement.[48] As an ex-
ample we mention the PES of the simplest amino acid,
glycine, which contains 12 isomers, for which atomic
charges determined by a standard RESP procedure
differ considerably.[47] In the present paper we applied
two empirical potentials most frequently used for simula-
tions of peptides and proteins (AMBER and
CHARMM). Furthermore, we utilized the standard as
well as the polarized version of the latter potential.


2) Second, higher-level results can be expected when the
first screening of the PES is performed by using some ab
initio variational methods that, by definition, overcome
the problem of the definition of atomic charges and also
the inability of force fields to describe the effect of the
electron transfer. Carr–Parrinello ab initio MD simula-
tions[49] represent a possibility, but are impractical for
the present purposes. The reason is that the DFT proce-


Figure 2. IR/UV hole-burning spectra of FGG, obtained with the probe
laser tuned to the respective origins of the four isomer spectra shown in
Figure 1.


Scheme 1.
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dure used (as well as any other DFT procedure) fails to
describe the London dispersion energy.[50] Note that the
stabilization of FGG tripeptide as well as of other pep-
tides is due to simultaneous action of hydrogen bonding
and London dispersion energy. Any method used for de-
scription of a conformational space of peptides or pro-
teins should properly describe all major stabilizing
forces, including London dispersion. Another possibility
is the use of the self-consistent charge, density functional
tight-binding method combined with London dispersion
energy (SCC-DFTB-D).[20,21] We have recently shown
that this method describes the attraction between
stacked DNA bases as well as between a phenyl ring and


a peptide bond quite successfully, as opposed to various
generally used DFT functionals, which fail complete-
ly.[44,33,49]


Route 2 : In the second step (route 2 in Scheme 2) we investi-
gated the FGG PES by a combination of AMBER, SCC-
DFTB-D, and correlated ab initio calculations. Specifically,
we first reoptimized the whole set of structures obtained
from the initial AMBER MD/Q treatment at the SCC-
DFTB-D level. Then, this set of 1500 minima was reduced
to 800 structures by a sorting and selection procedure devel-
oped for this purpose (see Computational Methods). Finally,


Scheme 2.
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similarly as in route 1, we selected a set of 27 structures
(with relative energies lower than 3 kcalmol�1) and com-
pared them with the final set (set 1) resulting from route 1
in Scheme 2. The new set (set 2) was optimized by using a
full gradient optimization at correlated ab initio level.


Route 3 : The procedure described in route 2 is of higher
quality than that described in route 1, but still some prob-
lems remain, mainly with the quality of SCC-DFTB-D ener-
gies, which directly determines the order of the structures.
To improve route 2 we propose in the third step (route 3 in
Scheme 2) a combination of several different calculations:
1) The first two calculation steps remained the same as in
route 2, 2) structures with a relative energy lower than
4 kcalmol�1 from the SCC-DFTB-D calculations were fully
reoptimized at a medium ab initio correlated level (RI-
MP2/cc-pVDZ), 3) energies of these structures were deter-
mined at higher ab initio MP2 correlated level (RI-MP2/cc-
pVTZ//RI-MP2/cc-pVDZ; single-point calculations), and 4)
structures with relative energy lower than 2.5 kcalmol�1 (15
structures) were fully re-optimized at the RI-MP2/cc-pVTZ
level of theory. For these 15 selected structures we deter-


mined accurate total energies (sum of complete basis set
(CBS) limit of the MP2 energy and the CCSD(T) correction
term). Finally, we performed a harmonic vibrational analysis
for these structures.


Route 4 : A fully consistent SCC-DFTB-D MD/Q search is
described in route 4 in Scheme 2. Here we performed the
first screening of the FGG PES by SCC-DFTB-D MD/Q
calculations.[20, 21] The following steps, including the correlat-
ed ab initio calculations, are identical to those in route 3.


Computational results


Structures and relative energies : Applying route 1 (cf.
Scheme 2) we obtained about 1500 structures. Then, we se-
lected only compact (folded) structures. For the 100 most
stable compact structures (according to the AMBER scale)
we performed RI-MP2/aug-cc-pVDZ single-point calcula-
tions. Finally, we selected the 27 lowest-energy folded struc-
tures (with relative energy lower than 6 kcalmol�1) for a full
ab initio optimization. Figure 3 summarizes these structures
as well as the RI-MP2/aug-cc-pVDZ relative energies. The


Figure 3. RI-MP2/aug-cc-pVDZ//AMBER and AMBER (in parentheses) geometries and relative energies (in kcalmol�1) for the 27 most stable folded
structures according to AMBER scale.
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numbers in parentheses are the AMBER relative energies,
which differ considerably from the RI-MP2 ones. The RI-
MP2 global minimum corresponds to the 14th local mini-
mum at the AMBER scale with a relative energy of
2.4 kcalmol�1. Similarly, the AMBER global minimum cor-
responds to the 21st local minimum at the RI-MP2 scale
with a relative energy of 5.1 kcalmol�1. Evidently, the
AMBER potential fails to predict the lowest-energy struc-
tures, and their energies are highly unreliable. This observa-
tion suggests that AMBER relative energies are of limited
use. It also casts some doubts on the selection of lowest-
energy structures from Figure 3, since here we used the
AMBER geometries. Figure 4 shows results of full RI-MP2/
cc-pVTZ optimization (set 1). The number of structures in
Figures 3 and 4 differs, since many structures from Figure 3
converged to the same structural motif after optimization.
Furthermore, for the sake of comparison, Figure 4 shows the
most stable of the fully extended structures (structure in the
pink box), although it is higher in energy by about
11 kcalmol�1. Figure 4 shows that the first local minimum is
energetically rather close to the global minimum (within


about 1 kcalmol�1) and five other structures lie within
5 kcalmol�1. The question now arises of whether the set of
initial structures used for the RI-MP2/cc-pVTZ optimization
is complete. When analyzing the relative order of the ten
most stable structures on the RI-MP2/cc-pVTZ scale we
find that they correspond to the 98, 443, 299, 223, 411, 469,
365, 379, 251, and 54th local minima, respectively, on the
AMBER scale. Furthermore, from the ten most stable struc-
tures on the RI-MP2/cc-pVTZ scale, only two (FGG_54 and
FGG_98) appear among the 100 lowest-energy structures on
the AMBER scale. From these data it is evident that the ini-
tial set of AMBER structures used for the RI-MP2/cc-
pVTZ optimizations is far from complete, and consideration
of a better initial screening procedure is highly desirable.
To show that the problems described are not specific for


the AMBER potential, and to evaluate the performance of
the polarized potential, we re-optimized the 27 most stable
structures (set 1) from the AMBER optimization using the
CHARMM potential (see Table S2 in the Supporting Infor-
mation). We used the standard version of the code as well
as the polarized version, which includes the polarization


Figure 4. Set 1: RI-MP2/cc-pVTZ geometries and relative energies (in kcalmol�1) for the most stable folded structures at the RI-MP2/aug-cc-pVDZ level
of theory.
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energy term. In contrast to ab initio and AMBER calcula-
tions, CHARMM yielded relative energies in a much nar-
rower interval. Relative energies of the eight energetically
most stable structures were located within 1 kcalmol�1.
However, the order of stability differed considerably from
the ab initio results and the global and the first local minima
correspond to the 14th and 17th local minima on the
CHARMM scale. The use of the polarized version of
CHARMM did not make any significant difference. We can
thus conclude that route 1 based on AMBER or CHARMM
empirical potentials does not yield satisfactory results.
Route 2 in Scheme 2 differs from route 1 by the introduc-


tion of a more reliable fast initial screening procedure (ab
initio SCC-DFTB-D method). We applied the method to
the entire set of AMBER structures (about 1500 structures).
After eliminating repeated minima we obtained a final set
of 800 optimized structures. The global minimum and all the
structures (27 structures) with relative energy lower than
~3 kcalmol�1 (according to the SCC-DFTB-D scale) are de-
picted in Figure 5 (set 2). The pair of numbers associated
with each structure corresponds to the SCC-DFTB-D rela-
tive energy and to the RI-MP2/cc-pVTZ relative energy


(after optimization in parentheses). Comparing set 2 and
set 1 (Figure 4) we find rather little overlap: only four struc-
tures, inside the red squares in Figure 5, are present in both
sets, underscoring the low fidelity of route 1 based on empir-
ical force fields. For the structures of set 2, the full ab initio
gradient optimization at RI-MP2/cc-pVTZ level of theory
was performed. From the comparison of RI-MP2/cc-pVTZ
and SCC-DFTB-D relative energies it is evident that some
problems still remain concerning the order of SCC-DFTB-D
energies and this is the reason why the final selection was
based on the ab initio treatment described in route 3.
In route 3 (similarly as in route 2) the original set of


AMBER structures was reduced via SCC-DFTB-D optimi-
zation and subsequently revised and reduced (after elimina-
tion of equivalent minima) to a set of about 800 minimum
structures. In route 2 we relied on the SCC-DFTB-D rela-
tive energies and for ab initio treatment we selected the 27
most stable structures with relative energy of up to ~3 kcal
mol�1. Here we adopted a slower (but theoretically more re-
liable) procedure on a bigger set (about 60 structures with
relative SCC-DFTB-D energy lower than ~6 kcalmol�1),
and before performing the RI-MP2/cc-pVTZ optimization


Figure 5. Set 2: SCC-DFTB-D and RI-MP2/cc-pVTZ (in parentheses) geometries and relative energies (in kcalmol�1) for the 27 most stable structures
according to SCC-DFTB-D scale.
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(which is quite expensive) we
applied the much cheaper RI-
MP2/cc-pVDZ optimization.
We limited this calculation to
all SCC-DFTB-D optimized
structures lying within a
~6 kcalmol�1 energy limit.
The selection of the final set of
structures for full gradient RI-
MP2/cc-pVTZ optimization
was performed by means of
RI-MP2/cc-pVTZ//RI-MP2/cc-
pVDZ single-point calcula-
tions. This set (set 3) is depict-
ed in Figure 6 with the struc-
ture abbreviation and the RI-
MP2/cc-pVTZ relative ener-
gies. Table 1 shows the relative
RI-MP2/cc-pVTZ and RI-
MP2/cc-pVQZ//RI-MP2/cc-
pVTZ energies as well as the
extrapolated CBS RI-MP2 rel-
ative energies. The fifth and sixth column of Table 1 contain
the CCSD(T) correction terms and the final relative CBS
CCSD(T) energies, respectively, while the last two columns
give the zero-point vibration energy (calculated at RI-MP2/
cc-pVDZ level of theory) and relative values of total enthal-
pies. The CCSD(T) correction term ranges from �1.32 to
0.47 kcalmol�1, which means that its omission can cause an
error in relative energies of about 2 kcalmol�1. The order of
the structures changes when passing from the RI-MP2/cc-
pVTZ level of theory (column 2 in Table 1) to the
CCSD(T)/CBS level (column 6 in Table 1). The global mini-
mum remains the same, but other structures have different


relative positions. The six most stable structures from the
former procedure were FGG_099<FGG_357<FGG_444<
FGG_215<FGG_114<FGG_412 with an energy interval of
2.5 kcalmol�1, while the six most stable structures for the
latter procedure were FGG_099<FGG_444<FGG_215<
FGG_357<FGG_366<FGG_300 with a narrower energy
interval of 1.3 kcalmol�1. The CCSD(T)/CBS procedure sub-
stantially reduced the relative energies and now the 15
structures presented in Table 1 lie within about
2.5 kcalmol�1. Further reduction of relative energies occur-
red upon inclusion of ZPE. From the last column of Table 1
it is evident that ten structures lie within 2 kcalmol�1 rela-


Figure 6. Set 3: RI-MP2/cc-pVTZ geometries and relative energies (in kcalmol�1) for the 15 most stable structures at RI-MP2/cc-pVTZ//RI-MP2/cc-
pVDZ level of theory.


Table 1. Relative energies and relative enthalpies (in kcalmol�1) of phenyalanyl–glycil–glycine tripeptide eval-
uated with various basis sets. Numbering as given in Figure 6.


Structure RI-MP2/
cc-pVTZ


RI-MP2/
cc-pVQZ


T!Q[a] MP2!CCSD(T)[b] E[c] ZPE[d] H


FGG_099 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FGG_444 1.20 1.05 0.94 �0.80 0.14 0.25 0.39
FGG_357 1.18 0.82 0.57 0.33 0.90 �0.07 0.83
FGG_366 2.95 2.53 2.22 �1.07 1.15 �0.11 0.92
FGG_215 1.82 1.55 1.37 �0.57 0.79 0.14 0.93
FGG_300 3.11 2.83 2.63 �1.32 1.31 �0.15 1.16
FGG_114 1.84 1.58 1.39 0.47 1.87 �0.21 1.66
FGG_412 2.49 2.37 2.29 0.08 2.37 �0.59 1.78
FGG_691 3.52 3.17 2.92 �0.85 2.07 �0.16 1.91
FGG_470 3.21 2.86 2.61 �0.10 2.51 �0.52 1.99
FGG_224 2.58 2.54 2.51 �0.47 2.04 0.06 2.10
FGG_380 3.30 3.01 2.82 �0.51 2.31 – –
FGG_080 2.78 2.48 2.27 0.26 2.53 – –
FGG_252 3.50 3.24 3.06 �0.51 2.54 – –
FGG_055 3.61 3.35 3.17 �0.63 2.54 – –


[a] Extrapolation to the CBS limit using cc-pVTZ and cc-pVQZ energies. [b] Difference between CCSD(T)
and MP2 relative energies determined with the 6–31 g*(0.25) basis set. [c] Total relative energy evaluated as a
sum of CBS RI-MP2 relative energy and the difference between CCSD(T) and MP2 relative energies. [d] ZPE
were calculated at RIMP2/cc-pVDZ level of theory.
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tive enthalpy limit and we con-
sidered all of them (set 4,
Figure 7) for final calculations.
Finally, for the sake of com-


parison with AMBER MD/Q
we performed the first screen-
ing of the FGG PES by SCC-
DFTB-D MD/Q calculations
(route 4 in Scheme 2). The set
of structures obtained from
this treatment is comparable
with the set of structures ob-
tained from the MD-
(AMBER)/Q(SCC-DFTB-D)
one (routes 2 or 3 in
Scheme 2). The MD(SCC-
DFTB-D)/Q(SCC-DFTB-D)
set contains the same struc-
tures as the MD(AMBER)/
Q(SCC-DFTB-D) one, and,
additionally, five new structures appeared (inside the red
squares in Figure S2 in the Supporting Information). The
SCC-DFTB-D MD/Q procedure is very promising for scan-
ning the PES of tripeptides with important advantages over
lower-level MD/Q procedures (see the section on strategy of
calculations).


Final evaluation of the performance of high-, medium-, and
low-level methods : We determined the final relative energies
of the FGG tripeptide as a sum of CBS RI-MP2 relative en-
ergies and a CCSD(T) correction term. Evidently, this very
high and expensive level cannot be applied routinely to
study the PES of peptides and we would like to evaluate the
performance of various lower-level methods. As a trial set
we used set 3 (15 structures) presented in Figure 6.
Column 2 of Table 2 shows their relative energies deter-
mined at the level described above; all these energies lie
within 2.5 kcalmol�1. First, we will discuss the performance
of RI-MP2/cc-pVDZ and RI-MP2/cc-pVTZ ab initio meth-
ods (third and fourth columns of Table 2). A very important
point to note is that in both cases the structure of the global
minimum remains (FGG_099) and structures FGG_444 and


FGG_357 are located close to it. In both cases the relative
energy range is larger, but only moderately so (for smaller
and larger AO basis set it is 4.7 and 3.6 kcalmol�1, respec-
tively). Working at these levels is evidently safe and any
error introduced is not significant.
Next we investigated the performance of the DFT in


more detail (for the same trial set—set 3) as is dictated by
the importance of the method. Because the structure of the
FGG tripeptide is, among other energy contributions, also
stabilized by London dispersion energy, the study of the per-
formance of various DFT functionals is topical. The fifth
column of Table 2 shows relative energies evaluated at the
B3LYP/6–31G** level. The results obtained with three
other DFT functionals (BLYP, PBE, and PW91) are not pre-
sented, since they are very similar to those obtained with
B3LYP, and they are given in Table S3 of the Supporting In-
formation. Analyzing the entries of Table 2 we found that
B3LYP results differ strongly from the benchmark data, as
well as from both ab initio results. This concerns mainly the
position of the global minimum, which is now energetically
highly unfavorable (by more than 3.5 kcalmol�1). On the
other hand structures that were in the benchmark set local-


Figure 7. Set 4: Relative enthalpies for the ten most stable structures at the RI-MP2/cc-pVTZ level of theory.


Table 2. Relative energies (in kcalmol�1) of phenyalanyl–glycil–glycine tripeptide evaluated at different levels
of theory. Numbering given in Figure 6.


Structure ECCSDðTÞ
CBS


[a] RI-MP2/
cc-pVDZ


RI-MP2/
cc-pVTZ


B3LYP/
6–31G(d,p)


SCC-
DFTB-D


SCC-
DFTB


AMBER CHARMM


FGG_099 0.00 0.00 0.00 3.56 0.00 0.00 0.89 4.42
FGG_444 0.14 2.13 1.20 0.00 1.47 �1.08 3.69 0.00
FGG_357 0.90 2.45 1.18 – 2.48 0.11 3.13 0.99
FGG_366 1.15 3.60 2.95 1.63 3.84 �0.06 2.05 7.94
FGG_215 0.79 3.00 1.82 0.00 1.47 �1.08 2.35 0.56
FGG_300 1.31 2.98 3.11 1.12 2.90 �0.56 1.28 7.54
FGG_114 1.87 3.27 1.84 1.87 3.36 1.97 1.09 1.54
FGG_412 2.37 4.03 2.49 2.81 1.64 0.54 3.50 4.56
FGG_691 2.07 3.68 3.52 1.91 3.52 �0.07 4.55 9.73
FGG_470 2.51 3.47 3.21 2.45 2.78 1.13 3.67 3.64
FGG_224 2.04 3.74 2.58 0.00 1.42 0.10 2.36 4.16
FGG_380 2.31 4.65 3.30 3.06 2.68 0.52 2.68 1.75
FGG_080 2.53 4.15 2.78 4.87 2.67 1.55 0.61 1.79
FGG_252 2.54 4.11 3.50 3.93 2.53 0.09 1.34 9.19
FGG_055 2.54 4.53 3.61 3.65 2.51 1.05 0.00 2.88


[a] Total relative energy evaluated as a sum of CBS RI-MP2 relative energies and the difference between
CCSD(T) and MP2 relative energies.
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ized energetically above the global minimum now corre-
spond to the global minimum. Evidently the B3LYP func-
tional (and all other DFT functionals investigated) fail to
describe the dispersion attraction that critically stabilizes the
global minimum (FGG_099). This renders the use of DFT
methods questionable for this application.
The sixth column of Table 2 shows relative energies deter-


mined by the fast SCC-DFTB-D method. The very strong
point of this method is its correct prediction of the global
minimum. Relative positions of other structures in the trial
set differ from those determined by the most accurate treat-
ment, but the energy interval between the global and 14th
local minimum is 3.5 kcalmol�1, which agrees reasonably
with the interval (2.5 kcalmol�1) from the most accurate
treatment. Reliable relative energies for the SCC-DFTB-D
procedure were obtained only because the dispersion energy
was covered. The SCC-DFTB method itself fails (cf. the sev-
enth column of Table 2) compared to the standard DFT
methods. This once again stresses the importance of disper-
sion energy in the study of the PES of the FGG tripeptide,
and, more generally of all peptides and proteins (see also
reference [46]).
Finally, we discuss the performance of empirical force


fields. Note that we limit the calculations to structures deter-
mined with the RI-MP2/cc-pVTZ optimizations. Column 8
of Table 2 indicates that the AMBER empirical potential
fails. The global minimum is predicted to be the structure
that in the benchmark set is the 14th local minimum. Fur-
thermore, structures that correspond in the benchmark set
to the global and first local minima are now in the trial set
as the 2nd and 11th local minima with energy destabilization
of 0.9 and 3.7 kcalmol�1. As in the case of AMBER,
CHARMM EP (column 9 of Table 2) also fails. The global
minimum is now predicted to be the structure that in the
benchmark set is the 2nd local minimum, while structures
that correspond in the benchmark set to the global and first
local minima are now in the trial set the 10th local minimum
(with energy destabilization of 4.4 kcalmol�1) and the global
minimum, respectively.


Free energy surface (FES) for the final set (set 4 in Figure 7):
Because the FGG tripeptide is desorbed at room tempera-
ture or higher, the selection of final structures (for which vi-
bration frequencies will be determined and compared with
experiment) should be based on the relative free energies,
rather than on the relative enthalpies. Table 3 contains the
relative populations obtained from the AMBER MD/Q sim-
ulations (T=1000 K) as well as the relative free energies
and relative populations obtained from the RR-HO-IG (RI-
MP2/cc-pVDZ) calculations on the set 4 structures (T=


298 K). These fundamentally different procedures agree on
favorable positions of four structures: FGG_099, FGG_366,
FGG_300, and FGG_691 (see Figure 8). We expect that
only these structures are populated at experimental condi-
tions. The remaining structures (FGG_444, FGG_357,
FGG_215, FGG_114, FGG_412, and FGG_470) being ener-
getically very close to the global minimum (by 0.39, 0.83,


0.93, 1.66, 1.78, and 1.99 kcalmol�1 (enthalpy values)) are
entropically disfavored and will be thus practically not
populated. These structures will not be experimentally ob-
served and their calculated IR spectra may be quite differ-
ent from the experimentally observed spectra.
The global minimum (c.f. Figure 8) contains three hydro-


gen bonds: (HO)C=O···HN(amino), N(2)H···O=C, and
N(1)H···N(amino) having the following O···H and N···H dis-
tances: 2.24, 2.05, and 2.12 T, respectively. On the basis of
these distances (all are larger than 2 T) we can conclude
that these hydrogen bonds are not too strong. Surprisingly
the global minimum does not contain an expected hydrogen
bond between the OH group and the p electrons of the
phenyl ring. Evidently, the stacked arrangement of carboxyl-
ic group and phenyl ring (containing delocalized p elec-
trons) is energetically more favorable. It is to be noted that
our global minimum resembles one of the two structures
(structure A) of the Trp–Gly–Gly tripeptide investigated by
HXnig and Kleinermanns.[8] The global minimum of the
latter peptide is, however, stabilized by two hydrogen bonds,
C=O···HN(2) and NH(ind)···O=C(OH), while ours is due to
dispersion stabilization between electrons in the carboxylic
and phenyl groups. Experimental evidence of this different
nature of the interaction can be also found if we have a
closer look at the IR spectra of both minima. Whereas for
the Trp–Gly–Gly global minimum the free carboxylic acid


Table 3. AMBER populations, relative free energies (RI-MP2/cc-
pVDZ), and corresponding relative populations calculated according to
Maxwell–Boltzmann distribution (MBD) equation for the set 4 (see
Figure 7).


Structure AMBER populations G [kcalmol�1] MBD


FGG_099 2205 0.00 1000
FGG_444 37 1.91 41
FGG_357 33 1.90 41
FGG_366 2805 1.61 68
FGG_215 128 2.26 23
FGG_300 6094 0.87 233
FGG_114 290 2.25 23
FGG_412 108 1.65 63
FGG_691 737 1.48 84
FGG_470 165 1.64 64


Figure 8. Four most stable structures localized on the free-energy surface.
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n(OH) and the free indole n(OH) bands are missing in the
spectrum, suggesting their involvement in a hydrogen bond,
in the case of the Phe–Gly–Gly the absorption bands for the
OH group can be clearly observed. This fact reinforces both
the nonexistence of the O�H···p hydrogen bond as well as
the important role played by the dispersion interaction in
stabilizing the complex.
From Figure 8 it can seen that the global minimum and


remaining three minima differ considerably. The “folded”
structure is characteristic only for the global minimum,
while the other three structures do not contain a close con-
tact between carboxylic and phenyl ring.


Harmonic vibrational analysis for the set of four structures
and comparison of theoretical and experimental IR spectra :
Hole-burning experiments show the existence of four iso-
mers for which Figure 2 shows the IR spectra. Figure 9
shows the theoretical harmonic (scaled) IR spectra for the
ten most stable structures (set 4) together with the most
stable of the fully extended structures (cf. structure in the
pink box in Figure 4). The IR spectrum of the global mini-
mum (FGG_099) agrees well with the “green” experimental
spectrum (cf. Figure 2), and Figure 10 (green curve) shows
the overlap of both curves. The OH and N2H stretch fre-
quencies agree to within less than 10 cm�1, while the N1H
and asymmetric NH2 stretch frequencies agree to within
20 cm�1. It should be mentioned here that this structure (the
global minimum) was not localized if any lower-level theo-
retical optimization (like DFT) was adopted. It should also
be noticed that the FGG_412 structure is geometrically very
similar to the global minimum (cf. Figure 9a and h). Actual-
ly, the only difference between these two structures is the
position of the hydrogen atom of the carboxyl group (in
FGG_412 the OH is closer to the amino group, see
Scheme 1). We expect that both structures have similar UV
spectra and, therefore, the IR spectra of both structures
could be measured simultaneously. It may also happen that
both spectra are overlapped (see Figure S3 in the Support-
ing Information). As FGG_412 is less populated than
FGG_099 (see Table 3), the spectrum resulting from the
weighted overlapping spectra is evidently closer to that of
FGG_099.
The scaled harmonic spectra of the first, second, fourth,


and sixth local minima (cf. Figure 9b, c, e, g) differ consider-
ably from all the other experimental spectra and the main
discrepancy is the very large red-shift of the OH stretch fre-
quency. Inspecting the structures of these four local minima,
we find strong hydrogen bonding between the hydrogen
atom from the OH group and the oxygen atom from the
second peptide bond (see Scheme 1). The common feature
of all experimental curves (cf. Figure 2) is a practically iden-
tical OH stretch frequency, which indicates no interaction of
this group with other proton-acceptor or -donor groups. As
discussed above, these local minima are entropically unfav-
orable and their population at the temperature of the ex-
periment will be negligible.


The IR spectrum of the 3rd local minimum (Figure9d)
agrees well with the IR spectrum of the “red” experimental
curve (Figure 2) and the overlap of both curves is depicted
in Figure 10 (red curve). The OH stretch frequency agrees
within 2 cm�1, while the N1H and N2H stretch frequencies
agree to within 17 cm�1, the NH2 asymmetric stretch fre-
quency differs by 25 cm�1, and, finally, the NH2 symmetric


Figure 9. Theoretical harmonic (scaled) IR spectra for the structures of
set 4 as well as for the most stable of the fully extended structures.
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stretch frequency is not observed experimentally. The IR
spectrum of the 5th local minimum (cf. Figure 9f) agrees
well with the IR spectrum of the “black” experimental
curve (Figure 2) and the overlap of both curves is depicted
in Figure 10 (black curve). The OH stretch frequency agrees
within less than 1 cm�1, while the N1H and N2H stretch fre-
quencies differ by less than 17 cm�1. In this case, neither the
NH2 symmetric nor the NH2 asymmetric frequencies are ob-
served experimentally. Finally, the IR spectrum of the 8th
local minimum (Figure 9i) agrees well with the “blue” exper-
imental curve (Figure 2) and the overlap of both curves is
depicted in Figure 10 (blue curve). The OH stretch frequen-
cy is located within less than 1 cm�1, while N1H stretch fre-
quency differs by 9 cm�1, N2H differs by 16 cm�1, the NH2


asymmetric stretch frequency differs by approximately
36 cm�1, and NH2 symmetric stretch frequency is not ob-
served experimentally.
For the sake of comparison we also determined the IR


spectrum of the fully extended structure (Figure 9k), which
is energetically located more than 11 kcalmol�1 above the
global minimum (see the structure in the pink box in
Figure 4). This structure clearly cannot be detected experi-
mentally and its spectrum differs considerably from experi-
mental ones.
Let us mention finally that the only existing crystal struc-


ture of FGG in the Cambridge Structural Database (code
FIZWI001)[51] nicely resembles the FGG global minimum in
the gas phase. The main discrepancies are due to the differ-
ent charge distribution in the neutral and zwitterionic form.
In contrast to the neutral form, in the crystal structure, no
intramolecular hydrogen bonds occur.


Conclusions


1) The hole-burning experiments show that at experimental
conditions only four structures of the FGG tripetide co-
exist, and we recorded their IR/UV double-resonance
spectra in the near IR range (3000–4000 cm�1).


2) The PES of the FGG tripeptide contains a large number
of energy minima (more than 1000) and an efficient
energy-screening strategy is required to exclude higher-
energy structures. Stabilization inside the peptide origi-
nates in various hydrogen-bonding, electrostatic, and dis-
persion interactions and their theoretical description is
difficult. Frequently used empirical potentials like
AMBER or CHARMM fail and the same is true for
popular DFT methods. Specifically, these methods are
not able to describe the stabilization resulting from the
London dispersion energy. The problem was overcome
by performing an initial screening with a semi-empirical
tight-binding method that covers the London dispersion
energy (SCC-DFTB-D). Localization of the lowest-
energy structures thus represents a critical key step and
currently used procedures are not adequate.


3) Structure and relative energies of the 15 lowest-energy
isomers were finally determined on the basis of complete
basis set limit RI-MP2 energy and a CCSD(T)/6–31G*-
(0.25) correction term (evaluated for the RI-MP2/cc-
pVTZ optimized geometries).


4) Since in our beam experiments the conformations are
frozen by cooling from a higher temperature, it is neces-
sary to localize the most stable structures on the free-
energy surface, rather than on the PES. Two basically
different procedures were used to accomplish this and
they yield four structures, the global minimum and three
local minima. The fact that lowest-energy structures are
localized at the FES and not at the PES represents an-
other critical step in the procedure.


5) The global minimum corresponds to a folded structure
stabilized, in addition to the two hydrogen bonds, by a
dispersion attraction between the phenyl and carboxylic
groups. Only the high-level quantum chemical and the
SCC-DFTB-D calculations were able to assign this struc-
ture as a global minimum. Other lower-level procedures
(DFT methods, empirical potentials) localize this struc-
ture energetically much higher.


6) We determined scaled vibration frequencies for the ten
lowest-energy structures and for four of them a reasona-
ble agreement with experimental data resulted. These
four structures were identical with the four lowest-free-
energy structures.


7) On the basis of the present paper we suggest a new strat-
egy for the study of peptides. We recommend the use of
route 4 in Scheme 2. The only difference from the pres-
ent procedure is that, instead of using AMBER for the
first screening, we will use the SCC-DFTB-D method.


Figure 10. Overlap between theoretical and experimental IR spectra (har-
monic vibrational).


www.chemeurj.org 	 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6803 – 68176816


P. Hobza et al.



www.chemeurj.org





Acknowledgements


This work has been part of the research project Z4 055 905 and was sup-
ported by grants from the Grant agency of the Academy of Sciences of
the Czech Republic (grant No. A400550510) and Ministry of Education
of the Czech Republic (Center for Biomolecules and Complex Molecular
Systems, CL512). H.V. holds the EMBO scholarship (Grant ALTF 580–
2003) and is supported by the National Science Foundation under con-
tract No. CHE-0244341.


[1] R. J. Petrella, M. Karplus, J. Mol. Biol. 2001, 312, 1161.
[2] S. G. Pennathur, R. Anishetty, BMC Struct. Biol. 2002, 2, 9.
[3] G. Duan, V. H. Smith, Jr., D. F. Weaver, Int. J. Quantum Chem.


2002, 90, 669.
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Ion-Triggered Multistate Molecular Switching Device Based on
Regioselective Coordination-Controlled Ion Binding


Anne Petitjean,[a] Nathalie Kyritsakas,[b] and Jean-Marie Lehn*[a]


Introduction


Molecular devices capable of dynamic interconversion be-
tween different states are basic building blocks for nano-
technology. In particular, molecular switches[1] based on op-
tical read-out (e.g., transmittance, luminescence) provide
nanoscale signaling and information processing devices,
while conformational switches open doors to the elaboration
of nanoscale machines. In all cases, a simple, compact, and
tractable molecule is desired, which integrates complex and
addressable functions. On the other hand, systems accessing
different states also play an important role in various biolog-
ical processes, as illustrated by the molecular mechanism of
vision.[2]


The design of molecular and supramolecular devices,[3,1a]


allows in particular the elaboration of molecular logic
gates[4] for nanotechnology. Much promise is to be found in
the high complexity generated by increasing the number of


states beyond two (0,1), which would lead to a higher densi-
ty of information storage and hence assist both miniaturiza-
tion and multiplexing. Among the potential modes of
switching, photo- and electro-induced processes have re-
ceived much attention.[5,6] Multistate switching may be diffi-
cult to implement in these systems as it requires performing
the selective photo/electro-excitation of more than two
units, and therefore designing multiple modules that have
no excitation overlap (wavelength or potential). In this
regard, switching through chemical triggers is more versatile.
Although pH switching suffers from the same limitations as
photo- and electro-induced switching (excitation of all sites
of pKa values higher than the imposed pH), this is not the
case for ion-controlled switching. Indeed, the electronic in-
formation stored in organic ligands combined with the in-
trinsic properties of metal ions offers a wide range of affini-
ties, providing a convenient handle on the selectivity, and,
hence, on the complexity. As photo- and electro-induced
switches are controlled by the intensity (power) and the ex-
citation value (wavelength and voltage respectively) of the
input stimulus, similarly ionic switches are operated on the
basis of the concentration and the nature of the ions. Fur-
thermore, the affinity of the ion may be modulated by addi-
tional factors such as oxidation state, hardness/softness of
the binding site,[7] intrinsic coordination geometry preferen-
ces of the ion,[8] as well as accessible geometries of the con-
sidered ligand. Hence, each ion itself displays a range of ex-
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citation values, which adds further dimensions to the input
modulation. As such, ionic switches offer a rare richness in
accessible functional features.


We report here a molecular device that allows access to
four distinct conformational and optical states. It is based on
the regioselective coordination of two different metal ions
to the heterocyclic triad LH, which is dictated by their selec-
tive binding to two suitably designed ligand subunits. Ion
binding is accompanied by regioselective conformational
modifications and by optical changes.


We have based our design on the control potential offered
by the preference of metal ions for a given coordination ge-
ometry. Ligand LH (Scheme 1) was designed so as to offer a
bidentate 2-pyridyl-4-pyrimidine (py–pym) motif as a privi-
leged binding site with ions of tetrahedral coordination ge-
ometry, and a planar (O,N,N) tridentate unit including a 8-
hydroxyquinoline group (quinOH–pym), aimed at accommo-
dating preferentially metal ions of octahedral coordination
geometry. The latter was preferred over a terpyridine type
subunit since it provides further tunability by means of its
acido-basic activity. These bidentate and tridentate sites
share a bridging pyrimidine unit expected to participate in
both ion binding events. It was therefore anticipated that
the bidentate binding site could be regioselectively switched
by an ion such as copper(i), well-known to form tetracoordi-
nate complexes with polypyridyl ligands (see below), where-
as the terdentate subunit would preferentially bind a cation
such as zinc(ii) (Scheme 2). This binding selectivity may also


be associated with soft/soft (py–pym site, CuI), hard/hard
(quinOH–pym, ZnII) correspondence.


We have recently implemented in our group ligands con-
taining two metal cation binding subunits based on terpyri-
dine and bipyridine–pyrimidine groups, as ion-triggered
nanomechanical switching devices[9,10] involving interconver-
sion between two forms, of U and W shapes, of the ligand
molecule. The present results incorporate regioselective con-
trol of ion binding and significantly extend the earlier work.


The corresponding events are schematically represented
in Scheme 2. Furthermore, the overall process results in the
regioselective self-assembly of a tetranuclear heterometallic-
[2J2] grid architecture.[11]


Results and Discussion


Ligand LH: Ligand synthesis : A 2-substituted pyrimidine
was chosen as the bridging unit in ligand LH, as the alkyl-
phenyl substituent conveniently increases the solubility in
organic solvents while also providing structural information
(1H NMR spectroscopy). To this end, 2-(4-n-butylphenyl)-
4,6-dichloropyrimidine (1)[12] was successively coupled to a
pyridinyl stannane and a quinolinyl stannane under Stille
coupling conditions. 2-Tri-n-butylstannyl-6-methylpyridine[13]


was quantitatively obtained from 2-bromo-6-methylpyri-
dine[14] by nBuLi lithiation and reaction with tri-n-butyltin
chloride followed by distillation. It was then coupled stoi-


chiometrically with 1 to give 2
in moderate yields (Scheme 1).
The quinoline fragment was
prepared by oxidation of com-
mercially available 8-hydroxy-
quinoline to the N-oxide deriv-
ative, rearrangement to the
2-oxo-1,2-dihydroquinolin-8-yl
acetate 3 and bromination to
the 2-bromo-quinolin-8-yl ace-
tate 4. The latter reaction pro-
ceeded in low yields due to si-
multaneous hydrolysis of the
acetate. After stannylation of
4, a Stille coupling was per-
formed with the monochloro-
pyrimidine 2 to yield the ace-
tate-protected ligand 5. Hy-
drolysis of the acetate pro-
ceeded smoothly in pyridine to
yield the dissymmetric switch
LH in sufficient amounts.


Ligand conformation : The
1H NMR spectrum of ligand
LH is characteristic of this
type of U-shape molecule.[9]


The preferred transoid confor-
mation of 2,2’-bipyridine typeScheme 1. Synthetic route to the heteroditopic ligand LH and proton numbering.
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diads[15] forces protons 1 and 3py (Scheme 1) to face the
lone pair of the vicinal nitrogen atom, resulting in a strong
downfield shift. Typically protons 1 and 3py give NMR sig-
nals at d=9.2 and 8.5 ppm, respectively, as illustrated by the
pyridine–pyrimidine–pyridine (py–pym–py) triad module.[9]


The same deshielding effect holds for the quinolyl proton
H3. The correlation between these high chemical shifts and
the transoid conformation is confirmed by X-ray crystallog-
raphy of similar compounds.[9,16] In the present case, the
chemical shifts of protons 1, 3py, and 3 are indeed in agree-
ment with an all transoid conformation for the 8-hydroxy-
quinoline–pyrimidine–pyridine (quinOH–pym–py) triad in so-
lution.


Regioselective switching performed by a metal ion of tetra-
hedral coordination : U-shaped py–pym–py triads having
two identical bidentate binding sites have been reported
previously to switch from a U to a W shape by a double
conformational change upon the binding of two tetrahedral-
ly coordinated copper(i) ions.[9] Similarly, progressive addi-
tion of copper(i) triflate to a solution of quinOH–pym–py in
CDCl3/CD3CN induces a single conformational change that
affects only the pym–py subunit of ligand LH, to give an S-
shaped form, as illustrated in Scheme 2 and Figure 1. The


proton NMR spectrum of the
ligand undergoes marked
changes in the course of the ti-
tration (Figure 1). Whereas the
chemical shifts of the hydroxy-
quinoline protons remain con-
stant (Dd=�0.05 ppm), the
signals of the protons 1, 3py,
4py, and 5py undergo signifi-
cant shifts (Dd=�0.2, +0.2,
and +0.2 ppm, respectively).
The 2-pyrimidine aryl substitu-
ent protons (Ha and Hb) pro-
vide a sensitive probe for
cation binding. Indeed, upon
titration their signals are
strongly shielded (d=
�0.5 ppm), in accordance with
the previously described U to
W switching of the py–pym–py
triad (validated by NOE analy-
sis). Compared to the anthryl-
and acridyl-substituted confor-
mational switches reported
previously,[9] the present ligand
bears just a methyl group in
position 6 of the pyridine unit,
introduced to limit the suscept-
ibility of CuI to oxidation. The
lack of substantial steric hin-
drance in this position allows
the stable 2:1, ligand–CuI com-
plex to form.


Scheme 2. Top: Schematic representation of the four-state structural switching of ligand LH operated by regio-
selective metal ion complexation; the bidentate and tridentate binding subunits in the ligand are represented
by two and three segments respectively; squares and hexagons represent metal ions of tetrahedral and octahe-
dral coordination geometry, respectively. Bottom: Structural representation of the ligand switching operated
by regioselective, coordination algorithm-controlled binding of CuI and ZnII cations.


Figure 1. Aromatic region of the 200 MHz 1H NMR spectrum of ligand
LH (3.9 mm, 1:1 CDCl3/CD3CN) upon titration by a solution of CuI-
(CH3CN)4BF4 (8 mm, same mixture of solvents). Proton numbering is
given in Scheme 1.
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The free ligand and the complex are in fast exchange on
the NMR time scale, and analysis of the variation in chemi-
cal shifts upon copper titration[17a] (up to 1 equiv) is in
agreement with the formation of the bis-bidentate species
[CuI(LH)2] with a binding constant of intermediate strength:
log b [CuI(LH)2]=7.6�0.6 in 1:1 CDCl3/CD3CN. This value
is higher than for the 1:1 complex between 6,6’-dimethyl-
2,2’-bipyridine and CuI in pure acetonitrile (log b=6.1�
0.1).[17b] The corresponding bis-bidentate 2:1 complex is
about five orders of magnitude stronger (log b=11.6�
0.05)[17c] and presents a tetrahedral coordination geometry.[18]


As the 2:1 complex is much more stable than the 1:1 species,
only the former is detected in the range of CuI concentra-
tions used here. The dimerization also correlates with the
large NMR shielding shifts experienced by the protons on
the pym substituents (Ha, Hb, and Ha) and takes place by
formation of a tetrahedral CuI coordination site.[18] Electro-
spray mass spectrometry measurements show the coexis-
tence of both [CuLH]+ and [Cu(LH)2]


+ complexes in the
gas phase. The lower binding constant compared to the
parent [CuI(2,2’-bipyridine)2] complex may result from a
combination of the less basic N coordination site of the pyri-
midine group in the pym–py diad compared to a pyridine N
site, and the steric constraints due to the aryl substituent on
the pym unit. In the ligands of the previously reported
switching devices,[9] the anthryl and acridinyl pyridyl sub-
stituents and the phenyl pyrimidyl substituent prohibit the
formation of the 2:1 complex, resulting in a weak coordina-
tion of CuI in a 1:1 stoichiometry (log b=2.93�0.07). Inde-
pendent of the exact stoichiometry of the complex, the
1H NMR titration spectra shown in Figure 1 clearly testify
that the present dissymmetric ligand LH is regioselectively
switched to the cisoid form on the pym–py side by a tetrahe-
drally coordinating “soft” cation such as CuI, as anticipated
from previous work.[9]


Regioselective switching performed by a metal ion of octa-
hedral coordination : In contrast to the pym–py coordination
subunit already used previously,[9] the quinOH–pym motif is a
novel triad for switchable devices. In addition to the advant-
age of being tridentate and, hence, a strong binder, the pres-
ence of a hydroxy group provides an anchoring site for oxo-
philic and “hard” cations. Furthermore, its ionizable hydroxy
group provides pH tunability of this binding site (see below).


To enhance the differentiation of the two pym–py and
quinOH–pym coordination modules, the introduction of a di-
valent cation was coupled to ionization of the hydroxy site
to quinO–pym by addition of one equivalent of Me4NOH to
generate the phenoxide ligand L� .


Conformational change induced by ZnII ions : Zinc(ii) is an
appropriate cation for coordination to the quinO–pym subu-
nit: being oxophilic, it should help targeting the oxygen-con-
taining binding site while keeping a reasonable affinity for
nitrogen-containing ligands. Addition of zinc(ii) triflate to a
solution of L� shows two regimes with increasing [Zn]2+ :


* Up to 0.5 equivalents of Zn2+ , a new complex is formed,
characterized by a lower chemical shift of H1 (dH1=


8.30 ppm), consistent with switching to a cisoid confor-
mation. 1H NMR ROESY experiments show that pro-
tons H1 and H3 are indeed close to each other, whereas
no correlation was observed between H1 and H3py,
which confirms the regioselective conformational change
on the quinO–pym terdentate binding site. The strong
shielding of protons Ha and Hb, as in the titration with
CuI, suggests the formation of a dimeric complex, in
agreement with the FAB mass spectrum where the 2:1
complex is exclusively identified. X-ray crystallography
confirms the assignment of this first species as the neu-
tral ZnL2 complex, in which the quinO–pym subunit of
the two ligands is regioselectively switched (Figure 2). In


the solid state, the zinc cation is strongly bound by the
hydroxyquinoline anion (Zn�O1 2.078, Zn�O2 2.066,
Zn�N1 2.032, Zn�N2 2.036 P). The interactions between
the zinc cation and the pyrimidine nitrogen atoms N11
and N22 are much weaker with larger interatomic dis-
tances (Zn�N11 2.51 and Zn�N22 2.55 P), as anticipated
in view of the lower basicity of these sites. This weaker
interaction allows additional stabilization elements to be
expressed, such as a weak hydrogen bond between the
pyrimidine nitrogen sites and the vicinal aryl proton
(Ha�N12 2.63 P) and p-stacking interactions between
the quinoline and the alkylaryl moieties (plane-to-plane
distance: 3.4 P).


* Increasing the amount of Zn2+ above 0.5 equivalents re-
sults in the formation of a second complex, in slow ex-
change with ZnL2, in which the chemical shift of H1 is
still lower (dH1=7.97 ppm; spectrum not shown). The ex-
istence of a cross-peak between H1 and H3py (as well as
one for H1 and H3) suggests that this new complex also
involves the pym–py binding subunit. ES mass spectrom-


Figure 2. Solid-state molecular structure of the dimeric ZnL2 complex
(hydrogen atoms and solvent molecules are omitted for clarity).
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etry confirms the formation of multinuclear complexes
of the type Zn3L3


2+ and Zn2L3
+ . The involvement of the


pym–py binding site as a stoichiometric amount of Zn2+


is reached is not surprising, as the latter is a better
ligand than the solvent molecules (CD3CN or CD3OD).


To perform a regioselective switch of the quinO–pym with
a 1/1 stoichiometric amount of Zn2+ , a capping ligand may
be introduced prior to titration. 2,6-Bis(N,N-dimethylhydra-
zonomethyl)pyridine (DMHP, Figure 3) was chosen as an


additional terdentate ligand, analogous to terpyridine but
yielding fewer NMR signals. The 1H NMR spectra for the ti-
tration of a mixture of L� and DMHP by Zn2+ are shown in
Figure 3. Up to 0.5 equivalents, L� forms the same neutral
quinoline-bound complex ZnL2 as in the absence of DMHP.
The DMHP signals are not affected by the initial introduc-
tion of zinc(ii) ions, although the pyridine and hydrazone
binding sites themselves are expected to be strong enough
to override the weak pyrimidine nitrogen atom, showing the
importance of electrostatic interactions -O� ,Zn2+ in this
system. Above 0.5 equivalents, DMHP is involved in a slow
exchange with a new compound; the chemical shift of its
proton signal in position 4 of the pyridine group increases
(as expected for a coordinated pyridine) and the protons
3pyD and 1D (Figure 3) are shielded, as anticipated for a
change from a transoid to a cisoid conformation. As for the
ligand, the intermediate chemical shift for H1 between that


of the free ionized ligand L� (d=9.25 ppm) and that of the
dimeric ZnL2 complex (d=8.30 ppm) is in agreement with a
regioselective switch. One notes also that the pyridyl chemi-
cal shifts of the pym–py module (3py, 4py, and 5py), slightly
affected by the dimerization to ZnL2, are restored to their
initial in L� values. ROESY experiments confirm the regio-
selective conformational change of the quinO–pym binding
subunit, showing cross-peaks between H1 and H3, consistent
with a cisoid conformation of the quinO–pym unit, but not
between H1 and H3py. In addition, the conserved transoid
conformation of the py–pym fragment is confirmed by a
weak correlation between the pyridyl H3py and the aryl Ha
protons. The incorporation of the DMHP ligand into the
complex is supported by NOE cross-peaks between the
methyl groups of the DMHP moiety and the pyrimidine H1
proton on one hand, and the aryl Ha protons on the other;
both interactions can be accounted for if the DMHP ligand
is free to rock across the L� ligand (see model in Figure 3).


Conformational change induced by PbII ions : Lead(ii) ions
were also considered as potential triggers for the regioselec-
tive switching of the terdentate binding site. With an ionic
radius about 1.5 times that of zinc(ii), lead(ii) is a “softer”
cation. Still, it binds to the quinO–pym unit of L� as indicat-
ed by the 1H NMR data (not shown). In addition to the un-
changed chemical shifts of the pyridyl protons, the absence
of cross-peaks between H1 and H3py, complemented by the
proximity of Ha and H3py, support a transoid conformation
of the pym–py module. On the other hand, the quinO–pym
unit adopts a cisoid conformation, as shown by the NOE
cross-peak between H1 and H3. The examination of the ali-
phatic region of the spectrum suggests the interaction of two
ligands within the same complex, but not in a 2:1 ligand-to-
metal ratio, as it takes one equivalent to reach a well de-
fined spectrum, and the NOE cross-peaks between the first
aliphatic protons (Ha) and the H6 quinoline protons (see
Figure 4) cannot be explained by a ZnL2-type complex. The
occurrence of dimerization was confirmed by a single-crystal
X-ray diffraction study of the complex, which showed the
formation of a dimeric species indeed incorporating two li-
gands and two lead ions bridged through the oxide groups
(Figure 4). The solid-state structure clearly displays the
binding of the quinO–pym unit with a strong contribution
from the quinoline heterocycle (Pb1�O1 2.275 P, Pb1�N1
2.496 P), and a weak contribution of the pyrimidine-nitro-
gen atom (Pb1�N11 2.780 P). The two lead ions are unsym-
metrically bound to the two bridging oxide sites (Pb1�O2
2.554 P) and two counteranions provide additional unsym-
metrical axial bridges (Pb1�O3 2.455, Pb2�O4 2.722 P).
Overall, the lead cations adopt a distorted octahedral coor-
dination mode with two ligands L� essentially in the same
plane and triflate anions as axial ligands. This situation con-
fers an interesting long-range organization to the crystal,
consisting of intertwined tubular ionic channels in which the
cationic dimers are relayed by triflate anions, which them-
selves form hydrogen bonds to the H4py protons of periph-
eral channels. Overall, the stacked organic ligands define a


Figure 3. Aromatic region of the 200 MHz 1H NMR spectrum of the 1:1
mixture of ligand L� and DMHP (3.5 mm in 1:1 CDCl3/CD3OD) upon ti-
tration by a solution of ZnII(TfO)2 (8.9 mm, same mixture of solvents).
Proton numbering is detailed in Scheme 1. A model of the final complex
is represented on the bottom right (the alkyl substituent is omitted).
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four-fold symmetric intertwined
channel system (Figure 4,
right).


The 1H NMR and crystallo-
graphic studies therefore con-
firm the regioselective switch-
ing process from the transoid to
the cisoid form performed by
divalent metal cations on the
quinO–pym subunit of ligand
L� .


pH modulation of the binding
properties of the terdentate
quinOH–pym subunit : An acido-
basic switch for trivalent lantha-
nide cations : In the case of zinc,
ionization of ligand LH was
necessary to obtain well-de-
fined complexes, suggesting
that this borderline ion has suf-
ficient affinity for nitrogen sites
to bind to both quinO–pym and
py–pym modules in the neutral
state. It was therefore interesting to investigate cations that
would not bind the ligand in its neutral state, and become
good substrates upon basification, to perform pH-induced
conformational switching. Harder labile cations were there-
fore required, in particular trivalent lanthanide ions such as
lanthanum(iii), which offered the possibility to conveniently
monitor the conformational change by 1H NMR spectrosco-
py. As illustrated in Figure 5, addition of Ln3+ to LH does
not yield any significant change in the chemical shifts of the
ligand. Addition of one equivalent of tetramethylammonium
hydroxide to the solution cleanly gives rise to a single com-


plex whose spectrum resembles
that of ZnL2 (dH1=8.41 ppm).
ES-MS is consistent with the
dimeric nature of this complex,
LaL2


+ being the only observed
species. ROESY NMR experi-
ments confirm the conforma-
tional change of the quinO–
pym unit exclusively, as H1 is
in close contact with H3 but
not with H3py. Addition of
one equivalent of TFA to the
complex protonates the ligand
and releases the lanthanum
cation, as evidenced by the re-
stored chemical shifts of ligand
LH (Figure 5). The protona-
tion/deprotonation cycle can
be consistently performed sev-
eral times, as illustrated in
Figure 5.


Dual regioselective switching and ion-selective self-assembly
of [2:2] heterometallic grid complexes : The free ligand, the
copper(i) py–pym-bound complex, and the zinc(ii) quinO–
pym chelate provide three different ligand conformational
states. Since copper(i) and zinc(ii) can be incorporated inde-
pendently, we studied the access to a fourth state in which
both binding modules would be in a cisoid complexed form.
The proton NMR spectral changes occurring on addition of
copper(i) to the [ZnII(L�)(DMHP)]+ complex are displayed
in Figure 6, and show the formation of a new species in slow
exchange with the starting complex. This observation com-


Figure 4. Solid-state molecular structure of the dimeric Pb2L2(TfO�)2 complex; left: dimer alone (the black
arrows represent NOEs observed in solution); right: side (top) and top (bottom) views of the ion-containing
channels formed in the crystal (hydrogen atoms, solvent molecules and noncoordinative counteranions are
omitted for clarity). Different levels of gray are used for the different layers of ligands. Pb2+ and coordinated
triflate ions are represented as CPK models.


Figure 5. Aromatic region of the 200 MHz 1H NMR spectrum of LH (L�) in the presence of La3+ (4 mm, 1:1
CDCl3/CD3OD), and reversible pH modulation of its binding affinity.
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bined with the deep violet color and the very shielded signal
for Ha and Hb protons suggests a more complex architec-
ture than the anticipated [ZnIICuI(L)(DMHP)]2+ complex.
ES-MS analysis of the titration end-point reveals that the
DMHP ligand is expelled from the complex and picks up
Cu+ and Zn2+ ions ([CuI(DMHP)2]


+ and [ZnII(DMHP)2]
2+


detected), whereas four L-type ligands assemble with two
copper(i) ions and two zinc(ii) ions giving ES-MS signals for
the complexes: [(ZnII)2(CuI)2(L


�)2(LH)2]
4+ ; [(ZnII)2-


(CuI)2(L
�)2(LH)2]


4+ , TfO� , and [(ZnII)2(CuI)2(L
�)4]


2+ . A
species with identical NMR signature is indeed obtained on
directly mixing L� with CuI and ZnII in a 4:2:2 ratio. It was
characterized by 1H NMR spectroscopy and by X-ray crys-
tallography (Figure 7), confirming the formation of a [2J2]
grid-like structure, with combined conformational change of
both coordination modules.[11, 19]


Interestingly, CuII may be used instead of ZnII. Although
1H NMR spectroscopy could not serve to monitor the con-
formational change because of the paramagnetic properties


of CuII, the color of the 4 L,2CuI,2CuII solution (see below)
and the mass spectrometry studies suggest the formation of
the analogous [(CuII)2(CuI)2(L


�)4]
2+ complex. The observa-


tion that a single cation in two different interconvertible oxi-
dation states may be used to operate the conformational
switch suggests exciting extensions towards electro-control-
led ionic conformational switches.


These processes amount to the regioselective self-assem-
bly of a heterometallic tetranuclear [2J2] grid-type architec-
ture, directed by the reading out of the ion-binding informa-
tion of ligand L� by tetrahedral and octahedral coordination
algorithms.[20] They represent the programmed introduction
in a single operation of different ions (ion selectivity) at pre-
cisely defined locations (toposelectivity) in a polymetallic
supramolecular architecture, an ultimate goal of self-organi-
zation of metallosupramolecular architectures.


Multistate ionic switching devices as the basis for complex
logic gates : Four different states can be accessed by the
present system depending on the species in presence, each
of them being characterized by different electronic absorp-
tion features. LH and its ionized form having their highest
absorption peak at 326 nm are colorless. Addition of Cu+ to
LH introduces an absorption band in the visible region
(391 nm) responsible for the pale orange color of the com-
plex. A red color, greatly enhanced in basic media, is acti-
vated by complexation of either Cu2+ , Zn2+ , Pb2+ , or La3+


(broad band centered around 480 nm). Finally, the combina-
tion of both monovalent and multivalent ions provides a
fourth state absorbing at the highest wavelength (broad
band centered around 555 nm) and is responsible for a deep
purple color (Figure 8).


Marked interest has been shown recently in the design of
molecular and supramolecular devices presenting logic gate
features.[4,21] The processes undergone by the present system
may also be analyzed along such lines. Indeed, modulation
of the number of the input triggers generating the four opti-
cal output values gives access to a complex set of logic
states, as detailed in Table 1, Table 2, and Table 3.


LH operates as an AND logic gate by activating the ab-
sorption around 480 nm when both HO� and multivalent
cations (Zn2+ , Pb2+ , Cu2+ , or La3+) are present (Table 1).
Either of the above-mentioned multivalent ions can be used,
therefore combining the AND function with an OR opera-
tion. The latter tolerates any multiply charged species since
it is based on the charge-controlled binding of the metal ion,
to the ionized phenoxo site. Therefore all divalent (Cu2+ ,
Pb2+ , Zn2+) and trivalent (La3+) cations are possible opera-
tors. The binding is nevertheless conditioned by the ioniza-
tion of the phenoxide function responsible for the appropri-
ate hardness of the ligand, imposing an AND function
(Table 1).


In the case of the triply charged La3+ cation, there is no
interaction at all with neutral LH and deprotonation is nec-
essary for binding and any detectable coloring to occur. This
translates into a proton-induced INHIBIT operation at
480 nm, as expressed in Table 2.


Figure 6. 200 MHz 1H NMR spectra for the titration of [ZnII(L�)
(DMHP)]+ by CuI(CH3CN)4


+ in 2:1:1 CDCl3/CD3CN/CD3OD (aromatic
region).


Figure 7. Two views of the solid state molecular structure of complex
[Zn2Cu2L4]


2+ (TfO�)2 (hydrogen atoms, solvent molecules and counter-
anions are omitted for clarity; the front ligand is represented in light gray
for clarity); see also reference [10].
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In addition to integrating several operation modes de-
pending on the read output (and therefore on different
input triggers), the present unit LH operates via two switch-
ing components based on conformational changes, thus ena-
bling the activation of several output values simultaneously
or independently (Table 3). On the one hand, the red and


pale yellow complexes absorb
in distinct visible regions
(390 nm and 480 nm) and act
as individual distinct outputs.
On the other hand, the purple
species is characterized by
broad bands covering all four
wavelengths significantly, and,
hence, activating several out-
puts simultaneously.


Conclusion


As demonstrated above, mole-
cule LH is able to access four
conformational states depend-
ing on its interaction with dif-
ferent ions such as CuI, ZnII,
LnIII, and H+/HO� . The ca-
pacity to specifically address
particular sites (e.g., H+/HO�


affect the hydroxy group, CuI


and ZnII target the py–pym
and quinO–pym modules re-
spectively) and the possibility
to activate all stimuli simulta-
neously are highly valuable


assets of ionically operated processes compared to the pho-
tonic and electronic modes. Furthermore, the ability of cati-
ons to modulate the electronic properties of their ligand
(not to mention the intrinsic electronic richness of d transi-
tion metal cations) confers an additional interest to ionic
switches. In the present case, the four different conforma-
tional states are associated with four distinct optical states,
namely the colorless LH and L� ligands (lmax=326 nm), the
py–pym switched light orange [Cu(LH)2] complex (lmax=


390 nm), the quinO–pym bound bright red [Zn(L)2],
[Zn(L�)(DMHP)]+ , and [Ln(L�)2]


+ complexes (lmax=


480 nm), and the doubly switched deep purple [(ZnII)2-
(CuI)2(L


�)4]
2+ grid (lmax=555 nm). This system thus repre-


sents an opto-ionic molecular switching device[3,22] involving
multiple chemical/ionic inputs and multiple optical outputs,


Figure 8. The system LH/metal ion/HO� as a iono-mechanical double switching device operated by several dif-
ferent inputs and generating four different outputs.


Table 1. Mn+ AND HO� logic gate (Mn+ : Zn2+ , Cu2+ , Pb2+ , La3+).


Input 1 Input 2 Output 3
Mn+ HO� 480 nm


0 0 0
0 1 0
0 1 0
1 0 0
1 1 1


Table 2. INHIBIT logic gate


Input 1 Input 2 Input 3 Output 3
La3+ HO� H+ 480 nm


0 0 0 0
1 0 0 0
0 1 0 0
0 0 1 0
1 1 0 1
1 0 1 0
0 1 1 0
1 1 1 0


Table 3. Multiple input/multiple output logic gate (Mn+ are multivalent
ions such as Cu2+ , Pb2+ , Zn2+ , and La3+). The state of the switch relates
to the anti (OFF) and syn (ON) conformations of the py–pym and
quinO–pym components, where syn is the form induced by cation binding.


Input Switch component state Outputs
lmax [nm]


2 3 and 4 py–pym quinO–pym 1 2 3 4
Cu+ Mn+ and HO� 326 390 480 555


0 0 OFF OFF 1 0 0 0
1 0 ON OFF 1 1 0 0
0 1 OFF ON 1 0 1 0
1 1 ON ON 1 1 1 1
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and effecting the generation and conversion of chemicals
signals, features of much interest for the development of
semiochemistry.[3] The combined controlled mechanical mo-
tions, the selective optical read-out and the addressing of
several distinct states demonstrate the potential of reversi-
ble, ionically operated, multistate molecular switching devi-
ces in accessing nanoscale entities presenting functional fea-
tures of interest for the design and operation of molecular
computational and signaling processes of increased complex-
ity.


Experimental Section
1H and 13C NMR spectra were recorded on a Bruker AC 200 (200 MHz
and 50 MHz respectively) at 25 8C. 1H NMR titrations were conducted on
a Bruker AC 200 spectrometer at 25 8C. CDCl3 was freshly neutralized
by passing through dried basic alumina prior to each experiment; all
NMR solvents were degassed by bubbling argon prior to titration. For
1H NMR titrations, determined volumes of a solution of the titrant (tri-
flate or tetrafluoroborate salt solution) of known concentration (typically
10–25 mm) in a solvent or mixture of solvents were added to a solution of
the receptor (typically 2–5 mm) in the same mixture of solvent, and the
chemical shift of all protons monitored. Mass spectrometry was per-
formed in the Laboratoire de Spectrom;trie de masse Bio-organique
(Strasbourg) and elemental analyses at the elemental analysis service of
Louis Pasteur University (Strasbourg). UV/Vis spectra were recorded on
a Shimadzu HYPER UV using 110-QS Hellma Cuve quartz (10 mm and
0.1 mm) and degassed solvents. As in the case of the NMR measure-
ments, CHCl3 was neutralized by passing through dried basic alumina
prior to preparing the stock solutions. All reagents were used as received.
Dry solvents (dichloromethane, toluene, THF) were distilled over drying
agents (calcium hydride, Na, Na/benzophenone, respectively) under
argon. DMHP was obtained by condensation of dimethylhydrazine with
commercially available 2,6-pyridinedicarboxaldehyde (Aldrich).[23] Crys-
tal data were collected at 173 K on a Nonius KappaCCD diffractometer,
and structures were solved by Nathalie Kyristakas at the Service
Commun de Cristallographie (Louis Pasteur University, Strasbourg)
using (Bruker) SAINT and SHELXTL 97 software.


Crystallographic data : Single crystals of the complex ZnL2


([2C58H50N8O2Zn]·3CH3OH) were grown by slow diffusion of diethyl
ether into a mM solution (mixture of CDCl3 and CD3OD). Crystals were
placed in oil and a single dark red crystal of dimensions 0.10J0.10J
0.08 mm mounted on a glass fiber and placed in a low-temperature N2


stream. The cell was triclinic; space group P1̄. Cell dimensions: a=
11.5751, b=15.7037, c=15.7449 P, a=g=67.3848, b=77.2128, g=


70.9648, V=2482.3, and Z=1 (FW=2009.06 and 1=1.34 gcm�1�3). A
total of 14458 reflections were collected (2.58�q�30.068), of which
10530 were unique, having I>3s(I); 648 parameters. Final R factors
were R1=0.049 (based on observed data) and wR2=0.342 (based on all
data), GOF=1.457, maximal residual electron density is 0.880 eP�3.


Single crystals of the complex Pb2L2 ([C29H25N4OPb]·F3CSO3) spontane-
ously formed from a 2 mm solution of the complex in 1:1 CDCl3/CD3CN.
Crystals were placed in oil and a single yellow prism of dimensions 0.16J
0.14J0.12 mm mounted on a glass fiber and placed in a low-temperature
N2 stream. The cell was tetragonal; space group of I41/a. Cell dimen-
sions: a=b=29.9186, c=13.0566 P, V=11687.3 and Z=16 (FW=801.81
and 1=1.82 gcm�3). A total of 8888 reflections were collected (2.58�q�
30.068), of which 5396 were unique, having I>3s(I); 356 parameters.
Final R factors were R1=0.048 (based on observed data) and wR2=0.078
(based on all data), GOF=1.433, maximal residual electron density is
0.924 eP�3.


CCDC-271555 (Pb2L2) and CCDC-271556 (ZnL2) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


2-Tri-n-butylstannyl-6-methylpyridine :[13] n-Butyllithium (17 mL; 1.6m in
hexane (27 mmol, 1.15 equiv)) was added dropwise to 2-bromo-6-methyl-
pyridine[14] (4.00 g, 23.3 mmol) solubilized in dry THF (30 mL) and
cooled down to �78 8C under argon. After the mixture had been stirred
for 1 h at �78 8C, tri-n-butyltin chloride (8.0 mL, 29 mmol, 1.3 equiv) was
added dropwise to the red solution. The orange solution was then stirred
overnight. After evaporation of the solvent, the residue was taken up in
diethyl ether (50 mL) and water (20 mL). The organic layer was further
washed with brine (15 mL) and the combined aqueous layers extracted
with diethyl ether (2J15 mL). The combined organic layers were dried
(Na2SO4), filtered, and concentrated in vacuo. Distillation of the crude
product (115–120 8C at 0.1 mmHg) afforded the desired stannane (8.8 g;
99% yield). 1H NMR (CDCl3): d=7.36 (t, 3J=7.3 Hz, 1H), 7.17 (d, 3J=
8 Hz, 1H), 6.95 (dd, 3J=7.7 Hz, 4J=0.9 Hz, 1H), 2.54 (s, 3H), 0.8–
1.7 ppm (m, 16H).


2-(4-n-Butylphenyl)-4-chloro-6-(6-methylpyridin-2-yl)-pyrimidine (2): 2-
Tri-n-butylstannyl-6-methylpyridine (4.05 g, 10.6 mmol), 2-(4-n-butyl-
phenyl)-4,6-dichloropyrimidine[12] (3.06 g, 10.9 mmol, 1.05 equiv), and di-
chlorobistriphenylphosphinepalladium(ii) (155 mg, 2.2J10�4 mol,
0.02 equiv) were mixed in degassed DMF under argon and heated at
80 8C for 36 h. After removal of the solvent, the solid residue was dis-
solved in diethyl ether (70 mL) and washed with an aqueous solution of
potassium fluoride (9 g in 90 mL). The aqueous layer was extracted with
diethyl ether (30 mL) and dried (Na2SO4), filtered, and concentrated.
After purification by column chromatography (flash, SiO2, hexane/
CH2Cl2 50:5 to 50:10), a shiny white solid was obtained (1.84 g, 51%).
1H NMR (CDCl3) : d=8.4–8.5 (m, 3H), 8.29 (s, 1H), 7.78 (t, 3J=7.7 Hz,
1H), 7.2–7.4 (m, 3H), 2.70 (t, 3J=7.4 Hz), 2.66 (s, 3H, CH3), 1,66 (quint. ,
3J=7.8 Hz), 1.39 (sext. , 3J=7.8 Hz, 2H), 0.95 ppm (t, 3J=7.4 Hz, 3H);
13C NMR (CDCl3): d=165.1, 164.8, 162.6, 158.5, 152.7, 146.7, 137.2,
134.0, 128.7, 128.6, 125.4; 119.3, 115.0, 35.7, 33.4, 24.6, 22.4, 14.0 ppm: Rf


(SiO2, hexane/CH2Cl2 5:1)=0.28; m.p. 89 8C. EI: 337.3 ([M]�); elemental
analysis calcd (%) for C20H20N3Cl·0.15CH2Cl2: C 70.89, H 5.95, N 12.35,
Cl 10.45; found: C 70.88, H 5.99, N 12.61.


8-Hydroxyquinoline-N-oxide :[24] Hydrogen peroxide (8 mL, 30–35% in
water) was added dropwise to a solution of commercially available 8-hy-
droxyquinoline (3.00 g, 20.7 mmol) in acetic acid (35 mL); the solution
was then refluxed for 40 min. After solvent removal, the oily residue was
taken up in dichloromethane (50 mL) and washed with a dilute aqueous
solution of hydrogen carbonate (pH 6–7). The aqueous layer was extract-
ed with dichloromethane (3J30 mL) and the combined organic layers
were dried (Na2SO4), filtered, and concentrated in vacuo before column
chromatography (SiO2, CH2Cl2/acetone 2.0:0.2 to 2.0:0.4) to afford a
yellow solid (3.85 g; 58%). 1H NMR (CDCl3): d=8.23 (d, 3J=6.0 Hz,
1H), 7.78 (d, 3J=8.4 Hz, 1H), 7.49 (t, 3J=8.0 Hz, 1H), 7.15–7.25 (m,
2H), 7.06 ppm (dd, 3J=7.9 Hz, 4J=0.9 Hz, 1H).


2-Oxo-1,2-dihydroquinolin-8-yl acetate (3):[25] A suspension of 8-hydroxy-
quinoline-N-oxide (2.00 g, 12.4 mmol) in acetic anhydride (12 mL) was
heated to 100 8C for 7.5 h under an atmosphere of dinitrogen. The beige
solid was poured into water (50 mL), cooled in an ice bath, and neutral-
ized with a concentrated aqueous ammonia solution. The solid was fil-
tered, washed with water, and dried in vacuo, to afford a beige solid
(2.32 g; 92%). 1H NMR (CDCl3): d=10.8 (br s, 1H), 7.77 (d, 3J=9.6 Hz,
1H), 7.43 (dd, 3J=7.7 Hz, 4J=1.3 Hz, 1H), 7.36 (dd, 3J=8.0 Hz, 4J=
1.3 Hz, 1H), 7.19 (t, 3J=7.9 Hz, 1H), 6.66 (d, 3J=9.5 Hz, 1H), 2.53 ppm
(s, 3H).


2-Bromo-quinolin-8-yl acetate (4):[26] 2-Oxo-1,2-dihydroquinolin-8-yl ace-
tate (3 ; 300 mg, 1.47 mmol) and phosphoryltribromide (1.18 g, 4.1 mmol,
2.8 equiv) were refluxed in chloroform (1 mL; dried onto alumina) for
2 h under argon. At room temperature, the brown suspension was poured
into ice, filtered, and washed with chloroform (30 mL). The organic layer
was isolated and washed with brine (10 mL), dried (Na2SO4), filtered,
and concentrated in vacuo. The brown oil was taken up in chloroform,
treated with charcoal, and filtered through celite. The white crystals that
appeared upon addition of a mixture of hexane and ethyl acetate (~1:1)
were filtered to afford the expected bromide (137 mg, 35%). 1H NMR
(CDCl3): d=8.00 (d, 3J=8.6 Hz, 1H), 7.70 (dd, 3J=8.0 Hz, 4J=1.5 Hz,
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1H), 7.56 (t, 3J=8.0 Hz, 1H), 7.54 (d, 3J=8.3 Hz, 1H), 7.46 (dd, 3J=
7.5 Hz, 4J=1.5 Hz, 1H), 2.50 ppm (s, 3H).


2-[2-(4-n-Butylphenyl)-6-(6-methylpyridin-2-yl)-pyrimidin-4-yl-quinolin-
8-yl acetate (5): 2-Bromoquinolin-8-yl acetate (4 ; 306 mg, 1.15 mmol)
was refluxed with 1,1,1,2,2,2-hexamethyldistannane (0.46 g, 1.4 mmol,
1.3 equiv) and tetrakistriphenylphosphinepalladium(0) (75 mg, 6.5J
10�4 mol, 0.05 equiv) in distilled toluene (23 mL) under argon for 1.5 h.
After removal of the solvent, the mixture was solubilized in fresh toluene
(15 mL), and 2-(4-n-butylphenyl)-4-chloro-6-(6-methylpyridin-2-yl)pyri-
midine (2 ; 423 mg, 1.26 mmol, 1.09 equiv) was added, together with tetra-
kistriphenylphosphinepalladium(0) (78 mg, 6.7J10�4 mol, 0.06 equiv).
The solution was refluxed under argon for 17.5 h, after which the solvent
was evaporated under vacuum. The residue was solubilized in chloroform
(45 mL) and washed successively with water (15 mL) and brine (15 mL).
The aqueous layer was extracted with chloroform (3J10 mL), and the
combined organic layers were dried (Na2SO4), filtered, and concentrated
in vacuo. A shiny white product (372 mg; 66%) was obtained after
column chromatography (SiO2, CH2Cl2/hexane 2.0:0.5) and recrystalliza-
tion (CH2Cl2/EtOH). 1H NMR (CDCl3): d=9.53 (s, 1H), 8.91 (d, 3J=
8.5 Hz, 1H), 8.66 (d, 3J=8.2 Hz, 2H), 8.57 (d, 3J=7.9 Hz, 1H), 8.39 (d,
3J=8.8 Hz, 1H), 7.80 (t, 3J=7.6 Hz, 1H), 7.81 (dd, 3J=8.1 Hz, 4J=
1.7 Hz, 1H), 7.60 (t, 3J=7.8 Hz, 1H), 7.51 (dd, 3J=7.5 Hz, 4J=1.7 Hz,
1H), 7.38 (d, 3J=8.2 Hz, 2H), 7.29 (d, 3J=7.6 Hz, 1H), 2.81 (s, 3H), 2.74
(t, 3J=7.8 Hz, 2H), 2.68 (s, 3H), 1.70 (quint. , 3J=7.8 Hz, 2H), 1.44
(sext. , 3J=7.5 Hz, 2H), 0.97 ppm (t, 3J=7.2 Hz, 3H); 13C NMR (CDCl3):
d=170.0, 164.2, 163.5, 158.1, 154.3, 154.0, 148.4, 145.8, 140.5, 137.0, 137.0,
135.5, 130.2, 128.6, 128.4, 127.1, 125.5, 124.8, 121.4, 119.5, 118.8, 111.5,
35.6, 33.5, 24.5, 22.4, 21.1, 14.0 ppm; Rf (SiO2, CH2Cl2)=0.31; m.p.
209 8C; FAB+ : m/z : 489.2 ([MH]+), 446.2 ([M�AcH]+); elemental anal-
ysis calcd (%) for C31H28N4O2·0.08CH2Cl2: C 75.36, H 5.73, N 11.32, O
6.46; found: C 75.38, H 5.55, N 11.40.


2-[2-(4-n-Butylphenyl)-6-(6-methylpyridin-2-yl)-pyrimidin-4-yl-quinolin-
8-ol (LH):[27] A solution of 20% aqueous KOH (0.5 mL) was added to 5
(51 mg, 1.04 mmol) suspended in a mixture of pyridine (2 mL) and water
(0.5 mL). The red solution was refluxed for 1 h and stirred at room tem-
perature for another 10 h. After addition of CH2Cl2 (4 mL) and water
(1 mL), the mixture was neutralized with dilute HCl and extracted with
CH2Cl2 (2J4mL). The combined organic layers were dried (Na2SO4), fil-
tered, and concentrated in vacuo. After column chromatography (SiO2,
CH2Cl2 then CH2Cl2/EtOAc 2.0:0.3) and recrystallization from CH2Cl2/
hexane, the desired alcohol (35 mg) was isolated in 76% yield. 1H NMR
(CDCl3): d=9.32 (s, 1H), 8.84 (d, 3J=8.5 Hz, 1H), 8.63 (d, 3J=8.2 Hz,
2H), 8.53 (d, 3J=7.9 Hz, 1H), 8.46 (br s), 8.34 (d, 3J=8.5 Hz, 1H), 7.79
(t, 3J=7.8 Hz, 1H), 7.52 (t, 3J=7.8 Hz, 1H), 7.40 (dd, 3J=7 Hz, 1H), 7.37
(d, 3J=8.2 Hz, 2H), 7.29 (d, 3J=8 Hz, 1H), 2.73 (s, 3H), 2.73 (t, 3J=
7.8 Hz, 2H), 1.70 (quint. , 3J=7.8 Hz, 2H), 1.39 (sext., 3J=7.5 Hz, 2H),
0.98 ppm (t, 3J=7.2 Hz, 3H); 13C NMR (CDCl3): d=164.5, 164.3, 158.5,
154.1, 152.8, 152.7, 146.0, 137.9, 137.2, 137.1, 135.4, 129.3, 128.8, 128.7,
128.4, 125.0, 120.0, 119.1, 117.9, 111.3, 110.4, 35.7, 33.6, 24.7, 22.4,
14.0 ppm; Rf (SiO2, CH2Cl2/EtOAc 2.0:0.3)=0.25; m.p. 165 8C; EI: m/z :
446.3 ([M]�); elemental analysis calcd (%) for C31H28N4O2·0.08CH2Cl2: C
77.04, H 5.82, N 12.47, O 3.53; found: C 77.00, H 5.61, N 12.42.
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2-Bromophospholide Ions: Synthesis and Theoretical Study
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Introduction


Bromoferrocenes and, more generally halogenoferrocenes,
are among the most useful synthons in ferrocene chemis-
try.[1] In phosphaferrocene chemistry, similar species are
presently unknown and their absence is a drawback when
designing an access to any functional derivative. This is all
the more detrimental because such functional derivatives
are finding increasing use in homogeneous and enantioselec-
tive catalysis.[2] Since 2-lithio-1-phosphaferrocenes cannot be
made by metalation of phosphaferrocenes,[3] the only simple
approach to 2-bromo-1-phosphaferrocenes seems to be via
the still unknown 2-bromophospholide ions whose reaction
with the appropriate iron precursors would yield the desired
bromo derivatives. These ions would additionally provide a
quite versatile entry into the chemistry of 2-functional
phospholes and, through the 2H-phospholes resulting from
their protonation,[4] to a variety of functional bicyclic phos-
phines. They would also provide access to a huge series of 2-


bromo-1-phosphametallocenes derived from metals other
than iron. However, the synthesis of such ions incorporating
both a nucleophilic center (P�) and an electrophilic center
(C�Br) appears to be rather problematic. We describe here-
after their theoretical study explaining why they can display
some stability, their successful synthesis, and their use for
the preparation of the first 2,2’-dibromo-1,1’-diphosphaferro-
cene.


Results and Discussion


Since the synthesis of 2-bromophospholide ions was obvi-
ously quite delicate, we decided first to investigate their
properties by DFT calculations.[5] These calculations were
performed at the B3LYP/6–311++G(3df,2p) level without
the lithium counterion.[6a] The reliability of the results was
first checked on the parent ion 1. The computed geometrical
parameters of 1 were compared to those recorded by X-ray
analysis for [Li(tmeda)][h5-C4Me4P] (Scheme 1).[6b]


Abstract: DFT calculations at the
B3LYP/6–311++G(3df,2p) level indi-
cate that the 2-bromophospholide ion
could be stable toward self-arylation as
a result of the lowered nucleophilicity
of the in-plane phosphorus lone pair
(the corresponding sP orbital is low-
ered by 0.7 eV compared with the cor-
responding orbital of the parent phos-
pholide ion, and the negative charge at


P is reduced from �0.435 to �0.369 e).
Accordingly, the synthesis of 2-bromo-
3,4-dimethylphospholide was success-
fully carried out by quantitative base-


induced dealkylation of 2-bromo-1-(2-
ethoxycarbonylethyl)-3,4-dimethyl-
phosphole. This ion reacts with FeCl2
to give the corresponding 2,2’-dibromo-
3,3’,4,4’-tetramethyl-1,1’-diphosphafer-
rocene as a poorly stable mixture of
meso- and rac-diastereomers in 18%
yield.
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Scheme 1. Comparison of the distances [H] and angles [8] in 1 and [Li-
(tmeda)][h5-C4Me4P].
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The agreement is quite satisfactory if we take into account
the absence of the h5-coordinated lithium ion in 1. The high-
est occupied orbitals (HOMOs) of 1 are very similar to
those proposed by Fenske and Kostic,[7] except for the order-
ing pP(HOMO)>pC>sP (in-plane lone pair). The 31P NMR
parameters were calculated at the HF/6–311+G(2d,p) level.
The absolute shielding of H3PO4 (


31P)[8] was taken from the
literature. The agreement is satisfactory: d(31P)=73.9 versus
77.2 ppm for Li-1 in THF.[9] Finally, the NICS(1)tot value


[10]


at �10.86 versus �11.3 for benzene (HF/6–311+G**) con-
firms the high aromaticity of the system in line with previ-
ous work.[11,12] This value can be compared to the value ob-
tained by Schleyer (�11.03),[10] which was computed on the
basis of a slightly different geometry (MP2(fc)/6–311+G**).


This rather positive picture gave us some confidence in
the results obtained at the same level for the 2-bromophos-
pholide ion 2. The computed structure and the Mulliken
population analysis of 2 are summarized in Scheme 2.


The bromine substitution does not drastically modify the
structure. The electron-withdrawing effect of the bromine
atom is clearly seen in the population analysis. The 31P reso-
nance is predicted to be shifted to low fields: 2 : d(31P)=
86.2 ppm. The NICS value indicates some decrease of the
delocalization at �10.19. The four highest occupied orbitals
of 2 are shown in Scheme 3.


The three highest occupied orbitals of 2 are quite similar
to those of 1. They are just shifted to lower energies, pP by
0.52 eV, pC by 0.38 eV, and sP by 0.70 eV. Thus, it is quite
clear that 2 is a poorer p donor than 1, which is already a
poorer donor than Cp� , and the stability of the h5 com-
plexes of 2 might become a problem in some cases. These
results also gave us some confidence in the potential stabili-
ty of 2. Such a species could indeed polymerize by self-ary-
lation (P� + C�Br). The fact that the phosphorus lone pair
is substantially lower in energy
in 2 than in 1, combined with
the reduced charge at P
(�0.435 in 1 versus �0.369 in
2), suggests that 2 can be isolat-
ed in the absence of arylation
catalysts. Accordingly, we first
investigated the reaction of lith-
ium in THF with the already
described 1-phenyl-2-bromo-
3,4-dimethylphosphole.[13] A
complete debromination was


observed and the sole product of the reaction is the 3,4-di-
methylphospholide ion. Since a radical mechanism is in-
volved in the cleavage of the P�Ph bond of phospholes by
alkali metals,[14] this result is not very surprising. We thus de-
cided to use an approach that avoids this radical mechanism.
Instead it relies on the base-induced dealkylation of 1-(2-
ethoxycarbonylethyl)-phospholes.[15] The necessary starting
product 7 was prepared in 53% overall yield as shown in
Scheme 4.


The reaction of the 3,4-dimethylphospholide ion with
BrCH2CH2CO2Et in THF at �50 8C affords the expected
functional phosphole (d(31P)=�6.8 ppm) whose oxidation is
performed by dry meta-chloroperbenzoic acid in dichloro-
methane at �50 8C (3 : d(31P) =57.2 ppm). Contrary to what
was observed with the P-phenyl derivatives,[13] the bromina-
tion of 3 mainly produces the 4,5-dibromo derivative 4
(Scheme 4). The 2,5-dibromo derivative is only a minor by-
product. The structure of 4 was easily established by inspec-
tion of the 13C NMR spectrum (CDCl3). The CHBr group
resonates at d=57.06 ppm (1JC,P=60.3 Hz), the CBr group at
d=70.90 ppm (2JC,P=17.4 Hz), the =CH group at d=


123.41 ppm (1JC,P=91.6 Hz), and the b-olefinic C atom at d=


Scheme 2. Left: The computed distances [H] and angles [8] in 2 ; right:
Mulliken population analysis for 2.


Scheme 3. Kohn–Sham orbitals of 2-bromophospholide (isovalue =


0.02).


Scheme 4. Synthesis of 8 and its conversion to 9.
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167.25 ppm (2JC,P=11.9 Hz). The negligible 2J(P,CHa) cou-
pling means that the a-bromine is cis to the P=O group.[16]


As expected, the 31P resonance of the 2-bromophosphole 7
is shifted downfield compared to that for the 2H-derivative
(7 d(31P)=6.5 ppm in CDCl3). The


13C resonance of the a-
CBr group appears at higher field and displays a stronger
coupling with phosphorus than the a-CH resonance: CBr: d-
(13C)=121.84 (1JC,P=17.3 Hz), CH: d(13C)=125.25 (1JC,P=
9.8 Hz). The dealkylation reaction in which 7 is converted
into 8 is quantitative and no debromination was observed.
The anion 8 shows a 31P resonance at d(31P)=71.6 ppm, that
is, +15.8 ppm downfield from the 3,4-dimethylphospholide
ion.[9] This downfield shift is in line with the prediction
made for 2 versus 1 (Dd=++12.3). The characterization of 8
was completed by methylation and sulfurization, leading to
9. In a preliminary non-optimized experiment, the reaction
of 8 with FeCl2 in THF at room temperature yielded the ex-
pected 2,2’-dibromo-1,1’-diphosphaferrocene as a 1:1 mix-
ture of two diastereomers 10a,b in 18% yield. (Scheme 5)


The product appears not to be stable upon standing. It
shows the expected 31P resonances at high fields [d(31P)=
�67.8 (dm, 2JP,H=36.5 Hz) and �60.3 ppm (d, 2JP,H=36.3 Hz)
in CD2Cl2] versus d=�72 ppm for the non-brominated di-
phosphaferrocene.[17] In the mass spectrum (EI), the molecu-
lar peak (m/z 437) is also the base peak. The proton spec-
trum shows a doublet at d=3.58 (2JH,P=36.6 Hz), and a dou-
blet of multiplets at d=3.71 (2JH,P=36.6 Hz). This positive
result gives us confidence in the possible development of
new avenues in phosphametallocene chemistry.


Experimental Section


NMR spectra were recorded on a multinuclear Bruker Avance 300-MHz
spectrometer operating at 300.13 for 1H, 75.47 for 13C, and 121.50 MHz
for 31P. Chemical shifts are expressed in ppm downfield from internal tet-
ramethylsilane (1H and 13C) and external 85% aqueous H3PO4 (31P).
Mass spectra were obtained at 70 eV with an HP 5989B spectrometer by
the direct inlet method. P(CH2CH2CN)3 was purchased from Cytec In-
dustries.


1-(2-Ethoxycarbonylethyl)-3,4-dimethylphosphole oxide (3): 3,4-Dimeth-
yl-1-phenylphosphole (10 g, 10 mL)[18] in dry THF (170 mL) was allowed
to react with Li wire (0.5% of Na) (0.8 g) at room temperature under ni-
trogen. The formation of the 3,4-dimethylphospholide was monitored by
31P NMR spectroscopy (d(31P)=53.9 ppm). After completion of the
cleavage reaction (ca.1.5 h), dry AlCl3 (1.2 g) was slowly added at 0 8C
and the reaction mixture stirred overnight. Ethyl 3-bromopropionate
(9.25 mL) in THF (100 mL) was then added dropwise at �50 8C. The out-
come of the reaction was monitored by 31P NMR spectroscopy (phosp-
hole: d(31P)=�6.8 ppm). The crude solution was evaporated, the residue
dissolved in dry dichloromethane and cooled to �50 8C. Metachloroper-


benzoic acid (13 g, dried over MgSO4 in CH2Cl2) was added dropwise
and the oxidation monitored by 31P NMR spectroscopy (3 : d(31P)=
57.2 ppm). The crude solution was washed with an aqueous solution of
sodium thiosulfate, then with an aqueous solution of sodium bicarbonate,
then dried over MgSO4. The phosphole oxide 3 tends to undergo a [4+2]
Diels–Alder dimerization and must be used at once.


Bromination of 3: synthesis of 4,5-dibromo-1-(2-ethoxycarbonylethyl)-
3,4-dimethylphosphol-2-ene oxide (4): A mixture of pyridinium tribro-
mide (21.5 g) and pyridine (20 mL) in dichloromethane (100 mL) was
added dropwise at room temperature to a solution of 3 in dichlorome-
thane (100 mL), prepared as described above. The reaction is instantane-
ous and can be monitored by 31P NMR spectroscopy (4 : d(31P)=
44.7 ppm). The solution was washed with an aqueous solution of sodium
thiosulfate, then with 3n HCl (100 mL), then with water until neutral,
and then dried over MgSO4. The product displays a limited stability. It
was purified by chromatography over silica gel with ethyl acetate as the
eluent. 31P NMR (CH2Cl2): d=44.1 ppm; 1H NMR (CDCl3): d=1.19 (t,
3H, Me (OEt)), 1.96 (s, 3H, Me), 2.19 (s, 3H, Me), 2.22 (m, 2H, CH2),
2.70 (m, 2H, CH2), 4.08 (q, 2H, CH2 (OEt)), 4.60 (s, 1H, CHBr),
6.16 ppm (d, 2JH,P=21 Hz, 1H, CH=); 13C NMR (CDCl3): d=16.30 (s,
Me), 21.36 (d, JC,P=15.5 Hz, Me), 26.28 (d, JC,P=74.2 Hz, PCH2), 28.77
(d, JC,P=4.5 Hz, CH2), 34.04 (s, Me), 57.06 (d, JC,P=60.3 Hz, CHBr),
63.19 (s, OCH2), 70.90 (d, JC,P=17.4 Hz, CBr), 123.41 (d, JC,P=91.6 Hz,
CH=), 167.25 (d, JC,P=11.9 Hz, C=), 174.20 ppm (d, JC,P=9.9 Hz, C=O);
MS: m/z (%): 388 ([M]+ , 20), 306 ([M�HBr], 65).


4,5-Dibromo-1-(2-ethoxycarbonylethyl)-3,4-dimethylphosphol-2-ene sul-
fide (5): The sample of 4 obtained as described above was stirred over-
night with P4S10 (12 g) in dichloromethane. Monitoring the reaction mix-
ture by 31P NMR spectroscopy showed the complete transformation of 4
into 5 (5 : d(31P)=56.7 ppm). The solution was filtered over a layer of
silica gel to remove unreacted P4S10, and the product was purified by
chromatography with hexane/diethyl ether 80:20. 31P NMR (CDCl3): d=
58.1 ppm; 1H NMR (CDCl3): d=1.02 (t, 3H, Me (OEt)), 1.76 (s, 3H,
Me), 2.00 (d, JH,P=1.5 Hz, 3H, Me), 2.08 (m, 2H, CH2), 2.57 (m, 2H,
CH2), 3.91 (q, 2H, CH2 (OEt)), 4.59 (d, JH,P=4.5 Hz, 1H, CHBr),
5.96 ppm (d, 2JH,P=24 Hz, 1H, CH=); 13C NMR (CDCl3): d=12.82 (s,
Me), 18.29 (d, JC,P=14.8 Hz, Me), 25.92 (d, JC,P=3.2 Hz, CH2), 27.05 (d,
JC,P=55.4 Hz, PCH2), 29.03 (s, Me), 57.42 (d, JC,P=44 Hz, CHBr), 59.84
(s, OCH2), 68.72 (d, JC,P=17.4 Hz, CBr), 120.19 (d, JC,P=75.3 Hz, CH=),
160.62 (d, JC,P=8.7 Hz, C=), 170.66 ppm (d, JC,P=10.2 Hz, C=O); MS: m/
z (%): 404 ([M]+ , 15), 324 ([M�HBr], 65).


2-Bromo-1-(2-ethoxycarbonylethyl)-3,4-dimethylphosphole sulfide (6): A
solution of tBuOK (6.5 g) in ethanol (150 mL) was added dropwise at
0 8C to the sample of 5 obtained as described previously in solution in
dry dichloromethane (500 mL). After monitoring the reaction mixture by
31P NMR spectroscopy, hydrolysis was carried out with 3n HCl at 0 8C.
After decantation, extraction of the aqueous phase with dichlorome-
thane, and washing of the organic phase with brine, the organic solution
was dried over MgSO4.


31P NMR (CDCl3): d=54.1 ppm; 1H NMR
(CDCl3): d=1.16 (t, 3H, Me (OEt)), 1.98 (s, 3H, Me), 2.08 (s, 3H, Me),
2.16 (m, 2H, CH2), 2.50 (m, 2H, CH2), 4.02 (q, 2H, CH2 (OEt)),
6.08 ppm (d, 1H, 2JH,P=31 Hz, CH=); 13C NMR (CDCl3): d=15.37 (s,
Me), 16.90 (d, JC,P=12.8 Hz, Me), 19.82 (d, JC,P=15.8 Hz, Me), 27.06 (d,
JC,P=53.6 Hz, PCH2), 28.41 (s, CH2), 61.87 (s, OCH2), 119.75 (d, JC,P=
83 Hz, BrC=), 122.64 (d, JC,P=77.7 Hz, HC= ), 150.10 (d, JC,P=27.2 Hz,=
CMe), 154.92 (d, JC,P=12.0 Hz, =CMe), 172.53 ppm (d, JC,P=14.3 Hz, C=
O); MS: m/z (%): 323 ([M]+ , 37).


2-Bromo-1-(2-ethoxycarbonylethyl)-3,4-dimethylphosphole (7): The
sample of 6 obtained as previously described was dissolved in toluene
(200 mL), P(CH2CH2CN)3 (11 g) was added and the mixture was refluxed
for 4 h. After the mixture had been cooled, the solution was filtered
through a sintered glass with a layer of silica gel. Evaporation of the sol-
vent yielded orange crystals of 7 (8.2 g, 53% overall yield from the start-
ing phosphole). 31P NMR (CDCl3): d=6.5 ppm; 1H NMR (CDCl3): d=
1.11 (t, 3H, Me (OEt)), 1.92 (d, JH,P=2.5 Hz, 3H, Me), 2.00 (dd, 3H,
Me), 1.93–2.10 (m, 4H, CH2), 3.97 (q, 2H, CH2 (OEt)), 6.13 ppm (d,
2JH,P=38.8 Hz, 1H, CH=); 13C NMR (CDCl3): d=13.21 (s, Me), 15.58 (s,
Me), 16.84 (d, JC,P=17.3 Hz, PCH2), 17.92 (s, Me), 28.20 (s, CH2), 59.41


Scheme 5. Synthesis of the phosphaferrocene derivatives 10a,b.
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(s, OCH2), 121.84 (d, JC,P=17.3 Hz, BrC=), 125.25 (d, JC,P=9.8 Hz, HC=),
145.65 (d, JC,P=9.8 Hz, =CMe), 149.13 (d, JC,P=4.5 Hz, =CMe),
171.58 ppm (d, JC,P=5.3 Hz, C=O); MS: m/z (%): 290 ([M]+ , 100).


2-Bromo-1,3,4-trimethylphosphole sulfide (9): Phosphole 7 (0.29 g, 1Q
10�3 mol) in THF (100 mL) was treated by tBuOK (0.12 g, 1Q10�3 mol)
at 0 8C. The reaction is instantaneous and can be monitored by 31P NMR
spectroscopy (8 : d(31P)=71.6 ppm (d, 2JP,H=41.5 Hz)). Methyl iodide
(0.07 mL, 1.1Q10�3 mol) was then added at 0 8C. The reaction is almost
instantaneous and can be monitored by 31P NMR spectroscopy (2-bromo-
1, 3,4-trimethylphosphole: d(31P)=�3.8 ppm (d, 2JP,H=39.2 Hz)). Sulfur
(0.1 g) was then added and the mixture was heated at 40 8C for 1.5 h.
After evaporation, the organic residue was chromatographed with di-
chloromethane. 9 : yellow solid, yield 0.15 g (63%). 31P NMR (CH2Cl2):
d=48.4 ppm; 1H NMR (CDCl3): d=1.72 (d, JH,P=14 Hz, 3H, P-Me),
1.96 (d, JH,P=2.1 Hz, 3H, Me), 2.07 (dd, 3H, Me), 6.12 ppm (dd, 2JH,P=


31.3 Hz, 1H, CH=); 13C NMR (CDCl3): d=16.10 (d, JC,P=10.3 Hz, Me),
18.51 (d, JC,P=55.3 Hz, PMe), 19.12 (d, JC,P=16.1 Hz, Me), 120.92 (d,
JC,P=85.4 Hz, BrC=), 123.14 (d, JC,P=79.7 Hz, HC=), 148.17 (d, JC,P=
28 Hz, =CMe), 153.78 ppm (d, JC,P=12.6 Hz, =CMe); MS: m/z (%): 235
([M]+ , 70), 157 ([M�Br], 100).


2,2’-Dibromo-3,3’,4,4’-tetramethyl-1,1’-diphosphaferrocene (10a,b):
Phosphole 7 (0.33 g, 1.1Q10�3 mol) in THF (100 mL) was treated by
tBuOK (0.13 g, 1.1Q10�3 mol) at room temperature. To this solution was
added dry FeCl2 (0.08 g). The reaction mixture was stirred for 0.5 h at
room temperature. After evaporation, the residue was extracted with
hexane/dichloromethane 90:10 and filtered on florisil. Yield 89 mg
(18%), orange oil. 31P NMR (CD2Cl2): d=�67.8 and �60.3 ppm;
1H NMR (CD2Cl2): d=2.02 (s, 6H, Me), 2.07 (s, 6H, Me), 2.12 (2 s, 12H,
Me), 3.58 (d, 2JH,P=36.6 Hz, 2H), 3.71 ppm (dm, 2JH,P=36.6 Hz, 2H);
MS: m/z (%): 437 ([M]+ , 100).
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Origin of Green Emission From Polyfluorenes: Synthesis, Self-Assembly, and
Photophysical Properties**
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Introduction


In the development of polymer light-emitting diodes
(LEDs), blue-light emission is of particular importance.[1]


Among the limited number of conjugated polymers that
have been identified as promising materials for polymer
LEDs emitting blue light, the 9,9-disubstituted poly(2,7-fluo-
rene)s (PFs) exhibit high quantum efficiencies in photolumi-


nescence (PL) and electroluminescence (EL).[2] High EL
brightness can be achieved at acceptable thermal stabili-
ty.[1c,d] Since all of these physical parameters can be opti-
mized by chemical modification and copolymerization, the
whole family of polymers has received interest as materials
for blue-emitting LEDs and displays.[3] Moreover, PFs can
also serve as host material, and the full gamut of colors
(blue, green, and red) can be produced through energy
transfer to longer wavelength emitters in blends with other
conjugated polymers and/or with phosphorescent dyes.[4] A
significant drawback that presents widespread application is
the lack of stability of the polymers during operation of the
light-emitting diodes (PLEDs).[5] Photooxidation plays an
important role in the lifetime of PLEDs fabricated from
conjugated polymers.[6] Most of PLEDs prepared from PFs
suffer from degradation and consequently loss of efficiency
under operation, which is most visibly documented in the
formation of a low energy emission band in the “green” at
2.2–2.4 eV (520–560 nm). As a result, the desired blue emis-
sion shifts towards blue-green (and even yellow).[2] This un-


Abstract: Oligofluorenes (a trimer,
pentamer, and heptamer) with one fluo-
renone unit in the center (OFnK : n=3,
5, or 7) were synthesized and used as
models to understand the origin of the
low-energy emission band in the photo-
luminescence and electroluminescence
spectra of some polyfluorenes. All
compounds form glasses with Tg at
30 8C (OF3K), 50 8C (OF5K) and 57 8C
(OF7K). Oligomers OF5K and OF7K
exhibit smectic liquid crystal phases
that undergo transition to isotropic
melts at 107 and 205 8C, respectively.
Oligomer OF5K could be obtained in
form of single crystals. The X-ray struc-


ture analysis revealed the helical
nature of the molecule and a helix re-
versal defect located at the central fluo-
renone unit. The packing pattern pre-
cludes formation of excimers. Electro-
chemical properties were investigated
by cyclic voltammetry. The ionization
potential (Ip) and electron affinity (Ea)
were calculated from these data. Stud-
ies of the photophysical properties of
OFnK in solution and thin film by


steady-state and time-resolved fluores-
cence spectroscopic measurements sug-
gest efficient funneling of excitation
energy from the photoexcited fluorene
segments to the low-energy fluorenone
sites by both intra- and intermolecular
hopping events whereby they give rise
to green emission. Intermolecular
energy transfer was investigated by
using a model system composed of a
highly defect free polyfluorene PF2/6
doped by OFnK. Fçrster-type energy
transfer takes place from PF2/6 to
OFnK. The energy-transfer efficiency
increases predictably with increasing
concentration of OFnK.
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desired long wavelength emission is observed[7] after both
thermal- and photooxidation of the polymer in both PL and
EL spectra, but it is typically more intense in the latter.[8]


The origin of the additional green emission band has been
controversially discussed. Initially, the long wavelength
(“green”) emission had been attributed to spontaneous for-
mation of aggregates in the ground state and/or excimer for-
mation that is aggregates in the photoexcited state.[9]


Following this line of thinking several attempts have been
made to stabilize the blue emission of PFs by means of a
chemical modification that would prevent the pairing of the
chromophores by steric hindrance. Modifications including
addition of bulky side groups,[9f, 10] bulky end groups,[11] co-
polymerization (including incorporation of benzothiadiazole,
perylene, and anthracene moieties into the PF main chain
and through end-capping),[1i, 12] dendronization,[13] and blend-
ing[3,14] have been tried. None of these approaches has suc-
ceeded to satisfactorily prevent or suppress the green EL.
Pure blue emission was obtained from PF-based LEDs
doped with a small concentration of hole-transporting (HT)
molecules.[3,15] However, in such blends the device stability
is limited by slow phase-separation. Thus, it remains a chal-
lenge to create long-lived, pure blue EL from PF-based
LEDs.


However, an alternative explanation was recently put for-
ward, claiming that emission from isolated fluorenone-type
defects in polyfluorene chains rather than intermolecular ag-
gregates or excimers are responsible for the emission in the
green band. It was proposed that these fluorenone moieties
are formed either from defects already present in the poly-
mer when monoalkylated fluorenes were present as impuri-
ties during polymerization and became incorporated into
the polymer, or later by thermal-, photo-, or electrooxida-
tive degradation processes of almost any PFs,[16] for example,
9,9-dialkylated polyfluorenes (DA-PF). The main evidence
for this suggestion was the observation of 1) the green emis-
sion band in very dilute solutions of fluorene oligomers and
polymers[16c] and fluorenone-containing copolymers,[16d] 2)
the lack of any significant concentration dependence of the
green emission band in solutions of fluorenone-containing
copolymers, and 3) the pronounced vibronic structure of the
green emission band from thin films of fluorenone–fluorene
copolymers at low temperatures.[16d] The tendency of 9-
monoalkyl polyfluorenes (MA-PF) to undergo facile autoxi-
dation is a proven fact. Pristine 9-monoalkylated MA-PF
was already found to contain 9-fluorenone defect sites after
polymer synthesis.[16a]


The incorporation of the fluorenone defect sites in MA-
PF dramatically changes the emission properties of the poly-
mer. The low-energy emission (“green”) band is dominant
in the emission spectra. The energetic position of the low-
energy emission band at about 2.3 eV in MA-PF is very sim-
ilar to the low-energy emission band of the fluorenone
building block in statistical dialkylfluorene/fluorenone co-
polymers.[17, 18]


It is also similar to the emission band of photooxidized
(photodegradated) fluorene-endcapped poly(9,9-dihexyl-


fluorene-2,7-diyl) (PF6) as demonstrated in the litera-
ture.[7,19] In this light, the often favored interpretation that
the low-energy emission band in PF is associated with aggre-
gate or excimer formation is at the very least questionable.
A recent study which used a “trimer” (2,7-bis(2’-9’,9’-dihex-
ylfluorenyl)-9-fluorene) with a keto group in the central unit
also came to the conclusion that the green emission origi-
nates from the keto defect site.[20] However, in this report,
structural data indicating the geometry of the oligomer in
the ground state and the fact that the higher oligomers ex-
hibit liquid crystallinity was missed.


It is interesting to note that the contribution of keto
defect sites to the emission is more pronounced in electrolu-
minescence when compared to photoluminescence.[21] The
reason behind this observation is the presence of two simul-
taneous processes that contribute to the low-energy emis-
sion: 1) energy transfer from the singlet excitons on the PF
main chain to keto defect sites and 2) trapping of charge
carriers at the fluorenone defect sites followed by subse-
quent emissive recombination events. The second process is
improbable in PL experiments and increases the contribu-
tion of the defect-site-related low-energy EL band in the EL
experiment.


Further, recent theoretical studies taking fluorenone-con-
taining oligomers into account substantiate the view that the
green emission originates from the fluorenone moieties as a
consequence of efficient energy transfer to these sites and
strong localization of the excitons on the fluorenone units.[22]


As a contribution to this ongoing discussion and with the
aim to understand better the mechanisms of color change of
the emission owing to degradation,[2,23] highly pure monodis-
perse oligofluorenes (trimer, pentamer, and heptamer) with
keto defects incorporated in the center of the molecule are
used as models to pinpoint the origin of the green emission.
Their electronic properties studied by UV-visible spectrosco-
py and cyclic voltammetry will be discussed in the following
together with their photophysical properties, which were in-
vestigated by steady-state and time-resolved fluorescence
measurements both on the pure oligomers and their blends
with the corresponding poly(9,9-bis(2-ethylhexyl)fluorene-
2,7-diyl) (PF2/6). Their thermal behavior and structure in
the bulk were also studied by differential scanning calorime-
try (DSC), polarized optical microscopy (POM), and single-
crystal structure analysis.


Results and Discussion


Synthesis : The synthesis of the oligofluorenes with a central
fluorenone unit is shown in Scheme 1. The monobromides
of the fluorenyl monomer, dimer, and trimer (1a–c) with 2-
ethylhexyl side chains in the 9-position of the fluorene unit
were prepared according to our previous report.[24] This sub-
stitution pattern was chosen to ensure complete miscibility
with the corresponding polyfluorene. The palladium-cata-
lyzed Miyaura reaction[25] was used to transform the bro-
mides to the boronates (2a–c) in high yield. The target
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products namely trimer, pentamer, and heptamer (OF3K,
OF5K, and OF7K, respectively) with one fluorenone unit
in the center were then prepared by Suzuki coupling be-
tween the monoboronate fluorenyl oligomers 2a–c with 2,7-
dibromofluorenone. All compounds were purified by stan-
dard column chromatography and their structure was con-
firmed by field desorption mass spectrometry (FD-MS) and
1H or 13C NMR spectra (see Figures 1–4 in the Supporting
Information).


Thermal behavior and crystal structure : The thermal stabili-
ty of the oligofluorenes with one fluorenone group is similar
to that of homo-oligofluorenes.[24,26] The thermal gravimetric
analysis (TGA) of OF3K, OF5K, OF7K under nitrogen
does not show a change in mass up to 370 8C. The DSC
traces (measured in a nitrogen atmosphere) shown in
Figure 1 clearly exhibit the glass transition for all of the
oligomers OF3K (29.8 8C), OF5K (49.8 8C), and OF7K
(57.1 8C), followed by an endothermic transition for OF5K
(106.8 8C) and OF7K (204.6 8C) upon heating. The latter is
identified as a transition from the liquid crystalline phase to
the isotropic melt, as was confirmed by polarized optical mi-


croscopy. Thin films of OF5K and OF7K exhibit typical
Schlieren patterns (see Figure 5 in the Supporting Informa-
tion), which could be observed during slow cooling from the
isotropic phase. The Schlieren texture as well as the very
small enthalpy of transition (DHiso is �0.74 Jg�1 for OF5K,
�0.77 Jg�1 for OF7K) are consistent with the occurrence of
a smectic liquid crystalline phase.


Single crystals of the pentamer OF5K were obtained
from a solution of the sample in dichloromethane by slow
dilution with ethanol. The material crystallizes in a mono-
clinic unit cell (P21/c) with a=23.40, b=19.07, c=24.32 M;
a=90, b=94.90, g=908 ; Z=4, V=10810.9 M3, and 1calcd=


1.15 gcm�3. As this point we need to recall that as-synthe-
sized OF5K is actually a mixture of stereo isomers, since a
racemic mixture of 2-ethylhexyl bromides was employed in
the synthesis of the monomer fluorene derivative. The re-
sulting and inherent disorder in the side-chain region of the
oligomers enhances their solubility without disturbing the
electronic properties. We did not attempt to separate the
isomers and, in fact, the mixture of isomers undergoes crys-
tallization without fractionation. However, the disorder in
the side-chain region has the consequence that the ratio of
observed over possible reflections amounts to roughly 0.1.[27]


The number of strong and independent reflections is large
enough to resolve the structure of the backbone with confi-
dence, while the presence of the side chains is only seen as
an electron density cloud. The conformation of the back-
bone alone is shown in Figure 2A as a projection onto the
plane of the central fluorenone group. A helixlike structure
is observed with rotation angles between adjacent fluorenyl
elements near 1448 ; this is being the ideal value expected
for the 52-helix that was identified as the structural element
in the crystalline polymer PF2/6.[28] However, this conforma-
tion is disrupted in the vicinity of the fluorenone group, that
is, between ring 3 and ring 4 the rotation is reversed. The
reason for this type of conformational defect associated to
the chemical defect in terms of the fluorenone group is un-
known.


Figure 2B shows a projection of the crystal structure onto
the ac plane. The precise position of the side chain segments


Scheme 1. The synthesis of oligofluorenes with central fluorenone unit.


Figure 1. DSC traces of OF3K, OF5K, and OF7K (second heating and
cooling at 10 Kmin�1).
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remains unknown for the reasons explained above. The sa-
lient features of the packing of the oligomers are revealed
in this projection. Rows of oligomers are inclined by 308
with regard to the c axis and the distance between adjacent
rows is maintained by the space-filling aliphatic side groups.
This feature is even better seen in the projection along the
long axes of the oligomers shown in Figure 2C. Both projec-
tions indicate that although pairs of the helixlike molecules
are packed in a distance in the range of van der Waals pack-
ing distance (3.8–4.0 M, indicated by the arrow in Fig-
ure 2C), this packing is not an arrangement that can support
excimer formation, as the planes of the fluorenes and fluore-
nones are neither parallel nor at close overlap. The dipolar
coupling among fluorenone units gives rise to a packing
characterized by a center of symmetry that relates adjacent
oligomers crystallographically. Figure 2B also explains why
the liquid crystal phase observed for these oligomers is,
most probably, of the smectic type characterized by layers
with the director axes of the molecules inclined to the layer
plane.


Photophysical properties of OFnK


Steady-state UV-visible absorption and fluorescence : Steady-
state UV-visible absorption and fluorescence spectra of


OFnK dissolved in chloroform at the same fluorenyl unit
concentration of 1.0P10�5


m are shown in Figure 3. The data
extracted from these spectra and from spectra in a series of
other solvents differing in polarity are collected in Table 1.
In addition, the data of thin films (bulk state) of the oligo-
mers are also given. The spectra of unsubstituted fluorenone
are given in Figure 3 as well as a reference.


The OFnK exhibit a strong absorption peak related to the
p–p* transition as observed in homo-oligofluorenes,[24] to-
gether with an additional broad absorption band at longer
wavelengths (n–p* of the fluorenone unit; Figure 3 top). If
the absorption spectra of OF3K–OF7K are normalized with
regard to the intensity of the maximum of the absorption,
the intensities of the fluorenone absorption bands decrease
with the molecular size from OF3K–OF7K, because the
amount of fluorenone component per molecule decreases
with the chain length. The maximum of the absorption
bands become red-shifted with increasing number (n) of
fluorene units per molecule from OF3K (lmax(abs)=350 nm,
3.54 eV) to OF7K (lmax(abs)=371 nm, 3.34 eV). The molar
extinction coefficients (e) of OF3K–OF7K at the absorption
peak of p–p* transition and n–p* transition in chloroform,
as well as in a series of less polar solvents are shown in
Table 2. The value of ep–p* increases linearly with increasing
of chain length from OF3K to OF7K. The increment is ap-


Figure 2. The single-crystal structure of the pentamer (OF5K). A) the conformation of the backbone without the aliphatic side-chains, the torsional
angles between planes of adjacent fluorene/fluorenone units are indicated; B) the 3D packing projected on the ac plane. Note the stacking angle of 308
with regard to the c axis; C) the 3D packing structure projected along the molecular long axis. The molecules are packed in a distance in the range of
van der Waals packing distance (3.8–4.0 M, indicated by the arrow in the amplified Figure in frame).
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proximately 34700 Lmol�1 cm�1 per two fluorenyl units. In
contrast with ep–p*, the magnitude of en–p* does not show an
additivity rule. However, we note that the magnitude of en–p*


is still chain-length dependent; for example, going from
OF3K to OF7K in chloroform is associated with e going
from 3900 to 7600 Lmol�1 cm�1. With all caution one could
postulate that the en–p* will saturate at further increase of n
very soon. Zojer et al. predicted in a recent paper[22a] that en–


p* should not be dependent on n, but we cannot support this
from our data. It is worth mentioning that Zojer et al. based
their calculations on a molecular geometry of the ground
state, which is also contradicted by our X-ray result (see
above). In particular, the presence of the fluorenone group
creates a helix reversal defect in the ground state that
should be considered in further theoretical work aiming for
detailed understanding of spectral features.


The fluorescence spectra of the same compounds in
chloroform are shown in Figure 3 (bottom). The wavelength
of the exciting light was fixed at the absorption maxima. A
very strong unstructured yellow-green emission band accom-
panied by a weak blue emission was observed for OF3K–
OF7K. The very weak blue emission with a well-resolved vi-
bronic structure can be assigned to the 0–0, 0–1, and 0–2 ex-
cited singlet to ground state transitions.[2b,29] The emission
band at lower energies is very similar to the “green” emis-
sion band observed in the photoluminescence and electrolu-
minescence spectra of polyfluorenes. The maxima of the
emission bands are red-shifted with increasing number (n)
of fluorene units per molecule from OF3K (lmax(emi)=


584 nm, 2.12 eV) to OF7K (lmax(emi)=596 nm, 2.08 eV). For
fluorenone monomer (OF1K), the emission maximum
occurs at 512 nm (2.42 eV).


The UV-visible absorption spectra of thin films of the
compound OF3K–OF7K on quartz substrates are practical-
ly identical to those obtained from solutions except for a
slight blue-shift, as listed in Table 1. However, their PL spec-
tra in thin films are much more blue-shifted than those ob-


tained from solutions of the
oligomers in chloroform
(540 nm vs 580–590 nm; see
Figure 6 in the Supporting In-
formation).


It is known that the energy
level of the photoexcited state
of chromophores containing
both electron-donating and
-withdrawing groups can be af-
fected by solvation.[30] Both
the peak position and the
shape of the fluorescence spec-
tra can be influenced by solva-
tion. This is also found for the
set of oligomers OFnK. For
example, the normalized fluo-
rescence spectra of OF5K in
methylcyclohexane (MeCy),
toluene, 2-methyltetrahydro-


Figure 3. Steady-state UV-visible absorption (top) and fluorescence
(bottom) spectra of fluorenone, OF3K, OF5K, and OF7K measured in
chloroform (fluorene unit concentration=1P10�5


m) at room tempera-
ture.


Table 1. A summary of UV-visible absorption (lmax(abs)) and fluorescence (lmax(emi)) data for OF3K–OF7K in
various solvents and as solid film on a quartz plate.


Solvent OF3K OF5K OF7K
lmax(abs)


[nm(eV)]
lmax(emi)


[nm(eV)]
lmax(abs)


[nm(eV)]
lmax(emi)


[nm(eV)]
lmax(abs)


[nm(eV)]
lmax(emi)


[nm(eV)]


CHCl3 350 (3.54) 584 (2.12) 366 (3.39) 594 (2.09) 371 (3.34) 596 (2.08)
toluene 349 (3.55) 532 (2.33) 365 (3.40) 535 (2.32) 371 (3.34) 535 (2.32)
2-MeTHF 348 (3.56) 532 (2.33) 364 (3.41) 537 (2.31) 370 (3.35) 536 (2.31)
methylcyclohexane 346 (3.58) 507 (2.45) 362 (3.43) 512 (2.42) 368 (3.37) 512 (2.42)
film 348 (3.56) 543 (2.28) 365 (3.40) 541 (2.29) 370 (3.35) 548 (2.26)


Table 2. Molar extinction coefficients (emax) at the absorption peak of p–p* transition and n–p* transition
from various solutions.


ep–p* [10�2 Lmol�1 cm�1] en–p* [10�2 Lmol�1 cm�1]
CHCl3 toluene 2-MeTHF MeCy CHCl3 toluene 2-MeTHF MeCy


OF3K 638 632 675 661 39 42 45 42
OF5K 1329 1318 1404 1360 65 73 76 80
OF7K 2026 2016 2128 2130 76 85 94 90
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furan (2-MeTHF), and chloroform are shown in Figure 4.
The relevant data are listed in Table 1 (see also Figure 7 in
the Supporting Information for OF3K and OF7K). The
molar extinction coefficients e of OF3K–OF7K for the ab-


sorption peaks of the p–p* and n–p* transitions show little
dependence on solvent polarity (Table 2). The wavelength
of the absorption maximum is slightly red-shifted with in-
creasing solvent polarity. This indicates a positive solvato-
chromic response.[31] For example, in the case of OF5K we
find a maximum solvatochromic shift of only 0.04 eV going
from chloroform to MeCy as solvent. Similar behavior has
been observed for donor–acceptor-substituted terthio-
phenes,[32] donor–acceptor oligomer 3,6-[bis(4-phenyl-2-
quinolyl)]-9-methylcarbazole, and 3,7-[bis(4-phenyl-2-quin-
olyl)]-10-methylphenothiazine,[33] in which the same trend
was rationalized as a consequence of an intramolecular
charge transfer.


The fluorescence spectra of OFnK are very sensitive to
the polarity of the solvent. For example, the wavelength of
the emission maximum of the fluorescence spectra of OF5K
(1P10�6


m) shifts from 512 to 594 nm when going from
MeCy as the least polar to chloroform as the most polar sol-
vent (see Table 1). Consequently the Stokes shift increases
with increasing polarity of the solvent. This indicates that
the dipole moment of the photoexcited state is larger than
that of the ground state.[34] It is also worth mentioning that
the vibronic substructure of the emission becomes washed


out as the polarity of the solvent increases. This effect is
clearly seen in Figure 4 and it goes along with the observa-
tion that the full width at half-maximum (fwhm) of the
emission for all oligomers increases from 82 (in MeCy, tolu-
ene, 2-MeTHF) to 100 nm (in chloroform). This results from
local and time-dependence variations of the solvent environ-
ment of the chromophores.[34] The literature associates such
phenomena with intramolecular charge transfer occurring
within the excited molecule.[35]


The fluorescence intensities decrease going from nonpolar
solvents to polar solvents (see the inset in Figure 4). As the
energy of the excited state is lowered by solvation in polar
solvents, the radiationless transition to the ground state gen-
erally become faster; at the same time the corresponding ra-
diative transition, which depends on the third power of the
frequency, will become slower. This line of thought gives a
general rational explanation for the quenching action of
polar solvents only if the excited state is more polar than
the ground state.


Time-resolved fluorescence (TRF): To further understand
the photophysics of OFnK, time-resolved fluorescence
measurements were conducted by using a streak camera and
gated detection technique at room temperature and at 77 K.


The fast time-resolved fluorescence spectra of OF5K as
thin film and in solution are shown in Figure 5. A broad
green emission band with maximum approximately at
2.30 eV (540 nm) was detected both in the mixed solvent
toluene/MeCy and in the bulk at room temperature. This
emission band matches exactly the previously reported
“green” PL and EL band in blue-emitting polyfluorenes.[2]


The strong “green” emission is accompanied by a weak blue
emission when OF5K was excited at 370 nm in 2-MeTHF
(Figure 5 bottom). The blue emission grows weaker at 77 K.
The shape of the “green” emission of OF5K shows little de-
pendence on the wavelength of the exciting light as demon-
strated by Figure 5 (bottom) for 430 and 370 nm wave-
lengths of excitation.


At 77 K, the green emission band with well-resolved
structure with peaks at approximately (2.25 eV) 550 nm and
(2.10 eV) 590 nm was observed in both solution and film of
OF5K (Figure 5). The shape of the spectra is very similar to
the fluorescence spectra of the pentamer of PF2/6 (OF5)[24]


with a similar vibronic splitting of about 160 meV, indicating
that that the green emission band does not originate from
the formation of an excimer species. Similar behaviour was
also observed for OF3K (see Figure 8 in the Supporting In-
formation).


The OFnK may be regarded as models for polyfluorenes
that have a certain fraction of fluorenone groups incorporat-
ed. On photoexcitation rapid energy transfer takes place
from higher energy sites (fluorene segments) to lower
energy sites (fluorenone units) prior to the radiative decay
of the excited species.


The weak blue emission band in OF5K showed a mono-
exponential decay with lifetime of 573 ps (see Figure 9 in
the Supporting Information), which is very similar to the


Figure 4. The fluorescence spectra of OF5K in solvents of different polar-
ity (concentration: 1P10�5


m fluorene units, lexc=365 nm, inset shows the
non-normalized fluorescence spectra).
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decay of pure OF5 (560 ps), suggesting that the blue emis-
sion band arises from the fluorenyl segments. This observa-
tion goes along with other phenomena already discussed in
this work, in particular the strong distortion of the oligomers
near the central fluorenone group. This topological defect
seems to nearly isolate the two halves of the molecule from
each other. This also explains the magnitude of the lifetime
of the blue fluorescence in OF5K, which is bit longer that in
OF5. The decay of the green emission is much slower (see
Figure 10 in the Supporting Information). The lifetime can
not be obtained from streak camera techniques; instead
long-time-range-delayed fluorescence measurements were
performed.


The delayed fluorescence (DF) spectra of OF5K (10�6
m)


at 77 K in 2-MeTHF were evaluated to give the data shown


in Figure 6. To verify the difference between absorption
bands, namely, n!p* and p!p* transitions, OF5K was ex-
cited both at 365 and 453 nm.


The frozen solution of OF5K in 2-MeTHF at 77 K
(Figure 6) showed a monoexponential decay behaviour. The
fluorescence lifetime is approximately 8 ns at both excitation
conditions, which is much longer than that found for the
blue emission band. Similar decay behaviour and lifetime
(8.3 ns) were also observed for OF3K in the frozen matrix
of 2-MeTHF at 77 K.


The dependence of continuous-wave (CW) fluorescence,
prompt fluorescence, and delayed fluorescence intensity
upon laser excitation intensity for OF5K in a dilute frozen
solution at 77 K is shown Figure 7. The delayed emission


was recorded with a time delay of 20 ns after excitation at
363 and 453 nm. The CW, prompt, and delayed fluorescence
intensity vary approximately linearly with laser excitation
intensity probed at 546 nm, indicating that the excited spe-
cies do not undergo further changes besides the return to
the ground state.


Figure 5. Top: The fluorescence spectra of the OF5K as thin film at both
RT and 77 K (insert shows the fluorescence spectra of OF5K in dilute
toluene/methylcyclohexane at two temperatures). Bottom: the fluores-
cence spectra of OF5K in 2-MeTHF solution at both RT and 77 K (ex-
cited at 430 and 370 nm, respectively).


Figure 6. The dependence of DF intensity upon time (t>10 ns) for OF5K
(at 10�6


m) probed at 543 nm and 77 K in 2-MeTHF.


Figure 7. The dependence of CW, prompt, and DF intensity of OF5K
(10�6


m) on laser excitation intensity at 77 K in 2-MeTHF probed at
546 nm (excited at 365 or 453 nm).
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To test possible concentration effects solutions of OF5K
in 2-MeTHF were investigated with variation of the concen-
tration between 10�6 and 10�3


m. The relevant CW fluores-
cence spectra observed at room temperature are shown in
Figure 8 and the time dependence of the intensity probed at


537 nm is depicted in Figure 9. When the CW spectra are
normalized for the blue emission at 414 nm, the intensity of
the green emission band at approximately 550 nm increases


by a factor of about six when the concentration of the fluo-
rophore increases by three orders of magnitude from 10�6 to
10�3


m. The decay kinetics are not affected within the limits
of error of the measurement and are strictly monoexponen-
tial. The concentration-independent shape of the CW spec-
tra together with the decay kinetics points towards the pres-
ence of a single emitter. If the aggregates or clusters play a
role, then the decay kinetics should become multiexponen-
tial[9e,36] and the fluorescence spectra should show different
structure as the concentration changes by orders of magni-


tude. The weak dependence of the (normalized) fluores-
cence intensity on concentration in the green region of the
spectrum can be explained by enhanced intermolecular
quenching of the blue fluorescence upon increasing concen-
tration,[37] which goes along with the observation that the
green emission is only seen in the solid state of OF5K. The
same dominance of the green emission has also been seen
for fluorenone-group-containing polyfluorenes.[16d]


The observed lifetimes of the green emission in the OFnK
are similar to those previously reported for 9-fluorenone,[38]


and poly-(9,9-dihexylfluorene-co-fluorenone)s.[20] This is in
good agreement with other recent reports[16a,c,d] that the
green emission in OFnK originates from the fluorenone
units situated on individual chains, but not from formation
of excimers.


Energy level analysis : Cyclic voltammetry was used to deter-
mine the energy levels of the highest occupied molecular or-
bital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of OFnK. In all cases, multiple reversible oxida-
tion waves and one reduction wave were observed. The
cyclic voltammetry curves are shown in Figure 10 and the


data retrieved from them are given in Table 3. With the ex-
tension of the chain length, the half wave potentials (E1/2)
for the equivalent oxidation waves displayed a negative
shift. For example, for OF3K, two reversible oxidation
waves with E1


1=2 and E2
1=2 at 1.20 and 1.38 V, respectively,


were observed. They are assigned to the successive genera-


Figure 8. The fluorescence spectra of OF5K (normalized at 412 nm) in 2-
MeTHF solutions with different concentrations at RT (excited at
365 nm), laser power: 100 mJ.


Figure 9. Dependence of fluorescence intensity of OF5K probed at
537 nm upon time for t>10 ns in 2-MeTHF at different concentrations at
RT (excited at 365 nm), laser power: 5 mJ.


Figure 10. Cyclic voltammetry curves of OFnK probed in dichlorome-
thane (see Experimental Section).


Table 3. Cyclic voltammetric data for OF3K–OF7K.[a,b]


E1
1=2(Ox)


[V]
E2


1=2(Ox)
[V]


E2
1=2�E1


1=2
[c]


[V]
E1


1=2(Red)
[V]


Ip
[eV]


Ea


[eV]
DE
[eV]


OF3K 1.20 1.38 0.18 �1.54 5.73 3.13 2.60
OF5K 1.08 1.37 0.29 �1.52 5.61 3.14 2.47
OF7K 1.02 1.26 0.24 �1.53 5.52 3.13 2.39


[a] Scan rate: 100 mvs�1, for Fc+/Fc, E1/2=0.232 V was used as standard.
Concentration of substrate was 5P10�4


m in 0.1m Bu4NPF6 in CH2Cl2.
[b] Ionization potential (Ip) and electron affinity (Ea) are given relative
to the vacuum level. [c] Oxidation potentials.
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tion of the radical monocation and dication of the com-
pound. The pentamer OF5K gave two reversible oxidation
waves with E1


1=2 and E2
1=2 at 1.08 and 1.37 V, respectively.


However, all of the compounds OFnK gave only one reduc-
tion wave with E1


1=2 around �1.53 V that did not show any
chain-length dependence.


The redox potentials were internally calibrated by adding
ferrocene (Fc) during the measurements and in the case of
using AgNO3/Ag as reference electrode the E1/2(Fc+/Fc) was
0.232 V. Thus, ionization potential (Ip in eV, HOMO) and
electron affinity (Ea in eV, LUMO) relative to the vacuum
level can be derived from Equations (1) and (2), respective-
ly, in which Eox and Ered are the onset potentials for oxida-
tion and reduction relative to AgNO3/Ag reference elec-
trode.[39]


Ip ¼ ðEox þ 4:4þ 0:435�0:232Þ ð1Þ


Ea ¼ ðEred þ 4:4þ 0:435�0:232Þ ð2Þ


The value of Ip decreases with extension of the chain
length from 5.73 eV for OF3K to 5.52 eV for OF7K, where-
as Ea remains unchanged, resulting in a convergent behavior
of the HOMO–LUMO gap (DE is calculated from DE=


Ip�Ea). This indicates that Ea is strongly confined to the
fluorenone unit. The trend of the values of Ip and Ea with
chain length is consistent with results of quantum-chemical
calculations of the energies of HOMO and LUMO of
OFnK.[40]


With these data in hand, we can combine our experimen-
tal results with quantum-chemical calculations reported by
Zojer and co-workers[22a] to gain a better understanding of
the photophysical properties of OFnK. These authors have
calculated the transition energies and oscillator strengths for
the relevant excited states of the model molecule OF5K
starting from the ground-state equilibrium geometry. For
OF5K, the S0–S1 transition corresponds to an optically for-
bidden transition and possesses n!p* character. Such low-
lying n–p* states are common in aromatic ketones. The next
excited state (S2) is also only weakly optically allowed and
the excitation to the S2 state is associated with a significant
charge redistribution in the fluorenone unit, thus the S2 can
be classified as a p–p* charge-transfer (CT) state. The first
state with high oscillator strength in OF5K is the third sin-
glet excited state S3. The energy level diagram show in
Figure 11 summarizes these results.


The absorption is very weak in the low-energy range of
the absorption spectra as is experimentally seen in Figure 3,
because the low-lying states in fluorenone-containing chains
(S1 and S2 in Figure 11) possess very low oscillator strength.
They can hardly be observed in the absorption spectra of
materials with low fluorenone concentration. This is also
consistent with the lack of absorption in the low energy
region observed in photodegradation experiments on poly-
fluorenes.[7,22a,20] Consequently, the products of photo- and/
or electrooxidation will become accessible through absorp-
tion spectroscopy only in strongly degraded materials.[16a,29]


We now discuss why a strong green emission can be ob-
served in OFnK. The energy-level diagram for OF5K indi-
cate that relaxation phenomena take place from the lowest
lying excited state as revealed by Zojer et al.[22a] Such geo-
metric relaxation in the excited state leads to a reversal in
the ordering of the two lowest excited states, with the first
excited state becoming the CT p–p* excitation as indicated
in Figure 12. The vertical transition energy from the first re-


laxed singlet excited state to the ground state for OF5K is
very close to the experimentally observed yellow-green
emission (2.1–2.4 eV). In addition, the small, but nonvanish-
ing, oscillator strength associated with the CT p–p* excited
state is in agreement with the experimental observations: 1)
the fluorenone defect is emissive, but 2) the quantum effi-
ciencies of fluorenone-containing materials are very low. In
fact, the quantum efficiency of OF5K drops significantly
with respect to the pure pentafluorene. Similarly, the fluo-
rescence of the photooxidized films is also significantly de-
creased compared to pristine polyfluorenes.[29]


Quantum-chemical calculations for the fluorenone mono-
mer OF1K[22a] reveal that: 1) the energies of the n–p* states
are almost identical in OF1K and OF5K, 2) the shift be-
tween the CT p–p* states of OF1K and the longer model


Figure 11. Energy level diagram for OF5K derived from data of this
work from cyclic voltammetry and spectroscopy in combination with
quantum-chemical calculations.[21a]


Figure 12. The dependence of transition energies on the reciprocal
number of fluorene units (n) for OFn and OFnK.
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systems is relatively small (0.33 eV), and 3) the energy dif-
ference between the p–p* states in OF1K and OF5K is
quite large (around 1.4 eV). The dependence of the excited
state energies on the chain length for OF5 and OF5K is
shown in Figure 12, based on UV-visible absorption and
fluorescence data.[24] Oligomers OFn display a linear de-
pendence of the energy level of the S1 on the inverse
number of repeat units, as is common for the energies of p–
p* excited states in conjugated organic materials.[39a] The en-
ergies of the S3 (S5 for n=1) states in the fluorenone-con-
taining materials show a similar trend. This is consistent
with the results from quantum-chemical calculations: the S3


(p–p*) state is delocalized along the whole chain.[22a] In con-
trast, the energy of the S1 state (n–p*) in OFnK is chain-
length independent (Figure 3). As described above, the ab-
sorption maximum wavelength corresponding to S3 (p–p*)
(S5 n=1) is red-shifted with the molecular length of OFnK,
while the long-wave absorption maximum (S1, n–p*) is
almost constant from OF3K to OF7K. The two lowest lying
excited states (S1 (n–p*) and S2 (CT p–p*)) in the fluore-
none-containing materials are strongly localized to the im-
mediate environment of the keto group.[22a] The localization
is even more pronounced for the n–p* state. For the CT p–
p* excited state, a nonvanishing electron-hole density is also
distributed on the neighboring fluorene units, but it tapers
off rapidly with increasing chain length. This indicates that
at least the fluorene segments that are directly attached to
the fluorenone unit affect, to a certain extent, the electronic
structure of the S2 state. For OFnK, the calculated energy of
the S2 (CT p–p*) state decreases by 0.31 eV when going
from OF1K to the OF3K and then remains constant upon
further increase of chain length.


As shown in Figure 3, the ratio of blue over green emis-
sion intensity increases with increasing chain length. This re-
lates to the increasing fraction of fluorene units in the
higher oligomers. In addition, the blue emission band be-
comes also red-shifted as the molecular length increases due
to the delocalized p–p* state. Thus the nature of the green
and blue emissions from OFnK and their chain length de-
pendence can be reasonably accounted for combining
theory and experiment.


PFs/OFnK blends : The above discussions demonstrated that
efficient funneling of excitation energy takes place from the
high-energy states on the fluorene segments to low-energy
sites on the fluorenone units by hopping along a single
oligomer or polymer chain. When the energy becomes trap-
ped on the fluorenone site a yellow-green emission will be
the consequence. In addition, the green emission may also
arise from Fçrster-type interchain excitation energy transfer
from fluorene segments of one chain to fluorenone units of
an adjacent chain. To clarify this question in an unambigu-
ous way the intermolecular energy transfer was investigated
by using a model system consisting of ketone free polyfluo-
renes doped by small amounts of OFnK. The OFnK are
completely miscible with the homopolymer both in solution
and in the solid state.


The UV-visible absorption and steady state fluorescence
spectra (excited at 383 nm) of thin films PF2/6 doped with
different concentrations of OF3K are shown in Figure 13.
The spectra were taken at room temperature. The absorp-


tion spectra of the blends doped with 0.1, 0.3, 1, 3, 10 wt%
OF3K are almost the same and resemble that of pure PF2/6
independent of the concentration of the dopant. Comparing
with the absorption spectra of OF3K as film (see Figure 6 in
the Supporting Information), the n!p* band of the keto-
group-containing moiety with a broad long-wave absorption
maximum and a shoulder was not resolved in the blend
system. This is, however, not surprising as the concentration
of keto groups is relatively low in our doping experiments,
which makes them difficult to detect by absorption measure-
ments. Further, the typical spectral features of polyfluorenes
are observed in all of the emission spectra (Figure 13
bottom) namely a maximum at 2.94 eV (422 nm) with a vi-
bronic shoulder at 2.80 eV (443 nm). Upon increasing the
concentration of the dopant OF3K from 0.3% to 10%, an
additional green emission band with maximum at 2.35 eV


Figure 13. The UV-visible absorption (top) and steady-state fluorescence
spectra, normalized at 490 nm (bottom) of PF2/6 doped with different
concentrations of OF3K (lexc=383 nm), measured at room temperature.
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(527 nm) similar to that observed for thin films of OF3K
can be detected. The emission spectra were normalized at
490 nm, to clearer see that the green emission intensity in-
creases, while the blue emission intensity decreases with in-
creasing of concentration of the dopant. When using OF5K
instead of OF3K the same phenomena were seen (see
Figure 11 in Supporting Information) The ratio of green
emission intensity to the blue emission intensity measured
at peak maximum in the OF3K-PF2/6 blend increases with
the concentration of dopant, that is, the concentration of
keto groups in the system as is recorded in Table 4.


The time-resolved decay of the fluorescence for OF3K-
PF2/6 blends probed at 422 nm at various doping concentra-
tions at room temperature is shown in Figure 14 (for OF5K-
PF2/6, see Figure 12 in the Supporting Information). A
monoexponential decay is observed for the blue emission in
the cases of low doping concentration. The decay becomes
multiexponential at concentrations equal or larger than 3%
and the lifetime of the blue emission of the OFnK-PF2/6
blends decreases with the doping concentration. The precise
data are listed in Table 4. Here, only the linear part of the
decay curves for 3 and 10% of dopant was analyzed. The
lifetime decreases from 273 to 33 ps when the doping con-
centration increases from 0 to 10 wt%, indicating a system-
atical increase of the quenching rate with increasing concen-
tration of OFnK. In addition, the energy-transfer process is


thermally activated. The lifetime of the blue emission from
OF5K-PF2/6 blend system at 77 K is higher compared to
that at RT at the same doping concentration (Table 4), indi-
cating that the energy transfer from PF2/6 to OFnK is faster
at higher temperature.


Although the excitation transport (or energy migration)
can also take place within OFnK itself from the fluorene
units to the central fluorenone group, the main energy trans-
fer discussed here occurs from PF2/6 to OFnK in the blends.
The absorption spectra of OFnK and the fluorescence spec-
tra of PF2/6 in form of their films overlap in the range of


400–550 nm (see Figure 13 in
the Supporting Information);
hence, radiative transfer is pos-
sible by the absorption of a
photon that is emitted by PF2/
6 donor by a molecule of
OFnK as an acceptor. This
would be a trivial situation.


In a classical molecular crys-
tal the rate-limiting process for
excitation quenching is the ex-
citon migration within the host
matrix. In a noncrystalline
glassy medium composed of a
conjugated polymer this is a
dispersive process, because the


energy levels associated with the subunits of the polymer
are distributed in energy. This gives rise to energetic relaxa-
tion of the exciton and, concomitantly, to a reduction of the
exciton mobility.[41] For Fçrster-type energy transfer,[42]


dipole–dipole interactions control the individual transfer
steps from an excited donor to an acceptor. If the fluores-
cence decay of the donor following pulsed excitation is a
single exponential, the measurement of the decay time in
the presence (tD) and absence (t0


D) of transfer allows us to
determine the transfer rate constant kT and the transfer effi-
ciency fT, by using Equations (3) and (4):[34b]


kT ¼ 1
tD


� 1
t0D


ð3Þ


FT ¼ 1� tD


t0D
ð4Þ


As Table 4 and Figure 15 show, the transfer rate constant
(kT) and the transfer efficiency (fT) increase with increasing
doping concentration in all of the cases; further, kT and fT


increase faster for the OF5K-PF2/6 blends at room temper-
ature than at 77 K, and the energy-transfer efficiency be-
comes almost saturated as the OFnK concentration ap-
proaches 3 wt%.


Conclusion


Oligofluorenes with a keto defect in the center (OFnK)
were prepared and were used as model compounds to un-


Table 4. A compilation of the ratio of green to blue emission intensity, the lifetimes t of blue emission, the
energy-transfer rate constants (kT), and energy-transfer efficiencies (fT) obtained for OF3K-PF2/6 and
OF5K-PF2/6 blends at various concentrations of OFnK.


c[a] Ratio[b] tblue [ps][c] kT
[d] [ns�1] fT


[e]


OF3K OF5K OF5K OF3K OF5K OF5K OF3K OF5K OF5K OF3K OF5K OF5K
RT RT 77 K RT RT 77 K RT RT 77 K RT RT 77 K


0 – – – 273 274 395 0 0 0 0 0 0
0.1 0.1 – – 255 257 376 0.26 0.24 0.13 0.07 0.06 0.05
0.3 0.3 0.2 – 186 201 254 1.72 1.33 1.41 0.32 0.27 0.35
1 0.9 0.4 0.15 84 112 237 8.24 5.28 1.69 0.69 0.59 0.40
3 1.7 1.2 0.5 52 63 117 15.57 12.22 6.02 0.81 0.77 0.70
10 6.2 4.4 1.8 33 36 58 26.64 24.13 14.71 0.88 0.87 0.85


[a] Concentration of dopant wt%. [b] The values listed are the ratios of green emission at maximum intensity/
blue emission at maximum intensity. [c] The values listed are lifetimes of the blue emission. [d] The energy-
transfer rate constant (kT). [e] Energy-transfer efficiency (fT).


Figure 14. The decay of fluorescence of OF3K-PF2/6 blends probed at
422 nm (lexc=383 nm).
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derstand the origin of the low-energy emission band that
occurs upon oxidation in the photo- and electrolumines-
cence spectra of polyfluorenes. A smectic liquid crystalline
phase was found to exist between the glass transition tem-
perature and the liquid crystal to isotropic phase transition
in OF5K and OF7K. Crystals of OF5K could be obtained
and analyzed for the three-dimensional packing of the mole-
cules. Despite of inherent disorder caused by the side
groups, the diffraction data could be analyzed to give the
conformational angles in the backbone. The repeat units are
arranged in a helical conformation with helix reversal at the
central fluorenone unit. This results in an overall nonplanar
shape that prevents close packing of adjacent chains to a
distance and geometry that would be prerequisite for forma-
tion of excimer configurations. The photophysical properties
of OFnK were studied in dilute solution and as thin films.
The steady-state UV-visible spectra disclose a strong absorp-
tion of p–p* character accompanied by a weak long-wave-
length absorption assigned to an n–p* transition. The fluo-
rescence spectra reveal a strong broad green emission band.
This green emission is identical to the low-energy emission
of photo- or electrooxidized PFs.


The strong green emission of OFnK suggests that rapid
energy transfer takes place from higher energy sites of the
fluorene segments to lower energy sites of the fluorenone
units prior to the radiative decay of the excited species.


Monoexponential decay behaviour was observed. The life-
time of the green band is about 8 ns for OF3K and OF5K.
Independence of the monoexponential decay behaviour on
concentration rules out that the green emission band origi-
nates from aggregates, neither in the ground nor the excited
state.


The position of low-energy absorption and the green
emission is independent of the chain-length of OFnK. This
comes from the situation that the n–p* state and CT p–p*
are localized dominantly on the central fluorenone unit of
OFnK.


Energy transfer was investigated using a model system of
a polyfluorene doped by OFnK. Fçrster-type energy transfer
takes place from PF2/6 to OFnK, and the energy-transfer ef-
ficiency increases with increasing doping concentration. The
green emission in the photochemically or thermally degrad-
ed polyfluorenes can therefore be ascribed to 1) efficient
funneling of excitation energy from the high-energy fluorene
segments to the low-energy fluorenone defects by hopping
of excitations along a single polymer chain until they are
trapped on the fluorenone defects on that chain and 2) in-
terchain Fçrster-type energy-transfer processes.


Experimental Section


The electrochemical measurements of OF3K–OF7K (5.0P10�4
m in dry


dichloromethane) were performed in a standard three-electrode cell, a
platinum wire sealed in insulated rubber as working electrode, a AgNO3/
Ag nonaqueous electrode as reference electrode, and a platinum wire as
counter electrode. Tetrabutylammonium hexafluorophosphorate
(TBAPF6, 0.1m) was used as supporting electrolyte. The electrochemical
potentials were calibrated by an internal reference couple ferrocene/fer-
rocenium (Fc/Fc+) in each measurements and in all case E1/2 (Fc/Fc+)=
0.232 V.


Other experimental details are available in the Supporting Information.
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A Photoactive Molecular Triad as a Nanoscale Power Supply for a
Supramolecular Machine
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Introduction


Molecular recognition and self-assembly processes are now
being harnessed[1] under the umbrella of template-directed
synthesis to produce active supramolecular and molecular
components in the rapidly evolving fields of nanoelectron-
ics[2] and nanoelectromechanical systems (NEMS),[3] because
of their interesting stereoelectronic and mechanical proper-
ties[4] that are tunable even at a nanoscale level. Pseudoro-
taxanes[5] and bistable rotaxanes[6] are amongst some of the


best-qualified candidates for the active supramolecular or
molecular components of artificial molecular machines[7,8] in
fully integrated electronic circuitry. The structural unique-
ness of interlocked molecules involving two or more nonco-
valently bound components allow us to organize, power, and
control their actuation at the molecular level in devices by
employing external stimuli, such as those provided by chem-
ical, electrochemical, and photochemical inputs. To maintain
size and dimension, nanoscale machinery requires a nano-
scale power supply. As a means of incorporating a source of
electrical energy directly into molecular mechanical systems,
we have studied a photoactive donor–chromophore–accept-
or molecular triad[9,10] that mimics[11] the photosynthetic
energy transduction process by harnessing light energy to
generate electrical current. In this program of research, we
have demonstrated that the photoactive molecular triad 1,
whose structural formula is revealed in Figure 1a, can gener-
ate electrical energy at the expense of light energy, the
wavelength of which has been tuned specifically to the ab-


Abstract: A tetrathiafulvalene–porphy-
rin–fullerene (TTF–P–C60) molecular
triad, which generates electrical current
by harnessing light energy when self-
assembled onto gold electrodes, has
been developed. The triad, composed
of three unique electroactive compo-
nents, namely, 1) an electron-donating
TTF unit, 2) a chromophoric porphyrin
unit, and 3) an electron-accepting C60


unit, has been synthesized in a modular
fashion. A disulfide-based anchoring
group was tagged to the TTF end of
the molecule in order to allow its self-
assembly on gold surfaces. The surface
coverage by the triad in a self-assem-
bled monolayer (SAM) was estimated
to be 1.4 nm2 per molecule, a density
which is consistent with hexagonal


close-packing of the spherical C60 com-
ponent (diameter ~1 nm). In a closed
electronic circuit, a triad-SAM func-
tionalized working-electrode generates
a switchable photocurrent of
~1.5 mAcm�2 when irradiated with a
413 nm Kr-ion laser, a wavelength
which is close to the porphyrin chro-
mophore7s absorption maximum peak
at 420 nm. The electrical energy gener-
ated by the triad at the expense of the
light energy is ultimately exploited to
drive a supramolecular machine in the
form of a [2]pseudorotaxane comprised


of a p-electron-deficient tetracationic
cyclobis(paraquat-p-phenylene)
(CBPQT4+) cyclophane and a p-elec-
tron-rich 1,5-bis[(2-hydroxyethoxy)
ethoxy]naphthalene (BHEEN) thread.
The redox-induced dethreading of the
CBPQT4+ cyclophane from the
BHEEN thread can be monitored by
measuring the increase in the fluores-
cence intensity of the BHEEN unit. A
gradual increase in the fluorescence in-
tensity of the BHEEN unit concomi-
tant with the photocurrent generation,
even at a potential (0 V) much lower
than that required (�300 mV) for the
direct reduction of the CBPQT4+ unit,
confirms that the dethreading process
is driven by the photocurrent generat-
ed by the triad-SAM.
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transfer · fluorescence · photocur-
rents · pseudorotaxanes
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sorption maxima of the chromophoric unit. Finally, this mo-
lecular power supply was employed to drive a supramolec-
ular machine, in the form of a donor–acceptor pseudorotax-
ane.[5]


A lot of effort has been devoted[9–11] to developing a varie-
ty of donor–chromophore–acceptor-based molecular triads
that are capable of intramolecular photoinduced electron
transfer (PET) from the donor to the acceptor unit. The
photogenerated charge-separated states of two classes of
such molecular triads have already been demonstrated to
generate[9] electrical currents in closed electrical circuits and
to enable active transportation[11] of protons and Ca2+ ions
across artificial lipid membranes. The best known of the full-
erenes, namely C60, is one of the most potent electron ac-
ceptors,[9c] because of its three-dimensional spherical geome-
try that supports very low electronic reorganization energy,
which, in turn, sustains a long-lived and stable charge-sepa-
rated state. Porphyrins (P) are often employed[9–12] as univer-
sal and efficient chromophores. In a donor–chromophore–
acceptor-based triad constitution, a PET from the porphy-
rin7s singlet excited state to the C60 unit, followed by a
charge shift (CS) to the donor unit, leads ultimately to a rel-
atively stable charge-separated intermediate (DC+–P–
C60C�).[9] The resulting charge-separated state is actually re-
sponsible for the generation of a photocurrent on account of
a unidirectional electron flow from a functionalized working
electrode, through a light-harvesting triad, to a counter elec-


trode through an electrolyte so-
lution in a complete electronic
circuit. Molecular triads involv-
ing tetrathiafulvalene (TTF)
and p-extended TTF compo-
nents are already known to pro-
duce long-lived (ms) charge-sep-
arated states.[10] This back-
ground provided us with the
impetus to introduce TTF as
the donor unit into our triad
design. Electronic reset by
back-electron transfer (BET)
within the charge-separated
species and/or a unidirectional
electron flow in a closed circuit
restores the neutral ground
state of the triads.


We report here the design
and modular synthesis of a
TTF–P–C60 based molecular
triad 1 and how it generates
(Figure 1b–d) electrical energy
by harnessing light energy. By
attaching a disulfide-based, ter-
minal anchoring group, the
triad 1 can be self-assembled
onto gold electrode surfaces.
The modular approach adopted
for synthesis could be exploited
to fine-tune the electronic prop-


erties—namely, the lifetime of the charge-separated inter-
mediates, redox charges, and so forth—according to
Marcus–Hush theory by subsequent structure-property feed-
back loops. In the triad 1 constitution, a diethylene glycol
spacer unit was incorporated between the TTF and porphy-
rin units in order to separate the donor and acceptor units.
Finally, this nanoscale source of electrical energy was utiliz-
ed[13] to drive[5] the dethreading of a supramolecular ma-
chine in the form of a [2]pseudorotaxane composed of the
p-electron-accepting cyclobis(paraquat-p-phenylene)
(CBPQT4+) cyclophane complexed with the p-donating 1,5-
bis[(2-hydroxyethoxy)ethoxy]naphthalene (BHEEN).


Results and Discussion


Synthesis : A modular approach was adopted (Scheme 1) for
the overall synthesis of the molecular triad 1. The key pre-
cursors were prepared separately from commercially avail-
able starting materials and were subsequently attached to-
gether to build up the dyad, and then finally, the triad 1.
The modularity in the synthetic approach is dependent upon
the generation of three individual components—namely, 1)
an electron-accepting C60 unit, 2) a chromophoric porphyrin
unit, and 3) an electron-donating TTF unit, all having
unique electronic and chemical properties—with ease and


Figure 1. a) The structural formula of the tetrathiafulvalene-porphyrin-fullerene molecular triad 1 bearing a di-
sulfide anchoring group to enable the formation of a SAM on gold (Au). The triad 1-SAM was employed in a
photoelectrochemical cell to demonstrate the generation of electrical energy from light. b)–d) Proposed vecto-
rial electron transfer mechanism for the photo-response of a photoelectrochemical cell comprised of a SAM of
the triad 1 on an Au electrode in contact with an electrolyte solution that contains a platinum (Pt) counter
electrode (reference electrode not shown) connected externally to a potentiostat (PET=photoinduced elec-
tron transfer; CS=charge shift ; BET=back-electron transfer).
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simplicity by following known synthetic protocols. Scheme 2
outlines the synthesis of the C60 unit. To begin with, C60 was
functionalized by a 1,3-dipolar cycloaddition[14] of N-phenyl-


glycine (2) and the N-boc-protected derivative 3 of 4-amino-
benzaldehyde.[15] Deprotection provided the C60 derivative 5,
bearing a reactive amino group. Scheme 3 outlines the syn-
thesis of the porphyrin unit. The C2-symmetric meso-porphy-
rin 7 was synthesized by using an acid-catalyzed cycliza-
tion[16] of 3,5-di-tert-butylbenzaldehyde with the bispyrrole 6,
which had been obtained previously by an acid-catalyzed re-
action[16] of pyrrole with methyl 4-formylbenzoate. Saponifi-
cation of the methyl ester functions afforded the corre-
sponding porphyrin–dicarboxylic acid 8. One of the two car-
boxylic acid groups in 8 was protected as its benzyl ester in
the presence of N-methylmorpholine, by using the activating
agents, 2-chloro-4,6-dimethoxy-1,3,5-triazine and 4-dimethyl-
aminopyridine (DMAP), to generate the key porphyrin pre-
cursor 9. Scheme 4 outlines the synthesis of the TTF unit.
The TTF diester 10 was prepared by Michael additions of
intermediate sulfur ylides to methylpropiolate.[17] A diisobu-
tyl aluminum hydride (DIBAL-H)-mediated reduction of
the diester 10 to the corresponding diol 11,[17] followed by a
dialkylation of 11 with the protected iodide 13,[18] furnished
the modified TTF-diol 14. Esterification of one of the termi-
nal primary hydroxyl groups in 14 with thioctic acid afford-
ed the alcohol 15.


Scheme 1. Retrosynthetic approach of the triad 1.


Scheme 2. The preparation of the C60 component 5.


Scheme 3. The preparation of the porphyrin component 9.
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The manner in which the three pieces—namely, 5, 9, and
15—were brought together to form the triad 1 is illustrated
in Scheme 5. The amine-appended C60 derivative 5 was sub-
jected to an amide bond-forming reaction with the porphy-
rin derivative 9 in the presence of 2-chloro-4,6-dimethoxy-
1,3,5-triazine as the coupling reagent to form the P–C60 dyad
16. BBr3-mediated deprotection[10b] of the benzyl ester pro-
vided the P–C60 dyad 17 containing a free carboxyl group.


Finally, an esterification[10b] of this dyad 17 with the alcohol
15, by using the same coupling conditions, afforded the
target triad 1. This triad, as well as the dyads 16 and 17, and
the alcohol 15, and all their precursors were characterized
by mass spectrometry and 1H NMR spectroscopy.


The triad 1, which contains a terminal disulfide-anchoring
group, was self-assembled on gold wires and foils by im-
mersing them in 0.1mm solutions of the triad in dichloro-


Scheme 4. The preparation of the TTF component 15.


Scheme 5. The synthesis of the triad 1.
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methane for 3–5 days. The SAM-functionalized gold surfa-
ces were characterized by cyclic voltammetry (CV). They
were used subsequently as the working electrodes in the
cells employed for the detailed electrochemical studies de-
scribed later on in this paper.


UV-visible and photoaction spectra : The absorption spectra
of the triad 1, the P–C60 dyad 16 and the other building
blocks are shown in Figure 2. The triad 1 in CH2Cl2 shows


absorption features at 253, 305, 326, 420, 451, 516, 551, 590,
and 646 nm. These features are a linear combination[10b,c] of
the absorption bands of each of the components (building
blocks) present in the molecule. The 253 nm peak is attrib-
uted to a C60 absorption, while those at 305 and 326 nm
arise from TTF absorptions. The peaks from 420 through
646 nm are ascribed to the porphyrin7s Soret and Q-bands.
The linear combination[10b,c] of the absorption peaks of the
C60, porphyrin, and TTF units in the spectrum of 1 indicates
that there is little or no electronic interaction in the ground
state between any of the components present in the mole-
cule. The absorption maximum of the porphyrin7s Soret
band at 420 nm is sufficiently isolated and its absorbance is
much more intense than the other components. These fac-
tors can be exploited to advantage when photoexciting the
porphyrin chromophore selectively into its first singlet excit-
ed state, in which it behaves like a donor.


A photoaction spectrum is generated using a photoelec-
trochemical cell. It is a measure of the photocurrent that
can be generated by a SAM of the triad 1 on a gold elec-
trode when it is irradiated with various wavelengths of light.
Figure 2 illustrates that the fact that the SAM of the triad 1


on a working-electrode surface generates a maximum photo-
current when the SAM is irradiated close to (413 nm) the
porphyrin component7s Soret band at 420 nm. In addition,
photosensitization, coincident with the porphyrin compo-
nent7s Q-bands, is observed with excitation at 514 and
568 nm in a process that generates less photocurrent, a find-
ing that is consistent with the smaller excitation coefficients
associated with the Q-bands. Hence, in order to photoexcite
the chromophoric component exclusively and to maximum


effect, an excitation wavelength
of 413 nm was chosen for the
subsequent photochemical stud-
ies.


Electrochemistry : The redox
properties of the triad 1 can be
assigned (Table 1) with refer-
ence to its components and the
P–C60 dyad 16. The CV of each
of the units displays characteris-
tic behavior (Figure 3): the
TTF-based thread is a donor
that is easily oxidized[19] with
two reversible, one-electron
processes observed at +393 and
+847 mV (versus SCE). The
porphyrin is an electroactive
unit that displays[9,10] both re-
duction and oxidation, the first
of which occurs at �1176 and
+1027 mV, respectively. The
difference in voltage of
2203 mV between these two


processes can be correlated to a visible wavelength of
563 nm, reflecting the HOMO-to-LUMO gap of the porphy-
rin unit, and thus correlating to the wavelengths of the Soret
and Q-bands observed in the absorption spectrum. The C60


Figure 2. The photoaction spectrum (squares connected with a solid line) of a SAM of the triad 1. The UV-
visible spectra of the triad 1 (solid black line), as well as those of its building blocks, the P–C60 dyad (gray
line), a C60 derivative (dotted line) and a TTF-diol (dashed line). The photoaction spectrum of the SAM of the
triad 1 was collected using excitation from a Kr-ion laser and an Ar-ion laser at 34�3 mWcm�2. The inset dis-
plays the CV (Pt counter electrode, Ag pseudo reference electrode, 0.1m LiClO4, MeCN) of the SAM of 1 on
an Au wire recorded at 100, 300, 500, and 700 mVs�1—in the order of increasing peak intensity—illustrating
the linear dependence of the current peak intensity with scan rate.


Table 1. Redox potentials (E1/2 [mV] vs SCE) of the triad 1 and its com-
ponents 5, 7, 14, and 16 listed going down the columns from the most
positive to the most negative at 1mm concentration in 0.1m TBAPF6/
CH2Cl2 at room temperature.


TTF
(14)


Porphyrin
(7)


C60-ArNH2


(5)
P–C60 Dyad


(16)
Triad
(1)


Assignments


– +1322 – +1305[a] – P2+ /+


– +1027 – +1015 +1027 P+ /0


+847 – – – +825[b] TTF2+ /+


+393 – – – +403 TTF+ /0


– – �658 �666 �672 C60
0/�1


– – �1038 �1023 �1032 C60
�1/�2


– �1176 – �1186 �1199 P0/�1


– �1500 – �1551[c] �1559[c] P�1/�2


– – �1562 �1551[c] �1559[c] C60
�2/�3


[a] An irreversible second oxidation process of the porphyrin component
in the dyad containing C60. [b] A quasi-reversible second oxidation of the
TTF component in the triad containing a contiguous porphyrin unit.
[c] Overlapping reduction potentials.
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unit displays three one-electron quasi-reversible reduc-
tions,[9d] beginning at �658 mV, that are commensurate with
its high electron-accepting ability. An irreversible oxidation
process is also observed on account of a small amount of
electrode adsorption of the C60 unit throughout the reduc-
tion region. The CV of the P–C60 dyad 16 is a linear combi-
nation of its component parts and each feature in the reduc-
tion region can be assigned. The process at �1551 mV is at-
tributed to the reduction of the porphyrin component to its
dianion and of the C60 component to its trianionic form. The
dyad displays a reversible oxidation that can be assigned to
the porphyrin component. A second irreversible process is
observed that displays an oxidative peak at approximately
+1300 mV that can be attributed to oxidation of the por-
phyrin component to its dication, a process occurring at a
potential similar to that for the irreversible oxidation of the
C60 component. The assignments to the CV response of the
triad 1 follow a similar pattern to that of the dyad through-
out the reduction region. The oxidative region, however, dis-
plays some additional features that are not straightforward
to assign. In particular, the TTF component displays two ox-
idation features (arrows in Figure 3e) that are significantly
lowered in their peak intensities, although they should be
equal in magnitude with all of the other one-electron peaks.
In addition, the oxidation processes assigned to the porphy-
rin and C60 components become irreversible ones in the CV
of the triad. We expected that the TTF component would be


involved in a charge-transfer (CT) interaction with the C60


component, as has been observed[9m] for various TTF–C60


dyads in which the two components are sufficiently close to-
gether. However, UV-visible spectra recorded at higher con-
centrations (1mm) of the triad 1 did not display conclusively
any characteristic band around 750 nm that could be as-
cribed to a TTF–C60 CT interaction. This lack of a TTF–C60


CT interaction in a triad is in the line with what Liddell
et al. reported.[10b] These authors have also observed[10b] a
linear combination of reversible oxidation and/or reduction
peaks of all three electroactive components in the solution-
phase CV investigation of their more rigid TTF–P–C60 triad.


The CV of the 1-SAM on a gold wire electrode shows
(Figure 2, inset) a prominent quasi-reversible[10c] peak at
+680 mV, assignable to the two-electron oxidation of the
TTF component. The C60 component displays two closely
spaced reduction processes at �420 and �500 mV.[20] Assum-
ing that the oxidation of the TTF component at +680 mV is
a two-electron process, surface coverage of the triad 1 on
the gold surface is estimated to be 1.4 nm2 per molecule
(1.2 molcm�2), a finding that is consistent with hexagonal
close-packing of the spherical C60 component. It is not un-
likely that the variations in the shapes of the CVs of the
triad 1 in solution and it self-assembled onto a surface re-
flect the fact that they exist in different conformations. By
contrast, the CV of SAMs of the Fc–P–C60 triads dis-
played[9c] an absence of the C60-based reduction peaks, while
the Fc-based oxidation peaks were readily observed. The
discrepancies in the CVs of the somewhat similar types of
donor–chromophore–acceptor-based triads reported in the
literature[9,10] may be attributed to the differences in their
detailed structure and conformational arrangements; for ex-
ample, the p-electron donating units, the structure of the
porphyrin units, and the distances between the components
in the triad molecules are different.


Photoelectrochemistry : Photoelectrochemical experiments
were carried out initially in a standard[9c] three-electrode
electrochemical cell by using a gold-foil electrode function-
alized with 1-SAM as the working electrode, a platinum
gauze as the counter electrode, Ag/AgCl (saturated KCl) as
the reference electrode, and 0.1m Na2SO4 (aqueous) as the
electrolyte solution. In this particular set-up, the 1-SAM-
functionalized working electrode generated a cathodic cur-
rent of ~1 mAcm�2 (Figure 4a) upon irradiation with a
413 nm laser light (Kr-ion laser, 34�3 mWcm�2), while the
cell was held with a bias at �500 mV. Bare gold and decane-
thiol-SAM-functionalized gold electrodes did not display
(Figure 4a) any light-gated response. The linear relationship
(Figure 4b) of the magnitudes of the photocurrent with the
laser power confirms that electronic output is a result of
photon input—the larger the input of photons, the higher
the output of electrons.


In a similar experiment, employing 0.1m TBAPF6 in
MeCN as the electrolyte solution and Ag wire as the
pseudo-reference electrode in a more compact electrochemi-
cal cell with shorter distances between the electrodes, led to


Figure 3. Cyclic voltammetry of a) TTF, b) porphyrin, c) C60, d) the dyad,
and e) the triad. The data were recorded as ~1 mm concentrations in
0.1m TBAPF6 solutions in CH2Cl2 at 200 mVs�1 with the standard calo-
mel electrode (SCE) as a reference.
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the generation[21] of a higher and more stable cathodic pho-
tocurrent (~1.4 mAcm�2), even at an applied potential (Eap)
of 0 V. No photocurrent was observed when the applied po-
tential was set at or above +700 mV, which is just above the
oxidation potential of the TTF component in the 1-SAM.
An applied potential threshold of +650 mV for the photo-
current generation is roughly concomitant with the oxida-
tion potential (+680 mV) of the TTF component in the 1-
SAM. This phenomenon can be attributed to the unidirec-
tional flow of electrons from the gold-working electrode
through the SAM to the platinum counter electrode through
the electrolyte solution. In an open circuit, a photovoltage
of �12 mV was measured in the presence of a 413 nm laser
(40 mWcm�2). The quantum efficiency of the photocurrent
generation by the triad 1 was estimated to be ~1%, based
on the photocurrent output of 1.3 mAcm�2 arising from a
413 laser input of 26 mWcm�2. In the optimized conditions,
the Fc-donor-based triad was reported[9c] to show 20–25%
photocurrent efficiency.


Dethreading of a pseudorotaxane : Finally, the 1-SAM was
employed (Figure 5a) as a molecular-level energy supply
to power the dethreading of a [2]pseudorotaxane
(BHEEN�CBPQT4+) composed of a p-electron-rich
BHEEN thread and a p-electron-deficient CBPQT4+ cyclo-
phane. The experimental set-up is illustrated in Figure 5b.


The pseudorotaxane can be considered as a reasonably
stable CT complex between the BHEEN thread and the
CBPQT4+ cyclophane. However, reduction[5a,21] of the
CBPQT4+ to the corresponding CBPQTC/3+ weakens the CT
interaction, which, in turn, results in the decomplexation of
the CBPQTC/3+ unit from the BHEEN thread. The dethread-
ing process can be monitored by measuring the increase in
the fluorescence intensity of the free BHEEN relative to the
weakly fluorescent complexed BHEEN. The required elec-
trochemical potential for the CBPQT4+ /C/3+ reduction pro-
cess is �300 mV. The introduction of a working electrode
functionalized with the photoactive triad 1 into an electro-
chemical cell containing the pseudorotaxane in the electro-
lyte solution caused a gradual increase in the BHEEN7s
fluorescence intensity (Figure 5c), even at Eap=0 V while
the functionalized working electrode was being irradiated
with 413 nm laser light during a period of 2900 s. The in-
crease in the BHEEN7s fluorescence intensity is also accom-
panied (Figure 5d) by the generation of an average photo-
current of 1.1 mAcm�2 generated over the excitation period.
However, the BHEEN-based fluorescence remained almost
unaffected at 0 V when the 413 nm excitation was switched
OFF, and consequently, no photocurrent was generated. Ir-
radiation of the 1-SAM with 413 nm light generates the
charge-separated species TTFC+–P–C60C� , which releases its
electron from the C60C� (Ered=�500 mV) to the pseudoro-
taxane present in the surrounding electrolyte solution.
Therefore, even at an applied potential of 0 V, and in the
presence of a 413 nm laser, the effective cathodic potential
at the working electrode functionalized with the triad 1 is
�500 mV, a potential which is higher than the threshold of
�300 mV that is required for the dethreading process.


The pseudorotaxane was dethreaded deliberately
(Figure 6) in the absence of the 413 nm laser following the
direct electrochemical reduction of the CBPQT4+ cyclo-
phane by applying a �500 mV bias for 1200 s. A time-lag of
~100 s for the increase in fluorescence intensity of the
BHEEN was observed. It arises because of the diffusion of
the free components from the bare gold-foil working elec-
trode to the site of the UV excitation. A gradual increase in
the fluorescence intensity, synchronized with a gradual de-
crease of the cathodic current, was observed until about
750 s, at which point, both of the current and fluorescence
traces reached their corresponding saturation points and re-
mained constant thereafter. An almost constant (750–
1200 s) fluorescence intensity, even when the cell was biased
at �500 mV, leads us to the conclusion that almost all
(~100%) of the pseudorotaxane became dissociated within
the first 750 s. Moreover, the observation of almost no at-
tenuation of the fluorescence intensity within 1200–1800 s
when no bias was applied indicates that the oxidation of the
reduced CBPQTC/3+ to CBPQT4+ by ambient O2 and its sub-
sequent reassociation with the BHEEN is an extremely slow
process.


The background signal arising from the scattering of the
413 nm light was determined by comparing (Figure 7) the
fluorescence intensity with the 413 nm laser ON, but with


Figure 4. a) The photocurrent switching cycle (solid line) of the triad 1 in
a SAM on Au, recorded in the photoelectrochemical cell by gating
413 nm excitation ON and OFF every 10 s after the current response has
reached an equilibrium value with polarization at �500 mV (0.1m
Na2SO4, aerated). The bottom two traces were recorded under identical
conditions on a SAM of decanethiol (dashed line) and on bare Au
(dotted line). b) A plot illustrating the linearity of the difference between
the ON and OFF signals in the photocurrent response (DI) with laser in-
tensity, recorded under the same conditions as those described in a).
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the BHEEN excitation (UV) turned ON and then OFF.
With the 413 nm laser ON, while the UV was ON or OFF,
no significant signal for the 413 nm irradiation was detected
by the fluorescence detector.


A simple calculation verifies that the percent increase in
the fluorescence intensity is consistent with the percent dis-
sociation of the total pseudorotaxane by the photocurrent.
At �500 mV, an average current of 6.12N10�5 A for 750 s,
which generates 4.7N10�7 mol of electrons, causes complete
(~100%) dissociation of the pseudorotaxane, as shown by
the saturation of the fluorescence intensity after 750 s. Con-
sequently, at 0 V, an average photocurrent of 1.1 mA for
2900 s, which generates 3.3N10�8 mol of electrons, should be
able to dethread 7% of the pseudorotaxane. In the same ex-
periment at 0 V, the BHEEN7s fluorescence intensity in-
creased[23] by 6.7% with respect to its initial intensity; an ob-


Figure 5. a) Schematic representation illustrating how the light-driven
power supply, that is, the triad 1, provides the electrical energy to deth-
read a [2]pseudorotaxane ([2]PR) wherein BHEEN is encapsulated
inside the cavity of a CBPQT4+ cyclophane. The curved arrows indicate
the vectorial electron transfer (PET) from the photo-excited porphyrin
chromophore to the C60 component, followed by a charge shift (CS) to
the TTF component, and finally a charge neutralization by the Au elec-
trode in a closed circuit. Subsequently, the electron is transferred to the
pseudorotaxane, leading to dethreading of the reduced CBPQTC/3+


before its electron is passed onto the Pt counter electrode. b) Experi-
mental set-up for the dethreading experiment; the colored arrows indi-
cate the excitation and emission pathways of the respective units. c) The
dethreading process synchronized with a photocurrent generation at an
applied potential of 0 V monitored by the increase in BHEEN7s flores-
cence (top trace) with excitation at 257 nm. The fluorescence (bottom
trace) of the BHEEN unit in the absence of porphyrin excitation. d) The
photocurrent generation as a result of the photoexcitation by 413 nm
laser.


Figure 6. a) Fluorescence of BHEEN when the CBPQT4+ cyclophane is
directly reduced at �500 mV. The observed plateau for the trace after
750 s, even when the cell is biased at �500 mV for 1200 s indicates com-
plete dethreading after 750 s. b) Current versus time plot at �500 mV.
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servation that is consistent with the percent increase in the
free BHEEN concentration, estimated based on the elec-
tron-count. The decomplexation of the pseudorotaxane by
the photosensitization of the light-harvesting molecular triad
1 at an applied potential of 0 V is therefore a direct result of
the photoreduction of the electron-acceptor C60 component,
which passes its electron onto the pseudototaxanes present
in the adjacent electrolyte solution, causing the electrochem-
ical reduction of the CBPQT4+ cyclophane, resulting in its
dethreading from the BHEEN in a chain process that can
be controlled by a specific wavelength of laser light. Thus,
we have demonstrated how the actuation of the two parts of
a pseudorotaxane can be controlled using light energy by
simply introducing a photoactive molecule into an appropri-
ate supramolecular environment.


Conclusion


A variety of donor–chromophore–acceptor-based light-har-
vesting molecular dyads and triads have already been ap-
plied[9–13] in several different ways, such as 1) inducing active
transport on ions across artificial lipid membranes, 2) con-
verting light to electrical energy, and 3) powering nanoscale
machinery. These dyads and triads may be optimized into a
true photocell,[24] generating photovoltages that are propor-
tional to the light power. Moreover, their uses may be ex-
tended even further by utilizing them as nanoscale power
supplies in appropriate environments to drive and control
molecular and supramolecular actuations. Their functions as
power supplies can, in turn, be regulated exclusively by na-
ture7s most universal and abundant energy source—light. In
this piece of work, we have demonstrated how a molecular
triad can be employed as a power supply for a supramolec-
ular machine. Clearly, if this molecular triad can be integrat-
ed into a bistable [2]rotaxane, we would have a photodriven
molecular machine based on a light-harvesting system at the
nanoscale level.


Experimental Section


General methods : Starting materials and reagents were purchased from
Aldrich and used as received. The N-boc-4-aminobenzaldehyde deriva-
tive 3 and compounds 10–14 were prepared as described in the litera-
ture.[15, 17, 18] All reactions were performed under an argon atmosphere
and in dry solvents unless otherwise noted. Analytical TLC was per-
formed on silica gel 60-F254 (Merck) with detection by fluorescence and/
or by developing in an iodine chamber. Flash chromatography was per-
formed with silica gel 60 (Silicycle). The TTF derivative 15, the P–C60


dyads 16 and 17, and the triad 1 are all mixtures of several diastereoiso-
mers. No attempt was made to isolate them. 1H NMR spectra were re-
corded on Bruker ARX 400 MHz, Bruker Avance 500 MHz, or Bruker
Avance 600 MHz spectrometers at ambient temperature in appropriate
deuterated solvents using tetramethylsilane as an internal reference.
High-resolution matrix-assisted laser desorption ionization mass spectra
(HR-MALDI-MS) were recorded on an IonSpec Ultima 7.0T FT-ICR
MALDI mass spectrometer with dihydroxybenzoic acid (DHB), a-cyano-
hydroxycinnamic acid (a-CN), or terthiophene as a matrix and A19L
oligopeptide (APPPDPDPGP EIKAKRLNL, monoisotopic mass=
2024.1) as an external calibration.


Compound 4 : This compound was prepared by using a slight modifica-
tion of the literature procedure.[16] A homogeneous solution of C60


(1.44 g, 2 mmol), N-phenylglycine 2 (3.18 g, 20 mmol), and the benzalde-
hyde derivative 3[15] (440 mg, 2 mmol) in 1,2-dichlorobenzene (300 mL)
was heated under reflux for 1.5 h. After cooling down to room tempera-
ture, the reaction mixture was subjected to silica gel (SiO2) column chro-
matography, eluting first with hexanes and then with PhMe to obtain the
C60 adduct 4 (820 mg, 40% yield) as a brown solid. 1H NMR (500 MHz,
CDCl3): d=1.41 (s, 9H), 4.90 (d, J=10 Hz, 1H), 5.58 (d, J=10 Hz, 1H),
5.96 (s, 1H), 6.36 (s, 1H), 7.10 (d, J=9 Hz, 2H), 7.27–7.29 (m, 5H),
7.64 ppm (d, J=9 Hz, 2H); MS (MALDI-TOF): m/z : 1030.7 [M+H]+


(DHB matrix).


Compound 5 : A solution of 4 (1.6 g, 1.5 mmol) and trifluoroacetic acid
(40 mL) in PhMe (300 mL) was heated under reflux for 3 h. After cooling
down the reaction mixture, the solvent was removed, and the residue was
re-dissolved in PhMe (50 mL). The remaining acid was quenched with
Et3N (20 mL). The solvents were then evaporated off and the residual
solid was re-dissolved in a minimum volume of PhMe. Column chroma-
tography (SiO2: PhMe) afforded the free amine 5 (1.3 g, 90% yield) as a
dark brown solid. 1H NMR (600 MHz, CDCl3): d=4.89 (d, J=10 Hz,
1H), 5.57 (d, J=10 Hz, 1H), 5.90 (s, 1H), 6.57 (d, J=8 Hz, 2H), 7.27–
7.30 (m, 5H), 7.49 ppm (d, J=8 Hz, 2H); MS (HR-MALDI): m/z :
929.2163 [M+H]+ (DHB matrix).


Compound 6 : This compound was prepared by using a slight modifica-
tion of the literature procedure.[16] A solution of methyl-4-formylben-
zoate (17.25 g, 105.1 mmol) in pyrrole (75 mL, 1.06 mol) was degassed by
bubbling Ar for 2 h. After adding trifluoroacetic acid (0.21 mL,
2.8 mmol) to the degassed solution, it was stirred at 20 8C in the dark for
4 h. The reaction mixture was diluted with C6H6 (200 mL) and washed
with 0.1m aqueous NaOH solution and H2O successively. The organic
layer was dried (Na2SO4), and the solvent and the excess of pyrrole were
removed under reduced pressure to afford a viscous brown oil, which
was then coated on SiO2 (20 mL) and purified by flash column chroma-
tography (SiO2: C6H6/EtOAc/Et3N 100:2.5:1.0 to 100:5.0:1.0). The first
pale yellow fraction was collected and the solvent was removed under re-
duced pressure at room temperature. The resulting solid was washed with
cold EtOAc (50 mL) and a subsequent filtration afforded 6 (13.3 g, 42%
yield) as a beige crystalline solid. 1H NMR (400 MHz, CDCl3): d=3.80
(s, 3H), 5.42 (s, 1H), 5.79 (s, 2H), 6.06 (d, J=3 Hz, 2H), 6.61 (d, J=
1 Hz, 2H), 7.17 (t, J=7 Hz, 2H), 7.86 ppm (d, J=8 Hz, 4H).


Compound 7: This compound was prepared by using a slight modification
of the literature procedure.[16] A solution of 6 (13.30 g, 47 mmol) and 3,5-
di-tert-butylbenzaldehyde (10.36 g, 47 mmol) in CHCl3 (4 L) was de-
gassed by bubbling Ar for 2 h. Following addition of BF3·Et2O (6.02 mL,
47 mmol) to the degassed solution, it was stirred at 20 8C in the dark for
2 h. Subsequently, p-chloranil (18 g, 76 mmol) was added to the resulting
dark red solution. After stirring for another 12 h, Et3N (20 mL,


Figure 7. Background correction for the effect of the 413 nm laser scatter-
ing on the BHEEN-based fluorescence intensity. Note that there is
almost no change in the fluorescence intensity (grey trace) concomitant
with the photocurrent generation (black trace) by the 413 nm laser, both
when UV excitation of BHEEN is kept ON and kept OFF.
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150 mmol) was added to the reaction mixture to neutralize the Lewis
acid. The reaction mixture was then concentrated. Flash column chroma-
tography (SiO2: CHCl3) of the crude reaction mixture, followed by the
washing of the resulting purple solid with cold MeOH (50 mL) provided
7 as the major product in a mixture of three different porphyrins. Further
column chromatography (SiO2: hexanes/PhMe 2:1 to 1:3) afforded the
desired meso-porphyrin 7 as the second fraction. Evaporation of the sol-
vent from this fraction yielded a purple solid (3.6 g, 14% yield). 1H NMR
(600 MHz, CDCl3): d=�2.74 (s, 2H), 1.54 (s, 36H), 4.12 (s, 6H), 7.81 (d,
J=2 Hz, 2H), 8.07 (s, 4H), 8.31 (d, J=8 Hz, 4H), 8.43 (d, J=8 Hz, 4H),
8.79 (d, J=5 Hz, 4H), 8.90 ppm (d, J=5 Hz, 4H).


Compound 8 : This compound was prepared by using a slight modifica-
tion of the literature procedure.[16] A solution of 7 (1.01 g, 1.05 mmol) in
a THF/EtOH mixture (1/1, 500 mL) and KOH (5.4 g) in H2O (50 mL)
was heated under reflux for 12 h. After cooling, the organic solvent was
removed under reduced pressure and the residue was diluted with H2O
(200 mL). The resulting dipotassium salt of the corresponding porphyrin
dicarboxylic acid was then filtered off. An acidification of the solid dipo-
tassium salt with conc. HCl, followed by thorough washing of the residue
with hot H2O provided the dicarboxylic acid 8 (950 mg, 97% yield) as a
purple powder. 1H NMR (500 MHz, CDCl3/(CD3)2SO 3:1): d=�3.62
(br s, 2H), 1.78 (s, 36H), 7.03 (br s, 2H), 7.26 (br s, 4H), 7.52 (m, 4H),
7.64 (m, 4H), 8.05 (br s, 4H), 8.12 ppm (br s, 4H).


Compound 9 : 4-Methylmorpholine (1 mL, excess) was added to a solu-
tion of 8 (927 mg, 1 mmol) in THF (300 mL) and the reaction mixture
was stirred at 20 8C for 10 min. Then, 2-chloro-4,6-dimethoxy-1,3,5-tri-
azine (386 mg, 2.2 mmol) was added to it at 0 8C. The resulting solution
was stirred at 0 8C for 10 min and then at 20 8C for 4 h. TLC of this solu-
tion showed the appearance of a less polar compound (the activated
ester) at the expense of dicarboxylic acid 8. Subsequently, a solution of
benzyl alcohol (103 mL, 1 mmol) and 4-dimethylaminopyridine (200 mg)
in THF (100 mL) was added dropwise into the solution of the activated
ester. The resulting reaction mixture was then stirred at 20 8C for 10 h.
After an aqueous workup and extraction with a CHCl3/MeOH mixture
(3N100 mL, 4:1), the combined organic solution was dried (Na2SO4) and
evaporated under reduced pressure. The desired monoester 9 was isolat-
ed by flash column chromatography (SiO2: CHCl3/MeOH 98:2 to 95:5)
as the second fraction. Evaporation of solvent from this fraction afforded
9 (610 mg, 60% yield) as a purple powder. 1H NMR (600 MHz, CDCl3):
d=�2.73 (br s, 2H), 1.54 (s, 36H), 5.56 (s, 2H), 7.42 (d, J=8 Hz, 2H),
7.47 (t, J=8 Hz, 2H), 7.60 (d, J=8 Hz, 2H), 7.81 (br s, 2H), 8.08 (s, 4H),
8.32 (d, J=8 Hz, 2H), 8.35 (d, J=8 Hz, 2H), 8.47 (d, J=8 Hz, 2H), 8.51
(d, J=8 Hz, 2H), 8.80 (d, J=5 Hz, 4H), 8.92 ppm (t, J=5 Hz, 4H); MS
(HR-MALDI): m/z : 1017.5312 [M+H]+ (DHB matrix).


Compound 15 : 4-Methylmorpholine (0.2 mL, 1.6 mmol) was added to a
solution of thioctic acid (206 mg, 1 mmol) in CH2Cl2 (50 mL) and the re-
sulting solution was stirred at 20 8C for 10 min. Then, 2-chloro-4,6-di-
methoxy-1,3,5-triazine (193 mg, 1.1 mmol) was added to the reaction mix-
ture at 0 8C. The resulting solution was stirred at 0 8C for 10 min and then
at 20 8C for 3 h. Subsequently, a solution of 14[17,18] (440 mg, 1 mmol) and
4-dimethylaminopyridine (100 mg) in CH2Cl2 (20 mL) was added to the
solution of the activated ester in one portion. The resulting reaction mix-
ture was stirred at 20 8C for 4 h. The solvent was then removed under re-
duced pressure and the crude reaction mixture was coated on neutral alu-
mina. The ester 15 (250 mg, 40% yield) was purified by gradient column
chromatography (SiO2: CH2Cl2/hexanes 90:10 to CH2Cl2/MeOH 97:3)
and was isolated as a yellow oil. 1H NMR (500 MHz, (CD3)2CO): d=


1.46–1.50 (m, 2H), 1.61–1.66 (m, 4H), 1.70–1.75 (m, 1H), 1.87–1.95 (m,
1H), 2.33 (t, J=8 Hz, 2H), 2.45–2.51 (m, 1H), 3.09–3.13 (m, 1H), 3.18–
3.21 (m, 1H), 3.50–3.54 (m, 2H), 3.58–3.64 (m, 12H), 3.65–3.67 (m, 2H),
4.18 (t, J=3 Hz, 2H), 4.33 (s, 4H), 6.56 ppm (s, 2H); MS (HR-MALDI):
m/z : 628.0789 [M]+ (DHB matrix).


Compound 16 : 4-Methylmorpholine (0.5 mL, excess) was added to a so-
lution of 9 (765 mg, 752 mmol) in THF/ CH2Cl2 (1/3, 100 mL), and the re-
sulting solution was stirred at 20 8C for 10 min. Then, 2-chloro-4,6-di-
methoxy-1,3,5-triazine (145 mg, 900 mmol) was added to the reaction mix-
ture at 0 8C. The resulting solution was stirred at 0 8C for 10 min and then
at 20 8C for 3 h. TLC of this solution showed the appearance of a less


polar component (activated ester) at the expense of 9. Subsequently, a
solution of the amine-appended C60-adduct 5 (700 mg, 750 mmol) and 4-
dimethylaminopyridine (100 mg) in CH2Cl2 (100 mL) was added to the
reaction mixture. The resulting reaction mixture was then stirred at 20 8C
for 4 h. Solvent was removed under a reduced pressure and the dyad 18
was purified by flash column chromatography (SiO2: CH2Cl2/hexanes
90:10 to 95:5) as the second fraction. Evaporation of the solvent from
the second fraction afforded 16 (1.16 g, 80% yield) as a bright purple
solid. 1H NMR (500 MHz, CDCl3): d=�2.82 (s, 2H), 1.55 (s, 36H), 4.83
(d, J=10 Hz, 1H), 5.51 (d, J=10 Hz, 1H), 5.56 (s, 2H), 5.80 (s, 1H),
7.09–7.11 (m, 2H), 7.32–7.43 (m, 4H), 7.46–7.49 (m, 2H), 7.61 (d, J=
8 Hz, 2H), 7.75 (d, J=8 Hz, 2H), 7.80 (s, 4H), 7.88 (d, J=8 Hz, 2H),
8.06 (s, 4H), 8.26 (s, 2H), 8.30 (d, J=8 Hz, 2H), 8.44 (d, J=8 Hz, 2H),
8.77 (d, J=3 Hz, 4H), 8.88–8.91 ppm (dd, J=11, 4.5 Hz, 4H); MS (HR-
MALDI): m/z : 1931.0035 [M+H]+ (no matrix).


Compound 17: A solution of BBr3 (2 mL, excess) in CH2Cl2 (100 mL)
was added slowly at �78 8C to a solution of 16 (1.16 g, 601 mmol) in
CH2Cl2 (500 mL). The resulting green solution was allowed to warm up
to 20 8C and stirred for another 4 h. The reaction mixture was then ex-
tracted with H2O (3N100 mL) to remove any excess of acid. The result-
ing purple solution was dried (Na2SO4) and the organic solvent was
evaporated. Column chromatography (SiO2: CHCl3/MeOH 98:2 to 95:5)
and subsequent evaporation of the solvent from the second fraction af-
forded the dyad 17 (880 mg, 80% yield) as a purple solid. 1H NMR
(500 MHz, CDCl3/(CD3)2SO 4:1): d=�2.88 (br s, 2H), 1.54 (s, 36H), 4.72
(d, J=8 Hz, 1H), 5.40 (d, J=8 Hz, 1H), 5.84 (s, 1H), 6.58 (br s, 1H), 6.93
(d, J=7 Hz, 2H), 7.22 (t, J=6 Hz, 1H), 7.30–7.36 (m, 4H), 7.69 (d, J=
6 Hz, 2H), 7.82 (s, 2H), 8.05 (s, 6H), 8.16 (d, J=6 Hz, 2H), 8.29–8.32 (m,
4H), 8.44 (d, J=6 Hz, 2H), 8.76 (s, 2H), 8.80 (s, 2H), 8.88 (s, 4H),
10.45 ppm (s, 1H); UV/Vis (5.43 mm solution in THF): lmax=251 (C60),
418 (porphyrin Soret band), 512, 546, 588, 644 nm (porphyrin Q-bands);
MS (HR-MALDI): m/z : 1840.9566 [M+H]+ (terthiophene matrix).


Compound 1: 4-Methylmorpholine (0.1 mL, excess) was added to a solu-
tion of the P–C60 dyad 17 (92 mg, 50 mmol) in a THF/ CH2Cl2 mixture
(20 mL, 1:2), and the resulting solution was stirred at 20 8C for 10 min.
Subsequently, 2-chloro-4,6-dimethoxy-1,3,5-triazine (11 mg, 60 mmol) was
added to the reaction mixture at 0 8C. The resulting solution was stirred
at 0 8C for 10 min and then at 20 8C for 3 h. TLC of this solution showed
the appearance of a less polar component (activated ester) at the expense
of the starting material 17. Subsequently, a solution of TTF derivative 15
(3 equiv) and 4-dimethylaminopyridine (100 mg) in CH2Cl2 (100 mL) was
added to the reaction mixture. The resulting solution was stirred at 20 8C
for 4 h. After removing the solvent from the crude reaction mixture, the
residue was thoroughly washed with MeOH to remove excess of 15 and
other reagents to obtain the triad 1 (98 mg, 80%). It was further purified
by crystallization from a CH2Cl2 solution to obtain a brownish-purple
solid. 1H NMR (500 MHz, CDCl3): d=�2.81 (s, 2H), 1.58 (br s, 36H),
1.90–1.93 (m, 2H), 2.05 (s, 2H), 2.28–2.30 (m, 2H), 2.34–2.37 (m, 1H),
3.07–3.14 (m, 5H), 3.31–3.34 (m, 1H), 3.40–3.44 (m, 2H), 3.49 (s, 2H),
3.54–3.59 (m, 2H), 3.69–3.75 (m, 4H), 3.80–3.82 (m, 2H), 3.94 (s, 1H),
3.96–3.98 (m, 2H), 4.02 (br s, 1H), 4.12–4.16 (m, 1H), 4.23–4.25 (m, 1H),
4.28 (s, 1H), 4.35 (br s, 1H), 4.68 (br s, 1H), 4.81 (d, J=9 Hz, 1H),[25] 5.50
(d, J=9 Hz, 1H),[25] 5.90 (s, 1H),[25] 6.23 (d, J=5 Hz, 2H),[25] 7.10 (t, J=
7 Hz, 1H), 7.31–7.37 (m, 2H), 7.38 (t, J=7 Hz, 1H), 7.76 (br s, 2H), 7.81
(s, 2H), 7.86 (br s, 2H), 8.06 (s, 4H), 8.26 (s, 4H), 8.31 (br s, 2H), 8.43–
8.50 (m, 3H), 8.78 (br s, 4H), 8.89 ppm (d, J=6 Hz, 4H); MS (HR-
MALDI): m/z : 2451.7211 [M+H]+ (DHB matrix).


Self-assembled monolayer formation : The triad 1 was self-assembled on
Piranha-cleaned gold wires and foils from solutions of 1 in CH2Cl2 (0.1m)
in the absence of light over a period of 72 h. The resulting SAM-modified
gold surfaces were cleaned by rinsing with appropriate solvents (CH2Cl2
and EtOH) and used as the working electrode in the electrochemical and
photoelectrochemical experiments.


Physical studies : The UV-visible absorption spectra were recorded on a
Varian Cary 100 Bio in CH2Cl2. The extinction coefficients were obtained
from a single-point determination. Electrochemical experiments were
carried out at room temperature in argon-purged solutions of the samples
in MeCN, with a Princeton Applied Research 263 A Multipurpose instru-
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ment interfaced to a PC (EG&G software). Cyclic voltammetric (CV)
experiments were performed using a glassy carbon working electrode
(0.018 cm2, Cypress Systems); its surface was polished routinely with a
0.05 mm alumina-water slurry on a felt surface immediately before use.
The counter electrode was a Pt wire and the reference electrode was
either SCE or Ag/AgCl. Tetrabutylammonium hexafluorophosphate
(0.1m) was added as supporting electrolyte. Cyclic voltammograms were
obtained at scan rates ranging from 2 to 1000 mVs�1. For reversible proc-
esses, E1/2 was calculated from an average of the cathodic and anodic
cyclic voltammetric peaks. To establish the reversibility of a process, we
used the criteria of 1) 60 mV between cathodic and anodic peaks and 2)
close to unity ratio of the intensities of the cathodic and anodic currents.
Experimental errors: potential values, �10 mV; absorption maxima,
�2 nm. The SAM-functionalized Au electrode (Au coil, 0.5 diameter,
2.262 cm2 working area) for the CV experiments was washed thoroughly
before use by rinsing in CH2Cl2, then in THF, and finally in MeCN.


Phototoelectrochemical measurements : A standard three-electrode cell,
consisting of Au-foil functionalized with a SAM of the triad 1, a Pt gauze
counter electrode (in the shape of a bucket), and a Ag/AgCl (saturated
KCl) reference electrode were used. The Au foil was located at the
center of the Pt gauze bucket (diameter ~3 cm) counter electrode. An
aqueous 0.1m Na2SO4 solution (aerated) was employed as the electrolyte.
Single-wavelength laser light from a Krypton ion laser (Coherent, Innova
300C, 407, 413 and 568 nm) or an Argon ion laser (Coherent Innova
90C-5, 355, 457, 466, 476, 488, 496, 501 and 514 nm) was aligned and dis-
persed into the photoelectrochemical cell to irradiate a ~1 cm2 area of
the Au foil. All laser powers were measured at the source and were cor-
rected for attenuation by the intervening optics. A galvanostat experi-
ment was performed to detect the voltage (�500 mV) at which the dark
current was closest to zero. The photoaction spectrum was generated by
measuring the photocurrent at �500 mV after equilibration at 100 s gen-
erated by excitation at different wavelengths at a constant power
(40 mWcm�2). Control experiments were conducted on bare Au foil or a
decanethiol (Aldrich) and butanethiol (Aldrich) SAMs coated Au elec-
trode. In an optimized system, a triad 1-SAM/Au working electrode, Pt
wire in a fritted tube as the counter electrode, Ag wire-pseudoreference
electrode, and 0.1m TBAPF6 solution in MeCN as supporting electrolyte
in a 1N1N3 cm3 quartz cuvette was used as the electrochemical cell. The
same laser source and power as mentioned earlier was used for photoex-
citation.


Dethreading experiments : The dethreading experiments were conducted
under the same conditions as the photoelectrochemistry by using solu-
tions of the sample in MeCN with 0.1m TBAPF6 as supporting electrolyte
and with an Ag wire as a pseudo-reference electrode in a 3 mL quartz
cell. The initial concentration of the pseudorotaxane at equilibrium was
0.37mm, based on a 1:1 mixture of 0.5mm concentrations of both
BHEEN and CBPQT4+ units and their association constant[26] of Ka=


2.53N104
m


�1 (MeCN, 298 K). The detection of fluorescence from the
BHEEN has been described elsewhere.[3a] Briefly, UV excitation (Ar ion
laser, Innova 300C FReD, lex=257 nm, 10 mWcm�1�2) was used and the
florescence was detected at 458 through a monochromator connected to
an intensified CCD camera (ICCD, PI-MAX, Princeton Instruments).
The florescence versus time trace was obtained by integrating the area
under the spectrum from 320 to 370 nm every 0.5 s. The florescence spec-
tra are an average of 50 spectra obtained every 0.5 s.
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Mechanistic Insights into Iridium-Catalyzed Asymmetric Hydrogenation of
Dienes


Xiuhua Cui, Yubo Fan, Michael B. Hall,* and Kevin Burgess*[a]


Introduction


From a synthetic perspective, asymmetric hydrogenation of
largely unfunctionalized, aryl-substituted monoenes is a ma-
turing field. About a decade ago two catalyst types had
emerged that inspired a flurry of interest in this area. One
of these was titanium/zirconium catalysts from the Buchwald
group, which were shown to give excellent enantioselectivi-


ties and conversions for a broad range of substrate types.[1–3]


However, the subsequent lack of studies indicate others
have been reluctant to develop and apply these catalysts,
probably because they are not particularly accessible, tend
to require 5 mol % loadings, use high hydrogen pressures,
and are very air-sensitive. The data obtained by using zirco-
nium-based systems to reduce tetrasubstituted arylalkenes is
still the best reported to date,[3] but subsequent research on
hydrogenations of tri- and disubstituted alkenes has focused
on iridium-based catalysts. In many cases, these are easier to
prepare, moderately air-stable, require only ambient or
slightly elevated hydrogen pressures, and are useful at lower
catalyst loadings. Thus, using Crabtree’s catalyst A as a con-
ceptual template,[4] Pfaltz and co-workers pioneered the ap-
plication of ligands with N,P-coordinating groups[5–7] in this
area, particularly in phosphine oxazoline complexes like
B.[6,8–14] Others,[14–16] including our group,[17] subsequently de-
signed and tested similar complexes. More recently, studies
from our laboratories demonstrated that N-heterocyclic car-
bene–oxazoline ligands like C also could be used to reduce


Abstract: Hydrogenation of 2,3-diphe-
nylbutadiene (1) with the chiral car-
bene–oxazoline–iridium complex C has
been studied by means of a combined
experimental and computational ap-
proach. A detailed kinetic profile of
the reaction was obtained with respect
to consumption of the substrate and
formation of the intermediate half-re-
duction products, 2,3-diphenylbut-1-
ene (2) and the final product, 2,3-di-
phenylbutane (3). The data generated
from these analyses, and from NMR
experiments, revealed several facets of
the reaction. After a brief induction
period (presumably involving reduction
of the cyclooctadiene ligand on C), the
diene concentration declines in a zero-
order process primarily to give mono-


ene intermediates. When all the diene
is consumed, the reaction accelerates
and compound 3 begins to accumulate.
Interestingly, the prevalent enantiomer
of the monoene intermediate 2 is con-
verted mostly to meso-3 so the enantio-
selectivity of the reaction appears to
reverse. The reaction seems to be first-
order with respect to the catalyst when
the catalyst concentration is less than
0.0075m ; diffusion of hydrogen across
the gas–liquid interface complicates the
analysis at higher catalyst concentra-


tions. Similarly, these diffusion effects
complicated measurements of reaction
rate versus applied pressure of dihydro-
gen; other factors like stir speed and
flask geometry come into play under
some, but not all, the conditions exam-
ined. Density functional theory (DFT)
calculations, using the PBE method,
were used to probe the reaction. These
studies indicate a transoid-h4-diene–di-
hydride complex forms in the first
stages of the catalytic cycle. Further re-
action requires dissociation of one
alkene ligand to give a h2-diene–dihy-
dride–dihydrogen intermediate. A cata-
lytic cycle that features Ir3+/Ir5+ seems
to be involved thereafter.
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tri- and disubstituted arylalkenes with good conversions and
enantioselectivities.[18,19] The outcome of all these studies is
that some iridium-based catalysts are known to mediate re-
duction of a variety of common, unfunctionalized, trisubsti-
tuted arylalkenes, with high conversions and enantioface se-
lectivities. Further modifications to the ligand designs are
only likely to give incremental improvements for iridium-
catalyzed hydrogenations of these particular substrates.


Despite the interest in iridium-catalyzed hydrogenations
of arylalkenes, there are some important unmet goals in the
area. Two of these specifically relate to the research de-
scribed here: 1) reductions of largely unfunctionalized al-
kenes and 2) elucidation of mechanistic features of the reac-
tion. All the work on iridium-mediated hydrogenations with
“Crabtree-like” catalysts has focused on aryl-substituted
monoenes, and the mechanism(s) of these reactions remain
largely unexplored.


We have identified a logical progression in the field to be
asymmetric hydrogenations of dienes (and polyenes). These
tend to be more difficult substrates to explore than mono-
enes, because both relative and absolute stereochemistries
must be controlled if two or more chiral centers are formed.
However, the rewards are greater if this can be achieved.
This is because the chirons that could be generated are
more complex, less accessible through other routes, but still
potentially useful in stereoselective syntheses.


Surprisingly, the literature reveals little prior art with re-
spect to asymmetric hydrogenations of dienes of any kind.
Reduction of the diacid D had been explored, with moder-
ate success,[20] while conversions and enantioselectivities for
the di(phosphine oxide) E were found to be considerably
better.[21] Both these studies featured functionalized dienes


and ruthenium–BINAP catalysts. Besides these examples,
Burk and co-workers had explored rhodium-mediated hy-
drogenation of the substrates F (and isomers);[22] only the
a,b-double bond was reduced giving the products G, so in a
sense these are archetypical reductions of dehydroamino
acids, that is, of well-studied, appropriately functionalized,
monoenes. We have not been able to find any other exam-
ples of asymmetric reductions of dienes prior to our work.


As an initial study, we chose 2,3-diphenylbutadiene (1) as
a substrate. It was predictable that stereocontrol for reduc-
tion of this particular diene would be difficult because each


alkene unit in it is 1,1-disubstituted, and reduction of this
type of alkene tends to be difficult to achieve with high face
selectivities. In any case, the products, isomers of 2,3-diphe-
nylbutane, have no evident immediate synthetic applica-
tions. Nevertheless, we regarded this as a useful starting
point for our investigations, because so many unknowns sur-
rounded the hydrogenation of even this simple diene. Those
unknowns can be highlighted by the following questions.
Could the reaction be manipulated to give the optically
active product 3 with high enantiomeric excess? If so, what
is the diastereoselectivity of the process? What are the rela-
tive rates of hydrogenation of the two double bonds, and do
the monoenes 2 accumulate in the reaction? Related to this,
what are the kinetic factors that control the overall stereose-
lectivity of the reaction? Is the reaction complicated by
double bond migration to give the tetrasubstituted alkene
4? Can any inferences be drawn from these studies regard-
ing the mechanism of iridium-mediated hydrogenations of
aryl-substituted monoenes? In the event, all these issues can
be addressed, at least to some extent. Our investigations of
2,3-diphenylbutadiene (1), which we initially anticipated
would be relatively superficial,[23] evolved into an in-depth
and revealing study.


Results and Discussion


The strategy in this project was as follows. Stereochemical
assignments were made for the products and intermediates
of the reduction process, then the reaction was followed by
means of gas chromatography (GC) to develop a kinetic
profile of the relative rates of conversion. These observa-
tions were supported by a competition experiment to reveal
the origin of a small amount of meso-3 that formed in the
early stage of the reaction, and by NMR analyses of cata-
lyst/hydrogen, catalyst/substrate mixtures. A series of experi-
ments was then performed using different stirring speeds to
explore if hydrogen diffusion effects can alter the outcome
of the reaction, then dependencies on catalyst concentration
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and hydrogen pressure were investigated. All these experi-
ments were performed with a carbene–oxazoline catalyst
that had previously proved to be a preferred one for asym-
metric hydrogenations of aryl-substituted monoenes. The
last phase of the study was to screen a small library of alter-
native carbene–oxazoline catalysts to probe for increased
stereoselectivities.


In parallel with the experiments described above, an ex-
tensive series of density functional theory (DFT) calcula-
tions were performed to simulate a preferred reaction mech-
anism. Basically, relative energies of a series of diastereo-
meric intermediates were calculated to formulate a model of
the preferred reaction path and exclude relatively high-
energy routes to the products.


Kinetic profile of the reaction under typical conditions: Two
approaches were used to establish the absolute stereoche-
mistries of compounds 2 and 3. First, an authentic sample of
2 was prepared by a Wittig reaction on the corresponding
ketone, which was in turn made using an asymmetric synthe-
sis.[24] Second, two literature reports describe close and sig-
nificant optical rotations for compound 3,[25,26] hence it was
possible to determine the stereochemistry of the material
formed in the test reaction by means of polarimetry and cor-
relation. These two approaches were complementary and
led to the same conclusions.


Figure 1 gives the reaction conditions used to develop a
kinetic profile of the hydrogenation process, the relative
rates determined from GC analyses, and the absolute stereo-
chemistries of the compounds involved. This experiment
was repeated several times and gave consistent results.


After an induction period of about 4 min, the reaction
proceeds at a steady rate indicative of zero-order consump-
tion of diene. In the first 475 min of the hydrogenation, until
all the diene 1 is consumed, the monoenes 2 and ent-2 are
the major products with the former prevailing, but only in
an enantiomeric excess of approximately 12 %. It is the
events after the diene is consumed that largely govern the
enantiomeric excess of the product 3 formed at the end of
the reaction. Two matched/mismatched pairs should be con-
sidered at the critical point when all the diene is consumed.
The catalyst interacts constructively with substrate 2 to give
meso-3, and ent-3 is only formed slowly in that reaction.
Conversely, the favored product from ent-2 is the optically
active product 3, and meso-3 only forms from this substrate
at about half the rate. The reaction generates an enantio-
meric excess of 3, because the major alkene 2 formed when
the diene is consumed is rapidly drained off to meso-3 ; si-
multaneously, the minor enantiomer of the alkene inter-
mediate, ent-2, preferentially gives 3 that emerges as the
preferred enantiomer from the reaction.


Several features of the data shown in Figure 1 are inter-
esting. These are 1) a significant concentration of meso-3,
but not ent-3, is formed in the first phase of the reaction; 2)
small quantities of the double-bond migration product 4 are
formed in the first phase of the reaction, but its Z isomer is
not formed, and the concentration of 4 remains constant in


the second phase of the reaction; and 3) the enantiomeric
excess of 2 formed in the first phase of the reaction is not
constant. These observations are now discussed in more
depth.


Competition experiment to probe dissociation of the sub-
strate from the metal : Formation of meso-3 in the first
phase of the reaction could occur through two consecutive
addition reactions of H2 to the diene without dissociation of
the substrate from the metal. Alternatively, partial hydroge-
nation of 1 could occur, followed by dissociation to free 2
and ent-2 then recombination of these with the metal to give
meso-3. These two possibilities are expressed in Figure 2a. A
competition experiment was devised to distinguish between
these two pathways. This was not straightforward, because,
by definition, the diene has to be present in the first phase
of the reaction. Consequently, conditions were designed, as


Figure 1. a) The test reaction; b) hydrogenation of 2,3-diphenylbutadiene
1, with rates in units of 10�4 mol L�1 min�1; and c) concentrations of the
reaction components as the reaction proceeds.
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shown in Figure 2b, whereby 2 was generated, then an
excess of the tolyl derivative 5 was added. Hydrogenation of
this mixture gave a disproportionately large amount of
meso-3. This was not due to faster reaction of rac-2 than
rac-5, because control experiments showed the opposite;
rac-5 under our standard reaction conditions was hydrogen-
ated slightly faster than rac-2. Thus the overall conclusion is
that both the nondissociative and the dissociative pathways
are operative for the formation of meso-3 in the first phase
of the reaction, but the nondissociative mechanism is domi-
nant.


The other two unusual features of the kinetic data, that is,
in the first phase of the reaction the small quantities of the
double-bond migration product 4 formed and the variation
of the enantiomeric excess of 2 seem to be related. Evidence
for this assertion is as follows. The concentration of the tet-
rasubstituted alkene 4 varied as shown in Figure 3a. The en-
antiomeric excess of the monoene 2 varied as shown in Fig-


ure 3b (green line) during the same time period. We were
curious about this unusual variation in enantiomeric excess
of 2 and realized that if it were assumed that the tetrasubsti-
tuted alkene 4 arose solely from ent-2 then the ee of 2 cor-
rected for this is almost constant in the first phase of the re-
action (Figure 3b, pink line). We conclude that under these
particular conditions 4 may be formed preferentially from
ent-2.


NMR experiments : NMR data were collected in two solvent
systems: CDCl3 and CD3C6H5. Deuterochloroform was
chosen because it is a common solvent for these hydrogena-
tion reactions, (though it was not the one used in the kinetic
experiments), and because no solubility issues arose. Deuter-
ated toluene was used to correspond with the medium used
for the kinetic experiments, but in this case material tended
to separate from the solution as an oil (vide infra). In both
solvents, treatment of catalyst C with 25 equivalents of


Figure 2. a) Simple representation of dissociative and nondissociative
routes to meso-3 in the first phase of the reaction and b) a competition
experiment showing that the nondissociative mechanism is favored, but
both are operative.


Figure 3. a) Concentration of alkene 4 under the conditions shown in Fig-
ure 1a; b) enantiomeric excess of 2 throughout the reaction, shown in
green, ee%= (2�ent-2)/(2+ent-2)× 100; and the enantiomeric excess of 2
adjusted for production of 4 from only ent-2, shown in pink, ee%=


(2�(ent-2+4))/(2+(ent-2+4))× 100 as indicated in part c).
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diene 1 for 12 h at 25 8C gave no significant change in the
1H NMR spectrum indicating that hydrogen is required to
displace the cyclooctadiene (COD) ligand.


When catalyst C in CDCl3 was treated with hydrogen
under atmospheric pressure in the absence of diene, the
1H NMR spectrum of the solution changed significantly over
a period of approximately 40 min. During this time the reso-
nances attributed to the COD ligand disappeared and a
peak corresponding to cyclooctane appeared, but the reso-
nances due to the catalyst were indicative of formation of a
mixture of products. No significant hydrogenation occurred
when diene was added to this solution. We infer from these
experiments that the catalyst is rapidly deactivated in essen-
tially non-coordinating solvents in the absence of alkene
substrate. It seems likely that degradation to oligometallic
clusters occurred under these conditions, similar to Crab-
tree’s catalysts[4,27,28] and their chiral phosphine–oxazoline
analogues.[29] However, at the present time we have no evi-
dence to support this for the particular case of catalyst C ;
our efforts to isolate and crystallize these species using simi-
lar conditions have been unsuccessful.


When the hydrogenation reaction of diene 1 was per-
formed with diene present from t=0 in CDCl3, the proton
NMR spectra were different to those described above. They
were complicated to interpret, except the hydride region
showed only one resonance (d=�15.4 ppm); this signal was
not observed in the reaction of catalysts with hydrogen
alone. Thus the overall conclusion from these experiments is
that both diene (or alkene) and hydrogen are required to
form the active catalyst in these reactions.


In [D8]tolune, the catalyst behaved differently. After
treatment with 1 atm of hydrogen in the absence of diene
for 1 h, the COD ligand is reduced to free cyclooctane, and
an oily material separated from the solution. The 1H NMR
spectrum of the complex remaining in solution gave two
coupled hydridic resonances at d=�16.00 and �15.97 ppm
(J=5.7 Hz). After prolonged treatment with hydrogen (e.g.,
5 h), even more material separated out of the solution, and
the resonances of the dissolved material diminished. We
infer from this experiment, that an iridium dihydride com-
plex with two inequivalent Ir�H moieties was formed. This
is consistent with observations from Pfaltz et al. on their
iridium phosphine–oxazoline complexes treated with dihy-
drogen in THF.[30] Unlike those phosphine–oxazoline com-
plexes, derivatives of catalyst C do not have 31P nuclei, so
further structural assignments were relatively difficult.
When diene 1 was added to a solution of catalyst C that had
been pretreated with H2 (1 atm, 5 h), hydrogenation did
occur, that is, contrary to what had been observed for the
CDCl3 solution. However, the product distribution was not
the same as that observed in the kinetic experiments (com-
pare with Figure 1). In the experiments outlined in Figure 1,
only a small amount of completely reduced product, 2,3-di-
phenylbutane (3), was observed until all the starting materi-
al was consumed. However, for the experiment here, in
which the catalyst was pre-treated with H2, significant
amounts of diene 1, product 3, and the intermediate half-re-


duction products 2 were observed to co-exist in the same so-
lution. These data indicate that the reaction proceeds some-
what differently under these two sets of conditions. It is pos-
sible that solvent coordination effects of toluene are suffi-
cient to stabilize intermediates in the process, whereas de-
composition events under similar conditions in CDCl3 were
more prevalent.


For [D8]toluene as solvent, the hydrogenation of diene 1
(1 atm H2, 20 min, diene present from t=0) gave proton
NMR spectra that were different to those described above.
Just as in the kinetic experiments, only significant quantities
of the monohydrogenated intermediates 2 were observed.
Resonances associated with the ligand and hydridic region
were complicated and difficult to interpret.


Hydrogen diffusion effects : Until this point, the emphasis of
these studies had been on the relative rates of reaction
under a given set of conditions. The next stage was to con-
sider relationships of the reaction rate to catalyst and hydro-
gen concentration. However, work by Blackmond and
others has highlighted situations in which applied hydrogen
pressure and concentration of hydrogen in solution are not
always related in a simple way for catalytic hydrogenation
reactions.[31,32] Pfalz et al. have also noted that H2 diffusion
effects might be important for catalysts formed from their
phosphine–oxazolines for cases in which the substrate reacts
relatively fast.[9,33] Further, there is evidence that, unlike
some rhodium-catalyzed hydrogenation reactions in which
oxidative addition of hydrogen tends to be rate-limiting, the
corresponding reactions of cationic Ir+ complexes tend to
be fast even at �80 8C.[34,35] This is to be expected due to the
greater thermodynamic stability of Ir�H bonds relative to
Rh�H bonds. Thus, there is a possibility that diffusion of hy-
drogen is rate-limiting. The likelihood that hydrogen diffu-
sion across a gas–liquid interface becomes rate-limiting in-
creases for substrates that are intrinsically fast to react, es-
pecially at increased catalyst concentrations and relatively
low hydrogen pressures.


Diene 1 is less reactive than most monoenes that we have
tested in the presence of catalyst C. For instance, the diene
requires reaction times of the order of 10 h, whereas (E)-
1,2-diphenylpropene under similar conditions, but with less
catalyst, required reaction times of only 2 h for complete
conversion. This factor implies that hydrogen diffusion rates
might not be so important for diene 1 as they are for mono-
enes.


Experiments to test if the diffusion of hydrogen is rate-
limiting or not can feature experiments with different cata-
lyst loadings, vessels with different gas–liquid contact sur-
face areas, and/or experiments with different stir speeds. It
was not practical to vary the catalyst loadings in these ex-
periments, because the reaction becomes inconveniently
slow when significantly less than 1 mol% of catalyst is used,
and competitive deactivation of the catalyst after prolonged
reaction times also becomes an issue. Conversely, experi-
ments with high catalyst loadings are not truly representa-
tive of the conditions used, and would consume large
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amounts of the valuable catalyst C. For these reasons, we
elected to used stir speeds as a prime method for determin-
ing the importance of hydrogen diffusion effects on the re-
duction of diene 1. Different vessel geometries were used in
some cases to accentuate the effects.


Table 1 shows rates of consumption of diene as a function
of various catalyst concentrations and stir speeds in the
same reaction vessel. Each value is based on 5–6 data


points, and nearly all the experiments were performed twice.
The data show that at the catalyst concentration 0.0075m
there is no evidence that stir speed effects the measured
rate of consumption of the diene (entries 1–5). However,
when the catalyst concentration was increased 0.015m then
H2 diffusion effects were clearly significant (entries 9–11).


The kinetic studies performed early in this work featured
catalyst concentrations of 0.010m. This was a deliberate
choice. We desired to keep the reactions rates high enough
that the kinetics could be measured conveniently, without
encountering excessive complications from H2 diffusion ef-
fects. The data shown in entries 6–8 of Table 1 indicate that
this is a borderline region (the vessel used here was the
same as for the kinetic experiments). Consequently, a series
of control experiments were undertaken to check that H2


diffusion effects do not significantly affect the outcome of
the reaction under these types of conditions. These are now
described below.


The first set of experiments used a vessel with a larger
gas–liquid interface than the one used in the kinetic experi-
ments, that is, a geometry that does not favor rate-limiting
H2 diffusion. The catalyst concentration was kept at 0.010m


(just as in the kinetic experiments), and the stir speeds were
varied between two extremes. Table 2, entries 1–2 show that
the product distribution and stereoselectivities did not vary
with stir speed under these conditions, confirming that H2


diffusion was not determinant in the stereoselectivities
under these conditions. The product distribution and stereo-
selectivities are very close to those observed in the kinetic
analyses (Figure 1).


Slight differences in the data obtained from the experi-
ments outlined in Figure 1 and those in Table 2 may indicate
small variations in the relative rates would be observed
under conditions under which mass-transfer effects were a
distant possibility. However, the influence of mass transfer
under the conditions shown in Figure 1 is largely inconse-
quential to the overall conclusions regarding the origin of
the optical purity of the product.


Dependence on catalyst concentration : Rates of consump-
tion of the diene 1 were measured at different catalyst con-
centrations under the conditions indicated in Figure 4 a. The
same reaction vessel and stir speed were used throughout,
so the influence of diffusion rates was constant. The rate of
reaction was linearly related to the catalyst concentration:
the reaction rate is first-order with respect to the catalyst
under these conditions.


Dependence on hydrogen pressure: The experiments with
variation of stirring speeds proved that diffusion rates influ-
ence the enantioselective hydrogenation of diene 1. Further,
we have already reported that enantiomeric excesses in hy-
drogenations of some, but not all, aryl-substituted monoenes
can vary with hydrogen pressure.[19] This observation is indi-
cative of a change in the relative rates in a given pathway,
or perhaps even a more fundamental mechanistic shift. Such
mechanistic variations include transitions between situations
in which the diffusion of hydrogen is and is not a controlling
factor. Significantly, one of the aryl-substituted monoenes
for which ee and H2 pressure were related was the 1,1-disub-
stituted substrate H, a compound that is structurally similar
to diene 1. These considerations indicate that only limited
inferences can be drawn from the effects of pressure on the
rate of the hydrogenation reaction. Nevertheless variance of
enantioselectivity with pressure was measured for diene 1
(Figure 4b).


The data shown in Figure 4b for the elevated pressures
are the composite sets of experiments (5–6 data points each)
repeated four times. They show that the rate of consumption
of diene under these conditions appears to be linearly relat-


Table 1. Variance in rate of consumption of diene with catalyst concen-
tration and stir speed.


Entry Cat. conc.
[mol L�1]


stir speed
[rpm]


�d[diene]/dt
[10�3 mol L�1 min�1]


H2 diffusion effects unimportant
1 0.0075 300 1.9
2 0.0075 500 2.0
3 0.0075 700 1.9
4 0.0075 900 2.0
5 0.0075 1100 2.0


borderline region
6 0.01 500 2.2
7 0.01 700 2.6
8 0.01 1100 2.6


H2 diffusion effects important
9 0.015 300 2.5


10 0.015 700 3.4
11 0.015 1100 4.2


Table 2. Control experiments for H2 diffusion effects.[a]


Entry Stir speed
[rpm]


Conv (1)
[%]


yield (3)
[%]


ee (3)
[%]


dr (3)
[%]


1 500 100 95 93 70/30
2 >1100[b] 100 95 93 71/69


[a] Data shown are the average of two experiments. [b] Maximum stir
speed of magnetic stirrer was used.
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ed to the applied pressure. However, as indicated above,
these observations do not prove first-order rate dependence
on hydrogen in the catalytic cycle.


Modeling of the reaction : We recently communicated a de-
tailed DFT computational study of arylalkene hydrogena-
tion mediated by our catalyst C.[36] Both the approach to
that modeling study and the conclusions that were reached


are relevant here. Our confidence in that modeling study
was reinforced by the good correspondence between calcu-
lated and experimental values of enantiomeric excesses.


Our studies on the asymmetric hydrogenation of arylal-
kenes with catalyst C indicated the catalytic cycles favored
the key steps shown in Figure 5. After the COD ligand is re-
duced, the iridium(iii)–dihydride–dihydrogen complex I is
formed. The key steps are rupture of the dihydrogen ligands
and formation of a C�H bond and a C�Ir bond via the tran-
sition state J to give the Ir5+ complex K, and the reductive
elimination process from K to M via L. These steps are cal-
culated to have similar energetics, so either could be turn-
over-limiting, but only the second one is irreversible. Thus,
the cycle features transitions between Ir3+ and Ir5+ oxida-
tion states but not Ir+ .


Another important aspect of the original modeling study
was as follows. The relative energies of the intermediates I,
K, and M in the arylalkene hydrogenation corresponded to
the relative energies of the transition states J and L without
crossover. This result is also significant, because the inter-
mediates are easier to model than the transition states. Con-
sequently, the relative energies of only the intermediates
were modeled in the work described here.


Before the DFT calculations outlined above, two of us
had hypothesized that the hydrogenation of 2,3-diphenylbu-
tadiene (1) perhaps involved Ir+/Ir3+ cycling via an h4-diene
complex like N in the first phase of the reaction, because
the diene precludes formation of a dihydride–dihydrogen
complex, then, after all the diene is consumed, an Ir3+/Ir5+


pathway dominates.[23] The previous set of DFT calculations
(for aryl-substituted alkenes) and the ones performed for
this study now allow us to revise this hypothesis.


Modeling studies indicate that the diene coordinated in a
transoid configuration as in O (not cisoid as in N) is prefer-
red (Figure 5b). Optimized geometries of the intermediates
reveal the reason for this: the transoid form has the phenyl
group comfortably resting behind the adamantyl group of
the ligand (Figure 5c), whereas the cisoid isomer incurs a se-
rious repulsive interaction between an isopropyl group on
the ligand and one of the phenyl substituents on the diene
(Figure 5d). We also observed that one of the two p-coordi-
nated alkene bonds in the transoid form is twisted away
from the metal. This seems likely to be the alkene that dis-
sociates to accommodate a hydrogen for reduction to occur
through an Ir3+/Ir5+ pathway. Two possibilities for such an
alkene dissociation/H2 addition are depicted in Figure 6a.
The h4-diene complexes (P and R) are significantly more
stable than the corresponding h2-forms (Q and S). This ob-
servation accounts for the fact that hydrogenation of the
diene in the first phase of the reaction is slower than reduc-
tion of the monoenes in the second one. It also explains why
the catalyst preferentially coordinates and reduces diene
even when monoene is present in the reaction mixture. It is
unnecessary to calculate all the intermediates in the reac-
tion, and there are so many possible conformational states
beyond this stage that it is not practical to simulate them all
in any case. However, none of the trial calculations that


Figure 4. a) Variation of reaction rate with catalyst concentration. Each
data point is the average of two sets of experiments (each of 5–6 data
points), values obtained from each set of experiments were identical to
within 0.1 mol L�1. b) Variation of the rate of the reaction shown with ap-
plied hydrogen pressure. Each data point for the elevated pressures is the
average of four sets of experiments (each of 5–6 data points); error bars
shown indicate one standard deviation.
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were performed indicated that Ir+/Ir3+ cycling occurs, so
that part of our original hypothesis now seems unlikely. Fig-
ure 6a illustrates the calculated relative energies for the two
diastereomeric transoid h4-diene complexes, and the corre-
sponding two diastereomeric h2-forms after complexation of
H2. The most stable dihydride dihydrogen complex would
lead to the alkene 2 that was actually observed in the reac-
tion (Figure 6b). The relative free energies of the complexed
monoene intermediates were also calculated. These relative
energies are in accord with the measured reaction rates
from the monoene intermediates, that is, formation of meso-
3 is faster than ent-3 from 2, and 3 forms faster then meso-3
from ent-2. This supports our assumption that the relative
energies of these intermediates correspond to those of the
transition states (not calculated) without crossover.


Screening other catalysts : A small library of alternative cat-
alysts was screened for hydrogenation of the diene 1
(Table 3). To accelerate the process, these tests were per-
formed by using 10 atm H2 pressure. Under these conditions,
the enantiomeric excess of the product 3 that was obtained


using catalyst C was somewhat depressed (75 vs 87 % ee at
1 atm). There are indications in the data collected that a su-
perior catalyst for hydrogenation of substrate 1 could be
identified. For instance, the catalysts represented in en-
tries 2, 3, and 5 gave higher enantioselectivities and larger
3 :meso-3 ratios than catalyst C under the same conditions.
These leads were not pursued further, since the objective of
these studies was not to maximize the optical purity of sub-
strate 3. Nevertheless, the data indicate that catalyst C is not
necessarily the best possible one for hydrogenations of
dienes, even though it was conspicuously good for hydroge-
nations of aryl-substituted monoenes. This information may
be valuable in studies that are ongoing in these laboratories
to investigate hydrogenations of dienes and polyenes that
give more synthetically useful products.


Conclusion


Assimilation of the experimental and theoretical data accu-
mulated in this study provided a reasonably lucid view of


Figure 5. a) The mechanism of hydrogenation of selected arylalkenes by catalyst C as modeled using DFT calculations; b) cisoid (N) and transoid (O) h4-
diene complexes; c) calculated structure of the transoid intermediate and d) that of the disfavored cisoid intermediate.
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the course of events that lead to products in the hydrogena-
tion of substrate 1. They also indicate how the mechanism
of the reaction can vary, or appear to vary, if some particular
experimental parameters are changed. This combined practi-
cal and computational approach also point to some key fea-
tures that are likely to be general to hydrogenations of aryl-
alkene substrates by iridium catalysts.


The hydrogenation of 2,3-di-
phenylbutadiene (1) with cata-
lyst C is initially zero-order in
diene and probably first-order
in catalyst; however, transfer of
hydrogen across the gas–liquid
interface becomes an issue at
high catalyst concentrations and
under conditions that favor rel-
atively slow diffusion of hydro-
gen into the solution. DFT cal-
culations indicate that an Ir3+/
Ir5+ pathway prevails via trans-
oid h4-diene complexes. These
must dissociate one alkene
group to give an h2-complex
before the hydrogenation can
proceed. These studies do not
provide all the details of the re-
action mechanism. For instance,


it is quite likely that h3-allyl complexes feature in the mech-
anism of this reaction, and neither the kinetic or DFT ex-
periments can support or refute this idea. Nevertheless, an
outline of the mechanistic picture for these reactions is now
clear.


Figure 6. a) Calculated relative free energies (kcal mol�1, P as origin) of the four probable intermediates formed in the hydrogenation of diene 1; b) cor-
relation of the h2-forms with the monoenes 2 ; and c) relative free energies (V as origin) of the complexed monoene intermediates and the reduced prod-
ucts that would arise from these.


Table 3. Screening of alternative catalysts for hydrogenation of diene 1.


Entry R1 R2[a] Conv products [%] ee [%] 3 :meso-3
[%] 2 4 3 (R,R)-3


1 2,6-iPr2C6H3 1-Ad >99 0 15 85 75 28:72
2 2,6-Et2C6H3 1-Ad >99 0 5 95 79 36:64
3 2,4,6-Me3C6H2 1-Ad >99 0 4 96 79 41:59
4 3,5-tBu2-4-MeOC6H2 1-Ad >99 0 1 99 86 23:77
5 2,5-tBu2C6H2 1-Ad >99 0 5 95 91 31:69
6 2,6-iPr2C6H3 3,5-tBu2C6H3 99 0.4 8 90 -68 8:92
7 2,6-iPr2C6H3 tBu 13 3 2 8 –[b] –[b]


8 Ph2CH tBu 15 4 0.1 11 –[b] –[b]


9 Ph2CH 1-Ad 1.0 0.4 0.2 0.7 –[b] –[b]


10 tBu 1-Ad 0.5 0.2 0 0.2 –[b] –[b]


[a]1-Ad=1-adamantyl. [b] Not determined due to small quantities involved.
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Computational Methods


Briefly, with respect to the computational approach, we showed that
there was good agreement with data generated using the B3LYP and
PBE methods for arylalkene hydrogenation mediated by catalyst C.[36]


That was extremely important because a comprehensive set of B3LYP
calculations for the complete structures of the catalyst C and of the
alkene substrate would have been far too computationally expensive
(even using our state-of-the-art facilities), but they are practical using the
PBE method.


Methods used in the computational experiments described here build
upon the previous approach described above. Thus all the calculations
were carried out using the Gaussian 03[37] implementation of PBE[38] den-
sity functional theories, which for these systems produces results similar
to B3 LYP.[39, 40] The basis sets used were LANL2DZ with ECP for Ir[41, 42]


and D95v for all other elements.[43] This switch from B3LYP to PBE was
made because density-fitting functions[44, 45] can be used with PBE and
make these calculations much faster; hence the problem was computa-
tionally accessible. Throughout, intermediates were modeled but not the
transition states. All structures were fully optimized, and analytical fre-
quency calculations were performed at the same theoretical level on each
structure to ensure a minimum was achieved. Zero-point energies and
thermodynamic functions were computed for 298.15 K and 1 atm. Only
the cation of the complex was modeled.
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Introduction


Chemical modification of proteins is a fascinating approach
for altering protein function by the introduction of non-nat-


ural fragments into proteins.[1] This strategy allows one to
combine the specific properties of proteins and enzymes
(substrate and stereoselectivity) with those of man-made
molecules. Inspired by the pioneering work of Kaiser[2] and
Whitesides,[3] this “hybrid” strategy has recently led to new
developments in the field of homogeneous catalysis.[4] Here,
this strategy relies on the idea of using proteins as scaffolds
for transition-metal catalysts and, as such, it represents a
promising method to transfer the properties of a protein
(water solubility, size, chiral environment) to a transition-
metal moiety. One of the first examples, developed by
Whitesides[3] in the 1970s and recently optimized by Ward
and co-workers,[4e] is based on biotin–avidin technology. In
this noncovalent anchoring approach, the hydrogenation of
N-protected dehydroamino acid derivatives by a biotinylat-
ed rhodium–diphosphine catalyst resulted in catalytic con-
versions with up to 96% ee.[4e]


Regioselective anchoring of stable transition metal probes
to proteins may allow the controlled “tagging” of the pro-
tein of interest and can serve as biomarker[5] or as an addi-
tional tool in protein studies.[6] A classic example is the hy-


Abstract: The work described herein
presents a strategy for the regioselec-
tive introduction of organometallic
complexes into the active site of the
lipase cutinase. Nitrophenol phospho-
nate esters, well known for their lipase
inhibitory activity, are used as anchor
functionalities and were found to be
ideal tools to develop a single-site-di-
rected immobilization method. A small
series of phosphonate esters, covalently
attached to ECE “pincer”-type d8-
metal complexes through a propyl
tether (ECE= [C6H3(CH2E)2-2,6]


� ; E=


NR2 or SR), were designed and synthe-
sized. Cutinase was treated with these


organometallic phosphonate esters and
the new metal-complex/protein hybrids
were identified as containing exactly
one organometallic unit per protein.
The organometallic proteins were puri-
fied by membrane dialysis and ana-
lyzed by ESI-mass spectrometry. The
major advantages of this strategy are:
1) one transition metal can be intro-
duced regioselectively and, hence, the


metal environment can potentially be
fine-tuned; 2) purification procedures
are facile due to the use of pre-synthe-
sized metal complexes; and, most im-
portantly, 3) the covalent attachment
of robust organometallic pincer com-
plexes to an enzyme is achieved, which
will prevent metal leaching from these
hybrids. The approach presented
herein can be regarded as a tool in the
development of regio- and enantiose-
lective catalyst as well as analytical
probes for studying enzyme properties
(e.g., structure) and, hence, is a “proof-
of-principle design” study in enzyme
chemistry.
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bridization of mercurybenzenesulfonyl fluoride derivatives
with the active site of proteases, for example, chymotryp-
sins.[7] These covalently bound labels were applied for the
multiple isomorphous replacement method, used by crystal-
lographers to accelerate phase determination in protein
structure elucidation.


Evidently, controlled and site-directed protein modifica-
tion can become of great importance when constructing
transition metal complex/protein hybrid systems. Several re-
quirements to construct a structurally defined metal com-
plex/protein hybrid have to be considered. First of all, the
linkage of the metal complex to the protein has to be stable
under all future conditions (e.g., during purification and ap-
plication) and at the same time metal leaching from the
ligand has to be prevented. Furthermore, the protein needs
to have specific and accessible positions amenable toward
functionalization and the anchoring must preferably be in a
regioselective manner. These requirements intrinsically
demand three careful selections that have to be made: the
right protein, the proper anchor unit, and a chemically
stable metal complex.


In this study, we have employed p-nitrophenol (PnP)
phosphonates esters as anchoring units.[8] PnP phosphonate
esters are well known as lipase suicide inhibitors, which can
irreversibly bind to the active site of various lipases (the g-
OH group of the serine residue),[9] and thereby provide a
simple method to functionalize lipases selectively at a pre-


established position.[10] Recently, Reetz and co-workers have
investigated a similar approach by immobilizing a dinitro-
phenol phosphonate diphosphine ligand as a potential pre-
cursor for the synthesis of hybrid catalysts.[4d,11] However, by
using this dinitrophenol phosphonate, the obtained hybrids
were unstable due to basic hydrolysis and the catalytic activ-
ity of the native lipase was restored in 24 h.


The protein we have chosen to use in our studies is the
enzyme cutinase, a 21 kDa lipase isolated from the fungi Fu-
sarium solani pisi.[12] Because this lipase does not contain a
“lid” covering the active site, it exhibits no interfacial activa-
tion, and, hence, the active site is accessible to hydrophilic
as well as hydrophobic substrates in aqueous media.[13]


Metallopincer complexes, containing a terdentate monoa-
nionic [C6H3(CH2E)2-2,6]


� “pincer”-type ligand (ECE, E=


NR2, SR, or PR2), were selected as metal-containing build-
ing blocks. These organometallic complexes possess several
interesting and useful characteristics, which include an ex-
ceedingly stable M�C bond,[14] and the potential applicabili-
ty in sensoring[15] and catalytic systems.[14,16] In recent years,
we have reported on the facile modification of the pincer
system with numerous functionalities.[17] Together with the
high chemical and thermal stability, these properties should
make the pincer unit a very suitable candidate for the con-
struction of metal complex/protein hybrids by means of an
active-site-directed approach.


Three active-site-directed compounds (ASDC) were de-
veloped in which PnP phosphonate esters and metallopincer
moieties are combined. The design of these complexes (1–3)
is based on space-filling representations of metallopincer cu-
tinase hybrids (Figure 1).[18] Here we report on the synthesis
of these organometallic ASDCs, on their inhibition reaction
with wild type cutinase, and on the characterization of the
resulting organometallic cutinase hybrids.


Results and Discussion


Synthesis of complexes 1–3 : The connection between the
pincer ligand and the phosphonate ester framework was
achieved by means of a Suzuki cross-coupling reaction
(Scheme 1).[4g] The allyl function of phosphonamidate 4[19]


was hydroborated in situ by using 9-borobicyclononane (9-
BBN) and reacted with either 2-bromo-1,3-bis[(dimethyl-
amino)methyl]-5-iodobenzene, 2-bromo-1,3-bis[(methyl-
thio)methyl]-5-iodobenzene or 2-bromo-1,3-bis[(phenyl-
thio)methyl]-5-iodobenzene[19] in the presence of [PdCl2-
(dppf)] as catalyst.[20]


The C�C bond formation proceeded with high selectivity
at the iodo-position of the pincer units to yield 5, 6, and 7 in
high yields. Treatment of 6 and 7 with anhydrous HCl (1m
in Et2O) generated the corresponding chlorophosphonate
derivatives in situ, by replacement of the dimethylamino
functionality on the phosphorous atom.[21] These intermedi-
ates were immediately treated with p-nitrophenol furnishing
8 and 9. The palladium atom could readily be introduced
into SCS-pincer ligands 8 and 9. Oxidative addition by using


Abstract in Dutch: Een eenvoudige methode voor het regio-
selectief verankeren van organometaalcomplexen aan het ac-
tieve centrum van het lipase cutinase is ontwikkeld. Hierbij is
gebruik gemaakt van nitrofenolfosfonaatesters als veranker-
ingsgroep. Deze geactiveerde fosfonaatesters zijn in staat om
de enzymatische katalytische activiteit van serine-hydrolasen
irreversibel te remmen en blijken daardoor ideale veranke-
ringsfunctionaliteiten te zijn. Door zogeheten pincer–metaal-
complexen te functionaliseren met een dergelijke fosfonaates-
ter is het mogelijk om het enzym cutinase te modificeren met
palladium en platina bevattende organometaalcomplexen. De
vorming van deze nieuwe hybride materialen zijn bestudeerd
met UV/Vis spectrometrie en de producten zijn gezuiverd
door middel van dialyse. De ge'soleerde hybriden zijn geka-
rakteriseerd met behulp van ESI massaspectrometrie. De
voordelen van deze strategie zijn: 1) de regioselectieve veran-
kering van een enkel overgangsmetaalcomplex aan een
enzym, wat de gecontroleerde modificatie van de omgeving
van het metaal mogelijk maakt, 2) zuiveringsprocedures zijn
eenvoudig doordat een kompleet metaalcomplex aan het
enzym gehecht wordt en bovenal, 3) de tridentate ligandmo-
dulus van het pincerligand zorgt ervoor dat het metaal niet
van het eiwit kan dissoci/ren. Deze strategie kan beschouwd
worden als een protocol voor de ontwikkeling van regio- en
enantioselectieve katalysatoren, alsmede voor de ontwikkeling
van nieuwe analytische detectoren voor het bestuderen van ei-
witeigenschappen en -structuren.
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[Pd2(dba)3]·CHCl3 resulted in the desired complexes 2 and
3, respectively.[16b,c]


The same reaction sequence was also envisaged to synthe-
size platinum complex 1. However, reaction of NCN com-
pound 5 with anhydrous HCl resulted in the formation of an


inseparable mixture of phosphonic acid, phosphonic acid an-
hydride, and desired product, as well as some unidentified
compounds. This is most probably caused by the basic NMe2


functionalities of the pincer moiety. For this reason ligand 5
was first cyclometallated to give 10 by using [{Pt(tol-4)2-
(SEt2)}2]


[22] as the platinum source. This makes the pincerMs
NMe2 groups less basic and non-nucleophilic due to coordi-
nation of the nitrogen atoms to the platinum center. To
avoid halogen scrambling in the subsequent chlorination of
the phosphonate, the bromide ligand of the NCN platinum
moiety was first exchanged for chloride. This was achieved
by treatment of 10 with AgBF4 in wet acetone, followed by
addition of NaCl to obtain 11 as an off-white solid.[23] Anal-
ogous to 5 and 6, the P(O)NMe2 functionality of 9 was
treated with anhydrous HCl, affording the desired P(O)Cl-
derivative without decomposition of the NCN-pincer plati-
num complex. This clearly demonstrates the high stability of
the Pt�C bond in organometallic NCN-pincer platinum
complexes. Reaction of the phosphonate chloride compound
with p-nitrophenol resulted in the desired complex 1
(Scheme 1). Unfortunately, the corresponding palladium
complex could not be prepared. This is due to the incompat-
ibility of the NCN pincer palladium chloride unit with the
anhydrous HCl conditions required to generate the P(O)Cl
functionality.


Anchoring of the metal complexes to cutinase : We made
use of PnP phosphonates for three main reasons: 1) they are
very active compounds which selectively react with the
active site, that is, serine residue 120 of cutinase; 2) the reac-
tion profile can be followed spectrometrically due to the
high UV-visible absorption of the p-nitrophenolate anion
(e=16230m�1 cm�1, 400 nm, pH 8);[24] and 3) the PnP phos-
phonates are more stable towards hydrolysis compared to
their chloro and dinitrophenol phosphonate counterparts.


The reactions of 1, 2, and 3 with the active site of cutinase
were monitored over time by measuring the increase of the
absorbance at 400 nm (pH 8.0, RT, 25 or 50 mm ASDC, and
25 mm cutinase). When two equivalents of 1 were used with


Figure 1. Upper: organometallic ASDCs 1–3. Lower: close-up of space-filling presentations of the ASDCs hybridized with cutinase.[18]


Scheme 1. Synthetic Scheme for the preparation of organometallic
ASDCs 1–3. Reagents and conditions: a) 9-BBN, THF, reflux, 3 h; b) I-4-
C6H2(CH2NMe2)2-2,6-Br, I-4-C6H2(CH2SMe)2-2,6-Br or I-4-C6H2-
(CH2SPh)2-2,6-Br, DMF, [PdCl2(dppf)], K3PO4 (aq.), reflux 3 h; c) 1m
Et2O/HCl, RT, 2 h; d) p-nitrophenol, NEt3, C6H6, RT, 2 h; e) [Pd2-
(dba)3]·CHCl3, C6H6, RT, 16 h; f) [{Pt(tol-4)(SEt2)}2], C6H6, reflux, 2 h;
g) AgBF4, acetone, H2O, RT, 1 h; h) NaCl, CH2Cl2, RT, 1 h.
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respect to cutinase (Figure 2, upper line, diamonds), a rapid
time-dependent conversion of 1 to form the Cut-1 hybrid
was found to occur with a concomitant release of p-nitro-
phenolate anion. After five minutes, a full conversion of cu-
tinase to the hybrid was accomplished.


Earlier studies have shown that the reaction of cutinase
with phosphonates proceeds with high enantioselectivity.[25]


For this reason we also carried out an experiment by using a
stoichiometric amount of 1 with respect to cutinase
(Figure 2, bottom line, stars). In this experiment we ob-
served an initial and fast reaction in which 50% of the race-
mic mixture of 1 (one enantiomer) and 50% of the enzyme
are converted to the Cut-1 hybrid, followed by a slower re-
action of the remaining and less reactive enantiomer of 1.
These observations imply a 1:1 ASDC/cutinase stoichiome-
try and in addition, that a chiral preference of cutinase
exists for the organometallic ASDCs, much alike other
phosphonate inhibitors.[25] Unfortunately, we have not been
able to recover the slower reacting enantiomer of 1 after
completion of the 2:1 1/cutinase reaction. In addition, nei-
ther NMR shift reagents nor the use of chiral HPLC was
successful in discriminating the enantiomers of 1. For these


reasons we were unable to determine which enantiomer
reacts faster and which was left unreacted in solution.


The same reaction was performed with the SCS-pincer
complex 2 (with phenyl substituents on the sulfur donor
atom). In this reaction also a full conversion was observed
(25 mm cutinase:50 mm 2). Remarkably, the reaction proceed-
ed approximately 12 times slower than the corresponding re-
action with NCN ASDC 1 (5 min vs 60 min, Figure 3, un-
marked line).


This difference in reaction kinetics might be attributed to
the different solubility properties of 2 as compared to 1.
Whereas complex 1 was completely soluble in the buffer so-
lution, addition of 2 to the buffered cutinase solution result-
ed in a turbid solution, causing the negative absorption evi-
dent in Figure 3.[26] During the reaction the turbidity gradu-
ally disappeared, resulting in a clear yellowish solution
(Figure 4), which illustrates the solubility effect of metallo-
pincer cutinase hybrid formation on the metallopincer com-
plex.


The reaction between 2 and cutinase was also followed in
time by measuring the residual enzymatic catalytic activity
using a p-nitrophenyl butyrate based spectrometric assay
(decay line in Figure 3). The same reaction profile was
found confirming the results obtained by following the re-
lease of p-nitrophenolate by UV-visible spectroscopy.


When ASDC 3, bearing methyl substituents on the sulfur
donor atoms, was reacted with cutinase under the same re-
action conditions as for complexes 1 and 2 (i.e., in a 2:1
ASDC/cutinase ratio), the same total conversion time was
observed as for the reaction of 1 with cutinase (Figure 5,
stars). In this experiment 3 was completely soluble in the
buffer solution at the start of the reaction.


To examine the reaction rate effect during our previous
experiment in which we used ASCD 2, a final control ex-
periment was performed. Complexes 1 and 2 were incubated
with cutinase at concentrations at which clear solutions were
obtained (6 mm cutinase and 12 mm of ACSD). For these re-
actions, lower initial reaction rates were observed for each
reaction, but with the same rate ratio difference as in the


Figure 2. Conversion of cutinase upon reaction with 1. Release of nitro-
phenolate was monitored by following the absorbance increase at
400 nm. Conditions: 25 mm cutinase; 25 mm (stars) and 50 mm (diamonds)
of ASDC 1. Buffer: 50 mm Tris-HCl, 0.1% Triton X-100 at pH 8.0.


Figure 3. Conversion of cutinase upon reaction with 2. Unmarked line:
Release of nitrophenolate was monitored by following the absorbance in-
crease at 400 nm. Decay line: decrease of enzymatic activity monitored
by using a spectrometric assay containing p-nitrophenolbutyrate. Re-
agents and conditions: 25 mm cutinase, 50 mm ASDC 2, buffer: 50 mm


Tris-HCl, 0.1% Triton X-100 at pH 8.0.


Figure 4. Reaction mixture of 2 with cutinase. Left: start of reaction.
Right: end of reaction containing the Cut-2 hybrid.


www.chemeurj.org G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6869 – 68776872


G. van Koten et al.



www.chemeurj.org





previous experiments with higher reactant concentrations.
This observation strongly suggests that steric factors deter-
mine the rate of inhibition to a greater extent than the solu-
bility of the ASDCs.


Isolation, purification and characterization of cutinase met-
allopincer hybrids : A series of ESI-MS samples were pre-
pared by reacting cutinase with two equivalents of 1, 2, or 3
over a period of 48 h (Tris buffer, pH 8.0). Prior to purifica-
tion and analysis of the product, the residual enzymatic cata-
lytic activity was determined by using a p-nitrophenyl buty-
rate based spectrometric assay. No release of p-nitropheno-
late was observed in all reactions after 48 h of incubation of
cutinase; a result that indicates that no esterase activity is
left and no wild-type cutinase is present in solution. The
crude materials were then purified by dialysis[27] (2P12 h)
and analyzed by ESI mass spectrometry.[28] The organome-
tallic complexes are permeable through the dialysis mem-
brane in the set-up used for sample preparation, whereas
the native enzyme and the hybrids are not. The dialysis set-
up does not seem to degrade the organometallic moieties
and, therefore, is ideal for the purification of the metallo-
pincer/protein hybrids.


The native enzyme was used as calibration material for
the ESI analysis and a mass of 20603.9�0.2 Da was found
(calculated: 20604.1 Da; Table 1). All cutinase metallopinc-


er hybrids showed a somewhat lower mass in the ESI mass
spectra than the calculated value. This difference originates
from the release of a halide ion from the metal center
during the measurement; a result typically found in ESI


mass spectra of metallopincer complexes. In the mass spec-
tra of hybrid materials no mass signals corresponding to
20604 Da were observed, indicating complete conversion of
wild-type cutinase to the hybrids.


The results of the MS measurements show the high integ-
rity of the metallopincer cutinase hybrids. Not only is a
100% conversion obtained, but also is a precise 1:1 metallo-
pincer/cutinase stoichiometry achieved. The metallopincer/
cutinase hybrids can thus be prepared in a single and selec-
tive step by specific modification of one amino acid residue
of the lipase and, hence, exactly one metal can be intro-
duced in the chiral cavity of cutinase.


Conclusion


This study demonstrates the use of irreversible enzyme in-
hibitors as anchoring moieties for the site-directed attach-
ment of organometallic complexes to enzymes. Suicide in-
hibitors are excellent tools for this purpose since they often
react chemo-, regio-, and enantioselectively, as well as stoi-
chiometrically with enzymes. Especially the last point is im-
portant in constructing a structurally well-defined hybrid.
The results from the ESI-mass analysis nicely confirm that
discrete 1:1 hybrids are obtained between cutinase and the
organometallic ASDCs 1–3 by using PnP phosphonate
esters as anchoring groups. Moreover, the ESI-mass results
also indicate that the metallopincer units of the ASDCs are
stable under the applied reaction conditions, 48 h in an
aqueous buffer solution at pH 8.0, and withstand aqueous
dialysis purification conditions (2P12 h). The stability of the
organometallic unit is evidently of great importance to
maintain its functionality and to prevent metal leaching.
Noteworthy is that, due to the covalent bond formed during
the hybridization reaction of the ASDCs with the lipase, dis-
sociation of the phosphonate from the lipase will not occur
(pH<11). This feature permits the use of polar and apolar
solvents in future applications. The terdentate pincer ligand
allows the introduction of a variety of transition metals and
in this respect provides a unique method to merge organo-
metallics with the properties found in biology (selectivity,
solubility, and size) by using the hybridization protocol out-
lined in this study. One other major advantage of this ap-
proach is the positional precision with which the transition
metal unit is introduced in the active site of the enzyme.
This positioning promises a fine-tuning of the organometal-
lic/enzyme hybrids on the atomic level. Our current research
efforts indeed focus on the hybridization of a variety of
transition-metal complexes with cutinase and related pro-
teases, and on the use of such hybrids in aqueous homoge-
neous catalysis.


Experimental Section


General comments : All organic and organometallic reactions were con-
ducted under a dry dinitrogen atmosphere by using standard Schlenk


Figure 5. Conversion of cutinase upon reaction with 1 (diamonds) and 3
(stars). Release of nitrophenolate was monitored by following the ab-
sorbance increase at 400 nm. Conditions: 25 mm cutinase, 50 mm ASDC,
buffer: 50 mm Tris-HCl, 0.1% Triton X-100 at pH 8.0.


Table 1. ESI-MS results of ASDC-cutinase hybrids.[28]


Compound Calculated [Da] Calculated
�halide [Da]


Found [Da]


cutinase 20603.1 – 20603.9�0.2
Cut-1 21158.0 21122.5[a] 21120.9�0.4
Cut-2 21244.0 21164.1[b] 21163.2�0.4
Cut-3 21119.8 21039.9[b] 21039.1�0.7


[a] [M+�Cl]. [b] [M+�Br].
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techniques. Organic solvents were dried over appropriate materials and
distilled prior to use. All reagents were obtained commercially and used
without further purification unless otherwise stated. Triton X-100 was
purchased from Serva and tris(hydroxymethyl)aminomethane from J. T.
Baker. Buffer solutions were prepared using Milli-Q grade water. Purifi-
cation of water (18.2MWcm) was performed with the Milli-Q Synthesis
system (Millipore, Quantum Ultrapure). 1H and 13C{1H} NMR spectra
were recorded at 298 K on a Varian Inova 300 spectrometer at 300 and
75 MHz, respectively, and 31P{1H} NMR spectra were recorded at 298 K
on a Bruker AC200 at 81 MHz. All NMR chemical shifts are in ppm ref-
erenced to residual solvents (31P{1H} NMR shifts to H3PO4). The
MALDI-TOF mass spectra were acquired using a Voyager-DE Biospectr-
ometry Workstation (PerSeptive Biosystems Inc, Framingham, MA,
USA) mass spectrometer. Sample solutions with an approximate concen-
tration of 20–30 mgmL�1 in CH2Cl2 or THF were prepared. The matrix
was 5-chlorosalicylic acid (CSA) with an approximate concentration of
20–30 mgmL�1. A 0.2 mL of the sample and 0.2 mL of the matrix solution
were combined and placed on a golden MALDI target plate and ana-
lyzed after evaporation of the solvents. [{Pt(tol-4)2(SEt2)}2],


[22] [Pd2-
(dba)3]·CHCl3


[29] and 2-bromo-1,3-bis[(dimethylamino)methyl]-5-iodoben-
zene[30] were prepared according to described procedures. Microcoanaly-
ses were performed by Kolbe, Mikroanalystisches Laboratorium (MRll-
heim a/d Ruhr, Germany). UV-visible experiments were performed at
room temperature using a Carey-100 spectrometer. Electrospray ioniza-
tion mass spectra of the wild-type cutinase and modified cutinase were
recorded on a Finnigan LC-Q ion-trap mass spectrometer. All samples
were introduced using a nanoflow electrospray source (Protana, Odense,
Denmark).


Inhibition experiments : A solution of 1, 2, or 3 in CH3CN (5–10 mL;
50 mmol, 10 mL S 5 mm) was added to a buffer solution (0.1% Triton X-
100, 50 mm Tris-HCl, pH 8.0) containing wild-type cutinase (25 mm,
25 mmol). The reaction was followed by UV-visible spectroscopy until the
reaction was complete, which was confirmed by a plateauing of the inten-
sity of the UV absorption at 400 nm.


Hydrolysis activity of cutinase : The catalytic activity of cutinase was de-
termined spectrometrically on 0.25 mm p-nitrophenol butyrate in the
presence of 100 mm Triton X-100 and 10 mm Tris-HCl at pH 8.0. Aliquots
of 5–10 mL were taken and added to the assay. Activities were calculated
from the increase of absorbance at 400 nm.


Chemical stability experiments : The chemical stability of ACDC 1 in the
buffer solution (0.1% Triton X-100, 50 mm Tris-HCl, pH 8.0) was exam-
ined over 48 h using UV-visible spectroscopy (400 nm). The compound
did not show any hydrolysis of PnP phosphonate ester functionality
during this time. Naturally, the stability of cutinase was also tested under
the same conditions. Aliquots were taken and added to a spectrometric
assay containing 0.25 mm p-nitrophenyl butyrate. No decrease of ester hy-
drolysis activity, and thus no catalytic deactivation, was observed during
a 3 day period.


Preparation of samples for mass spectrometry analysis : Cutinase (25 mm)
in a 10 mm Tris-HCl buffer solution (pH 8.0) was modified during 48 h by
adding an excess of 1, 2, or 3. Completion of the reaction was confirmed
by determining the residual catalytic hydrolyses activity of cutinase. The
clear yellow solutions were subsequently dialyzed for 2P12 h using the
same buffer as dialysis solvent. Prior to ESI mass measurements the solu-
tions were diluted to 2–5 mm with CH3CN.


Preparation of ethyl P-{3-{4-bromo-1,3-bis[(dimethylamino)methyl]phe-
nyl}propyl}-N,N-dimethylaminophosphinate (5):[4g] A solution of allyl
ethyl N,N-dimethylaminophosphinate 4[19] (1.53 g, 8.65 mmol) in THF
(15 mL) was treated with 9-BBN (34.4 mL a 0.5m in THF, 17.20 mmol).
The prepared mixture was stirred for 3 h at reflux temperature. The col-
orless solution was allowed to cool to room temperature and a degassed
aqueous solution of K3PO4 (3m, 7.2 mL, 21.60 mmol) was added, fol-
lowed by a solution of 2-bromo-1,3-bis[(dimethylamino)methyl]-5-iodo-
benzene (3.26 g, 8.21 mmol) and [PdCl2(dppf)] (0.5 g, 0.68 mmol) in
DMF (15 mL). The solution immediately turned dark red after addition
of the palladium catalyst. The mixture was heated to reflux for 3 h and
during this period a clear orange solution was formed. THF was evapo-
rated in vacuo and the mixture diluted with Et2O (60 mL) and water


(40 mL). The organic phase was separated and the aqueous phase ex-
tracted with Et2O (2P50 mL). The organic fractions were combined,
washed with 1n NaOH (2P50 mL) and brine, dried over MgSO4, and
concentrated in vacuo to obtain a dark brown oil. The crude was dis-
solved in Et2O (5 mL) and purified by column chromatography (silica,
eluting with Et2O, then CH2Cl2 and finally with MeOH/5% NEt3) to
obtain the product as a yellowish oil (3.20 g, 90%). 1H NMR (300 MHz,
CDCl3): d=7.15 (s, 2H; ArH), 3.90 (m, 2H; CH2O), 3.52 (s, 4H; CH2N),
2.63 (d, 3J(H,P)=8.79 Hz, 6H; PNMe2 and 2H; CH2Ar), 2.29 (s, 12H;
NMe2), 1.80 (m, 2H; PCH2), 1.75 (m, 2H; PCH2CH2), 1.26 ppm (t,
3J(H,H)=6.96 Hz, CH3; 3H); 31P NMR (81 MHz, CDCl3): d=37.25 ppm
(s); 13C NMR (75 MHz, CDCl3): d=140.43, 139.05, 129.74, 124.27 (s;
ArC), 63.85 (s; CH2N), 59.06 (d, 2J(C,P)=6.71 Hz; CH2O), 45.40 (s;
NMe2), 36.09 (d, 2J(C,P)=15.26 Hz; CH2CH2P), 35.73 (d, 2J(C,P)=
4.27 Hz; PNMe2), 26.41 (d, 1J(C,P)=131.23 Hz; CH2P), 24.27 (d,
3J(C,P)=3.62 Hz; ArCH2), 16.23 ppm (d, 3J(C,P)=6.72 Hz; CH3); ele-
mental analysis calcd (%) for C19H35BrN3O2P (448.38): C 50.89, H 7.87,
N 9.37; found: C 50.96, H 7.97, N 9.31.


Preparation of ethyl P-{3-{4-bromo-1,3-bis[(phenylthio)methyl]phenyl}-
propyl}-N,N-dimethylaminophosphinate (6): A similar procedure as for 5
was applied. Compound 4 (0.50 g, 2.85 mmol), THF (10 mL), 9-BBN
(0.41m, 15.3 mL, 6.27 mmol). K3PO4 (3m, 2.0 mL, 6 mmol), [PdCl2(dppf)]
(0.18 g, 0.23 mmol), 2-bromo-1,3-bis[(phenylthio)methyl]-5-iodoben-
zene[19] (1.50 g, 2.85 mmol), DMF (20 mL). The product was purified by
column chromatography eluting with Et2O and acetone. After concentra-
tion of the product containing fractions (acetone), a yellow oil was ob-
tained. Yield: 1.31 (80%); 1H NMR (300 MHz, CDCl3): d=7.34–7.18
(brm, 10H; SArH), 6.89 (s, 2H; ArH), 4.22 (s, 4H; CH2S), 3.90 (m, 2H;
CH2O), 2.65 (m, 2H; CH2Ar), 2.63 (d, 3J(H,P)=8.79 Hz, PNMe2; 6H),
2.29 (s, 12H; NMe2), 1.80 (m, 2H; PCH2), 1.75 (m, 2H; PCH2CH2),
1.26 ppm (t, 3J(H,H)=6.96 Hz, CH3; 3H); 31P NMR (81 MHz, CDCl3):
d=37.09 ppm (s); 13C NMR (75 MHz, CDCl3): d=142.03, 137.99, 136.48,
130.19, 129.06, 128.16, 127.35, 126.62, 59.37 (d, 2J(C,P)=6.72 Hz; CH2O),
40.88 (s; CH2S), 36.36 (d, 2J(C,P)=3.62 Hz; PCH2CH2), 36.01 (d,
3J(C,P)=16.53 Hz; PN(CH3)2), 24.86 (d, 1J(C,P)=131.24 Hz; PCH2),
23.78 (d, 3J(C,P)=3.70 Hz; CH2Ar), 16.56 ppm (d, 3J(C,P)=6.72 Hz;
CH3); elemental analysis cald (%) for C27H33BrNO2PS2 (578.56): C 56.05,
H 5.75, N 2.42, S 11.08; found: C 56.18, H 5.83, N 2.37, S 11.16.


Preparation of ethyl P-{3-{4-bromo-1,3-bis[(methylthio)methyl]phenyl}-
propyl}-N,N-dimethylaminophosphinate (7): A similar procedure as for 5
was applied. Compound 4 (0.88 g, 5.00 mmol), THF (20 mL), 9-BBN
(1.34 g, 10.10 mmol, 0.5m in THF), K3PO4 (3m, 5.5 mL, 17.50 mmol), 2-
bromo-1,3-bis[(methylthio)methyl]-5-iodobenzene[19] (2.01 g, 5.00 mmol),
[PdCl2(dppf)] (0.33 g, 0.43 mmol), DMF (15 mL). The crude was dis-
solved in 5 mL Et2O and purified by column chromatography (silica, elut-
ing with CH2Cl2/acetone 3:1) to obtain the product as a yellowish oil
2.02 g (88%). 1H NMR (300 MHz, CDCl3): d=7.06 (s, 2H; ArH), 4.01
(m, 1H; CH2O), 3.88 (m, 1H; CH2O), 3.83 (s, 4H; CH2S), 2.66 (d,
3J(H,P)=9.00 Hz, 6H; NMe2 and 2H; CH2Ar), 2.07 (s, 6H; SMe), 1.80
(brm, 4H; CH2), 1.28 ppm (t, 3J(H,H)=7.20 Hz, 3H; CH3);


31P NMR
(81 MHz, CDCl3): d=37.07 ppm (s); 13C NMR (75 MHz, CDCl3): d=


140.40, 138.68, 129.83, 124.30 (s; ArC), 59.41 (d, 2J(C,P)=6.68 Hz,
CH2O; 2H), 39.56 (s; CH2S), 36.37 (d, 2J(C,P)=16.43 Hz; PCH2CH2),
36.11 (d, 2J(C,P)=3.68 Hz; NMe2), 24.87 (d, 1J(C,P)=132.83 Hz; PCH2),
24.03 (d, 3J(C,P)=3.62 Hz; CH2Ar), 16.54 (d, 3J(C,P)=6.68 Hz;
CH3CH2O), 15.64 ppm (s; SMe); elemental analysis cald (%) for
C15H24BrNOPS2 (454.43): C 44.93, H 6.43, N 3.08, S 14.11; found: C
45.10, H 6.51, N 3.03, S 14.06.


Preparation of ethyl 4-nitrophenyl P-{3-{4-bromo-1,3-bis[(phenylthio)me-
thyl]phenyl}propyl}phosphonate (8): Compound 6 (0.49 g, 0.85 mmol)
was dissolved in dry benzene (10 mL) and treated with a solution of an-
hydrous HCl (4.25 mL, 4.25 mmol, 1m in Et2O). After stirring for 2 h at
room temperature under a nitrogen atmosphere, more benzene (10 mL)
was added and the yellow suspension was filtered. A solution of p-nitro-
phenol (0.12 g, 0.85 mmol) and NEt3 (0.6 mL, 4.24 mmol) in benzene
(20 mL) was added dropwise to the filtrate and stirring was continued for
2 h. All volatiles were removed in vacuo and Et2O (30 mL) was added
followed by a saturated solution of K2CO3 (30 mL). The organic phase
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was separated and washed with a saturated solution of K2CO3 (30 mL),
water (30 mL), and brine (30 mL). The solution was dried on MgSO4 and
concentrated to give a pale yellow solid. Yield: 0.35 g (62%); 1H NMR
(300 MHz, CDCl3): d=8.21 (d, 3J(H,H)=8.70 Hz, 2H; ArH), 7.35–7.17
(brm; 10H; SArH), 6.89 (s, 2H; ArH), 4.22 (s, 4H; CH2S), 4.16 (m, 2H;
CH2O), 2.51 (t, 3J(H,H)=6.30 Hz, 2H; CH2Ar), 1.81 (brm, 4H; PCH2,
PCH2CH2), 1.30 ppm (t, 3J(H,H)=6.90 Hz, CH3; 3H); 31P NMR
(81 MHz, CDCl3): d=30.56 ppm (s); 13C NMR (75 MHz, CDCl3): d=


155.82 (d, 2J(C,P)=8.48 Hz; ArC), 144.78, 139.58, 138.03, 135.83, 131.18,
130.02, 129.14, 127.12, 126.30, 124.49 (s; ArC), 121.19 (d, ArC, 3J(C,P)=
4.28 Hz), 63.25 (d, 2J(C,P)=7.32 Hz; CH2O), 40.82 (s; CH2S), 35.54 (d,
2J(C,P)=17.06 Hz; PCH2CH2), 25.47 (d, 1J(C,P)=140.97 Hz; PCH2),
23.77 (d, 3J(C,P)=4.91 Hz; CH2Ar), 16.64 ppm (d, 3J(C,P)=5.51 Hz;
CH3CH2O); elemental analysis cald (%) for C31H31BrNO5PS2 (672.59): C
55.36, H 4.65, N 2.08, S 9.53; found: C 55.36, H 4.77, N 2.02, S 9.58.


Preparation of ethyl 4-nitrophenyl P-{3-{4-bromo-1,3-bis[(methylthio)me-
thyl]phenyl}propyl}phosphonate (9): A similar procedure as for 8 was ap-
plied. Compound 7 (0.41 mg, 0.90 mmol), anhydrous HCl (4.50 mL,
4.50 mmol, 1.0m in Et2O); triethylamine (0.14 mL), p-nitrophenol
(125.5 mg, 0.90 mmol) in benzene (15 mL). The product was obtained as
a yellowish solid (0.39 g, 78%). 1H NMR (300 MHz, CDCl3): d=8.16 (d,
3J(H,H)=7.20 Hz, ArH; 2H), 7.31 (d, 3J(H,H)=8.10 Hz, ArH; 2H), 7.03
(s, 2H; ArH), 4.20–4.10 (brm, 2H; CH2O), 3.76 (s, 4H; CH2), 2.66 (t,
3J(H,H)=6.90 Hz, 2H; PCH2CH2), 2.02–1.86 (m, 4H; CH2Ar, PCH2),
2.01 (s, 6H; SMe), 1.26 ppm (t, 3J(H,H)=7.20 Hz, 3H; CH3);


31P NMR
(81 MHz, CDCl3): d = 30.50 ppm (s); 13C NMR (75 MHz, CDCl3): d=
155.84 (d, 2J(C,P)=7.93 Hz; ArC), 144.72, 139.60, 138.87, 129.70, 125.87,
124.58 (s; ArC), 121.21 (d, 3J(C,P)=4.30 Hz; ArC), 63.56 (d, 2J(C,P)=
7.31 Hz; CH2O), 39.50 (s; CH2S), 35.60 (d, 2J(C,P)=17.67 Hz;
PCH2CH2), 25.58 (d, 1J(C,P)=140.10 Hz; PCH2), 24.11 (d, 3J(C,P)=
4.80 Hz; CH2Ar), 16.60 ppm (d, 3J(C,P)=5.50 Hz; CH3); elemental anal-
ysis cald (%) for C21H27BrNO5PS2 (548,45): C 45.99, H 4.96, N 2.55, S
11.69; found: C 46.15, H 5.08, N 2.48, S 11.52.


Preparation of ethyl N,N-dimethylamino-P-{3-{4-(bromoplatino)-1,3-
bis[(dimethylamino)methyl]phenyl}propyl}phosphinate (10):[4g] Solid [{Pt-
(tol-4)2(SEt2)}2] (1.06 g, 1.14 mmol) was added to a solution of 5 (1.02 g,
2.27 mmol) in dry toluene (45 mL) and heated to reflux for 2 h. The sol-
vent was removed in vacuo and the remaining dark brown oil dissolved
in CH2Cl2 (15 mL) and filtered through a short path of Celite. The filtrate
was concentrated under reduced pressure leaving a brown oil, which was
subsequently washed with pentane (3P30 mL, stirring 30 min) and Et2O
(2P30 mL, stirring 30 min). The resulting mixture was dried in vacuo to
obtain the product as an off-white solid (1.11 g, 78%). 1H NMR
(300 MHz, C6D6): d=6.52 (s, 2H; ArH), 3.91 (m, 2H; CH2O), 3.33 (s,
3J(H,Pt)=44.56 Hz, 4H; CH2N), 2.77 (s, 3J(H,Pt)=37.54 Hz, 12H;
NMe2), 2.60 (t, 3J(H,H)=7.32 Hz, 4H; CH2Ar), 2.43 (d, 3J(H,P)=
8.85 Hz, 6H; PNMe2), 2.02 (m, 2H; CH2), 1.71 (m, 2H; PCH2CH2),
1.06 ppm (t, 3J(H,H)=7.02 Hz, 3H; CH3,);


31P NMR (81 MHz, C6D6):
d=36.26 ppm (s); 13C NMR (75 MHz, C6D6): d=145.52, 143.77, 136.38,
134.52, 119.54 (s; ArC), 77.13 (s, 2J(C,Pt)=32.96 Hz; CH2N), 58.82 (s;
CH2O), 54.62 (s; NMe2), 37.44 (d, 2J(C,P)=14.65 Hz; CH2CH2P), 35.81
(d, 2J(C,P)=3.70 Hz; PNMe2), 25.33 (d, 1J(C,P)=130.64 Hz; CH2P),
24.27 (d; ArCH2), 16.23 ppm (d, 3J(C,P)=6.72 Hz; CH3); MS (MALDI-
TOF, CSA): m/z : 561.1 [M+�Br], 467.2 [M+�Br�Pt]; elemental analysis
cald (%) for C19H35BrN3O2PPt (643.46): C 35.47, H 5.48, N 6.53; found:
C 35.48, H 5.41, N 6.38.


Preparation of ethyl N,N-dimethylamino-P-{3-{4-(chloroplatino)-1,3-
bis[(dimethylamino)methyl]phenyl}propyl}phosphinate (11): Compound
10 (0.76 g, 1.20 mmol) in wet acetone (10 mL) was treated with AgBF4


(0.25 g, 1.26 mmol) for 1 h. The reaction mixture was filtered over Celite
and NaCl (0.74 g, 12.60 mmol) was added to the filtrate. The solvent was
removed in vacuo after 1 h stirring of the reaction mixture, and subse-
quently water (20 mL) was added. The product was extracted with
CH2Cl2 (4P20 mL), the combined fractions dried on MgSO4 and concen-
trated under reduced pressure leaving an off-white solid (0.61 g, 85%).
1H NMR (300 MHz, C6D6): d=6.54 (s, 2H; ArH), 3.93 (m, 1H; CH2O),
3.69 (m, 1H; CH2O), 3.38 (s, 3J(H,Pt)=44.69 Hz, 4H; CH2N), 2.75 (s,
3J(H,Pt)=38.46 Hz, 12H; NMe2), 2.60 (t, 3J(H,H)=7.33 Hz, 2H;


CH2Ar), 2.43 (d, 3J(H,P)=8.79 Hz, 6H; PNMe2), 2.03 (m, 2H; PCH2),
1.71 (m, 2H; PCH2CH2), 1.06 ppm (t, 3J(H,H)=7.01 Hz, 3H; CH3);
31P NMR (81 MHz, C6D6): d=36.13 ppm (s); 13C NMR (75 MHz, C6D6):
d=144.62, 143.79, 136.21 (s; ArC), 119.55 (s, 3J(C,Pt)=31.74 Hz; ArC),
77.69 (s, 3J(C,Pt)=31.13 Hz; CH2N), 58.89 (d, 2J(C,P)=6.71 Hz; CH2O),
53.98 (s; NMe2), 37.48 (d, 2J(C,P)=15.32 Hz; CH2CH2P), 35.83 (d,
2J(C,P)=3.70 Hz; PNMe2), 24.97 (d, 1J(C,P)=130.64 Hz; CH2P), 24.87 (s,
3J(C,P)=3.70 Hz; ArCH2), 16.38 ppm (d; CH3); elemental analysis cald
(%) for C19H35ClN3O2PPt (599.00): C 38.10, H 5.92, N 7.02; found: C
37.95, H 5.76, N 6.88.


Preparation of ethyl 4-nitrophenyl P-{3-{4-(chloroplatino)-1,3-bis[(dime-
thylamino)methyl]phenyl}propyl}phosphonate (1): A similar procedure
as for 8 and 9 was applied. Compound 11 (246.1 mg, 0.41 mmol), anhy-
drous HCl (2.05 mL, 2.05 mmol, 1.0m in Et2O); triethylamine (0.3 mL),
p-nitrophenol (57.2 mg, 0.41 mmol) in benzene (15 mL). The product was
obtained as a yellowish solid (199 mg, 66%). 1H NMR (300 MHz, C6D6):
d=7.76 (d, 3J(H,H)=7.63 Hz, 2H; ArH), 7.05 (d, 3J(H,H)=8.24 Hz, 2H;
ArH), 6.45 (s, 2H; ArH), 3.88 (m, 2H; CH2O), 3.35 (s, 3J(H,Pt)=
43.94 Hz, 4H; CH2N), 2.73 (s, 3J(H,Pt)=32.00 Hz, 12H; NMe2), 2.51 (t,
3J(H,H)=7.63, 2H; ArCH2), 2.02 (m, 2H; PCH2CH2), 1.79 (m, 2H;
CH2P), 0.95 ppm (t, 3J(H,H)=7.02 Hz, 3H; CH3,);


31P NMR (81 MHz,
C6D6): d=30.52 ppm (s); 13C NMR (75 MHz, C6D6): d=155.85 (d,
2J(C,P)=7.92 Hz; ArC), 144.65, 144.00, 135.25, 125.51 (s; ArC), 120.81
(d, 3J(C,P)=4.88; ArC), 119.41 (s; ArC), 77.68 (s; CH2N), 62.52 (d,
2J(C,P)=6.71 Hz; CH2O), 53.99 (s; NMe2), 37.00 (d, 2J(C,P)=16.48 Hz;
CH2CH2P), 25.70 (s, 1J(C,P)=141.00 Hz; PCH2), 24.66 (d, 3J(C,P)=
4.88 Hz; ArCH2), 16.23 ppm (d, 3J(C,P)=6.10 Hz; CH3); MS (MALDI-
TOF, CSA): m/z : 656.3 [M+�Cl], 462.2 [M+�Cl�Pt], 374.6 [M+


�Cl�Pt�NO2�OEt], 343.1 [M+�Cl�Pt�NO2�OEt�2Me]; elemental
analysis cald (%) for C23H33ClN3O5PPt (693.03): C 39.86, H 4.80, N 6.06;
found: C 40.05, H 4.72, N 5.93.


Preparation of ethyl 4-nitrophenyl P-{3-{4-(bromopallado)-1,3-bis[(phe-
nylthio)methyl]phenyl}propyl}phosphonate (2): Solid [Pd2(dba)3]·CHCl3
(0.17 g, 0.16 mmol) was added to a solution of 8 (0.22 g, 0.32 mmol) in
benzene (30 mL) and stirred for 16 h at room temperature. All volatiles
were removed in vacuo and the residue dissolved in THF (30 mL). Then
Et3N (0.5 mL) was added and the mixture was stirred for 2 h. The color
of the mixture turned from purple-black to dark green indicating the for-
mation of Pd black. The Pd black was then removed by filtration over a
short path of Celite leaving the filtrate as a clear yellow solution. The fil-
trate was concentrated under reduced pressure to obtain the crude prod-
uct as a yellow solid. Pure product was obtained by purification using
column chromatography, eluting with Et2O to remove dba, and acetone
to obtain the product as a pale yellow solid. Yield: 0.16 g (63%);
1H NMR (300 MHz, CDCl3): d=8.23 (d, 3J(H,H)=9.30 Hz, 2H; ArH),
7.83 and 7.36 (m, 12H; ArH), 6.82 (s, 2H; ArH), 4.60 (br s, 4H; CH2S),
4.16 (m, 2H; CH2O), 2.62 (t, 3J(H,H)=6.90 Hz, 2H; CH2Ar,), 1.96 (m,
4H; PCH2 and PCH2CH2), 1.30 ppm (t, 3J(H,H)=6.90 Hz, 3H; CH3);
31P NMR (81 MHz, CDCl3): d=30.74 ppm (s); 13C NMR (75 MHz,
CDCl3): d=155.84 (d, 2J(C,P)=8.53 Hz; ArC), 149.75, 144.79, 137.76,
132.63, 131.90, 130.12, 129.85, 125.91, 122.40 (s; ArC), 121.17 (d,
3J(C,P)=4.91 Hz; ArC), 63.27 (d, 2J(C,P)=8.53 Hz; CH2O), 52.99 (s;
CH2S), 36.07 (d, 2J(C,P)=17.06 Hz; PCH2CH2), 25.80 (d, 1J(C,P)=
141.65 Hz; PCH2), 24.11 (d, 3J(C,P)=4.83 Hz; CH2Ar), 16.63 ppm (d,
3J(C,P)=6.04 Hz CH3); elemental analysis cald (%) for
C31H31BrNO5PPdS2 (779.01): C 47.80, H 4.01, N 1.80, S 8.23; found: C
47.98, H 4.07, N 1.70, S 8.29; MS (MALDI-TOF, CSA): m/z : 700.6 [M+


�Br].


Preparation of ethyl 4-nitrophenyl P-{3-{4-(bromopallado)-1,3-bis[(me-
thylthio)methyl]phenyl}propyl}phosphonate (3): A similar procedure as
for 2 was applied. Compound 9 (0.40 g, 0.73 mmol), [Pd2(dba)3]·CHCl3
(0.38 g, 0.36 mmol). The product was purified by column chromatography
(silica, eluting with Et2O (dba) and acetone (product)) to leave the prod-
uct as a yellow solid after removal of the eluent in vacuo. Yield: 0.3 g
(71%); 1H NMR (300 MHz, CDCl3): d=8.11 (d, 3J(H,H)=9.32 Hz, 2H;
ArH), 7.28 (d, 3J(H,H)=9.60 Hz, 2H; ArH), 6.73 (s, 2H; ArH), 4.30
(br s, 2H; CH2S), 4.20–3.99 (brm, 6H; CH2S, CH2O), 2.71 (s, 6H; SMe),
2.52 (t, 3J(H,H)=6.60 Hz, 2H; CH2Ar), 1.85 (m, 4H; PCH2, PCH2CH2),
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1.21 ppm (t, 3J(H,H)=6.90 Hz, 3H; CH3);
31P NMR (81 MHz, CDCl3):


d=30.74 ppm (s); 13C NMR (75 MHz, CDCl3): d=160.11 (s; ArC),
155.84 (d, 2J(C,P)=8.48 Hz; ArC), 148.90, 144.58, 137.78, 125.84, 122.80
(s; ArC), 121.21 (d, 3J(C,P)=4.20 Hz; ArC), 63.21 (d, 2J(C,P)=6.68 Hz;
CH2O), 49.76 (s; CH2S), 35.93 (d, 2J(C,P)=17.63 Hz; PCH2CH2), 25.58
(d, 1J(C,P)=140.10 Hz; PCH2), 24.11 (d, 3J(C,P)=4.80 Hz; CH2Ar),
16.62 ppm (d, 3J(C,P)=6.08 Hz; CH3); MS (MALDI-TOF, CSA):
m/z : 575.0 [M+�Br], 452 [M+�Br�Pd�Me], 303.7 [M+


�Br�Pd�2Me�NO2C6H4O]; elemental analysis cald (%) for
C21H27BrNO5PPdS2 (654,87): C 38.52, H 4.16, N 2.14, S 9.79; found: C
38.65, H 4.22, N 1.98, S 9.65.
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Total Synthesis of (+)-Batzelladine A and (�)-Batzelladine D, and
Identification of Their Target Protein
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Tadashi Nakata,[c, d] Yuichi Hashimoto,[b] and Kazuo Nagasawa*[a]


Introduction


Batzelladines A–I are a novel class of polycyclic guanidine
alkaloids isolated from Bahamian (batzelladines A (1), B, C,
D (2), E) and Jamaican sponge (batzelladines F (3), G, H, I)
by a SmithKline Beecham group in 1995 and 1997, respec-
tively.[1,2] The structural feature of this family is a bicyclic
and/or tricyclic guanidine structure, which is tethered by an
alkyl ester unit. The unique structures of batzelladines have
inspired considerable synthetic attention. Murphy et al. and
Snider et al. independently reported the synthesis of a tricy-


clic guanidine moiety corresponding to the left-hand tricy-
clic guanidine portion of batzelladine F (3) by a biomimetic
route.[3,4] In 1996 Snider et al. reported a total synthesis of
batzelladine E through a biomimetic synthetic route.[3b] Sub-
sequently, Overman et al. reported the total synthesis of bat-


Abstract: Asymmetric total synthesis
of batzelladine A (1) and batzella-
dine D (2) has been achieved. Our syn-
thesis of batzelladines features 1) ste-
reoselective construction of the cyclic
guanidine system by means of succes-
sive 1,3-dipolar cycloaddition reaction
and subsequent cyclization, 2) direct
esterification of the bicyclic carboxylic
acid 35 with the guanidine alcohol 8 or


59 to construct the whole carbon skele-
ton of batzelladines, and 3) one-step
formation of the a,b-unsaturated alde-
hyde 53 from the primary alcohol 47
with tetra-n-propylammoniumper-


ruthenate (TPAP), providing an effi-
cient route to the left-hand bicyclic
guanidine alcohol of batzelladine A
(1). With the synthetic compounds 1
and 2 in hand, their target protein was
examined by using immobilized CD4
and gp120 affinity gels. The results in-
dicated that batzelladines A (1) and D
(2) bind specifically to CD4.
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zelladines D (2)[5] and F (3)[6] by applying a tethered Biginel-
li reaction. Quite recently, Gin et al. reported the total syn-
thesis of 2 by using [4+2] annulation of vinyl carbodiimides
with N-alkylimines.[7] These synthetic successes, together
with synthetic studies from other groups,[8–13] greatly contrib-
uted to structure revisions of batzelladines.
Batzelladines have been reported to disrupt protein–pro-


tein interactions. For example, batzelladines A–E block in-
teraction between the surface of the HIV envelope glyco-
protein gp120 and the extracellular domains of human CD4
receptor protein.[1a] Batzelladines F (3) and G induce disso-
ciation of the complex between the protein kinase p56lck and
CD4,[1b] and synthetic derivatives of batzelladines were re-
ported to disrupt Nef–p53, Nef–actin, and Nef–p56lck inter-
actions.[14] Elucidation of the mechanism by which protein–
protein interactions are modulated by these small molecules
is of great interest, since protein–protein associations are
important in all aspects of cell biochemistry. Moreover,
small molecules that influence protein–protein association
would be new biological tools and potential therapeutic
agents.[15] In particular, batzelladines or their derivatives
may prove to be applicable for AIDS treatment. Because of
our interest in the control of protein–protein interactions
with small molecules, we have started the synthetic studies
on batzelladines, and we recently have accomplished the
total synthesis of (� )-batzelladine D (2)[16] and (+)-batzella-
dine A (1).[17] In this article, we describe the asymmetric
total synthesis of (�)-batzelladine D (2) and, full detail of
our synthetic studies on (+)-batzelladine A (1). We also de-
scribe the identification of target protein of batzelladines as
the CD4 cell-surface receptor protein on T-cells by using the
synthetic batzelladines.


Synthetic plan : Stereoselective construction of the character-
istic tricyclic guanidine structure in batzelladines is a key
issue for the total synthesis of these natural products. Our
synthetic concept of the tricyclic guanidine 4 is illustrated in
Scheme 1. The tricyclic guanidine 4 could be constructed
from the guanidine-substituted, 2,5-disubstituted pyrrolidine
5, which has hydroxyl groups on its side chain at the b-posi-
tions. The 2,5-disubstituted pyrrolidine 6 could be prepared


by successive 1,3-dipolar cycloaddition reaction[13] between
the nitrone 7 and olefins. In this sequential process, hydroxyl
groups on the side chains of pyrrolidine are introduced, and
the newly generated stereochemistry at the C2- and C5-posi-
tions of pyrrolidine and at the hydroxyl groups on the side
chains of 6 can be controlled simultaneously (Scheme 1).
Moreover various substituents can be installed simply by
changing the olefins. So it should be possible to synthesize
stereoselectively various types of cyclic guanidines, as seen
in batzelladines.


Results and Discussion


Total synthesis of (�)-batzelladine D (2): Batzelladine D (2)
is a structurally relatively simple member of the batzelladine
alkaloids, with five asymmetric carbon centers in the tricy-
clic guanidine moiety. As depicted in Scheme 2, batzella-


dine D (2) can be synthesized by esterification with the alco-
hol 8 and cyclic guanidine carboxylic acid 9, which can in
turn be prepared based upon the strategy illustrated in
Scheme 1, specifically by using the nitrone 7 and two olefins,
methyl crotonate (10) and 1-undecene (11). At the begin-
ning of our synthetic studies on 2, we examined the synthe-
sis of the cyclic guanidine 9 as a racemic form.
1,3-Dipolar cycloaddition of the nitrone 7 and methyl


crotonate (10) in toluene gave the isoxazolidine 12 in 82%
yield (Scheme 3). The ester group of 12 was reduced with
LiAlH4 and subsequent protection of the hydroxyl group as
the tert-butyldimethylsilyl (TBS) ether gave 13 in 95%
yield. The oxidation of the isoxazolidine 13 with m-chloro-
peroxybenzoic acid (mCPBA)[18] effected regioselective ring
cleavage to give the nitrone 14, which was subsequently sub-Scheme 1. Synthetic plan for the tricyclic guanidine 4.


Scheme 2. Retrosynthetic analysis of 2.
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jected to a second 1,3-dipolar cycloaddition with 1-undecene
(11) to give 15 in 76% yield (2 steps). In this cycloaddition,
1-undecene (11) approached from the less-hindered side of
14 (b-face) in the exo-mode, and the newly generated ste-
reochemistries of 15 at C8 and C11 were well controlled.[13]


After protection of the hydroxyl group of 15 with acetic an-
hydride in pyridine, the N�O bond was reduced with hydro-
gen in the presence of 10% Pd/C to give the trans-2,5-disub-
stituted-b-hydroxypyrrolidine 16 in 98% yield. Treatment of
16 with bis-Cbz-2-methyl-2-thiopseudourea (Cbz=benzyl-
oxycarbonyl) in the presence of mercury(ii) chloride[19] gener-
ated the guanylated pyrrolidine 17 in 52% yield. Treatment
of 17 under the Mitsunobu reaction conditions[20] effected
cyclization with inversion of the stereochemistry at C13 to
give the bicyclic guanidine 18 in 58% yield. Deprotection of
one of the Cbz groups and the acetyl group of 18 took place
simultaneously with sodium hydride in MeOH/THF (1:1)[21]


to give 19 in 80% yield. The tricyclic guanidine was formed
on treatment of 19 with methanesulfonyl chloride in the
presence of triethylamine to give 20 in 82% yield. The TBS
group of 20 was removed and oxidation of the resulting pri-
mary alcohol was performed with Jones reagent to give the
carboxylic acid 9.[22] The structure of 9 was confirmed by fur-
ther conversion into the known ester 22, reported by Over-
man,[23] through treatment of 9 with (trimethylsilyl)diazome-
thane and subsequent deprotection of the Cbz group with
hydrogen over 10% Pd/C.


With the tricyclic guanidine carboxylic acid 9 in hand, es-
terification with the side chain alcohol 8 was examined
(Scheme 4). Although various conditions, such as 1-ethyl-3-


(3-dimethylaminopropyl)carbodiimide (EDCI)/4-dimethyl-
amino pyridine (DMAP), bis(2-oxo-3-oxazolidinyl)phos-
phinic chloride (BOPCl)/triethylamine, or tosylchloride
(TsCl)/pyridine, were examined, the ester 23 was not pro-
duced at all and the carboxylic acid 9 was decomposed.
Thus, we next examined trans-esterification using the ester
21 and alcohol 8 in the presence of the Otera reagent,[24] but
we failed to obtain the desired product 23. These results
might have been due to the low reactivity of the axially ori-
entated carboxylic acid or ester group of 9 or 21 at C7, as
Snider and Chen had suggested.[3b] To relax the rigidity of
the axial orientation of the carboxylic acid of 9, bicyclic gua-
nidine carboxylic acid 25 was prepared from 13 (Scheme 4)
and its esterification with 8 was examined. In this reaction,
we found that the coupling reaction proceeded in the pres-
ence of EDCI and DMAP, giving the ester 26 in 40% yield.
Thus, we decided to introduce the side chain 8 prior to the
tricyclic guanidine formation in the total synthesis of natural
product.
The optically active bicyclic guanidine carboxylic acid 35


was synthesized from the nitrone 27[25] derived from malic
acid, as shown in Scheme 5. In short, 1,3-dipolar cycloaddi-
tion reaction of the nitrone 27 and 1-undecene (11) gave the
isoxazolidine 28, and deoxygenation using the Barton–
McCombie method[26] gave 29. Treatment of 29 with
mCPBA effected regioselective regeneration of the nitrone,
and a second 1,3-dipolar reaction with methyl crotonate (10)
gave the isoxazolidine 30, the ester group of which was re-


Scheme 3. Synthesis of the tricyclic guanidine carboxylic acid 9. Reagents
and conditions: a) methyl crotonate (10), toluene, 100 8C, 82%; b) 1)
LiAlH4, Et2O, 0 8C; 2) TBSCl, imidazole, CH2Cl2, RT, 95% (2 steps);
c) mCPBA, CH2Cl2, 0 8C; d) 1-undecene (11), toluene, 110 8C, 76% (2
steps); e) 1) Ac2O, pyridine, RT; 2) Pd/C, H2, EtOH, RT, 98% (2 steps);
f) bis-Cbz-2-methyl-2-thiopseudourea, HgCl2, Et3N, DMF, 0 8C to RT,
52%; g) DEAD, PPh3, THF, RT, 58%; h) NaH, THF/MeOH (1:1), RT,
80%; i) MsCl, Et3N, CH2Cl2, 0 8C, 82%; j) Jones reagent, acetone, 0 8C;
k) TMSCHN2, PhH/MeOH (7:2), RT, 47% (2 steps); l) Pd/C, H2, EtOH,
RT, 85%.


Scheme 4. Esterification of 9, 21, and 25 with 8. Reagents and conditions:
a) Pd(OH)2/C, H2, EtOH, RT, 97%; b) bis-Cbz-2-methyl-2-thiopseudo-
urea, HgCl2, Et3N, DMF, 0 8C to RT, 60%; c) DEAD, PPh3, toluene, RT,
88%; d) TBAF, THF, RT, 70%; e) Jones reagent, acetone, 0 8C; f) 8,
EDCI, DMAP, CH2Cl2, RT, 40% (2 steps).
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duced with LiAlH4. Subsequent protection of the two hy-
droxyl groups with TBSCl furnished 31. Reduction of the
N�O bond of 31 afforded the 2,5-disubstituted pyrrolidine
32, which was treated with bis-Cbz-2-methyl-2-thiopseudo-
urea to give 33. The formation of the bicyclic guanidine was
performed under the Mitsunobu reaction conditions and the
bicyclic guanidine 34 was obtained. Selective deprotection
of the primary silyl ether of 34 followed by Jones oxidation
gave the bicyclic guanidine carboxylic acid 35.
Then, esterification of the carboxylic acid 35 with the side


chain alcohol 8 was conducted in the presence of EDCI and
DMAP at 0 8C, and the ester 36 was obtained in 66% yield
from 34 (Scheme 6). After sequential deprotection of the


TBS and Cbz groups of 36 with HF/pyridine and hydrogen
in the presence of 10% Pd/C, respectively, the tricyclic gua-
nidine was formed under the Mitsunobu reaction conditions
to give fully stereocontrolled 37. Finally, deprotection of
Boc groups was conducted with trifluoroacetic acid (TFA),
and (�)-batzelladine D (2) was obtained in 66% yield. The
spectral data (1H NMR, 13C NMR, and high-resolution mass
spectra and optical rotation data) of the synthetic 2 were
consistent with those of natural batzelladine D (2) reported
by Patil et al.[1a]


Total synthesis of (+)-batzelladine A (1): Batzelladine A (1)
has been reported to show the most potent biological activi-
ty among the batzelladine alkaloids.[1a] It has a characteristic
left-hand bicyclic guanidine in addition to the right-hand tri-
cyclic guanidine, a common structural features of these alka-
loids. In the left-hand bicyclic guanidine, a chiral center is
present at C13. In 2002, Duron and Gin synthetically deter-
mined this stereochemistry to be R.[10] We started our syn-
thesis of (+)-1 from this particular left-hand bicyclic guani-
dine.
Application of the 1,3-dipolar cycloaddition reaction was


planned for the synthesis of the bicyclic guanidine alcohol
38, which corresponds to the left-hand bicyclic guanidine of
1 (Scheme 7). In this strategy, introduction of the double


bond at C7=C8 of 38 is addressed by means of oxidation of
39.
The synthesis of the bicyclic guanidine 49 is illustrated in


Scheme 8; it involves reaction of the optically active nitrone


Scheme 5. Synthesis of the bicyclic guanidine carboxylic acid 35. Re-
agents and conditions: a) 1-undecene (11), toluene, 90 8C, 75%; b) 1)
CsF, EtOH, 90 8C, 98%; 2) PhOC(S)Cl, DMAP, pyridine, RT,; 3)
nBu3SnH, AIBN, toluene, 100 8C, 51% (2 steps); c) 1) mCPBA, CH2Cl2,
0 8C; 2) methyl crotonate (10), toluene, 110 8C, 75% (2 steps); d) 1)
LiAlH4, Et2O, 0 8C; 2) TBSCl, imidazole, CH2Cl2, RT, 88% (2 steps);
e) Pd/C, H2, EtOH, RT; f) bis-Cbz-2-methyl-2-thiopseudourea, HgCl2,
Et3N, DMF, 0 8C to RT, 84% (2 steps); g) DEAD, PPh3, toluene, RT,
64%; h) 1) TBAF, THF, RT, 97%; 2) Jones reagent, acetone, 0 8C.


Scheme 6. Total synthesis of (�)-batzelladine D (2). Reagents and condi-
tions: a) 8, EDCI, DMAP, CH2Cl2, 0 8C, 66% (from 34); b) 1) HF/pyri-
dine, THF, 0 8C, 81%; 2) Pd/C, H2, EtOH, RT; 3) DEAD, PPh3, toluene,
RT; c) TFA, CH2Cl2, RT, 66% (3 steps).


Scheme 7. Retrosynthetic analysis of 1.
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27 and olefin 40 through 1,3-dipolar cycloaddition (27 into
41), guanylation with bis-Boc-2-methyl-2-thiopseudourea
(44 into 45 ; Boc= tert-butoxycarbonyl), and bicyclic guani-
dine construction under the Mitsunobu conditions (45 into
46).
Then, conversion of 49 into the a,b-unsaturated carbonyl


compound 50 was investigated (Scheme 9). We firstly exam-
ined the oxidation of 49 by Sharpless’ method utilizing orga-
noselenium reagents[27] or the Saegusa–Tsuji method,[28] but
neither the reaction with phenylselenyl bromide in the pres-
ence of lithium diisopropylamide (LDA) nor the ketenesilyl
acetal formation proceeded. Thus, we tried direct formation
of the a,b-unsaturated aldehyde 53 from the primary alco-
hol 47 with o-iodoxybenzoic acid (IBX), as developed by
Nicolaou et al.,[29] and obtained 53 in 13% yield. Several ox-
idation reagents for this conversion were further investigat-
ed, and the results are summarized in Table 1. Among them,
tetra-n-propylammoniumperruthenate (TPAP)[30] gave 53 in


47% yield with complete regioselectivity. Interestingly, oxi-
dation of the aldehyde 54, obtained through Swern oxida-
tion, with TPAP did not proceed. This TPAP direct oxida-
tion of 47 presumably occurs via the iminium–ruthenium–
alkoxide complex 55 as an intermediate, as proposed by
Murahashi et al.[31] (Scheme 10).


The resulting aldehyde 53 was further oxidized with
sodium chlorite[32] to the carboxylic acid, and then treatment
with (trimethylsilyl)diazomethane gave the methyl ester 56
in 86% yield. Demethylation of the methyl ester 56 with
nPrSLi and subsequent condensation with the guanidine al-
cohol 8 provided the ester in 54% yield from 58. Finally, the
p-methoxybenzyl (MPM) group was deprotected with 2,3-di-
chloro-5,6-dicyano-1,4-benzoquinone (DDQ) to give the al-
cohol 59 in 66% yield (Scheme 11).
Total synthesis of batzelladine A (1) was achieved with


the alcohol 59 and bicyclic guanidine carboxylic acid 35
(Scheme 12). The reaction of the carboxylic acid 35 and bi-
cyclic guanidine alcohol 59 in the presence of EDCI and
DMAP at 0 8C gave the ester 60 in 60% yield. The TBS
group of 60 was deprotected with HF/pyridine to give 61 in
89% yield. After deprotection of the Cbz group with hydro-
gen in the presence of 10% Pd/C, cyclization was performed
under the Mitsunobu conditions to give tricyclic guanidine
62. Finally, deprotection of the four Boc groups with TFA
and subsequent purification with HPLC (PEGASIL-ODS,


Scheme 8. Synthesis of the bicyclic guanidine 49. Reagents and condi-
tions: a) 40, toluene, 90 8C; b) 1) LiAlH4, Et2O, 0 8C; 2) CsF, EtOH, 90 8C
(59% from 27); c) 1) TBSCl, pyridine, RT; 2) PhOC(S)Cl, DMAP, pyri-
dine, RT; 3) nBu3SnH, AIBN, toluene, 100 8C, 44% (3 steps);
d) Pd(OH)2/C, H2, EtOH, RT; e) bis-Boc-2-methyl-2-thiopseudourea,
HgCl2, Et3N, DMF, RT, 71% (2 steps); f) DEAD, PPh3, toluene, RT;
g) TBAF, THF, RT, 81% (from 45); h) 1) (COCl)2, DMSO, Et3N,
CH2Cl2, �78 8C to RT; 2) NaClO2, NaH2PO4, 2-methyl-2-butene, tBuOH/
H2O, RT; i) TMSCHN2, benzene/MeOH, RT, 71% (from 47).


Scheme 9. Synthetic approaches of 50 from 49.


Table 1. Investigation of oxidation of 47 to 53.


Reagents Solvent T [8C] 53 [%] 54 [%]


TPAP(5 mol%)–NMO (4 equiv) CH2Cl2 RT 47 0
PCC (4 equiv) CH2Cl2 RT 6 0
PDC (4 equiv) CH2Cl2 RT 36 0
Swern oxidation CH2Cl2 �78 0 94


Scheme 10. Proposed mechanism of TPAP oxidation of 47.
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eluted with 50% MeCN/H2O 0.1% TFA) gave (+)-batzella-
dine A (1) in 24% yield from 61.[17] All of the data for syn-
thetic (+)-batzelladine A (1) were in good agreement with
reported values.[1a] Thus, the structure of 1, including the ab-
solute stereochemistry, was confirmed.


Evaluation of the target protein of batzelladine A (1) and D
(2): Batzelladines inhibit the binding of the HIV envelope
glycoprotein gp120 and cellular CD4 receptor, which is the
initial step of HIV infection into T-cells. To establish the
mechanism of this interesting action of small molecules,
identification of the target protein is fundamental. Recently,
Bewley et al. conducted computer-assisted docking studies
of gp120 with batzelladine F-type polycyclic guanidine com-
pounds,[33] and suggested that the target protein of batzella-
dines is gp120. Intrigued with these results, we decided to
test their hypothesis using synthetic batzelladines A (1) and
D (2) and an affinity gel bearing gp120 and CD4.


The proteins gp120 and CD4, and ethanolamine (as a con-
trol) were treated with agarose gel activated with hydroxy-
succinimide to obtain affinity gels bearing gp120, CD4, and
ethanolamine, respectively. These affinity gels were each
mixed with various concentrations of synthetic batzella-
dine D (2) from 0.1 to 0.5 mgmL�1. After one hour at 4 8C,
the mixture was centrifuged, and the amount of free batzel-
ladine D (2) in the supernatant was quantified by HPLC.
With the gp120- or ethanolamine-immobilized affinity gel, 2
was recovered almost quantitatively at every concentration
tested. In contrast, the amount of free 2 in the supernatant
decreased when the CD4 affinity gel was used. These results
indicate that the target protein of 2 is CD4 rather than
gp120; this result is inconsistent with the result of the com-
puter-assisted docking studies performed by Bewley et al.
Using the above-mentioned affinity gel method, we conduct-
ed a Scatchard plot analysis of the binding of CD4 with syn-
thetic batzelladines A (1) and D (2). As shown in Figure 1,


the plots showed good linearity (r=0.97 (1) and 0.91 (2)),
suggesting that CD4 protein has a specific binding site for 1
and 2. The association constants (Ka values) of 1 and 2 were
calculated from the slope of the lines to be 3.0M105m�1 and
1.8M105m�1, respectively. This order of the values is consis-
tent with the order of inhibitory activities of 1 and 2 against
gp120–CD4 binding (IC50 values of 26 mm and 72 mm, respec-
tively).[1a] Moreover, the Scatchard plot analysis suggested
that the binding of 1 and 2 is specific and that their binding
sites on CD4 are the same, since the Scatchard plot lines of
1 and 2 crossed the x axis at almost the same positions.
These results indicate that the target protein of batzelladines
A (1) and D (2) is CD4.


Conclusion


In summary, asymmetric total synthesis of the guanidine al-
kaloids (+)-batzelladine A (1) and (�)-batzelladine D (2)
has been accomplished, by using a successive 1,3-dipolar cy-


Scheme 11. Synthesis of bisguanidine alcohol 59. Reagents and condi-
tions: a) NaClO2, NaH2PO4, 2-methyl-2-butene, tBuOH/H2O, RT;
TMSCHN2, RT, 65% (23% SM recovery); b) nPrSLi, HMPA, RT, c) 8,
BOPCl, Et3N, CH2Cl2, 54% (from 56); d) DDQ, CH2Cl2/H2O, RT, 66%.


Scheme 12. Total synthesis of (+)-batzelladine A (1). Reagents and con-
ditions: a) 35, EDCI, DMAP, CH2Cl2, 0 8C, 60%; b) HF/pyridine, THF,
0 8C, 89%; c) 1) Pd/C, H2, EtOAc, RT; 2) DEAD, PPh3, toluene, RT;
d) TFA/CH2Cl2, RT, 24% (from 61).


Figure 1. Scatchard plot analysis of batzelladine A (1) and batzelladine D
(2) with CD4 affinity gel. (Cb: Concentration of CD4 bounded batzella-
dines of 1 and 2. Cf: Concentration of free batzelladines of 1 and 2.).
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cloaddition reaction protocol for the stereoselective con-
struction of the tricyclic guanidine skeleton. A novel oxida-
tion reaction from the primary alcohol 47 to a,b-unsaturated
aldehyde 53 under TPAP–NMO (NMO=4-methylmorpho-
line N-oxide) conditions was also developed and applied to
the synthesis of the left-hand bicyclic guanidine of 1. This
also established the absolute stereochemistry. Furthermore,
the target protein of 1 and 2 was examined using immobi-
lized CD4 and/or gp120 affinity gel. The results indicated
that batzelladines A (1) and D (2) bind to CD4, in contrast
to the results of computer-assisted docking studies obtained
using batzelladine F type polycyclic guanidine compounds.
Further experiments to identify the binding site of batzella-
dines on CD4 are planned.


Experimental Section


General : Flash chromatography was performed on Silica gel 60 (spheri-
cal, particle size 0.040–0.100 mm; Kanto). Optical rotations were mea-
sured on a JASCO DIP polarimeter 370, using the sodium D line. IR
spectra were measured with a JASCO VALOR-III FT-IR spectropho-
tometer. 1H and 13C NMR spectra were recorded on JEOL JNM-ECP500
instrument. Mass spectra were recorded on JEOL JMS-HX110 spectrom-
eter with m-nitrobenzyl alcohol.


Isoxazolidine 28 : A mixture of nitrone 27 (9.0 g, 35.0 mmol) and 11
(27.0 g, 175.0 mmol) in toluene (200 mL) was heated at 90 8C for 9 h.
After cooling, the reaction mixture was concentrated in vacuo and puri-
fied by silica gel column chromatography (hexane/EtOAc; 16: 1 to 8:1)
to give isoxazolidine 28 (10.8 g, 75%) as a clear oil. [a]22D=3.6 (c=0.9 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=4.12 (ddd, J=5.6, 3.0, 3.0 Hz,
1H), 3.90 (m, 1H), 3.60 (ddd, J=8.1, 3.0, 3.0 Hz, 1H), 3.37 (ddd, J=12.4,
8.1, 6.4 Hz, 1H), 3.18 (ddd, J=12.4, 6.4, 4.7 Hz, 1H), 2.15–2.02 (m, 3H),
1.72 (m, 1H), 1.62 (m, 1H), 1.43–1.20 (m, 15H), 1.13–0.95 (m, 21H),
0.87 ppm (t, J=6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=78.7, 76.6,
73.9, 55.2, 40.1, 34.2, 33.7, 31.5, 29.2, 29.14, 29.1, 28.9, 26.0, 22.3, 17.5,
13.7, 11.6 ppm; IR (neat): ñ=2927, 2865, 1465, 1381, 1368 cm�1; HRMS
(FAB): calcd for C24H50NO2Si [M


++H]: 412.3611; found: 412.3622.


Isoxazolidine 29 : A mixture of isoxazolidine 28 (10.7 g, 10.0 mmol) and
CsF (11.9 g) in EtOH (20 mL) was refluxed at 90 8C for 9 h. After cool-
ing, the solution was poured into H2O and extracted with ethyl acetate.
The solution was dried over MgSO4 and concentrated in vacuo. The resi-
due was purified by silica gel column chromatography (CHCl3/MeOH;
9:1) to give an alcohol (6.71 g, q.y.) as a clear oil. [a]22D=�18.7 (c=0.69
in CHCl3);


1H NMR (500 MHz, CDCl3): d=4.08 (m, 1H), 3.91 (m, 1H),
3.56 (m, 1H), 3.39 (m, 1H), 3.12 (m, 1H), 2.15–2.00 (m, 3H), 1.72 (m,
1H), 1.60 (m, 1H), 1.47–1.20 (m, 15H), 0.86 ppm (t, J=6.9 Hz, 3H);
13C NMR (125 MHz, CDCl3): d=76.7, 72.7, 55.0, 40.0, 33.3, 33.26, 31.5,
29.3, 29.2, 29.17, 29.0, 26.0, 22.3, 13.7 ppm; IR (neat): ñ=3362, 2926,
2855, 1466 cm�1; HRMS (FAB): calcd for C15H30NO2 [M


++H]: 256.2277;
found: 256.2288. Phenyl chlorothionoformate (5.8 mL) was added to a so-
lution of the alcohol (5.40 g, 21.1 mmol) and DMAP (180 mg) in pyridine
(100 mL) at room temperature. After stirring for 5 h, the reaction mix-
ture was concentrated in vacuo and diluted with ethyl acetate. The solu-
tion was washed with H2O twice, and the organic layer was dried over
MgSO4 and concentrated in vacuo. The residue was purified by silica gel
column chromatography (hexane-EtOAc; 12:1) to give xanthate as a
yellow oil. To a solution of xanthate in toluene (100 mL), nBu3SnH
(17 mL) and azobisisobutyronitrile (AIBN; 345 mg) was added and re-
fluxed at 110 8C for 20 min. The solution was concentrated in vacuo and
the residue was purified by silica gel column chromatography (hexane/
EtOAc 6:1 to 1:2) to give isoxazolidine 29 (2.56 g, 51% overall). [a]23D=


�34.1 (c=1.19 in CHCl3); 1H NMR (500 MHz, CDCl3): d=4.01 (m, 1H),
3.73 (m, 1H), 3.13 (m, 2H), 2.08–1.82 (m, 4H), 1.72–1.20 (m, 18H),
0.88 ppm (t, J=6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=76.4, 64.8,


57.0, 42.5, 33.9, 31.8, 31.7, 29.62, 29.57, 29.5, 29.2, 26.4, 24.3, 22.6,
14.0 ppm; IR (neat): ñ=2926, 2855, 1465 cm�1; HRMS (FAB): calcd for
C15H30NO [M++H]: 240.2327; found: 240.2383.


Ester 30 : mCPBA (1.81 g, 7.6 mmol) was added to a solution of isoxazoli-
dine 29 (1.52 g, 6.35 mmol) in CH2Cl2 (30 mL) at 0 8C. After stirring for
5 min, a large excess of Ca(OH)2 was added, the resulting mixture was
filtered through a pad of Celite, and the filtrates were concentrated in
vacuo to give nitrone as a clear oil. The mixture of the nitrone and 10
(3.4 mL, 32 mmol) in toluene (60 mL) was stirred at 100 8C for 1 h. After
cooling, the reaction mixture was concentrated under reduced pressure,
and the residue was purified by silica gel column chromatography
(hexane/EtOAc; 2:1) to give methyl ester 30 (1.68 g, 75% overall) as a
clear oil. [a]23D=�86.2 (c=1.01 in CHCl3); 1H NMR (500 MHz, CDCl3):
d=4.30 (m, 1H), 4.08 (q, J=6.8 Hz, 1H), 3.92 (m, 1H), 3.70 (s, 3H), 3.37
(m, 1H), 3.04 (t, J=9.8 Hz, 1H), 1.96–1.84 (m, 2H), 1.74 (ddd, J=4.6,
10.1, 10.1 Hz, 1H), 1.59–1.24 (m, 19H), 1.32 (d, J=6.8 Hz, 3H), 0.86 ppm
(t, J=7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): d=170.3, 72.1, 69.1,
65.43, 65.35, 57.3, 51.8, 39.2, 37.6, 31.9, 29.7, 29.6, 29.5, 29.3, 28.9, 27.3,
25.7, 22.6, 16.6, 14.1 ppm; IR (neat): ñ=3361, 2925, 2853, 1736,
1437 cm�1; HRMS (FAB): calcd for C20H38NO4 [M++H]: 355.2801;
found: 355.2840.


Silyl ether 31: A solution of methyl ester 30 (2.00 g, 5.63 mmol) in Et2O
(30 mL) was added slowly to a suspension of LiAlH4 (320 mg,
8.43 mmol) in Et2O (40 mL) at 0 8C. After stirring for 2 h at this tempera-
ture, the reaction was quenched by sequential addition of H2O (500 mL),
2.0m NaOH aq. (500 mL), and H2O (1 mL). MgSO4 was added, the result-
ing mixture was stirred for 20 min and filtered through a pad of Celite,
and the filtrates were concentrated in vacuo to give an alcohol (2.26 g)
which was used without further purification. TBSCl (3.12 g) was added to
a solution of the alcohol and imidazole (2.82 g) in CH2Cl2 (70 mL) and
the mixture was stirred at room temperature for 20 min. The reaction
was quenched by the addition of H2O and extracted with ethyl acetate.
The organic layer was washed with brine, dried over MgSO4, and concen-
trated in vacuo. The residue was purified by silica gel column chromatog-
raphy (hexane/EtOAc; 15:1) to give bis-TBS ether 31 (3.24 g, 85%) as a
colorless oil. [a]24D=�57.2 (c=1.40 in CHCl3);


1H NMR (500 MHz,
CDCl3): d=3.91 (ddd, J=12.4, 5.1, 4.7 Hz, 1H), 3.83–3.63 (m, 4H), 3.13
(ddd, J=16.2, 6.0, 6.0 Hz, 1H), 2.33 (m, 1H), 1.95 (m, 1H), 1.76–1.61 (m,
4H), 1.53 (ddd, J=13.7, 7.3, 6.4 Hz, 1H), 1.46–1.20 (m, 19H), 0.883 (s,
9H), 0.88 (s, 9H), 0.86 (t, J=6.8 Hz, 3H), 0.06 (s, 6H), 0.05 ppm (s, 6H);
13C NMR (125 MHz, CDCl3): d=73.0, 70.6, 66.8, 65.2, 60.5, 54.3, 43.0,
38.1, 31.9, 31.1, 29.9, 29.6, 29.5, 29.3, 26.0, 25.8, 25.5, 24.7, 22.7, 18.1, 17.7,
14.1, �4.3, �4.4, �5.5, �5.6 ppm; IR (neat): ñ=2955, 2928, 2856, 1471,
1463, 1387, 1361, 1254 cm�1; HRMS (FAB): calcd for C31H66NO3Si2 [M


+


+H]: 556.4581; found: 556.4576.


Guanidine 33 : Pd/C (400 mg) was added to a solution of bis-TBS ether
31 (992 mg, 1.78 mmol) in EtOH (6.0 mL), and the reaction mixture was
stirred at room temperature under a hydrogen atmosphere (balloon).
After 20 h, the reaction mixture was filtered through a pad of Celite, and
the filtrates were concentrated in vacuo to give pyrrolidine 32. HgCl2
(570 mg, 2.1 mmol) was added to a solution of 32 (978 mg, 1.75 mmol),
1,3-bis(benzyloxycarbonyl)-2-methyl-2-thiopseudourea (753 mg,
2.1 mmol), and triethylamine (850 mL, 6.1 mmol) in DMF (18 mL), and
the resulting mixture was stirred for 30 min. The reaction mixture was di-
luted with EtOAc, and filtered through a pad of Celite. The filtrate was
concentrated in vacuo, and the residue was purified by silica gel column
chromatography (hexane/EtOAc; 8:1) to give the bis-Cbz-protected gua-
nidine 33 (902 mg, 58% overall).


Guanidine 34 : Diethylazodicarboxylate (DEAD; 995 mL, 6.32 mmol) was
added to a solution of guanidine 33 (3.66 g, 4.21 mmol) and PPh3 (1.66 g,
6.32 mmol) in toluene (40 mL). After stirring for 5 min, the reaction was
quenched with H2O (10 mL) and concentrated in vacuo. Purification of
the residue by flash chromatography (hexane/EtOAc; 9:1) gave bicyclic
guanidine 34 (2.31 g, 65%) as a clear oil. [a]24D=�160.0 (c=1.68 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=7.36–7.20 (m, 10H), 5.17 (d, J=
12.4 Hz, 1H), 4.97 (d, J=12.4 Hz, 1H), 4.92 (d, J=12.4 Hz, 1H), 4.90 (d,
J=12.4 Hz, 1H), 4.63 (m, 1H), 4.05 (m, 1H), 3.82 (m, 1H), 3.65 (m,
3H), 2.65–2.52 (m, 2H), 2.17 (m, 1H), 1.97 (m, 1H), 1.73–1.53 (m, 2H),
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1.52–1.15 (m, 17H), 1.18 (d, J=7.3 Hz, 3H), 0.87 (t, J=0.9 Hz, 3H), 0.87
(s, 18H), 0.04 (s, 6H), 0.04 ppm (s, 6H); 13C NMR (125 MHz, CDCl3):
d=160.3, 153.1, 150.5, 137.3, 135.6, 128.3, 128.2, 128.0, 128.0, 127.3, 70.6,
68.2, 66.7, 60.7, 57.7, 56.3, 49.8, 43.0, 41.8, 37.0, 31.9, 29.8, 29.6, 29.3, 28.4,
25.9, 25.7, 24.4, 22.6, 18.0, 14.4, 14.0, �4.4, �4.43, �5.6 ppm; IR (neat):
ñ=2953, 2928, 2856, 1727, 1677, 1581, 1470, 1387, 1287, 1244 cm�1;
HRMS (FAB): calcd for C48H80N3O6Si2 [M++H]: 850.5586; found:
850.5580.


Ester 36 : TBAF hydrate (44 mg) was added to a solution of bicyclic gua-
nidine 34 (44 mg, 0.052 mmol) in THF (1.0 mL) at 0 8C and stirred at the
temperature for 100 min. The reaction mixture was poured into saturated
NaHCO3 aq. and extracted with ethyl acetate. The combined organic
layers were washed with saturated NH4Cl aq., H2O, and brine. The solu-
tion was concentrated in vacuo and purified by silica gel column chroma-
tography (hexane/EtOAc; 2:1) to give mono-TBS ether protected alcohol
(37.7 mg, 0.051 mmol, 99%) as a clear oil. [a]29D=�186.0 (c=1.16 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=7.36–7.20 (m, 10H), 5.19 (d, J=
12.2 Hz, 1H), 4.97 (d, J=12.5 Hz, 1H), 4.92 (d, J=12.5 Hz, 1H), 4.87 (d,
J=12.2 Hz, 1H), 4.64 (m, 1H), 4.06 (m, 1H), 3.84–3.67 (m, 4H), 2.62 (m,
1H), 2.55 (ddd, J=12.8, 7.3, 3.1 Hz, 1H), 2.19 (m, 1H), 2.05 (m, 1H),
1.73–1.19 (m, 19H), 1.21 (d, J=7.3 Hz, 3H), 0.88 (t, J=7.0 Hz, 3H), 0.87
(s, 9H), 0.04 (s, 3H), 0.04 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d=
160.4, 153.2, 150.6, 137.2, 135.6, 128.4, 128.2, 128.11, 128.1, 128.0, 127.4,
70.6, 68.3, 66.9, 60.3, 57.8, 56.3, 50.0, 42.8, 41.8, 37.0, 31.9, 29.9, 29.7, 29.6,
29.3, 28.5, 25.9, 24.5, 22.7, 18.0, 14.5, 14.1, �4.3, �4.4 ppm; IR (neat): ñ=
3430, 2953, 2927, 2855, 1725, 1574, 1471 cm�1; HRMS (FAB): calcd for
C42H66N3O6Si [M++H]: 735.4721; found: 735.4724. Jones reagent
(10 drops) was added to a solution of the alcohol (80.3 mg, 0.109 mmol)
in acetone (2.0 mL) and stirred at 0 8C for 30 min. The mixture was
added excess of 2-propanol and poured into ethyl acetate. The solution
was washed with brine and the aqueous layer was re-extracted with ethyl
acetate. The combined organic layer was dried over MgSO4 and concen-
trated in vacuo to give the carboxylic acid 35. EDCI (62.7 mg) and
DMAP (6.7 mg) were added to a mixture of the carboxylic acid 35 and
alcohol 8 (72.2 mg, 0.218 mmol) in CH2Cl2 (1.0 mL) at 0 8C. After stirring
at the temperature for 3 h, the reaction mixture was poured into H2O
and extracted with diethyl ether. The extracts were washed with saturat-
ed NaHCO3 aq., brine, and H2O and dried over MgSO4. The solution
was evaporated and the residue was purified by silica gel column chroma-
tography (CH2Cl2/hexane/EtOAc; 16:8:3) to give ester 36 (78.5 mg,
0.074 mmol, 68%) as a clear oil. [a]25D=�137.3 (c=0.88 in CHCl3);
1H NMR (500 MHz, CDCl3): d=11.49 (br, 1H), 8.31 (br, 1H), 7.25–7.12
(m, 10H), 5.15 (d, J=12.4 Hz, 1H), 4.97 (d, J=12.4 Hz, 1H), 4.90 (d, J=
12.7 Hz, 1H), 4.87 (d, J=12.7 Hz, 1H), 4.49 (m, 1H), 4.09 (m, 3H), 3.86
(m, 2H), 3.41 (d, J=12.4, 6.8 Hz, 2H), 3.22 (dd, J=7.7, 4.7 Hz, 1H), 2.27
(m, 2H), 1.90–1.19 (m, 24H), 1.50 (s, 9H), 1.49 (s, 9H), 1.37 (d, J=
6.7 Hz, 3H), 0.88 (t, J=7.0 Hz, 3H), 0.87 (s, 9H), 0.04 (s, 3H), 0.04 ppm
(s, 3H); 13C NMR (125 MHz, CDCl3): d=169.8, 163.6, 160.0, 156.1, 153.3,
152.9, 150.0, 137.2, 135.6, 128.3–128.0 (12 carbons), 127.4, 83.1, 79.2, 71.1,
68.1, 66.8, 64.8, 58.5, 56.2, 52.2, 50.1, 40.7, 40.5, 40.4, 40.2, 37.4, 31.9, 29.9,
29.6, 29.3, 28.8, 28.3, 28.02, 27.98, 27.5, 25.9, 25.8, 25.6, 24.4, 22.7, 18.0,
16.4, 14.1, �4.32, �4.40 ppm; IR (neat): ñ=3332, 2929, 2856, 1724, 1614,
1455, 1416 cm�1; HRMS (FAB): calcd for C57H91N6O11Si [M


++H]:
1063.6515; found: 1063.6475.


(�)-Batzelladine D (2): HF/pyridine (200 mL) was added to a solution of
36 (78.5 mg 0.074 mmol) in THF (2.0 mL) in a polypropylene tube at
0 8C. After stirring for 4 h, saturated NaHCO3 aq. (500 mL) and solid
NaHCO3 (100 mg) was added. The mixture was dried over MgSO4, fil-
tered through a pad of Celite, and washed with ethyl acetate. The filtrates
were concentrated in vacuo, and the residue was purified by silica gel
column chromatography (hexane/EtOAc; 2:1) to give an alcohol
(57.0 mg, 0.060 mmol, 81%) as a clear oil. [a]25D=�147.0 (c=1.17 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=11.47 (br, 1H), 8.30 (br, 1H),
7.30–7.17 (m, 10H), 6.22 (d, J=3.8 Hz, 1H), 5.16 (d, J=12.4 Hz, 1H),
5.01 (d, J=12.8 Hz, 1H), 4.84 (d, J=12.4 Hz, 1H), 4.78 (d, J=12.4 Hz,
1H), 4.58 (m, 1H), 4.40 (m, 1H), 4.12 (dt, J=11.1, 5.1 Hz, 2H), 3.95 (m,
1H), 3.52 (br, 1H), 3.39 (dt, J=6.6, 6.0 Hz, 2H), 3.21 (dd, J=7.7, 3.8 Hz,
1H), 2.33 (m, 1H), 1.97 (m, 1H), 1.86 (m, 1H), 1.76–1.10 (m, 23H), 1.49
(s, 18H), 1.47 (d, J=6.4 Hz, 3H), 0.88 ppm (t, J=6.8 Hz, 3H); 13C NMR


(125 MHz, CDCl3): d=169.8, 163.5, 159.3, 156.1, 153.6, 153.3, 152.6,
136.9, 135.1, 128.4, 128.1 ,127.9, 127.6, 127.4, 83.1, 79.2, 68.2, 66.4, 65.0,
56.9, 56.4, 53.1, 50.7, 44.4, 40.1, 36.9, 31.9, 29.9, 29.7, 29.6, 29.3, 28.7, 28.3,
28.0, 27.0, 26.3, 25.7, 25.6, 22.7, 16.5, 14.1 ppm; IR (neat): ñ=3333, 2927,
2855, 1728, 1690, 1639, 1616, 1576, 1497, 1456, 1416, 1367, 1328 cm�1;
HRMS (FAB): calcd for C51H77N6O11 [M++H]: 949.5650; found:
949.5657. A catalytic amount of Pd/C was added to a solution of the alco-
hol (57.0 mg, 0.060 mmol) in EtOH (1.0 mL). The reaction mixture was
stirred at room temperature under a hydrogen atmosphere (balloon) for
3 h, and the reaction mixture was filtered though a pad of Celite. The fil-
trates were concentrated in vacuo to give guanidine alcohol. DEAD
(132 mL, 40% in toluene) was added to a solution of guanidine alcohol
and PPh3 (76.0 mg) in toluene (100 mL). After stirring for 6 h, the reac-
tion was quenched with one drop of H2O and concentrated in vacuo. The
residue was purified by silica gel column chromatography (CHCl3/
MeOH; 9:1) to give tricyclic guanidine 37. The tricyclic guanidine 37 was
dissolved in 50% TFA in CH2Cl2 (500 mL). After 30 min, the solution
was concentrated under reduced pressure and the residue was purified by
HPLC (PEGASIL-ODS 45% MeCN aq. 0.1% TFA) to give (�)-batzel-
ladine D (2 ; 27.4 mg, 0.040 mmol, 66% overall) as a viscous oil. [a]23D=


�19.4 (c=1.04 in MeOH); 1H NMR (500 MHz, CD3OD): d=4.17 (t, J=
6.4 Hz, 2H), 3.95 (m, 1H), 3.85 (m, 1H), 3.53 (m, 2H), 3.21 (t, J=7.0 Hz,
2H), 3.13 (dd, J=4.0, 3.7 Hz, 1H), 2.34 (m, 1H), 2.22 (m, 2H), 1.76–1.50
(m, 7H), 1.50–1.20 (m, 19H), 0.89 ppm (t, J=6.7 Hz, 3H); 13C NMR
(125 MHz, CD3OD): d=170.6, 158.7, 151.5, 65.4, 57.8, 57.3, 53.2, 49.9,
42.0, 36.9, 34.2, 33.0, 31.4, 30.7, 30.6, 30.4, 29.3, 26.9, 26.6, 26.2, 23.7, 18.4,
14.4 ppm; IR (neat): ñ=3353, 3203, 2928, 2857, 1730, 1651, 1644, 1326,
1205 cm�1; HRMS (FAB): calcd for C25H47N6O2 [M


++H]: 463.3761;
found: 463.3800.


Diol 42 : A mixture of nitrone 27 (15.2 g, 59.0 mmol) and a,b-unsaturated
ester 40 (25.9 g, 68.9 mmol) in toluene (100 mL) was heated at 90 8C for
19 h. After cooling, the reaction mixture was concentrated in vacuo to
give isoxazolidine (42.0 g). A solution of the crude isoxazolidine (16.6 g,
40% of the above product) in Et2O (30 mL) was added slowly to a sus-
pension of LiAlH4 (1.53 g, 40.3 mmol) in Et2O (220 mL) at 0 8C. After
stirring for 3 h, the reaction was quenched by sequential addition of H2O
(500 mL), 2.0m NaOH aq. (500 mL), and H2O (1 mL). MgSO4 was added,
the resulting mixture was stirred for 20 min and filtered through a pad of
Celite, and the filtrates were concentrated in vacuo to afford a residue
(16.4 g), which was used without further purification. A solution of the
crude alcohol and CsF (11.4 g, 75.0 mmol) in EtOH (90.0 mL) was re-
fluxed at 90 8C for 13 h. The reaction was concentrated and the residue
was filtered through a Florisil column. The filtrates were concentrated
and purified on silica gel (CHCl3/MeOH; 20:1) to give diol 42 (6.63 g,
59% overall) as a clear viscous oil. [a]23D=�65.3 (c=0.63 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.25 (d, J=8.6 Hz, 2H), 6.87 (d, J=
8.6 Hz, 2H), 4.44–4.38 (m, 1H), 4.42 (s, 2H), 3.85 (d, J=8.1 Hz, 2H),
3.80 (s, 3H), 3.58–3.51 (m, 2H), 3.48 (ddd, J=12.4, 7.7, 4.3 Hz, 1H), 3.42
(t, J=6.6 Hz, 2H), 3.09 (ddd, J=12.4, 9.0, 6.8 Hz, 1H), 2.73 (m, 1H),
2.27 (m, 1H), 1.78 (m, 1H), 1.62–1.45 (m, 4H), 1.45–1.20 ppm (m, 12H);
13C NMR (125 MHz, CDCl3): d=158.8, 130.3, 129.0, 113.4, 77.8, 74.7,
72.2, 70.5, 69.9, 59.8, 54.93, 54.9, 52.4, 33.1, 29.4, 29.35, 29.2, 29.15, 26.0,
25.9 ppm; IR (neat): ñ=3392, 2929, 2854, 1613, 1586, 1513, 1464, 1361,
1302, 1248 cm�1; HRMS (FAB): calcd for C24H40NO5 [M


++H]: 422.2906;
found: 422.2928.


Isoxazolidine 43 : TBSCl (361 mg, 2.40 mmol) was added to the solution
of diol 42 (774 mg, 1.84 mmol) in pyridine (20 mL) at room temperature.
After 19 h, the mixture was concentrated and purified on silica gel
(CHCl3/MeOH; 30:1) to give the mono-TBS ether (799.4 mg, 81%) as a
colorless oil. [a]22D=�16.4 (c=1.18 in CHCl3);


1H NMR (500 MHz,
CDCl3): d=7.25 (d, J=8.6 Hz, 2H), 6.86 (d, J=8.6 Hz, 2H), 4.72 (br,
1H), 4.67 (d, J=9.4 Hz, 1H), 4.41 (s, 2H), 4.30 (dt, J=8.1, 4.3 Hz, 1H),
4.07 (m, 1H), 3.93 (dd, J=11.1, 4.7 Hz, 1H), 3.83 (dd, J=11.1, 4.7 Hz,
1H), 3.79 (s, 3H), 3.55–3.48 (m, 1H), 3.42 (t, J=6.8 Hz, 2H), 2.73 (m,
1H), 2.28 (m, 2H), 1.69 (m, 2H), 1.57 (tt, J=6.8, 6.8 Hz, 2H), 1.48–1.16
(m, 12H), 0.87 (s, 9H), 0.09 (s, 3H), 0.07 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=158.9, 130.6, 129.0, 113.5, 85.9, 77.9, 77.2, 72.3,
70.0, 58.8, 55.3, 55.1, 49.6, 32.9, 32.6, 29.6, 29.2, 29.1, 29.0, 26.0, 17.9, �5.7,
�5.8 ppm; IR (neat): ñ=3288, 2929, 2856, 2416, 2349, 2285, 1613, 1586,
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1513, 1464, 1361, 1302, 1249 cm�1; HRMS (FAB): calcd for C48H81N2O10Si
[M++H]: 536.3771; found: 536.3767. Phenyl chlorothionoformate
(3.3 mL) was added to a solution of the mono-TBS alcohol (6.35 g,
11.9 mmol) and DMAP (145 mg) in pyridine (120 mL) at 0 8C. After stir-
ring for 20 h at room temperature, the reaction mixture was diluted with
Et2O and washed with H2O and brine. The organic layer was dried over
MgSO4, filtered, and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel (hexane/EtOAc; 10:1) to give a xan-
thate (4.64 g, 58%) as a yellow oil. The xanthate (4.64 g) was dissolved in
toluene (35 mL), and nBu3SnH (3.7 mL) and AIBN (113 mg) were
added. The resulting mixture was heated at 110 8C for 30 min. After cool-
ing, the reaction mixture was concentrated in vacuo and purified on silica
gel (hexane/EtOAc; 3:1) to afford isoxazolidine 43 (3.36 g, 94%) as a
clear oil. [a]22D=�46.3 (c=1.21 in CHCl3); 1H NMR (500 MHz, CDCl3):
d=7.24 (d, J=8.6 Hz, 2H), 6.86 (d, J=8.6 Hz, 2H), 4.41 (s, 2H), 3.78 (s,
3H), 3.72–3.62 (m, 4H), 3.42 (t, J=13.8 Hz, 2H), 3.20 (m, 1H), 3.10 (m,
1H), 2.63 (m, 1H), 1.94 (m, 1H), 1.71 (m, 2H), 1.61–1.52 (m, 5H), 1.45
(m, 1H), 1.35–1.20 (m, 11H), 0.88 (s, 9H), 0.04 ppm (s, 6H); 13C NMR
(125 MHz, CDCl3): d=158.9, 130.6, 129.0, 113.5, 78.6, 72.3, 70.0, 68.3,
61.5, 56.7, 55.0, 53.6, 34.5, 29.6, 29.5, 29.4, 29.3, 26.2, 26.0, 25.7, 24.9, 24.6,
18.0, �5.6, �5.7 ppm; IR (neat): ñ=2929, 2855, 1613, 1513, 1464, 1361,
1302, 1249, cm�1; HRMS (FAB): calcd for C48H81N2O9Si [M


++H]:
520.3822; found: 520.3820.


Guanidine 45 : Pd(OH)2/C (400 mg) was added to a solution of isoxazoli-
dine 43 (797 mg, 1.53 mmol) in EtOH (5.0 mL), and the reaction mixture
was stirred at room temperature under a hydrogen (balloon). After 3 h,
the reaction mixture was filtered through a pad of Celite. The filtrates
were concentrated in vacuo to give pyrrolidine 44. HgCl2 (500 mg,
1.85 mmol) was added to a solution of pyrrolidine 44, 1,3-bis(tert-butoxy-
carbonyl)-2-methyl-2-thiopseudourea (537 mg, 1.85 mmol) and triethyl-
amine (640 mL, 4.62 mmol) in DMF (10.0 mL), and the resulting mixture
was stirred for 30 min. The reaction mixture was diluted with ethyl ace-
tate, and filtered through a pad of Celite. The filtrates were concentrated
in vacuo, and the residue was purified by silica gel column chromatogra-
phy (hexane/EtOAc; 5:1) to give the bis-Boc-protected guanidine 45
(830 mg, 71% overall).


Bicyclic guanidine 46 : DEAD (750 mL, 1.65 mmol, 40% in toluene) was
added to a solution of guanidine 45 (830 mg, 1.09 mmol) and PPh3
(433 mg, 1.65 mmol) in toluene (10.0 mL). After stirring for 30 min, the
reaction mixture was quenched with H2O (50 mL) and concentrated in
vacuo. The residue was purified by flash chromatography on silica gel
(hexane/EtOAc; 3:2) to give bicyclic guanidine 46 (860 mg, q.y.) as a
clear oil. [a]24D=�128.9 (c=1.68 in CHCl3); 1H NMR (500 MHz, CDCl3):
d=7.25 (d, J=8.6 Hz, 2H), 6.87 (d, J=8.6 Hz, 2H), 4.45 (m, 1H), 4.42
(s, 2H), 3.79 (s, 3H), 3.70–3.47 (m, 5H), 3.42 (t, J=6.8 Hz, 2H), 2.60 (m,
1H), 2.00–1.85 (m, 2H), 1.81–1.54 (m, 6H), 1.54–1.18 (m, 12H), 1.48 (s,
9H), 1.47 (s, 9H), 0.89 (s, 9H), 0.06 (s, 3H), 0.06 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=159.2, 159.1, 151.9, 150.0, 130.8, 129.2, 113.7, 81.8,
77.8, 72.5, 70.3, 60.5, 56.7, 55.2, 54.0, 46.7, 43.8, 29.8, 29.6, 29.5, 29.4, 29.3,
28.5, 28.4, 28.2, 28.16, 26.3, 26.2, 25.8, 22.1, 18.0, �5.5, �5.6 ppm; IR
(neat): ñ=2929, 2856, 1732, 1678, 1586, 1513, 1471, 1390, 1365, 1326,
1301, 1249 cm�1; HRMS (FAB): calcd for C41H72N3O7 [M


++H]: 746.5140;
found: 746.5143.


Alcohol 47: TBAF (590 mg, 2.26 mmol) was added to a solution of TBS
ether 46 (860 mg, 1.13 mmol) in THF (15 mL). After 2 h, the solution
was diluted with ethyl acetate and washed with H2O and saturated
NH4Cl aq. The organic layer was dried over MgSO4 and concentrated in
vacuo. The residue was purified on silica gel (hexane/EtOAc; 1:2) to give
alcohol 47 (580 mg, 81%) as a colorless oil. [a]24D=�133.4 (c=1.30 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=7.26 (d, J=8.6 Hz, 2H), 6.87
(d, J=8.6 Hz, 2H), 4.42 (s, 2H), 4.41 (m, 1H), 3.80 (s, 3H), 3.73 (m,
2H), 3.63 (m, 2H), 3.52 (m, 1H), 3.43 (t, J=6.6 Hz, 2H), 2.62 (m, 1H),
1.98 (m, 2H), 1.78 (m, 1H), 1.70–1.53 (m, 3H), 1.48 (s, 9H), 1.48 (s, 9H),
1.42–1.20 ppm (m, 14H); 13C NMR (125 MHz, CDCl3): d=158.9, 158.8,
151.9, 150.5, 130.5, 129.0, 113.5, 81.8, 77.6, 72.3, 70.0, 59.9, 57.2, 55.0, 54.2,
46.8, 43.4, 29.5, 29.3, 29.2, 29.0, 28.4, 28.3, 27.9, 26.1, 25.9, 21.9 ppm; IR
(neat): ñ=3369, 2975, 2929, 2855, 1729, 1682, 1574, 1514, 1473, 1389,


1366, 1325, 1301, 1249 cm�1; HRMS (FAB): calcd for C35H58N3O7 [M
+


+H]: 632.4275; found: 632.4274.


Aldehyde 53 : TPAP (8.4 mg) was added in one portion to a stirred mix-
ture of alcohol 47 (301 mg, 0.48 mmmol), NMO (225 mg, 1.92 mmol) and
powdered 4 N molecular sieves (240 mg) in CH2Cl2 (2.0 mL) at room
temperature. After stirring for 30 min, the reaction mixture was concen-
trated in vacuo and the resulting black residue was purified on silica gel
(hexane/EtOAc; 3:1) to give a,b-unsaturated aldehyde 53 (143 mg, 47%)
as a yellow oil. [a]24D=�34.3 (c=1.01 in CHCl3);


1H NMR (500 MHz,
CDCl3): d=9.51 (s, 1H), 7.26 (d, J=8.5 Hz, 2H), 6.87 (d, J=8.5 Hz,
2H), 5.26 (dd, J=8.5, 4.5 Hz, 1H), 4.42 (s, 2H), 3.97 (ddd, J=12.1, 7.7,
7.7 Hz, 1H), 3.85 (ddd, J=12.1, 8.5, 4.5 Hz, 1H), 3.80 (s, 3H), 3.42 (t, J=
6.8 Hz, 2H), 3.15 (ddd, J=16.5, 8.5, 4.5 Hz, 1H), 2.98 (ddd, J=16.5, 8.5,
8.5 Hz, 1H), 2.22–2.13 (m, 1H), 2.13–2.03 (m, 1H), 1.63–1.55 (m, 2H),
1.52 (s, 9H), 1.49 (s, 9H), 1.40–1.20 ppm (m, 14H); 13C NMR (125 MHz,
CDCl3): d=158.9, 158.8, 151.9, 150.5, 130.5, 129.0, 113.5, 81.8, 77.6, 72.3,
70.0, 59.9, 57.2, 55.0, 54.2, 46.8, 43.4, 29.5, 29.3, 29.2, 29.0, 28.4, 28.3, 27.9,
26.1, 25.9, 21.9 ppm; IR (neat): ñ=2977, 2930, 2855, 1739, 1695, 1651,
1613, 1514, 1457, 1416, 1392, 1368, 1335, 1304 cm�1; HRMS (FAB): calcd
for C35H54N3O7 [M


++H]: 628.3962; found: 628.3959.


Methyl ester 56 : NaClO2 (63.0 mg) and NaH2PO4·2H2O (63.0 mg) in
water (190 mL) were added to a mixture of aldehyde 53 (36.1 mg,
0.058 mmol) and 2-methyl-2-butene (300 mL) in tBuOH (520 mL) at room
temperature, and the mixture was stirred vigorously for 14 h. An excess
of TMSCHN2 (40% in hexane) was added to the reaction mixture and
the mixture was diluted with EtOAc. The mixture was extracted with
ethyl acetate and the extracts were dried over MgSO4, filtered, and con-
centrated in vacuo. The residue was purified by flash chromatography on
silica gel (hexane/EtOAc; 4:1) to give methyl ester 56 (24.6 mg,
0.037 mmol, 65%, 86% from recovered aldehyde) and the starting alde-
hyde 53 (8.3 mg, 0.013 mmol, 23%). [a]24D=18.7 (c=1.08 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.26 (d, J=8.5 Hz, 2H), 6.87 (d, J=
8.5 Hz, 2H), 5.21 (dd, J=8.5, 4.5 Hz, 1H), 4.43 (s, 2H), 3.80 (s, 3H),
3.76–3.69 (m, 1H), 3.74 (s, 3H), 3.48 (ddd, J=11.5, 8.0, 8.0 Hz, 1H), 3.42
(t, J=6.8 Hz, 2H), 3.23 (ddd, J=17.8, 8.2, 4.2 Hz, 1H), 2.92 (ddd, J=
17.8, 9.0, 9.0 Hz, 1H), 2.10–1.90 (m, 2H), 1.60–1.00 (m, 16H), 1.51 (s,
9H), 1.49 ppm (s, 9H); 13C NMR (125 MHz, CDCl3): d=165.7, 158.8,
152.0, 150.8, 144.8, 131.5, 130.7, 129.2, 113.7, 102.9, 83.1, 79.6, 72.4, 70.2,
55.2, 53.0, 51.2, 48.8, 33.6, 31.2, 29.7, 29.6, 29.4, 29.37, 29.1, 28.7, 28.3,
28.2, 28.1, 26.2, 24.7, 21.3 ppm; IR (neat): ñ=2979, 2931, 2855, 1740,
1698, 1655, 1612, 1513, 1457, 1438, 1416, 1390, 1368, 1346 cm�1; HRMS
(FAB): calcd for C36H56N3O8 [M


++H]: 658.4067; found: 658.4064.


Ester 58 : nPrSLi (71.9 mg) was added to a solution of methyl ester 56
(57.6 mg, 0.088 mmol) in HMPA (2.1 mL) at room temperature, and the
mixture was stirred for 80 min. The reaction mixture was poured into ice/
Et2O, and washed with water. The aqueous layer was acidified to pH 3
with 0.1m HCl aq. and extracted with Et2O. After washing with HCl aq.
(pH 3), the combined organic layer was dried over MgSO4 and concen-
trated in vacuo to give carboxylic acid 57. Triethylamine (37 mL) was
added to a mixture of the crude carboxylic acid 57, guanidine alcohol 8
(117 mg, 0.35 mmol), and BOPCl (56.0 mg) in CH2Cl2 (2 mL) at room
temperature. After stirring for 12 h, the reaction mixture was diluted
with ethyl acetate and washed with brine. The organic layer was dried
over MgSO4, filtered, and concentrated in vacuo. The residue was puri-
fied by flash chromatography on silica gel (hexane/EtOAc; 4:1) to give
ester 58 (45.3 mg, 0.047 mmol, 54% overall) as a yellow oil. [a]24D=28.3
(c=0.88 in CHCl3);


1H NMR (500 MHz, CDCl3): d=11.50 (br, 1H), 8.34
(br, 1H), 7.27 (d, J=8.6 Hz, 2H), 6.87 (d, J=8.6 Hz, 2H), 5.21 (dd, J=
8.6, 4.3 Hz, 1H), 4.42 (s, 2H), 4.15 (m, 2H), 3.95 (ddd, J=11.5, 8.1,
7.7 Hz, 1H), 3.80 (s, 3H), 3.73 (ddd, J=12.4, 8.6, 3.3 Hz, 1H), 3.46 (dd,
J=12.4, 6.8 Hz, 2H), 3.42 (t, J=6.8 Hz, 2H), 3.22 (ddd, J=17.5, 8.6,
4.3 Hz, 1H), 2.15–1.93 (m, 2H), 1.78–1.64 (m, 4H), 1.62–1.53 (m, 2H),
1.51 (s, 9H), 1.50 (s, 9H), 1.49 (s, 9H), 1.48 (s, 9H), 1.41–1.19 ppm (m,
14H); 13C NMR (125 MHz, CDCl3): d=165.1, 163.6, 159.0, 158.8, 156.1,
153.3, 152.0, 150.8, 144.7, 130.8, 129.1, 113.7, 103.0, 83.1, 83.0, 79.6, 79.3,
72.5, 70.2, 63.6, 55.2, 53.0, 48.8, 40.4, 33.7, 31.2, 29.8, 29.6, 29.5, 29.46,
29.2, 28.3, 28.2, 28.1, 28.0, 26.3 26.2, 25.8, 24.8, 21.4 ppm; IR (neat): ñ=
3332, 2979, 2931, 2856, 1739, 1731, 1723, 1715, 1704, 1695, 1643, 1633,
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1622, 1614, 1514, 1455, 1415, 1391, 1368, 1331 cm�1; HRMS (FAB): calcd
for C50H81N6O12 [M


++H]: 957.5912; found: 957.5919.


Alcohol 59 : DDQ (77 mg) was added to a solution of ester 58 (108.0 mg,
0.113 mmol) in CH2Cl2 (1.6 mL) and H2O (180 mL) at room temperature
and stirred for 1 h. The reaction mixture was poured into saturated
NaHCO3 aq. and extracted with ethyl acetate. The organic layer was
washed with brine, dried over MgSO4, filtered, and concentrated in
vacuo. The residue was purified on silica gel (hexane/EtOAc; 2:1) to give
alcohol 59 (62.2 mg, 66%) as a clear oil. [a]24D=23.2 (c=1.52 in CHCl3);
1H NMR (500 MHz, CDCl3): d=11.49 (br, 1H), 8.34 (br, 1H), 5.21 (dd,
J=8.5, 4.7 Hz, 1H), 4.16 (dt, J=12.4, 5.1 Hz, 2H), 3.95 (ddd, J=11.5,
8.1, 7.7 Hz, 1H), 3.73 (ddd, J=12.4, 8.6, 4.3 Hz, 1H), 3.62 (t, J=6.6 Hz,
2H), 3.46 (dd, J=12.4, 6.9 Hz, 2H), 3.22 (ddd, J=18.0, 8.6, 4.3 Hz, 1H),
2.92 (ddd, J=18.0, 9.0, 9.0 Hz, 1H), 2.12–1.96 (m, 2H), 1.78–1.41 (m,
6H), 1.51 (s, 9H), 1.49 (s, 9H), 1.48 (s, 9H), 1.48 (s, 9H), 1.41–1.18 ppm
(m, 14H); 13C NMR (125 MHz, CDCl3): d=165.2, 163.6, 158.9, 156.2,
153.3, 152.1, 150.8, 144.8, 103.0, 83.2, 83.1, 79.7, 79.4, 63.6, 63.0, 53.0, 48.8,
40.5, 33.6, 32.8, 31.2, 29.7, 29.4, 29.3, 29.26, 29.0, 28.3, 28.1, 28.0, 26.3,
25.9, 25.7, 24.7, 21.4 ppm; IR (neat): ñ=3329, 2979, 2930, 2856, 1739,
1722, 1698, 1641, 1614, 1456, 1416, 1392, 1368, 1332 cm�1; HRMS (FAB):
calcd for C42H73N6O11 [M


++H]: 837.5337; found: 837.5337.


Ester 60 : EDCI (11.0 mg) and DMAP (1.0 mg) was added to a mixture
of crude carboxylic acid 35—obtained by Jones oxidation of correspond-
ing alcohol (12.8 mg, 0.017 mmol), alcohol 59 (13.2 mg, 0.016 mmol) in
CH2Cl2 (400 mL)—at 0 8C. After stirring at 0 8C for 3 h, the reaction mix-
ture was poured into H2O and extracted with Et2O. The extracts were
washed with saturated NaHCO3 aq. and brine, and dried over MgSO4.
The filtrates were concentrated in vacuo and the residue was purified by
column chromatography on silica gel (CH2Cl2/hexane/EtOAc; 16:8:3) to
give ester 60 (14.8 mg, 0.0094 mmol, 60%) as a clear oil. [a]24D=�52.4
(c=0.57 in CHCl3);


1H NMR (500 MHz, CDCl3): d=11.50 (br, 1H), 8.34
(br, 1H), 7.36–7.20 (m, 10H), 5.21 (dd, J=8.6, 4.7 Hz, 1H), 5.15 (d, J=
12.4, 1H), 4.97 (d, J=12.8, 1H), 4.90 (d, J=12.4, 1H), 4.87 (d, J=12.4,
1H), 4.48 (m, 1H), 4.25–4.10 (m, 3H), 4.10–4.02 (m, 1H), 4.05 (t, J=
6.8 Hz, 2H), 3.96 (ddd, J=11.5, 8.1, 7.7 Hz, 1H), 3.86 (m, 1H), 3.77–3.70
(m, 1H), 3.46 (dd, J=12.4, 6.4 Hz, 2H), 3.27–3.17 (m, 2H), 2.92 (ddd, J=
18.0, 9.0, 9.0 Hz, 1H), 2.26 (m, 2H), 2.18–1.92 (m, 2H), 1.90–1.45 (m,
14H), 1.51 (s, 9H), 1.50 (s, 9H), 1.49 (s, 9H), 1.48 (s, 9H), 1.45–1.20 (m,
29H), 0.95–0.80 (m, 12H), 0.04 (s, 3H), 0.03 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=169.9, 165.1, 163.6, 160.0, 158.9, 156.2, 153.3,
152.9, 152.0, 150.8, 150.2, 144.8, 137.2, 135.6, 128.3, 128.1, 128.06, 128.0,
127.4, 103.0, 83.1, 83.0, 79.6, 79.3, 71.1, 68.1, 66.8, 65.5, 63.6, 58.5, 56.3,
53.0, 52.4, 50.3, 48.8, 40.6, 40.4, 37.4, 33.7, 31.9, 31.3, 29.9, 29.7, 29.6, 29.5,
29.46, 29.3, 29.2, 28.8, 28.3, 28.27, 28.2, 28.1, 28.0, 27.4, 26.3, 25.9, 25.8,
24.8, 24.4, 22.7, 21.4, 16.4, 14.1, �4.3, �4.4 ppm; IR (neat): ñ=3334, 2928,
2855, 1736, 1725, 1696, 1639, 1612, 1456, 1415, 1390, 1368, 1330, 1287,
1248 cm�1; HRMS (FAB): calcd for C84H134N9O17Si [M


++H]: 1569.9697;
found: 1569.9678.


Alcohol 61: HF/pyridine (100 mL) was added to a solution of 60 (41.7 mg
0.027 mmol) in THF (300 mL) in a polypropylene tube at 0 8C. After stir-
ring for 4 h, saturated NaHCO3 aq. (500 mL) and solid NaHCO3 (100 mg)
were added. The mixture was dried over MgSO4, filtered through a pad
of Celite, and washed with ethyl acetate. The filtrates were concentrated
in vacuo and the residue was purified by column chromatography on
silica gel (hexane/EtOAc; 2:1) to give alcohol 61 (31.0 mg, 0.021 mmol,
80%). [a]24D=�66.3 (c=1.11 in CHCl3); 1H NMR (500 MHz, CDCl3): d=
11.50 (br, 1H), 8.54 (br, 1H), 7.36–7.16 (m, 10H), 5.20 (dd, J=8.5,
4.7 Hz, 1H), 5.14 (d, J=12.4 Hz, 1H), 5.00 (d, J=12.8 Hz, 1H), 4.82 (d,
J=12.4 Hz, 1H), 4,78 (d, J=12.4 Hz, 1H), 4.58 (m, 1H), 4.38 (m, 1H),
4.23–4.09 (m, 2H), 4.06 (dt, J=6.8, 3.4 Hz, 2H), 3.94 (m, 2H), 3.73 (m,
1H), 3.51 (br, 1H), 3.45 (dd, J=12.4, 6.8 Hz, 2H), 3.27–3.16 (m, 2H),
2.91 (ddd, J=18.0, 9.0, 9.0 Hz, 1H), 2.42–2.23 (m, 2H), 2.12–1.91 (m,
2H), 1.91–1.38 (m, 14H), 1.50 (s, 9H), 1.49 (s, 9H), 1.48 (s, 9H), 1.48 (s,
9H), 1.38–1.07 (m, 29H), 0.87 ppm (t, J=6.8 Hz, 3H); 13C NMR
(125 MHz, CDCl3): d=169.9, 165.1, 163.6, 159.3, 158.9, 156.2, 153.7,
153.3, 152.7, 152.0, 150.8, 144.8, 136.9, 135.1, 128.4, 128.1, 128.0, 127.9,
127.5, 127.47, 127.4, 103.0, 83.2, 83.1, 79.6, 79.3, 68.2, 66.4, 66.3, 65.8, 63.6,
56.9, 56.5, 53.2, 53.0, 51.0, 48.8, 44.4, 40.4, 37.0, 33.7, 31.9, 31.3, 30.0, 29.7,


29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 28.7, 28.5, 28.3, 28.2, 28.1, 28.0, 27.0, 26.3,
26.25, 25.8, 25.79, 24.8, 22.7, 21.4, 16.5, 14.1 ppm; IR (neat): ñ=3331,
2978, 2929, 2855, 1738, 1732, 1695, 1641, 1614, 1576, 1456, 1416, 1390,
1368, 1329 cm�1; HRMS (FAB): calcd for C78H120N9O17 [M++H]:
1454.8802; found: 1454.8811.


(+)-Batzelladine A (1): A catalytic amount of Pd/C was added to a solu-
tion of 61 (14.4 mg, 0.0099 mmol) in ethyl acetate (200 mL). The reaction
mixture was stirred at room temperature under hydrogen (balloon) for
3 h, and was filtered. The filtrates were concentrated in vacuo to give a
guanidine alcohol. DEAD (44 mL, 40% in toluene) was added to a solu-
tion of the guanidine alcohol (11.4 mg, 0.0096 mmol) and PPh3 (25.2 mg)
in toluene (300 mL). After stirring for 5 h, the reaction mixture was
quenched with H2O (10 mL) and concentrated in vacuo. The residue was
purified by silica gel column chromatography (CHCl3/MeOH; 1:1) to
give tricyclic guanidine 62. The tricyclic guanidine 62 (6.9 mg,
0.0059 mmol) was dissolved in 50% TFA in CH2Cl2 (500 mL) and stirred
for 30 min. The reaction mixture was concentrated in vacuo, and the resi-
due was purified by HPLC (50% MeCN aq. 0.1% TFA) to give (+)-bat-
zelladine A (1) (2.52 mg, 0.0023 mmol, 24% overall) as a viscous oil.
[a]25D=4.29 (c=0.25 in MeOH); 1H NMR (500 MHz, CD3OD): d=4.39
(t, J=6.1 Hz, 1H), 4.21 (t, J=6.4 Hz, 2H), 4.13 (t, J=6.7 Hz, 2H), 3.93
(m, 1H), 3.83 (m, 2H), 3.66 (m, 1H), 3.52 (m, 2H), 3.32 (m, 1H), 3.22 (t,
J=7.3 Hz, 2H), 3.12 (dd, J=4.6, 3.5 Hz, 1H), 2.98 (m, 1H), 2.35 (m,
1H), 2.28–2.17 (m, 3H), 2.10 (m, 1H), 1.76 (m, 2H), 1.72–1.52 (m, 9H),
1.48–1.23 (m, 29H), 1.27 (d, J=6.7 Hz, 3H), 0.89 ppm (t, J=6.7 Hz, 3H);
13C NMR (125 MHz, CD3OD): d=170.7, 166.2, 158.7, 153.1, 152.7, 151.5,
103.3, 66.0, 65.1, 57.7, 57.3, 53.2, 51.2, 49.9, 48.8, 45.6, 42.0, 37.5, 36.9,
34.2, 33.0, 31.9, 31.4, 29.7, 29.3, 27.0, 26.6, 26.2, 25.2, 23.7, 22.9, 18.4,
14.4 ppm; IR (neat): ñ=2925, 2854, 1732, 1697, 1683, 1648, 1637, 1558,
1347, 1092 cm�1; HRMS (FAB): calcd for C42H74N9O4 [M


++H]: 768.5864;
found: 768.5866.
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Introduction


Heterogeneous catalysis is one of the disciplines that has in-
troduced numerous breakthroughs in the field of chemical
reactivity. This is reflected in the large number of industrial
processes that are based on solid catalysts. Until recently,
most of the advances were made on the basis of chemical in-
tuition and analogies. However, it is becoming generally ac-
cepted that major breakthroughs in the field of heterogene-
ous catalysis will come through a better understanding of
the catalytic mechanisms at a molecular level. To do this, we


can combine well-defined catalyst synthesis methods, in situ
characterization techniques, powerful quantum-chemical cal-
culations, and kinetic experiments. We will show here that
by applying this multidisciplinary approach we are able to
propose a molecular mechanism for Baeyer–Villiger oxida-
tions on a solid catalyst using H2O2 as the oxidant.


The Baeyer–Villiger reaction involves the oxidation of a
ketone to an ester or lactone [Eq. (1)].[1]


Peracids like trifluoroperacetic acid, perbenzoic acid, and
m-chloroperbenzoic acid have been traditionally used as oxi-
dants in the Baeyer–Villiger reaction. However, they show
important disadvantages such as the lack of selectivity due
to the ability of the peracids to oxidize other functional
groups, the production of large amounts of carboxylic acid
waste which has to be recycled and can catalyze undesired
side reactions, and safety issues.[1b–d] For these reasons, at-
tempts have been made to replace peracids by hydrogen
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peroxide which is commercially available, easy to handle,
and only generates water as a side product. Pt-, Zr-, Re-, Se-,
As-, and Mo-based[2] homogeneous as well as solid cata-
lysts[3] have been reported to activate hydrogen peroxide for
Baeyer–Villiger oxidations. Recently, Corma et al.[4] showed
that Sn-beta, with Sn tetrahedrally coordinated in the zeolite
framework, is highly active and selective for the Baeyer–Vil-
liger oxidation of several ketones and aldehydes with hydro-
gen peroxide. To explain the high chemoselectivity ob-
served, it was proposed that the catalyst does not activate
hydrogen peroxide but instead activates the carbonyl group
of the ketone or aldehyde making this more reactive to-
wards H2O2 attack.


The classical Baeyer–Villiger mechanism involves two
steps (see Scheme 1): 1) addition of the peracid to the


ketone to form a tetrahedral adduct known as the Criegee
intermediate and 2) concerted rearrangement of the Criegee
intermediate to give the ester or lactone product and a car-
boxylic acid. The second step, that is, the migration step, is
usually rate-determining, but depending on the reaction con-
ditions and the organic reactant, addition can become in
some cases the rate-determining step. When hydrogen per-
oxide is used as the oxidant, water is obtained as a product
instead of an acid, but the reaction is supposed to proceed
through the same mechanism.


Theoretical studies on the mechanism of Baeyer–Villiger
oxidations of ketones and aldehydes with peracids and hy-
drogen peroxide in the homogeneous phase[5] have been
presented that take into account acid catalysis as well as
substituent and solvent effects. With respect to metal cataly-
sis, only two computational studies on the mechanism of Ti
and Sn-catalyzed Baeyer–Villiger oxidations of ketone with
hydrogen peroxide have been reported in the literature.[6] In
these papers, the catalytic active site was modeled with
small Ti(OH)4 or Sn(OH)4 unconstrained clusters, which are
useful to investigate general reactivity trends but cannot re-
produce the behavior of real metal-containing molecular-
sieve catalysts. In particular, it has been recently shown[7]


that the stability of certain reaction intermediates is marked
by the local environment of the zeolite active site. Neverthe-
less, through detailed theoretical mechanistic work, the au-
thors concluded that there are two pathways for the forma-
tion of the Criegee intermediate, one of which begins with
the formation of a tin–hydroperoxo species. They also con-
cluded that a mechanism in which tin activates the ketone
carbonyl group cannot explain the rate enhancements ach-
ieved with tin-containing redox molecular-sieve catalysts.
Because in our case we were not able to identify by differ-
ent spectroscopic methods the formation of tin hydroperox-
ide and yet, on the contrary, we observed the interaction of
the carbonyl group with the Sn atoms in Sn-beta zeolite,[4]


we decided to perform a detailed mechanistic study of the
Baeyer–Villiger reaction using H2O2 as the oxidant. Thus, in
the present work, the mechanism of the Baeyer–Villiger oxi-
dation of cyclohexanone with hydrogen peroxide catalyzed
by Sn-beta zeolite has been studied by using computational
methods and experimental kinetics based on the absolute
rate theory. Two possible reaction pathways have been con-
sidered: the classical one involving activation of the hydro-
gen peroxide and formation of a tin–hydroperoxo intermedi-
ate that will attack the ketone carbonyl group, and an alter-
native mechanism in which tin activates the carbonyl group
of the ketone, making it more reactive towards H2O2 attack.
Both the theoretical calculations and the experimental ki-
netic study indicate that the reaction mechanism requires
two close sites and involves activation of the cyclohexanone
carbonyl group by the Sn atom and weak bonding of H2O2


onto a Sn�OH group, but not the formation of a tin–hydro-
peroxo intermediate.


Results and Discussion


Noncatalyzed reaction mechanism : The structures involved
in the mechanism of the gas-phase or noncatalyzed Baeyer–
Villiger oxidation of cyclohexanone with hydrogen peroxide
are shown in Scheme 1, together with the optimized values
of their most important geometric parameters. Initially, cy-
clohexanone and hydrogen peroxide form a hydrogen-
bound complex R which is 7.1 kcalmol�1 more stable than
the separated reactants. Then, through transition state TSadd,
the Ha and Oa atoms of H2O2 add to the oxygen and carbon
atoms of the carbonyl group, respectively, breaking the Ha�
Oa bond and yielding the Criegee intermediate (CI), which
is 4.4 kcalmol�1 more stable than R. The C�Oa and C�Oc


distances in this structure correspond to single bonds, and
the C atom is tetrahedrally coordinated. The activation
energy for the addition step, calculated as the energy differ-
ence between TSadd and R, is high (31.6 kcalmol�1) because
all the bond breaking and formation occurs through a strain-
ed four-membered ring. In a second step, and in a concerted
manner, the Oa�Ob bond breaks, the Oa atom is inserted
into the C�C’ bond, the Ha atom moves towards Ob, and the
carbonyl group is regenerated. The activation energy calcu-
lated as the energy difference between TSrea and CI is


Scheme 1. Structures involved in the noncatalyzed Baeyer–Villiger reac-
tion mechanism.
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42.9 kcalmol�1, indicating that this is the rate-determining
step. This process is irreversible and yields a complex be-
tween e-caprolactone and a water molecule (P) that is
58.4 kcalmol�1 more stable than R. The geometries and en-
ergies obtained are similar to those previously reported for
the reaction of acetone and hydrogen peroxide,[5d,6b] and in
agreement with the experimental observation that Baeyer–
Villiger oxidation of ketones with H2O2 needs catalytic acti-
vation to occur.


Selection of the Sn-beta active-site model by the adsorption
study of reactants and products : In order to better under-
stand the nature of the interaction between the tin active
site and the substrates and products (adsorption constants
and heats of adsorption), and choose an appropriate model
to describe the reaction mechanism, we initially studied the
adsorption of water (WA), hydrogen peroxide (HP), cyclo-
hexanone (CH), and e-caprolactone (LA) on the three clus-
ter models described in the Experimental Section. It can be
seen in Table 1 that adsorption energies on cluster A are


considerably smaller than those on clusters A’ and B, and
that the optimized Sn�Oadsorbate distances in the rigid model
are between 0.3 and 0.7 L longer than in the more flexible
systems. The reason for this is that the Sn-beta catalyst is a
Lewis acid that tends to accept electron density from the
Lewis base molecules present in the reaction medium. The
most important donor–acceptor interaction occurs between
the HOMO of the dissolved molecule, which is in all cases
the lone pair or pz orbital on the oxygen atom, and the
LUMO of the catalyst, which is a combination of the four
s*
Sn-O antibonding orbitals. This interaction implies a length-


ening of the four Sn�Oframework distances that is more difficult
in the rigid cluster model, this being the reason for the low


adsorption energies and long Sn�Oadsorbate distances obtained
with cluster A.


In the case of cyclohexanone and e-caprolactone, there is
a second donor–acceptor interaction between the HOMO of
the catalyst, which is a combination of the lone pairs on the
oxygen atoms of the cluster, and the LUMO of the organic
molecule, which is the antibonding p*


CO on the carbonyl
group. This interaction weakens the CO double bond, and
as a result the CO bond length increases and the ñCO vibra-
tion frequency is shifted to smaller values. The calculated
shifts of the ñCO vibrational frequencies obtained for model
B agree well with the experimental values of �48 and
�70 cm�1 that we observed in the IR spectra of cyclohexa-
none and e-caprolactone adsorbed on Sn-beta. The results
obtained with model A’ are slightly worse for the lactone,
while model A provides DñCO values that are too small. It
can therefore be concluded that a certain degree of flexibili-
ty in the structure of the framework Sn site is necessary to
allow the interaction between the dissolved molecules and
the tin center to occur. Model A’, in which one -OSiH3


group is set completely free in the geometry optimizations,
is not real because the zeolite framework does no allow
such deformations. Therefore, model B, which represents a
catalyst in which one of the Sn�O�Si bonds has been hydro-
lyzed, was used to study the zeolite-catalyzed reaction mech-
anisms.


Model B has further consequences for the reaction mech-
anism. For the IR experiment and the adsorption study pre-
sented in this section, only one reaction center and one sub-
strate molecule have been considered. However, in the next
sections it is shown that in the presence of molecules that
are prone to hydrogen bonding (WA and HP), these types
of hydrogen bonds are formed with the oxygen atom of the
Sn�OH group. Consequently, the Sn-beta catalyst active site
has to be considered as bifunctional, and adsorption ener-
gies should be considered for a pair of substrates: one acting
as Lewis base coordinated to the Sn center and the second
one responsible for the hydrogen bonding of H2O2 on the
oxygen of the Sn�OH group, that in turn significantly influ-
ences the coordination of Sn.


Sn-beta-catalyzed reaction mechanisms


Mechanism 1: According to this mechanism (Scheme 2), tin
activates the carbonyl group of adsorbed cyclohexanone
making it more reactive towards the attack of hydrogen per-
oxide. The optimized values of the most important geomet-
ric parameters of the structures involved are summarized in
Table 2, and the calculated energy profile is depicted in Fig-
ure 1a. In the first step, both CH and HP are adsorbed onto
the active site forming the reactants complex R1. It is to be
noted that in this structure the Oc atom of the CH carbonyl
group coordinates to the Sn atom, with a resulting Sn�Oc


distance of only 2.2 L, while HP does not directly interact
with tin but forms a hydrogen bond with the O5 atom of the
zeolite catalyst. The relative orientation of CH and HP in
structure R1 is very favorable for the addition step, the dis-


Table 1. Adsorption energies [kcalmol�1], Sn�Oadsorbate distances [L], and
CO vibrational frequency shifts [cm�1] calculated for water (WA), hydro-
gen peroxide (HP), cyclohexanone (CH), and e-caprolactone (LA) adsor-
bed onto the different cluster models used in this work. All shifts are
scaled by the factor 0.9573 as recommended in reference [8].


Cluster WA HP CH LA


Eads A �3.9 �5.3 �1.6 �6.6
A’ �12.9 �11.6 �10.0 �14.1
B �13.9 �12.4 �9.7 �14.5


(�6.6)[a]


B-w �7.9 �8.9 �4.9 �10.4
(�14.1)[a] (�14.0)[a]


rSn�Oadsorbate A 2.599 2.858 2.889 3.059
A’ 2.304 2.368 2.290 2.316
B 2.302 2.363 2.431 2.472
B-w 2.239 2.314 2.218 2.228


DñCO A �26.6 �27.5
A’ �63.5 �102.7
B �62.0 �84.6
B-w �75.6 �107.8


[a] Coordinated to O5 through a hydrogen bond.
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tance between Oa and the C atom of the carbonyl group
being only 2.8 L. In the transition state TS1, the carbonyl
double bond weakens and the interaction between Oc and
the Sn atom increases. The Ha atom is transferred from the
hydrogen peroxide to O5, and a bond is formed between the
carbonyl C atom and Oa, yielding the Criegee intermediate
CI1. The activation energy for this concerted process, calcu-
lated as the energy difference between TS1 and R1, is low
(5.9 kcalmol�1) because all the bond breaking and bond for-
mation occurs through a 6-membered ring. In the Criegee
intermediate CI1 there is a single bond between Oc and the
tin center and quite a strong hydrogen bond between Ob


and Ha, and the structure is 3.3 kcalmol�1 more stable than
R1.


In the second reaction step, that is, the rearrangement
step, the Sn�Oc bond weakens and the carbonyl double
bond is regenerated. At the same time, the Oa oxygen atom
is inserted into the C�C’ bond, the Oa�Ob bond is broken,
and the Ha hydrogen atom is transferred from O5 to Ob, re-
sulting in the formation of a water molecule. The whole pro-
cess occurs in a concerted manner through transition state
TS2, with an activation barrier with respect to CI1 of
18.1 kcalmol�1. The reaction product P1 is a molecule of e-
caprolactone coordinated to the tin center and a water mol-
ecule forming a hydrogen bond with the O5 atom of the cat-
alyst model. The reaction energy, calculated as the energy
difference between P1 and R1, is similar to that obtained
for the noncatalyzed process (ca. �60 kcalmol�1).


The Baeyer–Villiger oxidation of acetone with hydrogen
peroxide was theoretically studied by Sever and Root[6b] by
using a Sn(OH)4 cluster to simulate the tin active site. They
proposed a reaction path with an addition step similar to
that obtained in this work, although their calculated activa-
tion barrier was higher, 11.1 kcalmol�1. However, they con-
sidered that in the rearrangement step, the Ob�Hb fragment
is transferred from the hydrogen peroxide to the tin center,
and that another Sn�O bond has to be broken to yield a


water molecule as a product.
This process is clearly less fa-
vorable energetically than the
reaction path proposed in our
work.


Mechanism 2 : The initial step
in mechanism 2 (see Figure 1b
and Scheme 3), is the forma-
tion of a tin–hydroperoxo spe-
cies (Z-OOH) from adsorbed
hydrogen peroxide (Z-HP)
through transition state TS-
OOH. HP coordinates to the
active site both by interaction
of the lone pair of Oa with the
empty s*


Sn-O antibonding orbi-
tals and by one hydrogen bond
between Hb and the O4 atom
of the cluster. Then, through


Scheme 2. Structures involved in the Sn-beta-catalyzed Baeyer–Villiger
reaction mechanism 1.


Table 2. Optimized values of the most important distances [L] of the
structures involved in mechanism 1. The atom labeling is shown in
Scheme 2.


R1 TS1 CI1 TS2 P1


rSn�Oc 2.210 2.060 1.940 2.037 2.221
rOc�C 1.240 1.300 1.400 1.327 1.238
rC�Oa 2.824 1.783 1.438 1.340 1.312
rOa�Ob 1.440 1.431 1.459 1.804 3.144
rOa�Ha 0.991 1.166 1.977[a] 1.149[a] 0.980[a]


rO5�Ha 1.703 1.228 0.979 1.253 1.773
rSn�O5 1.947 2.031 2.389 2.028 1.938


[a] Distance rOb�Ha.


Figure 1. Calculated energy profiles for the Sn-beta-catalyzed reaction mechanisms 1 and 2 (a and b, respec-
tively). The values in brackets for mechanism 1 have been obtained with model B-w.
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transition state TS-OOH, there is a proton transfer from the
Oa atom coordinated to Sn to the O5 atom of the cluster
model, with a calculated activation barrier of 12.6 kcalmol�1.
In the resulting product, the Oa atom is more strongly
bound to tin and more negatively charged (q=�0.57e) than
in the Z-HP complex (q=�0.38e), while the Oa�Ob and
Ob�Hb distances do not change significantly. The reaction is
endothermic by 4.2 kcalmol�1.


Once the tin–hydroperoxo intermediate Z-OOH is
formed, adsorption of cyclohexanone onto the active site
can occur in three ways: 1) in-
teraction of the Oc atom of the
carbonyl group with the Ha


atom forming quite a strong
hydrogen bond (structure R2
in Scheme 3), 2) coordination
of the carbonyl group to the
Sn atom (shown in structure
R3), and 3) interaction of Oc


with Hb through another
strong hydrogen bond, as
shown in structure R4. The
calculated CH adsorption en-
ergies for these complexes are
not too different: �11.3,
�10.4, and �9.9 kcalmol�1 for
R2, R3, and R4, respectively.
The complete mechanism for
the reaction of R2 is shown
in Scheme 4, the optimized
geometries of these structures
are summarized in Table 3,
and the calculated energy pro-


file is depicted in Figure 1b. In the case of R3 it was not pos-
sible to localize any transition state converting the reactants
complex into a reaction intermediate that could finally yield
the e-caprolactone product. With respect to R4, a reaction
mechanism starting from a ketone bound to the H atom of
the Sn(OH)3�OOH group (a system equivalent to R4) was
investigated by Sever and Root,[6b] and they concluded that
the activation barriers involved were so high that it would
not occur to any significant extent. The reason for these
high activation barriers is that a mechanism starting from
this structure is almost equivalent to that obtained in the
gas-phase or noncatalyzed process, and therefore we have
not investigated this path either.


As shown in Figure 1b and Scheme 4, R2 is converted
into the Criegee intermediate CI2 through transition state
TS3 with activation energy of 5.9 kcalmol�1. In a concerted
manner, the Oa bound to Sn attacks the carbonyl C atom,
the CO double bond weakens, and the Ha proton attached
to O5 is transferred to the carbonyl Oc atom. If the opti-
mized geometries of CI2 and the CI structure obtained in
the noncatalyzed process are compared, it is found that CI2


Scheme 3. Optimized geometries of the structures involved in the mecha-
nism of tin–hydroperoxo intermediate formation (top) and of the three
complexes obtained by adsorption of cyclohexanone on this tin–hydro-
peroxo intermediate (bottom). Distances in L.


Scheme 4. Structures involved in the Sn-beta-catalyzed Baeyer–Villiger reaction mechanism 2.


Table 3. Optimized values of the most important distances [L] of the
structures involved in mechanism 2. The atom labeling is shown in
Scheme 4.


R2 TS3 CI2 TS4 CI3 TS5 P2


rSn�Oa 1.967 2.051 2.368 2.699 3.237 3.111 3.706
rSn�Ob 2.806 2.853 3.193 2.826 2.346 2.086 1.917
rOa�Ob 1.449 1.439 1.452 1.453 1.459 1.948 3.269
rC�Oa 3.472 2.181 1.485 1.449 1.442 1.303 1.329
rC�Oc 1.230 1.268 1.374 1.400 1.385 1.322 1.224
rOc�Ha 1.574 1.145 0.978 0.983 0.979 1.038 1.676
rHa�O5 1.010 1.255 1.820 1.800 1.816 1.464 0.998
rSn�O5 2.185 2.036 1.930 1.937 1.927 1.982 2.218
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can be considered a Z-CI com-
plex in which the organic frag-
ment is bound to the active
site through one donor–accept-
or Sn�Oa interaction and two
quite strong hydrogen bonds
(rO4�Hb=1.753, rO5�Ha=


1.820 L). In a second step, CI2
is converted into a different re-
action intermediate, CI3, of
similar stability. In structure
CI3, the OOH fragment has
been reoriented so that the Ob


atom is interacting with tin,
while the Oa atom is ready to
attack the C�C’ bond. The
process occurs through transi-
tion state TS4 with an activation energy value of only
5.7 kcalmol�1. The Sn�Oa and Sn�Ob distances in TS4 are
similar, and the tin atom shows nearly octahedral coordina-
tion, this being the reason for the low activation barrier. Fi-
nally, in transition state TS5, the Oa�Ob bond is broken, the
Oa atom is inserted into the C�C’ bond, and the Ha atom is
transferred to O5, regenerating the carbonyl CO double
bond. The reaction product obtained, P2, consists of a e-cap-
rolactone molecule forming quite a strong hydrogen bond
with the water molecule coordinated to the tin active site.
The activation energy for the rearrangement step, calculated
as the energy difference between TS5 and CI3, is high, at
14.6 kcalmol�1. However, if we take as the origin of energies
the Z-HP+CH system (see Figure 1b), the rate-determining
step in mechanism 2 would not be the rearrangement of
CI3, but the initial formation of the tin hydroperoxo inter-
mediate.


Although the activation energies for the addition and re-
arrangement steps of mechanisms 1 and 2 are quite similar,
comparison of the calculated energy profiles depicted in
Figure 1 shows that while adsorption of the reactants to
form R1 is exothermic by 14.1 kcalmol�1, mechanism 2 re-
quires the initial formation of the Z-OOH species with a net
energy cost of 7.4 kcalmol�1. Also, in a previous study[4c] we
measured the diffuse-reflectance UV-visible spectrum of a
sample of Sn-beta zeolite treated with H2O2 and we did not
observe any band that could be associated with a Sn�OOH
species. Therefore, on the basis of energetic considerations
and taking into account the available experimental results, it
could be concluded that the Sn-beta-catalyzed oxidation of
cyclohexanone by H2O2 follows mechanism 1.


Cyclohexanone activation : Activation of the CH carbonyl
group implies a weakening of the CO double bond, which is
reflected in a longer CO bond length, a smaller vibration
frequency (ñCO), and a higher positive charge on the carbon
atom. These variables, together with calculated adsorption
energies, C�Oa distances, and HOMO and LUMO orbital
energies of several systems are listed in Table 4. It can be
seen that CH is better when activated by Sn-beta instead of


by HP in the homogeneous phase, the larger degree of acti-
vation being found in structure R1. As previously explained,
activation of CH is caused by the donor–acceptor interac-
tion between the HOMO of HP or the catalyst system and
the antibonding p*


CO orbital of CH. The strength of this in-
teraction depends on the HOMO–LUMO energy gap (DE
in Table 4) and on the relative orientation and overlap of
the orbitals involved. When the carbonyl group interacts
with a proton through a hydrogen bond (like in structures
R, R2, and R4) the p*


CO orbital is slightly stabilized, but the
decrease in this orbital energy caused by direct coordination
of the CO group to the Sn atom is more important. With re-
spect to the HOMO, it is a combination of the lone pairs on
the oxygen atoms of the cluster in the case of the Z-CH
complex. But in all other structures (R and R1–R4), the
HOMO is a combination of the lone pairs on the two
oxygen atoms in the O�O fragment, as depicted in Figure 2.
The smallest HOMO–LUMO energy gap is obtained for


Table 4. Adsorption energy [kcalmol�1], CO bond length [L], scaled stretching frequency [cm�1],[8] net atomic
charge on the carbonyl C atom [e], C�Oa distance [L], orbital energies [au], and HOMO–LUMO energy gap
[eV] of cyclohexanone coordinated to H2O2 and forming different adsorption complexes with Sn-beta catalyst.


Eads rCO ñCO qC+ rC�Oa EHOMO
[a] ELUMO


[b] DE


CH 1.215 1753.8 0.439 �0.013
R �7.1 1.223 1722.9 0.460 3.460 �0.246 �0.032 5.82
Z-CH �9.7 1.230 1694.5 0.506 �0.279[c] �0.063 5.88
Z-w-CH �4.9 1.236 1678.3 0.501 �0.271[c] �0.067 5.55
R1 �8.8 1.240 1654.0 0.517 2.824 �0.268 �0.056 5.77


(�14.7)[d]


R2 �11.3 1.230 1692.2 0.485 3.472 �0.241 �0.042 5.42
R3 �10.4 1.235 1679.6 0.501 3.838 �0.243 �0.069 4.73
R4 �9.9 1.227 1708.6 0.470 3.738 �0.272 �0.047[e] 6.12


[a] Localized on O�O, as depicted in Figure 6. [b] p*
CO of CH. [c] Combination of the pz orbitals on the O


atoms of the cluster. [d] Considering that HP is initially coordinated to the O5 atom. [e] LUMO+1. The
LUMO is the 4s*


Sn-O and lies at �0.051 au.


Figure 2. HOMO orientation in the reactant complexes studied in this
work.
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structure R3, in which CH is coordinated to the Sn atom in
the Z-OOH hydroperoxo intermediate. However, the C�Oa


distance in this structure is 3.8 L, and the orbital lobes are
orientated in such a way that the HOMO–LUMO overlap is
small. Something similar occurs in structures R2 and R4,
with large C�Oa distances and a small orbital overlap. On
the contrary, in structure R1 the C�Oa distance is as small
as 2.8 L and the orbital lobe located on Oa is directly point-
ing to the carbonyl group. This orientation allows a good
overlap between the HOMO and LUMO orbitals, this being
the reason for the larger degree of CH activation obtained
in the R1 structure involved in mechanism 1.


Kinetics : The kinetic rate equation for the Baeyer–Villiger
oxidation of cyclohexanone by hydrogen peroxide catalyzed
by Sn-beta was deduced by considering that the reaction fol-
lows mechanism 1, and that the catalytic active site consists
of two centers: the tin atom incorporated into the zeolite
framework at which cyclohexanone has to be coordinated,
and the oxygen atom of the Sn�OH group
prone to accepting hydrogen bonding. The ki-
netic study was performed by applying initial
rates methods. In order to check whether the
water (WA) and e-caprolactone (LA) generated
during the reaction adsorb onto the active site and thus
have to be included in the kinetic rate equation, the inverse
of the initial reaction rate was plotted against WA and LA
concentrations, as shown in Figure 3. The linear relationship
obtained for e-caprolactone indicates that it can adsorb on


one of the centers, the Sn atom. However, as the e-caprolac-
tone concentration is zero at the beginning of the reaction
and we are working with initial rates, its concentration was
not included in the kinetic equation. In contrast, water is
always present at the beginning of the reaction in considera-
ble amounts and consequently the initial concentration of
H2O was included in the adsorption term of the kinetic
equation. It can be seen in Figure 3 that the relationship be-
tween the inverse of the initial reaction rate (r�1) and the
water concentration is not linear at high water concentra-
tions, indicating that the order of the water concentration in
the denominator of the kinetic equation is higher than one.
This means that water may compete with cyclohexanone for
coordination to the Lewis acid center and with hydrogen
peroxide for coordination to the oxygen of the Sn�OH
group, and therefore its coordination, without deprotona-
tion, to the first center was also taken into account. From all
these considerations the following initial rate equation
[Eq. (2)] was derived:


r0 ¼
k½CH�0½HP�0


ð1þKa½CH�0 þKb½HP�0 þKc½WA�0Þð1þKd½HP�0 þKe½WA�0Þ
ð2Þ


in which r0= initial reaction rate, [CH]0= initial concentra-
tion of cyclohexanone, [HP]0= initial concentration of hy-
drogen peroxide, [WA]0= initial concentration of water, k=
rate constant=k0[S]0, Ka=adsorption constant of cyclohexa-
none at the tin center, Kb=adsorption constant of hydrogen
peroxide at the tin center, Kc=adsorption constant of water
at the tin center, Kd=adsorption constant of hydrogen per-
oxide at the oxygen center, and Ke=adsorption constant of
water at the oxygen center.


In order to reduce the number of parameters in Equa-
tion (2), the following approximations have been consid-
ered: we have assumed that the adsorption constant for
H2O2 is the same at the two sites (Kb=Kd), and that the
same applies for the adsorption of water (Kc=Ke). Follow-
ing this, initial reaction rates were calculated by dividing
conversion by time at levels of conversion below 10%, and
working under the following experimental conditions:
A) working with an excess of cyclohexanone and changing
the initial concentrations of hydrogen peroxide/water as the
limiting reactant, B) studying the effect of water in the pres-
ence of the same excess of cyclohexanone as in (A) with hy-
drogen peroxide as the limiting substrate, and C) changing
the initial concentration of cyclohexanone in the presence of
an excess of hydrogen peroxide/water. By working under re-
action conditions A, B, and C, the kinetic rate and adsorp-
tion constants can be calculated as shown in Equations (3)–
(6):


Kc ¼
p½HP�B


m
ð3Þ


Kb ¼
q½HP�B


m �1
½HP�B


ð4Þ


Figure 3. Effect of water (top) and e-caprolactone (bottom) concentration
on the inverse of the initial reaction rate for Sn-beta-catalyzed oxidation
of cyclohexanone with hydrogen peroxide.
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k ¼ sðKb þ 3:5KcÞ2½HP�C ð5Þ


Ka ¼
mk½CH�A�1


½CH�A
ð6Þ


in which m, p, and s are the gradients of the slopes in Fig-
ures 4, 5, and 6, and q is the y intercept in Figure 5. A good


fit of the experimental results to the above equations can be
observed in Figures 4–6. The calculated kinetic rate and ad-
sorption constants at different temperatures, as well as the
true activation energy and the heats of adsorption for cyclo-
hexanone, H2O2, and water are summarized in Table 5. The
derivation of Equations (3)–(6) and the experimental data
used to obtain Figures 4–6 are available in the Supporting
Information.


An activation energy value of 11 kcalmol�1 has been ob-
tained experimentally for the Baeyer–Villiger oxidation of
cyclohexanone with hydrogen peroxide, a value somewhat
lower than the activation energy calculated (14.8 kcalmol�1)
for mechanism 1 using cluster B to simulate the catalyst
active site, and which corresponds to the energy difference
between the transition state for the rearrangement step
(TS2) and the reactants complex (R1).


Competitive adsorption on the active sites : The kinetic
study shows that WA competes with CH for coordination to
the Sn center and with HP for coordination to the O atom
of the Sn�OH group, while LA only adsorbs onto the Lewis
acid center. The heats of adsorption for those molecules cal-
culated theoretically are given in Table 1. They indicate that
WA favorably competes with HP and CH for adsorption on
Sn atoms. Thus, as water is always present in excess in the
reaction medium, we can assume that one water molecule
will permanently be bound to tin during the reaction, and
consequently the catalyst active site will be better described
by the (H3Si)3Sn(H2O)OH complex than by the
(H3Si)3SnOH model used before. Therefore, the new cluster
denoted as cluster B-w, has been used in this section as a
model for the catalyst active site, and the results obtained
have been included in Table 1. It was found that coordina-
tion of any of the molecules considered to the Sn atom of
cluster B-w is more difficult than for cluster B. This can be
explained by considering that adsorption of the first WA
molecule destabilizes the LUMO of the catalyst, the energy
of which rises from �0.064 to �0.046 au, thus making it
more inaccessible to the HOMO of the Lewis bases. At the
same time, the net atomic charge on O5 increases from
�0.796e in model B to �0.824e in model B-w, facilitating
the hydrogen interaction with WA and HP. Thus, adsorption
of WA and HP onto O5 is more exothermic than on Sn
when model B-w is used, and the calculated heats of adsorp-


Figure 4. Inverse of the initial reaction rate versus the inverse of the hy-
drogen peroxide concentration at 60, 70, and 80 8C. Regression lines are
as follows: at 60 8C, y=1.16x+17.1, R2=0.9567; at 70 8C, y=0.525x+
9.37, R2=0.9297; at 80 8C, y=0.258x+4.27, R2=0.9084.


Figure 5. Inverse of the initial reaction rate versus water concentration at
60, 70, and 80 8C. Regression lines are as follows: at 60 8C, y=36.2x+
15.3, R2=0.9963; at 70 8C, y=16.2x+7.34, R2=0.9774; at 80 8C, y=
7.60x+3.54, R2=0.9648.


Figure 6. Initial reaction rate versus cyclohexanone concentration at 60,
70, and 80 8C. Regression lines are as follows: at 60 8C, y=0.296x, R2=


0.9753; at 70 8C, y=0.165x, R2=0.9821; at 80 8C, y=0.0882x, R2=0.8636.


Table 5. Experimental values of the rate constant k [min�1] and the ad-
sorption constants Ka, Kb, and Kc at the three temperatures [8C] used in
the kinetic study, and the activation energy and heats of adsorption [kcal
mol�1].


T k Ka (CH) Kb (HP) Kc (WA)


60 11.7 12.2 2.64 2.96
70 18.7 8.50 2.62 2.72
80 29.9 6.39 2.36 2.59


Eact 11.0
Eads �7.6 �1.3 �1.6
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tion for both molecules on O5 are similar (�14.0 kcalmol�1).
In order to check the effect that a molecule of water perma-
nently coordinated to tin has on the reaction path previously
obtained, mechanism 1 has been recalculated using cluster
B-w as a model for the active site. The optimized Sn�OH2


distance in the cluster model is 2.303 L, and it varies be-
tween 2.278 and 2.377 L as the reaction proceeds, indicating
that the water molecule is all the time strongly bound to the
tin atom. The optimized geometries of all the structures cal-
culated with cluster B-w are equivalent to those obtained
with cluster B, and are available in the Supporting Informa-
tion (Table S7). The energy results are included in brackets
in Figure 1a. As previously mentioned, adsorption of HP
and CH onto a Sn atom that has a coordinated water mole-
cule is energetically disfavored with respect to the H2O-free
tin center. This destabilization of the reactants complex R1
on model B-w with respect to that obtained with model B
causes a decrease in the calculated activation energies for
the addition and rearrangement steps of ~2 and 4 kcal
mol�1, respectively. The activation barrier for the Baeyer–
Villiger reaction calculated as the energy difference between
the transition state for the rearrangement step (TS2) and
the reactants complex (R1) is 9.0 kcalmol�1, which is in
better agreement with the value of 11 kcalmol�1 obtained
experimentally.


With respect to e-caprolactone, the heat of adsorption is
about 5 kcalmol�1 higher than that for cyclohexanone, re-
gardless of the cluster model considered (see Table 1). Inter-
estingly, water interacts more strongly with e-caprolactone
than with cyclohexanone, as can be deduced from the ener-
gies of formation of the complexes CH-WA (�5.62 kcal
mol�1) and LA-WA (�11.9 kcalmol�1). Taking into account
this interaction and using model B-w to simulate the active
site, the calculated adsorption energies for cyclohexanone
and e-caprolactone are �9.5 and �9.6 kcalmol�1, respective-
ly. A quantitative comparison between the adsorption ener-
gies obtained from the quantum-chemical calculations and
from the kinetic study is difficult, due to the errors involved
and the various additional stabilizations included in solution.
One option could be to calculate the adsorption energy of
two molecules at once, as for example in the adsorption of
the reactants (Z+R!R1). In this case, the kinetic estima-
tion for the sum of the adsorption energies of CH and HP is
�8.9 kcalmol�1, versus �8.8 kcalmol�1 obtained from the
theoretical calculations using model B-w to simulate the cat-
alyst active site (see Figure 1).


In summary, it can be concluded that the catalyst active
site exists as a (=SiO)3Sn(H2O)OH species, with at least one
water molecule permanently coordinated to tin, and that ad-
sorption of e-caprolactone onto tin or adsorption of a water
molecule onto either tin or the basic O atom lowers the re-
action rate.


Conclusion


The mechanism of the Baeyer–Villiger oxidation of cyclo-
hexanone with hydrogen peroxide catalyzed by Sn-beta zeo-
lite has been theoretically investigated and compared with
the gas-phase process. Based on the results obtained, a ki-
netic model has been proposed and validated with experi-
mental data.


It has been found that a certain degree of flexibility in the
framework is needed to allow the interaction between the
tin center and the molecules present in the reaction medium
to occur, a flexibility which can be provided by Sn�OH de-
fects present in the framework. The theoretical study indi-
cates that the zeolite active site consists of two catalytic cen-
ters: the Lewis acidic Sn atom on which the cyclohexanone
carbonyl group is activated and an adjacent basic oxygen
atom prone to forming hydrogen bonds. Adsorption of hy-
drogen peroxide onto this second center results in the for-
mation of a complex (R1) in which the orientation of the
two reactants is very favorable for the Baeyer–Villiger oxi-
dation. The complete mechanism for the Sn-beta-catalyzed
oxidation of CH with HP involves conversion of R1 into a
Criegee intermediate, and subsequent rearrangement of this
intermediate into e-caprolactone and a water molecule, with
an apparent activation energy no higher than 6 kcalmol�1


(mechanism 1). On the other hand, activation of HP
through formation of a tin–hydroperoxo species is endother-
mic by 4 kcalmol�1 and requires activation energy of almost
13 kcalmol�1, which makes this mechanism (mechanism 2)
less probable.


The kinetic study supports reaction mechanism 1. The re-
lationship between the inverse of the initial reaction rates
and the water concentration is linear only at low water con-
centrations, indicating that water adsorbs onto both the
Lewis tin center, competing with CH for this site, and onto
the basic O atom to which HP has to coordinate. As water
is always present in excess in the reaction medium, its effect
on the calculated mechanism has been investigated. The re-
sults indicate that the active site could be better described
by a (H3Si)3Sn(H2O)OH model, in which a water molecule
becomes permanently bound to tin. The activation energy
calculated with this model is in agreement with the value
obtained from the kinetic study.


Experimental Section


Models and computational methods : Zeolite beta is a large-pore synthet-
ic zeolite with a three-dimensional 12-ring channel system. There are two
straight channels in the [100] and [010] directions, and a third sinusoidal
channel located parallel to the [001] direction in the A polymorph. These
channels intersect, leading to an open-pore structure. The secondary
building units consist of 6-, 5-, and 4-membered-ring cages, each of them
facing at least one side to a 12-membered-ring channel. Within this crys-
tal structure there are 9 crystallographically different positions, designat-
ed as T1 through T9. Zeolite beta crystallizes in a tetragonal P4122 space
group with lattice parameters a=12.661, b=12.661, and c=26.402 L,
and has 192 atoms in the conventional unit cell.[9]
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In the first step, a theoretical study of the location of Sn in zeolite beta
was performed by using atomistic force-field techniques and the GULP
code.[10] In order to model realistically the features of the Si!Sn substi-
tution in a solid, a new force field was parameterized to take into account
the features of Sn in a zeolite framework. A description of the force field
used and the interatomic potential parameters obtained are available in
the Supporting Information. In these periodic calculations, one Si atom
per cell is substituted by Sn (Si/Sn ratio=63), and all the atoms of the
cell and also the cell parameters are allowed to relax, so that the relevant
features of structural flexibility of the solid are reproduced. This study in-
dicates that, from a thermodynamic point of view, only T7, T8, and T9
crystallographic positions of beta zeolite allow the accommodation of
one Sn atom per unit cell, the calculated Si!Sn substitution energies
being 13.8, 13.6, and 13.5 eV for T7, T8, and T9 positions, respectively.
Sn incorporation in the T9 crystallographic position (see Figure 7) causes
the displacement of two of the four oxygen atoms bound to Sn towards
the inner part of the cavity, resulting in smaller Sn-O-Si angles. These
oxygen movements allow the accommodation of the large Sn�O bonds
with small variations in the Sn�Si distances, the deformation of which is
energetically less favorable.


A cluster of atoms was then cut out from the optimized structure of beta
zeolite with Sn introduced in the T9 position. It contains the Sn atom,
the four oxygen atoms in the first coordination sphere, and the four Si
atoms bound to them. The dangling bonds that connected the cluster to
the rest of the solid were saturated with H atoms at 1.49 L from the Si
atoms and orientated towards the positions occupied in the crystal by the
oxygen atoms in the next coordination sphere. The resulting cluster, Sn-
(OSiH3)4, is denoted as model A. In order to check whether defects in
the framework may facilitate the reaction, a Sn(OSiH3)3OH system
(model B) was created by substituting one siloxyl group in cluster A by
one hydroxyl group. The coordinates of the organic molecules, the Sn, O,
and Si atoms of both clusters and the H of the hydroxyl group in cluster
B were completely optimized in all calculations, while the H terminations
of the Si atoms were kept fixed at the original positions in the crystal. A
third series of calculations was performed in which the H terminations of
one siloxyl group in cluster A were also optimized. By doing this, we
made sure that the flexibility of this model, denoted as A’, and model B
were the same, and consequently that any differences found in the results
obtained were caused by the nature of the catalyst and not by the differ-
ent constraints imposed on the model. Geometry optimizations were per-
formed by using the density functional B3PW91 method,[11] a LANL2DZ
effective core potential basis set for Sn,[12] and the standard 6-31G(d,p)
basis set[13] for C, O, Si, and H atoms. The nature of every stationary
point was characterized by means of frequency calculations and analysis
of the vibrational modes, and all calculated energies were corrected for
the zero-point vibrational energies (ZPE). Due to the restrictions im-
posed on the H terminations of the cluster models, some imaginary vibra-
tional modes with frequencies lower than 100 cm�1 have sometimes been
obtained, but in all cases it has been checked that they are associated
with the movement of these H terminations and not with the atoms in-


volved in the reaction path. All DFT calculations were performed by
using the Gaussian 98 computer program.[14]


Synthesis of the molecular sieves : Sn-beta was synthesized according to
literature procedures.[4c,15] The Sn content (2.0 wt% of SnO2) was deter-
mined by using atomic absorption analysis. The Sn-beta zeolite was cal-
cined at 853 K for 3 h. A high crystallinity of the zeolite was observed by
X-ray diffraction (XRD) analysis, and no peaks of SnO2 were found in
the diffractogram. Nitrogen adsorption experiments on the calcined beta
samples gave an isotherm very similar to that of pure silica beta with a
micropore volume of 0.20–0.21 cm3g�1 and BET surface areas of 450–
475 m2g�1.


General procedure for the Baeyer–Villiger oxidation : Sets of four reac-
tions were carried out on a multibatch high-throughput automatic reactor
(for description of the apparatus see reference [16]). Each reaction was
carried out in a 1.5 mL glass vial with magnetic stirring. Cyclohexanone,
hydrogen peroxide, optionally water, optionally e-caprolactone, and diox-
ane were mixed at the concentrations given in the Supporting Informa-
tion. Then, after reaching the reaction temperature, the catalyst (5 mg)
was added and the reaction started. The analysis was performed within
90 s, on a 3 m HP-5 column. This system allowed an analysis to be carried
out in each reactor every eight minutes.
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Introduction


The chemistry of late-transition-metal enolates is a subject
of considerable synthetic interest due to the high levels of
selectivity that such compounds introduce in many organic
reactions.[1] The detailed study of these complexes is essen-
tial for the development of new synthetic applications.
Indeed, many of those currently known have emerged as a


direct consequence of the work carried out in the last deca-
des. Thus, transition-metal enolates have become indispensa-
ble in a number of valuable synthetic methodologies,[2] in-
cluding some that are effected catalytically.[1e,f,h–k,3] Optimiza-
tion of these methodologies demands a deeper understand-
ing of their mechanistic details.
Earlier studies have disclosed that the coordination mode


of the enolate ligand exerts a strong influence in its reactivi-
ty.[2a,4] For instance, in contrast to O-enolates, coordination
through the carbon atom often causes low enolate-like reac-
tivity and a chemical behaviour more akin to that of metal
alkyls, for example, toward migratory insertion.[2e,5] Al-
though some aldol-type additions of C-bound enolates are
known,[2f,6] the active participation of the O-bound tautomer
in these transformations cannot be ruled out, as the two
forms may have similar energies. Both O- and C-binding
have been ascertained for late transition metals,[2b–d] but the
latter is more common for the softer Lewis acids derived
from the heavier elements of these groups.[7,5c] Accordingly,
while for nickel O- and C-enolates are common,[8,2f] in gen-
eral palladium tends to favour C-enolate coordination.[7,5c]


In some systems the tautomeric C- and O-enolate forms
have been found to exist.[7,2d]


To gain more insight into the different chemical behaviour
of the two isomeric structures, we have prepared Ni and Pd
enolate complexes for which interconversion between the O
and C isomers is hindered due to their metallacyclic nature.
Following Vicente5s preparation of cyclic palladium enolates


Abstract: 2-Acylaryl complexes of Ni
and Pd containing chelating diphos-
phines react with KtBuO to give metal-
lacyclic enolate complexes. While coor-
dination through the carbon atom is
preferred in the case of Pd, the nickel
O-enolate compounds are formed as
the corresponding O-tautomers. Slow
equilibration between O- and C-eno-
late tautomers is observed for the


nickel complex with an unsubstituted
enolate function (M�O�C=CH2). The-
oretical DFT calculations suggest that
the barrier for the tautomer exchange
has its origin in the rigidity of the met-


allacycle. Whilst the C-enolate tauto-
mer is unreactive towards aldehydes,
the corresponding O-enolate adds to
MeCHO and PhCHO, giving rise to
products that retain the enolate func-
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such as [PK d{CH2C(O)-2-CL 6H-3,4,5-(OMe)3}(tmed)][7e]


(tmed=N,N,N’,N’-tetramethylethylenediamine) and our
own extensive work on metallacycles of nickel and palladi-
um of composition [MK (CH2CMe2-2-CL 6H4)(L)2]


[9] for differ-
ent mono- and bidentate neutral L ligands, we have attempt-
ed the preparation of related enolate structures using o-ace-
tylphenyl derivatives as starting materials. The results of
these studies are reported herein. Part of this work has ap-
peared in preliminary form.[10]


Results and Discussion


Palladium compounds : Since experimentally the nickel
system involves more difficulties than the palladium com-
plexes, the latter are described first.
Treatment of the chloro-bridged palladium allyl dimer


[{Pd(h3-C3H5)(m-Cl)}2] with NaC5H5, followed by the addi-
tion of PMe3 and CH2=CHCO2Me is known to generate the
reactive Pd0 species [Pd(CH2=CHCO2Me)(PMe3)2].


[11] This
olefin complex is a suitable source of Pd0 and its use circum-
vents the experimental complications due to the byproduct
contamination commonly associated with the well-known
Pd0/PPh3, or other related compounds. As represented in
Scheme 1, its reaction with 2’-bromoacetophenone at 50 8C,


allows the isolation of the bromoaryl complex 1 in the form
of a colourless crystalline solid. The observation of a 31P{1H}
singlet at d=�18.4 ppm and of a virtually coupled triplet in
both the 1H (d=0.92; Jap=3.6 Hz) and the 13C{1H} (d=13.9;
Jap=15 Hz) NMR spectra is indicative of a trans-trimethyl-
phosphine arrangement. Moreover the similarity between
the n(CO) values in the IR spectra of 1 (1665 cm�1) and the
starting organic reagent, namely, o-bromoacetophenone (ca.
1700 cm�1) suggests little or no apical interaction at all be-
tween the metal and the acetyl oxygen atom. This observa-
tion is in accord with the strong tendency of PdII to remain
four-coordinate.
Reaction of the bromoaryl compound 1 with KtBuO gives


the C-enolate 2 as air-stable white crystals. The coordination
of the carbon atom of the enolate terminus within the met-
allacyclic structure is supported by IR, 1H and 13C{1H} NMR
spectroscopic data. Thus, an IR absorption at 1630 cm�1 can


be attributed to the organic carbonyl unit of 2, whereas the
palladium-bound enolate carbon resonates at d=52.1 ppm,
as a doublet of doublets, with trans and cis 2JCP couplings of
71 and 9 Hz, respectively. In the aliphatic region of the
1H NMR spectrum a triplet due to accidentally equal 3JHP


couplings between the Pd-CH2 protons and the two inequi-
valent 31P nuclei appears at d=2.26 ppm (7.6 Hz). These
and other spectroscopic data collected in the Experimental
Section are similar to those reported for the related pallada-
cycle [PK d(CH2CMe2-2-CL 6H4)(PMe3)2].


[9a,b]


Synthesis of nickel enolates : Extension of this chemistry to
the analogous nickel compounds is not straightforward. As
represented in Scheme 2 the synthesis of chloro- or bro-


moaryl compounds related to 1 can be readily accomplished
by using [Ni(cod)2] and the appropriate haloacetophenone
substrate. The corresponding complexes, 3 and 4, are isolat-
ed as orange crystalline solids. At variance with IR data for
1, n(C=O) data for these compounds (ca. 1630 cm�1) is ap-
proximately 70 cm�1 lower than in the corresponding organ-
ic precursors, suggesting the existence of a weak axial inter-
action between the acetyl group and the Ni atom, as previ-
ously observed in the crystal structure of a related Ni com-
pound.[12] Also in contrast with the Pd complex 1, treatment
of 3 and 4 with KtBuO does not afford the expected cyclic
enolate with a structure analogous to that of 2. Instead the
dinuclear, sparingly soluble, compound 5 is obtained and
isolated in the form of a yellow fine powder. The proposed
structure for 5 finds support in microanalytical and spectro-
scopic data (see Experimental Section). The presence of a
coordinated hydroxide ligand is evinced by an IR band at
3300 cm�1 and by a 1H NMR resonance with a chemical
shift (d=�5.46 ppm) similar to that reported for other tran-
sition-metal hydroxide compounds.[13] The two inequivalent
PMe3 ligands appear as singlets (d=�10.7 and �5.0 ppm) in
the 31P{1H} NMR spectrum, whereas the analysis of the aryl
region of the 1H NMR spectrum reveals the presence of
eight multiplets that correspond to two nonequivalent Ni–
(ortho-substituted)phenyl units, as deduced also from 2D
COSY and 1H-13C one-bond heterocorrelation experiments.
The organic ligand that bridges the two nickel centres of 5


results from the aldolic condensation of the acetylphenyl
ligand of two molecules of either 3 or 4. Even though the
formation of 5 requires action of adventitious water, the de-
liberate addition of H2O does not improve the yield of 5.
The use of other bases like Na[N(SiMe3)2] or TlEtO gives
rise to complex reaction mixtures. To gain additional infor-


Scheme 1.


Scheme 2.
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mation on this complex transformation 31P{1H} NMR moni-
toring of the conversion of 3 to 5 was undertaken at �80 8C.
Deprotonation appears to be fast and complete under these
conditions. Moreover, a new species that gives broad reso-
nances at d=8.6 and 40.5 ppm is observed. Quenching the
reaction by addition of HCl gives back the starting com-
pound 3. It thus appears that a highly reactive nickel eno-
late, possibly analogous to 2, is initially formed. Neverthe-
less its lability prevents its isolation as a pure complex. In
an attempt to increase the stability of this species the nature
of the ancillary ligand has been systematically modified and
the effects of this variation monitored.
Treatment of [Ni(cod)2] with 2’-bromoacetophenone, in


the presence of 2,2’-bipyridyl furnishes a complex reaction
mixture from which no pure compound can be isolated. The
same holds for the analogous reaction with iPr2PCH2CH2-
PiPr2 (dippe), although useful compounds of this diphos-
phine may be isolated by a subtle modification of this reac-
tion procedure (see below). At variance with these observa-
tions the use of PPh3 and Ph2PCH2CH2PPh2 (dppe) permits
the isolation of the corresponding NiII aryl compounds (Ex-
perimental Section). Nonetheless their reactions with
KtBuO, or related basic reagents, lead to very unstable and
complex reaction mixtures from which no clean products
could be separated.
The diphosphine iPr2PCH2CH2PiPr2 (dippe), has proved


to be the most suitable auxiliary ligand for the synthesis of
aryl–nickel organometallic complexes that would serve as
precursors for enolate compounds. While as mentioned
above its addition to the [Ni(cod)2]/2’-bromoacetophenone
reaction mixture proves fruitless, the use of 2’-chloroaceto-
phenone (Scheme 3a) permits the isolation of the desired
chloro–o-acetylphenyl–nickel compound 6a. Long reaction
times are needed (3 days, 45 8C), but 6a can be isolated by
this procedure in 70–80% yield. Alternatively, addition of
dippe to 3 gives a mixture of 6a and the cationic complex 7
(Scheme 3b) when Et2O is employed as the reaction solvent,
whereas the use of toluene produces compound 6a as the
main reaction product.
Treatment of a solution of 6a in THF with one equivalent


of KtBuO allows the preparation of the nickel enolate 8a in
good yields (Scheme 3a). At variance with the related Pd


enolate 2, spectroscopic data for the nickel derivative 8a are
consistent with coordination of the oxygen atom of the eno-
late functionality. For example, the two enolic carbon atoms
give 13C resonances at d=176.1 and 74.4 ppm, the latter
being characterized by a 1JCH coupling of 154 Hz, indicative
of sp2 hybridization. Additionally, an IR absorption at
1590 cm�1 may be assigned to n(C=C) of the O-enolate
ligand, whereas the higher energy band that could be ex-
pected for n(C=O) (at 1630 cm�1 in 2) is conspicuously
absent. As reported in a preliminary form, definite structur-
al comfirmation of the proposed O-enolate coordination has
been provided by X-ray studies, that reveal Ni�O and C=C
bond lengths within the metal enolate linkage of 1.857(10)
and 1.31(2) V, respectively.[10] The related enolates 8b and
8c, featuring Me substitution at one or the two olefinic sites
of 8a can be prepared by the same methodology (Scheme
4a). The chloroaryl precursors needed for these syntheses
are not commercially available, but are obtained by the re-
action of 2-chlorobenzonitrile with the appropriate Grignard
reagent, followed by acid hydrolysis of the resulting
imine.[14] Their oxidative addition to [Ni(cod)2] in the pres-
ence of dippe (45 8C, 24 h) yields the expected nickel ortho-
substituted aryls 6b and 6c, as orange crystalline solids, with
spectroscopic properties similar to those of 6a. Deprotona-
tion of 6b and 6c to the enolates 8b and 8c, respectively,
occurs upon treatment with KtBuO. Interestingly, whereas
the conversion of 6c to 8c requires stirring for 12 h at room
temperature, the formation of 8b is more facile and takes
place spontaneously during the synthesis of 6b, even in the
absence of base, although only to a limited extent. Signifi-
cant decomposition takes place if the heating is prolonged.
As represented in Scheme 4b, compound 6b can also be ob-
tained if a more reactive h2-butene complex is used as a pre-
cursor. This may be generated in situ and then oxidatively
reacted with 2’-chloropropiophenone to give 6b, accompa-
nied with minor amounts of enolate 8b. The latter becomes
the main reaction product when the transformation is per-
formed in the presence of NEt3. These observations indicate
that the ease of deprotonation increase in the order 6c<
6a<6b. While the formation of 8b benefits of the stabiliz-
ing effect of the alkylation of the double bond, the unfav-
ourable steric interaction of the mutually cis aromatic and


methyl groups renders the de-
protonation of 6c difficult.
Compounds 8b and 8c ex-


hibit spectroscopic properties
similar to those of 8a. An IR
absorption centred around
1600 cm�1 may be attributed to
the stretching of the C=C
bond, while in the 1H NMR
spectrum the olefinic proton of
8b resonates at d=5.27 ppm as
a quartet, due to coupling with
the adjacent methyl protons
(3JHH=6.7 Hz). For 8c the ole-
finic methyl substituents giveScheme 3.


Chem. Eur. J. 2005, 11, 6889 – 6904 N 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6891


FULL PAPERMetallacyclic Enolates



www.chemeurj.org





rise to singlets at d=2.40 and 2.42 ppm. NOESY experi-
ments reveal that the former resonance corresponds to the
methyl group trans to the oxygen atom. In compound 8b it
is the vinylic H atom that occupies the position in trans with
respect to the oxygen atom. Since the quality of the X-ray
data obtained for 8a is not very high and therefore a precise
analysis of its bonding parameters is not justified, we have
also characterized the analogous enolate 8b by X-ray single-
crystal studies. Figure 1 shows an ORTEP view of the struc-
ture, which is characterized by a slightly distorted square-
planar coordination of the metal. The Ni�P1 distance of
2.163(1) V is shorter than the Ni�P2 (2.206(1) V) reflecting
the higher trans influence of the aryl as compared with the


O-enolate ligand. The Ni�O
bond length of 1.853(3) V is
within the 1.85–2.10 V range
characteristic of Ni�O distan-
ces in square-planar alkoxide,
aryloxide and hydroxide nickel
derivatives with terminal O-
bound ligands.[15] The olefinic
C7�C8 bond length is normal
(1.368(6) V), being only slight-
ly longer than in ethylene
(1.34 V) and, as expected,
much shorter than the Csp2�Csp3


bond between the olefinic
carbon C8 and the methyl sub-
stituent (C8�C9=1.496(7) V).
These features compare well
with those of other nickel com-
pounds containing O-bound


enolates[8] or related functionalities.[16]


By means of a similar methodology, summarized in
Scheme 5, a related nickel O-enolate 12 has been prepared.
The starting nickel alkenyl can be obtained from trans-[Ni-


(CH3)Cl(PMe3)2], by successive insertion of CO and PhC�
CH, as reported previously.[12] Whereas its direct reaction
with KtBuO gives rise to a complex mixture of products,
prior PMe3 substitution by dippe, followed by deprotonation
permits isolation of the desired compound 12. The spectro-
scopic features of this compound are similar to those of
8a,b. Hence, it is likely that all these compounds show simi-
lar chemical reactivity, although that of 12 has not been ex-
plored.


Equilibria between C- and O-bound enolates—mechanistic
studies on their formation : The preparation of the nickel
enolates by the reaction of the appropriate halo aryl precur-
sors with KtBuO leads selectively to the O-bound tautomers
8a–8c. Nevertheless at temperatures around 50 8C (Scheme
3a) solutions of compound 8a in different solvents equili-
brate slowly with the C-enolate 9. At
room temperature the conversion of
8a into 9 is very slow, thereby indicat-
ing a kinetic control of the selectivity
in the formation of the O-enolate 8a
by the route depicted in Scheme 3a.
A reasonable explanation for this se-
lectivity is that the deprotonation of


Scheme 4.


Figure 1. View of the molecular structure of complex 8b together with
the atomic numbering system. Selected bond lengths [V] and angles [8]:
Ni�O1 1.853(3), Ni�C1 1.913(4), Ni�P1 2.1627(12), Ni�P2 2.2064(12),
O1�C7 1.342(5), C7�C8 1.368(6), C6�C7 1.464(6), C1�C6 1.398(6), C8�
C9 1.496(7); O1-Ni-C1 86.17(15), C1-Ni-P1 99.77(12), O1-Ni-P2
86.10(10), O1-C7-C8 119.7(4), Ni-O1-C7 115.4(2), O1-C7-C6 113.0(3),
C6-C7-C8 127.3(4), C7-C8-C9 122.6(5), P1-Ni-P2 88.50(5).


Scheme 5.
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the acetyl group by the base is
helped by previous coordina-
tion of the oxygen atom to the
Ni center, as indicated.[17]


The isomer ratio 8a/9 varies
very little in the solvents used
(from ca. 3:1 in THF to ca.
1.6:1 in benzene, toluene or
cyclohexane, at 50 8C). Mea-
surement of Keq for 8a/9 in tol-
uene at several temperatures
in the range 42–112 8C pro-
vides the following thermody-
namic values: DG298=


�0.31(1) kcalmol�1; DH=


�0.28(1) kcalmol�1 and DS=
+0.12(3) calmol�1K�1, indicat-
ing that the reaction is essen-
tially thermoneutral. The equi-
libration follows first-order kinetics[18] over the temperature
range from 52 to 92 8C and it is characterized by activation
parameters DH�=18.5(3) kcalmol�1, DS�=�22(1) calm-
ol�1K�1, and DG298


�
=25.3(3) kcalmol�1. A concerted mecha-


nism, with an ordered h3-oxoallyl transition state may be
suggested. Indeed, h3-oxoallyl structures have been pro-
posed as intermediates for the interconversion of C- and O-
enolates.[2d] It is worth mentioning in this regard that the de-
protonation of 6a by Li[N(CHMe2)2] yields a 3:1 mixture of
8a/9. Moreover, the addition of LiCl to solutions of 8a in
THF at room temperature causes an almost instant isomeri-
zation of 8a to a 3:1 mixture of 8a/9. Accordingly, LiCl is
proposed to catalyze the tautomerization as depicted in
Scheme 6, that is, via an oxoallyl intermediate structure.


Additional experiments on the formation of the nickel
and palladium enolates, 8a and 2, respectively, were per-
formed with the aim of improving our mechanistic knowl-
edge. Firstly, to check whether the deprotonation of the
acetyl group coordinated through the oxygen atom to nickel
(and palladium) is feasible, the cationic compounds 15 and
16 (Scheme 7b) were prepared by treatment of the chloroar-
yl 6a and 14 with NaBPh4. The chloroaryl palladium com-
plex 14 cannot be obtained directly by oxidative addition of
2’-chloroacetophenone to the zerovalent palladium(0) pre-
cursor. Nevertheless, as represented in Scheme 7a, com-
pound 14 is easily obtained from the enolate 2 by means of
PMe3 displacement by dippe, followed by HCl addition to


the Pd–enolate carbon bond of 13. Chloride abstraction
occurs upon reaction of 6a and 14 with NaBPh4, yielding
the desired cationic derivatives 15 and 16. Metal coordina-
tion of the carbonyl oxygen atom in the two complexes is
hinted by the low n(CO) values of 1575 and 1580 cm�1,
found for 15 and 16, respectively. Note that in the nickel–
aryl complexes 3, 4 and 6a, ortho substituted by an acetyl
group, the corresponding n(CO) IR bands appear around
1630 cm�1, while the frequencies are close to 1700 cm�1 in
the organic precursors. An X-ray structural determination
carried out with the nickel compound 15 (Figure 2) demon-
strates the coordination of the acetyl unit. The Ni�O1 bond
length of 1.935(2) V is, as expected, longer than in the
nickel enolate 8b. Also in 15 the Ni�P2 distance of


2.1425(7) V is shorter than the
Ni�P1 (2.2202(6) V), reflect-
ing the higher trans influence
of the aryl as compared with
the O-carbonyl of the acetyl
ligand. The bond length of the
carbonyl O1�C2 1.259(3) is
quite normal. Compound 15
reacted with KtBuO to yield
the O-bound nickel enolate
8a, but the Pd complex gave


the C-bound palladium analogue, 13, as the only observable
product. This result illustrates once more the strong prefer-
ence of Pd for the C-bound configuration.
Secondly, if the formation of the O-enolate 8a is the


result of an intermolecular attack by tBuO� onto the acetyl
group, (vide supra) then an intramolecular version of this
process, whereby an alkoxide or aryloxide base has been in-
corporated to the metal coordination sphere, could be feasi-
ble, although alcohol elimination should give rise to the C-
enolate isomer 9. With this aim in mind the trans-nickel–
aryl–aryloxide complexes 17a and 17b were synthesized
(Scheme 8). Both react rapidly with dippe at room tempera-
ture and while partial decomposition occurs, one of the


Scheme 6.


Scheme 7.
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major species of both reactions is the expected C-enolate 9,
while the O-enolate 8a was not observed.


DFT study of the interconversion of C- and O-enolate tau-
tomers : To provide theoretical support to the mechanism
proposed for the exchange between the tautomeric enolate
forms, and to gain a better understanding of the properties
of these complexes, DFT calculations were performed on
model complexes of the simplified diphosphine ligand
H2PCH2CH2PH2 (from now on dpe) by using the BP86
functional and the numerical basis set DN*, as implemented
in the Spartan Pro package. For Ni complexes, this study has
been further expanded to the methyl and isopropyl P-substi-
tuted complexes, the latter corresponding to the full repre-
sentation of the real compounds. In the case of the simple
model containing the dpe ligand, the calculation of the sta-
tionary points was verified with a frequency calculation. The
structures of the models containing substituted diphosphines
were built from those of the dpe complexes and optimized
with the same DFT method, although a frequency calcula-


tion was not attempted in these cases. Since the iPr groups
allow for a number of conformers, the calculation of the
structures of these compounds was initiated by a molecular
mechanics conformational analysis, by using the Merck Mo-
lecular Force Field. The positions of the atoms in the metal-
lacyclic unit were fixed, and the structures of the five more
stable conformers were optimized with the DFT without im-
posed restrictions. The results of this study are summarized
in Table 1.


Figure 3 shows the structures calculated for the model
complexes O/C-Ni, O/C-Pd, and TS. Some key distances
and angles are shown in the figure. The geometric parame-
ters of substituted model compounds O/C-Ni’ and O/C-Ni’’
show no significant differences to those of the dpe models
and have been omitted for the sake of simplicity. The availa-
bility of the crystal structures of compounds 8a and 8b
allow for some interesting comparisons. In general, the
structural features of these compounds are well reproduced
in the model complexes. As in the experimental structure,
the metallacyclic unit is essentially planar. The calculated
Ni�O bond length (1.859 V) matches well the experimental
values (8a : 1.857(10); 8b : 1.853(3) V). Other important pa-
rameters are also correctly reproduced. For example, the
Ni�O�C (8a : 118.0(8)8 ; 8b : 115.4(2)8) and O�C=C (8a :
119(1)8 ; 8b : 119.7(4)8) angles are close to the calculated
values, 115.9 and 121.28, respectively. The exocyclic double
bond is slightly bent out of the plane of the metallacycle, in
order to avoid the nearby aromatic hydrogen atom. This
small distortion is also found in the real complexes. The Pd
O-enolate displays very similar features. In contrast with the


Figure 2. View of the structure of the cationic portion of compound 15 to-
gether with the atomic numbering system. Selected bond lengths [V] and
angles [8]: Ni�O1 1.935(2), Ni�C4 1.939(2), Ni�P1 2.2202(6), Ni�P2
2.1425(7), O1�C2 1.259(3), C1�C2 1.482(3), C2�C3 1.463(3), C3�C4
1.420(3); O1-Ni-C4 85.25(9), C4-Ni-P2 96.96(8), O1-Ni-P1 89.87(6), O1-
C2-C1 118.9(2), Ni-O1-C2 114.0(2), O1-C2-C3 117.1(2), C1-C2-C3
124.02(2), P1-Ni-P2 88.97(3).


Scheme 8.


Table 1. Results of the theoretical study.


M R O-Enolate TS C-Enolate DE(O!C)
[kcalmol�1]


Barrier(O!C)
[kcalmol�1]


Ni H O-Ni TS C-Ni +2.07 25.2
Pd H O-Pd – C-Pd +7.23 –
Ni Me O-Ni’ TS’ C-Ni’ +2.11 25.4
Ni iPr O-Ni’’ TS’’ C-Ni’’ +0.03 25.4
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flat structure exhibited by the O-M models, the metallacycle
ring of the C-enolates shows a significant puckering. A simi-
lar conformation is found in the Pd C-enolate complex [Pd-
(CH2C(=O)-2-C6H-3,4,5-(OMe)3(tmed)], but the different
co-ligands present in this compound prevents a more precise
comparison with their structural features.
The relative energies of the model complexes are shown


in Table 1. As expected, the C-tautomeric form is strongly
favored for Pd. For Ni, the C-enolate is favored by only
about 2 kcalmol�1. This difference further diminishes to
1.7 kcalmol�1 if the zero-point energy (ZPE) correction is
taken into account. The introduction of carbon substituents
on the P atoms of the phosphine does not change signifi-
cantly the energy balance, although there seems to be a ten-
dency to favor the O-enolate form when electron-donor


alkyl groups replace the hydrogen atoms. Since the energy
calculation does not take into account the solvation effects,
it can be concluded that the calculation reasonably reprodu-
ces the thermoneutral character of the O-Ni/C-Ni equilibri-
um.
As discussed previously, the experimental data suggest


that for the Ni derivatives the equilibration of the tautomers
could involve an intermediate h3-enolate species. According-
ly, we have searched for such an intermediate. Starting with
the more simple dpe ligand, two stationary points were lo-
cated in the energy surface, each of them characterized by
one imaginary frequency. They correspond to transition
states in which the Ni atom interacts simultaneously with
the C and O atoms of the enolate fragment, and differ only
in the conformation of the Ni–dpe chelate. These transition
states were used as a starting point to build the structures
corresponding to the methyl and isopropyl derivatives, and
in the latter case the structures of the ten (=2Y5) more
stable conformers were fully optimized. Since the conforma-
tional change of the diphosphine ligand is thought to be
facile, we have selected the lower energy transition states
for the calculation of the energy barrier. The structure of
the transition state corresponding to the dpe ligand is shown
in Figure 3. As can be seen, the O-C-CH2 unit is approxi-
mately perpendicular to the coordination plane (93.38), al-
lowing a p-interaction with the Ni atom. The lengths of the
Ni�O and Ni�C bonds suggest that the interaction is not
symmetrical, and can be considered closer to h2-C=O than a
h3-pseudoallylic interaction. The relatively long C–--- --O and
short C–--- --C bonds further support this view; hence, an early
transition state in the O!C reaction coordinate is indicat-
ed.[19] The energy difference between TS and O-Ni (ca.
25.2 kcalmol, 24.5 kcalmol with ZPE correction) is in good
accord with the experimental DG� for 8a!9 (25.3 kcal
mol�1), although it is somewhat higher than the activation
enthalpy (DH�=18.5 kcalmol). The introduction of methyl
or iPr substituents in the diphosphine does not alter signifi-
cantly the relative energy of the corresponding transition
states (TS’ and TS’’, respectively). Therefore, the origin of
the relatively high barrier to the tautomeric exchange does
not reside in the steric hindrance caused by the dippe
ligand, but in the distortion of the metallacyclic ring during
the process. As can be seen in Figure 3, the aryl�C(O) bond
has to bend noticeably (the angle formed by this bond and
the aromatic ring is close to 908), in order to maintain the
M�enolate interaction. This restriction is absent in open-
chain enolates, where the interconversion is facile. It is also
worth to recall that the presence of bulky substituents on
the diphosphine ligand seems to have a small influence on
the equilibrium constant or the exchange rate between the
two tautomers.


Reactions of enolates and Brønsted acids : As represented in
Scheme 9 the reaction of 8a with HCl reverts enolate for-
mation and regenerates the starting chloroaryl compound
6a. The analogous reaction with [H(OEt2)2][BAr’4] (Ar’=
3,5-C6H3(CF3)2) also occurs with protonation of the enolate


Figure 3. Schematic representation of the calculated geometries of simpli-
fied O- and C-cyclic enolates showing some selected geometric parame-
ters for Ni and Pd (in parenthesis): a) [M(o-C6H6C(=
CH2)O)(H2PCH2CH2PH2)], M=Ni (O-Ni) and Pd (O-Pd); b) [M(o-
C6H6C(=O)CH2)(H2PCH2CH2PH2)], M=Ni (C-Ni) and Pd (C-Pd) (top
view); c) transition state (TS).
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functionality and yields the
cationic aryl compound 15 as
the corresponding BAr’4


� salt,
15’. The palladium enolates 2
and 13 also react with HCl
with selective cleavage of the
Pd�CH2 bond (see Scheme 7a
for the reaction of the dippe
derivative 13).


Reactions with carbon monoxide : Upon bubbling CO
through a solution of 8a, reductive carbonylation to
[Ni(CO)2(dippe)] occurs (Scheme 10) with concomitant for-


mation of lactone 18a. The related enolates 8b and 8c react
similarly producing the analogous lactones 18b and 18c.
The organic compounds can be separated from the Ni0 or-
ganometallic product by standard chromatographic tech-
niques. They have been characterized by high-resolution
mass spectrometry and by IR and NMR spectroscopy (see
Experimental Section). It is worth pointing out that the se-
lectivity of this reaction provides additional support for the
structure of the parent enolates. Thus, the carbonylation of
8b (R1=Me, R2=H) yields a single isomer, 18b, for which
NOESY experiments reveal the same Z configuration of the
C=C bond present in 8b. This selectivity contrasts with pre-
vious results on the generation of related lactones, obtained
as mixtures of their Z and E isomers,[20] and has been used
as structural probe for the nature of the products resulting
from the reactions of 8a with MeC(O)H and PhC(O)H, to
be discussed below.


Reactions with aldehydes : Despite the fact that enolizable
carbonylic compounds like MeC(O)H may undergo acid–
base reactions with metal enolates, giving rise to equilibrium
mixtures of different enolates, we considered this mode of
reactivity unlikely for 8a, as the Ni�Caryl bond of the puta-
tive protonation product would keep the carbonylic func-
tionality in the vicinity of the metal coordination environ-
ment. In accord with expectations, compound 8a and
MeC(O)H react at room temperature with formation of the
condensation product 19a, resulting from nucleophilic
attack of the enolate carbon atom onto the carbonylic alde-
hyde carbon atom (Scheme 11). Most remarkably, 19a is an


enolate related to 8a, formally derived from the addition of
one of the enolate C�H bonds to the carbonyl group. Fur-
ther reaction of 19a with an excess of MeC(O)H does not
take place, possibly due to steric hindrance. In agreement
with this assumption, the methyl-substituted enolates 8b
and 8c do not react with acetaldehyde. Although it is widely
accepted that aldehyde coordination precedes the C�C
bond-forming step in aldol transformation induced by transi-
tion metals,[2a,4c,5a–5f] this mechanistic hypothesis appears
doubtful in the present case due to the rigid nature of the
enolate fragment. Instead, aldehyde attack by the enolate
carbon and a prototropic shift (rather than Ni2+ shift) seems
more likely.
The NMR spectra of 19a are very similar to those of the


parent enolate 8a. The =CH part of the new enolate ligand
gives 1H and 13C signals at d=4.73 and 97.3 ppm (1JCH=
153 Hz), respectively, while the hydroxyl group is responsi-
ble for an IR absorption around 3200 cm�1 and a proton res-
onance at d=5.77 ppm. The low thermal stability of this
product has precluded characterization by microanalysis.
However, in the presence of CO it is quantitatively convert-
ed into the lactone 20a (Scheme 11), that has been isolated
in a pure form.
Similarly to acetaldehyde, the non-enolizable aldehyde


PhCHO reacts with 8a giving rise to a new b-hydroxyeno-
late complex 19b, which is structurally similar to 19a. In
contrast with the latter, 19b is stable enough to allow its iso-
lation in analytically pure form. It can also be carbonylated
in situ, to afford the corresponding lactone in good isolated
yield (Scheme 12).
Experimental conditions prove to be important for the


successful preparation of 19b. Thus, relatively concentrated
reaction mixtures (ca. 0.16m in each reactant) lead to full
conversion within approximately 4 h, but the reaction be-


Scheme 9.


Scheme 10.


Scheme 11.
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comes too slow when more diluted solutions are used. In
practice, 19b is best obtained using a large excess of
PhCHO (1:10). Under these conditions, the product is clean-
ly formed within 5 min, but on standing for longer periods
of time, it slowly converts into a second product (21) the
transformation being complete after about 48 h. The NMR
spectra of 21 are strikingly similar to those of its precursor
(19b), both showing almost the same number of signals lo-
cated at very close positions. The main differences are found
in the 1H spectrum of the former, which lacks the hydroxyl
resonance and displays an apparently anomalous CH signal
with a relative intensity of 0.5H. These features suggest that
21 has the binuclear structure shown in Scheme 12. This pro-
posal was confirmed by the EI-MS spectrum of the corre-
sponding carbonylation product 22, which shows the expect-
ed molecular ion at m/z 380.
The formation of 21 from two molecules of 19b requires


the release of two molecules of water and one of PhCHO,
therefore an excess of the latter is not needed. Indeed, it
has been observed that pure samples of 19b dissolved in
THF evolve into 21, albeit much more slowly (ca. 10 days)
than observed in the reaction of 8a with an excess of benzal-
dehyde. The apparent catalytic effect of PhCHO is probably
due to traces of benzoic acid, which are difficult to remove.
In fact, the formation of 21 was retarded when the benzalde-
hyde was distilled immediately prior to use. However, the
presence of small amounts of benzoic acid can be consid-
ered unavoidable, since this could be formed from the well-
known autoxidation reaction of benzaldehyde (Cannizzaro
reaction), catalyzed by the basic Ni enolate complexes.
Scheme 13 shows a likely mechanism for the acid-cata-


lyzed formation of compound 21. Protonation of 19b, fol-
lowed by loss of water produces a very reactive enone, acti-
vated by coordination to the metal center. This intermediate
readily undergoes the addition of a second molecule of 19b.
The species formed is sterically crowded and readily elimi-
nates PhCHO (in the form of PhC(OH)H+), to give the
final product. Our observation that related nickel enolates
react with a,b-unsaturated ketones gives some support to
this mechanistic proposal.[8a]


One final comment which is
worthy of note concerns the re-
activity of the enolate tauto-
mers 8a and 9 (Scheme 3a) to-
wards aldehydes. Only the O-
bound structure 8a exhibits the
enolate reactivity presented in
Scheme 11 and 12. Thus when
an approximate 2:1 mixture of
8a/9 is treated at room temper-
ature with either MeC(O)H or
PhC(O)H, 31P{1H} NMR moni-
toring reveals consumption of
8a, while 9 remains unaltered
(20 8C, 24 h). Hence under
these conditions only the O-
enolate is sufficiently nucleo-
philic to add to aldehydes.


Conclusion


Cyclic palladium enolates stabilized by either PMe3 or
iPr2PCH2CH2PiPr2 (dippe) auxiliary ligands can be prepared
following a conventional organometallic synthetic methodol-
ogy. Only the C-enolate isomers are observed. Isolation of
analogous nickel enolates has only been possible when the
chelating diphosphine dippe is employed. The failure to
obtain nickel enolates containing monodentate phosphine li-
gands could be due to the formation of binuclear oxygen-
bridged species by means of phosphine dissociation. This
would facilitate an intramolecular aldol condensation, ulti-
mately leading to compound 5.
While C-coordination is favored for the Pd enolate com-


plex, O-coordination is preferred by the nickel complexes.
Nonetheless for compound 8a, which features primary alkyl
coordination in the C-bound form (compound 9, see Sche-
me 3a), equilibrium mixtures of the two tautomers may be
generated. Still, the O-enolate predominates. DFT calcula-
tions suggest that the tautomeric exchange is hindered by


Scheme 12.


Scheme 13.
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the incorporation of the enolate functionality into a rigid
metallacyclic fragment. The parent O-enolate complex 8a
reacts with enolizable and non-enolizable aldehydes, giving
products that retain the enolate functionality. Interestingly,
the C-enolate tautomer 9 does not react with aldehydes, il-
lustrating the relationship between coordination mode and
reactivity in this class of compounds.


Experimental Section


Microanalyses were performed by the Analytical Service of the Instituto
de Investigaciones QuAmicas. The spectroscopic instruments used were
Bruker Model Vector 22 for IR spectra, and Bruker DPX-300, DRX-400
and DRX-500 for NMR spectroscopy. The 13C resonance of the solvent
was used as an internal standard, but chemical shifts are reported with re-
spect to SiMe4. The


13C{lH} NMR assignments were helped in most cases
with the use of gate-decoupling techniques. 31P{lH} NMR shifts are refer-
enced to external 85% H3PO4. All preparations and other operations
were carried out under oxygen-free nitrogen by conventional Schlenck
techniques. Solvents were dried and degassed before use. The petroleum
ether used had a b.p. of 40–60 8C. The compound [Ni(h3-C3H5)Cl(PMe3)2]
was prepared by oxidative addition of allyl chloride to [Ni(cod)2] in the
presence of PMe3. The Grignard reagents Mg(R)Cl (R=Et, iPr) and the
sodium salts NaArO (Ar=2,4-dimethylphenoxide and 2,6-dimethylphen-
oxide) were prepared following the conventional methodologies. The li-
gands PMe3 and iPr2PCH2CH2iPr2 (dippe), the acid [H(OEt2)][BAr’4]
(BAr’4=B[3,5-C6H3-(CF3)2]4) and its salt NaBAr’4,


[21] and the complexes
[Ni(cod)2],


[22] [Pd(h2-CH2=CH�CO2Me)(PMe3)2]
[11] and [Pd(h3-


C3H5)Cl]2
[23] were prepared according to literature methods. The nickel


compounds [Ni(CH2Ph)Cl(PMe3)2]
[24] and [Ni(C(Ph)=CH�CO�CH3)Cl-


(PMe3)2]
[12] were previously prepared in our laboratories.


Synthesis of [Pd(C6H4-o-C(O)CH3)Br(PMe3)2] (1): 2’-Bromoacetophe-
none (0.27 mL, 2 mmol) was added to a solution of [Pd(h2-CH2=CH�
CO2Me)(PMe3)2] (340 mg, 1 mmol) in Et2O (40 mL). The mixture was
stirred and heated to 50 8C for 14 h. The solution was evaporated under
vacuum and the residue extracted with CH2Cl2 (30 mL). After partial
evaporation of the solvent and cooling at �20 8C, complex 1 was isolated
as white crystals in 65% yield. 1H NMR (C6D6, 20 8C): d=0.92 (t, *JHP=


3.6 Hz, 18H; P(CH3)3), 2.41 (s, 3H; CH3), 6.84 (t, 3JHH=7.4 Hz, 1H;
CHar), 6.97 (t,


3JHH=7.3 Hz, 1H; CHar), 7.50 (d,
3JHH=7.7 Hz, 1H; CHar),


7.63 ppm (d, 3JHH=7.5 Hz, 1H; CHar);
31P{1H} NMR (C6D6, 20 8C): d=


�18.4 ppm (s); 13C{1H} NMR (C6D6, 20 8C): d=13.9 (t, 1JCP=15 Hz; P-
(CH3)3), 28.1 (s, CH3), 122.2 (s, CHar), 129.9 (s, CHar), 130.3 (s, CHar),
136.8 (m, CHar), 143.5 (s, Car�C=O), 162.0 (t, 2JCP=6 Hz; Car�Pd),
200.0 ppm (s, C=O); IR (Nujol): ñ=1665 cm�1 (C=O); elemental analysis
calcd (%) for C14H25BrP2OPd: C 36.7, H 5.5; found: C 36.4, H 5.6.


Synthesis of [Pd(CH2C(O)-o-C6H4)(PMe3)2] (2): KtBuO (123 mg,
1.1 mmol) was added to a cold solution (�80 8C) of 1 (457 mg, 1 mmol)
in THF (40 mL). The mixture was stirred at room temperature for 1 h
and then taken to dryness. The residue was extracted with CH2Cl2
(25 mL) and the resulting solution was centrifuged. After concentration,
addition of some Et2O and cooling to �20 8C, enolate 2 was obtained as
colourless crystals. Yield: 75%; 1H NMR (C6D6, 20 8C): d=0.75 (d, 2JHP=


7.3 Hz 9H; P(CH3)3), 0.88 (d, 2JHP=7.3 Hz, 9H; CH3), 2.26 (t, 2JHH=


7.6 Hz, 2H; CH2), 7.20 (m, 2H; CHar), 7.71 (m, 1H; CHar), 8.20 ppm (m,
1H; CHar);


31P{1H} NMR (C6D6, 20 8C): d=�23.1 (A, AX spin system),
�23.9 ppm (X, AX spin system; JAX=30 Hz); 13C{1H} NMR (C6D6,
20 8C): d=16.1 (d, 1JCP=22 Hz; P(CH3)3), 17.5 (d, 1JCP=21 Hz; P(CH3)3),
52.1 (dd, 2JCP=71, 9 Hz; CH2), 124.1 (s, CHar), 124.6 (d, JCP=4 Hz;
CHar), 126.7 (d, JCP=9 Hz; CHar), 136.4 (m, CHar), 149.0 (s, Car�C=O),
164.1 (dd, 2JCP=125, 9 Hz; Car�Pd), 202.9 ppm (t, 3JCP=8 Hz; C=O). IR
(Nujol): ñ=1630 cm�l (C=O); elemental analysis calcd (%) for
C14H24P2OPd: C 44.6, H 6.4; found: C 44.5, H 6.2.


Synthesis of [Ni(C6H4-o-C(O)CH3)X(PMe3)2] (X=Cl, 3; X=Br, 4): A
suspension of [Ni(cod)2] (275 mg, 1 mmol) in toluene (50 mL) was cooled


at �80 8C and a solution of PMe3 in toluene (1m, 2 mL, 2 mmol) was
added. The mixture was warmed to room temperature, stirred for 15 min,
and then cooled to �80 8C. 2’-Chloroacetophenone (0.13 mL, 1 mmol)
was then added, and the mixture was stirred at RT for 24 h and then
evaporated under reduced pressure. The residue was extracted with Et2O
(40 mL) and filtered. The solution was concentrated and cooled to
�20 8C furnishing compound 3 as orange crystals in 85% yield. 1H NMR
(C6D6, 20 8C): d=0.76 (t, *JHP=3.5 Hz, 18H; P(CH3)3), 2.38 (s, 3H; CH3),
6.71 (pseudo-t, J=7.5 Hz, 1H; CHar), 6.88 (pseudo-t, J=7.5 Hz, 1H;
CHar), 7.41 (d, 3JHH=7.6 Hz, 1H; CHar), 7.76 ppm (d, 3JHH=7.4 Hz, 1H;
CHar);


31P{1H} NMR (C6D6, 20 8C): d=�16.2 ppm (s); 13C{1H} NMR
(C6D6, 20 8C): d=12.7 (t, 1JCP=13 Hz; CH3), 26.3 (s, CH3), 120.8 (s,
CHar), 128.7 (s, CHar), 130.4 (s, CHar), 136.9 (t, 5JCP=4 Hz; CHar), 142.8
(s, Car�C=O), 171.8 (t, 2JCP=35 Hz; Car�Ni), 199.1 ppm (s, C=O); IR
(Nujol): ñ=1635 cm�l (C=O); elemental analysis calcd (%) for
C14H25ClP2ONi: C 46.0, H 6.9; found: C 45.6, H 7.3.


The bromide derivative 4 was similarly prepared, although in this case
the oxidative addition of the 2’-bromoacetophenone to [Ni(cod)(PMe3)2]
requires only 3 h. Yield: 80%; 1H NMR (C6D6, 20 8C): d=0.81 (t, *JHP=


3.8 Hz, 18H; P(CH3)3), 2.35 (s, 3H; CH3), 6.70 (t, 3JHH=7.4 Hz, 1H;
CHar), 6.88 (t,


3JHH=7.2 Hz, 1H; CHar), 7.40 (d,
3JHH=7.7 Hz, 1H; CHar),


7.74 ppm (d,; 3JHH=7.5 Hz, 1H; CHar);
31P{1H} NMR (C6D6, 20 8C): d=


�16.4 ppm (s); 13C{1H} NMR (C6D6, 20 8C): d=13.6 (t, 1JCP=14 Hz; P-
(CH3)3), 26.4 (s, CH3), 121.0 (s, CHar), 129.0 (s, CHar), 130.7 (s, CHar),
136.5 (t, 5JCP=4 Hz; CHar), 142.8 (s, Car�C=O), 173.7 (t, 2JCP=35 Hz;
Car�Ni), 199.3 (s, C=O); IR (Nujol): ñ=1635 cm�l (C=O); elemental
analysis calcd (%) for C14H25BrP2ONi: C 41.0, H 6.2, found: C 41.4, H
5.8.


Synthesis of compound 5 : KtBuO (112 mg, 1 mmol) was added to a solu-
tion of 4 (410 mg, 1 mmol) in THF (50 mL) at �80 8C. After stirring the
mixture at room temperature for 4 h, the solvent was removed in
vacuum. The resulting yellow solid was extracted with CH2Cl2 (20 mL)
and the suspension was centrifuged to separate the KCl and partially
concentrated. After addition of some petroleum ether and cooling at
�20 8C, compound 5 was obtained as a yellow powder. Yield: 55%;
1H NMR (C6D6, 20 8C): d=�5.46 (s, 1H; OH), 0.53 (s, 3H; CH3), 0.93
(d, 2JHP=10.0 Hz, 9H; P(CH3)3), 1.27 (d, 2JHP=9.3 Hz, 9H; P(CH3)3),
3.00 (d, 2JHH=18.1 Hz, 1H; CH2), 4.85 (d, 2JHH=18.1 Hz, 1H; CH2), 6.37
(dm, 3JHH=7.5 Hz, 1H; CHar), 6.42 (d, 3JHH=7.6 Hz, 1H; CHar), 6.62
(tm, 3JHH=7.4 Hz, 1H; CHar), 6.79 (tm, 3JHH=7.4 Hz, 1H; CHar), 6.87
(tm, 3JHH=7.2 Hz, 1H; CHar), 6.92 (tm, 3JHH=7.3 Hz, 1H; CHar), 7.07
(dm, 3JHH=7.4 Hz, 1H; CHar), 7.67 ppm (d, 3JHH=7.6 Hz, 1H; CHar);
31P{1H} NMR (C6D6, 20 8C): d=�10.7 (s, PMe3), �5.9 ppm (s, PMe3);
13C{1H} NMR (C6D6, 20 8C): d=13.4 (d, 1JCP=30 Hz; P(CH3)3), 14.3 (d,
1JCP=28 Hz; P(CH3)3), 26.6 (s, CH3), 63.9 (s, CH2), 82.6 (s, C-O), 121.3 (s,
CHar), 123.0 (s, CHar), 123.5 (s, CHar), 124.4 (s, CHar), 125.7 (s, CHar),
126.7 (s, CHar), 137.3 (s, CHar), 138.4 (d, JCP=9 Hz; CHar), 141.7 (d,
2JCP=33 Hz; Car�Ni), 148.2 (d, 2JCP=45 Hz, Car�Ni), 149.5 (s, Car�C�O),
168.3 (s, Car�C=O), 206.9 ppm (s, C=O); IR (Nujol): ñ=3300 (OH),
1655 cm�l (C=O); elemental analysis calcd (%) for C22H32P2O3Ni: C 50.4,
H 6.2; found: C 50.6, H 6.0.


Synthesis of [Ni(C6H4-o-C(O)CH3)Br(dppe)]: The ligand dppe (398 mg,
1 mmol) was added to a suspension of [Ni(cod)2] (275 mg, 1 mmol) in tol-
uene (50 mL) at �78 8C. The mixture was allowed to warm to room tem-
perature and stirred for 15 min, cooled to �80 8C and 2’-bromoacetophe-
none (0.14 mL, 1 mmol) was added. The resulting solution was then stir-
red at RT for 1.5 h, during which time the initial yellow colour due to
[Ni(cod)(PMe3)2] turned red-brown. The solvent was evaporated under
vacuum and the residue extracted with of toluene (80 mL). After partial
concentration of the solution and cooling to �30 8C, the product was iso-
lated as an orange solid. Yield: 85%; 1H NMR (C6D6, 20 8C): d=2.10 (s,
3H; CH3), 2.14–2.34 (m, 4H; CHH), 6.73 (t, 3JHH=7.4 Hz, 1H; CHar),
6.93 (t, 3JHH=7.0 Hz, 1H; CHar), 7.14–7.64 (m, 20H; CHar), 7.76 (d,
3JHH=6.4 Hz, 1H; CHar), 8.02 ppm (m, 1H; CHar);


31P{1H} NMR (C6D6,
20 8C): d=41.8 (A, AX spin system), 54.3 ppm (X, AX spin system; JAX=


34 Hz); 13C{1H} NMR (C6D6, 20 8C): d=25.2 (dd, 1JCP=26 Hz, 2JCP=
14 Hz; CH2), 26.2 (s, CH3), 30.6 (dd, 1JCP=27 Hz, 2JCP=23 Hz; CH2),
121.9 (s, CHar), 128.4–134.2 (m, CHar), 129.9 (d, JCP=5 Hz; CHar), 130.7
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(s, CHar), 139.2 (s, CHar), 143.8 (s, Car�C=O), 174.7 (dd, 2JCP=85, 36 Hz;
Car�Ni), 205.9 ppm (d, 4JCP=6 Hz, C=O); IR (Nujol): ñ=1640 cm�l (C=
O); elemental analysis calcd (%) for C44H37BrP2ONi: C 67.6, H 4.8;
found: C 67.9, H 5.0.


Synthesis of [Ni(C6H4-o-C(O)CH3)Br(PPh3)2]: This complex was pre-
pared by a analogous route to that employed for the related dppe com-
plex, although it was extracted with CH2Cl2 and crystallized from a
CH2Cl2/Et2O mixture. Yield: 85%. 1H NMR (C6D6, 20 8C): d=1.94 (s,
3H; CH3), 6.41 (t, 3JHH=7.4 Hz, 1H; CHar), 6.52 (t, 3JHH=7.5 Hz, 1H;
CHar), 6.66 (d, 3JHH=6.9 Hz, 1H; CHar), 7.73 (m, 1H; CHar), 6.78–
7.70 ppm (m, 30H; CHar);


31P{1H} NMR (C6D6, 20 8C): d=25.9 ppm (s);
13C{1H} NMR (C6D6, 20 8C): d=25.9 (s, CH3), 121.5 (s, CHar), 125.6–132.4
(m, CHar), 129.1 (s, CHar), 132.7 (s, CHar), 136.9 (s, CHar), 143.5 (s, Car�
C=O), 168.6 (m, Car�Ni), 200.6 ppm (m, C=O);. IR (Nujol): ñ=1640 cm�l


(C=O); elemental analysis calcd (%) for C34H31BrP2ONi: C 62.2, H 4.8;
found: C 62.6, H 5.2.


Synthesis of [Ni(C6H4-o-C(O)CHR1R2)Cl(dippe)] (R1=R2=H, 6a; R1=


H, R2=Me, 6b; R1=R2=Me, 6c): The compounds 6b and 6c were pre-
pared from 2-chloropropiophenone and 2-chloroisobutirophenone. These
precursors were previously synthesized by treating 2-chlorobenzonitrile
with Mg(Br)Et or Mg(Br)iPr followed by acid hydrolysis with H2SO4. 2-
Chloropropiophenone: 79% yield; 1H NMR (C6D6, 20 8C): d=1.18 (t,
3JHH=7.3 Hz, 3H; CH3), 2.93 (q, 2H; CH2), 7.29, 7.35, 7.39, 7.42 ppm (m,
1H; CHarom). 2-Chloroisobutirophenone: 43% yield; 1H NMR (C6D6,
20 8C): d=1.03 (d, 3JHH=7.3 Hz, 3H; CH3), 3.03 (sept, 1H; CH); 6.98
(m, 1H; CHarom), 6.98 (m, 2H; CHarom), 7.14 ppm (m, 1H; CHarom).


A suspension of [Ni(cod)2] (275 mg, lmmol) in toluene (40 mL) was
cooled at �80 8C, and treated with dippe (0.31 mL, 1 mmol). The mixture
was warmed to RT, stirred for 15 min and then 2’-chloroacetophenone
(0.13 mL, 1 mmol) was added. The mixture was stirred at 45 8C for 3 d,
after which time the solvent was removed in vacuo. The resulting orange
solid was extracted with CH2Cl2 (30 mL) and this solution was filtered.
The volume was reduced and cooled to �30 8C to provide complex 6a as
orange crystals. Yield: 75%; 1H NMR (C6D6, 20 8C): d=0.87 (dd, 3JHP=


13.7 Hz, 3JHH=6.9 Hz, 12H; CH3), 1.21 (dd, 3JHP=12.4 Hz, 3JHH=7.1 Hz,
6H; CH3), 1.33 (dd,


3JHP=15.2 Hz, 3JHH=7.1 Hz, 6H; CH3), 1.46 (m, 2H;
CH2), 1.64 (m, 2H; CH2), 2.01 (m, 2H; CH), 2.29 (m, 2H; CH), 2.53 (s,
3H; CH3), 6.80 (tm, 3JHH=7.4 Hz, 1H; CHar), 6.97 (tm, 3JHH=7.3 Hz,
1H; CHar), 7.49 (t, 3JHH� 3JHP=6.3 Hz, 1H; CHar), 7.56 ppm (dm, 3JHH=


7.7 Hz, 1H; CHar);
31P{1H} NMR (C6D6, 20 8C): d=65.9 (A, AX spin


system), 71.9 ppm (X, AX spin system; JAX=32 Hz); 13C{1H} NMR
(C6D6, 20 8C): d=17.2 (s, CH3), 17.5 (dd, 1JCP=20 Hz, 2JCP=12 Hz; CH2),
18.1 (s, CH3), 19.4 (s, CH3), 23.4 (t, JCP=23 Hz; CH2), 24.0 (d, 1JCP=
17 Hz; CH), 24.5 (d, 1JCP=22 Hz; CH), 27.2 (s, CH3), 121.9 (s, CHar),
130.0 (d, JCP=6 Hz; CHar), 130.7 (s, CHar), 138.3 (s, CHar), 146.1 (s, C�C=
O), 173.7 (dd, 2JCP=82, 37 Hz; Car�Ni), 203.2 ppm (d, 4JCP=4 Hz; C=O);
IR (Nujol): ñ=1630 cm�l (C=O); elemental analysis calcd (%) for
C22H39ClP2ONi: C 55.6, H 8.3; found: C 55.4, H 8.3.


Compounds 6b and 6c were prepared according to the same procedure,
although in both cases the oxidative addition only requires 24 h. Both
products are crystallized from THF in 80% (6b) and 65% (6c) yields.


[Ni(C6H4-o-C(O)CH2CH3)Cl(dippe)] (6b): 1H NMR (C6D6, 20 8C): d=


0.98 (dd, 3JHP=13.7 Hz, 3JHH=7.0 Hz, 12H; CH3), 1.29 (t,; 3JHH=7.3 Hz,
3H CH3), 1.35 (dd, 3JHP=12.5 Hz, 3JHH=7.1 Hz, 6H; CH3), 1.46 (dd,
3JHP=15.3 Hz, 3JHH=7.2 Hz, 6H; CH3), 1.50 (m, 2H; CH2), 1.78 (m, 2H;
CH2), 2.15 (m, 2H; CH), 2.43 (m, 2H; CH), 3.09 (quart, 3JHH=7.3 Hz,
2H; CH2), 6.91 (tm, 3JHH=7.3 Hz, 1H; CHar), 7.08 (tm, 3JHH=7.3 Hz,
1H; CHar), 7.58 (t, 3JHH�JHP=6.4 Hz, 1H; CHar), 7.68 ppm (dm, 3JHH=


7.7 Hz, 1H; CHar);
31P{1H} NMR (C6D6, 20 8C): d=72.8 (A, AX spin


system), 77.4 ppm (X, AX spin system; JAX=21 Hz); 13C{1H} NMR
(C6D6, 20 8C): d=8.7 (s, CH3), 17.2 (s, CH3), 17.4 (dd, 1JCP=20 Hz, 2JCP=
12 Hz; CH2), 17.9 (s, CH3), 19.3 (s, CH3), 19.4 (s, CH3), 23.6 (t, JCP=
23 Hz; CH2), 24.0 (d, 1JCP=18 Hz; CH), 24.6 (d, 1JCP=25 Hz; CH), 31.8
(s, CH2), 121.9 (s, CHar), 129.5 (m, CHar), 130.0 (d, JCP=6 Hz; CHar),
138.4 (s, CHar), 145.7 (s, Car�C=O), 173.5 (dd, 2JCP=85, 37 Hz; C�Ni),
206.2 (d, 4JCP=4 Hz; C=O); IR (Nujol): ñ=1645 cm�l (C=O); elemental
analysis calcd (%) for C23H41CIP2ONi: C 56.4, H 8.4; found: C 56.4, H
8.4.


[Ni(C6H4-o-C(O)CH(CH3)2)Cl(dippe)] (6c):
1H NMR (C6D6, 20 8C): d=


0.99 (dd, 3JHP=13.6 Hz, 3JHH=7.0 Hz, 12H; CH3), 1.28 (d, 3JHH=6.8 Hz,
6H; CH3), 1.34 (dd, 3JHP=12.5 Hz, 3JHH=7.1 Hz, 6H; CH3), 1.44 (dd,
3JHP=15.3 Hz, 3JHH=7.2 Hz, 6H; CH3), 1.49 (m, 2H; CH2), 1.78 (m, 2H;
CH2), 2.15 (m, 2H; CH), 2.43 (m, 2H; CH), 3.66 (sept, 3JHH=6.4 Hz,
1H; CH), 6.92 (tm, 3JHH=7.7 Hz, 1H; CHar), 7.08 (tm, 3JHH=7.3 Hz, 1H;
CHar), 7.58 (t, 3JHH�JHP=6.3 Hz, 1H; CHar), 7.70 ppm (dm, 3JHH=


7.8 Hz, 1H; CHar);
31P{1H} NMR (C6D6, 20 8C): d=65.6 (A, AX spin


system), 73.0 ppm (X, AX spin system, JAX=33 Hz); 13C{1H} NMR
(C6D6, 20 8C): d=17.3 (s, CH3), 17.3 (t, JCP=16 Hz; CH2), 17.9 (s, CH3),
19.3 (s, CH3), 19.8 (s, CH3), 23.6 (partially hidden dd, CH2), 23.9 (d,
1JCP=23 Hz; CH), 24.6 (d, 1JCP=22 Hz; CH), 34.7 (s, CH), 121.8 (s,
CHar), 129.7 (m, CHar), 130.0 (d, JCP=6 Hz; CHar), 138.6 (s, CHar), 144.6
(s, Car�C=O), 175.1 (dd, 2JCP=85, 36 Hz; Car�Ni), 209.8 ppm (m, C=O).
IR (Nujol): ñ=1625 cm�l (C=O); elemental analysis calcd (%) for
C24H43ClP2ONi: C 57.2, H 8.6; found: C 57.1, H 8.7.


Synthesis for the complexes [Ni{o-C6H4�C=C(HR)O}(dippe)] (R=H,
8a; R=Me, 8b): KOtBu (123 mg, 1.1 mmol) was added to a cooled
(�78 8C) solution of [Ni(C6H4-o-C(O)CH3)(Cl)(dippe)], 6a, (475 mg,
1 mmol) in anhydrous THF (80 mL) under N2. After stirring at room
temperature for 1 h, the solvent was removed in vacuo. The resulting
yellow solid was extracted with toluene (100 mL) and this solution was
centrifuged to remove the KCl. Recrystallization from THF provided
277 mg (65%) of the enolate 8a as yellow crystals. 1H NMR (C6D6,
20 8C): d=0.77 (dd, 3JHP=11.8 Hz, 3JHH=7.0 Hz, 6H; CH3), 0.94 (dd,
3JHP=13.0 Hz, 3JHH=7.1 Hz, 6H; CH3), 0.98 (m, 2H; CH2), 1.10 (m, 2H;
CH2), 1.13 (dd, 3JHP=17.4 Hz, 3JHH=7.3 Hz, 6H; CH3), 1.34 (dd, 3JHP=


15.4 Hz, 3JHH=7.2 Hz, 6H; CH3), 1.99 (m, 2H; CH2), 2.07 (m, 2H; CH),
4.62 (s, 1H; CHH), 4.79 (d, 2JHH=1.7 Hz, 1H; CHH), 7.14 (m, 2H;
CHar), 7.73 (pseudo-t, 3JHH=6.6 Hz, 1H; CHar), 7.74 ppm (m, 1H; CHar);
31P{1H} NMR (C6D6, 20 8C): d=72.3 (A, AX spin system), 78.1 ppm (X,
AX spin system, JAX=25 Hz); 13C{1H} NMR (C6D6, 20 8C): d=16.0 (dd,
1JCP=20 Hz, 2JCP=10 Hz; CH2), 18.1 (d, 2JCP=5 Hz; CH3), 18.1 (s, CH3),
19.2 (d, 2JCP=4 Hz; CH3), 21.1 (d, 2JCP=6 Hz; CH3), 22.4 (dd, 1JCP=
26 Hz, 2JCP=23 Hz; CH2), 24.0 (d, 1JCP=17 Hz; CH), 25.2 (d, 1JCP=
21 Hz; CH), 75.9 (s, CH2), 122.9 (s, CHar), 123.4 (s, CHar), 124.9 (d, JCP=
7 Hz; CHar), 137.4 (m, CHar), 156.2 (s, Car�C�O), 158.6 (dd, 2JCP=27,
87 Hz; Car�Ni), 176.1 (d, 3JCP=14 Hz; C�O); IR (Nujol): ñ=1590 cm�l


(C=C); elemental analysis calcd (%) for C22H38P2ONi: C 60.2, H 8.7;
found: C 60.0, H 8.3.


Complex 8b can be prepared according to the same methodology (yield:
65%) or, alternatively, by the following procedure: a solution of LiMe
was added (0.63 mL of 1.6m solution in hexane, 1 mmol) to a solution of
complex 10 (199 mg, 0.5 mmol) in THF (40 mL) at �78 8C. The mixture
was stirred at RT during 20 min, after which time SiMe3Cl (0.63 mL) was
added to neutralize the LiMe excess. 2’-Chlorophenylethylcetone
(0.07 mL, 0.5 mmol) and NEt3 (0.70 mL) were then added at �80 8C and
the resulting mixture was stirred at room temperature for 12 h. The sol-
vent was removed in vacuo and the residue extracted with toluene
(100 mL) and the solution centrifuged and taken to dryness. The residue
was recrystallized from THF. Yield: 65%; 1H NMR (C6D6, 20 8C): d=
0.75 (dd, 3JHP=11.8 Hz, 3JHH=7.0 Hz, 6H; CH3), 0.80 (m, 2H; CH2), 0.94
(dd, 3JHP=12.9 Hz, 3JHH=7.1 Hz, 6H; CH3), 1.05 (m, 2H; CH2), 1.14 (dd,
3JHP=17.1 Hz, 3JHH=7.3 Hz, 6H; CH3), 1.38 (dd, 3JHP=15.4 Hz, 3JHH=


7.2 Hz, 6H; CH3), 2.00 (m, 2H; CH), 2.10 (m, 2H; CH), 2.36 (d, 3JHH=


6.7 Hz, 3H; CH3), 5.27 (quart, 3JHH=6.7 Hz, 1H; =CH), 7.17 (m, 2H;
CHar), 7.37 (m, 1H; CHar), 7.73 ppm (m, 1H; CHar);


31P{1H} NMR (C6D6,
20 8C): d=65.4 (A, AX spin system), 72.5 ppm (X, AX spin system, JAX=


32 Hz); 13C{1H} NMR (C6D6, 20 8C): d=11.4 (s, CH3), 16.2 (dd, 1JCP=
20Hz, 2JCP=11 Hz; CH2), 18.1 (d, 2JCP=4 Hz; CH3), 18.2 (s, CH3), 19.2
(d, 2JCP=4 Hz; CH3), 21.1 (d, 2JCP=6 Hz; CH3), 22.4 (t, 1JCP=24.2 Hz;
CH2), 24.0 (d, 1JCP=17 Hz; CH), 25.2 (d, 1JCP=21 Hz; CH), 86.1 (s, =
CH), 121.3 (s, CHar), 123.3 (s, CHar), 123.9 (d, JCP=7 Hz; CHar), 137.5
(m, CHar), 156.5 (s, Car�C�O), 158.0 (dd, 2JCP=27, 88 Hz; Car�Ni),
169.7 ppm (d, 3JCP=13 Hz, C�O); IR (Nujol): ñ=1610 cm�l (C=C); ele-
mental analysis calcd (%) for C23H40P2ONi: C 61.0, H 8.9; found: C 60.8,
H 8.9.
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Synthesis of [Ni{o-C6H4�C=C(CH3)2O}(dippe)] (8c): KtBuO (123 mg,
1.1 mmol) was added to a solution of complex 6c (504 mg, 1 mmol) in
THF (80 mL) at �78 8C. After stirring the mixture at RT for 24 h, the sol-
vent was removed under vacuum. The yellow residue was extracted with
toluene (100 mL) and the resulting solution was centrifuged to separate
the KCl. The solution was evaporated and the residue recrystallized from
THF providing the enolate 8c as yellow crystals in 65% yield. 1H NMR
(C6D6, 20 8C): d=0.76 (dd, 3JHP=11.8 Hz, 3JHH=7.0 Hz, 6H; CH3), 0.80
(m, 2H; CH2), 0.92 (dd, 3JHP=12.7 Hz, 3JHH=7.1 Hz, 6H; CH3), 1.09 (m,
2H; CH2), 1.14 (dd, 3JHP=17.0 Hz, 3JHH=7.3 Hz, 6H; CH3), 1.39 (dd,
3JHP=15.6 Hz, 3JHH=7.2 Hz, 6H; CH3), 1.98 (m, 2H; CH), 2.11 (m, 2H;
CH), 2.40 (s, 3H; CH3), 2.42 (s, 3H; CH3), 7.14 (m, 1H; CHar), 7.23 (t,
3JHH=7.5 Hz, 1H; CHar), 7.43 (t, 3JHH=7.0 Hz, 1H; CHar), 7.93 ppm (d,
3JHH=7.9 Hz, 1H; CHar);


31P{1H} NMR (C6D6, 20 8C): d=72.4 (A, AX
spin system), 72.7 ppm (X, AX spin system, JAX=19 Hz); 13C{1H} NMR
(CD2Cl2, 20 8C): d=16.7 (dd, 1JCP=20 Hz, 2JCP=10 Hz; CH2), 18.8 (d,
2JCP=5 Hz, 4C; CH3), 19.8 (d, 2JCP=5 Hz; CH3), 20.7 (s, CH3), 21.1 (s,
CH3), 21.8 (d, 2JCP=6 Hz; CH3), 23.0 (dd, 1JCP=26 Hz, 2JCP=22 Hz, 1C;
CH2), 24.5 (d, 1JCP=17 Hz; CH), 25.9 (d, 1JCP=21 Hz; CH), 97.7 (s, =C),
122.6 (s, CHar), 123.1 (d, JCP=6 Hz; CHar), 124.0 (s, CHar), 138.2 (m,
CHar), 155.0 (s, Car�C�O), 160.5 (dd, 2JCP=87, 25 Hz; Car�Ni), 162.9 ppm
(d, 3JCP=14 Hz; C�O); IR (Nujol): ñ=1595 cm�l (C=C); elemental anal-
ysis calcd (%) for C24H42P2ONi: C 61.7, H 9.1; found: C 62.0, H 8.9.


Synthesis of [Ni(h3-C3H5)Cl(dippe)] (10): A solution of the complex [Ni-
(h3-C3H5)Cl(PMe3)2] (278 mg, 1 mmol) in Et2O (40 mL) was cooled to
�80 8C and treated with dippe (0.31 mL, 1 mmol). After the solution was
warmed to room temperature, it was pumped to dryness and the remain-
ing solid was dissolved in Et2O (50 mL) and filtered. Its concentration
and cooling to �20 8C produced orange crystals in quantitative yield.
lH NMR (CD2Cl2, 20 8C): d=1.14 (br s, 14H; CH3, CH2), 1.26 (br s, 12H;
CH3, CH2), 2.05 (br s, 2H; CH), 2.37 (br s, 1H; CH), 2.70 (d, 2JHH=


8.2 Hz, 2H; CHH), 4.37 (br s, 2H; CHH), 5.05 ppm (q, 3JHH=10.8 Hz,
1H; CH); 31P{1H} NMR (C6D6, 20 8C): d=81.6 ppm (s); 13C{1H} NMR
(CD2Cl2, 20 8C): d=18.9 (s, CH3), 19.6 (m, CH3), 21.9 (m, CH2), 26.5 (d,
1JCP=25 Hz; CH), 63.4 (d, 2JCP=13 Hz; CH2), 113.5 ppm (s, CH).


Synthesis of [Ni(C(Ph)=CH�CO�Me)Cl(dippe)] (11): A solution of the
complex [Ni(C(Ph)=CH�CO�Me)Cl(PMe3)2], (392 mg, 1 mmol) in Et2O
(50 mL), cooled to �80 8C, was treated with dippe (0.31 mL, 1 mmol).
After the solution was warmed to room temperature, it was pumped to
dryness and the remaining solid was dissolved in Et2O (50 mL). The sol-
vent was again evaporated to remove the PMe3. The extraction with tolu-
ene (60 mL), filtration, partial concentration and addition of some Et2O,
furnished the desired complex as an orange solid. Yield: 70%; 1H NMR
(C6D6, 20 8C): d=0.41 (dd, 3JHP=11.3 Hz, 3JHH=7.0 Hz, 3H; CH3), 0.82
(m, 6H; CH3), 0.86 (m, 2H; CH2), 0.95 (dd, 3JHP=16.6 Hz, 3JHH=7.2 Hz,
3H; CH3), 1.09 (dd,


3JHP=15.8 Hz, 3JHH=7.0 Hz, 3H; CH3), 1.11 (m, 2H;
CH2), 1.49 (m, 8H; 2CH3, 2CH), 1.67 (dd, 3JHP=14.2 Hz, 3JHH=7.1 Hz,
3H; CH3), 2.00 (m, 1H; CH), 2.15 (s, 3H; CH3), 2.78 (m, 1H; CH), 6.52
(dd, 4JHP=14.8, 4.3 Hz, 1H; =CH), 7.11 (t, 3JHH=7.3 Hz, 1H; CHar), 7.20
(t, 3JHH=7.6 Hz, 2H; CHar), 8.17 (d, 3JHH=8.0 Hz, 2H; CHar);


31P{1H}
NMR (C6D6, 20 8C): d=66.4 (A, AX spin system), 73.2 ppm (X, AX spin
system, JAX=33 Hz); 13C{1H} NMR (C6D6, 20 8C): d=16.0 (d, 2JCP=7 Hz;
CH3), 16.8 (d, 2JCP=6 Hz; CH3), 17.1 (dd, 1JCP=19 Hz, 2JCP=12 Hz;
CH2), 17.6 (s, CH3), 18.0 (d, 2JCP=3 Hz; CH3), 18.5 (d, 2JCP=3 Hz; CH3),
18.6 (d, 2JCP=3 Hz; CH3), 20.1 (d, 2JCP=4 Hz; CH3), 20.2 (d, 2JCP=4 Hz;
CH3), 22.2 (d,


1JCP=22 Hz; CH), 22.5 (t, JCP=24 Hz; CH2), 23.1 (d,
1JCP=


23 Hz; CH), 25.6 (d, 1JCP=17 Hz; CH), 27.3 (d, 1JCP=23 Hz; CH), 29.7
(s, CH3), 126.6 (s, CHar), 127.5 (s, CHar), 134.1 (s, =CH), 149.7 (s, Car),
199.4 (d, 4JCP=5 Hz; C=O), 209.5 (dd, 2JCP=84, 31 Hz; =C�Ni); IR
(Nujol): ñ=1635 (C=O), 1505 cm�l (C=C); elemental analysis calcd (%)
for C24H41ClP2ONi: C 57.5, H 8.2; found: C 57.3, H 8.1.


Synthesis of [Ni{CH(Ph)=CH�C(=CH2)O}(dippe)] (12): Following the
same methodology than for 8c, the enolate 12 was prepared from com-
plex 11, although in this case, only one hour was required for the depro-
tonation. It was isolated as brown crystals after recrystallization from
Et2O. Yield: 35%; lH NMR (C6D6, 20 8C): d=0.57 (m, 6H; CH3), 0.68
(m, 2H; CH2), 0.96 (dd, 3JHP=13.0 Hz, 3JHH=7.1 Hz, 6H; CH3), 0.96 (m,
2H; CH), 0.97 (m, 2H; CH2), 1.33 (m, 12H; CH3), 2.07 (m, 2H; CH),


4.34 (t, 2JHH=1.5 Hz, 1H; CHH), 4.58 (d, 2JHH=1.1 Hz, 1H; CHH), 6.77
(dd, 4JHP=8.3, 6.1 Hz, 1H; =CH), 7.02 (t, 3JHH=7.3 Hz, 1H; CHar), 7.13
(t, 3JHH=7.3 Hz, 2H; CHar), 7.33 ppm (d, 3JHH=7.1 Hz, 2H; CHar);
31P{1H} NMR (C6D6, 20 8C): d=73.5 (A, AX spin system), 76.1 ppm (X,
AX spin system, JAX=29 Hz); 13C{1H} NMR (C6D6, 20 8C): d=15.4 (dd,
1JCP=20 Hz, 2JCP=11 Hz; CH2), 17.6 (d, 2JCP=6 Hz; CH3), 18.3 (s, CH3),
19.4 (d, 2JCP=4 Hz; CH3), 20.1 (t, JCP=23 Hz; CH2), 23.9 (d,


1JCP=22 Hz;
CH), 24.2 (d, 1JCP=17 Hz; CH), 80.4 (s, CH2), 122.8 (s, Car), 123.7 (s,
CHar), 126.4 (d, JCP=2 Hz; CHar), 127.1 (s, CHar), 146.6 (d, 3JCP=4 Hz; =
CH), 166.4 (dd, 2JCP=83, 26 Hz; =C�Ni), 178.7 ppm (dd, 3JCP=16, 2 Hz;
C�O); IR (Nujol): ñ=1600 cm�l (C=C); elemental analysis calcd (%) for
C26H40P2ONi: C 62.0, H 8.7; found: C 61.3, H 8.6.


Synthesis of [Pd(CH2C(O)-o-C6H4)(dippe)] (13): The ligand dippe
(0.31 mL, 1 mmol) was added to a cooled (�80 8C) solution of complex 2
(376 mg, 1 mmol) in THF (30 mL), and the mixture warmed slowly to
room temperature. The solvent was then evaporated and the residue ex-
tracted with toluene (30 mL) and filtered. After concentration and the
addition of some Et2O complex 13 was obtained as colourless crystals.
Yield: 90%; 1H NMR (C6D6, 20 8C): d=0.69 (m, 12H; CH3), 0.91 (m,
12H; CH3), 1.08 (m, 2H; CH2), 1.18 (m, 2H; CH2), 1.77 (m, 2H; CH),
1.92 (m, 2H; CH), 3.44 (dd, 3JHP=7.3, 6.2 Hz, 2H; CH2), 7.26 (m, 2H;
CHar), 7.88 (m, 1H; CHar), 8.32 ppm (m, 1H; CHar);


31P{1H} NMR (C6D6,
20 8C): d=68.4 (A, AX spin system), 72.9 ppm (X, AX spin system, JAX=


15 Hz); 13C{1H} NMR (C6D6, 20 8C): d=17.9 (s, CH3), 19.1 (d, 2JCP=
6 Hz; CH3), 19.8 (d, 2JCP=8 Hz; CH3), 20.0 (dd, 1JCP=39 Hz, 2JCP=
18 Hz; CH2), 24.8 (d, 1JCP=15 Hz; CH), 25.0 (d, 1JCP=12 Hz; CH), 47.0
(dd, 2JCP=66,8 Hz; CH2), 124.1 (s, CHar), 124.9 (d, JCP=4 Hz; CHar),
126.5 (d, JCP=8 Hz; CHar), 138.6 (dd, JCP=10, 5 Hz; CHar), 149.2 (s, Car�
C=O), 163.3 (dd, 2JCP=21, 8 Hz; Car�Pd), 201.7 ppm (t, 3JCP=7 Hz; C=
O); IR (Nujol): ñ=1625 cm�l (C=O); elemental analysis calcd (%) for
C22H38P2OPd: C 54.3, H 7.9; found: C 54.1, H 7.9.


Synthesis of [Pd(C6H4-o-C(O)CH3)Cl(dippe)] (14): A solution of com-
plex 13 (487 mg, 1 mmol) in THF (30 mL), cooled to �80 8C, was treated
with HCl (10 mL of a 0.1m solution in THF, 1 mmol). The mixture was
stirred at RT for 15 min, and the solvent evaporated. The resulting white
solid was extracted with CH2Cl2 and the solution centrifuged. Concentra-
tion of this solution and cooling to �20 8C furnished white crystals in
quantitative yield. 1H NMR (CD2Cl2, 20 8C): d=1.03 (dd, 3JHP=14.8 Hz,
3JHH=7.0 Hz, 12H; CH3), 1.20 (dd, 3JHP=13.4 Hz, 3JHH=7.1 Hz, 6H;
CH3), 1.34 (dd, 3JHP=16.1 Hz, 3JHH=7.2 Hz, 6H; CH3), 1.59 (m, 2H;
CH2), 1.87 (m, 2H; CH2), 2.32 (m, 2H; CH), 2.53 (m, 2H; CH), 2.53 (s,
3H; CH3), 6.94 (tm, 3JHH=7.4 Hz, 1H; CHar), 7.07 (tm, 3JHH=7.3 Hz,
1H; CHar), 7.47 (t, 3JHH�JHP=7.6 Hz, 1H; CHar), 7.63 ppm (dd, 3JHH=


7.6 Hz, JHP=1.6 Hz, 1H; CHar);
31P{1H} NMR (CD2Cl2, 20 8C): d=70.3


(A, AX spin system), 73.5 ppm (X, AX spin system, JAX=15 Hz); 13C{1H}
NMR (CD2Cl2, 20 8C): d=16.7 (s, CH3), 18.0 (s, CH3), 18.3 (dd, 1JCP=
20 Hz, 2JCP=10 Hz; CH2), 19.1 (d, 2JCP=4 Hz; CH3), 23.6 (dd, 1JCP=
26 Hz, 2JCP=22 Hz; CH2), 24.2 (d, 1JCP=18 Hz; CH), 28.9 (s, CH3), 122.4
(s, CHar), 129.7 (d, JCP=8 Hz; CHar), 130.2(d, JCP=7 Hz; CHar), 137.0 (d,
JCP=3 Hz; CHar), 146.3 (s, Car�C=O), 167.4 (d, 2JCP=135 Hz; Car�Pd),
202.2 ppm (d, 4JCP=3 Hz; C=O); IR (Nujol): ñ=1675 cm�l (C=O); no an-
alytical data available.


Synthesis of [M{C6H4-o-C(O)CH3}(dippe)]
+[BAr4]


� (M=Ni, Ar=Ph, 15;
Ar=3,5-C6H3(CF3)2, 15’; M=Pd, Ar=Ph, 16): These compounds were
prepared following the same procedure. Compound 15 : NaBPh4 (171 mg,
0.5 mmol) was added to a solution of complex 6a (238 mg, 0.5 mmol) in
THF (50 mL) cooled to �80 8C. The mixture was stirred at room temper-
ature for 1 h after which time the solvent was evaporated to dryness. The
residue was dissolved in CH2Cl2 and centrifuged. After removal of the
solvent in vacuo, the product was crystallized from a mixture of acetone/
Et2O as yellow crystals in 90% yield. 1H NMR (CD2Cl2, 20 8C): d=1.38
(m, 12H; CH3), 1.49 (m, 12H; CH3), 1.62 (m, 2H; CH2), 1.90 (m, 2H;
CH2), 2.40 (m, 2H; CH), 2.56 (m, 2H; CH), 2.65 (s, 3H; CH3), 7.30 (tm,
3JHH=7.5 Hz, 1H; CHar), 7.38 (tm, 3JHH=6.4 Hz, 1H; CHar), 7.51 (t,
3JHH� 3JHP=7.5 Hz, 1H; CHar), 7.66 ppm (dm, 3JHH=7.7 Hz, 1H; CHar);
31P{1H} NMR (CD2Cl2, 20 8C): d=75.4 (A, AX spin system), 84.4 ppm
(X, AX spin system, JAX=30 Hz); 13C{1H} NMR (CD2Cl2, 20 8C): d=16.6
(dd, 1JCP=26 Hz, 2JCP=7 Hz; CH2), 18.8 (d, 2JCP=5 Hz; CH3), 19.0 (s,
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CH3), 19.8 (d, 2JCP=3 Hz; CH3), 22.1 (d, 2JCP=4 Hz; CH3), 22.3 (dd,
1JCP=29 Hz, 2JCP=18 Hz; CH2), 24.5 (s, CH3), 24.8 (d, 1JCP=19 Hz; CH),
26.7 (d, 1JCP=24 Hz; CH), 126.6 (s, CHar), 131.9 (s, CHar), 136.7 (d, JCP=
6 Hz; CHar), 138.5 (d, JCP=3 Hz, CHar), 148.4 (s, Car�C=O), 165.9 (dd,
2JCP=77, 28 Hz; Car�Ni), 222.1 ppm (t, 3JCP=10 Hz; C=O); IR (Nujol):
ñ=1575 cm�1 (C=O); elemental analysis calcd (%) for C46H59BP2ONi: C
72.8, H 7.8; found: C 72.4, H 7.9.


The same procedure was employed for the synthesis of 15’ and 16, but
using NaBAr’4, for the former. Compound 15’ was crystallized from Et2O
and 16 from CH2Cl2/Et2O, both in approximately 80–85% yield.


[Ni(C6H4-o-C(O)CH3)(dippe)]
+[BAr’4]


� (15’): 1H NMR (CD2Cl2, 20 8C):
d=1.23 (dd, 3JHP=13.3 Hz, 3JHH=7.0 Hz, 6H; CH3), 1.23 (dd, 3JHP=


14.2 Hz, 3JHH=7.1 Hz, 6H; CH3), 1.32 (dd, 3JHP=16.4 Hz, 3JHH=7.3 Hz,
6H; CH3), 1.37 (dd,


3JHP=18.7 Hz, 3JHH=7.3 Hz, 6H; CH3), 1.67 (m, 2H;
CH2), 1.94 (m, 2H; CH2), 2.28 (m, 2H; CH), 2.46 (m, 2H; CH), 2.55 (s,
3H; CH3), 7.10 (tm, 3JHH=7.4 Hz, 1H; CHar), 7.26 (tm, 3JHH=6.4 Hz,
1H; CHar), 7.34 (t, 3JHH� 3JHP=7.5 Hz, 1H; CHar), 7.53 ppm (dm, 3JHH=


7.6 Hz, 1H; CHar);
31P{1H} NMR (CD2Cl2, 20 8C): d=75.1 (A, AX spin


system), 84.4 ppm (X, AX spin system, JAX=30 Hz); 13C{1H} NMR
(CD2Cl2, 20 8C): d=16.2 (dd, 1JCP=26 Hz, 2JCP=7 Hz; CH2), 18.3 (d,
2JCP=5 Hz; CH3), 18.5 (s, CH3), 19.5 (d, 2JCP=3 Hz; CH3), 21.8 (dd,
1JCP=29 Hz, 2JCP=18 Hz; CH2), 21.9 (d, 2JCP=4 Hz; CH3), 23.9 (s, CH3),
24.6 (d, 1JCP=19 Hz; CH), 26.6 (d, 1JCP=24 Hz; CH), 126.5 (s, CHar),
131.6 (s, CHar), 136.6 (d, JCP=6 Hz; CHar), 138.4 (s, CHar), 148.4 (s, Car�
C=O), 165.7 (dd, 2JCP=77, 28 Hz; Car�Ni), 222.5 (d, 3JCP=9 Hz; C=O);
IR (Nujol): ñ=1580 cm�l (C=O); elemental analysis calcd (%) for
C54H51BF24P2ONi: C 49.8, H 3.9; found: C 49.3, H 4.4.


[Pd(C6H4-o-C(O)CH3)(dippe)]
+[BPh4]


� (16): 1H NMR (CD2Cl2, 20 8C):
d=1.24 (m, 24H; CH3), 1.63 (m, 2H; CH2), 1.96 (m, 2H; CH2), 2.31 (m,
2H; CH), 2.47 (m, 2H; CH), 2.65 (s, 3H; CH3), 7.22 (t, 3JHH=8.1 Hz,
1H; CHar), 7.39 (m, 2H; CHar), 7.71 ppm (m, 1H; CHar);


31P{1H} NMR
(CD2Cl2, 20 8C): d=77.6 (A, AX spin system), 87.7 ppm (X, AX spin
system, JAX=20 Hz); 13C{1H} NMR (CD2Cl2, 20 8C): d=16.6 (dd, 1JCP=
24 Hz, 2JCP=6 Hz; CH2), 18.1 (d,


2JCP=3 Hz; CH3), 18.5 (s, CH3), 19.0 (d,
2JCP=4 Hz; CH3), 20.9 (d, 2JCP=3 Hz; CH3), 23.8 (dd, 1JCP=31 Hz, 2JCP=
19 Hz; CH2), 24.9 (d, 1JCP=19 Hz; CH), 25.4 (d, JCP=3 Hz; CH3), 26.1
(d, 1JCP=27 Hz; CH), 125.9 (s, CHar), 132.9 (s, CHar), 133.0 (s, CHar),
137.4 (s, CHar), 147.8 (s, Car�C=O), 173.4 (d, 2JCP=118 Hz; Car�Pd),
221.9 ppm (dd, 3JCP=8, 3 Hz; C=O); IR (Nujol): ñ=1580 cm�l (C=O); el-
emental analysis calcd (%) for C46H59BP2OPd: C 68.5, H 7.4; found: C
68.4, H 7.4.


Synthesis of [Ni(C6H4-o-C(O)CH3)(OAr)(PMe3)2] (17a and 17b):
Sodium 2,6-dimethylphenoxide (2.1 mL of a 0.48m solution in THF,
1 mmol) was added to a solution of complex 3 (365 mg, 1 mmol) in THF
(50 mL) cooled to �80 8C. The mixture was stirred for one hour at room
temperature, and the solvent was pumped off. The residue was extracted
with Et2O (30 mL) and the solution centrifuged. Reduction of the
volume and cooling to �20 8C produced yellow-green crystals of complex
17a in essentially quantitative yield. 1H NMR (C6D6, 20 8C): d=0.52 (br s,
18H; CH3), 2.38 (s, 3H; CH3), 2.72 (s, 3H; CH3), 3.36 (s, 3H; CH3), 6.82
(t, 3JHH=7.3 Hz, 1H; CHar), 6.69 (m, 2H; CHar), 7.24 (m, 2H; CHar), 7.35
(d, 3JHH=7.8 Hz, 1H; CHar), 7.82 ppm (d, 3JHH=7.5 Hz, 1H; CHar);
31P{1H} NMR (C6D6, 20 8C): d=�20.4 ppm (s); 13C{1H} NMR (C6D6,
20 8C): d=11.8 (br s, CH3), 18.6 (s, CH3), 19.1 (s, CH3), 26.4 (s, CH3),
112.4 (s, CHar), 120.7 (s, CHar), 122.5 (s, CHar), 127.9 (s, CHar), 128.6 (s,
CHar), 130.2 (s, CHar), 137.6 (s, CHar), 143.5 (s, Car�CH3), 166.3 (s, Car�
O), 167.9 (t, 2JCP=45 Hz; Car�Ni), 198.8 ppm (s, C=O); IR (Nujol): ñ=
1645 cm�l (C=O); elemental analysis calcd (%) for C22H34P2O2Ni: C 58.6,
H 7.6; found: C 58.8, H 7.4.


The related complex 17b was obtained also in quantitative yield follow-
ing the same preparation, but using 2,4-dimethylphenoxide. 1H NMR
(C6D6, 20 8C): d=0.59 (br s, 18H; CH3), 2.38 (s, 3H; CH3), 2.41 (s, 3H;
CH3), 2.53 (s, 3H; CH3), 6.70 (t, 3JHH=7.4 Hz, 1H; CHar), 6.87 (t, 3JHH=


7.5 Hz, 1H; CHar), 7.07 (br s, 1H; CHar), 7.26 (br s, 2H; CHar), 7.37 (d,
3JHH=7.7 Hz, 1H; CHar), 7.85 ppm (br s, 1H; CHar);


31P{1H} NMR (C6D6,
20 8C): d=�18.2 ppm (s); 13C{1H} NMR (C6D6, 20 8C): d=11.9 (t, 1JCP=
12 Hz CH3), 18.1 (s, CH3), 20.7 (s, CH3), 26.2 (s, CH3), 118.7 (s, CHar),
119.8 (s, Car�C=O), 120.6 (s, CHar), 127.1 (s, Car�CH3), 127.6 (s, CHar),


128.1 (s, CHar), 130.2 (s, CHar), 130.6 (s, CHar), 137.7 (s, CHar), 143.5 (s,
Car�CH3), 165.2 (s, Car�O), 170.9 (m, Car�Ni), 199.2 ppm (s, C=O); IR
(Nujol): ñ=1655 cm�l (C=O); elemental analysis calcd (%) for
C22H34P2O2Ni: C 58.6, H 7.6; found: C 58.2, H 7.5.


Synthesis of O=C[C6H4-o-C(=CR
1R2)O] (R1=R2=H, 18a; R1=H, R2=


Me, 18b; R1=R2=Me, 18c): CO was bubbled for 5 min at room temper-
ature through a solution of complex 8a (100 mg, 0.1 mmol) in THF
(15 mL). After this time the initial orange solution turned pale yellow.
The solvent was evaporated under vacuum and the oily residue was ex-
tracted with petroleum ether (30 mL) and filtered. Compound 18a was
separated from the complex [Ni(dippe)(CO)2] by spinning band chroma-
tography, with petroleum ether as eluent. Yield: 60%; 1H NMR (C6D6,
20 8C): d=4.61 (d, 2JHH=2.8 Hz, 1H;=CHH), 4.82 (d, 2JHH=2.8 Hz, 1H;
=CHH), 6.80 (t, 3JHH=6.7 Hz, 1H; CHar), 6.91 (m, 2H; CHar), 7.48 ppm
(d, 3JHH=8.2 Hz, 1H; CHar);


13C{1H} NMR (C6D6, 20 8C): d=90.0 (s,
CH2), 120.1 (s, CHar), 124.8 (s, CHar), 125.2 (s, Car�C=O), 129.9 (s, CHar),
133.6 (s, CHar), 138.7 (s, Car�C�O), 151.9 (s, C�O), 165.9 ppm (s, C=O);
IR (Nujol): ñ=1770 (C=O), 1660 cm�l (C=C); HREIMS: m/z calcd for
C9H6O2: 146.0368; found: 146.0369.


Compounds 18b and 18c were prepared in the same manner. The former
was purified by spinning band chromatography using a 4:1 mixture of pe-
troleum ether/Et2O as eluent, while the latter was crystallized from pe-
troleum ether.


Compound 18b : 1H NMR (C6D6, 20 8C): d=1.67 (d, 4JHH=7.2 Hz, 3H;
CH3), 4.99 (quart, 4JHH=7.2 Hz, 1H; =CH), 6.83 (t, 3JHH=7.4 Hz, 1H;
CHar), 6.98 (m, 2H; CHar), 7.56 ppm (d, 3JHH=7.7 Hz, 1H; CHar);


13C{1H}
NMR (C6D6, 20 8C): d=10.8 (s, CH3), 102.9 (s, =CH), 119.1 ( s, CHar),
124.6 (s, Car�C=O), 124.8 (s, CHar), 128.8 (s, CHar), 133.4 (s, CHar), 139.3
(s, Car�C�O), 146.4 (s, C�O), 166.0 ppm (s, C=O); IR (Nujol): ñ=1770
(O�C=O) 1685 cm�l (C=C); HR EIMS: m/z calcd for C10H8O2: 160.0524;
found: 160.0524.


Compound 18c : 1H NMR (C6D6, 20 8C): d=1.54 (s, 3H; CH3), 1.77 (s,
3H; CH3), 6.83 (t, 3JHH=7.5 Hz, 1H; CHar), 7.02 (t, 3JHH=7.6 Hz, 1H;
CHar), 7.15 (d, 3JHH=7.5 Hz, 1H; CHar), 7.69 ppm (d, 3JHH=7.7 Hz, 1H;
CHar);


13C{1H} NMR (C6D6, 20 8C): d=17.9 (s, CH3), 19.6 (s, CH3), 117.7
(s, =C-(CH3)2), 122.2 (s, CHar), 125.2 (s, CHar), 127.8 (s, CHar), 128.2 (s,
Car�C=O), 133.2 (s, CHar), 138.5 (s, Car�C�O), 141.4 (s, C�O), 165.9 ppm
(s, C=O); IR (Nujol): ñ=1770 (O�C=O), 1695 cm�l (C=C); HR EIMS:
m/z calcd for C11H10O2: 174.0681; found: 174.0680.


Synthesis of [Ni{o-C6H4�C(=CHCHOHMe)O}(dippe)] (19a): Acetalde-
hyde in CH2Cl2 (2 mL of a 0.17m solution) was added to complex 8a
(150 mg, 0.34 mmol), which was placed in a Schlenck tube, at �78 8C.
The mixture was stirred at room temperature for 30 min, and the solvent
was evaporated under reduced pressure, to give a red solid. This solid
was washed twice with petroleum ether (2Y10 mL) and was judged pure
by 1H, 13C{1H} and 31P{1H} NMR spectroscopy. No satisfactory analytical
data could be obtained for this complex, which decomposed upon at-
tempted recrystallization, even under an inert atmosphere. 1H NMR
(C6D6, 20 8C): d=1.18 (m, 12H; CH3), 1.18 (s, 3H; CH3), 1.33 (m, 12H;
CH3), 1.45 (m, 2H; CH2), 1.75 (m, 2H; CH2), 2.21 (m, 2H; CH), 2.37 (m,
2H; CH), 4.70 (m, 1H; =CH), 4.73 (m, 1H; CH-OH), 5.77 (br s, 1H;
OH), 6.76 (t, 3JHH=7.1 Hz, 1H; CHar), 6.81 (t, 3JHH=7.3 Hz, 1H; CHar),
7.09 (d, 3JHH=7.4 Hz, 1H; CHar), 7.13 ppm (t, 3JHH ~ 3JHP ~6.6 Hz, 1H;
CHar);


31P{1H} NMR (C6D6, 20 8C): d=73.0 (A, AX spin system),
78.7 ppm (X, AX spin system, JAX=24 Hz); 13C{1H} NMR (C6D6, 20 8C):
d=16.7 (dd, 1JCP=22 Hz, 2JCP=10 Hz;, CH2), 18.6 (s, CH3), 18.7 (d,
2JCP=5 Hz; CH3), 18.8 (d, 2JCP=5 Hz; CH3), 19.0 (s, CH3), 19.6 (d, 2JCP=
4 Hz; CH3), 19.9 (d, 2JCP=5 Hz; CH3), 21.9 (d, 2JCP=6 Hz; CH3), 22.0 (d,
2JCP=6 Hz; CH3), 22.4 (dd, 1JCP=27 Hz, 2JCP=21 Hz; CH2), 24.2 (d,
1JCP=17 Hz; CH), 24.5 (s, CH3), 24.7 (d,


1JCP=17 Hz; CH), 26.0 (d, 1JCP=
23 Hz; CH), 26.1 (d, 1JCP=22 Hz; CH), 66.4 (s, CH-OH), 97.4 (s, =CH),
121.1 (s, CHar), 123.6 (s, CHar), 125.3 (d, JCP=6 Hz, CHar), 138.1 (s, CHar),
154.3 (s, Car�C�O), 158.1 (dd, 2JCP=28, 85 Hz; Car�Ni), 169.8 ppm (d,
3JCP=14 Hz; C�O); IR (Nujol): ñ=3200 (OH), 1605 cm�l (C=C).


Synthesis of [Ni{o-C6H4�C(=CHCHOHPh)O}(dippe)] (19b): Complex
8a (160 mg, 0.36 mmol) was dissolved in THF (2 mL). PhCHO (0.37 mL,
3.6 mmol) was added at room temperature. After 10 min the solvent was
removed under reduced pressure. An oily residue was obtained that was
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washed twice with petroleum ether (20 mL), and then recrystallized from
toluene/Et2O to afford 19b (112 mg, 55% yield) as yellow crystals.
1H NMR (C6D6, 20 8C): d=0.76 (m, 14H; 4CH3 and 1CH2), 1.01 (m, 2H;
CH2), 1.10 (m, 6H; CH3), 1.34 (m, 6H; CH3), 2.03 (m, 4H; CH), 5.48
(dd, 5JHP=4.9 Hz, 4JHH=1.2 Hz, 1H; =CH), 6.91 (d, 4JHH=3.4 Hz, 1H;
OH), 7.10 (m, 4H; CHar), 7.28 (m, 3H; CHar), 7.48 (d,


3JHH=7.3 Hz, 1H;
CHar), 7.93 ppm(d, 3JHH=7.9 Hz, 1H; CHar);


31P{1H} NMR (C6D6, 20 8C):
d=73.3 (A, AX spin system), 78.1 ppm (X, AX spin system, JAX=


22 Hz); 13C{1H} NMR (C6D6, 20 8C): d=15.1 (dd, 1JCP=21 Hz, 2JCP=
10 Hz; CH2), 17.9 (s, CH3), 18.0 (d,


2JCP=4 Hz; CH3), 18.1 (d,
2JCP=5 Hz;


CH3), 18.3 (s, CH3), 19.4 (d, 2JCP=5 Hz; CH3), 19.5 (d, 2JCP=5 Hz; CH3),
21.2 (s, CH3), 21.3 (s, CH3), 21.9 (dd, 1JCP=26 Hz, 2JCP=22 Hz; CH2),
23.8 (d, 1JCP=16 Hz; CH), 24.2 (d, 1JCP=16 Hz; CH), 25.2 (d, 1JCP=
22 Hz; CH), 25.4 (d, 1JCP=22 Hz; CH), 73.2 (s, CH�OH), 97.3 (s, =CH),
122.0 (s, CHar), 123.8 (s, CHar), 124.9 (d, JCP=7 Hz; CHar), 125.9 (s,
CHar), 126.8 (s, CarH), 127.9 (s, CarH), 137.4 (m, CarH), 148.5 (s, Car),
155.1 (s, Car), 157.9 (dd, 2JCP=28, 85 Hz; Car�Ni), 169.8 ppm (d, 3JCP=
14 Hz; C�O); IR (Nujol): ñ=3250 (OH), 1605 cm�l (C=C); elemental
analysis calcd (%) for C29H44P2O2Ni: C 63.9, H 8.1; found: C 64.2, H 7.8.


Synthesis of O=C-o-C6H4C(=CHCHOHR)O (R=Me, 20a; R=Ph, 20b):
CO was bubbled through a solution of 19a (100 mg, 0.18 mmol) in THF
(15 mL). After 5 min the initial light orange solution turned pale yellow.
The solvent was evaporated under vacuum and the resulting oil was ex-
tracted with petroleum ether (30 mL) and filtered. Compound 20a was
separated from the complex [Ni(dippe)(CO)2] by spinning band chroma-
tography with Et2O as eluent. Yield: 76 mg, 40%; 1H NMR (C6D6,
20 8C): d=1.26 (d, 3JHH=6.4 Hz, 3H; CH3), 3.89 (br s, 1H; OH), 4.94 (m,
1H; CH-OH), 5.35 (d, 3JHH=8.3 Hz, 1H; =CH), 6.78 (t, 3JHH=7.3 Hz,
1H; CHar), 6.90 (m, 2H; CHar), 7.53 ppm (d, 3JHH=7.5 Hz, 1H; CHar);
13C{1H} NMR (C6D6, 20 8C): d=23.7 (s, CH3), 63.04 (s, CH�OH), 112.6
(s, =CH), 120.2 (s, CHar), 125.1 (s, Car-C=O), 125.4 (s, CHar), 129.9 (s,
CHar), 134.0 (s, CHar), 139.7 (s, Car�C�O), 144.8 (s, C�O), 166.2 ppm (s,
C=O); IR (Nujol): ñ=3250 (OH), 1785 (O�C=O), 1690 cm�l (C=C); HR
EIMS: m/z calcd for C10H8O2: 190.0630; found: 190.0631.


Compound 20b was prepared in a similar way. A 3:2 mixture of Et2O/pe-
troleum ether was used as eluent. (45% yield). 1H NMR (C6D6, 20 8C):
d=4.42 (s, 1H; OH), 5.60 (d, 3JHH=9.0 Hz, 1H; =CH), 6.02 (d, 3JHH=


9.0 Hz, 1H; CHOH), 6.75 (m, 1H; CHar), 6.76 (d, 3JHH=6.9 Hz, 1H;
CHar), 6.85 (t, 3JHH=7.5 Hz, 1H; CHar), 7.06 (t, 3JHH=7.1 Hz, 1H; CHar),
7.18 (t, 3JHH=7.4 Hz, 2H; CHar), 7.50 (d, 3JHH=7.8 Hz, 1H; CHar),
7.55 ppm (d, 3JHH=7.5 Hz, 2H; CHar);


13C{1H} NMR (C6D6, 20 8C): d=
68.1 (s, CH�OH), 110.9 (s, =CH), 119.9 (s, CHar), 124.7 (s, Car�C=O),
124.9 (s, CHar), 126.0 (s, CHar), 128.0 (s, CHar), 128.4 (s, CHar), 129.4 (s,
CHar), 133.5 (s, CHar), 139.1 (s, Car�C�O), 143.5 (s, Car), 144.8 (s, C�O),
165.8 ppm (s, C=O); IR (Nujol): ñ=3330 (OH), 1785 (O�C=O),
1685 cm�l (C=C); HR EIMS: m/z calcd for C16H12O3: 252.0786; found:
252.0780.


Synthesis of binuclear complex 21


Method a : Enolate 8a (160 mg, 0.36 mmol) was disso1ved in THF
(2 mL). Freshly distilled C6H5C(O)H (0.37 mL, 3.6 mmol) was added to
this solution at �78 8C. The mixture was stirred for 48 h at room temper-
ature, after which time the solvent was removed under reduced pressure.
The residue was washed twice with petroleum ether (20 mL) and then re-
crystallized from Et2O to afford 21 as yellow crystals.


Method b : A solution of complex 19b (100 mg, 0.18 mmol) in THF
(2 mL) was stirred for 48 h to effect dimerization to 21 in quantitative
yield. 1H NMR (C6D6, 20 8C): d=�0.81 (m, 16H; 4CH3, 2CH2), 0.88 (m,
4H; CH2), 0.96 (m, 12H; CH3), 1.18 (m, 12H; CH3), 1.38 (m, 12H; CH3),
1.94 (m, 2H; CH), 2.04 (m, 6H; CH), 5.56 (d, 3JHH=6.8 Hz, 1H; CH),
5.65 (t, 3JHH=7.2 Hz, 2H; =CH), 7.05 (t, 3JHH=7.4 Hz, 1H; CHar), 7.11
(m, 4H; CHar), 7.31 (t, 3JHH=7.4 Hz, 2H; CHar), 7.37 (s, 2H; CHar), 7.65
(s, 2H; CHar), 7.92 ppm (d, 3JHH=7.5 Hz, 2H; CHar);


31P{1H} NMR
(C6D6, 20 8C): d=73.7 (A, AX spin system), 77.2 ppm (X, AX spin
system, JAX=23 Hz); 13C{1H} NMR (C6D6, 20 8C): d=15.7 (dd, 1JCP=
19 Hz, 2JCP=10 Hz; CH2), 18.1 (s, CH3), 18.2 (s, CH3), 18.7 (s, CH3), 19.6
(d, 2JCP=4 Hz; CH3), 20.2 (d, 2JCP=5 Hz; CH3), 21.3 (s, CH3), 22.8 (t,
JCP=24 Hz; CH2), 23.5 (d, 1JCP=17 Hz; CH), 24.2 (d, 1JCP=17 Hz; CH),
25.3 (d, 1JCP=21 Hz; CH), 25.4 (d, 1JCP=21 Hz; CH), 39.8 (s, CH), 100.3


(s, =CH), 121.9 (s, CHar), 122.8 (s, CHar), 123.3 (s, CHar), 123.5 (d, JCP=
7 Hz; CHar), 127.1 (s, CHar), 129.2 (s, CHar), 137.6 (s, CHar), 152.5 (s, Car),
157.4 (s, Car), 159.0 (dd, 2JCP=88, 26 Hz; Car�Ni), 167.6 ppm (d, 3JCP=
15 Hz; C�O); IR (Nujol): ñ=1595 cm�l (C=C); elemental analysis calcd
(%) for C51H80P4O2Ni2: C 63.4, H 8.3; found: C 62.9, H 8.5.


Synthesis of [O=C-o-C6H4C(=CH�)O)]2CHPh (22): This compound was
prepared by the procedure given for 18a, starting from complex 21 and
using a 3:1 mixture of petroleum ether/Et2O as eluent. Yield: 45%.
1H NMR (C6D6, 20 8C): d=5.63 (t, 3JHH=9.7 Hz, 1H; Ph-CH), 6.01 (d,
3JHH=9.7 Hz, 2H; =CH), 7.29 (t, 3JHH=7.3 Hz, 1H; CHar), 7.39 (t, 3JHH=


7.6 Hz, 2H; CHar), 7.48 (d, 3JHH=7.7 Hz, 2H; CHar), 7.58 (m, 2H; CHar),
7.74 (m, 4H; CHar), 7.91 ppm (d, 3JHH=7.6 Hz, 2H; CHar);


13C{1H} NMR
(C6D6, 20 8C): d=39.3 (s, Ph�CH), 108.5 (s, =CH), 120.4 (s, CHar), 125.0
(s, Car�C=O), 125.6 (s, CHar), 127.4 (s, CHar), 127.9 (s, CHar), 129.3 (s,
CHar), 130.4 (s, CHar), 134.8 (s, CHar), 139.7 (s, Car), 142.1 (s, Car�C�O),
146.2 (s, =C�O), 166.7 ppm (s, C=O); IR (Nujol): ñ=1775 (O�C=O),
1695 cm�1 (C=C); HREIMS: m/z calcd for C25H16O4: 380.1049; found:
380.1045.


Computational details : All calculations were performed using the pack-
age Spartan Pro.[25] Initial guess of the molecular geometry was obtained
with the semiempirical PM3 method, and the resulting structures were
fully optimized without restrictions with DFT methods, using the BP86
functional and the numerical basis set DN*, which includes d-type polari-
zation functions for all non-hydrogen atoms. The gradient correction was
included in a perturbative manner only after convergence on a local po-
tential was achieved (pBP method). The geometry of the minima and
saddle-points of the potential surface were checked with a frequency cal-
culation, only for the more simple models with H substituents on the
phosphine ligand. For the calculation of the geometry of “real” molecules
containing isopropyl substituents, a guess model of the molecular geome-
try was built starting from result of a previous calculation on the simpli-
fied molecules, and those were subjected to a molecular mechanics con-
formational analysis (MMFF, Merck Molecular Force Field), while main-
taining fixed the positions of the core atoms. The geometries of the five
most stable conformers were subjected to full optimization without re-
straints by using the DFT method, and the lower computed energies
were used in the thermochemical and activation barrier calculations.


X-ray structure determination of 8b and 15 : A summary of the funda-
mental crystal and refinement data are given in Table 1 in the Supporting
Information. CCDC-273534 (8b) and CCDC 273533 (15) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Compound 8b : The intensity data of compounds 8b were collected at
173 K on a ENRAF Nonius CAD4 single-crystal diffractometer equip-
ped with a fine-focus sealed tube graphite monochromated radiation
source (radiation type CuKa, l=1.54180 V), using a q/2q scan method. To
determine the cell parameters 24 reflections between 24 and 358 were
used; one standard reflection every 100 counts was measured to monitor
crystal decay.


The structure was solved by Fourier methods and refined by full-matrix
least-squares procedures (based on F2


o)
[26] with anisotropic thermal pa-


rameters in the last cycles of refinement for all the non-hydrogen atoms.
The data were corrected empirically[27] by absorption effect. The hydro-
gen atoms were introduced into the geometrically calculated positions
and refined riding on the corresponding parent atoms. In the final cycles
of refinement a weighting scheme, w=1/[s2F2


o+ (0.0891P)2+4.4001P], in
which P= (F2


o+2F2
c)/3, was used.


Compound 15 : A crystal with well-defined faces was coated with a poly-
fluoroether oil coated and cooled at 173 K. It was mounted on a Bruck-
er-Siemens Smart CCD diffractometer equipped with a normal focus,
2.4 kW sealed tube X-ray source (MoKa radiation, l=0.71073 V) operat-
ing at 50 kV and 20 mA. Data were collected by a combination of two
frame sets covering more than a hemisphere of the reciprocal space. The
cell parameters were determined and refined by a least-squares fit of all
reflection collected. Each frame exposure time was of 20 s covering 0.38
in w. The crystal to detector distance was 5.02 cm. Coverage of the
unique set was over 94% complete to at least 308 in q. The first 50
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frames were recollected at the end of the data collection to monitor crys-
tal decay. A multiscan absorption correction (SADABS[26]) was applied.
The structure was solved by Multan and Fourier methods using
SHELXS.[26] Full-matrix least-square refinement was carried out using
SHELXTL[26] minimizing w(F2


o�F2
c)


2. Weighted R factors (Rw) and all
goodness-of-fit (S) values are based on F2, conventional R factors (R) are
based on F.
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Introduction


Application of specific recognition processes to the control-
led aggregation of synthetic macromolecules, such as poly-
mers[1] and dendrimers,[2] is a versatile strategy due to the
precise “lock-and-key” control over molecular-level interac-
tions,[3] as well as the inherent reversibility and self-healing
properties of the resulting supramolecular materials. The
noncovalent interactions that define the self-assembly pro-
cess are responsible for the highly ordered, diverse systems
found in nature; providing inspiration for the creation of
new self-assembled structures.[4]


Vesicles or liposomes are versatile supramolecular sys-
tems with unusual stability and great potential as functional
materials. The closed bilayer structure inherent within vesic-
ular systems provides an effective barrier between the fluid
internal medium and the external bulk environment, while


still allowing selective transport across the membrane and
opening a variety of applications. As such, these systems
have generated much interest for their broad utility in fields
as diverse as drug delivery,[5] encapsulation of active
agents,[6] microreactivity,[7] and biomodels.[8] Significant ad-
vances in synthetic polymer chemistry have allowed for the
advent of highly analogous vesicular architectures composed
of well-defined amphiphilic polymers, that is, polymer vesi-
cles (referred to as “polymersomes”)[9] and peptide–polymer
conjugates, called “peptosomes”.[10] In recent years, numer-
ous researchers have contributed to this growing field with a
variety of polymers.[11] Notably, Discher and co-workers,
who coined the term polymersome,[12] originally constructed
polymersomes from diblock copolymers of polyethylene-
glycol–polyethylethylene[13] and polyethyleneglycol–poly-
butadiene[14] (the former employed to allow membrane
crosslinking) and demonstrated the resulting polymersomes
to be nearly an order of magnitude stronger owing to the
larger membrane thickness (~8 nm) relative to liposomes
(~3–4 nm). Additionally, Eisenberg and co-workers have in-
vested considerable effort to demonstrate the thermody-
namics of formation,[15] stabilization,[16] and size control;[17]


the kinetics of fusion;[18] and other vesicle transforma-
tions.[19] Taken as a whole, these vesicular systems have
broadened our capability to develop pragmatic devices for
these applications.
In recent studies, we have reported the construction of


giant vesicular aggregates, or recognition-induced polymer-


Abstract: Random polystyrene copoly-
mers grafted with complementary rec-
ognition elements were combined in
chloroform producing vesicular aggre-
gates, that is, recognition-induced poly-
mersomes (RIPs). Reflection interfer-
ence contrast microscopy (RICM) in
solution, coupled with optical micro-
scopy (OM) and atomic force micro-
scopy (AFM) on solid substrates, were
used to determine the wall thickness of


the RIPs. Rather than a conventional
mono- or bilayer structure (~10 or
~20 nm, respectively) the RIP mem-
brane was 43�7 nm thick. Structural
arrangement of the polymer chains on


the RIP wall were characterized by
using angle-resolved X-ray photoelec-
tron spectroscopy (AR-XPS). The inte-
rior portion of the vesicle membrane
was found to be more polar, containing
more recognition units, than the exteri-
or part. This gradient suggests that a
rapid self-sorting of polymers takes
place during the formation of RIPs,
providing the likely mechanism for
vesicle self-assembly.
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somes (RIPs), from spontaneous assembly of randomly sub-
stituted, complementary copolymers.[20] Upon combination
in noncompetitive solvents, the covalently attached diamido-
pyridine (DAP) and thymine (Thy) recognition elements on
random polystyrene copolymers (Figure 1) form a three-


point hydrogen bonding recognition dyad. This self-assem-
bly is unprecedented, as there is no directionality inherent
in the polymer components. While we have established that
these specific three-point hydrogen bonds were necessary
for the formation of vesicular structures,[21] the origin of the
formation of vesicular structures from these random copoly-
mers and the actual structure of the vesicle wall remained
unknown. Understanding the mechanism of formation and
the structure of the vesicle membrane will potentially lead
to new technologies that incorporate a “lock-and-key” motif
to control transport across the membrane and gain reversi-
ble control over the assembly process. Herein, we report our
recent investigations on the structure of the RIP walls, pro-
viding insight into the vesicle wall structure, including thick-
ness and the arrangement of the polymer chains in the RIP
membrane. From the latter, we are able to provide a mecha-
nism for RIP formation based on the self-sorting of the
random polymer chains.


Results and Discussion


We performed freeze–fracture (FF) on a vitrified sample of
RIPs to confirm the retention of the vesicular structure and
visualized the replica with TEM (Figure 2). In recent years,
researchers have performed FF-TEM in organic solvents;[22]


however, to the best of our knowledge, this is the first ac-
count of freeze–fracture reported in chloroform. The micro-
graphs in Figure 2 provide a definite confirmation of the ve-
sicular morphology; however, the shadowing process ob-
scured the quantitative determination of the vesicle mem-
brane thickness.


Our studies were focused on the quantitative characteriza-
tion of the thickness of the polymersome membrane. Reflec-
tion interference contrast microscopy (RICM) was used to
quantify the wall thickness in solution.[23] In the RICM tech-
nique, interference occurs between light reflected at the
glass/vesicle interface and at the interior chloroform/mem-
brane interface (Figure 3a). This interference between light


Figure 1. a) Random complementary DAP and Thy polymers. b) Sche-
matic illustrating formation of vesicular aggregates.


Figure 2. Freeze–fracture TEM images of polymersomes. Samples were
vitrified in chloroform five minutes after combination of DAP and Thy
polymers.


Figure 3. a) Schematic illustration of the RICM setup, b) RICM image,
and c) intensity profile change with the radial distance from the center.
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from the RIP membrane and light reflected by a planar sub-
strate provides image contrast with spatial sensitivity of
~2 nm.[24] By plotting the intensity change with radial dis-
tance from the center of the micrograph, the thickness of
the vesicle membrane was found to be 52 nm (see Support-
ing Information).
In further studies, we focused on the deposition of RIPs


on the planar silica substrates to exploit quantitative surface
characterization techniques on the vesicle membrane. RIPs
were slowly deposited onto oxidized silicon substrate, by
dipping into 3 mgmL�1 polymersome solution and removal.
These surfaces were dried under high vacuum overnight. Ini-
tial optical microscopy studies confirmed that RIPs retained
their shape (see Supporting Information).
The average mean diameter of the vesicles in solution was


3.3�0.9 mm, after depositing them on silica substrate; the
average mean diameter was 4.3�1.3 mm. The diameters of
RIPs placed on the surface were 1 mm larger than those in
solution, and the overall size distribution profile was pre-
served in the deposition process (Figure 4).


Remarkably, optical microscopy images of the collapsed
RIPs evidenced a consistent blue color indicating a uniform
wall thickness corresponding to 70–100 nm. We used a more
sensitive surface characterization method, atomic force mi-
croscopy (AFM), which has already been used as a comple-
mentary tool for determining the thickness of the vesicle
walls[25] with <1 nm vertical resolution. Surface-deposited,
collapsed spherical RIP membranes have a thickness equal
to twice the wall thickness (2d) of the vesicles in solution.
Half of this vertical distance from the AFM analysis provid-
ed the vesicle membrane thickness (Figure 5). We analyzed
thirty different vesicles and the average thickness of the
vesicle membrane is 43�7 nm.
Taken together, these determinations of wall thickness on


substrates and in solution indicate that the walls of our RIPs
are of uniform thickness. Moreover, the RIP wall thickness
changed relatively little upon drying, indicating that these
walls are dense, as opposed to open gels that would be ex-


pected to exhibit greater shrinkage upon drying. Of particu-
lar interest is the fact that the wall thickness is not commen-
surate with either a monolayer or bilayer structure (~10 or
20 nm, respectively, for extended chains). The origin of this
unanticipated yet highly uniform wall thickness provides an
interesting goal for future structural and modeling studies
that are currently being undertaken.
Phase segregation, and hence directionality, is a prerequi-


site for the formation of vesicular structures. The lack of
well-defined head groups on our random copolymers makes
the formation of vesicles in these systems unique. However,
we believe that the randomness inherent within our poly-
mers provides a “pseudo-blocky” structure (Figure 6). The


Figure 4. Size distributions of polymersomes in solution and after deposi-
tion on silica substrate.


Figure 5. a) Atomic force microscopy (AFM) height image of RIPs on sil-
icon substrate; the arrows indicate the position at which height measure-
ments were made. b) AFM phase image and c) height profile of the
AFM image: vertical distance at the center is equal to twice the wall
thickness of the vesicle in solution.


Figure 6. a) Schematic representation of random copolymer, in which one
of four monomers is functional, and b) proposed self-sorting of random
copolymers illustrating the “pseudo-blocky” structure of DAP and Thy
polymers.
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random dispersion of recognition elements creates regions
of high and low polarity. It is these regions of high polarity
that would self-assemble in such a way as to minimize con-
tact with the nonpolar bulk medium (chloroform), effective-
ly forming a wall. Curvature is then imparted to the system
by the greater flexibility of the low polarity segments in to
the bulk chloroform. While solvophobicity contributes to
the microstructure, specific three-point hydrogen-bonding
interactions are required for formation, as the unfunctional-
ized parent poly(styrene-p-(chloromethyl)styrene does not
assemble; neither do the individual polymers assemble on
the micron scale. This fashions a system in which specific
molecular-recognition processes modulate nonspecific phase
separation.
To validate the self-sorting hypothesis, angle-resolved X-


ray photoelectron spectroscopy (AR-XPS) was performed
on the vesicle membrane.[26] AR-XPS is based on acquisition
of series of spectra at various values of the photoelectron
takeoff angle (measured from the sample surface); at lower
takeoff angles (<158) sampling depth is 1–2 nm, as the take-
off angle increases (>758) sampling depth reaches to 6–
8 nm from the top layer of the surface.[27] We modified the
RIP deposition process to obtain densely packed RIP surfa-
ces, by dipping silica substrates into a more concentrated
4.5 mgmL�1 RIP solutions and slowly taking them out.
These surfaces were then dried under high vacuum over-
night. Optical microscopy images demonstrated that the
densely packed RIP coverage on these surfaces retained the
structure observed in our previous studies (see Supporting
Information). XPS was performed and recorded with vary-
ing takeoff angles in the range 5–758 by rotating the sample
on these surfaces (Figure 7).
The amount of nitrogen was used as a marker to link the


density of DAP and Thy functional groups. The increase in
nitrogen/carbon ratio from 3.958 to 6.361, by changing the
takeoff angle from 158 to 758, and the increase in the nitro-
gen amount from 2.18% to 5.49%, by changing the takeoff
angle from 58 to 758, verified that the interior part of the
vesicle membrane is more polar; therefore it contains more
recognition units than the exterior nonpolar part. In other
words, there are more recognition-element-rich chain parts
localized inside the vesicle wall, while the less-functionalized
parts segregated to the exterior.
The XPS data indicate that a self-sorting process occurs


during the formation of RIPs. This process provides the
likely mechanism for phase segregation, hence vesicle for-
mation. What is surprising is the rapidity of the self-sorting
event: vesicle formation is instantaneous upon mixing of the
solutions of the two complementary copolymers. Clearly
these systems are highly dynamic, an area we will explore in
future studies.


Conclusion


In summary, RICM in solution, and optical microscopy and
AFM on solid substrates demonstrate that RIP walls have a


uniform thickness of ~50 nm. Additionally, we have shown
that the statistical distribution of recognition units on the
polymers generated varying degrees of “pseudo-blocky”
structure, and hence directionality for the vesicle formation.
Angle-resolved XPS studies show that there are more recog-
nition-element-rich chain parts localized within the vesicle
wall, while the less-functionalized parts segregated to the ex-
terior. Further research on gelation properties, membrane
mechanical strength, and functional nanoparticle–polymer-
some conjugates are currently underway and will be report-
ed in due course.


Experimental Section


For details of the experimental procedures, please see the Supporting In-
formation.
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Introduction


In the past few years, several peptides based on the
2’,1’:1,2;1’’,2’’:3,4-dibenzcyclohepta-1,3-diene-6-amino-6-car-
boxylic acid residue (Bip),[1,2] a Ca-tetrasubstituted a-amino
acid formally derived from 1-amino-cycloheptane-1-carbox-
ylic acid,[3] have been prepared and investigated by our
groups.[4–6] These studies revealed that Bip behaves as a
turn/helix inducer and favors the 310-helical secondary struc-


ture[7] in the homopeptides (Bip)n as well as in selected Bip/
Ala and Bip/Gly peptides. Bip is also a conformationally
labile, atropoisomeric amino acid with interconverting, non-
resolvable R and S enantiomers.[2,4–6] This phenomenon is
characterized by a rotational energy barrier of about
14 kcalmol�1, as observed for other seven-membered 2,2’-
bridged biphenyl derivatives.[8,9] As such, Bip may exhibit in-
duced atropoisomerism and act as a reporter for chiral inter-
actions with other amino acids in peptides of the type X-
Bip-Y (X and/or Y=chiral amino acid residue Xaa*;
Scheme 1).


Induction of axial chirality in conformationally flexible bi-
phenyl systems by interaction with chiral auxiliaries is well
documented and has been exploited in molecular recogni-
tion studies as well as in asymmetric catalysis.[10–14] Central-
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Scheme 1. Conformational equilibrium (proatropoisomerism) of the X-
Bip-Y peptides.
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to-axial transfer of chirality results in an induced circular di-
chroism (ICD)[15] of the biphenyl chromophore, which has
been used as a tool for determination of the absolute config-
uration of chiral 1,2- and 1,3-diols by means of biphenyl-
dioxolane derivatives[9] and of chiral secondary alcohols in
dinitrodiphenic esters[16] (or 2,2’-binaphthyl esters[17]). ICD
was also observed in diphenimides,[18,19] with a concomitant
induced homohelicity being demonstrated in diphenimide
bis-propellers.[18] Recently, by taking advantage of both the
atropoisomeric nature and the conformational lability of the
Bip residue, we have demonstrated the occurrence of a cen-
tral-to-axial transfer of chirality in terminally protected Bip/
Val dipeptides as well as a novel process of chiral propaga-
tion/amplification in a series of (Bip)n/Val 310-helical oligo-
peptides.[20] Herein we report the full set of our results rela-


tive to the induced axial chirality in the biphenyl core of the
Bip residue in an extended series of Bip/Xaa* linear dipepti-
des and some tri/tetrapeptides with Xaa*=Ala (1), Val (2),
Leu (3), Phe (4), Ca-methyl valine ((aMe)Val; 5), and (Ca-
methyl leucine ((aMe)Leu; 6) residues of l and/or d config-
uration at the C- and/or N-terminal positions of Bip, as well
as in the cyclic dipeptide cyclo-[Bip-l-Ala] (c1l)
(Scheme 2).[21]


Results and Discussion


Synthesis : The starting derivatives Boc-Bip-OH,[2] Z-Bip-
OH,[2] and H-Bip-OMe,[20] were readily obtained from the
a-amino ester H-Bip-OtBu (OtBu= tert-butoxy), which was


Scheme 2. Peptides discussed in this work. Boc= tert-butoxycarbonyl, Z=benzyloxycarbonyl, OMe=methoxy.
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synthesized by phase-transfer bis-alkylation of a glycine tert-
butyl ester Schiff base, as previously reported.[2] The Bip/
Xaa* dipeptides l1–4, d1–4, 1–6l, and 1–4d were prepared
in solution by using symmetrical anhydride activation[22] for
coupling at the N-terminus of Bip and N-ethyl-N’-(3-dime-
thylaminopropyl)-carbodiimide (EDC)/1-hydroxy-1,2,3-ben-
zotriazole (HOBt)[23] or EDC/7-aza-1-hydroxy-1,2,3-benzo-
triazole (HOAt)[24] activation for coupling at its C-terminus
(Scheme 3). These methods are all known to be efficient in
difficult cases involving sterically demanding Ca-tetrasubsti-
tuted a-amino acids.[25] High yields (79–99%) were generally
obtained, except for the coupling of Boc-Bip-OH with H-l-
(aMe)Val-OMe by the EDC/HOAt method, which gave 5l
in a much lower yield (16%) than the similar coupling of
Boc-Bip-OH with H-l-(aMe)Leu-OMe to give 6l (79%),
apparently because of more severe steric interference.
In the same manner, coupling of Boc-Bip-OH or Z-Bip-


OH with H-(l-Ala)2-OMe by the EDC/HOBt method fur-
nished the tripeptides 1ll (97%) and 1’ll,[6] respectively,
while the symmetrical anhydride method was applied for
the acylation of the N-deprotected dipeptides H-Bip-l-Ala-
OMe and H-Bip-d-Val-OMe to afford the tripeptides with a
central Bip residue: l1l[6] (chain elongated to ll1l[6]),
l1’l,[6] d1l (81%), and l1d (42%). Finally, direct cyclization
of H-Bip-l-Ala-OMe in toluene/AcOH at 110 8C[26] gave c1l
(72%).


1H NMR analysis : In general, the 1H NMR spectra of the
Bip/Xaa* peptides exhibit broadened signals at room tem-
perature, especially for the Bip benzylic protons. At about
233 K, two different sets of signals could be observed, corre-
sponding to the presence of two diastereomeric conformers
slowly exchanging on the NMR timescale, with either un-
equal or nearly equal populations depending on both the


peptide sequence and the solvent (CDCl3 or CD3OD). Fast-
interconverting conditions, which resulted in the presence of
only a single set of signals, were reached at about 333 K, as
is expected from the rotational energy barrier of
14 kcalmol�1 along the 1–1’ bond of the biphenyl moiety.[1,2]


Evolution of the 1H NMR signals as a function of tempera-
ture for the dipeptides Boc-Bip-d-Ala-OMe (1d) and Boc-
d-Ala-Bip-OMe (d1) in CD3OD is shown as a representa-
tive example (Figure 1). The Bip benzylic protons were gen-
erally resolved at 333 K into two pairs of doublets reflecting
the inequivalency of both the b-carbon atoms and b-protons
ArCbHAHB-ArCb’HAHB of the Bip residue. In most cases,
the two doublets at lower field were better resolved (sharper
peaks) than the two doublets at higher field, which re-
mained more or less broad, because of a higher coalescence
temperature related to a higher difference of the corre-
sponding chemical shifts of the two diastereomeric conform-
ers. At 233 K, the slow exchange between these two con-
formers resulted in a complex superposition of pairs of dou-
blets for the Bip benzylic protons. However, in some cases
(compounds 3l and l3 in CDCl3, for example), all pairs of
doublets of both conformers (16 peaks) were clearly seen.
The diastereomeric ratio (d.r.) was determined at 233 K


by integration of the best separated sets of signals. In this re-
spect, the singlets relating to the NH (Bip) amide group, the
COOMe group, and the Boc group are especially suitable
for higher accuracy. For all of the Boc-Bip-Xaa*-OMe di-
peptides, in both CDCl3 and CD3OD (and also CD3CN in
the case of 1d), the singlets corresponding to the COOMe
group of both diastereomers appeared at a different chemi-
cal shift (see the Supporting Information). For this series of
N-terminal Bip dipeptides, the Me3C singlets corresponding
to the Boc group were well separated only in the case of 2l
(CDCl3), 3l (CDCl3), 4l (CD3OD), and 5l (CDCl3). In con-


Scheme 3. Synthesis of the linear and cyclic Bip/Xaa* dipeptides. NMM=N-methylmorpholine, TEA= triethylamine.


Chem. Eur. J. 2005, 11, 6921 – 6929 K 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6923


FULL PAPERInduced Axial Chirality in Peptides



www.chemeurj.org





trast, for the Boc-Xaa*-Bip-OMe dipeptides, in both CDCl3
and CD3OD (and also CD3CN in the case of d1), the Boc
Me3C singlets of both diastereomers were always separated,
while the COOMe singlets gave a unique (or shouldered)
signal in most cases (except for l4). Separation of the NH
(Bip) amide singlets in CDCl3 was observed for all dipep-
tides (except 4l) in both the N-terminal and C-terminal Bip
series. The signals relating to NH (Xaa*), Ha (Xaa*), and
CH3 (Xaa*) were separated in some cases, thereby allowing
more or less accurate determinations of the d.r. values,
which generally confirmed the values obtained from the sin-
glets described above.
Interestingly, for the Ca-tetrasubstituted a-amino acid res-


idues aMeVal (in 5l) and aMeLeu (in 6l), the singlets relat-
ing to the Ca-methyl group were well separated. Unfortu-
nately, the very low solubility of the Bip/Ala 2,5-dioxopiper-
azine c1l at 233 K in both CDCl3 and CD3OD prevented
any 1H NMR measurement at this temperature. Finally, for
the Bip/Ala tripeptides 1ll, l1l, l1’l, d1l, and l2d and for
the tetrapeptide ll1l, all containing an Xaa* residue (Ala
or Val) at the C-terminal position of Bip, the d.r. values
could be easily determined from the COOMe and NH (Bip)
singlets, which were always separated at 233 K (see the Sup-
porting Information).
The d.r. values for the various peptides (summarized in


Table 1) were found to be remarkably dependent on the


nature of the solvent. Our initial measurements were per-
formed in CDCl3 and showed relatively low values, in the
range of 50:50–60:40, for all the dipeptides (except 5l) of
both the Bip-Xaa* and Xaa*-Bip series. For the tripeptides,
the d.r. value of l1l, in which an l-Ala residue is located at
both the C- and N-terminal positions of Bip, remained low,
but this value increased when the Boc protecting group was
replaced by the Z group (in the analogue l1’l). Low d.r.
values were again recorded when two consecutive l-Ala res-
idues, instead of one, were introduced either at the C-termi-
nal position of Bip (1’ll compared to 1d) or at its N-termi-
nal position (ll1l compared to l1l). Interestingly, the only
relatively high d.r. values observed in CDCl3 were those of
the tripeptides d1l (90:10) and l2d (79:21) in which an
Xaa* residue (Ala or Val) of opposite absolute configuration
is located on each side of Bip. It is noteworthy that the d.r.
value of d1l (the only case examined) remained high when
the solvent was changed to either CD3CN (88:12) or
CD3OD (84:16). For the dipeptides, important changes of
the d.r. values could be observed when the 1H NMR spectra
were performed in CD3OD (and also CD3CN in the case of
1d and d1) instead of CDCl3, depending on the relative po-
sition of the Bip and Xaa* residues. Remarkably, while the
d.r. values in CD3OD remained in the same low range
(50:50–60:40) as those in CDCl3 for the Xaa*-Bip dipep-
tides, a significant increase was observed for all of the Bip-
Xaa* dipeptides except 4l, thereby highlighting the extreme
importance of the C-terminal rather than the N-terminal posi-
tion of the Xaa* residue for the occurrence of a central-to-
axial transfer of chirality, at least in the series of compounds
studied in this work. It is worth recalling that CD3OD is
also the solvent that was used in our CD experiments (see
below).


CD analysis : The biphenyl chromophore is characterized by
an intense electronic transition at about 240–250 nm, as-
signed to the A band of Suzuki,[27] followed by a very in-
tense transition at approximately 210–215 nm (the C band).


Figure 1. 1H NMR signals (d=1.2–4.6 ppm) of the dipeptides Boc-Bip-d-
Ala-OMe (1d) and Boc-d-Ala-Bip-OMe (d1) in CD3OD, as a function of
temperature: A) 233 K (the arrows indicate the separation of the
COOMe singlets and the Boc (CH3)3C/Ala CH3 signals, in both diaster-
eomeric conformers of 1d and d1, respectively), B) 263 K, C) 293 K, and
D) 333 K.


Table 1. d.r. values for the two diastereomeric conformers of Bip/Xaa*
di-, tri-, and tetrapeptides in CDCl3 and CD3OD at approximately 233 K.


Xaa* Boc-Bip-Xaa*-OMe Boc-Xaa*-Bip-OMe
CD3OD CDCl3 CD3OD CDCl3


Ala 81:19 56:44[a] 51:49 53:47[b]


Val 77:23 52:48 58:42 53:47
Leu 89:11 58:42 57:43 54:46
Phe 58:42 58:42 51:49 56:44
(aMe)Val 80:20 66:34
(aMe)Leu 70:30 58:42


Tri- and tetrapeptides CD3OD CDCl3


Z-Bip-l-Ala-l-Ala-OMe – 55:45[c]


Z-l-Ala-Bip-l-Ala-OMe – 75:25[c]


Boc-l-Ala-Bip-l-Ala-OMe – 62:38
Boc-d-Ala-Bip-l-Ala-OMe 84:16 90:10[d]


Boc-l-Val-Bip-d-Val-OMe – 79:21
Boc-l-Ala-l-Ala-Bip-l-Ala-OMe – 62:38


[a] 76:24 in CD3CN. [b] 54:46 in CD3CN. [c] Reference [6]. [d] 88:12 in
CD3CN.
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The wavelength of the absorption maximum of the A band
is strongly dependent on q, the biphenyl axial torsion
angle.[28–30] Several studies have established that in the CD
spectra of biphenyl-based chiral molecules, a negative maxi-
mum corresponding to the A band is related to a P torsion
of the CAr�CAr bond.


[28–30]


We carried out a detailed CD analysis in MeOH solution
of all of the terminally protected Bip di-, tri-, and tetrapep-
tides depicted in Scheme 2. The most relevant spectra are
shown in Figures 2–4. A strong and negative Cotton effect is
visible at 250 nm in the spectrum of the Bip-Ala dipeptide
1l, followed by a couplet, negative at longer wavelength,
centered at 215 nm (Figure 2). Not unexpectedly, the CD


spectrum of 1l is the mirror image of that of its enantiomer
1d. Notably, if the Bip residue is located at the C-terminus
of the dipeptide sequence (l1 and d1), the CD bands are
significantly less intense. Moreover, the relationship be-
tween the Ala configuration and the signs of the CD bands
in the l1 and d1 dipeptides is reversed with respect to that
typical of the 1l and 1d dipeptides. In any case, here too en-
antiomeric peptides (l1 and d1) exhibit mirror image CD
spectra.
Figure 3 shows that our conclusions for the Bip/Ala dipep-


tides can be extended to all protein Xaa* residues with an
aliphatic side chain. The same effect is seen for the corre-
sponding Ca-methylated a-amino acids, even if the CD sig-
nals are somewhat weaker for these dipeptides. Conversely,
the CD spectra of the Bip/Phe dipeptides l4, d4, 4l, and 4d
(not shown) are dominated by the contribution of the aro-
matic chromophore present in the amino acid side
chain.[31–33] The role of solvent (methanol, acetonitrile), tem-
perature (10–50 8C), and bulkiness of the Na-protecting
(blocking) group (Boc, as in 1d, versus Ac, as in 1’d) are of
modest significance (not shown). However, dipeptide cycli-
zation (c1l) dramatically changes the CD pattern (not
shown) relative to those of both linear dipeptides l1 and 1l.


Indeed, in c1l a very weak and positive CD band at 260 nm
is followed by two intense and positive bands at 235 and
222 nm.
In the tripeptides of general formula Xaa*-Bip-Yaa* (l1l,


d1l, and l2d), CD bands are governed by the configuration
of the residue following Bip (Yaa*; Figure 4). A strictly


comparable effect is also visible in the CD spectrum of the
tetrapeptide ll1l (not shown), with two l-Ala residues pre-
ceding and one folllowing the Bip residue. Not unexpected-
ly, the overall CD pattern of the tripeptide 1ll, with two l-
Ala residues following Bip (not shown), resembles that of
the Bip-l-Ala dipeptide 1l, although the Cotton effects are
generally of lower intensity. Also, in the tripeptides a
change in the Na protection (from Boc to Z: l1l versus l1’l,


Figure 2. CD spectra (320–200 nm region) in MeOH solution of the Boc/
OMe terminally protected Bip/Ala dipeptides l1, d1, 1l, and 1d.


Figure 3. CD spectra (320–200 nm region) in MeOH solution of the Boc/
OMe terminally protected Bip-Xaa* dipeptides 1l, 2l, 3l, 5l, and 6l.


Figure 4. CD spectra (320–200 nm region) in MeOH solution of the Boc/
OMe terminally protected Xaa*-Bip-Yaa* tripeptides l1l, d1l, and l2d.
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and 1ll versus 1’ll) does not produce any remarkable
effect on the CD spectra (not shown).
In conclusion, our CD investigation of the Bip-containing


peptides, in particular the dipeptides, clearly demonstrated
that a chirality transfer from l- or d-residues to the atropo-
isomeric Bip does indeed take place and that this phenom-
enon occurs more efficiently when the chiral amino acid res-
idue is located at the C-terminus of Bip. In this latter case, a
P torsion of the Bip biphenyl axial bond is the one that is
preferentially induced by an l residue (and an M torsion is
induced by a d residue). As a consequence, the exploitation
of a Bip-Xaa* dipeptide system as a probe permits the chir-
ality of the covalently linked, nonaromatic a-amino acid to
be directly correlated to the features of the CD spectrum at
approximately 250 nm. Finally, if one compares the diaster-
eomeric ratios obtained by NMR spectroscopy in CD3OD
solution (Table 1) with the relative intensities of the CD
spectra in MeOH (Figures 2–4), it turns out that the two
sets of data match nicely.


X-ray diffraction analysis : We have grown a single crystal
and solved the 3D structure of the terminally protected di-
peptide Boc-(R)-Bip-d-Ala-OMe (1d). Two independent
molecules (A and B) are found in the asymmetric unit
(Figure 5). The most significant difference between the two
molecules is seen in the conformation of the d-Ala residue,
which is a distorted, left-handed helical conformation (f=


83.2(7)8, “y”=17.9(11)8) in molecule A and a quasiextend-
ed conformation (f=117.4(5)8, “y”=139.3(4)8) in mole-
cule B.[34] Conversely, the Bip residue is in a regular, right-
handed helical conformation in both molecules (f=


�52.0(5)8, y=�51.9(5)8 in molecule A, and f=�64.0(5)8,
y=�45.9(5)8 in molecule B). The Bip configuration, in-
duced by the d-Ala residue, is R in both molecules. Interest-
ingly, the relationship between the configuration of the Ca-
tetrasubstituted Bip residue and its helical screw sense is op-
posite to that commonly observed for Ca-trisubstituted (pro-
tein) amino acids.[3] However, it is the same as that found in
the crystal state for a related binaphthyl-based a-amino acid
in a terminally protected helical hexapeptide.[35] The charac-
teristic Bip biphenyl bond length and side-chain torsion
angle in dipeptide 1d are quite close to those reported for
the simple amino acid derivative H-Bip-OtBu:[1] C11–C11’=
1.498(4) Q (molecule A) and C31–C31’=1.504(3) Q (mole-
cule B); C12–C11–C11’–C12’=�43.9(3)8 (molecule A) and
C32–C31–C31’–C32’=�42.7(3)8 (molecule B).


Conclusion


Bip is a conformationally labile, atropoisomeric, a-amino
acid. In this work we have clearly shown by CD and
1H NMR spectroscopic techniques that an axial chirality can
be induced in the biphenyl moiety of the Bip residue in pep-
tides containing one or more chiral a-amino acids (Xaa*/
Yaa*). We believe that this phenomenon is purely intramo-
lecular in nature. Indeed, self-association is not expected to


take place in these systems in view of the relatively high po-
larity of the solvent used (MeOH) and the low concentra-
tion (1R10�3m) and short main-chain lengths (dimers and
trimers) of the peptides investigated. Interestingly, the mag-
nitude of this effect is particularly remarkable when the
chiral amino acid is positioned at the C-terminus of Bip. At
the present stage of our research, the reasons for the ob-
served unidirectionality of the chiral induction are not clear.
However, a plausible explanation could be a different
degree of steric interference taking place between the ex-
tremely bulky Bip side chain and that of the preceding
(versus the following) residue. Also, the CD response
always correlates with the absolute configuration of the ali-
phatic Xaa* residue. This phenomenon of chirality transfer,
as detected by CD spectroscopy, represents the basis for the
Bip method, an easy and fast configurational assignment of
chiral amino acids, amines, and alcohols currently being de-
veloped in our laboratories. More specifically, C-terminal l-
Xaa* and d-Xaa* residues preferentially induce P and M
torsions, respectively, in the biphenyl chromophore, as is evi-


Figure 5. X-ray diffraction structures of the two independent molecules
(A and B) in the asymmetric unit of the terminally protected dipeptide
Boc-(R)-Bip-d-Ala-OMe (1d) with atom numbering.
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dent from the negative and positive ellipticities at 250 nm.
In addition, the preferential onset of the Bip S and R config-
urations, respectively, has been unambiguously demonstrat-
ed by X-ray diffraction. Interestingly, this latter property
can be exploited for the construction of foldameric[36] poly-
peptide structures with a predetermined screw sense. Our
combined CD, 1H NMR, and X-ray diffraction results on
linear peptides closely match those reported for other bi-
phenyl-based systems (ethers,[9] imides,[19] and lactams[37,38]).


Experimental Section


Synthesis of peptides : Melting points were measured on a Mettler appa-
ratus with a final temperature raise of 3 8Cmin�1 or by means of a capilla-
ry tube immersed in an oil bath (Tottoli apparatus, BSchi) and are uncor-
rected. 1H NMR and 13C NMR spectra were recorded on a Bruker
WM300 spectrometer operating at 300 MHz and 77 MHz, respectively,
with the solvent, CDCl3 (1H: d=7.27 ppm; 13C: d=77.00 ppm) or
CD3OD (1H: d=3.31 ppm), being used as the internal standard. Splitting
patterns are abbreviated as follows: s singlet, d doublet, t triplet, q quar-
tet, and m multiplet. The optical rotations were measured in a 1 dm ther-
mostated cell on a Perkin–Elmer 241 polarimeter, with an accuracy of
0.3%. Elemental analyses were performed by the C.N.R.S. Service of Mi-
croanalyses in Gif-sur-Yvette (France). Analytical TLC and preparative
column chromatography were performed on Kieselgel F 254 and Kiesel-
gel 60 (0.040–0.063 mm; Merck), respectively, with the following eluant
systems: A: MeOH/CH2Cl2 (2.5:97.5); B: MeOH/CH2Cl2 (5:95). UV
light (l=254 nm) allowed visualization of the spots after TLC runs for
all compounds. Unless noted otherwise, all starting materials and solvents
were obtained from commercial suppliers and were used as received. The
syntheses and characterizations of the Bip derivatives Boc-Bip-OH,[2] Z-
Bip-OH,[2] and H-Bip-OMe,[20] as well as the peptides Boc-Bip-l-Ala-
OMe (1l),[6] Z-Bip-l-Ala-l-Ala-OMe (1’ll),[6] Boc-l-Ala-Bip-l-Ala-
OMe (l1l),[6] Z-l-Ala-Bip-l-Ala-OMe (l1’l),[6] Boc-l-Ala-l-Ala-Bip-l-
Ala-OMe (ll1l),[6] Boc-Bip-l-Val-OMe (2l),[20] Boc-Bip-d-Val-OMe
(2d),[20] Boc-l-Val-Bip-OMe (l2),[20] and Boc-d-Val-Bip-OMe (d2),[20]


have already been published. The 1H and 13C NMR data for all of the
compounds described below may be found in the Supporting Informa-
tion.


Boc-Bip-d-Ala-OMe (1d): TEA (0.070 mL; 0.5 mmol) was added to a
suspension of Boc-Bip-OH (0.088 g; 0.25 mmol), HCl·H-d-Ala-OMe
(0.070 g; 0.5 mmol), and HOBt (0.068 g; 0.5 mmol) in CH2Cl2 (4 mL),
and this was followed by addition of EDC (0.058 g, 0.30 mmol). The reac-
tion mixture was magnetically stirred at RT for 16 h and then evaporated
in vacuo at 25 8C. The residue was diluted with EtOAc (50 mL) and the
organic solution was washed with 0.5n HCl (2R15 mL), H2O (2R15 mL),
5% NaHCO3 (2R15 mL), and H2O (2R15 mL), dried over MgSO4, fil-
tered, and evaporated in vacuo. The crude product was chromatographed
on a 1.5R24 cm column of silica gel with eluant B to afford pure 1d
(0.106 g; 97%) as a solid. Crystallization from EtOAc/cyclohexane (slow
diffusion) gave crystals suitable for an X-ray diffraction analysis: m.p.
203 8C; [a]25589=++106; [a]25578=++115; [a]25546=++130; [a]25436=++248; [a]25365=
+472 (c=0.30 in MeOH); Rf=0.60 (B); elemental analysis calcd (%) for
C25H30N2O5 (MW=438.51): C 68.47, H 6.90, N 6.39; found: C 68.46, H
7.05, N 6.24.


Boc-d-Ala-Bip-OMe (d1): EDC (0.210 g; 1.1 mmol) was added to a solu-
tion of Boc-d-Ala-OH (0.416 g; 2.2 mmol) in CH3CN (3 mL) cooled to
approximately �10 8C (ice/salt bath). The solution was magnetically stir-
red at temperatures of �10 8C to �5 8C for 1 h and, with the assumption
that complete formation of the anhydride [Boc-d-Ala]2O had occurred, a
solution of H-Bip-OMe (0.104 g; 0.39 mmol) in CH3CN (2 mL) and
CH2Cl2 (5 mL) was then added. The reaction mixture was magnetically
stirred at RT for 48 h and evaporated in vacuo at 25 8C. The residue was
then diluted with EtOAc (100 mL) and the organic solution was extract-
ed with 0.5n HCl (2R50 mL), H2O (50 mL), 5% NaHCO3 (2R50 mL),


and H2O (2R50 mL), dried over MgSO4, filtered, and evaporated in
vacuo. The crude product was chromatographed on a 1.5R24 cm column
of silica gel with eluant A to afford pure d1 (0.170 g; 99%) as a solid:
m.p. 86 8C; [a]25589=++26; [a]25578=++26; [a]25546=++24; [a]25436=++39; [a]25365=
+73 (c=0.07 in MeOH); Rf=0.60 (B); elemental analysis calcd (%) for
C25H30N2O5·0.5H2O (MW=447.51): C 67.09, H 6.98, N 6.26; found: C
66.84, H 7.06, N 6.27.


Boc-l-Ala-Bip-OMe (l1): The same experimental procedure as for di-
peptide d1 was used but with H-Bip-OMe (0.067 g; 0.25 mmol). After
work-up, the crude product was chromatographed on a 1.5R24 cm
column of silica gel with eluant B to afford pure l1 (0.104 g; 94%) as a
solid: m.p. 86 8C; [a]25589=�21; [a]25578=�21; [a]25546=�27; [a]25436=�45;
[a]25365=�69 (c=0.20 in MeOH); Rf=0.60 (B); elemental analysis calcd
(%) for C25H30N2O5 (MW=438.51): C 68.47, H 6.90, N 6.39; found: C
67.89, H 7.04, N 6.17.


Boc-Bip-l-Leu-OMe (3l): NMM (0.05 mL; 0.4 mmol) was added to a
suspension of Boc-Bip-OH (0.0357 g; 0.1 mmol), HCl·H-l-Leu-OMe
(0.055 g; 0.5 mmol), and HOAt (0.028 g; 0.2 mmol) in CH2Cl2 (2 mL),
and this was followed by addition of EDC (0.029 g, 0.15 mmol). The reac-
tion mixture was magnetically stirred at RT for 24 h. Workup as for 1d,
followed by chromatography of the crude product on a 1.5R38 cm
column of silica gel with eluant A, afforded pure 3l (0.0474 g; 98%) as a
solid: m.p. 178 8C; [a]25589=�138; [a]25578=�145; [a]25546=�168; [a]25436=
�321; [a]25365=�602 (c=0.23 in MeOH); Rf=0.50 (A); elemental analysis
calcd (%) for C28H36N2O5 (MW=480.58): C 69.97, H 7.55, N 5.83; found:
C 69.88, H 7.61, N 5.69.


Boc-Bip-d-Leu-OMe (3d): The same experimental procedure as for di-
peptide 3l was used but with Boc-Bip-OH (0.0355 g; 0.1 mmol), HCl·H-
d-Leu-OMe (0.055 g; 0.5 mmol), HOAt (0.029 g; 0.2 mmol), NMM
(0.05 mL; 0.4 mmol), and EDC (0.029 g, 0.15 mmol) in CH2Cl2 (2 mL).
Workup as for 3l, followed by chromatography of the crude product on a
1.5R40 cm column of silica gel with eluant A, afforded pure 3d (0.0474 g;
98%) as a solid: m.p. 175–178 8C; [a]25589=++139; [a]25578=++150; [a]25546=
+169; [a]25436=++324; [a]25365=++611 (c=0.20 in MeOH); Rf=0.50 (A); ele-
mental analysis calcd (%) for C28H36N2O5 (MW=480.58): C 69.97, H 7.55,
N 5.83; found: C 70.21, H 7.55, N 5.53.


Boc-l-Leu-Bip-OMe (l3): The same experimental procedure and workup
as for dipeptide d1 was used but with H-Bip-OMe (0.0301 g;
0.113 mmol) and the symmetrical anhydride [Boc-l-Leu]2O, with the
latter being prepared in situ from Boc-l-Leu-OH (0.105 g; 0.45 mmol)
and EDC (0.043 g, 0.22 mmol), in CH3CN (2 mL). The crude product was
chromatographed on a 1.5R38 cm column of silica gel with eluant A to
afford pure l3 (0.0525 g; 97%) as a solid: m.p. 72 8C; [a]25589=�20;
[a]25578=�20; [a]25546=�22; [a]25436=�31; [a]25365=�32 (c=0.21 in MeOH);
Rf=0.35 (A); elemental analysis calcd (%) for C28H36N2O5·0.7H2O
(MW=493.20): C 68.18, H 7.64, N 5.68; found: C 68.25, H 7.81, N 5.74.


Boc-d-Leu-Bip-OMe (d3): The same experimental procedure as for di-
peptide l3 was used but with H-Bip-OMe (0.0281 g; 0.105 mmol) and the
symmetrical anhydride [Boc-d-Leu]2O, with the latter being prepared in
situ from Boc-d-Leu-OH (0.0973 g; 0.42 mmol) and EDC (0.041 g,
0.21 mmol), in CH3CN (2 mL). The crude product was chromatographed
on a 1.5R38 cm column of silica gel with eluant A to afford pure d3
(0.0491 g; 97%) as a solid: m.p. 72 8C; [a]25589=++19; [a]25578=++20; [a]25546=
+21; [a]25436=++33; [a]25365=++40 (c=0.22 in MeOH); Rf=0.35 (A); ele-
mental analysis calcd (%) for C28H36N2O5·0.5H2O (MW=489.59): C
68.69, H 7.62, N 5.72; found: C 69.06, H 7.71, N 5.71.


Boc-Bip-l-Phe-OMe (4l): The same experimental procedure and workup
as for dipeptide 3l was used but with Boc-Bip-OH (0.0359 g; 0.1 mmol),
HCl·H-l-Phe-OMe (0.065 g; 0.3 mmol), HOAt (0.029 g; 0.2 mmol),
NMM (0.044 mL; 0.4 mmol), and EDC (0.0292 g, 0.15 mmol) in CH2Cl2
(2 mL). The crude product was chromatographed on a 1.5R40 cm
column of silica gel with eluant A to afford pure 4l (0.0452 g; 86%) as a
solid: m.p. 172 8C; [a]25589=�0.5; [a]25578=�1.0; [a]25546=�2.4; [a]25436=++1.9;
[a]25365=++24 (c=0.21 in MeOH); Rf=0.60 (A); elemental analysis calcd
(%) for C31H34N2O5 (MW=514.60): C 72.35, H 6.66, N 5.44; found: C
72.76, H 6.66, N 5.41.


Boc-Bip-d-Phe-OMe (4d): The same experimental procedure and
workup as for dipeptide 4l was used but with Boc-Bip-OH (0.0358 g;
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0.1 mmol), HCl·H-d-Phe-OMe (0.065 g; 0.3 mmol), HOAt (0.028 g;
0.2 mmol), NMM (0.05 mL; 0.45 mmol), and EDC (0.029 g, 0.15 mmol)
in CH2Cl2 (2 mL). The crude product was chromatographed on a 1.5R
40 cm column of silica gel with eluant A to afford pure 4d (0.0490 g;
94%) as a solid: m.p. 170 8C; [a]25589=0.0; [a]25578=0.0; [a]25546=0.0; [a]25436=
�5.1; [a]25365=�23 (c=0.22 in MeOH); Rf=0.60 (A); elemental analysis
calcd (%) for C31H34N2O5·0.5H2O (MW=523.61): C 71.10, H 6.74, N 5.35;
found: C 70.99, H 6.77, N 5.01.


Boc-l-Phe-Bip-OMe (l4): The same experimental procedure and workup
as for dipeptide d1 was used but with H-Bip-OMe (0.0274 g;
0.103 mmol) and the symmetrical anhydride [Boc-l-Phe]2O, with the
latter being prepared in situ from Boc-l-Phe-OH (0.111 g; 0.42 mmol)
and EDC (0.039 g, 0.20 mmol), in CH3CN (2 mL). The crude product was
chromatographed on a 1.5R38 cm column of silica gel with eluant A to
afford pure l4 (0.0517 g; 97%) as a solid: m.p. 77 8C; [a]25589=�11;
[a]25578=�14; [a]25546=�16; [a]25436=�31; [a]25365=�39 (c=0.21 in MeOH);
Rf=0.30 (A); elemental analysis calcd (%) for C31H34N2O5 (MW=


514.60): C 72.35, H 6.66, N 5.44; found: C 72.01, H 6.81, N 5.38.


Boc-d-Phe-Bip-OMe (d4): The same experimental procedure as for di-
peptide l4 was used but with H-Bip-OMe (0.0279 g; 0.105 mmol) and the
symmetrical anhydride [Boc-d-Phe]2O, with the latter being prepared in
situ from Boc-d-Phe-OH (0.0973 g; 0.42 mmol) and EDC (0.041 g,
0.21 mmol), in CH3CN (2 mL). The crude product was chromatographed
on a 1.5R40 cm column of silica gel with eluant A to afford pure d4
(0.0516 g; 96%) as a solid: m.p. 77 8C; [a]25589=++15; [a]25578=++16; [a]25546=
+18; [a]25436=++32; [a]25365=++41 (c=0.20 in MeOH); Rf=0.30 (A); ele-
mental analysis calcd (%) for C31H34N2O5·0.5H2O (MW=523.61): C
71.10, H 6.74, N 5.35; found: C 71.22, H 6.91, N 5.32.


Boc-Bip-l-(aMe)Val-OMe (5l): The same experimental procedure and
workup as for dipeptide 4l was used but with Boc-Bip-OH (0.0362 g;
0.102 mmol), HCl·H-l-(aMe)Val-OMe (0.0302 g; 0.166 mmol), HOAt
(0.030 g; 0.22 mmol), NMM (0.035 mL; 0.32 mmol), and EDC (0.033 g,
0.17 mmol) in CH2Cl2 (2 mL). The crude product was chromatographed
on a 1.5R40 cm column of silica gel with eluant A and then further puri-
fied on preparative TLC plates to afford pure 5l (0.008 g; 16%) as a
solid: m.p. 155–159 8C; [a]25589=�48; [a]25578=�52; [a]25546=�60; [a]25436=
�118; (c=0.23 in MeOH); Rf=0.45 (A); elemental analysis calcd (%)
for C28H36N2O5 (MW=480.58): C 69.97, H 7.55; found: C 69.53, H 8.23.


Boc-Bip-l-(aMe)Leu-OMe (6l): The same experimental procedure and
workup as for dipeptide 4l was used but with Boc-Bip-OH (0.0362 g;
0.102 mmol), HCl·H-l-(aMe)Leu-OMe (0.0301 g; 0.154 mmol), HOAt
(0.031 g; 0.23 mmol), NMM (0.035 mL; 0.32 mmol), and EDC (0.032 g,
0.17 mmol) in CH2Cl2 (2 mL). The crude product was chromatographed
on a 1.5R40 cm column of silica gel with eluant A to afford pure 6l
(0.0403 g; 79%) as a glassy solid: [a]25589=�13; [a]25578=�14; [a]25546=�20;
[a]25436=�42; (c=0.23 in MeOH); Rf=0.55 (A); elemental analysis calcd
(%) for C29H38N2O5·0.5H2O (MW=503.62): C 69.16, H 7.81, N 5.56;
found: C 68.76, H 7.81, N 5.53.


Cyclo-[Bip-l-Ala] (c1l): A solution of H-Bip-l-Ala-OMe (0.0473 g;
0.14 mmol) in acetic acid (1.5 mL) and toluene (32 mL) was magnetically
stirred at 110 8C for 15 h. The clear so-
lution was evaporated in vacuo and
the crude product was recrystallized
from MeOH to afford pure c1l
(0.030 g; 72%) as a solid; m.p.>
300 8C; [a]25589=�24; [a]25578=�26;
[a]25546=�28; [a]25436=�43; [a]25365=�45
(c=0.1 in DMF); Rf=0.60 (MeOH/
CH2Cl2, 1:9); elemental analysis calcd
(%) for C28H35N3O6 (MW=509.58): C
65.99, H 6.92, N 8.25; found: C 65.38,
H 7.02, N 7.91.


Boc-Bip-(l-Ala)2-OMe (1ll): The
same experimental procedure and
workup as for dipeptide 1d was used
but with Boc-Bip-OH (0.088 g;
0.25 mmol), HCl·H-l-Ala-l-Ala-OMe
(0.107 g; 0.5 mmol), HOBt (0.068 g;


0.5 mmol), TEA (0.070 mL; 0.5 mmol), and EDC (0.058 g, 0.30 mmol) in
CH2Cl2 (4 mL). The crude product was chromatographed on a 1.5R24 cm
column of silica gel with eluant B to afford pure 1ll (0.106 g; 97%) as a
solid: m.p. 86 8C; [a]25589=�66; [a]25578=�71; [a]25546=�82; [a]25436=�152;
[a]25365=�268 (c=0.2 in MeOH); Rf=0.40 (B); elemental analysis calcd
(%) for C28H35N3O6 (MW=509.58): C 65.99, H 6.92, N 8.25; found: C
65.38, H 7.02, N 7.91.


Boc-d-Ala-Bip-l-Ala-OMe (d1l): TFA (2.5 mL) was added to a solution
of dipeptide 1l (0.0628 g; 0.143 mmol) in CH2Cl2 (2.5 mL). The solution
was stirred at room temperature for 3 h and evaporated in vacuo. The
residue was dissolved in EtOAc (100 mL). The solution was washed with
5% NaHCO3 (50 mL) and then with H2O (100 mL), dried over MgSO4,
and evaporated in vacuo. The obtained crude H-Bip-l-Ala-OMe was dis-
solved in CH3CN (1 mL) and CH2Cl2 (1 mL). By using the same experi-
mental procedure and workup as for the synthesis of dipeptide d1, this
solution was treated with the symmetrical anhydride [Boc-d-Ala]2O, pre-
pared in situ from Boc-d-Ala-OH (0.109 g; 0.57 mmol) and EDC
(0.055 g, 0.28 mmol), in CH3CN (2 mL). The crude product was chroma-
tographed on a 1.5R40 cm column of silica gel with eluant A to afford
pure d1l (0.0588 g; 97% overall) as a solid, which was crystallized from
CH2Cl2: m.p. 224 8C; [a]25589=�73; [a]25578=�78; [a]25546=�90; [a]25436=�183;
[a]25365=�367 (c=0.24 in MeOH); Rf=0.15 (A); elemental analysis calcd
(%) for C28H35N3O6·CH2Cl2·1.5H2O (MW=621.55): C 56.04; H 6.49; N
6.76; found: C 55.74, H 6.01; N 6.51.


Boc-l-Val-Bip-d-Val-OMe (l2d): The same experimental procedure and
workup as for the synthesis of tripeptide d1l was used. N-deprotection of
the dipeptide 2d (0.0236 g; 0.05 mmol) in CH2Cl2 (2.5 mL) and TFA
(2.5 mL) led to H-Bip-d-Val-OMe (crude), which was treated with the
symmetrical anhydride [Boc-l-Val]2O, prepared in situ from Boc-l-Val-
OH (0.044 g; 0.20 mmol) and EDC (0.019 g, 0.10 mmol), in CH3CN
(2 mL). The crude product was chromatographed on a preparative TLC
plate of silica gel. Repeated elutions with MeOH/CH2Cl2 (99:1) afforded
pure l2d (0.0119 g; 42% overall) as a glassy solid: [a]25589=++53; [a]25578=
+54; [a]25546=++63; [a]25436=++126; [a]25365=++256 (c=0.22 in MeOH); Rf=


0.40 (A); elemental analysis calcd (%) for C32H43N3O6 (MW=565.69): C
67.94, H 7.66; found: C 67.95, H 8.13.


Circular dichroism : The CD spectra were obtained on a Jasco J-710 di-
chrograph. Cylindrical, fused quartz cells of 10, 1, 0.2, and 0.1 mm path-
lengths (Hellma) were used. The values are expressed in terms of [V]T,
the total molar ellipticity [degcm2dmol�1]. Spectrograde MeOH and ace-
tonitrile (Acros Organics) were used as solvents. The peptide concentra-
tion was 1R10�3m.


X-ray diffraction : Crystals of Boc-(R)-Bip-d-Ala-OMe were grown by
vapor diffusion from ethyl acetate/petroleum ether. Diffraction data were
collected on a Philips PW1100 diffractometer. Crystallographic data are
summarized in Table 2. The structure was solved by direct methods with
the SHELXS 97[39] program. Refinement was carried out on F2 by full-
matrix block least-squares, with the use of all data, by application of the
SHELXL 97[40] program, with all non-hydrogen atoms anisotropic and by
allowing the positional parameters and the anisotropic displacement pa-


Table 2. Crystallographic data and structure refinement for Boc-(R)-Bip-d-Ala-OMe (1d).


formula C25H30N2O5 F(000) 936
Mr 438.5 crystal size [mm] 3.00R0.10R0.10
T [K] 293(2) q range [8] 4.23–60.03
l [Q] 1.54178 index ranges �11�h�10
crystal system monoclinic �1�k�23
space group P21 0� l�13
a [Q] 9.807(2) reflections collected 4151
b [Q] 20.907(5) independent reflections 3951 (R(int)=0.035)
c [Q] 12.120(2) data/restraints/parameters 3951/1/529
b [8] 100.19(5) goodness-of-fit (on F2) 1.08
V [Q3] 2445(1) final R indices (I>2s(I)) R1=0.053, wR2=0.147
Z 4 R indices (all data) R1=0.063, wR2=0.166
1calcd [Mgm�3] 1.19 largest diff. peak/hole [eQ�3] 0.340/�0.270
m [mm�1] 0.68
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rameters of the non-hydrogen atoms to refine at alternate cycles. The ar-
omatic rings were constrained to the idealized geometry. Hydrogen
atoms were calculated at idealized positions and refined as riding, with
Uiso set equal to 1.2 (or 1.5 for methyl groups) times the Ueq of the
parent atom.


CCDC-262534 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Palladium(0)-Catalyzed Cycloisomerization of Enallenes


Katja N&rhi, Johan Franz*n, and Jan-E. B&ckvall*[a]


Introduction


A majority of the biologically active substances, isolated
from nature or produced by pharmaceutical industry, con-
tains stereodefined ring systems. Thus, the development of
efficient and stereoselective methods for the construction of
carbocycles and heterocycles is of great importance in or-
ganic chemistry. Transition-metal-catalyzed carbon–carbon
and carbon–heteroatom bond-formation reactions have pro-
vided useful methodology for the stereoselective construc-
tion of ring systems.[1] In particular, transition-metal-cata-
lyzed cycloisomerization reactions, which have been studied
thoroughly for enynes[2] and dienes,[3] are important synthet-
ic reactions. Not only are these cycloisomerization reactions
an efficient way of constructing carbo- and heterocycles,
they are also associated with high atom economy, because
there is no requirement of additional reactants and no waste
products are formed in the process.[4,5] In contrast to alkenes
and alkynes, allenes have received much less attention as
components in transition-metal-catalyzed cycloisomeriza-
tions. However, in recent years transition-metal-catalyzed
cycloisomerization reactions of allenynes with various transi-
tion metals (Ti,[6] Rh,[7] Pd,[7a] Mo,[8] Pt[9]) have been report-
ed. Enallenes have also been used in transition-metal-cata-
lyzed cycloisomerization reactions, for which Trost and co-


workers reported the first studies with Ni/Cr[10] catalysts.
More recently Kang et al.[11] and Itoh et al.[12] reported on
ruthenium- and rhodium-catalyzed cycloisomerization of
enallenes to give 1,3- and 1,4-dienes. However, to the best
of our knowledge there is only one palladium-catalyzed cy-
cloisomerization reaction of one single enallenic substrate
previously reported.[13,14]


We have recently reported on palladium(0)-catalyzed car-
bocyclization reactions of allene-substituted dienes[15] and
allene-substituted allylic carboxylates,[16] and on palladi-
um(ii)-catalyzed oxidative carbocyclization reactions of
allene-substituted dienes[15] and enallenes[14a] in the presence
of p-benzoquinone.[17] In connection with these studies we
found that enallenes 1a–c underwent palladium(0)-catalyzed
cycloisomerization in acetic acid to give 2a–c as the major
products together with a minor isomer 3a–c in good yields
(Scheme 1).[18] We now report on the palladium(0)-catalyzed
cycloisomerization of enallenes. This reaction constitutes the
first protocol for efficient cycloisomerization of enallenes
catalyzed by palladium(0).[19]


Results and Discussion


The requisite starting materials 1 were readily obtained
from the corresponding allylic acetates (Scheme 2).[14a,20] A
Pd(0)-catalyzed allylic substitution of the acetate with
sodium dimethyl malonate, followed by reaction with a di-
substituted bromoallene, furnished enallenes 1a–c and 6 in
good yields.


The palladium(0)-catalyzed reaction of 1a resulted in a
carbocyclization reaction to give a regioisomeric mixture of
2a and 3a (Table 1, entry 1). Traces (<6%) of a third
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isomer (4a) were also detected
in the product mixture. The re-
action conditions were varied
and it was found that the use of
5 mol% [Pd(dba)2] (dba=di-
benzylideneacetone) in acetic
acid at 120 8C, heated by micro-


wave irradiation, gave the best results with respect to both
regioselectivity and yield. Under these reaction conditions,
2a and 3a were obtained in a 6:1 ratio with full conversion
after eight minutes (Table 1, entry 1).[18,21] A similar result
was obtained when the reaction of 1a was carried out with
thermal heating in an oil-bath, but otherwise under the
same reaction conditions. The microwave flash heating was
used mainly as an efficient tool to scan different reaction
conditions.[22] It was found that acetic acid was essential for
an efficient reaction to proceed. For example, if the solvent


used in the reaction was
changed to an aprotic solvent
(e.g., acetonitrile, 1,2-dichloro-
ethane, or toluene, 120 8C, mi-
crowave heating) no reaction
occurred and the starting mate-
rial was recovered (Table 1, en-
tries 2–4). If a catalytic amount
of acetic acid was added to the
reaction mixture in acetonitrile


(Table 1, entry 5) 90% conversion of 1a to 2a and 3a was
obtained in a 3:1 ratio after 30 minutes. When the acidity
was increased by the use of trifluoroacetic acid, a very fast
consumption of the substrate 1a occurred at 60 8C to give a
complex mixture of unidentified products (Table 1, entry 7).
The same result was obtained when catalytic amounts of tri-
fluoroacetic acid in toluene were used (entry 8). When tri-
fluoroacetic acid (10 mol%) was used in acetic acid, this un-
expectedly resulted in a decrease of the reaction rate and a
less selective reaction (Table 1, entry 9). In an attempt to


improve the regioselectivity of
the reaction (of 1a to 2a and
3a), a few different ligands for
palladium(0) were added to the
reaction (Table 1, entries 10–
12). Electron-donating ligands,
such as ethylene diamine, had
no effect on substrate conver-
sion but lowered the selectivity
of the reaction giving a 4:1
ratio between 2a and 3a.
Maleic anhydride, which can
act as an electron-withdrawing
ligand, inhibits the reaction
under these conditions (Table 1,
entry 11). Surprisingly, addition
of triphenylphosphine to the
palladium-catalyzed reaction of
1a led to side reactions and
only minor amounts of 2a and


3a could be detected together with a mixture of unidentified
products.


The best reaction conditions from Table 1 (entry 1) were
employed for the preparative carbocyclizaton of a number
of different enallenes (Table 2). Reaction of 1a with
5 mol% [Pd(dba)2] in AcOH, under microwave heating at
120 8C for eight minutes and workup by flash chromatogra-
phy gave 2a+3a in a ratio of 88:12 and in a total yield of
83% (Table 2, entry 1).[18,23,24] Cyclization of the methyl
ethyl (1b) and cyclohexyl derivatives (1c) under these reac-
tion conditions gave 2b+3b[25] and 2c+3c, respectively, in a
ratio of 6:1 and in a total yield of 90% in both cases
(Table 2, entries 2 and 3).[18, 21,26]


When two methyl groups were present in the allylic posi-
tion (1d) no reaction occurred and the starting material was
recovered (Table 2, entry 4). The reaction of the five-mem-
bered ring analogue 6 under the same reaction conditions


Scheme 1.


Scheme 2. a) NaH, (MeO2C)2CH2, [Pd(OAc)2], PPh3, THF, reflux;
b) NaH, 5, THF, reflux.


Table 1. Palladium(0)-catalyzed cycloisomerization of 1a under different reaction conditions.[a]


Entry Solvent Additive (mol%) Conv. (%) Ratio (2a :3a)[b]


1 AcOH – 100 6 :1
2 CH3CN - 0 –
3 toluene – 0 –
4 dichloroethane – 0 –
5[c] CH3CN AcOH (10) 90 3:1
6[d] AcOH LiOAc (1m) 100 4:1
7[e] CF3CO2H – 100 complex mixture
8 Toluene CF3CO2H (15) 100 complex mixture
9 AcOH CF3CO2H (10) 50 5:1 (and byproducts)
10 AcOH H2NC2H4NH2 (10) 100 4:1
11 AcOH Maleic anhydride (10) 0 –
12 AcOH PPh3 90 complex mixture


[a] Enallene 1a and [Pd(dba)2] (5 mol%) and additive was dissolved in the specific solvent (10 mLmmol�1)
and heated to 120 8C (microwave heating) for 8 minutes. [b] The ratio was determined by 1H NMR experi-
ments. This mixture also contains traces of 4a. [c] 30 minutes reaction time. [d] 15 minutes reaction time.
[e] 60 8C reaction temperature.
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gave products 7+8 in a ratio of 78:22 in 92% total yield
with full conversion within eight minutes (Table 2,
entry 5).[23] The cyclization of 1a–c and 6 is stereoselective
in the C�C bond-forming step and gives only the cis-fused
ring systems. In contrast to the five- and six-membered ring
substrates, the reaction of the seven-membered ring ana-


logue showed poor stereoselectivity in the carbon–carbon
bond-forming step. Under the same reaction conditions as
for 1a–c a mixture of cis- and trans-fused ring systems were
obtained (Scheme 3).


For the acyclic substrates the catalyst loading and the re-
action time were increased to obtain full conversion. Palladi-
um-catalyzed cycloisomerization of 9 and 12 (10 mol% [Pd-
(dba)2] in AcOH and microwave heating at 120 8C for 40 mi-
nutes) produced a mixture of regioisomeric cyclopentene
derivatives in good yields (entries 6 and 7). Using the same
reaction conditions as above for the acyclic substrate with a
terminal olefin (15, entry 8) resulted in the formation of
only one regioisomer, but in a moderate yield (50%) and
also contaminated with a thermal Alder–ene product (17)
formed in the reaction (Table 2, entry 8).[27] To reduce the
formation of the thermal product the temperature was de-
creased. The best result was obtained at 80 8C with a reac-
tion time of 10 h, which afforded 16 and 17 in a ratio of 13:3
in 52% yield.[27]


Mechanistic consideration : To gain further insight into the
mechanism of the cycloisomerization, enallenes 1a and 6
were treated with 5 mol% [Pd(dba)2] in deuterated acetic
acid; this resulted in the formation of the monodeuterated
products [D1]2a+ [D1]3a and [D1]7+ [D1]8 (according to
1H NMR spectroscopy; Scheme 4).


The [Pd(dba)2]-catalyzed reaction of 1a or 6 in acetic acid
to give 2a or 7, respectively, can be initiated in two ways: 1)
either through oxidative addition of the solvent (HOAc) to
palladium(0) (Path A, Scheme 5) or 2) by means of an oxi-
dative cycloaddition reaction (Path B, Scheme 5). The oxida-


Table 2. Palladium(0)-catalyzed cycloisomerization of allene-substituted
olefins 1.[a]


Entry Starting
material


Products Yield (%)[b] (ratio)


1
83
(2a :3a=88:12)[c,d,e]


2 90 (2b :3b=6:1)[d,f,g]


3 90 (2c :3c=6:1)[d,f]


4 – no reaction


5 92 (7:8=78:22)[c]


6 73 (12 :11=67:33)[c,h]


7 74 (13 :14=73:27)[c,h]


8 52(16 :17=13:3)[i,j]


[a] Unless otherwise noted; 1 and [Pd(dba)2] (5 mol%) in AcOH
(6 mLmmol�1) was heated to 120 8C for 8 minutes by microwave irradia-
tion. [b] Isolated yields after flash chromatography. [c] The ratio was de-
termined by GC. [d] Traces of the corresponding regioisomer 4a–c were
also detected (<6%). [e] The isolated yield (83%) contains traces of 4a
(<6% of the total amount (determined by GC). [f] The ratio was deter-
mined by 1H NMR integration. [g] Compounds 2b and 3b were obtained
as a 1:1 mixture of their corresponding diastereoisomers. [h] Compounds
9 or 12 and [Pd(dba)2] (10 mol%) in AcOH (6 mLmmol�1) were heated
to 120 8C for 40 minutes. [i] Compound 15 and [Pd(dba)2] (10 mol%) in
AcOH (6 mLmmol�1) were heated to 80 8C for 10 h. [j] Compound 17 is
an Alder–ene product formed by means of a thermal background reac-
tion, see reference [27].


Scheme 3.


Scheme 4.
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tive addition of acetic acid to [Pd(dba)2] would give a palla-
dium(ii) hydride species. This palladium(ii) hydride species
can then add to the terminal carbon atom of the allenic
moiety resulting in a vinyl–palladium intermediate (A ; this
would account for the incorporation of deuterium in the
products [D1]2a and [D1]7 when DOAc is used). An inser-
tion of the double bond into the palladium–carbon bond
would give B, which subsequently would undergo a b-hy-
dride elimination to give the product (Scheme 5, Path A). In
the final step HPdOAc is formed, which initially is coordi-
nated to the product (2a or 7). Once free in solution,
HPdOAc is expected to undergo relatively fast exchange
with acetic acid, and with deuterated acetic acid DPdOAc
would be produced. Coordinatinon of the substrate (1a or
6) to the palladium(ii) hydride species would close the cata-
lytic cycle. The observation of a significant amount of non-
deuterated product 2a or 7 when DOAc is employed as sol-
vent, can be explained by a too slow exchange of HPdOAc
with DOAc, so that some HPdOAc re-enters the catalytic
cycle.


The cycloisomerization can also be explained by an oxida-
tive cycloaddition of the enallene to palladium(0), forming
the (h1-allyl)(s-alkyl)palladium(ii) intermediate C
(Scheme 5, Path B). Similar types of (mono-s-allyl)palladi-
um complexes have been studied by Kurosawa et al.[28] and
more recently by Szabo et al.,[29] and it has been shown that
electron-donating groups, such as s-carbon-bonded ligands,
on palladium makes the allyl function rather reactive to-
wards electrophiles. Incorporation of deuterium in the iso-
propyl moiety can be explained by isomerization of C to D,
followed by protonation (deuteration) in an SE2’ fashion to


give B, which then leads to the product formation by means
of b-hydride elimination (Scheme 5, Path B1).


It can also be argued that intermediate C could undergo
b-hydride elimination to give E, followed by a reductive hy-
dride elimination to give 2a or 7 (Scheme 5, Path B2). How-
ever, cyclization according to path B2 cannot explain the in-
corporation of deuterium when DOAc is employed, unless
E undergoes deuterium exchange with DOAc to give [D1]E.
Subsequently [D1]E would undergo a reductive elimination
forming the deuterated product [D1]2a or [D1]7 (Scheme 5,
Path B2). However, exchange of Pd�H with DOAc is
known to be a slow process when a hydrocarbon is coordi-
nated to palladium.[30] This makes path B2 less likely.


During the optimization of the reaction it was found that
the palladium(0)-catalyzed reaction of 1a does not work
with aprotic solvents (Table 1, entries 2–4). This is consistent
with path A being the major pathway for the cyclization of
1a to 2a. Moreover, when the acetic acid concentration is
decreased the reaction becomes slower (compare entries 1
and 5, Table 1). This can be interpreted as the equilibrium
for the oxidative addition of palladium(0) to acetic acid is
shifted to the left, leading to a decrease in the concentration
of the reactive palladium hydride intermediate and conse-
quently a slower reaction. This observation is in accordance
with path A.[31] On the other hand in the presence of tri-
fluoroacetic acid, the concentration of the palladium hydride
intermediate should increase (i.e., the equilibrium would be
shifted to the right); this increase is expected to lead in turn
to an increased reaction rate. However, a slower reaction
was observed and this is probably due to the lower stability
of HPdOOCCF3 (see Table 1, entry 9).


Scheme 5.
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A fast reversible b-elimination/re-addition/b-elimination
process would explain the formation of the regioisomeric
products 3a–c (Scheme 6). This isomerization process also


involves the formation of the third regioisomer, 4a–c
(Scheme 6), and the ratio between 2, 3, and 4 is most likely
the thermodynamic product distribution. This was further
supported by comparing the energies of the preferred con-
former of each of the three isomers.[32] Unfortunately, the
palladium hydride catalyzed isomerization of 2 to 3 and 4 is
faster than the cyclization of 1. Thus, inhibition of the iso-
merization of 2 would also lead to an inhibition of the cycli-
zation of 1, since the same palladium hydride intermediate
is believed to be the active catalyst in both processes.


When running the reaction of enallenes 1a and 6 in deu-
terated acetic acid the isomerization of the primary product
of path B2 would lead to deuterium incorporation in the
ring that is isomerized. This is because Pd0 is formed in a re-
ductive elimination in path B2, and addition of DOAc to
Pd0 would produce DPdOAc. The latter would introduce
deuterium in the ring that is isomerized (shown for the
product from 6, Scheme 7). When five-membered-ring ana-
logue 6 was treated with 5 mol% [Pd(dba)2] in deuterated


acetic acid monodeuterated products [D1]7+[D1]8 were
formed, and no additional incorporation of deuterium was
detected in [D1]8 by 1H NMR spectroscopy (Scheme 4). This
observation rules out pathway B2.


The lack of deuterium in the ring that is isomerized is
consistent with pathways A and B1. In these pathways the
palladium hydride formed from b-elimination is re-added to
the coordinated double bond (cf. Scheme 6). The observa-
tion that a protic solvent is required for the reaction favors
path A.


Conclusion


A novel palladium-catalyzed cycloisomerization of readably
available enallenes has been developed. The reaction gives
stereodefined bicyclic compounds or functionalized cyclo-
pentene derivatives in high yield. From deuterium labeling
experiments and the fact that the reaction requires a protic
solvent, we propose that the cyclization involves the forma-
tion of a palladium hydride species as the active catalyst.
Addition of the latter to the allene results in the formation
of a vinyl–palladium species. A subsequent insertion of the
olefin into the Pd�vinyl bond constitutes the carbon–carbon
bond formation step.[33]


Experimental Section


Commercially available chemicals were used without further purification.
The microwave heating was performed in a Smith Creator (Biotage AB,
Uppsala, Sweden). The reaction mixture was stirred with a magnetic stir
bar during the irradiation. The temperature, pressure, and irradiation
power were monitored during the course of the reaction. Merck silica
gel 60 (240–400 mesh) was used for flash column chromatography.
1H NMR (400 or 300 MHz) and 13C NMR (100 and 75 MHz) spectra
were recorded with [D1]chloroform (d=7.26 ppm 1H, d=77 ppm 13C) as
internal standard. The preparative HPLC used was a Bischoff HPLC
compact pump with a refractive index detector and column; Kromasil
100 SIL 5 mm (250M20 mm). Gas chromatography analyses were per-
formed on a Varian 3380, CP-Sil 8 CB (30 mM0.32 mmM0.25 mm) capilla-
ry column (CHROMPACK).


Substrates 1a–g were prepared according to previously described proce-
dure.[14a]


General procedure for the preparation of 2 and 3


Compounds 2a and 3a : A solution of 1a (0.139 g, 0.5 mmol) and [Pd-
(dba)2] (0.014 g, 0.025 mmol) in acetic acid (3 mL) was microwave-heated
at 120 8C for 8 min. Water (10 mL) was added, and the aqueous layer was
extracted with Et2O (4M20 mL). The combined organic phases were
washed with saturated NaHCO3 solution (3M10 mL) and dried (Na2SO4),
and the solvent was removed under reduced pressure. The crude product
was purified by flash chromatography (pentane/Et2O 6:1) to give 0.115 g
(83% total yield) of 2a and 3a (ratio 88:12) contaminated with some of
4a. Alternatively the crude product could be purified by preparative
HPLC (pentane/ethylacetate 25:1) to give 0.099 g of 2a and 3a in a total
yield of 71%. (free from traces of isomer 4a). 1H NMR (400 MHz,
CDCl3) of 2a : d=5.82 (m, 2H), 5.38 (dd, J=2.9, 1.5 Hz, 1H), 3.73 (s,
3H), 3.69 (s, 3H), 3.44 (m, 1H), 3.13 (ddd, J=12.9, 6.0, 4.3 Hz, 1H), 2.34
(heptet, J=6.7 Hz, 1H), 1.98 (m, 2H), 1.34 (m, 1H), 1.25 (m, 1H), 1.11
(d, J=6.7 Hz, 3H), 1.01 ppm (d, J=6.7 Hz, 3H); 1H NMR (400 MHz,
CDCl3) of [D1]2a : d=5.82 (m, 2H), 5.38 (d, J=3.0 Hz, 1H), 3.73 (s,
3H), 3.69 (s, 3H), 3.44 (m, 1H), 3.13 (ddd, J=12.9, 6.0, 4.3 Hz, 1H), 1.98


Scheme 6.


Scheme 7.
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(m, 2H), 1.34 (m, 1H), 1.25 (m, 1H), 1.10 (s, 3H), 1.006 ppm (s, 3H);
1H NMR (400 MHz, CDCl3) of 3a : significant peaks d=5.75 (m, 2H),
5.40 (t, J=1.5 Hz, 1H), 3.71 (s, 3H), 3.68 (s, 3H), 2.98 (m, 1H), 1.13 (d,
J=7.0 Hz, 3H), 1.01 ppm (d, J=7.0 Hz, 3H); elemental analysis calcd
(%) for (2a/3a) C16H22O4: C 69.04, H 7.97; found: C 69.03, H 7.92.


A sample of the minor isomer 4a was obtained by preparative HPLC pu-
rification. 1H NMR (400 MHz, CDCl3) of 4a : d=5.80 (brd, J=10.9 Hz),
5.60 (dddd, J=10.1, 3.8, 2.0, 1.0 Hz, 1H), 5.38 (t, J=1.5 Hz, 1H), 3.75 (s,
3H), 3.66 (s, 3H), 3.45 (m, 1H), 2.85 (m, 1H), 2.39 (heptet, J=6.9 Hz,
1H), 1.97 (m, 3H), 1.78 (dq, J=13.1, 4.6 Hz, 1H), 1.15 (d, J=6.9 Hz,
3H), 1.03 ppm (d, J=6.9 Hz, 3H).
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Coupling of Planar Chiral [2.2]Paracyclophane Derivatives
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Introduction


The prominent role of diols and diamines as chiral inductors
in a wide range of stereoselective processes is evident and
well documented in the literature.[1] A notable part of these
ligands are compounds possessing C2 symmetry.[1,2] The pina-
col coupling of carbonyl compounds and their imino deriva-
tives is presently accepted as one of the most rational and
convenient methods for the synthesis of such chiral diols


and diamines.[3] The aim of these studies is to develop more
effective catalytic systems providing chiral target compounds
with high stereoselectivity and in high chemical yields. The
possibility to carry out the pinacol coupling of a,w-bis-car-
bonyl derivatives makes this reaction an excellent tool to
prepare cyclic compounds in highly stereoselective fashion
which may be useful for natural product and drug synthe-
sis.[4] Another promising direction is the application of the
pinacol coupling to the construction of novel multichiral li-
gands, bearing—apart from two chiral centres—additional
elements of central, axial or planar chirality and/or having
the diol, diamine or amino alcohol fragments incorporated
in rigid frameworks. Several interesting ligands were syn-
thesised by intermolecular coupling of planar chiral (h6-are-
ne)tricarbonylchromium complexes, ferrocenecarbaldehydes
or formylphosphaferrocenes,[5] cyclopentadiene- or cyclobu-
tene-based ketones[6] or by intramolecular coupling of axially
chiral 2,2’-biarylcarbaldehydes and their diimines, planar
chiral mono-(h6-arene)tricarbonylchromium complexes of
such biaryls, diferrocenylcarboxaldehyde and its diimine.[7]


The pinacol cross-coupling of the metal-coordinated planar
chiral arylaldehydes with imines has also recently been re-


Abstract: The TiCl4/Zn-mediated inter-
molecular pinacol coupling of the
planar chiral carbonyl compounds
[2.2]paracyclophane-4-carbaldehyde, 4-
acetyl[2.2]paracyclophane (ketone) and
the four regioisomeric 5-, 7-, 12- and
13-methoxy[2.2]paracyclophane-4-carb-
aldehydes as well as the pTosOH–Zn/
Cu-promoted coupling of their N-sub-
stituted imines is described. Coupling
of the enantiomerically pure substrates
(most of carbonyl compounds and all
imines) occurs stereoselectively giving
rise to diastereomerically pure 1,2-diols
and 1,2-diamines. Racemic aldehydes
and ketone react with different degrees


of stereoselectivity (depending on the
substituents in certain positions) and
produce one to three diastereomers. 7-
Methoxy[2.2]paracyclophane-4-carbal-
dehyde undergoes a tandem pinacol
coupling–pinacol rearrangement to
yield bis-(7-methoxy[2.2]paracyclo-
phane-4-yl)acetaldehyde. Coupling of
the racemic imines produces a mixture
of single racemic d,l-diamine and
single meso-diamine in each case. The


stereoselective formation of the asym-
metric centres is governed by the
planar chiral [2.2]paracyclophanyl
moiety. The techniques elaborated are
extended to the intramolecular cou-
pling of [2.2]paracyclophane-4,13-dicarb-
aldehyde and its bis-N-phenylimine, re-
sulting in stereoselective formation of
the chiral triply-bridged diol and exclu-
sive formation of the meso-diamine. X-
Ray investigations of several diols and
diamines have been carried out and the
structural features of these derivatives
are discussed.
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ported.[8] Selected examples of such types of ligands are pre-
sented in Figure 1 (I–VI). Reductive coupling of aromatic
diimines effectively produces a variety of diazacrown esters
and other nitrogen-containing macrocycles.[9]


In the course of our studies directed at the elaboration of
planar chiral [2.2]paracyclophanes as ligands for asymmetric
synthesis we have already reported on a number of efficient
methods providing easy access to the enantiomerically pure
ortho-acylhydroxy-, ortho- and pseudo-gem-formylhydroxy-
[2.2]paracyclophanes, their imines, amino alcohols, salene-
type ligands, chiral b-diketones, and others.[10] Moreover,
two novel types of planar chiral bisphenols (namely, bridged
and aryl [2.2]paracyclophane-type) were suggested by us re-
cently.[11] In continuation of these studies we became inter-
ested in other chiral diols and diamines of the [2.2]paracy-
clophane series. Here we present the application of intra-
and intermolecular pinacol coupling of planar chiral [2.2]para-
cyclophane carbonyl derivatives and their imines to the syn-
thesis of novel potential ligands of type VII and VIII
(Figure 1).[12] The structures and the determination of the
relative configurations of these new compounds are also
presented and the stereoselectivity of the coupling reactions
is discussed.


Results and Discussion


Synthesis of the starting materials : As substrates we have
chosen different carbonyl compounds: [2.2]paracyclophane-


4-carbaldehyde (1), 4-acetyl[2.2]paracyclophane (2, ketone)
and four regioisomeric hydroxy[2.2]paracyclophane-4-carb-
aldehydes, all of which are chiral and have a variable sub-
stitution pattern, that is, 5-hydroxy- (ortho-, FHPC, 3), 12-
hydroxy- (pseudo-ortho-, pseudo-FHPC, 4), 13-hydroxy-
(pseudo-gem-, iso-FHPC, 5) and 7-hydroxy-
[2.2]paracyclophane-4-carbaldehydes (para-, para-FHPC, 6)
(Figure 2). This selection will help us to understand how the
substituents effect reactivity and stereoselectivity of these
model carbonyl compounds.


All compounds are easily available either in racemic or in
enantiomerically pure form. Aldehydes rac- and (Rp)-1


[13]


and ketones rac- and (Rp)-2
[10d] were obtained as described


previously. For the synthesis of each chiral regioisomeric
hydroxy[2.2]paracyclophane-4-carbaldehydes specific syn-
thetic techniques were applied. rac-3 (FHPC) was obtained
from 4-hydroxy[2.2]paracyclophane in three steps with its
ortho-regioselective oxaloylation as a key reaction.[10f] The
procedure for the synthesis of rac-5 (iso-FHPC)[10i] was
based on the pseudo-gem-regioselective TiCl4-catalysed for-
mylation of methyl[2.2]paracyclophane-4-carboxylate with
a,a-dichloromethyl methyl ether.[14] Aldehyde rac-4
(pseudo-FHPC) was synthesised from 4,12-dibromo-
[2.2]paracyclophane by stepwise exchange of the bromine
atoms for the respective functional group.[15] All three hy-
droxy-substituted [2.2]paracyclophane-derived aldehydes
were resolved into enantiomers through their Schiff bases
by using the enantiomers of a-phenylethylamine (a-
PEAM). Subsequently rac- and (R)-3–5 were transformed
into the respective methoxy derivatives rac- and (R)-7–9 by
methoxylation with methyl iodide in the presence of K2CO3


in acetone.[10c]


For the synthesis of 7-methoxy[2.2]paracyclophane-4-carb-
aldehyde (10) two different techniques starting from either
4-hydroxy[2.2]paracyclophane (11; Scheme 1, route A) or 4-


Figure 1. Selected examples of multichiral and rigid diols, diamines and
amino alcohols.


Figure 2. Carbonyl derivatives of [2.2]paracyclophane and enhanced ste-
reochemical descriptors for disubstituted compounds.
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methoxy[2.2]paracyclophane (12 ; Scheme 1, route B) were
investigated. We have found that formylation of phenol 11
with Cl2CHOCH3 (1.3 equiv TiCl4, CH2Cl2, 2 h) was para-re-
gioselective rather than ortho-regioselective (unlike the acy-
lation of 11[10e]) and thus afforded the respective 7-hydroxy-
[2.2]paracyclophane-4-carbaldehyde (6) (para-FHPC, isolat-
ed yield 60%) predominantly, whereas the ortho-substituted
compound 3 was formed only in traces (isolated yield less
than 5%). At the same time formylation of 11 in the pres-
ence of other Lewis acids (1 to 5 equiv SnCl4 or 1.3 equiv
FeCl3) was neither effective nor regioselective and produced
in all cases (reaction time 2–8 h) mixtures of the correspond-
ing ortho- and para-hydroxyaldehydes 3 and 6 together with
unreacted starting phenol. From the combined reaction mix-
tures of these transformations we have isolated 3 (30%), 6
(36%) and the remaining 11 (25%) by preparative chroma-
tography. Racemic 10 was obtained from 6 by the standard
methoxylation procedure mentioned above. Next an alterna-
tive route to 10 was developed which included the formyla-
tion of racemic 4-methoxy[2.2]paracyclophane 12 under the
conditions found by us earlier for the para-regioselective
acylation[10e,f] of this compound. The reaction of 12 with
Cl2CHOCH3, carried out in the presence of 1.3 equiv TiCl4
in CH2Cl2, has provided a high level of para-regioselectivity
and furnished 10 exclusively in a chemical yield of 90%
(Scheme 1).


Racemic 10 was resolved into enantiomers through the di-
astereomeric Schiff bases 13 with enantiomers of a-PEAM
(Scheme 1, the representative example is given for (R)-a-
PEAM as a reagent). The absolute configuration of the en-
antiomer obtained from (Rp,R)-13 (isolated in 40% chemi-
cal yield as a pure diastereomer by two successive recrystal-
lisations from hexane) was determined as (Rp)-10 by com-
parison of its specific rotation with that of an authentic
sample in turn synthesised by para-regioselective formyla-
tion of (Rp)-12 (Scheme 1).
Starting from aldehydes 1, 7 and 10 we have synthesised a


number of novel racemic and enantiomerically pure imines
14–19 (Figure 3). Phenylimines 14, 18 and 19 were obtained


from aniline hydrochloride in the presence of Et3N, other
imines 15–17 were synthesised from the free amines. All re-
actions were carried out in toluene with Et2SnCl2 as a cata-
lyst[10f] allowing in all cases to reach full consumption of the
starting aldehydes. Most of the compounds were found to be
quite unstable on silica gel and hence were purified by re-
crystallisation from hexane.
For all disubstituted compounds under investigation, the


absolute configurations are defined by the carbon atom to
which OCH3 group is attached (due to its priority over
CHO or imino groups). In order to locate the positions of
the carbonyl- or imino-substituents which are the reaction
centres in the pinacol coupling reaction, we here introduce a
set of enhanced stereochemical descriptors. Thus, in pseudo-
ortho- and para-substituted carbonyl compounds (12Rp)-8,
(7Rp)-10 (Figure 2) and imine (7Rp)-19 (Figure 3) the de-
scriptors for the carbon atoms bearing CHO or CH=NHPh
groups are of the same configuration (namely, 4Rp) as the
descriptor for OCH3-substituted carbon (12Rp or 7Rp) and
those of monosubstituted compounds (Rp)-1, (Rp)-2
(Figure 2) and (Rp)-14 (Figure 3). However, in the ortho-
((5Rp)-7, (5Rp)-18) and pseudo-gem-derivatives ((13Rp)-9)
the formyl- or imino-substituted carbons could be described
as 4Sp. As will be seen below the application of these en-
hanced descriptors will be necessary when discussing the
stereoselectivity of the coupling process. The descriptors
which describe the positions for the corresponding carbonyl
and imino groups will be marked there by bold letters.


Diastereoselective pinacol coupling of the [2.2]paracy-
clophane-derived aldehydes 1, 7–10 and ketone 2 : A
number of efficient techniques have been described for the
pinacol coupling of aldehydes and ketones, by using, for ex-
ample, SmI2 or other rare earth metal derivatives,[5a, 7a–c,8,16a]


low-valent Ti particles (generated in various ways)[5b,6b,16b–g]


or titanocene derivatives.[16h,i] The enantioselective version
of the coupling reaction was also elaborated.[16k–m] Very re-
cently, environmentally friendly techniques of SmII-mediated
pinacol coupling in water[17a] and even by sunlight[17b] were
suggested. We have applied several of these techniques em-
ploying TiCl4 (an inexpensive and readily available reagent)
to the racemic unsubstituted aldehyde 1 (Scheme 2,
Table 1). The reaction mixtures were worked up and ana-
lysed by 1H NMR spectroscopy to determine the ratio of the
diastereomers obtained.


Scheme 1. Two routes to racemic carbaldehyde 10 and its resolution into
enantiomers. i) Cl2CHOCH3, TiCl4, CH2Cl2; ii) CH3I, K2CO3, acetone; iii)
(R)-PEAM, molecular sieves 4 L, recrystallisation; iv) 2n HCl, MeOH.


Figure 3. Racemic and enantiomerically pure imines 14–19.
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TiCl4/nBu4NI
[16f] proved to be unsuitable for coupling of


1. The reaction, carried out under the described conditions
(CH2Cl2, �78 8C to room temperature, 12 h), or for a longer
(up to 20 h) periods of time, or even under reflux, produced
no target product, not even in traces. The reaction of 1 with
the TiCl4/Et3N


[16e] for 24 h proceeded only halfway and fur-
nished a mixture of several unidentified compounds.
Satisfactory results were obtained when the reaction was


promoted by the system TiCl4/Zn in THF. The active species
was generated in two ways here: i) by reduction with zinc of
the [TiCl4(thf)2] solution, prepared in advance, and ii) by
careful addition of TiCl4 to precooled THF (0 8C), producing
the yellow complex in situ, followed by Zn addition (1/
TiCl4/Zn 1:2:4, modification of the reported tech-
niques.[6b,16g]) The second approach gave higher yields of the
mixture of the diastereomeric diols (cf. 72 versus 47%,
Table 1, runs 2 and 1).


While beginning the discussion of the results of the cou-
pling reaction, we would like to make the following intro-
ductory remarks. The pinacol coupling of [2.2]paracy-
clophane-derived carbonyl compounds (as well as their
imines) produces multichiral diols (or diamines), bearing
two planar chiral moieties and two newly formed chiral cen-
tres. Therefore starting from racemic compounds a mixture
of six diastereomers (four chiral enantiomeric d,l-pairs and
two achiral meso-compounds) could in principle be obtained
(Scheme 2, the representative example is given for the po-
tential diols obtained from rac-1). From these diastereomers
two chiral d,l-pairs (20a and b) and two meso-compounds
(20e and f) possess symmetry (C2 and Cs, respectively) and
hence should give a half set of NMR signals, whether in the
1H or 13C NMR spectrum. The diastereomeric chiral d,l-
pairs 20c and d, because of their C1 symmetry should dem-
onstrate in the spectrum a full set of signals and multiplets
(with corresponding coupling constants) for the protons of
the -CH(OH) fragment, however. This allows us to carry
out the initial determination of the stereoselectivity of the
reaction on the basis of NMR data.
Thus careful analysis of the proton spectra of the reaction


mixtures showed that in both cases three compounds of the
six possible were formed. Two singlets for CH(OH) groups
at d 4.50 and 4.56 ppm and two broad singlets of OH groups
at 2.36 and 1.96, respectively, were assigned to the symmetri-
cal chiral diol 20 and the achiral meso-20. At the same time,
four signals of equal intensity, namely two doublets (J=
3.4 Hz) at 2.00 and 2.61 ppm (two nonequivalent OH pro-
tons) pairwise with two doublets (J=3.4 Hz) at 4.87 and
5.00 ppm, respectively, (two nonequivalent CH(OH) pro-
tons) were attributed to the unsymmetrical chiral diol 20 ac-
cording to the data of a homonuclear double proton reso-
nance experiment. Among the three diastereomers the un-
symmetrical diol was the major product in both reactions,
while two symmetrical diols were formed as minor products,
slightly differing in their ratio. After purification of the reac-
tion mixtures by preparative chromatography all three dia-
stereomers were isolated together (for they have similar
chromatographic mobility) with an almost unchanged ratio.
Some olefin as a mixture of two diastereomers (chiral
(Rp,Rp)* and meso (Rp,Sp), approximately 5–7% yield) were
also isolated; they were formed as a by-products of the com-
peting McMurry reaction.
Next we turned our attention to the enantiomerically


pure aldehyde (Rp)-1 and carried out its coupling under the
optimal conditions (1 (1 equiv), TiCl4 (2 equiv), Zn
(4 equiv), THF). In this reaction three (all chiral) diaster-
eomers could arise, namely two C2-symmetrical diols differ-
ing by the configurations at the benzylic centres
((Rp,S,S,Rp)-20 and (Rp,R,R,Rp)-20) and one C1-symmetrical
diastereomer (Rp,R,S,Rp)-20. In fact, a single C2-symmetrical
product (Rp,S,S,Rp)-20 was produced (Table 2, run 1). This
absolute configuration was assigned to 20 by comparison
with that of 23 (see below). This allowed us to identify the
products of the racemic reaction as one symmetrical chiral
d,l-pair (Rp,S,S,Rp)*-20, one unsymmetrical chiral d,l-pair


Table 1. Pinacol coupling of racemic aldehydes 1, 7–10 and ketone 2 (car-
bonyl compound (1 equiv), TiCl4 (2 equiv), Zn (4 equiv), THF).


Run Carbonyl
compound


Diol Ratio of
isomers[a]


Isolated yield
of the diol [%][b]


a/b :c/d :e/f


1[c] 1 20 22:56:22 47
2 1 20 11:54:35 72
3 2 21 67:0:33 70
4 7 22 0:25:75 72
5 8 23 62:23:15[d] 70
6 9 24 100:0:0 75
7 10 25[e] 67:33 62


[a] Determined by 1H NMR analysis of the reaction mixtures. [b] In all
reactions some olefinic products of the formula PC-CH=CH-PC (PC is
for the respective [2.2]paracyclophane unit) were formed (as a mixture of
two diastereomers) and isolated (3–7%). [c] The reaction was carried out
with [TiCl4(thf)2], Zn (4 equiv) in THF. [d] The reduction product (5%)
was detected in the reaction mixture by 1H NMR analysis. [e] For the
structure of the product see Scheme 3.


Scheme 2. Pinacol coupling of rac-1 (top), and relative configurations of
six potential diastereomers of diol 20 with four chiral elements (bottom).
[a] For example, (Rp,S,S,Rp)*-20a stands for (Rp,S,S,Rp) + (Sp,R,R,Sp).
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(Rp,R,R,Sp)*-20 (with the threo-arrangement of the newly
formed asymmetric centres and configurationally different
paracyclophanyl moieties) and one meso-compound
(Rp,S,R,Sp)-20.


The pinacol coupling of the racemic (Table 1) and (Rp)-
enantiomers of regioisomeric aldehydes 7–10 and ketone
(Rp)-2 (Table 2) under similar conditions constituted the
next experiments.
The coupling of the racemic methylketone 2 produced a


mixture of two symmetrical diastereomers of diol 21 (chiral
and meso according to 1H NMR data, Table 1, run 3), from
which the major isomer was isolated by preparative chroma-
tography in 30% chemical yield. For the coupling of (Rp)-2
1H NMR spectra of the reaction mixture (obtained in 92%
chemical yield) revealed the formation of the single sym-
metrical diol 21 without any noticeable side products
(Table 2, run 2). However, the isolated yield after chromato-
graphic purification was remarkably low (52%), although
small amounts (not more than 10%) of unidentified side
products were isolated. The 1H NMR spectra of this chiral
diol 21 and maj-21 were identical, and hence the latter con-
stitutes the racemic chiral diol. An X-ray diffraction study,
carried out for a single crystal of the optically pure sample,
allowed us to determine the absolute configuration as
(Rp,R,R,Rp)-21 (see Figure 7).
In the reactions of the ortho-substituted aldehydes rac-7


and (Rp)-7, mixtures of two isomers of 22 were formed in
25:75 (Table 1, run 4) and 58:42 ratios (Table 2, run 3), re-
spectively. In both cases the 1H NMR spectra of the reaction
mixtures clearly displayed the dominating sharp singlets of
the OCH3 groups at 3.26 or 3.24 ppm as well as singlets at
5.19 or 5.18 ppm, attributable to -CH(OH) groups, thus indi-
cating that the symmetrical diols had been generated. The
second diastereomers in both cases have unsymmetrical
structures. This was established by careful analysis of the
1H NMR spectra of the reaction mixtures where two dou-
blets of protons of nonequivalent CH(OH) groups at 4.65
and 5.05 ppm and a broadened multiplet in the range 4.77–
4.87 ppm (tentatively attributed to one of OH groups) were
clearly indicated. We were unable to separate the optically


active diols 22 by chromatography and recrystallisation. The
TLC-pure compound, with an acceptable elemental analysis,
always showed the presence of two diastereomers in varia-
ble ratios in its 1H NMR spectra. Recrystallisation of the re-


action mixture produced by
coupling of racemic 7 furnished
a single crystal of the major
product, suitable for X-ray
analysis. This yielded the rela-
tive configuration of this dia-
stereomer as meso-(Rp,S,R,Sp)-
22 (see Figure 7).
The coupling of the racemic


pseudo-ortho substituted alde-
hyde 8 was as not as selective
as that of rac-1, and the mixture
of three diastereomers of 23
was formed again (Table 1, run
5). However, in this case the
chiral symmetrical diastereomer
was the dominating product.


The analysis of the CH region in the 1H NMR spectrum of
the reaction mixture revealed the presence of two singlets at
d 4.51 and 4.66 ppm responsible for the CH(OH) groups of
achiral meso-23 and the symmetrical chiral diol 23, respec-
tively, and two multiplets with equal intensity at 4.43 and
4.73 ppm (two nonequivalent CH(OH) protons), originating
from the unsymmetrical chiral diol 23. The reaction of (Rp)-
8 produced the single chiral diol 23 (according to 1H NMR
analysis) which was isolated by preparative chromatography
and recrystallisation (Table 2, run 4). The appropriate single
crystal was subjected to X-ray analysis and the absolute con-
figuration of 23 was established as (Rp,S,S,Rp) (see Figure 7).
It should be noted that in the case of this substrate the cou-
pling was accompanied by reduction (5 and 14% for the rac-
emic and optically pure substrates, respectively).
The coupling of the racemic pseudo-gem-aldehyde rac-9


occurred at a high level of stereoselectivity and resulted in a
single symmetrical diol (Table 1, run 6). Enantiomerically
pure (Rp)-9 produced the single symmetrical product 24 as
well (Table 2, run 5), and the 1H NMR spectra of both race-
mic and optically pure products were identical. Both com-
pounds were isolated by preparative chromatography, and
from the latter single crystals suitable for X-ray diffraction
work were obtained (see Figure 7). The absolute configura-
tion hence determined was (Rp,R,R,Rp)-24.
In all reactions of 7–9 (as well as 1) small amounts of the


corresponding olefins (near 3–7%) were detected and were
isolated as the first fractions during the chromatographic
separation of the product mixtures.
Surprisingly, the reaction of racemic 10 as well as its (Rp)-


enantiomer produced the aldehydes 25 (Table 1, run 7,
Table 2, run 6, Scheme 3) rather than the anticipated diols,
as was unambiguously confirmed by X-ray crystallography
(Figure 4), 1H and 13C NMR spectrum, mass and IR-spectral
data. The coupling of racemic 10 produced a 63:37 mixture
of two isomers (maj-25 and min-25), while (Rp)-10 gave rise


Table 2. Pinacol coupling of the carbonyl compounds (Rp)-1, 2, 7–10 (carbonyl compound (1 equiv), TiCl4
(2 equiv), Zn (4 equiv), THF)).


Run Carbonyl Descriptor for the Diol (confi- Isolated [a]22D
compound carbonyl group guration) yield [%]


1 (4Rp)-1 4Rp (Rp,S,S,Rp)-20
[a] 77 �88.2 (c 0.2, CHCl3)


2 (4Rp)-2 4Rp (Rp,R,R,Rp)-21 52 (92) �14.6 (c 0.2, CHCl3)
3 (5Rp)-7 4Sp (Rp,S,S,Rp)-22 57[e] (58:42) +116.3 (c 0.2, CHCl3)


[e]


(Rp,R,S,Rp)-22
4 (12Rp)-8 4Rp (Rp,S,S,Rp)-23


[b] 70 �36.6 (c 0.23, CHCl3)
5 (13Rp)-9 4Sp (Rp,R,R,Rp)-24


[c] 83 +104.0 (c 0.3, CHCl3)
6 (7Rp)-10 4Rp (Rp,Rp)-25


[d] 57 �69.6 (c 0.2, CHCl3)


[a] An olefinic product was isolated in 22% yield. [b] The reduction product (14%) was detected in the reac-
tion mixture by 1H NMR analysis. [c] Olefin (10%) was detected in the reaction mixture by 1H NMR analysis.
[d] For the structure of the product see Scheme 3. [e] Mixture of two diastereomers.
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to (Rp,Rp)-25, the
1H NMR spectrum of which was identical


to that of the maj-25. We assume that in this particular case
(unlike the other ones studied) a tandem pinacol coupling–
Lewis acid promoted pinacol rearrangement[18] takes place.
The suggested mechanism of such a sequence (similar to the
one described for the coupling/rearrangement of arylke-
tones[18a]) is summarised in Scheme 3. The expected coupling
product (respective diol) would exist in the reaction mixture
as the metal coordinated (Zn, Ti) cyclic intermediate, a sym-
bolised by structure A. This would subsequently afford the
cationic intermediate B, then produce the stable intermedi-
ate C as a result of a 1,2-migration of the 7-methoxy-
[2.2]paracyclophane-4-yl-moiety and, finally, release the al-
dehyde 25 upon hydrolysis. The driving force of such a pro-
cess could be attributed to the para-methoxy substituent of
the starting aldehyde 6, which should greatly facilitate the


migratory aptitude of the respective [2.2]paracyclophanyl
fragment.[19]


The experimental results obtained so far allow the follow-
ing conclusions and generalisations:


1) Almost in all cases (except for the coupling of substrate
7) the stereoselective formation of a single chiral sym-
metrical diol from an optically pure carbonyl compound
was observed, correspondingly the respective d,l-pairs
were produced from the racemic substrates. This sup-
ports the assumption that the planar chiral paracyclo-
phanyl unit governs the stereoselective formation of the
asymmetric centres both for the enantiomerically pure
and racemic substrates.


2) With this assumption in mind two mechanisms, proposed
for the pinacol coupling of carbonyl compounds mediat-
ed by low-valent Ti species, may be considered. The first
mechanism (a conventional one, as referred to in the lit-
erature) assumes the generation of ketyl radicals, fol-
lowed by their dimerisation in a manner, favouring the
minimisation of steric interaction between aryl substitu-
ents attached to the reaction centres. The stereoselective
formation of the chiral d,l-pairs is generally attributed
to the additional bridging of these intermediates by the
low-valent Ti species (Figure 5, left). For our case with


additional planar chiral paracyclophanyl moieties such a
reaction pathway determines (assuming the stereoselec-
tive formation of the anion radicals), that only symmetri-
cal diastereomers (chiral d,l-pairs or chiral diastereo-
mers and achiral meso-compounds) can be obtained. The
coupling of substrates 2 and 9 (Table 1, entries 3 and 6,
Table 2, entries 2 and 5) agrees with such an explanation.
However, chiral unsymmetrical diastereomers found in
the reaction mixtures of all other cases (for substrates 1,
7 and 8, Table 1, entries 1, 2, 4 and 5, Table 2, entry 3)
support an alternative reaction path,[20] based on initial
formation of a titanooxirane intermediate (Figure 5,
right), followed by insertion of a second aldehyde into
the Ti�C bond. The configuration of the second asym-
metric centre formed in this case could be favoured by
the more appropriate threo-arrangement of the bulky
substituents at the two developing asymmetric centres.
Accordingly, for the coupling of the racemic carbonyl
derivatives of [2.2]paracyclophane (again having in mind
the diastereoselective formation of the titanooxirane),
all three types of diastereomers (achiral meso-, symmet-


Figure 4. The structure of the aldehyde (Rp,Rp)-25 in the crystal. Here
and below the hydrogen atoms of all the aromatic rings, ethano bridges
of [2.2]paracyclophanyl moieties and Me-groups are omitted for clarity.
All structures are presented as ORTEP plots with ellipsoids plotted at
the 30% probability level.


Scheme 3. Synthesis of 25 from 6 by tandem pinacol coupling–pinacol re-
arrangement process. R = 7-methoxy[2.2]paracyclophan-4-yl-; M = Zn
or Ti; L = (THF) or Cl.


Figure 5. The possible intermediates of the pinacol coupling reaction.
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rical and unsymmetrical chiral) are in principle possible,
and this was in fact observed for racemic substrates 1
and 8 (Table 1, runs 1, 2, and 5). Enantiomers of these
substrates stereoselectively gave rise to the single sym-
metrical diols 20 and 23 (Table 2, entries 1 and 4). The
selectivity of the coupling of substrate 7 contarsts that of
the other derivatives because the chiral diastereomer
was not formed from the racemic substrate at all, and
the unsymmetrical chiral diastereomer was produced
even when coupling the enantiomerically pure 7
(Table 1, run 4, Table 2, run 3). Thus it appears that both
reaction pathways and participating intermediates are
reasonable for different substrates and a further detailed
discussion of the stereoselectivity of the pinacol coupling
will have to take this duality into account.


3) We now return to the assumption that the initial forma-
tion of the intermediate (either ketyl radical or titanoox-
irane) occurs stereoselectively and we will discuss the
role of the planar chiral [2.2]paracyclophanyl moiety
more thoroughly. Here the enhanced stereochemical de-
scriptors mentioned above will be useful. To explain the
observed selectivity, we assume that the carbonyl group
of each aldehyde (4Rp)-1, (12Rp,4Rp)-8 or (13Rp,4Sp)-9
coordinated to Ti takes up a conformation anti to the
nearest ethano bridge, thus reducing steric interactions
within the particular intermediate generated. Moreover,
in the case of 8 and 9 the additional fixation of such con-
formations is possible by coordination of Ti with me-
thoxy groups. In such conformations the Si faces of the
carbonyl groups in 1 and 8, as well as the Re face in 9,
are not shielded by the protons of the unsubstituted
[2.2]paracyclophane ring, and in this way the intermedi-
ate species (radical anion or titanooxirane, see above)
may be formed with the asymmetric centre of the oppo-
site configuration, namely, (S) from (4Rp)-1 and
(12Rp,4Rp)-8 and (R) from (13Rp,4Sp)-9 (Table 2, runs 1,
4 and 5). At the same time for the carbonyl group of the
ketone (4Rp)-2 and of the ortho-substituted aldehyde
(5Rp,4Sp)-7, the syn orientation with respect to the
ethano bridge[21] helps to avoid undesired repulsive inter-
actions and hence induces formation of the asymmetric
centre of homonymous configuration [(R)- from (4Rp)-2
and (S)- from (5Rp,4Sp)-7). Then, for practically all reac-
tions (except for 7, see below), either coupling between
two (4Rp,S)- or (4Rp,R)-paracyclophanyl fragments or in-
sertion of the second paracyclophanyl moiety with for-
mation of the second asymmetric centre of the same
configuration (which demands threo arrangement of the
bulky substituents) produces the corresponding
(4Rp,R,R,4Rp)- or (4Rp,S,S,4Rp)-diols. The formation of
the unsymmetrical diol from (5Rp,4Sp)-7 provides evi-
dence for the more favourable erythro arrangement of
two configurationally equal ortho-substituted paracyclo-
phanyl moieties. Concerning the racemic compounds, it
should be noted that the coupling between two stereose-
lectively formed ketyl radicals of opposite planar chirali-
ty ((4Rp)- and (4Sp)-) could lead to the meso diastereom-


ers (4Rp,S,R,4Sp)-20, 22 and 23, or (4Rp,R,S,4Sp)-21,
whereas coupling between two homonymous fragments
would produce chiral diols (Rp,S,S,Rp)*-20 and 23 or
(Rp,R,R,Rp)-21 and 24. If the insertion mechanism is as-
sumed to be operative, the formation of the unsymmetri-
cal chiral diols is governed by the more appropriate
mutual arrangement of the substituents at the two asym-
metric centres. It results in the formation of the threo-
diols bearing configurationally different paracyclophanyl
moieties from substrates 1 and 8, and the erythro-diol
with configurationally equal paracyclophanyl fragments
from 7. The presence of bulky substituents in selected
positions affects the stereochemistry of the processes
considerably. Thus, the formation of the chiral d,l-21
from the racemic ketone 2 (bearing a methyl group in-
stead of hydrogen at the carbonyl group) was approxi-
mately twice as favoured as that of meso-21 (Table 1,
run 3). The methoxy group in pseudo-gem-position of
the [2.2]paracyclophane moiety (aldehyde 9) prevents all
reactions except the formation of the chiral diol d,l-24
(Table 1, run 6). The methoxy substituent in pseudo-
ortho-position to the carbonyl group (aldehyde 8) causes
a less pronounced influence on the stereoselectivity, but
the formation of the chiral d,l-23 still predominates
(Table 1, run 5). Note that in the case of the racemic
ortho-substituted aldehyde 3 the preferred product was
meso-22 (together with smaller amounts of the unsym-
metrical chiral d,l-22), whereas the chiral C2-symmetri-
cal diol d,l-22 was not formed at all, probably because
of steric hindrance effects (Table 1, run 4). This awkward
product was, however, obtained in the coupling reaction
with (R)-7, although the contribution of the unsymmetri-
cal d,l-22 in this case significantly increased (Table 2,
run 3).


Diastereoselective pinacol coupling of [2.2]paracy-
clophane-derived imines :[12] For the synthesis of chiral dia-
mines by pinacol coupling of imino derivatives a variety of
reducing agents such as SmI2


[5a,7b,7c] and its combinations
with other reagents,[22] Zn-based reagents[9,23] and a few
others systems[24] have been described. We have carried out
the coupling reactions of imines 14–19 in DMF with excess
Zn/Cu couple and pTosOH at 0 8C, followed by maintaining
the reaction mixture at room temperature for 24 h. After
work-up the ratio of the obtained diastereomers (Table 3)
was analysed by 1H NMR spectroscopy. Subsequently the di-
amines 26–31 were purified by silica gel chromatography
and characterised as diastereomeric mixtures or individual
compounds by the usual spectroscopic and analytical data.
According to the 1H NMR data coupling of the racemic


imines 14, 15, 17 and 19 occurs with formation of mixtures
of only two diastereomers in 1:1 ratio (Table 3, entries 1, 2,
4, 6), while in the case of imines 16 and 18, which contains
bulky substituents close to the reaction centre, the ratio
shifts towards one diastereomer considerably (Table 3, runs
3 and 5). No traces of the reduction product (corresponding
amines) were detected. The presence of only a half set of
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signals in the proton spectra of diamines 26–31 indicates the
formation of symmetrical compounds. Diamines 26, 30 and
31 (Table 3, runs 1, 5, 6) were isolated and characterised as
mixtures of diastereomers. Recrystallisation of diamines 27
(Table 3, run 2) and 28 (Table 3, run 3), having sterically de-
manding N-substituents, allowed the isolation of individual
crystalline diastereomers, the structures of which were deter-
mined by X-ray studies[12] as meso-27 and meso-28 (major)
of (Rp,S,R,Sp)-relative configuration. The chromatographic
separation of the mixture of the N-benzylimine-derived di-
amine 29 (Table 3, run 4) resulted in only one meso diaste-
reomer in 49% yield. We have failed in the isolation of the
chiral racemic isomer either by recrystallisation or prepara-
tive chromatography due to its extremely low solubility and
low chromatographic mobility.
Next we have carried out the coupling of imines (Rp)-14,


(5Rp,4Sp)-18 and (7Rp,4Rp)-19 (Table 4, runs 1–3) and ob-
served in each case the stereoselective formation of the
single chiral products 26, 30, 31. This indicates that the
second diastereomers formed in the coupling of the racemic
14, 18 and 19 unequivocally were achiral meso compounds.
Diamines 26, 30 and 31 were readily purified on silica gel.
The relative configuration of the diastereomerically pure 30
was determined as (4Rp,S,S,4Rp) by 2D 1H NMR experi-
ments. For diamine 31 a single crystal X-ray diffraction
study revealed (4Rp,S,S,4Rp)-configuration (see Figure 7).
Relying on the established relative configurations of


meso-27 and 28 and chiral 30 and 31, we assume that the
planar chiral [2.2]paracyclophane moiety plays a key role in
the stereochemical outcome of the reaction. It is accepted
that the reaction proceeds by electron transfer from the
metal to the substrate which is activated by the sulfonic
acid.[20,22c] Thus if the activated imine fragments of 14–17
and 19 react in their anti conformations with respect to the


nearest ethano bridge (as is also supported by the X-ray
structural data of the starting imine 15, Figure 6, top), then
the Si faces for (4Rp)-14 and (7Rp,4Rp)-19 (as well as for ra-


cemic 15 and 16) will not be
shielded by the protons of the
unsubstituted [2.2]paracy-
clophane ring. The coupling be-
tween (Rp)- and (Sp)-paracyclo-
phanyl fragments should lead to
the meso diastereomer with
(Rp,S,R,Sp)-configuration as was
unequivocally shown for 27 and
28. In turn, coupling between
two (Rp)- or two (Sp)-paracyclo-
phanyl fragments should give
chiral d,l-pairs (Rp,S,S,Rp)* 26–
29 and 31 from racemic sub-
strates 14–17 and 19 or
(Rp,S,S,Rp)-diastereomers from
(Rp)-14 and 19. At the same
time the X-ray structure of the
imine 18[12] (Figure 6, bottom)
bearing an ortho-substituent re-
veals that now the more pref-
erable conformation of the
imine fragment is the one with


Table 3. Pinacol coupling of the racemic imines 14–19 with Zn/Cu couple and pTosOH.


Run R R1 Imine Diamine Isolated yield [%] d,l/meso[a]


1 H Ph 14 26 60 50:50
2 H 2-BrC6H4 15 27[12] 80 51:49
3 H 2,6-Me2-C6H3 16 28[12] 79 15:85
4 H CH2C6H5 17 29 49[b] 50:50
5 o-OCH3 Ph 18[12] 30 45 25:75
6 p-OCH3 Ph 19 31 64 50:50


[a] Determined by 1H NMR analysis. [b] Yield of the meso-diamine isolated after purification on silica gel.


Table 4. Pinacol coupling of the imines (Rp)-14, 18 and 19 with Zn/Cu couple and pTosOH.


Run Imine Diamine Isolated yield [%] [a]22D


1 (4Rp)-14 (4Rp,S,S,4Rp)-26 64 �15.7 (c 0.36, C6H6)
2 (5Rp,4Sp)-18 (4Rp,S,S,4Rp)-30 52 +28.7 (c 0.27, C6H6)
3 (7Rp,4Rp)-19 (4Rp,S,S,4Rp)-31 46 +49.4 (c 0.23, C6H6)


Figure 6. Structures of the imines rac-15 (top) and (Rp)-18 (bottom) in
the solid state.
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the N-Ph substituent in syn-orientation with respect to the
ethano bridge, owing to the repulsive interaction with the
OCH3 group. Thus the stereochemical result of the coupling
reaction should be the opposite of that of the reaction of
the imines 14–17 and 19, and formation of the asymmetric
centre of homonymous configuration (namely, (R)- from
(Rp)-paracyclophanyl moiety) is expected. However, the
configuration of the imine (5Rp,4Sp)-18 (and thereby of the
diamine 30) is defined by the descriptor of the OCH3 group.
Hence the coupling of two paracyclophanyl fragments
having opposite configurations should give (Rp,S,R,Sp)-30
whereas the coupling of two paracyclophanes with the same
configurations should afford (Rp,S,S,Rp)-/(Sp,R,R,Sp)-30.


X-ray crystallographic study and structural features of diols
(Rp,R,R,Rp)-21, (Rp,S,R,Sp)-22, (Rp,S,S,Rp)-23 and
(Rp,R,R,Rp)-24, and diamines meso-27, meso-28 and
(Rp,S,S,Rp)-31: The general views of diols (Rp,R,R,Rp)-21,
(Rp,S,R,Sp)-22, (Rp,S,S,Rp)-23 and (Rp,R,R,Rp)-24, and di-
amine (Rp,S,S,Rp)-31 are summarised in Figure 7. The data
for diamines meso-27 and meso-28 are taken from ref. [12].
We have undertaken a comparative analysis of the solid-


state structures of the newly synthesised diols and diamines
with other similar compounds described in the literature.
The structural data for compounds with the formula
Ar(OH)CH�CH(OH)Ar,[25] Ar(OH)C(R)�C(R)(OH)Ar[26]


and Ar(NHR1)CH�CH(NHR1)Ar[27] were taken from the


Figure 7. Structures of the diols a) (Rp,R,R,Rp)-21, b) (Rp,S,R,Sp)-22, c) (Rp,S,S,Rp)-23, d) (Rp,R,R,Rp)-24, and e) diamine (Rp,S,S,Rp)-31 in the crystal.
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CSD.[28] First, we have considered the conformations in the
solid state of the central core of the molecules of diols 21–
24 and diamines 27, 28 and 31 and presented them as
Newman projections with the key torsion angles (Figure 8).
It should be noted, that all chiral compound of this type


could adopt three different conformations (in order to mini-
mise steric strain), in which one pair of the identical groups
usually will be in anti orientation, whereas two others will
pairwise be in gauche conformations. At the same time, for
the achiral meso compounds two other conformations (all
identical groups anti or all gauche) are preferred. From this
point of view we have analysed the molecular conformations
of our compounds. Thus for the centrosymmetric molecule
meso-22 the conformation of all substituents was anti. A
similar conformational behaviour has been described for
most meso-diols of the general formula Ar(OH)CH�
CH(OH)Ar (Ar = 4-Br-, 4-Cl, 4-I- or 4-CH3C6H4,


[25a] 4-
OCH3C6H4 or 3,4-(OCH3)2C6H3


[25b] or (7-tert-butyl-
[2.2]metacyclophan-4-yl-).[25c] In only one special case[25d]


(Ar=2-BrC6H4·Cr(CO)3) the conformation of the corre-
sponding meso-diol in the crystal was gauche. The solid-state
structures of the chiral diols 23 and 24 are very similar to
each other, with gauche orientations of the hydroxy groups
and paracyclophanyl moieties, and anti orientation of the
hydrogen atoms (consistent with the conformational struc-
tures of the chiral diols Ar(OH)CH�CH(OH)Ar with Ar=
C6H5


[25e] or 3,4-(OCH3)C6H3
[25f]). At the same time, the


chiral diol 21 (having the formula (Ar(OH)C(R)�
C(R)(OH)Ar)) revealed a gauche orientation of the hy-
droxy groups and hydrogen atoms together with an anti con-
formation of the paracyclophanyl units. Two other possible
conformations were presented in the literature for diols with


Ar = C6H5, R = CH3,
[26a] Ar = C6H5, R = (CH2)2C(O)N-


(CH2)3
[26b] and Ar = 4-CH3C6H5, R = CH2N(CH2)5,


[26c]


(with gauche hydroxy and aryl groups and anti-alkyl sub-
stituents) and for the diol with Ar = C6H5, R = 2-naph-
thyl[26d] (where the hydroxy groups were in anti position).
Among the meso-diols of such structure (Ar = C6H5, R =


CH3
[26e] and Ar = R = C6H5),


[26f] only anti conformers have
been reported. Apparently, such sterically hindered diols
adopt in each particular case (and depending on the sub-
stituents at the tetrahedral carbon atom) conformations that
prevent unfavourable steric interactions.
The crystal structures of diamines with the formula Ar-


(NHR1)CH�CH(NHR1)Ar are represented in the CSD da-
tabase by a considerably smaller number of examples and
no distinct regularities have been noticed. Thus, [2.2]paracy-
clophane-derived meso-diamines 27 and 28[12] have all
gauche conformations of like substituents, whereas diamines
with Ar = 2-OH-C6H4 and R1 = 2-ClC6H4


[27a,b] or 4-
BrC6H4


[27a,c] prefer anti conformations. The crystal structure
of the diamine with Ar = 4-Cl-C6H4 and R1 = C6H5


[27a,d]


contains both gauche and anti conformers. Among the chiral
diamines the [2.2]paracyclophane-derived 31 has anti confor-
mation of the NH-R1 substituent (R1 = C6H5) as well as the
diamine with Ar = C6H5 and R1 = C6F5,


[27f] whereas those
with Ar = 2,6-Cl2-C6H3 and R1 = C6H5


[27f] displays gauche
orientation of the NH-R1 and Ar substituents.
The key geometric parameters of the [2.2]paracy-


clophane-derived diols and diamines are collected in
Tables 5–7. To unify the numbering of the atoms (for they
have different numeration in Figure 7 due to nomenclature
rules) we present a generalised view of the central frag-
ments (see Table 5). It is clear from the data that bond
lengths and dihedral angles have the values expected for the
tetrahedral carbon atoms (Csp3). The only exceptions were
found for the length of the central C1�C2 bonds in diol 21
and diamines 27, 28 and 31, which were clearly longer than
the standard Csp3�Csp3 bond (1.530 L).[29] The greatest length
of a C1�C2 bond was observed for diol 21 (Table 5, entry 1,
1.601 L) with [2.2]paracyclophanyl and Me substituents at
the tetrahedral carbon atoms. Similar elongations of the C1�
C2 bond have been, for example, registered for the chiral
diols (Ar(OH)C(R)�C(R)(OH)Ar) with Ar = C6H5, R =


CH3 (1.591 L),[26a] Ar = C6H5, R = (CH2)2C(O)N(CH2)3
(1.594 L),[26b] and Ar = 4-CH3C6H5, R = CH2N(CH2)5
(1.592 L),[26c] and meso-diols with Ar = C6H5, R = CH3


(1.584 L),[26e] Ar = C6H5, R = 2-naphthyl-(1.619 L),[11] and
Ar = R = C6H5 (1.59 L).[26f] In all these cases the lengthen-
ing of the C1�C2 bond is caused by the increase of the steric
strain in the molecules. In [2.2]paracyclophane-derived di-
amines 27, 28 and 31 the lengths of the C1�C2 bonds were in
the range of 1.55–1.56 (Table 5, entries 5–7), similar to those
of the aryl-derived diamines (1.53–1.56 L).[27]


The values of the O1-C1-C2-O2 torsion angles for the
chiral [2.2]paracyclophane-derived diols 23 and 24 (50.0 and
53.28, Table 7, entries 3 and 4) were comparable with the
angles of the parent hydrobenzoin (54.88)[25a] and the diol
with Ar = 4-CH3C6H5, R = CH2N(CH2)5 (53.48),[26c] and


Figure 8. The conformations and characteristic torsion angles for diols
and diamines in the crystal (PC: [2.2]paracyclophan-4-yl-; PCortho : 5-
methoxy[2.2]paracyclophan-4-yl-; PCps : 12-methoxy[2.2]paracyclophan-4-
yl-;. PCiso : 13-methoxy[2.2]paracyclophan-4-yl-; PCpara : 7-methoxy-
[2.2]paracyclophan-4-yl-).
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notably smaller than those for other chiral diols (21: 60.48,
Table 7, entry 2; 3,4-(OCH3)2C6H3:


[25b] 66.38 ; Ar = C6H5, R
= CH3:


[26a] 61.58 ; Ar = C6H5, R = (CH2)2C(O)N(CH2)3:
[26b]


65.28). For diols 23 and 24 such conformations could addi-
tionally be stabilised by hydrogen bonding. Thus in the crys-
tal of 24 both hydroxy and methoxy groups are involved in
the intermolecular hydrogen bonds (parameters of the hy-
drogen bonds for O2�H20’···O1: O2�O1 2.81 L, O1�H20’
1.89 L, O2-H20’-O1 1518 and for O2’�H10’···O2: O2�O2’
2.66 L, O2�H10’ 2.16 L, O2’-H10’-O2 1138). In contrast, in
diol 23 only OH groups participate in intramolecular O1�
H10···O1’ and O1’�H10’···O1 bonds (the parameters are:


O1�O1’ 2.80 and 2.80 L, O1�
H10’ and O1�H10’ 1.81 and
2.33 L, OHO 161 and 1068 in
two independent molecules)
thus forming a dimeric struc-
ture, whereas the methoxy
groups do not participate in the
hydrogen bonding.


Intramolecular diastereoselec-
tive pinacol coupling of pseudo-
gem-disubstituted [2.2]paracy-
clophanes leading to triply-
bridged diols and diamines : As
mentioned above several inter-
esting examples of intramolecu-
lar coupling leading to rigid
diol and diamine frameworks
have been described.[7] In all
these cases axial or planar chir-
ality of the substrate has gov-
erned the stereochemistry of
the reactions studied and has
controlled the formation of the
asymmetric centres.
We also would like to present


some preliminary results on the
preparation of rigid, bridged
compounds by intramolecular
pinacol coupling of some para-
cyclophane derivatives. For this
purpose we have optimised the
synthesis of [2.2]paracy-
clophane-4,13-dicarbaldehyde
(34).[30] Following previously
developed protocols[31] the pro-
cedure involves the successive
reduction of the pseudo-gem di-
substituted compound 32 with
LiAlH4 followed by oxidation
of the resultant dicarbinol 33
with DDQ (Scheme 4). Di-
aldehyde 34 was converted into
the corresponding bis(phenyl-
imine) 35 as described for the


synthesis of other imines; it was obtained in analytically
pure form by recrystallisation. Needless to note both 34 and
35 are achiral, and only two possible diastereomers can
result from the coupling, namely, a chiral d,l-pair, (R,R)*,
and a meso-diastereomer, (R,S).
Coupling of 34 was carried out with TiCl4 and Zn in THF


under standard conditions. As a result of the coupling, clo-
sure of the third, vicinally hydroxy-substituted ethano
bridge occurred.[32] The product was obtained in quantitative
yield, 1H and 13C NMR spectra of the reaction mixture dem-
onstrated the presence of two compounds in 77:23 ratio. An-
alytically pure major isomer 36 was obtained in 72% yield


Table 5. Selected bond lengths [L] for [2.2]paracyclophane-derived diols and diamines.


Entry Bond length C1�C2 C1�C3 C2�C4 O1�C1 or N1�C1 O2�C2 or N2�C2


1 (Rp,R,R,Rp)-21 1.601(3) 1.528(3) 1.536(3) 1.429(3) 1.433(3)
2 meso-22 1.542(7) 1.522(6) 1.522(6) 1.452(6) 1.452(6)


1.524(8) 1.524(5) 1.524(5) 1.439(5) 1.439(5)
3 (Rp,S,S,Rp)-23 1.534(5) 1.508(5) 1.480(5) 1.415(4) 1.442(4)
4 (Rp,R,R,Rp)-24 1.538(5) 1.516(5) 1.508(5) 1.430(4) 1.448(4)
5 meso-27[12] 1.554(11) 1.533(12) 1.528(12) 1.444(10) 1.466(10)


1.570(12) 1.537(12) 1.515(13) 1.465(11) 1.478(11)
6 meso-28[12] 1.560(3) 1.526(3) 1.523(3) 1.466(2) 1.467(2)
7 (Rp,S,S,Rp)-31 1.573(3) 1.534(3) 1.516(3) 1.442(2) 1.463(2)


1.565(3) 1.505(3) 1.516(3) 1.451(2) 1.462(2)


Table 6. Selected bond angles [8] for [2.2]paracyclophane-derived diols and diamines.


Entry Angles O1-C1-C2 or N1-C1-C2 O2-C2-C1 or N2-C2-C1 C3-C1-C2 C4-C2-C1


1 (Rp,R,R,Rp)-21 109.9 (2) 109.3(2) 108.6(2) 110.2(2)
2 meso-22 107.6(5) 107.6(5) 111.1(4) 111.1(4)


107.8(5) 107.8(5) 111.5(4) 111.5(4)
3 (Rp,S,S,Rp)-23 111.1(3) 108.7(3) 111.8(3) 113.4(3)
4 (Rp,R,R,Rp)-24 108.5(3) 104.6(3) 110.1(3) 113.1(3)
5 meso-27[12] 109.8(7) 112.0(7) 113.1(7) 110.7(7)


111.1(8) 107.1(7) 109.8(7) 111.9(7)
6 meso-28[12] 105.5(2) 106.7(2) 110.1(2) 111.5(2)
7 (Rp,S,S,Rp)-31 112.5(2) 108.6(2) 109.8(2) 112.5(2)


110.1(2) 109.5(2) 112.1(2) 112.0(2)


Table 7. Selected torsion angles [8] for [2.2]paracyclophane-derived diols and diamines.


Entry Angles O1-C1-C2-O2 O2-C2-C1-C3 O1-C2-C1-C4 C3-C1-C2-C4


or N1-C1-C2-N2 N2-C2-C1-C3 N1-C2-C1-C4


1 (Rp,R,R,Rp)-21 60.4(2) 56.2(2) 56.7(2) 173.3(2)
2 meso-22 180 59.3(5) 59.3(5) 180


180 57.8(5) 57.8(5) 180
3 (Rp,S,S,Rp)-23 50.0(4) 174.3(3) 174.5(3) 61.2(4)
4 (Rp,R,R,Rp)-24 53.2(3) 175.7(3) 173.9(2) 63.6(4)
5 meso-27[12] 71.8(9) 54.2(10) 161.5(9) 72.8(10)


70.4(10) 55.5(1) 163.7(8) 70.3(10)
6 meso-28[12] 67.3(2) 59.1(2) 162.7(2) 70.8(2)
7 (Rp,S,S,Rp)-31 170.8(2) 60.9(2) 63.6(3) 64.7(3)


165.9(2) 66.6(3) 64.4(3) 63.1(2)
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by recrystallisation of the reaction mixture from toluene. In
the 1H NMR spectrum of this compound two sets of signals
of all characteristic protons (broad singlets of CH at d 4.72
and 5.06 ppm, doublets of OH at 5.66 and 5.83 ppm and
ABX systems of aromatic rings) were clearly visible, allow-
ing to designate this major product as the chiral diol 36. The
structure of the second product was not established. Analyt-
ical chiral HPLC resolution of 36 showed the two peaks of
the corresponding enantiomers. This diol, in principle, could
be resolved into enantiomers or dissymmetry could be intro-
duced into the starting dialdehyde by substitution of any
proton in the aromatic rings or the ethano bridges.
The coupling of bisimine 35 occurs smoothly with an


excess of Zn/Cu couple and pTosOH in DMF at 0 8C for 2 h.
The analysis of the reaction mixture by 1H NMR spectrosco-
py (one set of signals of the characteristic protons) and
chiral HPLC (one peak) showed that in this case the meso-
diastereomer of the bridged diamine 37 was stereoselective-
ly formed. The crude compound was purified by preparative
chromatography on silica gel. For the pinacol coupling of ar-
omatic oximes and azines it has been found that the applica-
tion of the Zn/MsOH system affords predominantly meso-
diamines, whereas Zn/TiCl4 gave rise to d,l-diamines.[22b]


This selectivity has been rationalised by differences in the
nature of the active species involved. Therefore we have car-
ried out the pinacol coupling of 35 under the reaction condi-
tions elaborated for the coupling of aldehydes. However, in
this case meso-37 was formed stereoselectively again (ac-
cording to 1H NMR data), the isolated yield of the product
was noticeably lower. Possibly with both the Zn/Cu–
pTosOH or the Zn/TiCl4 system the two imino substituents
react out of conformations with the NPh groups anti with re-
spect to the nearest ethano bridge. Probably pinacol cou-
pling of less hindered imino derivatives (for example, diox-
imes) will allow one to carry out the process with d,l-stereo-
selectivity.


Conclusion


The pinacol coupling of enantiomerically pure planar chiral
carbonyl derivatives of [2.2]paracyclophane and their N-sub-
stituted imines occurs stereoselectively and gives rise to dia-
stereomerically pure diols and diamines. The stereoselectivi-
ty of the coupling reaction (i.e., possible formation of one to
three diastereomers) depends on the substituents of the aro-
matic ring for the racemic aldehydes and on the presence of
a methyl substituent at the carbonyl group for the racemic
ketone. In a particular case, a substituent in para-position to
the carbonyl group induces a tandem pinacol coupling–pina-
col rearrangement with formation of the corresponding acet-
aldehyde. Coupling of the racemic imines in each case pro-
duces a mixture of a single racemic d,l-diamine and a single
meso-diamine. The intramolecular coupling of the pseudo-
gem-dialdehyde stereoselectively produces a chiral racemic
diol, whereas its bis-phenylimine gives rise to the meso-di-
amine exclusively. All newly synthesised chiral compounds
are potential chiral ligands for a wide range of stereoselec-
tive reactions proceeding with participation of chiral diols
and diamines. The application of these compounds for the
construction of phosphites, phosphoroamidites, and related
ligands as well as further investigation of the inter- and in-
tramolecular coupling of appropriate [2.2]paracyclophane
derivatives are currently in progress.


Experimental Section


General methods : Dichloromethane was washed successively with conc.
H2SO4, water and saturated aq. Na2CO3, dried with CaCl2 and successive-
ly distilled from P2O5 and CaH2. THF, dioxane and toluene were distilled
from sodium/benzophenone under argon before use. DMF was distilled
under reduced pressure from P2O5 and stored over molecular sieves 3 L.
(R)-a-Phenylethylamine was purchased from Merck. Aldehydes rac- and
(Rp)-1,


[13] 3,[10e] 4,[15] 5,[10i] ketones rac- and (Rp)-2
[10d] and rac- and (Rp)-4-


methoxy[2.2]paracyclophane 12[10f] were synthesised according to de-
scribed procedures. NMR: Bruker AMX-400 (400.13 for 1H) and Bruker
Avance 300 (75.47 MHz for 13C). The 1H NMR signals of the residual
protons of deuterated solvents were used as internal standards. MS:
KRATOS MS890 A (70 eV). Optical rotations were measured with a
Perkin–Elmer-241 and EPO-1 polarimeters in a thermostated cell at 20
or 25 8C. TLC analyses were performed on silica gel precoated plates Si-
lufol UV-254 (Chemapol) and SORBFIL plates PTLC-A-UV (Sorbpo-
limer). Column chromatography was performed on Kieselgel 60 (Merck).
Enantiomeric and diastereomeric analyses were carried out by HPLC on
Chiracel-OD-H chiral column (hexane/iPrOH 9:1, 1 mLmin�1).


General procedure for the formylation of 4-hydroxy[2.2]paracyclophane
(11): TiCl4 (1.2 equiv, 0.05 mL, 0.087 g, 0.46 mmol) (or SnCl4, FeCl3 or
BF3(OEt)2, 1.2 to 5 equiv) and CH3OCHCl2 (0.04 mL, 0.053 g,
0.46 mmol) of were added successively at 0 8C to a solution of 11
(0.082 g, 0.37 mmol) in CH2Cl2 (3 mL) and the resulting coloured solution
was stirred at room temperature for 2 to 8 h. The reaction mixture was
diluted with CH2Cl2 (5 mL), cooled to 0 8C, and water and 2n HCl were
successively added to the mixture. The organic layer was washed with
H2O (2Q10 mL), NaHCO3 solution, and dried with Na2SO4. The mixture
of products obtained after removal of the solvent in vacuo was separated
by preparative chromatography (CH2Cl2).


7-Hydroxy[2.2]paracyclophane-4-carbaldehyde (6): Yield 0.056 g (60%);
analytically pure sample was obtained by recrystallisation from hexane/
toluene 3:2; Rf=0.2 (CH2Cl2); m.p. 180–181.5 8C; 1H NMR (400 MHz,


Scheme 4. Preparation and stereoselective intramolecular pinacol cou-
pling of pseudo-gem-disubstituted [2.2]paracyclophane derivatives 36 and
37. i) LiAlH4, THF, 95%; ii) DDQ, dioxane, 92%; iii) PhNH2·HCl, Et3N,
toluene, 79%, iv) TiCl4, THF, Zn; v) Zn/Cu, pTosOH, DMF.
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CDCl3): d=2.64–2.84 (m, 2H, -CHH-CH2-), 2.98–3.30 (m, 4H, -CHH-
CH2-), 3.36–3.46 (m, 1H, -CHH-CH2-), 4.00–4.12 (m, 1H, -CHH-CH2-),
5.72 (s, 1H, PC aromatic 5-H), 5.98 (br s, 1H, OH), 6.41 (dd, 1H, 3J=7.8,
4J=1.8 Hz, PC aromatic H), 6.47 (dd, 1H, 3J=7.8, 4J=1.8 Hz, PC aro-
matic H), 6.54 (dd, 1H, 3J=7.8, 4J=1.8 Hz, PC aromatic H), 7.00 (s, 1H,
aromatic 8-H), 7.02 (dd, 1H, 3J=7.8, 4J=1.8 Hz, PC aromatic H), 9.85 (s,
1H, CHO); 13C NMR (75 MHz, CDCl3): d=30.9, 33.0, 33.4, 35.2 (C-1, 2,
9, 10), 125.1, 126.4, 128.5, 130.5, 131.8, 132.4, 132.7, 138.7, 139.6, 140.3,
146.9 (C-OH), 159.2 (C=O); MS (70 eV): m/z (%): 252 (100) [M +], 148
(22), 104 (22); elemental analysis calcd (%) for C17H16O2 (252.31): C
80.93, H 6.39; found: C 80.78, H 6.37.


Methoxylation of hydroxyaldehydes 3–6 was carried out by a standard
procedure.[10c]


(R)-12-Methoxy[2.2]paracyclophane-4-carbaldehyde [(R)-(8)]: Yield
0.287 g (96%); analytically pure sample was obtained by recrystallisation
from hexane; m.p. 176–177.5 8C; [a]25D = �51.98 (c=0.27, CHCl3);
1H NMR (400 MHz, CDCl3): d=2.58–2.65 (m, 1H, -CHH-CH2-), 2.88–
2.98 (m, 2H, -CHH-CH2-), 3.10–3.25 (m, 3H, -CHH-CH2-), 3.43–3.50 (m,
1H, -CHH-CH2-), 3.64 (s, 3H, OCH3), 3.98–4.08 (m, 1H, -CHH-CH2-),
5.62 (s, 1H, PC aromatic 5-H), 5.60 (d, 4J=1.8 Hz, 1H, PC aromatic 5-
H), 6.37 (dd, 1H, 3J=7.5, 4J=1.8 Hz, PC aromatic 7-H), 6.49 (d, 1H, 3J=
7.8 Hz, PC aromatic 8-H), 6.65 (d, 1H, 3J=7.5, PC aromatic 16-H), 6.69
(dd, 1H, 3J=7.8, 4J=1.8 Hz, PC aromatic 15-H), 7.39 (d, 4J=1.8 Hz, 1H,
PC aromatic 13-H); 13C NMR (75 MHz, CDCl3): d=27.7, 29.1, 29.3, 31.2
(C-1, -2, -9, -10), 50.3 (OCH3), 112.1, 119.7, 123.2, 127.05, 130.9, 131.9,
132.3, 134.7, 137.3, 138.0, 138.6, 153.4 (COCH3), 187.6 (C=O); MS
(70 eV): m/z (%): 266 (100) [M +], 134 (25), 104 (20); elemental analysis
calcd (%) for C18H18O2 (266.34): C 81.17, H 6.81; found 81.19, H 6.77.


Racemic 8 : Yield 0.177 g (82%); m.p. 177–178 8C; elemental analysis
calcd (%) for C18H18O2 (266.34): C 81.17, H 6.81; found: C 81.32, H 6.77.


(R)-13-Methoxy[2.2]paracyclophane-4-carbaldehyde [(R)-(9)]: Yield
0.42 g (90%); analytically pure sample was obtained by recrystallisation
from hexane; m.p. 186–187.5 8C; [a]25D = ++301 (c=0.2 in CHCl3);
1H NMR (400 MHz, CDCl3): d=2.66–2.75 (m, 1H, -CHH-CH2-), 2.94–
3.17 (m, 5H, -CHH-CH2-), 3.45–3.54 (m, 1H, -CHH-CH2-), 3.48 (s, 3H,
OCH3), 3.89–3.99 (m, 1H, -CHH-CH2-), 5.60 (d,


4J=1.8 Hz, 1H, PC aro-
matic 5-H), 6.34 (dd, 1H, 3J=7.5, 4J=1.8 Hz, PC aromatic H), 6.48 (d,
1H, 3J=7.8 Hz, PC aromatic H), 6.47 (d, 1H, 3J=7.5 Hz, PC aromatic
H), 6.77 (dd, 1H, 3J=7.8, 4J=1.8 Hz, PC aromatic H), 7.10 (d, 4J=
1.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=29.8, 30.0, 34.7, 34.9 (C-1,
-2, -9, -10), 54.2 (OCH3), 116.3, 123.8, 127.0, 130.7, 134.7, 135.8, 137.3,
139.5, 141.9, 144.2, 157.6, 189.3 (C=O); MS (70 eV): m/z (%): 266 (65)
[M +], 134 (100), 104 (96); elemental analysis calcd (%) for C18H18O2


(266.34): C 81.17, H 6.81; found: 81.15, H 6.81.


Racemic 9 : Yield 0.334 g (90%); m.p. 141–142 8C; elemental analysis
calcd (%) for C18H18O2 (266.34): C 81.17, H 6.81; found: C 81.29, H 6.86.


Racemic 7-methoxy[2.2]paracyclophane-4-carbaldehyde (10) by methox-
ylation of 6 : Yield 0.047 g (80%); analytically pure sample was obtained
by recrystallisation from hexane; m.p. 141–142 8C; 1H NMR (400 MHz,
CDCl3): d=2.59–2.69 (m, 1H, -CHH-CH2-), 2.77–2.87 (m, 1H, -CHH-
CH2-), 3.00–3.27 (m, 4H, -CHH-CH2-), 3.37–3.46 (m, 1H, -CHH-CH2-),
3.80 (s, 3H, OCH3), 4.05–4.14 (m, 1H, -CHH-CH2-), 5.74 (s, 1H, PC aro-
matic 5-H), 6.38 (dd, 1H, 3J=7.8, 4J=1.8 Hz, PC aromatic H), 6.43 (dd,
1H, 3J=7.8, 4J=1.8 Hz, PC aromatic H), 6.52 (dd, 1H, 3J=7.8, 4J=
1.8 Hz, PC aromatic H), 6.72 (dd, 1H, 3J=7.8, 4J=1.8 Hz, PC aromatic
H), 7.00 (s, 1H), 9.90 (s, 1H, CHO); 13C NMR (75 MHz, C6D6): d=27.1,
29.1, 29.5, 31.0 (C-1, -2, -9, -10), 50.0 (OCH3), 114.9, 124.4, 126.8, 127.2,
128.7, 128.8, 134.6, 135.2, 135.7, 142.5 (C-OH), 157.5 (C-OCH3), 185.7
(C=O); IR (nujol): ñ=1670 cm�1 (C=O); IR (KBr): ñ=2854 cm�1


(OCH3); MS (70 eV): m/z (%): 266 (30) [M +], 162 (44), 134 (40), 104
(100); elemental analysis calcd (%) for C18H18O2 (266.34): C 81.17, H
6.81; found: C 81.28, H 6.75.


Racemic 7-methoxy[2.2]paracyclophane-4-carbaldehyde (10) by para-re-
gioselective formylation of (12): TiCl4 (0.6 mL, 1.04 g, 5.48 mmol) and
CH3OCHCl2 (0.42 mL, 0.54 g, 4.7 mmol) were added successively at 0 8C
to a solution of 12 (1.1 g, 4.66 mmol) in CH2Cl2 (20 mL) and the resulting
dark cherry coloured solution was stirred at room temperature for 4 h.
The reaction mixture was diluted with CH2Cl2 (20 mL), cooled to 0 8C


and then H2O and 2n HCl were successively added to the mixture. The
organic layer was washed with H2O (2Q30 mL), NaHCO3 solution and
dried with Na2SO4. The crude product obtained after removal of the sol-
vent in vacuo was purified by preparative chromatography (silica gel,
CH2Cl2) to yield 10 (1.15 g, 93%). Analytically pure sample was obtained
by recrystallisation from hexane. M.p. 141–142 8C; elemental analysis
calcd (%) for C18H18O2 (266.34): C 81.17, H 6.81; found C 80.99, H 6.80.


Resolution of 7-methoxy[2.2]paracyclophane-4-carbaldehyde (10): A so-
lution of racemic 10 (1.15 g, 4.32 mmol) and (R)-a-PEAM (0.65 g,
0.67 mL, 5.39 mmol) in toluene (40 mL) was heated under reflux in a
flask equipped with a Dean–Stark trap filled with molecular sieves 4 L
for 6 h. The solvent was removed and the resulting mixture of diastereo-
meric 7-{[(1-phenylethyl)imino]methyl}-[2.2]paracyclophan-4-ols (Rp,Rc)-
and (Sp,Rc)-13 was recrystallised from hexane. The resulting precipitate
was recrystallised from hexane to give (Rp,Rc)-13 (0.32 g, 20%) (de
> 98% by 1H NMR analysis); m.p. 172.5–173.58C; [a]20D = �2228 (c=0.27
in C6H6);


1H NMR (400 MHz, C6D6): d=1.71 (d, J=6.5 Hz, 3H, CH3),
2.42–2.61 (m, 2H, CH2-CH2), 2.90–3.10 (m, 4H, CH2-CHH), 3.28 (s, 3H,
OCH3), 3.47–3.57 (m, 1H, CH2-CHH), 4.00–4.14 (m, 1H, CH2-CHH),
4.41–4.51 (q, J=6.5 Hz, 1H, CH), 5.48 (s, 1H, 5-H), 6.30–6.39 (m, 2H),
6.62 (d, 3J=7.8, 1H), 6.73 (d, 3J=7.8, 1H), 7.10 (s, 1H, 8-H), 7.16–7.21 (t,
3J=7.5 Hz, 1H, p-H, Ph), 7.31–7.39 (t, 3J=7.5 Hz, 2H, m-H, Ph), 7.61–
7.68 (d, 3J=7.5 Hz, 2H, o-H, Ph), 8.28 (s, 1H, CH=N); 13C NMR
(75 MHz, C6D6): d=26.0 (CH3), 31.6, 34.0, (2C), 35.2 (C-1, -2, -9, -10),
54.0 (OCH3), 71.2 (N-CH), 118.7, 129.99, 127.03, 128.7, 129.1, 129.8,
131.7, 132.1, 133.1, 137.2, 138.9, 140.1, 143.4, 146.5, 158.5 (C-OCH3),
159.4 (C=N); MS (70 eV): m/z (%): 369 (100) [M +], 264 (100), 250 (16),
248 (20), 219 (8), 160 (72), 132 (25), 105 (26), 104 (11); elemental analysis
calcd (%) for C26H27NO (369.51): C 84.51, H 7.37, N 3.79; found: C
84.24, H 7.25, N 3.90.


Compound (Rp,Rc)-13 was hydrolysed by heating under reflux with aq.
HCl solution in methanol. The organic material was extracted by CH2Cl2
(2Q30 mL), the combined extracts were dried with Na2SO4, and after re-
moval of solvent (R)-10 was isolated as colourless crystals (0.3 g, 19%).
M.p. 138–139.5 8C; [a]20D = �738 (c=0.32 in C6H6); elemental analysis
calcd (%) for C18H18O2 (266.34): C 81.17, H 6.81; found: C 81.28, H 6.75.


The combined hexane filtrates, containing partially enriched (Rp,Sc)-13,
after evaporation and hydrolysis gave partially resolved (S)-10 (0.86 g,
75%). This compound and (S)-a-PEAM (0.41 g, 0.43 mL, 3.40 mmol) af-
forded (Sp,Sc)-13 (0.31 g, 19.5%) after two successive recrystallisations of
the diastereomeric mixture from hexane. M.p. 172–173 8C; [a]20D =++2238
(c=0.31 in C6H6); elemental analysis calcd (%) for C26H27NO (369.51): C
84.51, H 7.37, N 3.79; found: C 84.57, H 7.48, N 3.71.


Representative procedures for the synthesis of imines


From aldehyde and aniline hydrochloride


(R)-N-([2.2]Paracyclophane-4-ylmethylene)aniline (14): A mixture of
(R)-1 (0.49 g, 2.08 mmol), aniline hydrochloride (0.48 g, 4.15 mmol), Et3N
(0.45 g, 0.62 mL, 4.15 mmol) and a catalytic amount of Et2SnCl2 in tolu-
ene (12 mL) was heated under reflux for 12 h. The hydrochlorides were
removed by filtration, the solvent was removed in vacuo and the solid
was recrystallised from hexane to yield (R)-14 as colourless crystals
(0.46 g, 73%). Analytically pure material was obtained by further recrys-
tallisation from the same solvent. M.p. 101–101.5 8C; [a]D=++3518 (c=
0.4 in C6H6);


1H NMR (400 MHz, C6D6): d=2.60–3.10 (m, 7H, -CH2-
CH2-), 3.84 (m, 1H, -CHH-CH2-), 6.34–6.46 (m, 7H, PC aromatic H),
6.64 (dd, 3J=7.8, 4J=1.8 Hz, 1H, PC aromatic 5-H), 7.13–7.18 (m, 1H,
aromatic p-H), 7.22 (br s, 2H, aromatic o-H), 7.32 (d, 3J=8.0 Hz, 2H, ar-
omatic m-H), 8.38 (s, 1H, CH=N); 13C NMR (75 MHz, C6D6): d=30.0,
30.9, 31.3 (2C), 116.9, 121.6, 125.3, 127.5, 128.2, 128.9, 129.3, 130.2, 131.0,
131.5, 132.5, 135.3, 136.1, 137.5, 149.6, 155.3; MS (70 eV): m/z (%): 311
(52) [M +], 207 (95), 206 (100), 130 (17), 104 (49); elemental analysis
calcd (%) for C23H21N (311.43): C 88.71, H 6.80, N 4.50; found: C 88.75,
H 6.84, N 4.34.


Racemic 14 : Yield 0.605 g (96%); m.p. 99.0–100.5 8C; elemental analysis
calcd (%) for C23H21N (311.43): C 88.71, H 6.80, N 4.50; found C 88.74,
H 6.81, N 4.59.
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(R)-N-{5-Methoxy([2.2]paracyclophane-4-yl)methylene}aniline (18):
Yield 0.34 g (74%); m.p. 123.5–125 8C (from hexane); [a]25D = ++1198
(c=0.37 in C6H6);


1H NMR (400 MHz, C6D6): d=2.41–2.51 (m, 1H,
-CHH-CH2-), 2.66–2.75 (m, 1H, -CHH-CH2-), 2.78–2.89 (m, 1H, -CHH-
CH2-), 2.98–3.18 (m, 3H, -CHH-CH2-), 3.19–3.30 (m, 1H, -CHH-CH2-),
3.25 (s, 3H, OCH3), 4.73–4.85 (m, 1H, -CHH-CH2-), 6.33–6.42 (m, 3H,
PC aromatic H), 6.53 (d, 4J=1.8 Hz, 1H, PC aromatic H), 6.73 (d, 4J=
1.8 Hz, 1H, PC aromatic H), 7.00 (d, 4J=1.8 Hz, 1H, PC aromatic H),
7.17 (m, 1H, aromatic p-H), 7.27–7.38 (m, 4H, aromatic o-H and m-H),
8.72 (s, 1H, CH=N); 13C NMR (75 MHz, C6D6): d=26.9, 30.0, 30.3, 31.32,
57.2, 116.8, 121.5, 125.3, 125.3, 126.0, 126.9, 127.2, 127.7, 128.7, 129.5,
133.5, 135.0, 135. 8, 139.4, 150.0, 154.8, 157.0; MS (70 eV): m/z (%): 341
(11) [M +], 237 (34), 236 (100), 233 (13), 222 (11), 208 (27), 195 (16), 145
(8), 104 (16), 91 (14); elemental analysis calcd (%) for C24H23NO
(341.45): C 84.42, H 6.79, N 4.10; found: C 84.25, H 6.65, N 4.14.


Racemic 17: Yield 0.257 g (88%); m.p. 139.5–140.5 8C (from hexane); el-
emental analysis calcd (%) for C24H23NO (341.45): C 84.42, H 6.79, N
4.10; found: C 84.49, H 6.94, N 4.10.


(R)-N-{7-Methoxy([2.2]paracyclophane-4-yl)methylene}aniline (19):
Yield 0.102 g (77%) as orange coloured oil; [a]D=�1348 (c=0.56 in
C6H6);


1H NMR (400 MHz, C6D6): d=2.43–2.57 (m, 1H, -CHH-CH2-),
2.86–3.10 (m, 4H, -CHH-CH2-), 3.25 (s, 3H, OCH3), 3.45–3.55 (m, 1H,
-CHH-CH2-), 3.82–3.92 (m, 1H, -CHH-CH2-), 5.45 (s, 1H, PC aromatic
5-H), 6.33 (dd, 3J=8.1, 4J=1.87 Hz, 1H, PC aromatic H), 6.36–6.43 (m,
2H, PC aromatic H), 6.69 (dd, 3J=7.78, 4J=1.87 Hz, 1H, PC aromatic
H), 6.73 (dd, 3J=7.78, 4J=1.87 Hz, 1H, PC aromatic H), 7.10–7.19 (m,
1H, aromatic p-H), 7.31–7.41 (m, 4H, aromatic o-H and m-H), 8.44 (s,
1H, CH=N); 13C NMR (75 MHz, C6D6): d=27.3, 29.6, 29.8, 31.2, 49.9,
114.4, 117.0, 121.2, 124.82, 125.2, 125.7, 127.4, 128.2, 128.9, 132.7, 134.5,
136.0, 140.4, 150.0, 154.7, 156.0; MS (70 eV): m/z (%): 341 (47) [M +],
248 (17), 237 (88), 236 (100), 222 (28), 208 (75), 193 (29), 183 (9), 178
(14), 165 (20), 154 (14), 104 (58).


Racemic 19 : Yield 0.188 g (68%); m.p. 105–105.5 8C (from hexane); ele-
mental analysis calcd (%) for C24H23NO (341.45): C 84.42, H 6.79, N
4.10; found: C 84.32, H 6.83, N 3.95.


From aldehyde and pure amine


Racemic 2-bromo-N-([2.2]paracyclophane-4-ylmethylene)aniline (15): A
mixture of racemic 1 (0.72 g, 3.05 mmol), 2-bromoaniline (0.65 g,
3.76 mmol) of and a catalytic amount of Et2SnCl2 in toluene (10 mL) was
heated under reflux for 10 h. The solvent was removed in vacuo. The res-
idue (pale yellow oil) was precipitated by pentane at �20 8C to yield 15
(0.96 g, 81%). Analytically pure sample was obtained by recrystallisation
from hexane. M.p. 105–107 8C; 1H NMR (400 MHz, C6D6): d=2.62–3.09
(m, 7H, -CH2-CH2-), 3.87–4.00 (m, 1H, -CHH-CH2-), 6.30–6.47 (m, 4H,
PC aromatic H), 6.54 (d, 1H, 3J=7.8 Hz, PC aromatic H), 6.70–6.79 (m,
2H, PC aromatic H), 6.87 (d, 1H, 3J=7.8 Hz), 7.20–7.28 (m, 1H), 7.60
(d, 3J=7.8 Hz, 1H), 8.10 (s, 1H, CH=N); 13C NMR (75 MHz, C6D6): d=
30.0, 30.9, 31.3, 114.6, 115.8, 122.3, 124.3, 127.9, 128.5, 129.0, 129.1, 129.2,
130.8, 131.5, 131.6, 132.0, 135.3, 135.5, 136.2, 137.9, 148.2, 156.8; MS
(70 eV): m/z (%): 391 (30), 389 (30), 287 (98), 285 (100), 207 (95), 206
(23), 204 (21), 104 (38); elemental analysis calcd (%) for C23H20BrN
(390.32): C 70.78, H 5.16, Br 20.47, N 3.59; found: C 70.81, H 5.21, Br
20.52, N 3.57.


Racemic 2,6-dimethyl-N-([2.2]paracyclophane-4-ylmethylene)aniline
(16): The title compound was obtained by treating 1 (0.246 g, 1.04 mmol)
with 2,6-dimethylaniline (1.04 g, 0.62 mL, 5.04 mmol) for 8 h. The solvent
was removed in vacuo and the solid was recrystallised from hexane to
yield 16 (0.31 g, 87%). Analytically pure material was obtained by fur-
ther recrystallisation from the same solvent. M.p. 127–128.5 8C; 1H NMR
(400 MHz, C6D6): d=2.32 (s, 6H, 2CH3), 2.60–3.03 (m, 7H, -CH2-CH2-),
3.59–3.64 (m, 1H, -CHH-CH2-), 6.34 (d, 1H, 3J=7.8 Hz, PC aromatic H),
6.39–6.45 (m, 3H, PC aromatic H), 6.49 (d, 1H, 3J=7.8 Hz, PC aromatic
H), 6.75 (d, 1H, 3J=7.8 Hz, PC aromatic H), 7.03–7.09 (m, 1H, aromatic
p-H), 7.12–7.18 (m, 2H, aromatic m-H), 7.34 (br s, 1H, PC aromatic H),
8.10 (s, 1H, CH=N); 13C NMR (75 MHz, C6D6): d=14.7, 29.4, 31.0, 31.4,
31.5, 119.7, 123.0, 124.3, 127.9, 128.3, 128.9, 129.2, 129.3, 131.3, 131.6,
132.2, 135.3, 135.4, 136.2, 137.1, 148.4, 157.4; MS (70 eV): m/z (%): 339
(70) [M +], 236 (48), 235 (100), 233 (21), 218 (23), 204 (9), 130 (14), 104


(21); elemental analysis calcd (%) for C25H25N (339.48): C 88.45, H 7.42,
N 4.13; found C 88.21, H 7.35, N 4.05.


Racemic 1-phenyl-N-([2.2]paracyclophane-4-ylmethylene)methamine
(17): The title compound was obtained from 1 (0.19 g, 0.805 mmol) and
benzylamine (0.087 g, 0.09 mL, 0.815 mmol) after 5 h. The solvent was re-
moved in vacuo and the solid was recrystallised from hexane to yield 17
(0.213 g, 99%). Analytically pure sample was obtained by recrystallisa-
tion from the same solvent. M.p. 95.5–97 8C; 1H NMR (400 MHz, C6D6):
d=2.61–2.70 (m, 1H, -CHH-CH2-), 2.72–2.93 (m, 5H, -CH2-CH2-), 2.96–
3.06 (m, 1H, -CHH-CH2-), 3.82–3.92 (m, 1H, -CHH-CH2-), 4.76 (s, 2H,
N-CH2), 6.33–6.43 (m, 5H, PC aromatic H), 6.59 (d, 1H, 3J=7.8 Hz, PC
aromatic H), 7.14–7.20 (m, 2H, PC aromatic and phenyl aromatic H),
7.27–7.34 (m, 2H, aromatic H), 7.48 (m, 2H, aromatic H), 8.22 (s, 1H,
CH=N); 13C NMR (75 MHz, C6D6): d=30.0, 31.0, 31.2, 31.3, 61.9, 122.9,
124.5, 127.3, 128.2, 128.9, 129.2, 130.0, 130.3, 131.4, 132.4, 135.3, 135.9,
136.4, 136.5, 156.6; MS (70 eV): m/z (%): 325 (71) [M +], 234 (10), 224
(41), 221 (88), 220 (83), 218 (127), 104 (73); elemental analysis calcd (%)
for C24H23N (325.45): C 88.57, H 7.12, N 4.30; found: C 88.60, H 7.18, N
4.32.


(Rp)-17: Yield 0.238 g (97%); m.p. 100–101.5 8C; [a]D=�2608 (c=0.43 in
C6H6); elemental analysis calcd (%) for C24H23N (325.45): C 88.57, H
7.12, N 4.30; found: C 88.61, H 7.05, N 4.26.


General procedure for pinacol coupling of aldehydes : TiCl4 (0.38 g,
0.22 mL, 2 mmol) was carefully added to THF at 0 8C under argon atmos-
phere. To the formed yellow suspension Zn (0.26 g, 4 mmol) was added
and the greenish-brown mixture was stirred for 5 min. A solution of the
carbonyl compound (1 mmol) in THF (3–6 mL) was added by syringe
and the reaction mixture was stirred at room temperature for 2–4 h (TLC
control). The mixture was diluted with CH2Cl2 (10 mL) and vigorously
shaken with saturated aq. NaHCO3 solution until the dark blue colour of
the mixture vanished. The mixture was passed through a Celite pad, the
organic layer was separated and dried with Na2SO4. The solvent was
evaporated, the ratio of the products was determined by 1H NMR spec-
troscopy, and the mixture was separated by chromatography on silica gel.


(Rp,S,S,Rp)-1,2-Bis([2.2]paracyclophane-4-yl)ethane-1,2-diol [(Rp,S,S,Rp)-
20]: Yield 0.182 g (77%); m.p. 217 8C (decomp); [a]D=�888 (c=0.23 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=2.38 (s, 2H, 2 OH), 2.36–2.50
(m, 4H), 2.55–2.68 (m, 2H), 2.78–2.90 (m, 2H), 2.95–3.20 (m, 12H), 4.50
(s, 2H, 2CH), 6.26 (d, 3J=7.8 Hz, 2H), 6.36–6.60 (m, 10H), 6.80 (s, 2H);
13C NMR (75 MHz, CDCl3): d=29.3, 30.2, 31.3, 31.4 (2C-1, -2, -9, -10),
71.6 (2C-OH), 126.4, 127.1, 128.3, 128.5 (4C), 129.4, 130.8, 133.0, 134.3,
135.3, 135.5, 135.8; MS (70 eV): m/z (%): 237 (27) [1=2M


+], 220 (10), 219
(14), 134 (14), 117 (12); elemental analysis calcd (%) for C34H34O2


(474.64): C 86.04, H 7.22; found C 85.89, H 7.21.


(Rp,R,R,Rp)-2,3-Bis([2.2]paracyclophane-4-yl)-2,3-butanediol
[(Rp,R,R,Rp)-21]: Yield 0.13 g (52%); m.p. 213–214.5 8C; [a]D=�158 (c=
0.2 in CHCl3);


1H NMR (400 MHz, CDCl3): d=1.07 (s, 6H, 2CH3), 2.16
(s, 2H, 2 OH), 2.80–3.25 (m, 14H), 3.95–4.05 (m, 2H), 6.30–6.37 (m,
4H), 6.45–6.60 (m, 14H); 13C NMR (75 MHz, CDCl3): d=22.0 (2CH3),
31.3, 31.5, 32.7, 36.0 (2C-1, -2, -9, -10), 77.9 (2C-OH), 127.7, 128.10,
128.13, 128.7, 128.8, 128.9, 133.5, 133.8, 135.0, 135.1, 135.3, 136.6; MS
(70 eV): m/z (%): 251 (20) [1=2M


+], 147 (36), 131 (28), 119 (36), 117 (27),
115 (17), 104 (100); elemental analysis calcd (%) for C36H38O2 (502.70):
C 86.02, H 7.62; found: C 86.04, H 7.65.


meso-1,2-Bis(5-methoxy[2.2]paracyclophane-4-yl)ethane-1,2-diol (meso-
22): The title compound (0.020 g, 13%) was isolated from the mixture of
diastereomers by recrystallisation from toluene. M.p. 122–124 8C;
1H NMR (400 MHz, CDCl3): d=2.40 (s, 2H, OH), 2.62–2.73 (m, 2H),
2.82–3.24 (m, 6H), 3.24 (s, 6H, 2OCH3), 3.65–3.75 (m, 2H), 5.18 (s, 2H,
2CH), 6.11 (d, 3J=7.8 Hz, 2H), 6.18 (d, 3J=7.8 Hz, 2H), 6.50–6.70 (m,
8H); MS (70 eV): m/z (%): 517 (13), 500 (19), 487 (18), 415 (24), 394
(69), 291 (18), 277 (23), 267 (82) [1=2M


+], 239 (56), 205 (12), 161 (100),
104 (41); elemental analysis calcd (%) for C36H38O4 (534.70): C 80.87, H
7.16; found C 80.93, H 7.40.


(Rp,S,S,Rp)-1,2-Bis(12-methoxy[2.2]paracyclophane-4-yl)ethane-1,2-diol
[(Rp,S,S,Rp)-23]: Yield 0.07 g (62%); m.p. 269–270 8C; [a]D=�378 (c=
0.26 in CHCl3);


1H NMR (400 MHz, CDCl3): d=2.10 (br s, 2H, 2 OH),
2.50–2.63 (m, 2H), 2.64–2.75 (m, 2H), 2.76–2.87 (m, 2H), 2.98–3.17 (m,
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8H), 3.34–3.46 (m, 2H), 3.68 (s, 6H, 2 OCH3), 4.60 (s, 2H, 2CH), 5.77 (s,
2H, 5-H), 6.23 (d, 3J=7.8 Hz, 2H), 6.38–6.50 (m, 6H), 7.02 (s, 2H, 13-
H); 13C NMR (75 MHz, CDCl3): d=31.8, 33.52, 33.54, 34.2 (2C-1, -2, -9,
-10), 54.8 (2OCH3), 75.3 (2C-OH), 116.1, 123.7, 126.2, 127.4, 132.7, 135.1,
135.2, 138.4, 140.8, 141.5, 158.0 (2COCH3); MS (70 eV): m/z (%): 534 (3)
[M +], 517 (24), 516 (20), 487 (11), 381 (13), 367 (16), 365 (17), 353 (17),
268 (54), 251 (20), 239 (31), 235 (11), 219 (22), 205 (21), 149 (37), 135
(100), 119 (10), 105 (28), 104 (16); elemental analysis calcd (%) for
C36H38O4 (534.70): C 80.87, H 7.16; found C 80.97, H 7.37.


(Rp,R,R,Rp)-1,2-Bis(13-methoxy[2.2]paracyclophane-4-yl)ethane-1,2-diol
[(Rp,R,R,Rp)-24]: Yield 0.114 g (83%); m.p. 209–211 8C; [a]D=++1048
(c=0.3 in CHCl3);


1H NMR (400 MHz, CDCl3): d=2.00–2.11 (m, 2H),
2.35–2.49 (m, 4H), 2.87–3.17 (m, 10H), 3.63 (s, 6H, 2 OCH3), 3.79 (br s,
2H, 2 OH), 4.60 (s, 2H, 2CH), 5.86 (s, 2H, 25-H), 6.05 (d, 3J=7.8 Hz,
2H), 6.25 (d, 3J=7.8 Hz, 2H), 6.34 (d, 3J=7.8 Hz, 2H), 6.40 (d, 3J=
7.8 Hz, 2H), 6.89 (s, 2H, 2 12-H); 13C NMR (75 MHz, CDCl3): d=25.2,
27.2, 31.1, 31.3 (2C-1, 2, 9, 10), 54.0 (2OCH3), 71.5 (2C-OH), 116.5,
122.1, 124.7, 124.9, 128.0, 130.1, 130.6, 133.8, 133.9 (4C), 137.9, 153.9
(2COCH3); MS (70 eV): m/z (%): 516 (76), 487 (31), 381 (20), 367 (21),
353 (30), 339 (19), 325 (17), 267 (59), 265 (16), 250 (14), 233 (14), 219
(40), 205 (66), 189 (19), 161 (16), 149 (39), 135 (100), 131 (49), 104 (82);
elemental analysis calcd (%) for C36H38O4 (534.70): C 80.87, H 7.16;
found C 80.97, H 7.34.


(Rp,Rp)-Bis-(7-methoxy[2.2]paracyclophan-4-yl)acetaldehyde [(Rp,Rp)-
25]: Yield 0.084 g (57%); m.p. 202.5–203.5 8C; [a]25D = �708 (c=0.23 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=2.15–2.24 (m, 1H), 2.43–2.61
(m, 1H), 2.72–2.94 (m, 3H), 3.00–3.28 (m, 8H), 3.35–3.52 (m, 2H), 3.60–
3.75 (m, 1H), 3.68 (s, 3H, 20-OCH3), 3.80 (s, 3H, 19-OCH3), 4.89 (d, J=
4.7 Hz, 1H, CH-OH), 5.63 (s, 1H, 5’-H), 5.68 (s, 1H, 8’-H), 5.79 (dd, 3J=
7.8, 4J=1.8 Hz, 1H, 15’-H), 5.81 (s, 1H, 5-H), 6.25 (dd, 3J=7.8, 4J=
1.8 Hz, 1H, 16’-H), 6.29 (dd, 3J=7.8, 4J=1.8 Hz, 1H, 15-H), 6.37 (s, 1H,
8-H), 6.42 (dd, 3J=7.8, 4J=1.8 Hz, 1H, 12’-H), 6.54 (dd, 3J=7.8, 4J=
1.8 Hz, 1H, 16-H), 6.58 (dd, 3J=7.8, 4J=1.8 Hz, 1H, 12-H), 6.69 (dd, 3J=
7.8, 4J=1.8 Hz, 1H, 13’-H), 6.86 (dd, 3J=7.8, 4J=1.8 Hz, 1H, 13-H), 9.78
(d, J=4.7 Hz, 1H, OH); 13C NMR (75 MHz, CDCl3): d=31.3, 31.6, 33.2
(2C), 33.5 (2C), 34.4, 35.3 (C-1, -1’, -2, -2’, -9, -9’, -10, -10’), 54.2, 54.3,
55.4 (2 OCH3, CH-CHO), 119.0 (C-5’), 119.1 (C-5), 126.3, 127.2, 127.5,
128.4, 128.5, 131.0 (4C), 131.5, 132.9, 133.1, 134.0 (C-8), 134.4, 138.1,
138.2, 140.0 (2C), 140.3 (C-6’), 156.4 (C-4), 156.8 (C-4’), 199.0 (CHO);
MS (70 eV): m/z (%): 517 (21), 516 (56), 488 (50), 487 (100), 411 (14),
384 (23), 383 (65), 369 (17), 307 (8), 279 (21), 266 (11), 265 (41), 251 (16),
221 (11), 205 (16), 191 (17), 165 (11), 161 (11), 131 (15), 119 (15), 104
(42); IR (KBr): ñ=1713 cm�1 (HC=O); elemental analysis calcd (%) for
C36H36O3 (516.68): C 83.69, H 7.02; found C 82.80, H 7.08.


General procedure for pinacol coupling of imines : A suspension of Zn/
Cu couple (0.13 g, 2 mmol) in DMF (2.5 mL) was cooled to 0 8C and solu-
tions of pTosOH (0.38 g, 2 mmol) in DMF (5 mL) and imines 14–19
(0.5 mmol) in the same solvent (1.5–3 mL) were added simultaneously
dropwise during 1.5 h. The mixture was allowed to stand at room temper-
ature for 1 h, then saturated aq. NaHCO3 solution was added, and the
mixture was filtered through a thin layer of silica gel or Celite pad. The
filtrate was extracted with Et2O (3Q15 mL), the organic solution was
thoroughly washed with H2O (3Q40 mL) and the combined extracts were
dried with Na2SO4. The solvent was evaporated, the ratio of the products
was determined by 1H NMR spectroscopy, and the mixture was separated
by chromatography on silica gel.


Chiral diamines 26, 30, and 31 were described in a previous paper.[12]


meso-N,N-Bis(2-bromophenyl)-1,2-bis([2.2]paracyclophane-4-yl)ethane-
1,2-diamine (meso-27): Analytically pure sample (0.022 g, 28%) was ob-
tained by recrystallisation of the mixture of diastereomers from acetone.
M.p. 192 8C (decomp); 1H NMR (400 MHz, CDCl3): d=2.52–2.62 (m,
2H), 2.71–3.18 (m, 14H), 4.83 (brd, 2H, 2CH), 4.98 (brd, 2H, 2NH),
5.94–6.01 (m, 4H), 6.07 (d, 3J=7.8 Hz, 2H), 6.25 (d, 3J=7.8 Hz, 2H),
6.34–6.43 (m, 6H), 6.62–6.70 (m, 2H), 6.93 (d, 3J=8.0 Hz, 2H), 7.24–7.30
(m, 2H), 7.52 (d, 3J=8.0 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=33.6,
34.9, 35.3 (4C) (2C-1, -2, -9, -10), 58.0 (2CH-NH), 110.7, 111.9, 118.1,
128.7, 130.7, 132.0, 132.1, 132.2, 132.5, 132.7, 133.0, 134.8, 135.4, 136.8,
138.7, 139.1, 139.2; MS (70 eV): m/z (%): 391 (49) [1=2M


+], 311 (9), 287


(100), 207 (39), 104 (67); elemental analysis calcd (%) for C46H42Br2N2


(782.66): C 70.59, H 5.41, Br 20.42, N 3.58; found: C 70.49, H 5.57, Br
20.00, N 3.31.


Analysis of the filtrate from recrystallisation allowed to determine the
1H NMR spectrum of chiral 27: 1H NMR (400 MHz, [D6]acetone): d=
2.57–2.64 (m, 2H), 2.66–2.80 (m, 2H), 2.80–3.20 (m, 10H), 3.28–3.36 (m,
2H), 4.87 (brd, 2H, 2CH), 5.06 (brd, 2H, 2NH), 5.66 (br s, 2H, 5-H),
5.98 (d, 3J=7.8 Hz, 2H), 6.09 (d, 3J=7.8 Hz, 2H), 6.38–6.48 (m, 6H),
6.52 (d, 3J=7.8 Hz, 2H), 6.60–6.68 (m, 2H), 7.00 (d, 3J=8.0 Hz, 2H),
7.25–7.32 (m, 2H), 7.52 (dd, 3J=8.0, 4J=1.3 Hz, 2H).


meso-N,N-Bis(2,6-dimethylphenyl)-1,2-bis([2.2]paracyclophane-4-yl)-
ethane-1,2-diamine (meso-28): Analytically pure product (0.138 g, 61%)
was obtained by recrystallisation of the mixture of diastereomers from
EtOH/C6H6/AcOEt 5:2:1; m.p. 202–204 8C; 1H NMR (400 MHz, CDCl3):
d=2.39–2.52 (m, 2H), 2.45 (s, 12H, 4CH3), 2.64–2.98 (m, 12H), 3.05–
3.15 (m, 2H), 4.10 (brd, J=11.5 Hz, 2H, 2CH), 5.18 (brd, J=11.52 Hz,
2H, 2NH), 5.33 (d, 3J=7.8 Hz, 2H), 5.60 (d, 3J=7.8 Hz, 2H), 5.98 (br s,
2H, 5-H), 16 (d, 2H), 6.26 (d, 2H), 6.40–6.55 (m, 4H), 6.81–6.87 (m, 2H,
Ar-para-H), 7.52 (d, 3J=7.8 Hz, 4H, Ar-meta-H); 13C NMR (75 MHz,
CDCl3): d=16.1 (4CH3), 28.1, 31.3, 31.4 (4C) (2C-1, -2, -9, -10), 57.1
(2CH-NH), 116.5, 122.5, 125.4, 125.8, 127.7, 128.0, 128.5, 128.8, 129.2,
131.1, 132.8, 134.0, 134.1, 134.7, 134.9, 140.9 (2C-NH); MS (70 eV): m/z
(%): 560 (11), 440 (5), 339 (35), 340 (15) [1=2M


+], 335 (10), 220 (11),
218(30), 121 (51), 104 (53); elemental analysis calcd (%) for C50H52N2


(680.98): C 88.19, H 7.70, N 4.11; found C 87.21, H 7.71, N 3.70.


meso-N,N-Dibenzyl-1,2-bis([2.2]paracyclophane-4-yl)ethane-1,2-diamine
(meso-29): Yield 0.049 g (49%); m.p. 210–211.5 8C; 1H NMR (400 MHz,
CDCl3): d=1.82 (br s, 2H, 2NH), 2.45–2.55 (m, 2H), 2.72–3.10 (m, 14H),
4.06 (br s, 2H, 2CH-NH), 4.06–4.16 (m, 4H, 2CH2-NH), 6.15 (d, 3J=
7.8 Hz, 2H), 6.19 (br s, 2H, 5-H), 6.25 (brd, 3J=7.8 Hz, 2H), 6.31 (brd,
3J=7.8 Hz, 2H), 6.36 (brd, 3J=7.8 Hz, 2H), 6.45–6.53 (m, 4H), 7.31–7.38
(m, 2H, Ar-para-H), 7.40–7.47 (m, 4H, Ar-meta-H), 7.52 (m, 4H, Ar-
ortho-H), 13C NMR (75 MHz, CDCl3): d=25.7 (2CH2-NH), 29.3, 31.0,
31.3, 31.4 (2C-1, -2, -9, -10), 49.2 (CH2-NH), 58.8 (2CH-NH), 123.1,
124.2, 124.6, 126.1, 127.2, 127.60, 128.1, 128.3, 129.0, 130.9, 132.9, 134.6,
134.7, 135.4, 135.5, 137.3; MS (70 eV): m/z (%): 326 (27) [1=2M


+], 221
(83), 220 (56), 104 (45), 91 (100); elemental analysis calcd (%)
forC48H48N2 (652.92): C 88.30, H 7.41, N 4.29; found C 88.10, H 7.61, N
4.12.


[2.2]Paracyclophane-4,13-dicarbaldehyde (34): LiAlH4 (1.2 g, 50 mmol)
was added under argon to a solution of 32 (3.7 g, 12.6 mmol) in anhy-
drous THF (300 mL). The reaction mixture was stirred at 60 8C for 5 h.
Unreacted LiAlH4 was destroyed by addition of wet AcOEt and water,
and the reaction mixture was acidified with 2n aqueous HCl solution
until the precipitate had entirely dissolved. The organic phase was sepa-
rated and the aqueous phase was extracted with CH2Cl2 (3Q100 mL).
The combined organic solutions were washed with water, saturated aq.
NaHCO3 solution, water (15 mL), and dried with MgSO4. The solvent
was evaporated to yield diol 33 (3.20 g, 95%). This compound
(11.9 mmol) was dissolved in anhydrous dioxane (180 mL) and a solution
of DDQ (2.70 g, 11.9 mmol) in anhydrous dioxane (120 mL) was added
dropwise at room temperature. The reaction mixture was stirred at room
temperature for 3 h, and the precipitated DDQH2 was filtered off. The
solvent was removed in vacuo, the residue was dissolved in CH2Cl2 and
separated from the remaining DDQH2 by filtration. Silica gel column
chromatography (CH2Cl2) gave dialdehyde 34 (2.90 g, 92%). Analytically
pure sample was obtained by recrystallisation from cyclohexane. M.p.
209–210 8C (lit.[26] m.p. 207–209 8C).


N,N’-{[2.2]Paracyclophane-4,13-diyldimethylylidene}dianiline (35) was
obtained as described above from 34 and aniline hydrochloride in quanti-
tative yield. Analytically pure product was obtained by recrystallisation
from heptane: Yield 0.37 g (79%). M.p. 123 8C; 1H NMR (400 MHz,
C6D6): d=2.78–2.95 (m, 6H, -CH2-CH2-), 4.16–4.25 (m, 2H, -CH2-CH2-),
6.43 (dd, 3J=7.8, 4J=1.8 Hz, 2H,), 6.47 (d, 3J=7.8 Hz, 2H, PC aromatic
H), 7.02–7.12 (m, 10H, phenyl aromatic H), 7.31 (d, 4J=1.8 Hz, 2H, PC
aromatic H), 8.40 (s, 2H, CH=N); 13C NMR (75 MHz, C6D6): d = 32.9
(2C), 34.8 (2C), 121.2 (4C), 125.6 (2C), 129.1 (4C), 133.6 (2C), 135.1
(2C), 135.6 (2C), 136.8 (2C), 139.7 (2C), 141.3 (2C), 152.5 (2C), 159.2
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(2C); MS (70 eV): m/z (%): 414 (21) [M +], 337 (30), 322 (18), 209 (8),
207 (100) [1=2M


+], 77 (8); elemental analysis calcd (%) for C30H26N2


(414.55): C 86.92, H 6.32, N 6.76; found C 86.95, H 6.21, N 6.58.


1,2-Dihydroxy[2.2.2][1,2,4]cyclophane (36): TiCl4 (12.08 mmol, 1.33 mL,
2.30 g) was carefully added to THF (15 mL) at 0 8C under argon. Then
Zn (30.02 mmol, 1.96 g) was added to the yellow suspension, and the
greenish-brown mixture was stirred for 5 min. A solution of dialdehyde
34 (0.82 g, 3.11 mmol) in THF (30 mL) was added dropwise and the reac-
tion mixture was stirred at room temperature for 3 h (TLC control). The
mixture was diluted with Et2O (40 mL), the organic layer was washed
with saturated aq. NaHCO3, H2O and dried with Na2SO4. The solvent
was evaporated to yield crude 36 (0.82 g, 98%). Analytically pure materi-
al was obtained by purification of the reaction mixture on silica gel
(CHCl3) and recrystallisation from toluene. Yield 0.60 g (72%); m.p.
232–234 8C (lit.[27] m.p. 234 8C); 1H NMR (400 MHz, [D6]DMSO): d=


2.57–2.63 (m, 1H, CH2), 2.70–2.83 (m, 1H, CH2), 2.88–3.17 (m, 5H,
CH2), 3.66–3.76 (m, 1H, CH2), 4.72 (br s, 1H, CH), 5.06 (br s, 1H, CH),
5.66 (d, JCH-OH=3.9 Hz, 1H, OH), 5.83 (d, JCH-OH=2.9 Hz, 1H, OH), 6.13
(d, 4J=1.8 Hz, 1H, 5- or 12-H), 6.18 (d, 3J=7.8 Hz, 1H, 8- or 15-H), 6.19
(d, 3J=7.8 Hz, 1H, 8- or 15-H), 6.41 (dd, 3J=7.8, 4J=1.8 Hz, 1H, 7- or
16-H), 6.46 (dd, 3J=7.8, 4J=1.8 Hz, 1H, 7- or 16-H), 6.56 (d, 4J=1.8 Hz,
1H, 5- or 12-H); 13C NMR (75 MHz, CDCl3): d=31.5, 33.8, 36.1, 36.2 (C-


1, -2, -9, -10), 80.3 and 89.5 (2C-OH), 129.2, 131.2, 133.6, 133.9, 134.6,
136.6, 137.5, 139.5, 140.1, 140.6, 145.1, 146.1; MS (70 eV): m/z (%): 266
(52) [M +], 249 (24), 219 (12), 205 (16), 190 (8), 133 (100) [1=2M


+], 119
(80), 105 (87); IR (KBr): ñ=2947 and 2926 cm�1 (OH); elemental analy-
sis calcd (%) for C18H18O2 (266.34): C 81.17, H 6.81; found: C 81.04, H
6.87; analytical HPLC resolution: tR = 17:56.0 and 21:56.4 min, respec-
tively.


1,2-Bis(N-phenylamino)[2.2.2][1,2,4]cyclophane (37): A suspension of
Zn/Cu couple (0.047 g, 0.73 mmol) in DMF (1 mL) was cooled to 0 8C
and solutions of pTosOH (0.14 g, 0.73 mmol) in DMF (1.5 mL) and bisi-
mine 35 (0.1 g, 0.24 mmol) in the same solvent (1.5 mL) were added si-
multaneously dropwise during 0.5 h. The mixture was allowed to stand at
room temperature for 2 h. The reaction mixture was diluted with H2O,
extracted twice with CH2Cl2, the combined organic layers were washed
with H2O and dried with Na2SO4. The solvent was evaporated and excess
DMF was removed under reduced pressure to yield crude 37 in quantita-
tive yield. The 1H NMR spectrum of this product showed the formation
of a single meso-isomer. An analytically pure sample (0.08 g, 80%) was
obtained after chromatography on silica gel (toluene). M.p. 192 8C
(decomp); 1H NMR (400 MHz, CDCl3): d=2.80–2.90 (m, 2H, 1-Hb, 2-
Hb), 2.95–3.03 (m, 2H, 9-Hb, 10-Hb), 3.09–3.16 (m, 2H, 9-Ha, 10-Ha),
3.33–3.41 (m, 2H, 1-Ha, 1-Ha), 5.00 (br s, 2H, 2NH), 5.20 (br s, 2H, 17-H,


Table 8. Summary of crystal data, data collection and refinement parameters for the structures of the compounds reported in this paper.


(Rp,R,R,Rp)-21 (Rp,S,R,Sp)-22 (Rp,S,S,Rp)-23 (Rp,R,R,Rp)-24 (Rp,Rp)-25 (Rp,S,S,Rp)-31 15


formula C36H38O2 C43H46O4 C36H39O4·
0.5H2O


C36H38O4 C35H35O3·
CHCl3


C48H48N2O2·
0.125(C6H14)


C23H20BrN


Mr 502.66 626.80 543.67 534.66 636.02 695.66 390.31
crystal habit colourless prism colourless


needle
colourless
plate


colourless
plate


colourless
plate


colourless
prism


colourless
plate


crystal size [mm] 0.1Q0.3Q0.5 0.3Q0.2Q0.05 0.4Q0.5Q0.6 0.4Q0.3Q0.2 0.3Q0.4Q0.5 0.3Q0.5Q0.5 0.4Q0.3Q0.2
crystal system monoclinic triclinic orthorhombic orthorhombic monoclinic monoclinic orthorhombic
space group P21 P1̄ P21212 P212121 P21 C2/c P212121
cell constants
a [L] 8.0035(12) 9.893(5) 17.535(7) 9.397(11) 12.5390(7) 20.126(3) 7.697(2)
b [L] 11.4165(16) 13.598(6) 17.728(7) 15.68(2) 8.5160(5) 19.473(4) 13.155(4)
c [L] 15.367(2) 13.786(5) 9.152(4) 19.18(2) 28.6420(17) 38.962(7) 17.508(4)
a [8] 90 72.89(3) 90 90 90 90 90
b [8] 102.455(4) 88.45(4) 90 90 91.690(1) 94.457(5) 90
g [8] 90 72.81(4) 90 90 90 90 90
V [L3] 1371.0(3) 1689.6(13) 2845(2) 2825(6) 3057.1(3) 15224(5) 1772.7(7)
Z 2 2 4 4 4 16 4
1calcd [mgm�3] 1.218 1.232 1.269 1.257 1.382 1.214 1.462
T [K] 293 163 120 110 120 110 163
2qmax [8] 56.1 46.5 58.0 56.2 52.0 56.0 52.0
m(MoKa) [mm�1] 0.073 0.077 0.082 0.080 0.338 0.073 2.323
absorption
correction


semiempirical
from equiva-
lents


none semiempirical from equivalents none


Tmin/Tmax 0.499/0.969 – 0.123/0.928 0.478/0.968 0.607/0.862 0.797/0.928 –
no. indep. reflns 6850 3754 24251 16629 21549 54480 3709
Rint 0.0191 0.0477 0.1087 0.586 0.0541 0.0803 0.0388
no. reflns refined 5659 3429 7470 6823 10505 18115 3244
no. obsd reflns (I>2s(I)) 3241 2016 2593 3330 6827 6268 2389
abs. structure
parameter


�0.2(2) – �6.0(2) �0.8(2) 0.4(8) – 0.02(2)


no. parameters 343 432 371 479 829 964 226
R1 (on F for obsd reflns)[a] 0.0545 0.0606 0.0735 0.0601 0.0656 0.598 0.0565
wR2 (on F 2 for all reflns)[b] 0.1331 0.1536 0.1266 0.1228 0.1267 0.0757 0.1228
weighting scheme w�1=1/[s2(F 2


o)+ (aP)2+bP, P= 1=3(F
2
o+2F 2


c )
a 0.0611 0.0853 0.0155 0.0400 0.0132 0.0016 0.0481
b – 0.3174 – 0.2800 3.5110 0.0500 2.9500
F(000) 540 672 1164 1144 1336 5956
GOOF 1.020 1.013 0.981 0.984 1.013 0.977 0.972
largest diff. peak/hole
[eL�3]


0.169/
�0.133


0.257/
�0.268


0.339/
�0.346


0.328/
�0.186


0.573/
�0.479


0.923/
�0.249


1.450/
�0.621


[a] R1 = � j jFo j��Fc j j / j (Fo) for observed reflections. [b] wR2 = {[w(F 2
o�F 2


c )
2/[w(F 2


o)
2]}0.5 for all reflections.
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18-H), 6.36 (d, 3J=7.8 Hz, 2H, 8-H, 15-H), 6.47 (dd, 3J=7.8, 4J=1.8 Hz,
2H, 7-H, 16-H), 6.64 (d, 4J=1.8 Hz, 2H, 5-H, 12-H), 6.69 (brd, 4H, 4-o-
H-Phenyl), 6.73–6.78 (m, 2H, 2-p-H-Phenyl), 7.12–7.20 (m, 4H, 4-m-H-
Phenyl); 13C NMR (75 MHz, CDCl3): d=33.1 (2C), 36.6 (2C) (C-1, -2,
-9, -10), 60.2 (2CH-NH), 114.3 (4C), 118.4 (2C), 129.2 (4C), 130.2 (2C),
133.4 (2C), 134.2 (2C), 138.0 (2C), 141.3 (2C), 142.9 (2C), 147.9 (2C);
MS (70 eV): m/z (%): 416 (27) [M +], 415 (45), 339 (66), 324 (100), 297
(15), 206 (73), 191 (28), 104 (20), 77 (15); elemental analysis calcd (%)
for C30H28N2 (416.57): C 86.50, H 6.77, N 6.72; found: C 86.48, H 6.71, N
6.64; analytical HPLC resolution: tR =10:41.6 min.


X-ray crystallographic study of imine 15, diols 21–24, aldehyde 25 and di-
amine 31: Single-crystal X-ray diffraction experiments for 21–25 and 31
were carried out with a Bruker SMART 1000 CCD area detector, using
graphite monochromated MoKa radiation (l=0.71073 L, w scans with a
0.38 step in w and 10 s per frame exposure, 2q <608) at 110–120 K with
the exception of 21 (at 293 K). The low temperature of the crystals was
maintained with a Cryostream (Oxford Cryosystems) open-flow N2 gas
cryostat. Reflection intensities were integrated using SAINT software[33]


and semiempirical method SADABS.[34] Single-crystal X-ray diffraction
experiments for 22 and 15 were carried out with a rebuilt Syntex P21
four-circle diffractometer, using graphite monochromated MoKa radiation
(q/2q scans) at 163 K, the reflection intensities were integrated using Sie-
mens P3/PC software.[35]


The structures were solved by direct methods and refined by the full-
matrix least-squares against F 2 in anisotropic (for non-hydrogen atoms)
approximation. The hydrogen atoms of the OH and NH groups were lo-
cated from the difference Fourier syntheses and refined in isotropic ap-
proximation in rigid model, the positions of the hydrogen atoms of CH2


and CH3 groups and the phenyl rings were calculated and included in the
refinement using the riding model approximation with the Uiso(H)=
1.2Ueq(C) for the methyne and Uiso(H)=1.5Ueq(C) for methylene and
methyl groups, where the Ueq(C) is the equivalent isotropic temperature
factor of the carbon atom bonded to the corresponding H atom.


All calculations were performed on an IBM PC/AT using the SHELXTL
software.[36]


The crystallographic data for compounds 15, 21–25 and 31 are represent-
ed in the Table 8. Some geometrical parameters are represented in the
Tables 5–7.


CCDC-266839 (15), -266840 (21), -266841 (22), -266842 (23), -266843
(24), -266844 (25) and -266845 (31) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif/
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Preparation and Optical Investigation of Monodisperse Oligo(9,9-
dioctylfluorene)s Containing One Fluorenone Unit**


Jing Li, Ming Li, and Zhishan Bo*[a]


Introduction


Polyfluorenes are a class of promising blue-light-emitting
polymers, which exhibit extremely high solution and solid-
state quantum yields.[1] However, in practical applications,
polyfluorenes exhibited poor color stability. A low-energy
green emission band is generated during operation or an-
nealing in air. In the earlier literature, the origin of this low-
energy green emission was attributed to the aggregation or
excimer formation in the bulky materials.[2] Recent studies
have proposed that the origin of the green emission band is
rather from fluorenone defects than aggregation or forma-
tion of excimers.[3] However, little is known regarding to
their structure–property relationship.
Monodisperse, p-conjugated oligomers have gained in-


creasing scientific attention in recent years, because they
can be used to better elucidate the structure–property rela-
tionship than the corresponding polymers.[4] Here we de-
signed and synthesized a set of monodisperse oligofluorenes
with only one fluorenone unit in the center of the oligomers,
and also investigated their optical properties. It should be
mentioned that Wegner, Geng, and Miller have recently re-
ported the synthesis, characterization, and optical properties
of monodisperse fluorene oligomers free of ketonic de-
fects.[5]


Results and Discussion


Repetitive strategies are normally required for the synthesis
of structurally defined and monodisperse oligomers. As de-
fined by Moore, the growth processes can be divided into
three categories, that is, simple repetitive synthesis, orthogo-
nal repetitive synthesis, and divergent/convergent process-
es.[6] Considering the large number of steps required in the
synthesis and purification of longer oligomers, it is desirable
to reduce the number of synthetic steps to simplify their
preparation and to improve the overall yield of the final
product. This may be achieved in a double stage divergent/
convergent growth approach based on the large building
blocks synthesized by either divergent or convergent meth-
ods. The synthetic route leading from compounds 1–8 to the
formation of monodisperse oligomers 9–14 is illustrated in
Schemes 1–3.


Scheme 1 depicts the synthesis of oligomers 3–6, carrying
either trimethylsilyl (TMS) or iodo groups at the two termi-
ni. The chemistry used in the synthesis was iododesilylation
and Suzuki cross-coupling reactions developed by Schl5ter
et al. to synthesize the monodisperse oliogophenylene rods
and macrocycles.[7] Starting from TMS-masked 7-trimethyl-
silyl-9,9-dioctylfluorene-2-boronic pinacol ester (1),[4a] cross-
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coupling of 1 and 2,7-dibromofluorenone (2)[8] under stan-
dard Suzuki–Miyaura cross-coupling conditions afforded di-
TMS 3-mer 3a in a yield of 95%. Iododesilylation of 3a
with iodine monochloride in CH2Cl2 at 0 8C gave the corre-
sponding diiodide 3b in a 97% yield. Reaction of 3b with 1
gave the subsequent 5-mer 4a in a 89% yield after purifica-
tion by flash chromatography. Subsequent iodination led to
diiodide 4b in a yield of 91%. Repeating the above reaction
sequence, 7-mers 5a and 5b and 9-mers 6a and 6b were ob-
tained in good to excellent yields (83–98%) after purifica-
tion by simple flash chromatography.
The synthesis of building blocks 7c and 8c are outlined in


Scheme 2. Starting from compound 1, coupling with bromo-
benzene afforded 7a in a 95% yield. Conversion of 7a into
7b was accomplished in 98% yield. Subsequent halo-lithium
exchange and quenching with trimethyl borate gave the cor-
responding boronic acid, the conversion of which into the
cyclic boronic ester was achieved by refluxing with pinacol
in CH2Cl2. Compound 7c was obtained as a colorless oil in a
42% yield. Repeating the above reaction sequence, 8a, 8b,


and 8c were obtained in yields of 91, 98,
and 63%, respectively.
Scheme 3 shows the synthesis of the


target longer oligomers 9–14. Reaction of
2 and 7c under standard Suzuki cross-
coupling conditions afforded 3-mer 9 in a
61% yield. Coupling 4b with benzene-
boronic acid gave 5-mer 10 in a 50%
yield. Coupling 5b with benzeneboronic
acid afforded 7-mer 11 in an 82% yield
after purification by simple flash chroma-
tography on silica gel column. Coupling
of 6b with benzeneboronic acid, 7c, and
8c gave 9-mer 12, 11-mer 13, and 13-mer
14 in yields of 48, 56, and 27%, respec-
tively. The purification of 12–14 was ac-
complished by combination of flash chro-
matography and preparative SEC (size
elution chromatography). The purity of
9–14 was checked by gel permeation
chromatography (GPC) with THF as an


eluent. As shown in Figure 1, all the peaks are symmetrical
and monomodal with a polydispersity index of 1.01–1.04.


Optical properties of fluore-
none and monodisperse oligo-
mers 9–14 were investigated
with UV-absorption and flores-
cence spectroscopy (Figure 2
and Table 1). In toluene, fluore-
none displayed a strong absorp-
tion band below 350 nm and a
weak peak centered at around
400 nm. All the oligomers ex-
hibited an intensive broad ab-
sorption band in the range of
350–400 nm. The absorption
maximum of the oligomers is
red-shifted with increasing the


Scheme 1.


Scheme 2.


Scheme 3.
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conjugation length. Fluorenone displayed a blue-green emis-
sion peak at round 483 nm. Compared with fluorenone, the
emission wavelength of the oligomers was red-shifted. All
the oligomers 9–14 showed almost fully superimposed emis-
sion spectra with an intense green to orange emission band
peaked at around 535 nm. This phenomenon indicates that
the emission wavelength is independent of the length of the
conjugated oligomers. The emission state of the oligomers is
only related to the fluorene units adjacent to the central
fluorenone unit. The experimental results we obtained agree
quite well with the theoretical prediction that the emissive
state is strongly confined to the fluorenone unit.[9] Fluore-


none-containing oligomers 9–14 exhibited a large Stokes
shift of up to about 160 nm. This number is much larger
than that of the fluorene oligomers. Compared with the cor-
responding fluorene oligomers, the introduction of an ac-
ceptor group (fluorenone) in the oligomersK main chain
gives rise to intramolecular charge-transfer effect, which is
characterized by the larger Stokes shift and the red-shifted
structureless emission.[10] For the two longest oligomers 13
and 14 (about 10–12 nm in length) the weak blue emission
residues from the fluorene segments were observed.
Solid films on quartz plates used for UV-visible absorp-


tion and fluorescence characterization were prepared by
spin coating with 1% toluene solution at 1500 rpm. The ab-
sorption and emission spectra of the spin-coated films (9–
14) are shown in Figure 3. In film fluorenone exhibited a


red-shifted weak emission peak at around 509 nm. The red-
shift and low intensity of fluorenone emission in film are
probably due to the formation of the aggregation and self-
quenching their fluorescence. Compared with their emission
spectra in solution, their film emission spectra were slightly
red-shifted by about 8–10 nm. All polymer films (9–14) dis-
played a structureless green-orange band that peaked at
around 544 nm. In their film emission spectra no blue emis-
sion residue was detected. Slight blue-shift of the emissive
peaks (about 3 nm) was observed with increasing the fluo-
rene segments from one to six on each side of the oligomers.
The quantum yields (FF) of oligomers 9–14 in dilute toluene
was measured to be around 0.19–0.21 in comparison to 9,10-
diphenylanthracene (in cyclohexane, FF=0.9).


[11] Due to the
intramolecular charge transfer effects in the fluorenone-con-
taining oligomers, this number is much lower than that of
the fluorene oligomers.
The thermal properties of the oligomers were investigated


by using differential scanning calorimetry (DSC). The DSC
traces of the second heating run are shown in Figure 4. All
oligomers displayed a glass transition and a crystal melting
peak. The results are summarized in Table 2. The glass tran-
sitions and the crystal melting peaks could be easily identi-
fied as the temperature increased, but the transition temper-


Figure 1. GPC elution traces of 9–14 with THF as an eluent.


Figure 2. UV-visible absorption and photoluminescent spectra of oligo-
mers 9–14 in toluene.


Table 1. Summary of the absorption and emission spectra (solution and
film) as well as the fluorescence quantum yields (in toluene) of fluore-
none and the fluorenone-containing oligomers.


UV [nm] FL [nm]
solution film solution film FF


fluorenone 483 509 0.01
9 359 363 535 557 0.19
10 370 374 535 553 0.20
11 373 374 535 554 0.20
12 376 382 535 554 0.19
13 379 385 535 554 0.21
14 380 389 535 554 0.21


Figure 3. UV-visible absorption and photoluminescent spectra of oligom-
ers 9–14 in films.
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ature from nematic to isotropic was hard to follow due to
the small transition enthalpy. As shown in Table 2, the glass
transition temperature increased as the backbone chain
length increased. Oligomers 9 and 10 showed exothermic
crystallization peaks at around 114 and 79 8C, respectively.
This peak was not observed for the longer oligomers (11–
14). With the increase of the chain length, the melting tem-
perature first decreased and then increased. The detailed in-
vestigation of the in-situ and in real time crystallization be-
haviors by using hot-stage AFM are undergoing and will be
reported elsewhere.


Conclusion


In conclusion, we have synthesized a set of monodisperse
fluorene oligomers (with up to 12 fluorene units) containing
only one fluorenone unit in the center of the molecules by a
double stage divergent/convergent growth approach. Optical
studies revealed that the oligomers have large Stokes shifts
that absorb in ultraviolet region and emit in green-orange
region. The emission wavelength is independent of the con-
jugation length, that is, increasing the conjugation length
does not change their emission spectra. All oligomers exhib-
it relatively low quantum efficient yield.


Experimental Section


All chemicals were purchased from Acros and used without further puri-
fication. Solvents were dried according to standard procedures. All reac-


tions were carried out under nitrogen. 1H and 13C NMR spectra were re-
corded on Bruker Avance-300 and Avance-400 NMR spectrometers with
CDCl3 as a solvent. UV/Vis absorption spectra were recorded on a Shi-
madzu UV-1601PC. Fluorescence spectra were recorded on a Varian-
FLR025. Elemental analysis was carried out on a Carlo Erba model 1106
elemental analyzer. The molecular weights were determined by using gel
permeation chromatography (Waters 410) against polystyrene standards
with THF as an eluent. Differential scanning calorimetry was measured
on a Mettler DSC 822e with a heating and cooling rate of 10 8Cmin�1.


Compound 3a : A mixture of 1 (1.47 g, 2.5 mmol), 2 (0.39 g, 1.0 mmol),
THF (20 mL), water (10 mL), and NaHCO3 (0.35 g, 4 mmol) was careful-
ly degassed before and after [Pd(PPh3)4] (50 mg, 0.04 mmol) was added.
The mixture was stirred and refluxed for 4 days. CH2Cl2 was added, the
organic layer was separated, the aqueous layer was extracted with
CH2Cl2 (3M30 mL), and the combined organic layers were dried over
MgSO4 and evaporated to dryness. Chromatography on silica gel eluting
with CH2Cl2/hexane (1:5, v/v) afforded 3a (1.05 g, 95%) as a light yellow
solid. 1H NMR (400 MHz, CDCl3): d=8.04 (s, 2H), 7.85–7.83 (d, J=
7.6 Hz, 2H), 7.80–7.78 (d, J=7.6 Hz, 2H), 7.73–7.71 (d, J=7.2 Hz, 2H),
7.66–7.64 (d, J=8.0 Hz, 4H), 7.61 (s, 2H), 7.53–7.51 (d, J=8.0 Hz, 2H),
7.49 (s, 2H), 2.04–2.00 (t, J=8.0 Hz, 8H), 1.21–1.07 (br, 40H), 0.82–0.79
(t, J=6.8 Hz, 12H), 0.69–0.68 (br, 8H), 0.33 ppm (s, 18H); 13C NMR
(100 MHz, CDCl3): d=194.1, 151.9, 150.2, 142.9, 142.7, 141.2, 139.4,
138.7, 135.3, 133.4, 131.9, 127.6, 125.6, 123.1, 121.1, 120.7, 120.2, 119.1,
55.2, 40.2, 31.8, 30.0, 29.9, 29.2, 29.1, 29.1, 23.8, 22.6, 14.0, �0.9 ppm; ele-
mental analysis calcd (%) for C77H104OSi2: C 83.94, H 9.51; found: C
83.75, H 9.66.


Compound 3b : A solution of ICl (3 mL, 3 mmol) in CH2Cl2 was added
dropwise to a solution of 3a (1.05 g, 0.95 mmol) in CH2Cl2 (10 mL) at
0 8C. The reaction mixture was stirred at 0 8C for 1 h. Then a larger
excess of aqueous NaHSO3 solution was added to destroy the unreacted
ICl. The organic layer was separated, the aqueous layer was extracted
with CH2Cl2 (3M30 mL), and the combined organic layers were dried
over MgSO4 and evaporated to dryness. The residue was purified by
chromatography on silica gel eluting with CH2Cl2 to afford 3b (1.11 g,
97%) as a yellow solid. 1H NMR (300 MHz, CDCl3): d=8.02 (s, 2H),
7.84–7.81 (d, J=10.2 Hz, 2H), 7.77–7.74 (d, J=7.8 Hz, 2H), 7.69 (s, 2H),
7.69–7.61 (br, 6H), 7.58 (s, 2H), 7.49–7.47 (d, J=7.5 Hz, 2H), 2.07–1.87
(t, J=7.5 Hz, 8H), 1.33–1.07 (br, 40H), 0.83–0.79 (t, J=6.3 Hz, 12H),
0.64 ppm (br, 8H); 13C NMR (75 MHz, CDCl3): d=195.6, 155.0, 152.6,
144.6, 144.0, 141.7, 141.7, 140.7, 137.5, 136.8, 134.9, 133.7, 127.4, 124.6,
123.1, 122.5, 122.3, 121.8, 94.4, 57.1, 41.8, 33.3, 31.4, 31.2, 30.7, 25.3, 24.1,
15.6 ppm; elemental analysis calcd (%) for C71H86I2O: C 70.52, H 7.71;
found: C 70.33, H 7.39.


Compound 4a : The general procedure for synthesis of 3a was followed.
Compound 3b (1.10 g, 0.91 mmol), 1 (1.34 g, 2.3 mmol), THF (20 mL),
water (10 mL), NaHCO3 (0.5 g, 6 mmol), and [Pd(PPh3)4] (45 mg,
0.04 mmol) were used. The crude product was purified by flash chroma-
tography on silica gel eluting with CH2Cl2/hexane (1:5, v/v) to afford 4a
(1.52 g, 89%) as a yellow solid. 1H NMR (300 MHz, CDCl3): d=8.06 (s,
2H), 7.87–7.78 (br, 8H), 7.74–7.65 (br, 16H), 7.53–7.50 (d, J=8.1 Hz,
4H), 2.13–2.07 (br, 16H), 1.25–1.11 (br, 80H), 0.84–0.77 (br, 40H),
0.33 ppm (s, 18H); 13C NMR (75 MHz, CDCl3): d=194.1, 151.8, 151.7,
150.1, 142.9, 142.6, 140.8, 140.7, 140.4, 138.9, 133.3, 131.7, 127.5, 126.1,
125.9, 125.6, 123.0, 121.4, 121.0, 120.7, 120.0, 120.0, 119.9, 118.9, 55.3,
55.0, 40.3, 40.0, 31.7, 29.9, 29.8, 29.1, 23.7, 22.5, 14.0, �1.0 ppm; elemental
analysis calcd (%) for C135H184OSi2: C 86.29, H 9.87; found: C 86.08, H
9.97.


Compound 4b : The general procedure for synthesis of 3b was followed.
ICl (2 mL, 2 mmol), 4a (1.52 g, 0.81 mmol), and CH2Cl2 (10 mL) were
used. The crude product was purified by flash chromatography on silica
gel eluting with CH2Cl2 to afford 4b (1.47 g, 91%) as a yellow solid.
1H NMR (400 MHz, CDCl3): d=8.07 (s, 2H), 7.88–7.82 (br, 6H), 7.78–
7.75 (d, J=10.4 Hz, 2H), 7.70–7.61 (br, 18H), 7.51–7.49 (d, J=10.4 Hz,
2H), 2.10–2.00 (br, 16H), 1.27–1.11 (br, 80H), 0.85–0.74 ppm (br, 40H);
13C NMR (100 MHz, CDCl3): d=194.1, 153.4, 151.9, 151.8, 150.9, 142.6,
140.8, 140.5, 139.8, 138.5, 135.9, 135.2, 133.3, 132.1, 126.2, 125.7, 123.0,
121.4, 121.3, 121.0, 120.7, 120.2, 120.1, 120.00, 92.4, 55.4, 40.4, 40.2, 31.7,


Figure 4. DSC traces of oligomers 9–14 (second heating at 10 8Cmin�1).


Table 2. Summary of the glass transition temperatures (Tg), the melting
temperatures (Tm), and the enthalpy of melting of the fluorenone-con-
taining oligomers.


Tg [8C] Tm [8C] DHm [Jg
�1]


9 44 167 43.9
10 52 163 5.3
11 54 162 3.1
12 55 120 0.56
13 59 153 0.6
14 63 173 0.65
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29.9, 29.9, 29.7, 29.1, 23.8, 23.7, 22.5, 22.5, 14.0, 14.0 ppm; elemental anal-
ysis calcd (%) for C129H166I2O: C 78.00, H 8.42; found: C 77.96, H 8.50.


Compound 5a : The general procedure for synthesis of 3a was followed.
Compound 4b (1.24 g, 0.62 mmol), 1 (0.92 g, 1.6 mmol), THF (20 mL),
water (10 mL), NaHCO3 (0.30 g, 4 mmol), and [Pd(PPh3)4] (50 mg,
0.04 mmol) were used. The crude product was purified by flash chroma-
tography on silica gel eluting with CH2Cl2/hexane (1:4, v/v) to give 5a
(1.37 g, 83%) as a yellow solid. 1H NMR (300 MHz, CDCl3): d=8.08 (s,
2H), 7.86–7.79 (br, 12H), 7.72–7.67 (br, 24H), 7.54–7.52 (br, 4H), 2.13–
2.05 (br, 24H), 1.14 (br, 120H), 0.82 (br, 60H), 0.34 ppm (s, 18H);
13C NMR (75 MHz, CDCl3): d=152.0, 151.8, 151.7, 150.2, 143.0, 141.4,
140.9, 140.6, 140.4, 140.3, 140.1, 140.0, 127.7, 126.2, 126.0, 123.1, 121.5,
121.1, 120.8, 120.2, 120.1, 120.0, 119.0, 55.5, 55.3, 55.1, 40.4, 40.1, 31.8,
30.0, 29.9, 29.2, 23.9, 23.8, 22.6, 14.0, �0.8 ppm; elemental analysis calcd
(%) for C193H264OSi2: C 87.27, H 10.02; found: C 87.47, H 10.00.


Compound 5b : The general procedure for synthesis of 3b was followed.
ICl (2 mL, 2 mmol), 5a (1.37 g, 0.52 mmol), and CH2Cl2 (10 mL) were
used. The crude product was purified by flash chromatography on silica
gel eluting with CH2Cl2 to give 5b (1.37 g, 96%) as a yellow solid.
1H NMR (400 MHz, CDCl3): d=8.07 (s, 2H), 7.85–7.82 (br, 10H), 7.77–
7.61 (br, 28H), 7.51–7.48 (d, J=7.5 Hz, 2H), 2.11–2.03 (br, 24H), 1.13
(br, 120H), 0.82–0.81 ppm (br, 60H); 13C NMR (100 MHz, CDCl3): d=
194.1, 153.4, 151.9, 151.8, 150.9, 142.9, 142.6, 141.1, 140.7, 140.4, 139.2,
138.5, 135.8, 135.3, 133.3, 132.1, 126.1, 123.0, 121.4, 121.3, 121.0, 120.7,
120.1,119.9, 92.4, 55.4, 55.3, 40.4, 40.3, 40.2, 31.7, 30.0, 29.9, 29.2, 23.8,
23.7, 22.5, 14.0 ppm; elemental analysis calcd (%) for C187H246I2O: C
81.27, H 8.97; found: C 81.08, H 9.13.


Compound 6a : The general procedure for synthesis of 3a was followed.
Compound 5b (0.93 g, 0.34 mmol), 1 (0.49 g, 0.84 mmol), THF (20 mL),
water (10 mL), NaHCO3 (0.3 g, 3 mmol), and [Pd(PPh3)4] (30 mg,
0.026 mmol) were used. The crude product was purified by chromatogra-
phy on silica gel eluting with CH2Cl2/hexane (1:3, v/v) to afford 6a
(1.02 g, 88%) as a yellow solid. 1H NMR (400 MHz, CDCl3): d=8.08 (s,
2H), 7.88–7.79 (br, 16H), 7.75–7.68 (br, 32H), 7.54–7.51 (d, J=7.8 Hz,
4H), 2.12–2.02 (br, 32H), 1.14 (br, 160H), 0.83–0.79 (br, 80H), 0.34 ppm
(s, 18H); 13C NMR (100 MHz, CDCl3): d=194.2, 152.0, 151.8, 151.8,
151.7, 150.2, 141.4, 140.8, 140.6, 140.6, 140.5, 140.1, 140.0, 135.3, 133.4,
127.7, 126.2, 126.0, 123.1, 121.5, 120.8, 120.2, 120.0, 119.0, 55.5, 55.4, 55.3,
55.1, 40.4, 40.2, 31.8, 30.0, 30.0, 29.9, 29.2, 29.2, 29.1, 23.9, 23.8, 22.6, 14.1,
�0.8 ppm; elemental analysis calcd (%) for C251H344OSi2: C 87.80, H
10.10; found: C 87.33, H 9.97.


Compound 6b : The general procedure for synthesis of 3b was followed.
ICl (0.5 mL, 0.5 mmol), 6a (0.64 g, 0.19 mmol), and CH2Cl2 (10 mL) were
used. The crude product was purified by flash chromatography on silica
gel eluting with CH2Cl2 to give 6b (0.64 g, 98%) as a yellow solid.
1H NMR (300 MHz, CDCl3): d=8.08 (s, 2H), 7.86–7.75 (br, 14H), 7.72–
7.62 (br, 36H), 7.51–7.48 (d, J=7.8 Hz, 2H), 2.12–2.01 (br, 32H), 1.14
(br, 160H), 0.85–0.79 ppm (br, 80H); 13C NMR (75 MHz, CDCl3): d=
194.2, 153.5, 152.0, 151.8, 150.9, 142.7, 141.2, 140.9, 140.8, 140.5, 140.3,
140.0, 139.8, 139.3, 138.6, 135.9, 135.3, 133.4, 126.2, 123.1, 121.5, 121.1,
120.8, 120.0, 92.5, 55.5, 55.4, 40.4, 40.3, 31.8, 31.1, 30.3, 30.0, 29.6, 29.2,
23.9, 23.8, 22.6, 14.1 ppm; elemental analysis calcd (%) for C245H326I2O: C
83.10, H 9.28; found: C 83.46, H 9.38.


Compound 7a : The general procedure for synthesis of 3a was followed.
Bromobenzene (2.60 g, 16.6 mmol), 1 (7.48 g, 12.7 mmol), THF (70 mL),
water (30 mL), NaHCO3 (3.0 g, 36 mmol), and [Pd(PPh3)4] (300 mg,
0.26 mmol) were used. The crude product was purified by flash chroma-
tography on silica gel eluting with hexane to give 7a (6.5 g, 95%) as a
colorless oil. 1H NMR (300 MHz, CDCl3): d=7.77–7.75 (d, J=8.1 Hz,
1H), 7.71–7.66 (br, 3H), 7.58–7.55 (d, J=8.1 Hz, 2H), 7.51–7.45 (br, 4H),
7.38–7.33 (t, J=7.2 Hz, 1H), 2.02–1.97 (t, J=8.1 Hz, 4H), 1.21–1.06 (br,
20), 0.83–0.79 (t, J=6.6 Hz, 6H), 0.71–0.69 (br, 4H), 0.32 ppm (s, 9H);
13C NMR (100 MHz, CDCl3): d=151.6, 150.2, 141.8, 141.4, 140.4, 140.2,
139.0, 131.8, 128.8, 127.6, 127.2, 127.1, 125.9, 121.6, 120.0, 119.0, 55.1,
40.4, 40.2, 31.8, 30.0, 29.9, 29.2, 29.1, 23.8, 22.6, 14.1, �0.8 ppm; elemental
analysis calcd (%) for C38H54Si: C 84.69, H 10.10; found: C 84.58, H 9.98.


Compound 7b : The general procedure for synthesis of 3b was followed.
ICl (15 mL, 15 mmol), 7a (5.38 g, 10 mmol), and CH2Cl2 (30 mL) were


used. The crude product was purified by flash chromatography on silica
gel eluting with CH2Cl2 to give 7b (5.78 g, yield 98%) as a slight pink
solid. 1H NMR (400 MHz, CDCl3): d=7.73–7.71 (d, J=4.8 Hz, 1H),
7.67–7.65 (m, 4H), 7.59–7.56 (d, J=7.2 Hz, 1H), 7.53 (s, 1H), 7.49–7.45
(t, J=7.2 Hz, 3H), 7.39–7.35 (t, J=7.2 Hz, 1H), 2.03–1.90 (m, 4H), 1.23–
1.06 (m, 20H), 0.83–8.00 (t, J=6.8 Hz, 6H), 0.67–0.66 ppm (m, 4H);
13C NMR (75 MHz, CDCl3): d=153.4, 150.8, 141.5, 140.7, 140.4, 139.3,
135.9, 132.1, 128.8, 127.2, 127.2, 126.1, 121.4, 120.0, 92.5, 55.4, 40.2, 31.8,
29.9, 29.1, 23.7, 22.6, 14.0 ppm; elemental analysis calcd (%) for C35H45I:
C 70.93, H 7.65; found: C 70.95, H 7.76.


Compound 7c : nBuLi (1.5 mL, 4.3 mmol) was added to a solution of 7b
(2.1 g, 3.5 mmol) in diethyl ether (40 mL) at �78 8C under nitrogen. The
solution was kept at �78 8C for 0.5 h, and then B(OCH3)3 (1 mL,
9 mmol) added at this temperature. The reaction was stirred over night
and warmed gradually to room temperature. Aqueous hydrochloric acid
(2.0 mL) was added, the organic layer was separated, the aqueous layer
was extracted with diethyl ether (3M30 mL), and the combined organic
layers were dried over anhydrous Na2SO4 and evaporated to dryness. The
residue was purified by flash chromatography on silica gel eluting with
CH2Cl2/ether (1:1, v/v) to afford the crude boronic acid as colorless oil.


A mixture of the boronic acid prepared above, pinacol (1.0 g, 8.5 mmol),
and dry CH2Cl2 (20 mL) was refluxed for 10 h. Removal of the solvent,
the crude product was purified by chromatography on silica gel eluting
with ethyl acetate/hexane (1:14, v/v) to afford 7c (0.9 g, 42%) as a color-
less oil. 1H NMR (300 MHz, CDCl3): d=7.85–7.80 (t, J=7.5 Hz, 1H),
7.78 (s, 2H), 7.74–7.72 (d, J=7.5 Hz, 1H), 7.69–7.67 (d, J=7.2 Hz, 2H),
7.60–7.57 (d, J=8.7 Hz, 2H), 7.50–7.45 (t, J=7.5 Hz, 2H), 7.39–7.34 (t,
J=7.5 Hz, 1H), 2.06–2.00 (m, 4H), 1.41 (s, 12H), 1.26–1.05 (m, 20H),
0.83–0.79 (m, 6H), 0.66–0.65 ppm (m, 4H); 13C NMR (100 MHz, CDCl3):
d=150.6, 148.7, 142.3, 140.3, 139.1, 138.8, 132.4, 127.4, 127.3, 125.8, 125.7,
124.5, 120.2, 118.9, 117.6, 82.3, 53.8, 38.8, 30.4, 28.5, 27.8, 23.5, 22.3, 21.1,
12.6 ppm; elemental analysis calcd (%) for C41H57BO2: C 83.08, H 9.69;
found: C 82.85, H 9.72.


Compound 8a : The general procedure for synthesis of 3a was followed.
Compound 7b (2.92 g, 4.9 mmol), 1 (3.04 g, 5.2 mmol), THF (50 mL),
water (20 mL), NaHCO3 (1.8 g, 21 mmol), and [Pd(PPh3)4] (121 mg,
0.1 mmol) were used. The crude product was purified by chromatography
on silica gel eluting with hexane to give 8a (4.2 g, 91%) as a colorless oil.
1H NMR (400 MHz, CDCl3): d=7.85–7.82 (d, J=8.0 Hz, 3H), 7.78–7.68
(m, 7H), 7.66–7.63 (m, 2H), 7.57–7.50 (m, 4H), 7.42–7.35 (t, J=7.6 Hz,
1H), 2.14–2.06 (m, 8H), 1.24–1.14 (m, 40H), 0.87–0.82 (m, 20H),
0.38 ppm (s, 9H); 13C NMR (100 MHz, CDCl3): d=151.8, 151.8, 151.7,
150.2, 141.8, 140.7, 140.6, 140.3, 140.1, 140.0, 131.9, 128.8, 127.7, 127.2,
126.2, 126.1, 126.1, 121.6, 121.5, 121.5, 120.0, 119.1, 55.3, 55.2, 40.5, 40.2,
31.8, 30.1, 30.0, 29.3, 29.2, 29.2, 29.2, 23.9, 23.9, 22.6, 14.1, �0.8 ppm; ele-
mental analysis calcd (%) for C38H54Si: C 86.76, H 10.21; found: C 86.50,
H 10.21.


Compound 8b : The general procedure for synthesis of 3b was followed.
ICl (10 mL, 10 mmol), 8a (4.0 g, 4.3 mmol), and CH2Cl2 (10 mL) were
used. The crude product was purified by chromatography on silica gel
eluting with CH2Cl2 to afford 8b (4.15 g, 98%) as a pink oil. 1H NMR
(300 MHz, CDCl3): d=7.81–7.74 (m, 3H), 7.70–7.67 (m, 5H), 7.63–7.59
(m, 5H), 7.50–7.46 (m, 3H), 7.39–7.35 ppm (t, J=8.1 Hz, 1H); 13C NMR
(75 MHz, CDCl3): d=153.5, 151.8, 151.7, 150.9, 141.7, 140.5, 140.3, 140.1,
140.0, 139.3, 135.9, 132.1, 128.8, 127.2, 127.1, 126.3, 126.2, 126.1, 121.6,
121.4, 121.4, 120.0, 120.0, 92.4, 55.5, 55.3, 40.4, 40.2, 31.8, 30.0, 29.9, 29.2,
23.9, 23.8, 22.6, 22.6, 14.1, 14.0 ppm; elemental analysis calcd (%) for
C64H85I: C 78.34, H 8.73; found: C 78.59, H 8.81.


Compound 8c : The general procedure for synthesis of 7c was followed.
8b (1.2 g, 1.2 mmol), diethyl ether (30 mL), nBuLi (0.5 mL, 1.4 mmol),
and B(OCH3)3 (0.9 mL, 8 mmol) were used to prepare the boronic acid.
The crude boronic acid was purified by chromatography on silica gel
eluting with CH2Cl2/ether (1:1, v/v) to afford the boronic acid as colorless
oil. Pinacol (0.30 g, 2.5 mmol) and CH2Cl2 (20 mL) were used to prepare
the corresponding boronic ester 8c. Compound 8c was obtained as a col-
orless oil (0.76 g, 63%) by chromatography on silica gel eluting with
ethyl acetate/hexane (1:14, v/v). 1H NMR (300 MHz, CDCl3): d=7.87–
7.75 (m, 6H), 7.72–7.60 (m, 8H), 7.52–7.47 (t, J=7.2 Hz, 2H), 7.40–7.35
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(t, J=7.2 Hz, 1H), 2.10–2.06 (m, 8H), 1.42 (s, 12H), 1.26–1.11 (m, 40H),
0.82–0.71 ppm (m, 20H); 13C NMR (75 MHz, CDCl3): d=150.7, 150.3,
142.4, 139.6, 139.1, 138.7, 138.6, 132.4, 127.5, 127.3, 125.8, 125.7, 124.7,
124.6, 120.2, 120.1, 118.9, 118.5, 117.6, 82.3, 53.9, 53.8, 39.0, 38.8, 30.4,
28.6, 27.8, 23.5, 22.4, 22.3, 21.2, 12.6 ppm;elemental analysis calcd (%) for
C41H57BO2: C 85.67, H 9.96; found: C 85.55, H 9.72.


Compound 9 : The general procedure for synthesis of 3a was followed.
Compound 2 (16 mg, 0.047 mmol), 7c (72 mg, 0.12 mmol), THF (20 mL),
water (10 mL), NaHCO3 (0.1 g, 1 mmol), and [Pd(PPh3)4] (3 mg,
0.003 mmol) were used. The crude product was purified by flash chroma-
tography on silica gel eluting with CH2Cl2/hexane (1:4, v/v) to afford 9
(32 mg, 61%) as a yellow solid. 1H NMR (400 MHz, CDCl3): d=8.06 (s,
2H), 7.86–7.80 (m, 6H), 7.71–7.60 (m, 14H), 7.51–7.48 (t, J=7.5 Hz,
4H), 7.40–7.36 (t, J=7.2 Hz, 2H), 2.10–2.06 (br, 8H), 1.18–1.09 (br,
40H), 0.82–0.73 ppm (br, 20H); 13C NMR (100 MHz, CDCl3): d=194.2,
151.9, 151.7, 142.9, 142.6, 141.6, 140.8, 140.3, 139.8, 138.5, 135.2, 133.4,
128.8, 127.2, 127.2, 126.1, 125.7, 123.1, 121.6, 121.0, 120.7, 120.2, 120.1,
55.4, 40.4, 31.7, 30.0, 29.2, 23.8, 22.6, 14.0 ppm; elemental analysis calcd
(%) for C83H96O: C 89.84, H 8.72; found: C 89.63, H 8.91.


Compound 10 : The general procedure for synthesis of 3a was followed.
Compound 4b (32 mg, 0.016 mmol), benzeneboronic acid (6 mg,
0.05 mmol), THF (10 mL), water (5 mL), NaHCO3 (0.02 g, 0.2 mmol),
and [Pd(PPh3)4] (2 mg, 0.002 mmol) were used. The crude product was
purified by flash chromatography on silica gel eluting with CH2Cl2/
hexane (1:4, v/v) to afford 10 (15 mg, 50%) as a yellow solid. 1H NMR
(400 MHz, CDCl3): d=8.06 (s, 2H), 7.85–7.80 (m, 10H), 7.79–7.60 (m,
22H), 7.49 (t, J=7.6 Hz, 4H), 7.39–7.37 (t, J=8.0 Hz, 2H), 2.10–2.06 (br,
16H), 1.20–1.10 (br, 80H), 0.81–0.78 ppm (br, 40H); 13C NMR
(100 MHz, CDCl3): d=196.8, 152.0, 151.8, 151.7, 143.0, 142.6, 140.7,
140.4, 140.0, 135.3, 133.4, 128.8, 127.2, 127.1, 126.1, 126.0, 125.7, 121.6,
121.4, 121.1, 120.8, 120.1, 120.1, 120.0, 107.6, 55.4, 55.3, 45.3, 42.8, 40.4,
31.8, 30.0, 29.5, 29.3, 29.2, 23.8, 22.6, 14.0 ppm; elemental analysis calcd
(%) for C141H176O: C 89.75, H 9.40; found: C 89.44, H 9.52.


Compound 11: The general procedure for synthesis of 3a was followed.
Compound 5b (138 mg, 0.05 mmol), benzene boronic acid (15 mg,
0.125 mmol), THF (20 mL), water (10 mL), NaHCO3 (0.1 g, 1 mmol), and
[Pd(PPh3)4] (4 mg, 0.003 mmol) were used. The crude product was puri-
fied by chromatography on silica gel eluting with CH2Cl2/hexane (1:3, v/
v) to afford 11 (109 mg, 82%) as a yellow solid. 1H NMR (300 MHz,
CDCl3): d=8.07 (s, 2H), 7.88–7.80 (br, 14H), 7.71–7.60 (br, 30H), 7.52–
7.47 (t, J=7.5 Hz, 4H), 7.43–7.35 (m, 2H), 2.11–2.10 (br, 24H), 1.26–1.13
(br, 120H), 0.83–0.78 ppm (br, 60H); 13C NMR (100 MHz, CDCl3): d=
194.1, 152.0, 151.8, 151.7, 140.8, 140.5, 140.4, 140.1, 140.0, 139.9, 139.7,
135.3, 128.7, 127.2, 126.1, 126.0, 125.7, 123.1, 121.6, 121.5, 121.1, 120.7,
120.1, 119.9, 96.1, 55.4, 55.3, 40.4, 31.7, 30.0, 29.2, 23.8, 22.6, 14.0 ppm; el-
emental analysis calcd (%) for C199H256O: C 89.71, H 9.69; found: C
88.94, H 9.70.


Compound 12 : The general procedure for synthesis of 3a was followed.
Compound 6b (124 mg, 0.035 mmol), benzene boronic acid (13 mg,
0.11 mmol), THF (20 mL), water (10 mL), NaHCO3 (0.1 g, 1 mmol), and
[Pd(PPh3)4] (4 mg, 0.003 mmol) were used. The crude product was puri-
fied by chromatography on silica gel eluting with CH2Cl2/hexane (1:3, v/
v) and preparative size elution chromatography (SEC) on Bio-Beads S-X
eluting with THF to afford 12 (48 mg, 56%) as a yellow solid. 1H NMR
(400 MHz, CDCl3): d=8.07 (s, 2H), 7.92–7.80 (m, 18H), 7.70–7.59 (m,
38H), 7.51–7.39 (t, J=7.5 Hz, 4H), 7.37–7.31 (m, 2H), 2.10 (br, 32H),
1.13–0.98 (br, 160H), 0.82–0.78 ppm (br, 80H); 13C NMR (100 MHz,
CDCl3): d=195.1, 170.7, 163.5, 156.9, 151.9, 151.7, 151.6, 141.6, 140.7,
140.4, 140.3, 140.0, 139.9, 135.2, 133.3, 128.6, 127.1, 126.0, 125.9, 125.6,
122.9, 121.5, 121.4, 121.0, 120.7, 120.0, 119.9, 119.8, 94.1, 55.3, 55.2, 40.3,
40.1, 31.7, 31.5, 29.9, 29.8, 29.1, 23.8, 23.5, 22.7, 22.6, 22.5, 13.9 ppm; ele-
mental analysis calcd (%) for C257H336O: C 89.69, H 9.84; found: C 88.97,
H 10.05.


Compound 13 : The general procedure for synthesis of 3a was followed.
Compound 6b (95 mg, 0.027 mmol), 7c (60 mg, 0.1 mmol), THF (20 mL),
water (10 mL), NaHCO3 (0.1 g, 1.0 mmol), and [Pd(PPh3)4] (5 mg,
0.004 mmol) were used. The crude product was purified by chromatogra-
phy on silica gel eluting with CH2Cl2/hexane (1:3, v/v) and preparative


size elution chromatography (SEC) on Bio-Beads S-X eluting with THF
to afford 11 (54 mg, 48%) as a yellow solid. 1H NMR (300 MHz, CDCl3):
d=8.08 (s, 2H), 7.86–7.80 (m, 22H), 7.71–7.60 (m, 46H), 7.52–7.47 (t, J=
7.4 Hz, 4H), 7.37 (m, 2H), 2.12 (br, 40H), 1.14 (br, 200H), 0.83–
0.79 ppm (br, 100H); 13C NMR (100 MHz, CDCl3): d=194.1, 152.0,
151.8, 143.0, 142.7, 141.7, 140.8, 140.5, 140.0, 139.7, 139.1, 138.5, 135.3,
133.4, 128.7, 127.2, 126.1, 125.7, 123.1, 121.5, 121.1, 120.7, 119.9, 96.1,
55.4, 55.3, 40.4, 31.7, 30.0, 29,2, 28.8, 23.9, 22.6, 14.0 ppm; elemental anal-
ysis calcd (%) for C315H416O: C 89.68, H 9.94; found: C 88.94, H 10.11.


Compound 14 : The general procedure for synthesis of 3a was followed.
Compound 6b (93 mg, 0.026 mmol), 8c (80 mg, 0.082 mmol), THF
(20 mL), water (10 mL), NaHCO3 (0.1 g, 1 mmol), and [Pd(PPh3)4] (5 mg,
0.004 mmol) were used. The crude product was purified by flash chroma-
tography on silica gel eluting with CH2Cl2/hexane (1:3, v/v) and prepara-
tive size elution chromatography (SEC) on Bio-Beads S-X eluting with
THF to afford 12 (36 mg, 27%) as a yellow solid. 1H NMR (300 MHz,
CDCl3): d=8.07 (s, 2H), 7.93–7.76 (m, 26H), 7.71–7.56 (m, 54H), 7.49–
7.44 (t, J=7.5 Hz, 4H), 7.43–7.34 (m, 2H), 2.22–2.12 (br, 48H), 1.13 (br,
240H), 0.83–0.71 ppm (br, 120H); 13C NMR (100 MHz, CDCl3): d=


196.4, 175.2, 152.0, 151.8, 151.7, 140.9, 140.8, 140.5, 140.0, 139.8, 138.6,
135.3, 128.8, 127.2, 126.2, 126.1, 125.8, 123.1, 121.6, 121.5, 121.1, 120.8,
120.2, 120.1, 120.0, 96.1, 55.5, 55.4, 40.4, 31.8, 30.0, 29.5, 29.4, 29.2, 24.1,
23.9, 22.6, 22.5, 14.1 ppm; elemental analysis calcd (%) for C373H496O: C
89.67, H 10.01; found: C 88.80, H 9.95.
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Synthesis and Some First-Row Transition-Metal Complexes of the 1,2,4-
Triazole-Based Bis(terdentate) Ligands TsPMAT and PMAT


Marco H. Klingele,[a] Boujemaa Moubaraki,[b] Keith S. Murray,[b] and Sally Brooker*[a]


Introduction


The incorporation of 3,6-pyridazinedicarbaldehyde (1) into
Schiff base ligands has facilitated the isolation of a wide
range of transition-metal complexes with intriguing electro-
chemical and magnetic properties,[1–19] including the first ex-
ample of a cobalt complex to exhibit both magnetic ex-
change coupling and the spin-crossover phenomenon.[5,9] In
light of this and with regard to the considerable recent inter-
est in transition-metal complexes derived from 1,2,4-tri-
azole-based ligands[15,20,21] that are known to be particularly
suited to produce spin-crossover systems with iron(ii)
salts,[22–25] we decided to investigate the possibility of incor-


porating the 1,2,4-triazole moiety into novel acyclic and
macrocyclic ligand systems capable of binding and bridging
two metal ions.[26–31] Owing to its versatility and relative sim-
plicity the Schiff base approach[32–36] was initially considered
for the construction of the target 1,2,4-triazole-based li-
gands. This approach requires that the 1,2,4-triazole moiety
forms a part of either the dicarbonyl head unit or the di-
amine lateral component. We focused our attention on the
former option as a literature search revealed that five such
3,5-diacyl-1,2,4-triazole head units, compounds 2–6, were
known.[37–40] However, two of these head units, namely 1-(4-
methoxybenzyl)-1H-1,2,4-triazole-3,5-dicarbaldehyde
(5)[38,39] and 1-dodecyl-1H-1,2,4-triazole-3,5-dicarbaldehyde
(6),[39] are unsuitable for our purposes as in both compounds
one of the nitrogen atoms of the potentially metal ion bridg-
ing N2 unit is blocked by the alkyl group. This left three po-
tentially suitable head units, compounds 2–4, of which di-
aldehyde 3 and diketone 4 are ionisable, due to the presence
of an acidic proton on the 1,2,4-triazole ring, whereas dike-
tone 2 is not. Metal-ion-templated condensation reactions of
3,5-dibenzoyl-4-phenyl-4H-1,2,4-triazole (2),[37] a sterically
encumbered but very soluble diketone head unit, with a va-
riety of amines were not found to be very promising.


Abstract: The employment of a strat-
egy based on nucleophilic substitution,
rather than Schiff base condensation,
for the preparation of 1,2,4-triazole-
based ligands has been investigated
and has led to the synthesis of two new
ligands, 4-amino-3,5-bis{[N-(2-pyridyl-
methyl)-N-(4-toluenesulfonyl)amino]-
methyl}-4H-1,2,4-triazole (TsPMAT,
14) and 4-amino-3,5-bis{[(2-pyridyl-
methyl)amino]methyl}-4H-1,2,4-triazole
(PMAT, 15). These are the first exam-
ples of bis(terdentate) ligands incorpo-
rating the 1,2,4-triazole unit. TsPMAT
(14) forms a dinuclear 2:2 complex
with Co(BF4)2·6H2O even when react-


ed in a metal-to-ligand molar ratio of
2:1. Similarly, the reaction of PMAT
(15) with Mn(ClO4)2·6H2O or M-
(BF4)2·6H2O (M=Fe, Co, Ni, Zn) in a
ligand-to-metal molar ratio of 1:1 has
afforded a series of complexes with the
general formula [MII


2(PMAT)2]X4. The
metal centres in these complexes of
TsPMAT (14) and PMAT (15) are en-
capsulated by two ligand molecules


and doubly bridged by the N2 units of
the 1,2,4-triazole moieties, which gives
rise to N6 coordination spheres that are
strongly distorted from octahedral, as
evidenced by the X-ray crystal struc-
ture analyses of [CoII


2(TsPMAT)2]-
(BF4)4·6MeCN (24·6MeCN) and [FeII2-
(PMAT)2](BF4)4·DMF (27·DMF). Stud-
ies of the magnetic properties of [CoII


2-
(TsPMAT)2](BF4)4·4H2O (24·4H2O),
[MnII


2(PMAT)2](ClO4)4 (26), and
[CoII


2(PMAT)2](BF4)4 (28) have re-
vealed weak antiferromagnetic cou-
pling (J=�3.3, �0.16, and �2.4 cm�1,
respectively) between the two metal
centres in these complexes.
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Torres and co-workers reported the synthesis of 1H-1,2,4-
triazole-3,5-dicarbaldehyde (3) and 3,5-diacetyl-1H-1,2,4-tri-
azole (4) in 1992[40] and the incorporation of these head
units into Schiff base ligands was subsequently stud-
ied.[39,41–43] As they found that dialdehyde 3 was unsuitable
for the preparation of such ligands due to its instability and
its insolubility in all solvents other than water,[39] we initially
concentrated our efforts on diketone 4. Thus, we were re-
cently able to prepare and structurally characterise the first
dinuclear [2+2] macrocyclic complexes of any 1,2,4-triazole-
derived ligand.[26–28] However, we found it difficult to isolate
and purify these doubly 1,2,4-triazolate-bridged macrocyclic
complexes and we concluded that diketone 4 was not an
ideal head unit. Owing to the lack of any other more suita-
ble 3,5-diacyl-1,2,4-triazoles, we decided to also investigate a
strategy other than Schiff base chemistry for the construc-
tion of the desired metal-ion-bridging 1,2,4-triazole-based li-
gands, namely an approach based on nucleophilic substitu-
tion of a 1,2,4-triazole precursor that has suitable leaving
groups within the substituents in the 3- and 5-positions. The
known compound 4-amino-3,5-bis(chloromethyl)-4H-1,2,4-
triazole (9)[44] was chosen for this purpose. In this paper we
report the stepwise synthesis of two new ligands, 4-amino-
3,5-bis{[N-(2-pyridylmethyl)-N-(4-toluenesulfonyl)amino]-
methyl}-4H-1,2,4-triazole (TsPMAT, 14) and 4-amino-3,5-
bis{[(2-pyridylmethyl)amino]methyl}-4H-1,2,4-triazole (PMAT,
15). To the best of our knowledge, these are the first exam-


ples of bis(terdentate) ligands incorporating a metal-ion-
bridging 1,2,4-triazole unit. Kaden and co-workers[45] recent-
ly reported the synthesis of a related bis(quadridentate)
ligand bearing two 1,3,7-triazacyclononane moieties as later-
al units. A bis(terdentate)[46] and a mixed quadridentate–
quinquedentate ligand[47] based on 2,5-disubstituted 1,3,4-ox-
adiazoles have also recently been reported. Attempts to


extend the approach used for the synthesis of TsPMAT (14)
and PMAT (15) to the preparation of other acyclic and mac-
rocyclic ligands are also described. Employing PMAT (15),
we were recently able to identify, for the first time by means
of single-crystal X-ray diffraction, that the half-spin-cross-
over species of the doubly 1,2,4-triazole-bridged complex
[FeII2(PMAT)2](BF4)4·DMF (27·DMF) is composed of dis-
crete dinuclear high-spin/low-spin units.[31] Thus, we were
able to confirm the conclusions drawn by Real, GJtlich, and
co-workers[48,49] on the basis of magnetic and applied-field
Mçssbauer data on the pathway of the transition in their
two-step spin-crossover systems. These results are in con-
trast to the recent results of Kaizaki and co-workers[50] who
found a 1:1 mixture of high-spin/high-spin and low-spin/low-
spin dinuclear units present at the half-spin-crossover pla-
teau of the two-step transition in their pyrazolate-bridged
system. Here, we detail the synthesis of complex 27·DMF
and some analogous first-row transition-metal complexes of
PMAT (15), as well as reporting the results of our initial in-
vestigation of the coordination chemistry of TsPMAT (14).


Results and Discussion


Organic syntheses : The only method described in the litera-
ture for the preparation of the required 1,2,4-triazole precur-
sor, 4-amino-4H-1,2,4-triazole-3,5-dimethanol (7), is the con-
densation of glycolic acid with hydrazine monohydrate
(Scheme 1).[51–53] The original protocol by AdLmek[51] starts


with anhydrous glycolic acid and involves a rather compli-
cated temperature programme. In a more recent modifica-
tion of this synthesis by Haasnoot and co-workers,[52,53] the
two reactants are simply heated together at 180 8C until
water formation ceases. Both protocols were reviewed. We
did not find it advantageous to follow AdLmekMs tempera-
ture programme, and our attempt using the procedure by
Haasnoot and co-workers yielded an unidentified red glassy
solid. It seemed to be crucial to maintain the reaction tem-
perature below approximately 165 8C at all times and to use
an excess (1.5 equivalents) of hydrazine monohydrate, as the
same discoloured glassy solid was obtained when equimolar


Scheme 1. Synthesis of 4-amino-3,5-bis(chloromethyl)-4H-1,2,4-triazole
(9).
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amounts of the reactants were used. Moreover, it was found
that glycolic acid could be used in the form of the commer-
cially available 70% aqueous solution instead of the much
more expensive anhydrous material.


The synthesis of dialcohol 7 was carried out several times
in exactly the same way. Interestingly, the crude products
from these experiments varied considerably in composition.
While in one case the crude product consisted of almost
pure dialcohol 7, other experiments gave only about 70%
conversion, the major impurity being the intermediate gly-
colohydrazide. In the latter case prolonged heating did not
result in further conversion unless a new portion of hydra-
zine monohydrate was added first. Regardless of the actual
composition of the crude product, recrystallisation from
water consistently gave yields of approximately 60% of ana-
lytically pure material. The use of water[51] for the recrystal-
lisation proved to be preferable, as a very large volume of
solvent was required when ethanol[52] was used. In addition,
due to the high solubility of glycolohydrazide in water, the
water-recrystallised product was of higher purity than the
ethanol-recrystallised material. Therefore the yield of 60–
65% obtained by Haasnoot and co-workers[52,53] seems more
realistic than the 94% yield that AdLmek[51] reported. Con-
sistent with this, Kaden and co-workers[45] recently reported
that they obtained a 68% yield of dialcohol 7 following
AdLmekMs procedure.


The conversion of dialcohol 7 into 4-amino-3,5-bis(chloro-
methyl)-4H-1,2,4-triazole monohydrochloride (8) was
straightforward and proceeded smoothly in an excess of
thionyl chloride at room temperature (Scheme 1).[54] The
crude product was obtained in virtually quantitative yield as
a yellowish solid after removal of the excess thionyl chloride
in vacuo. Recrystallisation from ethanol afforded analytical-
ly pure material as colourless prisms in 76% yield. In an at-
tempt to obtain dichloride 9 directly, without prior isolation
and purification of hydrochloride 8, the crude material was
taken up in an excess of saturated aqueous sodium hydrogen
carbonate.[44] However, only a low yield of dichloride 9 was
obtained after exhaustive extraction with ethyl acetate. This
was attributed to partial hydrolysis of dichloride 9 under the
basic conditions. Careful neutralisation of hydrochloride 8
under heterogeneous conditions with one equivalent of
sodium hydrogen carbonate in water/ethyl acetate gave pure
dichloride 9 in 87% yield (Scheme 1). Attempts to recrystal-
lise dichloride 9 from hot mixtures of ethyl acetate and cy-
clohexane led to decomposition and the formation of a col-
ourless insoluble material, which is thought to be a polymer
formed by the intermolecular nucleophilic displacement of
the chlorides by 4-amino groups. Dichloride 9 degraded
within a few days when stored at room temperature and ex-
posed to light, again appearing to form a polymeric materi-
al. However, it should be pointed out that others have suc-
cessfully carried out nucleophilic substitutions on dichloride
9, even at high temperatures, and have made no comments
on its instability.[44,55,56]


The reaction of free amines with alkyl halides is usually
difficult to control and often leads to a mixture of multiply


alkylated amines and ammonium salts. To couple the 1,2,4-
triazole head unit with the lateral units in a controlled
manner we decided to use sulfonamide derivatives of the
amines rather than the free amines themselves. Thus, to pre-
pare acyclic ligands, we treated commercially available 2-
(aminomethyl)pyridine and 2-(2-aminoethyl)pyridine with 4-
toluenesulfonyl chloride in water/tetrahydrofuran in the
presence of sodium hydroxide (Scheme 2), a slight modifica-


tion of the procedure reported by Newkome and co-work-
ers.[57] This method afforded good yields of the desired prod-
ucts. Interestingly, we found that N-(2-pyridylmethyl)-4-tol-
uenesulfonamide (10), unlike its homologue N-[2-(2-pyrid-
yl)ethyl]-4-toluenesulfonamide (11), crystallises with half a
molecule of water in the lattice. This fact had not been re-
ported when this project was launched, even though sulfon-
amide 10 had been prepared and used by a number of au-
thors over the years. However, recently the single-crystal X-
ray structure analysis of sulfonamide 10·0.5H2O was pub-
lished by Sousa and co-workers,[58] thus confirming our ob-
servation.


For the preparation of macro-
cyclic ligands, a sulfonamide
bearing a second functional
group to allow the controlled
stepwise construction of the
target macrocycle was required.
We chose N-{3-[(4-toluenesulfo-
nyl)amino]propyl}acetamide
(13)[59,60] (Scheme 3) for this
purpose as, after coupling with
the 1,2,4-triazole head unit, hy-
drolysis of its acetamide group
could provide the required func-
tionality for ring-closure. Initial-
ly we followed the procedure
for the preparation of sulfon-
amide 13 reported by Hesse and
co-workers,[59,60] but found it
necessary to modify the reported workup procedure. The
product obtained by the resulting extractive workup of the
reaction mixture was contaminated with considerable
amounts of byproducts and proved to be difficult to purify.
Therefore we used a different approach to prepare sulfon-
amide 13 (Scheme 3).


While the selective monoacylation of symmetrical di-
amines is not trivial,[61,62] N-(3-aminopropyl)acetamide (12)
can be readily obtained by using ethyl acetate as the acetyla-


Scheme 2. Synthesis of N-(2-pyridylmethyl)-4-toluenesulfonamide (10)
and N-[2-(2-pyridyl)ethyl]-4-toluenesulfonamide (11).


Scheme 3. Synthesis of N-{3-
[(4-toluenesulfonyl)amino]pro-
pyl}acetamide (13).
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tion agent as described by Aspinall.[63,64] Thus, we treated a
threefold excess of 1,3-diaminopropane with ethyl acetate at
room temperature for five days to give acetamide 12 in
87% yield and good purity.[65] Subsequent reaction with 4-
toluenesulfonyl chloride gave NMR- and TLC-clean sulfo-
namide 13 in 92% yield (Scheme 3). This new approach
simplified the synthesis and increased the yield of sulfona-
mide 13 significantly. The crude material was pure enough
for subsequent reactions. Recrystallisation from ethyl ace-
tate[60] was impractical due to the low solubility of the mate-
rial in this solvent. A number of other solvents were tested
of which 1,4-dioxane proved to be the best. However, only
about 30–45% of sulfonamide 13 was recovered and the
crystallisation process was very slow.


With the required 1,2,4-triazole (8 or 9) and sulfonamide
components (10, 11 or 13) in hand, we investigated their
coupling reactions. Owing to the instability of dichloride 9,
the usefulness of hydrochloride 8 was explored. Initially the
acyclic ligands TsPMAT (14) and PMAT (15) were targeted
(Scheme 4). After 24 h under reflux, we could not detect
any product when the reaction of hydrochloride 8 with sul-


fonamide 10·0.5H2O in the presence of potassium carbonate
was carried out in acetonitrile. This was attributed to the in-
solubility of hydrochloride 8 in this solvent. Carrying out
the reaction at 60 8C in N,N-dimethylformamide, in which
hydrochloride 8 is readily soluble, we obtained TsPMAT
(14) as a colourless powder in 60% yield after workup. Re-
moval of the 4-toluenesulfonyl group was achieved by heat-
ing a solution of TsPMAT (14) in concentrated sulfuric acid
at 100 8C for 8 h. Thus, PMAT (15) was isolated as a yellow-
ish oil in virtually quantitative yield (Scheme 4).


Encouraged by these results we examined the coupling of
hydrochloride 8 and sulfonamide 11 (Scheme 4). This was
expected to lead to the formation of 4-amino-3,5-bis({N-[2-
(2-pyridyl)ethyl]-N-(4-toluenesulfonyl)amino}methyl)-4H-


1,2,4-triazole (TsPEAT, 16), which could then be converted
into 4-amino-3,5-bis({[2-(2-pyridyl)ethyl]amino}methyl)-4H-
1,2,4-triazole (PEAT, 17). However, TsPEAT (16) could not
be isolated from these experiments and only unchanged sul-
fonamide 11 was recovered, almost quantitatively, when the
reaction was carried out under identical conditions as for
TsPMAT (14). In fact, no 1,2,4-triazole compound of any
kind was present in the filtered reaction mixture, as evi-
denced by 13C NMR analysis of the residue after evapora-
tion. Under the basic reaction conditions employed, the
actual reactive species is dichloride 9, formed in situ by the
neutralisation of hydrochloride 8. Considering the establish-
ed instability of dichloride 9, it presumably decomposed
faster than it could react with sulfonamide 11. This suggests
a significant difference in reactivity between the two sul-
fonamides 10 and 11. The polymeric material resulting from
the decomposition of dichloride 9 was presumably filtered
off along with the inorganic salts during workup. In summa-
ry, we could prepare the acyclic ligands TsPMAT (14) and
PMAT (15) by this route, but their homologues TsPEAT
(16) and PEAT (17) could not be prepared this way.


Aiming at macrocyclic ligand
preparation, we initially at-
tempted to couple hydrochlo-
ride 8 with sulfonamide 13,
again in N,N-dimethylform-
amide in the presence of potas-
sium carbonate at 60 8C for
24 h. NMR and TLC analysis of
the residue obtained after filtra-
tion of the reaction mixture and
evaporation of the filtrate in
vacuo showed that a mixture of
several different compounds
was present, including unreact-
ed sulfonamide 13, and indicat-
ed that some coupling had
indeed occurred. However, pro-
longed reaction times did not
result in the formation of a
single species or the consump-
tion of the remaining sulfona-
mide 13, and isolation and iden-


tification of the reaction products proved to be very diffi-
cult. Given the problems faced earlier in the attempted syn-
thesis of TsPEAT (16), further experiments to optimise the
coupling of hydrochloride 8 with sulfonamide 13 were not
carried out. Rather, the reactivity of the latter compound to-
wards other, potentially more suitable, 1,2,4-triazole deriva-
tives is currently being investigated.[19]


To overcome the problems caused by the presence of
both the nucleophilic 4-amino group and the chloride leav-
ing groups in hydrochloride 8 and dichloride 9, a way was
sought to eliminate the 4-amino group by derivatisation.
Therefore, we prepared the two hitherto unknown com-
pounds 4-(diacetylamino)-3,5-bis(chloromethyl)-4H-1,2,4-tri-
azole (18) and 3,5-bis(chloromethyl)-4-(1H-pyrrol-1-yl)-4H-


Scheme 4. Synthesis of 4-amino-3,5-bis{[N-(2-pyridylmethyl)-N-(4-toluenesulfonyl)amino]methyl}-4H-1,2,4-tri-
azole (TsPMAT, 14) and 4-amino-3,5-bis{[(2-pyridylmethyl)amino]methyl}-4H-1,2,4-triazole (PMAT, 15) and
attempted synthesis of 4-amino-3,5-bis({N-[2-(2-pyridyl)ethyl]-N-(4-toluenesulfonyl)amino}methyl)-4H-1,2,4-
triazole (TsPEAT, 16) and 4-amino-3,5-bis({[2-(2-pyridyl)ethyl]amino}methyl)-4H-1,2,4-triazole (PEAT, 17).
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1,2,4-triazole (19) as colourless crystalline solids in good
yields, by the reaction of hydrochloride 8 with acetic anhy-
dride or 2,5-dimethoxytetrahydrofuran,[66,67] respectively
(Scheme 5). Dichlorides 18 and 19 were found to exhibit
good thermal stability and to be readily soluble in organic


solvents. Initial attempts to couple dichlorides 18 and 19
with two simple nucleophiles, the sodium salts of 2-amino-
phenol and 4-toluenesulfonamide, indicate that dichloride
19 is the more promising candidate.[68] Coupling reactions of
dichloride 19 with sulfonamides 10, 11 and 13 are now being
investigated and the results of these studies will be reported
in due course.[19]


It should be noted that throughout these synthetic devel-
opments the possibility of developing access to new dicar-
bonyl head units that are more suitable than compounds 2–6
for the generation of Schiff base ligands has been borne in
mind. Hence a brief, unsuccessful attempt was made to oxi-
dise the highly polar dialcohol 7, which is only soluble in
water, dimethyl sulfoxide and N,N-dimethylformamide, to
the corresponding dialdehyde. Given the increase in solubili-
ty noted when the 4-amino group in dichloride 8 was con-
verted into either a 4-(diacetylamino) (18) or a 4-(1H-
pyrrol-1-yl) (19) group, a similar approach was tried with di-
alcohol 7, rather than pursuing its oxidation further. Specifi-
cally, derivatisation of dialcohol 7 generated 4-(diacetyl-
amino)-4H-1,2,4-triazole-3,5-dimethyl diacetate (20) and 4-
(1H-pyrrol-1-yl)-4H-1,2,4-triazole-3,5-dimethanol (21)
(Scheme 6).


The acetylation of dialcohol 7 was carried out in essential-
ly the same way as described by AdLmek (Scheme 6).[51]


Thus, a suspension of dialcohol 7 in an excess of acetic anhy-
dride was refluxed for 30 min. Evaporation of all volatiles
afforded a yellow oil that crystallised on drying in vacuo
and was identified by 1H and 13C NMR spectroscopy as the
tetraacetylated compound 20. Recrystallisation of the crude
product from ethanol gave pure tetraacetate 20 as colourless
flakes in 62% yield. It is interesting to note that diacetyla-
tion of the 4-amino group of dialcohol 7 occurred, resulting
in the formation tetraacetate 20. This contradicted the find-


ings of AdLmek,[51] who had reported obtaining 4-amino-3,5-
dimethyl-4H-1,2,4-triazole diacetate, that is, the diacetylated
compound with the 4-amino group unchanged. It also con-
tradicted the report of VořQšek,[69] who observed the forma-
tion of a triacetate, that is, monoacetylation of the 4-amino
group, on acetylation of a related dialcohol. However, it was
consistent with the observed diacetylation of 4-amino
groups in related 1,2,4-triazoles reported by other research
groups.[70,71] To obtain pure tetraacetate 20 in good yield it
was crucial to reflux the reaction mixture vigorously and to
immerse the reaction vessel in a preheated oil bath (160 8C)
rather than increasing the temperature gradually. Insepara-
ble mixtures of differently acetylated compounds were ob-
tained when these directions were not followed. NMR data
obtained on the crude products of preliminary experiments
clearly indicate that stirring tetraacetate 20 with concentrat-
ed aqueous ammonia in methanol at room temperature for
one hour facilitates the selective hydrolysis of this com-
pound to triacetate 23, which is readily soluble in chloro-
form and other organic solvents, whereas the use of concen-
trated hydrochloric acid in methanol appears to result in the
formation of dialcohol 22, the latter compound being insolu-
ble in chloroform but readily soluble in dimethyl sulfoxide
(Scheme 6).[68] Dialcohol 22 did not exhibit improved solu-
bility in organic solvents over that of the original dialco-
hol(7), so to date its preparation has not been optimised.


We turned our attention to the reaction of dialcohol 7
with 2,5-dimethoxytetrahydrofuran in acetic acid[66,67] which
gave pure dialcohol 21 as a greyish powder in 24% yield
(Scheme 6). The synthesis of dialcohol 21 is currently being
optimised, as it is proving to be a good starting material for
further reactions.[19] To summarise, the preparation of more


Scheme 5. Synthesis of 4-(diacetylamino)-3,5-bis(chloromethyl)-4H-1,2,4-
triazole (18) and 3,5-bis(chloromethyl)-4-(1H-pyrrol-1-yl)-4H-1,2,4-tri-
azole (19). Scheme 6. Synthesis of 4-(diacetylamino)-4H-1,2,4-triazole-3,5-dimethyl


diacetate (20) and 4-(1H-pyrrol-1-yl)-4H-1,2,4-triazole-3,5-dimethanol
(21) and hydrolysis of the latter.
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convenient dialdehyde head
units from such dialcohols (for
example, 7, 21 or 22) is looking
promising and is an active line
of enquiry in this research
group.[19] We are concurrently
working on alternative strategies
to access new 1,2,4-triazole-
based head and lateral
units.[19, 68]


Complexes of TsPMAT: We ex-
pected TsPMAT (14) to be ca-
pable of acting as a dinucleating
ligand offering two terdentate
binding sites. While there are
numerous examples in the liter-
ature of secondary sulfonamides
coordinating to metal ions in
their deprotonated form, there
are, to the best of our knowl-
edge, only two examples in
which tertiary sulfonamides, no-
toriously weak donor groups,
are bound to metal ions.[72,73] In the case of TsPMAT (14)
the likelihood of the tertiary sulfonamides coordinating to
the metal centres is improved due to the fact that these
donors are well positioned within the two chelating N3 bind-
ing pockets of the ligand.


The reaction of TsPMAT (14) with Co(BF4)2·6H2O in
both a 1:1 and a 1:2 ratio in refluxing ethanol gave a purple
powder that was formulated as [CoII


2(TsPMAT)2]-
(BF4)4·4H2O (24·4H2O) on the basis of its elemental analy-
sis. The same compound was obtained when the reaction
was carried out in either dry acetonitrile or laboratory re-
agent-grade acetonitrile to which a little water had been de-
liberately added, followed in both cases by precipitation
with diethyl ether. The molar conductivity of complex
24·4H2O in acetonitrile was 441 W�1 cm2mol�1, in good
agreement with the expected value of 420–500 W�1 cm2mol�1


for a 4:1 electrolyte.[74] Recrystallisation of complex
24·4H2O from acetonitrile by vapour diffusion of diethyl
ether produced single crystals of [CoII


2(TsPMAT)2]-
(BF4)4·6MeCN (24·6MeCN) suitable for an X-ray crystal
structure analysis (Figure 1). This confirmed that TsPMAT
(14) is indeed able to bind and bridge two metal ions. All
twelve of the donor atoms to the two cobalt(ii) centres are
provided by the two ligand molecules, which fully encapsu-
late them, giving rise to a sandwich-like structure. The asym-
metric unit comprises one half of the complex with the
other half generated by a centre of inversion. The N6 coordi-
nation sphere about the cobalt(ii) centres is strongly distort-
ed from octahedral with very much longer Co�Nsulfonamide


bonds (2.551(5) and 2.626(5) R) than Co�Npyridine (2.044(5)
and 2.048(5) R) and Co�Ntriazole bonds (2.028(5) and
2.062(5) R). The angles between trans-positioned donor
atoms are considerably less than 1808 with the N(1)-Co(1)-


N(6A) angle between the axial pyridine nitrogen atoms
showing the largest deviation from linearity (152.0(2)8). The
mean planes of the two independent pyridine rings intersect
with the CoN4 mean plane, made up of the metal centre and
the four equatorial nitrogen donors, at angles of 82.0(2) and
89.9(2)8, respectively. The Co···Co separation (4.056(2) R) in
this dinuclear cobalt(ii) complex of the bis(terdentate)
ligand TsPMAT (14) is significantly less than the corre-
sponding distances (4.1481(7)–4.273(2) R) observed in the
handful of known dinuclear cobalt(ii) complexes of bis(bi-
dentate) 4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-tri-
azoles.[30,68,75, 76] It is also significantly less than the Fe···Fe
separations (4.2124(14) R at 123 K and 4.297(2) R at 298 K)
observed in the dinuclear iron(ii) complex of the very close-
ly related bis(terdentate) ligand PMAT (15), [FeII2-
(PMAT)2](BF4)4·DMF (27·DMF) (see below), both at
123 K, when it contains one high-spin and one low-spin
iron(ii) centre, and at 298 K, when both iron(ii) centres are
high-spin.[31]


Measurements of magnetic properties carried out on a
powder sample of complex 24·4H2O revealed that the two
1,2,4-triazole bridges mediate weak antiferromagnetic cou-
pling between the two cobalt(ii) centres, which are d7 high-
spin (Figure 2). The curve for the temperature dependence
of the molar magnetic susceptibility showed a maximum at
19 K (cm=0.05305 cm3mol�1), a feature characteristic of an-
tiferromagnetic exchange coupling. The corresponding effec-
tive magnetic moment per cobalt(ii) centre was found to be
4.30 mB at room temperature and gradually decreasing until
a sharp drop occurred below approximately 50 K. The data
were best fitted to an S=3/2 dimer model using the parame-
ters J=�3.3 cm�1 and g=2.26. While cobalt(ii) centres for-
mally have 4T1g orbitally degenerate states, the low symme-


Figure 1. View of the molecular structure of the cation of [CoII
2(TsPMAT)2](BF4)4·6MeCN (24·6MeCN). Hy-


drogen atoms have been omitted for clarity. Selected distances [R]: Co(1)�N(1) 2.048(5), Co(1)�N(2)
2.626(5), Co(1)�N(3) 2.062(5), Co(1)�N(4A) 2.028(5), Co(1)�N(5A) 2.551(5), Co(1)�N(6A) 2.044(5),
Co(1)···Co(1A) 4.056(2). Selected angles [8]: N(1)-Co(1)-N(2) 73.3(2), N(1)-Co(1)-N(3) 91.6(2), N(1)-Co(1)-
N(4A) 103.8(2), N(1)-Co(1)-N(5A) 94.2(2), N(1)-Co(1)-N(6A) 152.0(2), N(2)-Co(1)-N(3) 73.7(2), N(2)-Co(1)-
N(4A) 171.6(2), N(2)-Co(1)-N(5A) 113.8(2), N(2)-Co(1)-N(6A) 88.9(2), N(3)-Co(1)-N(4A) 98.8(2), N(3)-
Co(1)-N(5A) 171.6(2), N(3)-Co(1)-N(6A) 104.2(2), N(4A)-Co(1)-N(5A) 74.0(2), N(4A)-Co(1)-N(6A) 96.6(2),
N(5A)-Co(1)-N(6A) 73.0(2), Co(1)-N(3)-N(4) 130.0(4), Co(1)-N(4A)-N(3A) 131.2(4). Symmetry operation
used to generate equivalent atoms: (A) �x+2, �y+2, �z+2.
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try observed in the structure leads to orbital singlet behav-
iour, thus making a simple Heisenberg spin coupling model
(�2JS1·S2) a good approximation. The g value allows for
spin-orbit coupling effects. The small value of J is similar in
magnitude and sign to those of other 1,2,4-triazole-bridged
dinuclear cobalt(ii) systems[15,26,30,77] and a little lower, on
average, than in related pyridazine-bridged species.[9,14,16]


The reactivity of TsPMAT (14) was also tested towards a
few other d-block ions, but with very limited success. By
using Ni(BF4)2·6H2O a green crystalline but heterogeneous
material was obtained, the identity of which could not be
readily established. In the case of Cu(BF4)2·4H2O a dark-
green oily material was formed. A more defined product
could only be isolated from the reaction of Fe(BF4)2·6H2O
with TsPMAT (14), by using the same reaction conditions as
for the preparation of the cobalt(ii) complex 24·4H2O. This
was tentatively formulated as [FeII2(TsPMAT)2](BF4)4 (25)
on the basis of its elemental analysis. Complex 25 was ob-
tained as an almost colourless solid that quickly turned
yellow-brown when taken out of the mother liquor or han-
dled in air. Even when it was prepared under a protective
nitrogen atmosphere, it could only be isolated in impure
form which prevented its proper characterisation. It is inter-
esting to note that, in contrast, the cobalt(ii) analogue
24·4H2O did not exhibit such pronounced air-sensitivity.
Even in acetonitrile the latter complex was oxidised only
very slowly when exposed to air and was reasonably stable
for a few days, as evidenced by the fact that it could be re-
crystallised successfully in air. Given the very interesting
magnetic properties of [FeII2(PMAT)2](BF4)4·DMF
(27·DMF) (see below), complex 25, while air-sensitive, is the
topic of further work.[19]


Complexes of PMAT: Similarly to TsPMAT (14), the amine
congener PMAT (15) did not give complexes with a metal-
to-ligand molar ratio of 2:1 when it was treated with hydrat-


ed first-row transition-metal
tetrafluoroborates or perchlo-
rates and dinuclear 2:2 com-
plexes were obtained instead.
All subsequent reactions were
therefore carried out by using a
metal-to-ligand molar ratio of
1:1. Thus, the reaction of
PMAT (15) with Mn-
(ClO4)2·6H2O or M-
(BF4)2·6H2O (M=Fe, Co, Ni,
Zn) in acetonitrile readily gave
the five corresponding com-
plexes with the general formula
[MII


2(PMAT)2]X4 as powdery
solids. All members of this
series, except [NiII2(PMAT)2]-
(BF4)4 (29), which was obtained
in only 28% yield, were practi-
cally insoluble in acetonitrile
and precipitated straight from


the reaction mixture in yields greater than 70%. The yield
of the more soluble nickel(ii) complex, 29, was improved by
the addition of diethyl ether to the initial filtrate as crystals
were grown from the filtrate this way (see below). The
molar conductivities (230–265 W�1 cm2mol�1) of all five com-
plexes, 26–30, were at the low-end of the expected range for
4:1 electrolytes in N,N-dimethylformamide (240–
300 W�1 cm2mol�1).[74] The iron(ii) complex 27 and the co-
balt(ii) complex 28 did not seem to be sensitive towards
oxygen in the solid state. However, solutions of the cobalt(ii)
complex 28 in N,N-dimethylformamide turned dark-brown
within a few hours when left to stand in air, presumably due
to oxidation of the metal centres. The solubility of the
zinc(ii) complex 30 was too low, even in deuterated N,N-di-
methylformamide, to obtain a 13C NMR spectrum showing
all expected peaks, even when the experiment was run for
an extended period of time. The 1H NMR spectrum of this
complex in deuterated N,N-dimethylformamide was incon-
clusive and broad split peaks were observed that could not
be assigned.


The X-ray crystal structures of the half-spin-crossover
form LS–HS (at 123 K) and of the complete high-spin form
HS–HS (at 298 K) of [FeII2(PMAT)2](BF4)4·DMF (27·DMF)
have been described in a preliminary communication.[31] The
two bis(terdentate) molecules of PMAT (15) sandwich the
two iron(ii) centres resulting in an overall architecture anal-
ogous to that of the dinuclear cobalt(ii) complex of
TsPMAT (14), [CoII


2(TsPMAT)2](BF4)4·6MeCN
(24·6MeCN) (Figure 1). Crystals of complex 27·DMF were
obtained by slow evaporation of a solution of complex 27 in
acetonitrile/N,N-dimethylformamide. We attempted various
methods to crystallise the nickel(ii) complex 29, the most
soluble member of this series. Vapour diffusion of diethyl
ether into a solution of the initially obtained powder in ace-
tonitrile failed to produce single crystals, whereas applica-
tion of the same technique to the acetonitrile mother liquor


Figure 2. Temperature dependence of the effective magnetic moment meff (*) and the molar magnetic suscepti-
bility cm (&) for [CoII


2(TsPMAT)2](BF4)4·4H2O (24·4H2O). The solid lines represent the best fit to an S=3/2
dimer model (see text).
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occasionally afforded a crystalline material. Unfortunately,
the X-ray data collected on this material were of insufficient
quality. Attempts to recrystallise the other complexes, 26, 28
and 30, using these and other methods failed. It is expected
that all of these complexes have the same overall sandwich-
like architecture as that observed in complexes 24·6MeCN
and 27·DMF, although it should be noted that, in principle,
each of the two molecules of PMAT (15) may bind with the
two pyridine rings coordinating to the two metal centres
from the same side (as seen in Figure 1) or from opposite
sides, that is, one from above and the other from under-
neath.


In addition to the magnetic studies carried out to date on
the iron(ii) complex 27·DMF,[31] we examined the magnetic
properties of [MnII


2(PMAT)2](ClO4)4 (26) and [CoII
2-


(PMAT)2](BF4)4 (28). Weak antiferromagnetic coupling be-
tween the two metal centres was observed in both com-
plexes. The room-temperature effective magnetic moment
per manganese centre for the manganese(ii) complex 26 was
5.98 mB (Figure S1 in the Supporting Information) and thus
in very good agreement with the expected value of 5.92 mB


for a spin-only d5 high-spin system. The corresponding value
for complex 28 was 4.42 mB (Figure S2 in the Supporting In-
formation), revealing that the cobalt(ii) centres were d7


high-spin by analogy to the related cobalt(ii) complex
24·4H2O of TsPMAT (14). The curve for the molar magnet-
ic susceptibility of the cobalt(ii) complex 28 reached a maxi-
mum at T=11 K with cm=0.0825 cm3mol�1, while for the
manganese(ii) complex 26 no maximum was observed in the
accessible temperature range of 300–4.2 K. The data were
best fitted to an S=5/2 dimer model for the manganese(ii)
complex 26 and an S=3/2 dimer model for the cobalt(ii)
complex 28 using the parameters J=�0.16 cm�1, g=2.02
and 1% monomer, and J=�2.4 cm�1, g=2.31 and TIP=


90S10�6 cm3mol�1, respectively.


Conclusion


We have been able to synthesise the two novel ligands
TsPMAT (14) and PMAT (15) which are hydrolytically
stable and isolable as the metal-free compounds by using an
approach based on nucleophilic substitution rather than
Schiff base condensation. To the best of our knowledge, to
date these ligands are the only examples of bis(terdentate)
ligands capable of bridging two metal ions by means of a
central 1,2,4-triazole moiety. It was expected that these bis-
(terdentate) ligands would facilitate the formation of dinu-
clear doubly 1,2,4-triazole-bridged complexes, [M2L2]


2n+ ,
over mononuclear complexes, [ML2]


n+ , to a much greater
extent than is observed with related bis(bidentate) 1,2,4-tri-
azole-based ligands.[21,30,76] This has been borne out by ex-
periment with the formation of a series of [M2L2]


2n+ com-
plexes, 24–30. While the methodology employed for the syn-
thesis of these two bis(terdentate) ligands, TsPMAT (14)
and PMAT (15), could not be extended to the analogous
systems TsPEAT (16) and PEAT (17), presumably due to


the instability of the 1,2,4-triazole component used in these
experiments, the usefulness of this approach has clearly
been demonstrated. We anticipate that the use of the hither-
to unknown dichlorides 18 and 19, which do not have a free
4-amino group on the 1,2,4-triazole ring, will facilitate the
synthesis of analogous ligand systems, the complexes of
which might well exhibit better crystallisation behaviour.
Work in this direction is in progress and the results will be
reported in due course.[19]


Experimental Section


General remarks : Melting points were determined with a Gallenkamp
melting point apparatus in open-glass capillary tubes and are uncorrect-
ed. Elemental analyses were carried out by the Campbell Microanalytical
Laboratory at the University of Otago. 1H and 13C NMR spectra were re-
corded on a Varian INOVA-300 (or INOVA-500) spectrometer at 25 8C.
For spectra recorded in deuterated chloroform (dH=7.26 ppm; dC=


77.16 ppm) or deuterated dimethyl sulfoxide (dH=2.50 ppm; dC=


39.52 ppm) chemical shifts are quoted relative to tetramethylsilane
(TMS) with the residual solvent signal as secondary reference.[78] IR spec-
tra were obtained on a Perkin–Elmer SpectrumBX FTIR spectropho-
tometer. ESI mass spectra were run on a Shimadzu LCMS-QP8000a
spectrometer in acetonitrile. Molar conductivities were measured with a
Suntex SC-170 conductivity meter at 25 8C. Magnetic data were recorded
over the range 300–4.2 K using a Quantum Design MPMS5 SQUID mag-
netometer with an applied field of 1 T. Commercially available materials
were used as received. N-(3-Aminopropyl)acetamide (12) was prepared
as previously described.[65]


Caution : While no problems were encountered in the course of this
work, reactions involving hydrazine hydrate may form potentially explo-
sive mixtures so must be carried out with extreme caution. Similarly,
ClO4


� salts are potentially explosive so should be handled with appropri-
ate care.


4-Amino-4H-1,2,4-triazole-3,5-dimethanol (7): Hydrazine monohydrate
(37.5 g, 0.75 mol) was added dropwise at 0 8C to 70% aqueous glycolic
acid (54.3 g, 0.50 mol). The resulting solution was heated at 120 8C for
6 h. Then the reflux condenser was replaced with a downward condenser
and the reaction mixture was heated at 160 8C for a further 18 h allowing
excess hydrazine and water to distil off. After cooling, the resulting yel-
lowish crystalline solid was recrystallised from water to give analytically
pure 7 (21.1 g, 58%) as colourless flakes. M.p. 206–208 8C; elemental
analysis calcd (%) for C4H8N4O2 (144.13): C 33.33, H 5.59, N 38.87;
found: C 33.29, H 5.41, N 39.05; 1H NMR (300 MHz, [D6]DMSO): d=
4.54 (d, 3J=6.0 Hz, 4H; 2STzCH2OH), 5.37 (t, 3J=6.0 Hz, 2H; 2S
TzCH2OH), 5.81 ppm (s, 2H; TzNH2);


13C{1H} NMR (75 MHz,
[D6]DMSO): d=52.7 (2STzCH2OH), 154.4 ppm (3-, 5-TzC); IR (KBr):
ñ=3344, 3220, 2877, 2687, 1639, 1518, 1479, 1461, 1440, 1379, 1351, 1305,
1280, 1204, 1068, 1029, 976, 953, 875, 819, 774, 720, 498 cm�1.


4-Amino-3,5-bis(chloromethyl)-4H-1,2,4-triazole monohydrochloride (8):
A suspension of compound 7 (28.8 g, 0.20 mol) in thionyl chloride
(80 mL) was stirred at room temperature for 8 h, during which time a vig-
orous exothermic reaction took place. Excess thionyl chloride was re-
moved under reduced pressure and the resulting yellowish solid was
dried in vacuo. Recrystallisation from ethanol gave analytically pure 8
(33.4 g; 76%) as colourless needles. M.p. 139–141 8C; elemental analysis
calcd (%) for C4H7Cl3N4 (217.48): C 22.09, H 3.24, N 25.76; found: C
22.24, H 3.24, N 25.83; 1H NMR (300 MHz, [D6]DMSO): d=4.92 ppm (s,
4H; 2STzCH2Cl);


13C{1H} NMR (75 MHz, [D6]DMSO): d=32.9 (2S
TzCH2Cl), 152.5 ppm (3-, 5-TzC); IR (KBr): ñ=3414, 3253, 3145, 2970,
2642, 1637, 1617, 1576, 1417, 1328, 1264, 1165, 1105, 1034, 975, 937, 919,
888, 807, 759, 668, 646, 605, 568, 513 cm�1.


4-Amino-3,5-bis(chloromethyl)-4H-1,2,4-triazole (9): Sodium hydrogen
carbonate (3.36 g, 40.0 mmol) was added in portions to a vigorously stir-
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red heterogeneous mixture of compound 8 (8.70 g, 40.0 mmol), water
(50 mL) and ethyl acetate (50 mL). After complete addition, the layers
were separated and the aqueous layer was extracted with ethyl acetate
(3S25 mL). The combined organic layers were dried over anhydrous
sodium sulfate. Evaporation of the solvent under reduced pressure gave
analytically pure 9 (6.34 g, 87%) as a colourless crystalline solid. M.p.
97–99 8C; elemental analysis calcd (%) for C4H6Cl2N4 (181.02): C 26.54,
H 3.34, N 30.95; found: C 26.88, H 3.33, N 30.98; 1H NMR (300 MHz,
[D6]DMSO): d=4.87 (s, 4H; 2STzCH2Cl), 6.12 ppm (s, 2H; TzNH2);
13C{1H} NMR (75 MHz, [D6]DMSO): d=33.0 (2STzCH2Cl), 152.2 ppm
(3-, 5-TzC); IR (KBr): ñ=3414, 3233, 3115, 1659, 1637, 1616, 1514, 1482,
1423, 1370, 1286, 1261, 1246, 1162, 1144, 1079, 984, 921, 800, 758, 730,
683, 607, 490 cm�1.


N-(2-Pyridylmethyl)-4-toluenesulfonamide hemihydrate (10·0.5H2O): A
solution of 4-toluenesulfonyl chloride (7.63 g, 40.0 mmol) in tetrahydro-
furan (40 mL) was added dropwise at room temperature to a solution of
2-(aminomethyl)pyridine (4.33 g, 40.0 mmol) and sodium hydroxide
(1.60 g, 40.0 mmol) in water (40 mL). The resulting heterogeneous mix-
ture was stirred vigorously at room temperature for 2 h. Then the tetra-
hydrofuran was evaporated under reduced pressure to crystallise the
product from the remaining aqueous phase. It was filtered off, washed
with water, and dried in air. Recrystallisation from ethanol gave analyti-
cally pure 10·0.5H2O (8.38 g, 77%) as colourless rods. M.p. 95–97 8C; ele-
mental analysis calcd (%) for C13H15N2O2.5S (271.34): C 57.54, H 5.57, N
10.32, S 11.82; found: C 57.47, H 5.71, N 10.39, S 11.83; 1H NMR
(300 MHz, CDCl3): d=2.39 (s, 3H; PhCH3), 4.24 (d, 3J=5.4 Hz, 2H;
SO2NHCH2), 6.10 (t, 3J=5.4 Hz, 1H; SO2NHCH2), 7.15 (ddd, 3J4,5=
7.7 Hz, 3J5,6=4.8 Hz, 4J3,5=1.2 Hz, 1H; 5-PyH), 7.18 (ddd, 3J3,4=7.7 Hz,
4J3,5=1.2 Hz, 5J3,6=0.9 Hz, 1H; 3-PyH), 7.24 (d, 3J=8.4 Hz, 2H; 3-, 5-
PhH), 7.60 (dt, 3J3,4=


3J4,5=7.7 Hz, 4J4,6=1.8 Hz, 1H; 4-PyH), 7.73 (d, 3J=
8.4 Hz, 2H; 2-, 6-PhH), 8.44 ppm (ddd, 3J5,6=4.8 Hz, 4J4,6=1.8 Hz, 5J3,6=
0.9 Hz, 1H; 6-PyH); 13C{1H} NMR (75 MHz, CDCl3): d=21.5 (PhCH3),
47.5 (SO2NHCH2), 122.0 (3-PyC), 122.6 (5-PyC), 127.2 (2-, 6-PhC), 129.6
(3-, 5-PhC), 136.7 (1-PhC), 136.8 (4-PyC), 143.3 (4-PhC), 149.0 (6-PyC),
155.0 ppm (2-PyC); IR (KBr): ñ=3414, 3093, 2879, 1928, 1667, 1638,
1616, 1599, 1574, 1492, 1466, 1442, 1430, 1385, 1329, 1308, 1287, 1240,
1165, 1111, 1090, 1053, 1007, 852, 819, 763, 662, 605, 553, 544 cm�1.
Drying of compound 10·0.5H2O in vacuo at 60 8C for three days gave an-
alytically pure 10 as dull colourless crystals. Elemental analysis calcd (%)
for C13H14N2O2S (262.33): C 59.52, H 5.38, N 10.68, S 12.22; found: C
59.44, H 5.39, N 10.55, S 12.27.


N-[2-(2-Pyridyl)ethyl]-4-toluenesulfonamide (11): The procedure de-
scribed above for the preparation of compound 10 was followed using 2-
(2-aminoethyl)pyridine (4.89 g, 40.0 mmol), 4-toluenesulfonyl chloride
(7.63 g, 40.0 mmol) and sodium hydroxide (1.60 g, 40.0 mmol) in water
(40 mL) and tetrahydrofuran (40 mL) to obtain analytically pure 11
(9.11 g, 82%) as colourless blocks after recrystallisation from ethanol.
M.p. 118–120 8C; elemental analysis calcd (%) for C14H16N2O2S (276.36):
C 60.85, H 5.84, N 10.14, S 11.60; found: C 60.70, H 5.91, N 10.16, S
11.64; 1H NMR (300 MHz, CDCl3): d=2.40 (s, 3H; PhCH3), 2.93 (t, 3J=
6.0 Hz, 2H; PyCH2), 3.34 (q, 3J=6.0 Hz, 2H; SO2NHCH2), 6.25 (t, 3J=
6.0 Hz, 1H; SO2NHCH2), 7.07 (ddd, 3J3,4=7.7 Hz, 4J3,5=1.2 Hz, 5J3,6=
0.9 Hz, 1H; 3-PyH), 7.12 (ddd, 3J4,5=7.7 Hz, 3J5,6=4.8 Hz, 4J3,5=1.2 Hz,
1H; 5-PyH), 7.26 (d, 3J2,3=8.4 Hz, 2H; 3-, 5-PhH), 7.57 (dt, 3J3,4=


3J4,5=
7.7 Hz, 4J4,6=1.8 Hz, 1H; 4-PyH), 7.72 (d, 3J2,3=8.4 Hz, 2H; 2-, 6-PhH),
8.45 ppm (ddd, 3J5,6=4.8 Hz, 4J4,6=1.8 Hz, 5J3,6=0.9 Hz, 1H; 6-PyH);
13C{1H} NMR (75 MHz, CDCl3): d=21.5 (PhCH3), 36.3 (PyCH2), 42.3
(SO2NHCH2), 121.7 (5-PyC), 123.5 (3-PyC), 127.0 (2-, 6-PhC), 129.6 (3-,
5-PhC), 136.7 (4-PyC), 137.2 (1-PhC), 143.1 (4-PhC), 149.0 (6-PyC)
158.9 ppm (2-PyC); IR (KBr): ñ=3474, 3055, 2856, 1636, 1616, 1595,
1569, 1493, 1476, 1439, 1324, 1303, 1287, 1155, 1092, 916, 820, 763, 660,
631, 593, 561, 546, 502 cm�1.


N-{3-[(4-Toluenesulfonyl)amino]propyl}acetamide (13): A solution of 4-
toluenesulfonyl chloride (24.8 g, 0.13 mol) in tetrahydrofuran (100 mL)
was added within 30 min to a solution of 12[65] (15.1 g, 0.13 mol) and
sodium hydrogen carbonate (10.9 g, 0.13 mol) in water (100 mL). The re-
sulting heterogeneous mixture was then stirred vigorously at room tem-
perature for 18 h. The resulting solution was evaporated under reduced


pressure and the residue was taken up in chloroform (100 mL). The in-
soluble materials were filtered off and washed with chloroform. The fil-
trate was evaporated under reduced pressure to give a thick, yellowish
oil. Trituration with ethyl acetate (100 mL) gave a colourless solid which
was filtered off and washed with ethyl acetate. Drying in vacuo gave 13
(32.5 g, 92%) as a colourless fluffy powder. This material was used in
subsequent reactions without further purification. An analytically pure
sample was obtained as colourless blocks by recrystallisation from 1,4-di-
oxane. M.p. 100–102 8C; elemental analysis calcd (%) for C12H18N2O3S
(270.35): C 53.31, H 6.71, N 10.36, S 11.86; found: C 53.42, H 6.40, N
10.26, S 12.01; 1H NMR (300 MHz, CDCl3): d=1.64 (quint, 3J=6.3 Hz,
2H; CH2CH2NHSO2), 1.93 (s, 3H; CH3CONHCH2), 2.41 (s, 3H;
PhCH3), 2.91 (q, 3J=6.3 Hz, 2H; CH2CH2NHSO2), 3.30 (q, 3J=6.3 Hz,
2H; CH3CONHCH2), 5.74 (t, 3J=6.3 Hz, 1H; CH2CH2NHSO2), 6.08 (t,
3J=6.3 Hz, 1H; CH3CONHCH2), 7.29 (d, 3J=8.2 Hz, 2H; 3-, 5-PhH),
7.73 ppm (d, 3J=8.2 Hz, 2H; 2-, 6-PhH); 13C{1H} NMR (75 MHz,
CDCl3): d=21.8 (PhCH3), 23.4 (CH3CONH2CH2), 29.9
(CH2CH2NHSO2), 36.4 (CH3CONHCH2), 40.3 (CH2CH2NHSO2), 127.3
(2-, 6-PhC), 130.0 (3-, 5-PhC), 137.4 (4-PhC), 143.6 (1-PhC), 171.5 ppm
(CH3CONHCH2); IR (KBr): ñ=3372, 3143, 2934, 2861, 1656, 1596, 1550,
1497, 1458, 1430, 1370, 1323, 1310, 1213, 1162, 1092, 1065, 967, 923, 868,
811, 777, 734, 661, 578, 551, 512, 475 cm�1.


4-Amino-3,5-bis{[N-(2-pyridylmethyl)-N-(4-toluenesulfonyl)amino]meth-
yl}-4H-1,2,4-triazole (TsPMAT, 14): A mixture of compound 8 (2.17 g,
10.0 mmol), 10·0.5H2O (5.43 g, 20.0 mmol), and potassium carbonate
(8.29 g, 60.0 mmol) in N,N-dimethylformamide (100 mL) was heated at
60 8C for 24 h. After cooling, the suspension was filtered and the clear
orange filtrate was evaporated under reduced pressure. The remaining oil
was thoroughly dried in vacuo to give a brown paste which was redis-
solved in dichloromethane (50 mL). The cloudy solution was filtered
through a short pad of celite. Evaporation of the solvent and drying in
vacuo gave a brownish foam which was taken up in ethanol (50 mL). On
standing at room temperature, the product separated from the solution.
It was filtered off and washed with a minimum amount of ethanol.
Drying in vacuo gave analytically pure 14 (3.81 g, 60%) as a colourless
powder. Elemental analysis calcd (%) for C30H32N8O4S2 (632.76): C
56.95, H 5.10, N 17.71, S 10.13; found: C 56.57, H 4.96, N 17.65, S 10.02;
1H NMR (500 MHz, CDCl3): d=2.45 (s, 6H; 2SPhCH3), 4.44 (s, 4H; 2S
PyCH2), 4.51 (s, 4H; 2STzCH2), 5.57 (s, 2H; TzNH2), 7.11 (ddd, 3J4,5=
7.7 Hz, 3J5,6=4.8 Hz, 4J3,5=1.2 Hz, 2H; 2S5-PyH), 7.24 (ddd, 3J3,4=
7.7 Hz, 4J3,5=1.2 Hz, 5J3,6=0.9 Hz, 2H; 2S3-PyH), 7.31 (d, 3J2,3=8.4 Hz,
4H; 2S3-, 5-PhH), 7.57 (dt, 3J3,4=


3J4,5=7.7 Hz, 4J4,6=1.8 Hz, 2H; 2S4-
PyH), 7.73 (d, 3J2,3=8.4 Hz, 4H; 2S2-, 6-PhH), 8.41 ppm (ddd, 3J5,6=
4.8 Hz, 4J4,6=1.8 Hz, 5J3,6=0.9 Hz, 2H; 2S6-PyH); 13C{1H} NMR
(125 MHz, CDCl3): d=21.8 (2SPhCH3), 42.6 (2STzCH2), 53.2 (2S
PyCH2) 122.7 (2S3-PyC), 122.8 (2S5-PyC), 127.7 (2S2-, 6-PhC), 130.0
(2S3-, 5-PhC), 135.5 (2S1-PhC), 137.0 (2S4-PyC), 144.1 (2S4-PhC),
149.3 (2S6-PyC), 150.5 (3-, 5-TzC), 156.2 ppm (2S2-PyC); IR (KBr): ñ=
3424, 1636, 1617, 1591, 1569, 1520, 1493, 1476, 1436, 1342, 1305, 1162,
1101, 931, 908, 892, 814, 765, 660, 605, 556, 541 cm�1; ESI-MS (positive
mode, MeCN): m/z : 633 [M+H]+ .


4-Amino-3,5-bis{[(2-pyridylmethyl)amino]methyl}-4H-1,2,4-triazole
(PMAT, 15): Compound 14 (1.27 g, 2.00 mmol) was dissolved in concen-
trated sulfuric acid (20 mL) and the reaction mixture was heated at
100 8C for 8 h. After cooling, the almost colourless solution was basified
by slow and careful addition of aqueous sodium hydroxide (60 mL, 15m)
at 0 8C. Chloroform (50 mL) was added to the suspension and the solids
were allowed to settle. The supernatant layers were decanted off and
then separated. The aqueous layer was further extracted with chloroform
(3S50 mL). The combined organic layers were dried over anhydrous
sodium sulfate. Evaporation of the solvent gave 15 (0.64 g, 98%) as a col-
ourless oil. This material was used in subsequent reactions without fur-
ther purification. 1H NMR (500 MHz, CDCl3): d=2.57 (s, 2H; 2S
TzCH2NH), 3.86 (s, 4H; 2SPyCH2), 3.98 (s, 4H; 2STzCH2), 5.66 (s, 2H;
TzNH2), 7.13 (ddd, 3J4,5=7.7 Hz, 3J5,6=4.8 Hz, 4J3,5=1.2 Hz, 2H; 2S5-
PyH), 7.21 (ddd, 3J3,4=7.7 Hz, 4J3,5=1.2 Hz, 5J3,6=0.9 Hz, 2H; 2S3-PyH),
7.60 (dt, 3J3,4=


3J4,5=7.7 Hz, 4J4,6=1.8 Hz, 2H; 2S4-PyH), 8.49 ppm (ddd,
3J5,6=4.8 Hz, 4J4,6=1.8 Hz, 5J3,6=0.9 Hz, 2H; 2S6-PyH); 13C{1H} NMR
(125 MHz, CDCl3): d=42.9 (2STzCH2), 54.0 (2SPyCH2), 122.3 (2S5-
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PyC), 122.7 (2S3-PyC), 136.7 (2S4-PyC), 149.3 (2S6-PyC) 152.8 (3-, 5-
TzC) 158.8 ppm (2S2-PyC); ESI-MS (positive mode MeCN): m/z=325
[M+H]+ .


4-(Diacetylamino)-3,5-bis(chloromethyl)-4H-1,2,4-triazole (18): A sus-
pension of compound 8 (10.9 g, 50.0 mmol) in acetic anhydride (75 mL)
was quickly heated to 140 8C and the resulting yellowish solution was
kept at this temperature for another 10 min, during which time an orange
solution was obtained. After cooling, all volatiles were removed in vacuo
to give an orange crystalline solid which was recrystallised from ethanol
to give analytically pure 18 (8.33 g, 62%) as fine colourless needles. M.p.
150–152 8C; elemental analysis calcd (%) for C8H10Cl2N4O2 (265.10): C
36.25, H 3.80, N 21.13; found: C 36.50, H 3.55, N 20.97; 1H NMR
(300 MHz, CDCl3): d=2.48 (s, 6H; 2SCH3CON), 4.60 ppm (s, 4H; 2S
TzCH2Cl);


13C{1H} NMR (75 MHz, CDCl3): d=25.1 (2SCH3CON), 32.8
(2STzCH2Cl), 151.2 (3-, 5-TzC), 169.4 ppm (2SCH3CON); IR (KBr):
ñ=3455, 3044, 3005, 2360, 2343, 1750, 1736, 1637, 1541, 1517, 1455, 1435,
1413, 1370, 1310, 1282, 1258, 1233, 1193, 1174, 1147, 1053, 1033, 1019,
941, 797, 751, 706, 665, 626, 592, 493 cm�1.


3,5-Bis(chloromethyl)-4-(1H-pyrrol-1-yl)-4H-1,2,4-triazole (19): A mix-
ture of compound 8 (21.8 g, 0.10 mol) and 2,5-dimethoxytetrahydrofuran
(13.2 g, 0.10 mol) in ethanol (100 mL) was refluxed for 2 h, during which
time a purplish-black solution was obtained. On cooling, the product
crystallised out. It was filtered off, washed with ethanol and dried in
vacuo to give analytically pure 19 (16.2 g, 70%) as fine colourless nee-
dles. M.p. 142–144 8C; elemental analysis calcd (%) for C8H8Cl2N4


(231.09): C 41.58, H 3.49, N 24.25; found: C 41.87, H 3.56, N 24.21.
1H NMR (300 MHz, CDCl3): d=4.50 (s, 4H; 2STzCH2Cl), 6.41 (t, 3J=
2.4 Hz, 2H; 3-, 4-PlH), 6.89 ppm (t, 3J=2.4 Hz, 2H; 2-, 5-PlH);
13C{1H} NMR (75 MHz, CDCl3): d=31.8 (2STzCH2Cl), 110.5 (3-, 4-PlC),
121.9 (2-, 5-PlC), 152.0 ppm (3-, 5-TzC). IR (KBr): ñ=3413, 3131, 3118,
3028, 2973, 1512, 1454, 1423, 1344, 1335, 1267, 1168, 1148, 1122, 1064,
1027, 1005, 919, 842, 799, 751, 734, 705, 651, 584, 475, 454 cm�1.


4-(Diacetylamino)-4H-1,2,4-triazole-3,5-dimethyl diacetate (20): A sus-
pension of compound 7 (2.88 g, 20.0 mmol) in acetic anhydride (20 mL)
was refluxed vigorously for 30 min, during which time a yellow solution
was obtained. After cooling, all volatiles were removed in vacuo to give
a yellow oil, which crystallised on standing. Recrystallisation from etha-
nol gave analytically pure 20 (3.90 g, 62%) as colourless flakes. M.p. 109–
111 8C; elemental analysis calcd (%) for C12H16N4O6 (312.28): C 46.15, H
5.16, N 17.94; found: C 46.21, H 5.22, N 18.23; 1H NMR (300 MHz,
CDCl3): d=2.06 (s, 6H; 2SCH3CON), 2.38 (s, 6H; 2SCH3COO),
5.16 ppm (s, 4H; 2STzCH2);


13C{1H} NMR (75 MHz, CDCl3): d=20.3
(2SCH3CON), 24.5 (2SCH3COO), 54.7 (2STzCH2), 150.4 (3-, 5-TzC),
169.3 (2SCH3COO), 169.5 ppm (2SCH3CON); IR (KBr): ñ=3477, 1751,
1729, 1636, 1618, 1531, 1451, 1430, 1373, 1295, 1271, 1230, 1201, 1074,
1049, 1019, 944, 896, 836, 797, 756, 601 cm�1.


4-(1H-Pyrrol-1-yl)-4H-1,2,4-triazole-3,5-dimethanol (21): A mixture of
compound 7 (2.88 g, 20.0 mmol) and 2,5-dimethoxytetrahydrofuran
(2.64 g, 20.0 mmol) in acetic acid (50 mL) was refluxed for 30 min to give
an almost black solution. After cooling, all volatiles were removed in
vacuo. The solid residue was suspended in ethanol (50 mL) and the mix-
ture was refluxed for 30 min. After cooling, the remaining solid was fil-
tered off and washed with ethanol. Drying in vacuo gave analytically
pure 21 (0.94 g, 24%) as a greyish powder. M.p. 202–204 8C; elemental
analysis calcd (%) for C8H10N4O2 (194.19): C 49.48, H 5.19, N 28.85;
found: C 49.39, H 5.31, N 28.80; IR (KBr): ñ=3210, 3143, 2854, 1524,
1456, 1436, 1395, 1355, 1333, 1218, 1124, 1065, 1026, 978, 949, 913, 812,
724, 680, 580, 499, 466, 420 cm�1.


[CoII2(TsPMAT)2](BF4)4·4H2O (24·4H2O): A pink solution of Co-
(BF4)2·6H2O (68 mg, 0.20 mmol) in ethanol (10 mL) was added dropwise
to a refluxing colourless solution of compound 14 (127 mg, 0.20 mmol) in
ethanol (20 mL). The resulting clear purple solution was refluxed for a
further 30 min, during which time the product precipitated from the reac-
tion mixture. After cooling, the solid was filtered off and washed with
ethanol and diethyl ether. Drying in vacuo gave 24·4H2O (139 mg, 77%)
as a pale purple powder. Elemental analysis calcd (%) for
C60H72B4Co2F16N16O12S4 (1802.68): C 39.98, H 4.03, N 12.43, S 7.12;
found: C 40.36, H 3.89, N 12.75, S 6.84; IR (KBr): ñ=3417, 2972, 2364,


1615, 1596, 1573, 1560, 1491, 1446, 1358, 1261, 1170, 1085, 1032, 910, 844,
816, 762, 730, 705, 662, 618, 555, 522 cm�1; molar conductivity (MeCN):
Lm=441W�1 cm2mol�1. Vapour diffusion of diethyl ether into a solution
of complex 24·4H2O in acetonitrile gave single crystals of [CoII


2-
(TsPMAT)2](BF4)4·6MeCN (24·6MeCN).


[FeII2(TsPMAT)2](BF4)4 (25): A colourless solution of Fe(BF4)2·6H2O
(68 mg, 0.20 mmol) in ethanol (10 mL) was added dropwise to a refluxing
colourless solution of compound 14 (127 mg, 0.20 mmol) in ethanol
(20 mL), and the resulting yellowish solution was refluxed for a further
30 min before it was allowed to cool to room temperature. The solvent
volume was reduced to about one third of the original volume and the re-
sulting solid was filtered off and washed with a little ethanol and diethyl
ether. Drying in vacuo gave an air-sensitive cream-coloured powder
(124 mg, 71%) that quickly turned yellow-brown when exposed to air.
On the basis of its elemental analysis this material was tentatively formu-
lated as [FeII2(TsPMAT)2](BF4)4 (25). Elemental analysis calcd (%) for
C60H64B4F16Fe2N16O8S4 (1724.42): C 41.79, H 3.74, N 13.00, S 7.44; found:
C 42.58, H 4.20, N 13.51, S 6.96.


General procedure for [MII
2(PMAT)2]X4 (26–30): A solution of Mn-


(ClO4)2·6H2O or M(BF4)2·6H2O (M=Fe, Co, Ni, Zn) (0.25 mmol) in ace-
tonitrile (5 mL) was added dropwise to a colourless solution of com-
pound 15 (81 mg, 0.25 mmol) in acetonitrile (10 mL). The mixture was
stirred at room temperature for 1 h, during which time the product pre-
cipitated. The solid was filtered off and washed with acetonitrile and di-
ethyl ether. Drying in vacuo gave the complexes as colourless (Mn, Zn)
or pale-coloured (Fe, Co, Ni) powders.


[MnII2(PMAT)2](ClO4)4 (26): Mn(ClO4)2·6H2O (90 mg) were used to
obtain complex 26 (122 mg, 84%) as a colourless powder. Elemental
analysis calcd (%) for C32H40Cl4Mn2N16O16 (1156.46): C 33.24, H 3.49, N
19.38; found: C 33.54, H 3.28, N 19.40; IR (KBr): ñ=3152, 2920, 1605,
1570, 1555, 1490, 1438, 1377, 1312, 1237, 1146, 1117, 1086, 1018, 908, 812,
765, 735, 627 cm�1; molar conductivity (DMF): Lm=247 W�1 cm2mol�1.


[FeII2(PMAT)2](BF4)4 (27):
[31] Fe(BF4)2·6H2O (84 mg) was used to obtain


complex 27 (105 mg, 76%) as a pale yellow powder. Elemental analysis
calcd (%) for C32H40B4F16Fe2N16 (1107.69): C 34.70, H 3.64, N 20.23;
found: C 34.68, H 3.50, N 19.89; IR (KBr): ñ=3125, 2916, 1607, 1570,
1558, 1489, 1438, 1375, 1306, 1239, 1083, 1036, 891, 816, 766, 730, 668,
645, 538, 521, 467 cm�1; molar conductivity (DMF): Lm=


224 W�1 cm2mol�1. Slow evaporation of an acetonitrile/N,N-dimethyl-
formamide mixture containing the powder gave single crystals of [FeII2-
(PMAT)2](BF4)4·DMF (27·DMF).[31]


[CoII2(PMAT)2](BF4)4 (28): Co(BF4)2·6H2O (85 mg) was used to obtain
complex 28 (113 mg, 81%) as a pale purple powder. Elemental analysis
calcd (%) for C32H40B4Co2F16N16 (1113.86): C 34.51, H 3.62, N 20.12;
found: C 34.35, H 3.43, N 19.72; IR (KBr): ñ=3177, 2919, 1608, 1569,
1562, 1490, 1439, 1374, 1308, 1241, 1083, 1034, 898, 814, 765, 731, 638,
533, 521, 470, 423, 413 cm�1; molar conductivity (DMF): Lm=


264 W�1 cm2mol�1.


[NiII2(PMAT)2](BF4)4 (29): Ni(BF4)2·6H2O (85 mg) was used to obtain
complex 29 (39 mg, 28%) as a pale lilac powder. Elemental analysis
calcd (%) for C32H40B4F16N16Ni2 (1113.37): C 34.52, H 3.62, N 20.13;
found: C 34.53, H 3.57, N 19.73; IR (KBr): ñ=3175, 2918, 1608, 1571,
1490, 1441, 1374, 1306, 1242, 1083, 1035, 898, 817, 771, 730, 667, 642, 533,
521, 476, 429, 418 cm�1; molar conductivity (DMF): Lm=


241 W�1 cm2mol�1.


[ZnII2(PMAT)2](BF4)4 (30): Zn(BF4)2·6H2O (87 mg) was used to obtain
complex 30 (105 mg, 74%) as a colourless powder. Elemental analysis
calcd (%) for C32H40B4F16N16Zn2 (1126.75): C 34.11, H 3.58, N 19.89;
found: C 33.79, H 3.33, N 19.89; IR (KBr): ñ=3171, 2920, 1607, 1563,
1491, 1440, 1376, 1311, 1240, 1083, 1035, 909, 812, 767, 732, 636, 533, 522,
472 cm�1; molar conductivity (DMF): Lm=231 W�1 cm2mol�1.


Crystal data for [CoII2(TsPMAT)2](BF4)4·6MeCN (24·6MeCN):
C72H82B4Co2F16N22O8S4, Mr=1976.94 gmol�1, triclinic, space group P1̄,
a=12.9415(1), b=13.0630(2), c=14.1653(3) R, a=71.882(1)8, b=


83.338(1)8, g=70.329(1)8, V=2142.98(6) R3, 1calcd=1.532 gcm�3, T=


150(2) K, Z=1, F(000)=1014, m=0.587 mm�1. Brown prism, 0.22S0.16S
0.08 mm3; 17032 reflections collected in the range 1.518<q<24.008
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(�14�h�14, �14�k�14, �16� l�16), 6694 independent reflections.
Final indices: R1=0.0738, wR2=0.1830 [I>2s(I)]; R1=0.1243, wR2=
0.2122 (all data); GOF=1.037; max/min residual electron density 1.287/
�0.608 eR�3. Data were collected on a Bruker SMART CCD area detec-
tor using graphite-monochromated MoKa radiation (l=0.71073 R). The
structure was solved by direct methods with SHELXS-97[79,80] and refined
against F2 using all data by full-matrix least-squares techniques using
SHELXL-97.[81] CCDC-265770 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Introduction


Glycosylation is one of the most important processes for
post-translational modifications in proteins, because this
modification step affects protein folding and stability, modi-
fies the intrinsic biological activity of proteins, and regulates
their target molecules/cells to be recognized in the biological
systems.[1] However, it is well known that naturally occurring
glycoproteins are often present as a population of many dif-
ferent and heterogeneous glycoforms that makes the investi-
gation of glycosylation effects on protein structure and func-


tion difficult. Therefore, the general and efficient method
for the site-directed glycosylation of proteins is a key step
both to understand biological importance of the carbohy-
drate chains of proteins and to control functional roles of
the engineered glycoproteins in terms of the development of
improved glycoprotein therapeutics.[2] Recently, a pioneering
work by Schultz and co-workers provided a general strategy
for the cotranslational synthesis of selectively glycosylated
proteins in which the modified amino acids carrying b-
GlcNAc and a-GalNAc residues are genetically encoded in
Escherichia coli.[3,4] This method requires the evolutional
procedure for the isolation of an orthogonal Methanococcus
jannaschii tyrosyl tRNA synthetase (MjTyrRS) that specifi-
cally charges the corresponding M. jannaschii suppressor
(mutRNATyr


CUA) with these sugar amino acids in response to
the amber codon (TAG) in E. coli.
Our interest has been focused on the high-throughput


generation of glycoprotein and glycopeptide mimetics in
order to investigate the effect of the site-specific glycosyla-
tion on the protein structure and functions. This will become
a key and rate-limiting step for the discovery of the new
generation glycoprotein drugs. We have established a facile
method for the site specific introduction of the w-aminoalk-
yl glycosides based on the transamination reaction by trans-
glutaminases at designated glutamine residues of the syn-
thetic peptides[5] or the mutant proteins.[6] A keto-containing


Abstract: The general and efficient
method for the site-directed glycosyla-
tion of proteins is a key step in order
to understand the biological impor-
tance of the carbohydrate chains of
proteins and to control functional roles
of the engineered glycoproteins in
terms of the development of improved
glycoprotein therapeutics. We have de-
veloped a novel method for site-direct-
ed glycosylation of proteins based on


chemoselective blotting of common re-
ducing sugars by genetically encoded
proteins. The oxylamino-functionalized
l-homoserine residues, 2-amino-4-O-
(N-methylaminooxy) butanoic acid and
2-amino-4-aminooxy butanoic acid,


were efficiently incorporated into pro-
teins by using the four-base codon/anti-
codon pair strategy in Escherichia coli
in vitro translation. Direct and chemo-
selective coupling between unmodified
simple sugars and N-methylaminooxy
group displayed on the engineered
streptavidin allowed for the combinato-
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amino acid, p-acetyl-l-phenylalanine, has been successfully
incorporated in response to the amber nonsense codon[7]


and this unnatural amino acid can be used for the subse-
quent coupling with aminooxy saccharide derivatives[8] to
generate glycoprotein mimetics. Although these approaches
made the incorporation of carbohydrates into the engi-
neered proteins possible, both strategies definitely need
chemically modified sugar derivatives having an appropri-
ately functionalized group at each anomeric position. In the
present study, we report the feasibility of the frameshift sup-
pression strategy on the basis of
the four-base codon/anticodon
system[9] in the production of
glycoprotein mimetics. In case
of the strategy using expanded
genetic codes, it has been sug-
gested that many kinds of un-
natural amino acids can be in-
corporated into proteins by
using the chemically aminoacy-
lated frameshift suppressors in
in vitro translation systems in
response to both various four-
and five-base codons.[10] We
thought that this approach can
be used for the production of
the specific precursor proteins
having unnatural amino acids
that allow the direct glycosyla-
tion (glycoblotting)[11] with a
variety of unmodified sugars
(naturally occurring oligosac-
charides) at the desired posi-
tions. It should be noted that
this strategy permits combina-
torial synthesis of glycoprotein
mimetics from a single precur-
sor mutant protein. In addition,
combined use of this method
with the common procedure
using the noncoding triplet
codons[12] will allow the incor-
poration of two or more differ-
ent carbohydrates into distinct
sites of a single polypeptide.


Results and Discussion


Synthesis of aminoacyl-tRNA
carrying unnatural amino acids :
As a versatile nonproteinogenic
functional group with a unique
reactivity, we selected the oxyl-
amino groups because it has
been demonstrated that the
synthetic peptides bearing this


functional group can be used for generating neoglycopepti-
des.[13,14] Recently, it was also reported that combined use of
the glycoblotting by oxylamino-containing polymers and
MALDI-TOF/TOF mass spectrometry allows for both facile
purification and precise analysis of common oligosacchar-
ides and glycopeptides from human serum or mouse skin
glycoproteins.[11,15] In this study, two unnatural amino acids,
2-amino-4-O-(N-methylaminooxy) butanoic acid (1) and 2-
amino-4-aminooxy butanoic acid (2), were employed for the
synthesis of novel aminoacyl-tRNA (Figure 1). In order to


Figure 1. Chemical structures of the key compounds used in this study.


Chem. Eur. J. 2005, 11, 6974 – 6981 E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6975


FULL PAPER



www.chemeurj.org





prepare the aminoacyl-tRNACCCG charged with these un-
natural amino acids, key intermediates 3 and 4 were synthe-
sized from l-homoserine according to the synthetic proce-
dures indicated in Schemes 1 and 2. Compounds 3 and 4
were coupled with pdCpA[16] to give the aminoacyl-pdCpA
derivatives 5 and 6. Next, they
were employed for the conjuga-
tion with tRNACCCG in the pres-
ence of T4 RNA ligase accord-
ing to the method reported by
Hecht[17] and the subsequent
deprotection afforded the
target unnatural amino acid-
tRNACCCG, Hser(ONHMe)-
tRNACCCG (7) and Hser-
(ONH2)-tRNACCCG (8) in good
yield.


In vitro transcription/transla-
tion : Position specific incorpo-
ration of the unnatural amino
acids by in vitro transcription/
translation was preliminarily
carried out according to the
protocols reported previously.[10]


As expected, in vitro transcrip-
tion/translation using E. coli
S30 extract in the presence of 7
or 8 proceeded smoothly and
permitted position specific in-
corporation of these two un-
natural amino acids into T4
phage lysozyme and streptavi-
din. Figure 2a shows the West-
ern blot analysis of the incorpo-
ration of 1 and 2 into the Gln45
position of the T4 phage lyso-
zyme. These results suggested
that the efficiency of the incor-
poration was estimated to be
17% (compound 1) and 12%
(compound 2), respectively.
Similarly, these amino acids
were incorporated into the
Tyr83 position of the full-length
streptavidin with 21% (com-
pound 1) and 15% (compound
2) as shown in Figure 2b. Con-
sidering the expression levels of
wild-type T4 phage lysozyme
and streptavidin produced by
the present in vitro transcrip-
tion/translation system (Fig-
ure 2c) and the satisfactory
purity of the protein checked
by a silver staining (Figure 2d),
we employed the mutant strep-


tavidin having an unusual amino acid residue 1 for further
modification study.


Glycoblotting by engineered streptavidin : The N-methyl
oxylamino group incorporated into the mutant streptavidin


Scheme 1. a) 4-Pentenoic anhydride, Et3N, H2O/MeOH 3:2; b) BTEAC, K2CO3, tBuBr, DMF (53% over two
steps); c) MsCl, Et3N, CH2Cl2; d) LiBr, acetone (81% over two steps); e) NaH, N-methyl-N-tert-butoxycarbo-
nylhydroxylamine, DMF (69%); f) TFA; g) NVOC-Cl, Et3N, H2O/dioxane 1:1; h) CNCH2Cl, Et3N, CH3CN
(82% over three steps); i) pdCpA, DMF (62%); j) tRNACCCG-CA, T4 RNA ligase; k) UV irradiation; l) I2.


Scheme 2. a) 4-Pentenoic anhydride, Et3N, H2O/MeOH 3:2; b) BTEAC, K2CO3, tBuBr, DMF (53% over two
steps); c) N-hydroxyphthalimide, Ph3P, DEAD, THF (84%); d) MeNH2/MeOH (2:3) (89%); e) TFA; f)
NVOC-Cl, Et3N, H2O/Dioxane (1:1); g) CNCH2Cl, Et3N, CH3CN (11% over three steps); h) pdCpA, DMF
(39%); i) tRNACCCG-CA, T4 RNA ligase; j) UV irradiation; k) I2. BTEAC = benzyltriethylammonium chloride.
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was tested for subsequent glycoblotting (chemoselective li-
gation with unmodified mono- and oligosaccharides). The
general protocols for the glycoblotting experiments are de-
scribed in the following: Sugar solutions (final concentra-
tion; 100–400 mm) were added to a solution of the mutant
protein (200 ng) dissolved in 100 mm acetate buffer (pH 4.3,
3.0 mL) and the reaction mixture was incubated at 37 8C for
44 h. As shown in Figure 3, glycoblotting by the engineered
streptavidin (Figure 3a) of Glc (d-glucose, Figure 3b),
Glca1,4Glc (maltose, Figure 3c), Glca1,4Glca1,4Glc (malto-
triose, Figure 3d), GlcNAc (N-acetyl-d-glucosamine, Fig-
ure 3e), and Galb1,4Glc (lactose, Figure 3f) were observed
by MALDI-TOF MS. In case of the wild-type streptavidin
as a negative control, no unfavorable side-reaction such as
non-specific glycation at lysine residues was detected. The
unmodified protein bearing N-methyl oxylamino group can
be removed by trapping with aldehyde-functionalized poly-
mers; this step will make a practical and efficient purifica-
tion of the target glycoprotein mimetics possible (data not
shown).
In addition, it was also revealed that the streptavidin


modified with lactose (m/z 19208.7) can be converted by re-
combinant a2,3-sialyltransferase into a novel glycoprotein
mimetic having GM3 trisaccharide at the position 83 (m/z


19488.3, Figure 3g). Relatively low yields found for this en-
zymatic sialylation reaction might be due to the heterogene-
ous reaction conditions by employing precursor glycoprotein
(lactosylated streptavidin) immobilized on the magnetic Ni
beads. Table 1 summarizes the molecular weights character-
ized by MALDI-TOF MS of the glycoprotein mimetics stud-
ied in these experiments. Although further optimization
study must be carried out for achieving much higher modifi-
cation yield, the glycoblotting by the engineered proteins
having N-methyl oxylamino group will greatly contribute to
the construction of the library of artificially glycosylated
proteins in terms of the site-directed modifications with a
variety of carbohydrates.


Conclusion


We could successfully establish a general method for the
synthesis of homogeneous glycoprotein mimetics bearing
simple sugar chains at the desired position based on the
unique glycoblotting strategy. Since the availability of non-
coding triplet codons ultimately limits the number of amino
acids encoded by any organism, the present method might
become an alternative or a complementary way for the pro-
duction of a variety of glycoprotein mimetics. Although it
remains to be discussed whether this site-specific glycosyla-
tion through the non-natural linkage influences the structure
and functions of the glycoprotein mimetics, this method will
greatly contribute to a more rapid and high-throughput
assay system for searching new types of glycosylated protein
drugs in combinatorial manner. We are now investigating
the effect of this non-natural linkage on the conformation of
the glycoprotein by means of NMR/CD spectroscopy. The
results of both structural and biological characterization of
glycoprotein mimetics will be reported in the near future.


Experimental Section


General methods and materials : T7-Tag antibody, T7-Tag antibody agar-
ose was obtained form Novagen. E. coli T7 S30 extract system for circu-
lar DNA, ProtoBlot II AP System with stabilized substrate mouse, and
MagneHis Ni-particles were purchased from Promega Co. T4 RNA
ligase, protein markers, and prestained protein markers were from New
England Biolabs. Immun-Blot PVDF membrane for protein blotting was
obtained from Bio-Rad. A T4 phage lysozyme gene was purchased from
TAKARA Bio Inc. Plasmids (pGSH), encoding a sequences of T7 pro-
moter, a T7 tag at the N-terminal, a (His)6 tag at the C-terminal, and a
T7 terminator, using for expression of the streptavidin and T4 phage ly-
sozyme, each of wild-type and mutant including a CGGG codon, and
tRNACCCG(-CA) (the insertion of the CCCG anticodon at the anticodon
loop and the lack of a CA di-nucleotide unit at the 3’ end) were prepared
according to the methods reported previously [T. Hohsaka, D. Kajihara,
Y. Ashizuka, H. Murakami, M. Sisido, J. Am. Chem. Soc. 1999, 121, 34–
40]. Chemical reactions were monitored by thin-layer chromatography
(TLC) on pre-coated plates of Silica Gel 60F254 (E. Merck). Visualization
was accomplished with UV light (254 nm) and treatment with a solution
of (NH4)6Mo7O2·4H2O (20 g) and Ce(SO4)2 (0.4 g) in 10% sulfuric acid
(400 mL) and heating at 150 8C or ninhydrin reagent (Wako Pure Chemi-
cal Industries, Ltd.). Enzymatic reactions in aminoacyl-tRNA synthesis


Figure 2. Incorporation of the unnatural amino acids into proteins using
in vitro transcription/translation strategy. a) Western blot analysis of the
expression of the T4 phage lysozyme containing CGGG at the Gln45:
lane M, molecular weight markers; lane wt, T4 phage lysozyme (wild-
type); lane 1, in the absence of aminoacyl-tRNACCCG; lane 2, in the pres-
ence of compound 7 [Hser(ONHMe)-tRNACCCG]; lane 3, in the presence
of compound 8 [Hser(ONH2)-tRNACCCG]. b) Western blot analysis of the
expression of the streptavidin containing CGGG at the Tyr83: lane M,
molecular weight marker; lane wt, streptavidin (wild-type); lane 1, in the
absence of aminoacyl-tRNACCCG; lane 2, in the presence of compound 7
[Hser(ONHMe)-tRNACCCG]; lane 3, in the presence of compound 8
[Hser(ONH2)-tRNACCCG]. c) Comparison of the expression level be-
tween T4 phage lysozyme and streptavidin. lane M, marker proteins;
lane 1, wild-type T4 phage lysozyme; lane 2, wild-type streptavidin. d)
Silver staining analysis of the mutant streptavidin containing unnatural
amino acid 1: lane M, molecular weight markers; lane 1, in vitro transla-
tion mixture; lane 2, a fraction obtained by T7-tag affinity chromatogra-
phy; lane 3, a fraction obtained by purification in combination with His-
tag affinity chromatography and T7-tag affinity chromatography.


Chem. Eur. J. 2005, 11, 6974 – 6981 E 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6977


FULL PAPERGlycoprotein Mimetics



www.chemeurj.org





were monitored by 15% PAGE with 7m Urea. Purifications of the syn-
thetic product by column chromatography were carried out by using
silica gel 60N (KANTO Co., 63–210 nm mesh). All other reagents were
purchased from Sigma-Aldrich Co. Ltd., Wako Pure Chemical Industries,
Ltd., Tokyo Kasei Co. Ltd. and Nacalai Tesque, Inc.


NMR spectroscopy : 1H and 13C NMR spectra were recorded and mea-
sured at 600 and 120 MHz, respectively, with AVANCE 600 (Bruker)


using CDCl3 as a solvent. All signals of the new compounds synthesized
in this study were characterized with H,H COSY and HMQC techniques.


Mass spectrometry : FAB mass spectra were obtained with JMS-HX100
(JEOL) using glycerol or m-nitrobenzyl alcohol as a matrix. ESI mass
spectra were obtained with JMS-700TZ (JEOL). MALDI-TOF MS were
measured with ultraflex and biflex (Bruker). Samples were desalted and
concentrated using 10 mL C4 ZipTip (Millipore) according to the manu-


Figure 3. MALDI-TOF MS analysis of the molecular weight of mutant streptavidin and glycoprotein mimetics: a) mutant streptavidin having an unnatu-
ral amino acid 1; product obtained by glycoblotting of mutant streptavidin with b) glucose, c) maltose, d) maltotriose, e) N-acetylglucosamine, f) lactose;
g) modification of the mutant streptavidin with glycosyltransferase.
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facturerOs instruction. Typically, samples were mixed with the 1 mL of 2,5-
dihydroxybenzoic acid (DHB) in 33% acetonitrile containing 0.1% tri-
fluoroacetic acid at the concentration of 10 mgmL�1. The theoretical
mass was calculated an average mass of a protein without methionine.
The loss of the N-terminal methionine is common in E. coli expression
system.


Synthesis of aminoacyl pdCpA derivatives


2-(Pent-4-enoyl)amino-4-hydroxybutanoic acid tert-butyl ester : 4-Pente-
noic anhydride (3.7 mL, 20.2 mmol) and triethylamine (2.8 mL,
20.2 mmol) was added to an ice-cooled solution of l-homoserine (2.0 g,
16.8 mmol) in H2O (6 mL) and methanol (4 mL). The reaction mixture
was stirred at 0 8C for 2 h and then concentrated. The crude residue was
purified by flash column chromatography (chloroform/methanol/H2O
65:15:1). The concentrated residue was dissolved in N,N-dimethylforma-
mide (25 mL) and added to benzyltriethylamine chloride (4.0 g,
17.6 mmol). After being stirred for 5 min, K2CO3 (22.1 g, 160 mmol) and
tert-butyl bromide (26.5 mL, 230 mmol) were added. The reaction mix-
ture was stirred at 55 8C for 6 h and then added ice water. The mixture
was extracted with ethyl acetate and the organic layer was washed with
brine, dried using MgSO4, filtrated, and concentrated. The residual syrup
was purified by flash column chromatography (hexane/ethyl acetate 3:2)
to give product (2.3 g, 53%). Rf=0.50 (hexane/ethyl acetate 1:2).
1H NMR (600 MHz, CDCl3): d = 6.39 (d, J=7.20 Hz, 1H, NH), 5.85–
5.78 (m, 1H, C=CH-), 5.11–5.02 (m, 2H, -C=CH2), 4.65–4.60 (m, 1H, a-
H), 3.80–3.77 (m, 1H, -OH), 3.71–3.65 (m, 1H, g-H2-a), 3.56–3.50 (m,
1H, g-H2-b), 2.45–2.35 (m, 4H, C=C-CH2-, C=C-C-CH2-), 2.21–2.15 (m,
1H, b-H2-a), 1.54–1.50 (m, 1H, b-H2-b), 1.48 (s, 9H, (CH3)3-C-); HR-
FAB MS: m/z : calcd for C13H23NO4: 257.1627; found: 258.1709 [M+H]+ .


2-(Pent-4-enoyl)amino-4-bromobutanoic acid tert-butyl ester : A solution
of 2-(pent-4-enoyl)amino-4-hydroxybutanoic acid tert-butyl ester (85 mg,
0.33 mmol) in CH2Cl2 (1.5 mL) was cooled at 0 8C under nitrogen atmos-
phere. Triethylamine (55 mL, 0.40 mmol) and methanesulfonyl chloride
(27 mL, 0.35 mmol) were added, and the solution was stirred for 1 h. Lith-
ium bromide (207 mg, 2.39 mmol) and acetone (1.0 mL) were added to
the reaction mixture, and the mixture was stirred for 19 h. The mixture
was concentrated and extracted with ethyl acetate. The organic layer was
washed with sat. NaHCO3, brine, dried using MgSO4, filtrated, and con-
centrated. The residual syrup was subjected to the purification by flash
column chromatography (hexane/ethyl/acetate 4:1) to give product
(86 mg, 81%). Rf=0.50 (hexane/ethyl acetate 2:1); 1H NMR (600 MHz,
CDCl3): d = 6.17 (d, J=7.37 Hz, 1H, NH), 5.85–5.78 (m, 1H, C=CH-),
5.09–5.01 (m, 2H, -C=CH2), 4.59–4.56 (m, 1H, a-H), 3.41–3.32 (m, 2H,
g-H2), 2.45–2.31 (m, 5H, C=C-CH2-, C=C-C-CH2-, b-H2-a), 2.22–2.17 (m,
1H, b-H2-b), 1.47 (s, 9H, (CH3)3-C-); HR-FAB MS: m/z : calcd for
C13H22NO3Br: 319.0783; found: 320.0862 [M+H]+ .


2-(Pent-4-enoyl)amino-4-[O-(N-methyl-N-tert-butoxycarbonyl)amino]hy-
droxybutanoic acid tert-butyl ester : NaH (60% dispersion in mineral oil,
13 mg, 0.32 mmol) was added to a solution of 2-(Pent-4-enoyl)amino-4-
bromobutanoic acid tert-butyl ester (47 mg, 0.32 mmol) in N,N-dimethyl-
formamide (1 mL) and the mixture was stirred for 5 min under nitrogen
atmosphere, then cooled at 0 8C. N-Methyl-N-tert-butoxycarbonylhydrox-
ylamine (86 mg, 0.27 mmol) was added to the solution, and the mixture
was stirred at 0 8C for 1 h. To the mixture was added ice water and the
mixture was extracted with ethyl acetate. The organic layer was washed


with brine, dried using MgSO4, filtrated, concentrated, and purified by
flash column chromatography (hexane/ethyl acetate 4:1) to give product
(72 mg, 69%). Rf=0.28 (hexane/ethyl acetate 3:1); 1H NMR (600 MHz,
CDCl3): d = 7.37 (s, 1H, NH), 5.88–5.81 (m, 1H, C=CH-), 5.08–4.97 (m,
2H, -C=CH2), 4.63–4.60 (m, 1H, a-H), 3.93–3.86 (m, 2H, g-H2), 3.07 (s,
1H, N-CH3), 2.43–2.33 (m, 4H, C=C-CH2-, C=C-C-CH2-), 2.13–2.02 (m,
2H, b-H2), 1.48, 1.44 (all s, 18H, 2P(CH3)3-C-);


13C NMR (120 MHz,
CDCl3): d = 172.42, 171.09, 157.00 (3C, 3PC=O), 137.27 (C=C-), 115.09
(C=C-), 81.69, 81.60 (2P(CH3)3-C-), 70.52 (g-C), 50.58 (a-C), 36.66 (N-
CH3), 35.60, 29.75 (2C, C=C-C-C), 29.60 (b-C), 28.20, 27.89 (2C, 2P
(CH3)3-C-); HR-FAB MS: m/z : calcd for C19H34N2O6: 386.2417; found:
387.2487 [M+H]+ .


2-(Pent-4-enoyl)amino-4-[O-[N-methyl-(N-6-nitroveratryloxycarbonyl)]-
amino]hydroxybutanoic acid cyanomethyl ester (3): 2-(Pent-4-enoyl)ami-
no-4-[O-(N-methyl-N-tert-butoxycarbonyl)amino]hydroxybutanoic acid
tert-butyl ester (70 mg, 0.18 mmol) was dissolved in trifluoroacetic acid
(1 mL) and stirred for 1 h. The reaction mixture was concentrated, then
dissolved in a solution of H2O (400 mL) and dioxane (400 mL), and
cooled at 0 8C. To the mixture was added triethylamine (88 mL,
0.63 mmol) and 6-nitroveratryloxycarbonyl chloride (NVOC-Cl; 60 mg,
0.22 mmol). The mixture was stirred at 0 8C for 2 h in the dark, then ex-
tracted with ethyl acetate. The organic layer was washed with 5% citric
acid and brine, dried using MgSO4, filtrated, concentrated, and purified
by flash column chromatography (chloroform/methanol 30:1). The con-
centrated residue was dissolved in acetonitrile (0.5 mL) and cooled at
0 8C under nitrogen atmosphere. Triethylamine (90 mL, 0.64 mmol) and
chloroacetonitrile (0.1 mL, 1.6 mmol) were added to the solution and the
reaction mixture was stirred at room temperature for 24 h. The mixture
was extracted with ethyl acetate and the extract was washed with brine,
dried using MgSO4, filtrated, concentrated, and purified by flash column
chromatography (hexane/ethyl acetate 2:3) to give compound 3 (68 mg,
82%). Rf=0.40 (hexane/ethyl acetate 1:2); 1H NMR (600 MHz, CDCl3):
d= 7.64 (s, 1H, aromatic), 6.92 (s, 1H, aromatic), 5.79–5.72 (m, 1H, C=


CH-), 5.54–5.48 (m, 2H, O-CH2-Ph), 5.01–4.91 (m, 2H, -C=CH2), 4.80–
4.76 (m, 1H, a-H), 4.72–4.65 (m, 2H, O-CH2-CN), 3.91, 3.90 (all s, 6H,
2POCH3), 3.94–3.89 (m, 2H, g-H2), 3.14 (s, 3H, N-CH3), 2.35–2.29 (m,
4H, C=C-CH2-, C=C-C-CH2-), 2.24–2.19 (m, 1H, b-H2-a), 2.06–2.01 (m,
1H, b-H2-b);


13C NMR (120 MHz, CDCl3), d172.84, 170.66, 157.16 (3C,
3PC=O), 153.48, 148.54, 140.19, 126.49, 110.93, 108.32 (6C, aromatic),
137.04 (C=C-C), 115.38 (C=C-C), 114.03 (-CN), 70.06 (g-C), 65.12 (O-C-
Ph), 56.47, 56.45 (2C, 2POCH3), 49.50 (a-C), 48.79 (O-C-CN), 36.54 (N-
CH3), 35.28, 29.38 (2C, C=C-C-C), 28.96 (b-C); HR-FAB MS: m/z : calcd
for C22H28N4O10: 508.1805; found: 509.1877 [M+H]+ .


2-(Pent-4-enoyl)amino-4-[O-[N-methyl-(N-6-nitroveratryloxycarbonyl)]-
amino]hydroxybutanoic acid pdCpA ester (5): The aminoacylation of
pdCpA was carried out by adding the compound 3 (1.0 mg, 2.0 mmol) to
N,N-dimethylformamide solution of pdCpA tetra-n-butylammonium salt
(10 mL, 0.44 mmol) in a microtube, and the mixture was incubated at
30 8C for 2 h. The reaction was monitored by a reverse-phase HPLC (In-
ertsil ODS-3 150–4.6, 20–100% CH3OH/0.1m NH4OAc, pH 4.5, over
20 min at flow rate of 1.0 mLmin�1, detection at 260 nm), the products
had the retention time of 14.8 and 15.2 min, for the two positional (2’,3’)
isomers. After 2 h, Et2O (1 mL) was added to the solution and then the
precipitation was collected by a centrifugation (20000 g, 4 8C, 5 min). The
precipitate was dissolved in acetonitrile (20 mL) and the solution was sub-
jected to the re-precipitation by adding Et2O (1 mL). The crude product
was again dissolved in acetonitrile (0.2 mL) and 0.1m NH4OAc, pH 4.5
(0.8 mL), and purified by a reverse-phase HPLC (Inertsil ODS-3 50–20,
20% CH3OH/0.1m NH4OAc, pH 4.5, 2 min then 20–100% CH3OH/0.1m
NH4OAc, pH 4.5, over 20 min at flow rate of 10 mLmin�1, detection at
260 nm), the products with the retention time of 14.2 and 14.6 min were
obtained as two positional (2’,3’) isomers. Compound 5 (0.27 mmol,
62%). HR-ESI MS: m/z : calcd for C39H51N11O22P2: 1087.2685; found:
1086.2632 [M�H]� .


2-(Pent-4-enoyl)amino-4-[O-(N-phthalimidyl)]hydroxybutanoic acid tert-
butyl ester : N-Hydroxyphthalimide (0.32 g, 2.0 mmol), triphenylphos-
phine (0.52 g, 2.0 mmol) and diethyl azodicarboxylate (0.31 mL,
2.0 mmol) were added to a solution of 2-(pent-4-enoyl)amino-4-hydroxy-


Table 1. Theoretical and observed molecular weights of glycosylated
streptavidin.


Additional carbohydrate Calcd mass Found


none 18875.3 18871.5[a]


glucose 19037.5 19034.3[a]


maltose 19199.6 19206.8[a]


maltotriose 19361.7 19368.5[a]


GlcNAc 19078.5 19073.1[a]


lactose 19199.6 19208.7[a]


sialyllactose 19490.9 19488.3[b]


[a] [M+H]+ . [b] [M�H]� .
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butanoic acid tert-butyl ester (0.42 g, 1.64 mmol) in tetrahydrofuran
(10 mL). The reaction mixture was stirred for 2 h at RT under nitrogen
atmosphere. The solvent was evaporated, and the residue was purified by
flash column chromatography (toluene/ethyl acetate 5:1) to give product
(0.56 g, 84%). Rf=0.57 (toluene/ethyl acetate 1:1); 1H NMR (600 MHz,
CDCl3): d = 7.86–7.77 (m, 4H, aromatic), 7.13 (d, J=7.13 Hz, 1H, NH),
5.88–5.84 (m, 1H, C=CH-), 5.10–4.98 (m, 2H, -C=CH2), 4.73–4.70 (m,
1H, a-H), 4.31–4.29 (m, 2H, g-H2), 2.46–2.41 (m, 4H, C=C-CH2-, C=C-
C-CH2-), 2.33–2.28 (m, 2H, b-H2), 1.46 (s, 9H, (CH3)3-C-);


13C NMR
(120 MHz, CDCl3): d = 172.31, 170.64, 163.53 (3C, 3PC=O), 137.16 (C=
C-), 134.66, 128.81, 123.68 (3C, 3Paromatic), 115.34 (C=C-), 82.18
((CH3)3-C-), 75.30 (g-C), 50.35 (a-C), 35.61, 29.46 (2C, C=C-C-C), 29.85
(b-C), 27.91 ((CH3)3-C-); HR-FAB MS: m/z : calcd for C21H26N2O6:
402.1791; found: 403.1879 [M+H]+ .


2-(Pent-4-enoyl)amino-4-(O-amino)hydroxybutanoic acid tert-butyl ester :
2-(Pent-4-enoyl)amino-4-[O-(N-phthalimidyl)]hydroxybutanoic acid tert-
butyl ester (0.16 g, 0.39 mmol) was dissolved in 40% methylamine/metha-
nol solution (2 mL). The mixture was stirred for 45 min at RT, and
evaporated. The residue was purified by flash column chromatography
(toluene/ethyl acetate 1:5) to give the target compound (0.94 g, 89%).
Rf=0.51 (ethyl acetate); 1H NMR (600 MHz, CDCl3): d = 6.31 (d, J=
7.19 Hz, 1H, NH), 5.88–5.80 (m, 1H, C=CH-), 5.44 (s, 2H, O-NH2), 5.10–
5.00 (m, 2H, -C=CH2), 4.60–4.56 (m, 1H, a-H), 3.76–3.71 (m, 2H, g-H2),
2.43–2.31 (m, 4H, C=C-CH2-, C=C-C-CH2-), 2.11–1.96 (m, 2H, b-H2),
1.48 (s, 9H, (CH3)3-C-);


13C NMR (120 MHz, CDCl3): d = 171.54, 171.45
(2C, 2PC=O), 136.94 (C=C-), 115.56 (C=C-), 82.12 ((CH3)3-C-), 72.00 (g-
C), 50.42 (a-C), 35.74, 29.45 (2C, C=C-C-C), 31.19 (b-C), 27.97 ((CH3)3-
C-); HR-FAB MS: m/z : calcd for C13H24N2O4: 272.1736; found: 273.1814
[M+H]+ .


2-(Pent-4-enoyl)amino-4-[O-(N-6-nitroveratryloxycarbonyl)amino]hy-
droxybutanoic acid cyanomethyl ester (4): 2-(Pent-4-enoyl)amino-4-(O-
amino)hydroxybutanoic acid tert-butyl ester (49 mg, 0.18 mmol) was dis-
solved in trifluoroacetic acid (1 mL) and the solution was stirred for 1 h.
The reaction mixture was concentrated, then the residue was dissolved in
H2O (500 mL) and dioxane (1.0 mL). To this solution was added triethyla-
mine (75 mL, 0.54 mmol) and 6-nitroveratryloxycarbonyl chloride (60 mg,
0.22 mmol). The mixture was stirred at 0 8C for 1.5 h in the dark, then ex-
tracted with ethyl acetate. The organic layer was washed with 5% citric
acid and brine, dried using MgSO4, filtrated, concentrated, and purified
by flash column chromatography (chloroform/methanol 25:1). The con-
centrated residue was dissolved in acetonitrile (0.7 mL) and cooled at
0 8C under nitrogen atmosphere. To the solution was added triethylamine
(27 mL, 0.20 mmol) and chloroacetonitrile (41 mL, 0.65 mmol) and the
mixture was stirred at room temperature for 20 h. The mixture was ex-
tracted with ethyl acetate and the extract was washed with brine, dried
using MgSO4, filtrated, concentrated, and purified by flash column chro-
matography (hexane/ethyl acetate 1:5) to give compound 4 (10 mg,
11%). Rf=0.50 (hexane/ethyl acetate 1:5); 1H NMR (600 MHz, CDCl3):
d = 7.75 (s, 1H, NH), 7.73 (1H, aromatic), 6.98 (s, 1H, aromatic), 5.87–
5.80 (m, 1H, C=CH-), 5.63–5.57 (m, 2H, O-CH2-Ph), 5.09–4.99 (m, 2H,
-C=CH2), 4.89–4.86 (m, 1H, a-H), 4.80–4.72 (m, 2H, O-CH2-CN), 4.05–
3.99 (m, 2H, g-H2), 3.99, 3.97 (all s, 6H, 2POCH3), 2.44–2.37 (m, 4H, C=
C-CH2-, C=C-C-CH2-), 2.33–2.28 (m, 1H, b-H2-a), 2.14–2.09 (m, 1H, b-
H2-b);


13C NMR (120 MHz, CDCl3): d = 1712.81, 170.79, 157.68 (3C, 3P
C=O), 153.62, 148.57, 140.03, 126.33, 110.67, 108.31 (6C, aromatic),
136.97 (C=C-C), 115.52 (C=C-C), 114.10 (-CN), 72.94 (g-C), 64.82 (O-C-
Ph), 56.57, 56.46 (2C, 2POCH3), 49.50 (a-C), 48.86 (O-C-CN), 35.34,
29.38 (2C, C=C-C-C), 29.19 (b-C); HR-FAB MS: m/z : calcd for
C21H26N4O10: 494.1649; found: 495.1730 [M+H]+ .


2-(Pent-4-enoyl)amino-4-[O-(N-6-nitroveratryloxycarbonyl)amino]hy-
droxybutanoic acid pdCpA ester (6): The aminoacylation of pdCpA was
carried out by adding the compound 4 (0.80 mg, 1.6 mmol) to N,N-dime-
thylformamide solution of pdCpA tetra-n-butylammonium salt (10 mL,
0.44 mmol) in a microtube, and the reaction mixture was incubated at
30 8C for 2 h. The reaction was monitored by a reverse-phase HPLC (In-
ertsil ODS-3 150-4.6, 20–100% CH3OH/0.1m NH4OAc, pH 4.5, over
20 min at flow rate of 1.0 mLmin�1, detection at 260 nm), the products
with the retention time of 14.2 and 14.5 min were collected as the two po-


sitional (2’,3’) isomers. After 2 h, Et2O (1 mL) was added to the solution
and then the precipitation was collected by a centrifugation (20000 g,
4 8C, 5 min). The precipitate was dissolved in acetonitrile (20 mL) and the
solution was subjected to the re-precipitation by using Et2O (1 mL) as
poor solvent. The crude material was purified by a reverse-phase HPLC
to afford compound 6 (0.17 mmol, 39%). HR-ESI MS: m/z : calcd for
C38H49N11O22P2: 1073.2529; found: 1072.2435 [M�H]� .


Synthesis of aminoacyl tRNA : A mixture containing tRNACCCG(-CA)
(0.3 nmol), aminoacyl pdCpA (6.0 nmol), 1 mm ATP, 3.3 mm DDT, 15 mm


MgCl2, 20 mgmL�1 BSA, 15% DMSO and T4 RNA ligase (40 U) in a
20 mL of 55 mm HEPES-Na (pH 7.5) was incubated at 37 8C for 20 min.
The mixture was treated with 3m potassium acetate (pH 5.5, 0.3m potas-
sium acetate as a final concentration) and extracted with phenol/chloro-
form/isoamylalcohol and chloroform. The solution was irradiated
(365 nm) at 0 8C for 90 min and then reacted with 1=10 volume of 50 mm I2
(H2O/THF 1:1) for 20 min at 0 8C. The reaction mixture was treated with
3 vol. ethanol to precipitate the aminoacyl-tRNA. The pellet was washed
with 70% ethanol, dried, and dissolved in 1 mm potassium acetate
(pH 5.5, 3 mL), and the solution was immediately added to the reaction
mixture of the in vitro translation system.


In vitro protein biosynthesis : In vitro translation/transcription were per-
formed by using E. coli T7 S30 extract systems for circular DNA kit
(Promega). For the expression analysis, the reactions were carried out in
a 10 mL of a reaction mixture containing plasmid (0.5 mg), 0.1 mm each
amino acids except arginine, 0.01 mm arginine, S30 premix without amino
acid (4 mL), S30 extract (3 mL). If necessary, 0.01 mm aminoacyl
tRNACCCG was also added. The mixture was incubated at 37 8C for
60 min. For the large-scale expression, the reaction volumes were in-
creased up to 200 mL.


Western blotting analysis : In vitro translation mixture (0.25 mL) was ap-
plied to 15% polyacrylamide gels followed by SDS-PAGE. All samples
were heated prior to application to SDS-PAGE wells. After electroblott-
ing to a PVDF membrane, the membrane was incubated with 3% BSA
in TBST (25 mm Tris-HCl (pH 7.5), 150 mm NaCl, and 0.02% Tween20),
T7-tag antibody and anti-mouse IgG (H+L) AP conjugate at 37 8C for
30 min. The development with Western Blue was performed at 37 8C for
20 min. The efficiency of incorporation of unnatural amino acids was esti-
mated by comparing the band intensity of the full-length polypeptide
with its wild-type expressed in vitro translation. The band intensity was
evaluated using the Scion Image programs (Scion Corporation).


Silver staining analysis : Each sample was applied to 15% polyacrylamide
gels followed by SDS-PAGE. All samples were heated prior to applica-
tion to SDS-PAGE wells. Silver staining was carried out by using Silver
Staining II Kit Wako (Wako Pure Chemical Industries, Ltd.) according to
the manufacturerOs instructions. Developing time was 5 min.


Purification of proteins by T7-tag affinity chromatography : The volume
of the reaction mixture (200 mL) of in vitro translation was adjusted to
0.5 mL with phosphate buffer (4.3 mm Na2HPO4, 1.5 mm KH2PO4, 2.7 mm


KCl, 137 mm NaCl, 0.1% Tween20, 0.002% sodium aside, pH 7.3). The
mixture was added to a suspension of T7 tag antibody agarose (50 mL),
then the mixture was incubated at RT for 60 min. The agarose gel con-
taining proteins was loaded to an empty spin column, washed with the
phosphate buffer (5 mL), and eluted with 100 mm citric acid (pH 2.2,
0.12 mL). The elution was neutralized with 2m Tris (pH 10.4, 180 mL) and
concentrated using Microcon YM-10 (millipore).


Purification of proteins by His-tag affinity chromatography : To a solution
containing proteins in 100 mm HEPES-Na (pH 7.5, 50 mL) was added a
suspension of MagneHis Ni particles (5 mL). The mixture was incubated
at RT for 30 min and washed thoroughly with 100 mm HEPES-Na
(pH 7.5, 50 mL). Finally, the target proteins were obtained by desorbing
with elution buffer (100 mm HEPES-Na, (pH 7.5) containing 750 mm imi-
dazole, 10 mL).


Glycoblotting by an engineered protein of unmodified optional carbohy-
drates : Proteins purified by T7 tag affinity chromatography (approx.
200 ng) was dissolved in acetate buffer (pH 4.0, 3 mL) containing carbo-
hydrate to be introduced. The mixture was incubated at 37 8C and sub-
jected to the purification by His-tag affinity chromatography and the
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product was identified and characterized by MALDI-TOF mass spec-
trometry.


Sugar elongation (sialylation) reaction of Hser(ONHMe) mutant of
streptavidin carrying a lactose residue : Hser(ONHMe) mutant of strepta-
vidin purified by T7 tag affinity chromatography (approx. 200 ng) was
dissolved in acetate buffer (pH 4.0, 10 mL) containing 400 mm lactose.
The solution was incubated at 37 8C for 44 h. To a solution diluted with
100 mm HEPES-Na (pH 7.5, 20 mL) was added a suspension of MagneHis
Ni particles (2 mL). The mixture was incubated at RT for 30 min, washed
twice with 100 mm HEPES-Na (pH 7.5, 100 mL) and 50 mm HEPES-Na
(pH 7.5, 100 mL), respectively. The magnetic beads bearing lactosylated
streptavidin were directly re-suspended by adding to 100 mL 50 mm


HEPES-Na (pH 7.5) containing 3 mm CMP-Neu5Ac, 0.01% BSA, 0.2%
Triton X-100, and 300 mUmL�1 a2,3-sialyltransferase. The mixture was
incubated at 37 8C for 22 h, then washed twice with 50 mm HEPES-Na
(pH 7.5, 100 mL) and 100 mm HEPES-Na (pH 7.5, 100 mL), respectively.
The product was obtained by desorbing with elution buffer (100 mm


HEPES-Na (pH 7.5) containing 750 mm imidazole, 6 mL) and analyzed by
MALDI-TOF mass spectrometry.
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Introduction


The inherently strained cyclopropane derivatives have
unique electronic and chemical properties due to their small
valence angles and bent C�C bonds.[1] Embedding the three-
membered ring into oligocycles by annelation or spirofusion
with additional small rings augments the total strain to
exceed that of the sum of the separate rings. This is well es-
tablished not only for the ring-annelated bicyclic (1) and tri-


cyclic propellane skeletons (2), but also for the spirofused
linear and branched so-called [n]triangulanes (3).[2] The cur-
rent record of a branched [15]triangulane[3] and linear [9]tri-
angulane[3] exemplifies the accessibility of such extended
arrays of spirofused cyclopropanes that are surprisingly
stable in spite of their high overall strain.


By contrast to the large number of purely carbon-based
triangulanes, far fewer spirocyclic compounds are known
that contain a heteroatom, because of the higher reactivity
of three-membered heterocycles.[2] Compounds such as 1-
phosphaspiro[2,n]alkanes 4a–e,[4] the 1-phosphadispiroal-
kanes 5a–d,[5,6] and 1,4-diphosphaspiropentane 6[7] with a
phosphorus atom, that is, a phosphirane ring,[8] became ac-
cessible by the [1+2] cycloaddition of the in situ generated
carbene-like electrophilic phosphinidene complexes R-P=
W(CO)5 to the respective alkenes.[9,10]


Abstract: Novel, highly stable, linear
and branched mono- and diphospha[n]-
triangulanes were synthesized in high
yields by the CuCl-catalyzed phosphi-
nidene addition to spirocyclopropanat-
ed methylenecyclopropanes and bicy-
clopropylidenes. The effect of spirofu-
sion on the electronic properties of
these esthetically attractive phosphacy-
cles is apparent from X-ray single crys-
tal structure analyses, which reveals a
tightening of the phosphirane ring on


additional spirocyclopropanation, and
from the NMR features that show de-
shielded chemical shifts for the ring-
phosphorus and -carbon atoms. Steric
factors play a role in the addition reac-
tion when the substrate alkene carries
a second sphere of spirocyclopropane


rings and causes the formation of 2-
phosphabicyclo[3.2.0]heptenes in small
amounts. These by-products most prob-
ably result from addition of the
[PhP(Cl)W(CO)5]-Cu-L (L=alkene or
solvent) reagent to the spirocyclopro-
panated bicyclopropylidene to give an
intermediate s-complex, which subse-
quently, facilitated by steric factors, un-
dergoes a cyclopropylcarbinyl to cyclo-
butyl ring expansion followed by a
[1,3]-sigmatropic shift.
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Recently, we described the synthesis of the first hetero[7]-
triangulane 7 and showed that even the demetallated com-
pound is stable at 150 8C.[11] In the present report we expand
on these earlier studies and describe a series of novel stable
phospha[n]triangulanes containing one or two phosphorus
atoms.


Results and Discussion


The syntheses of phospha[n]triangulanes (n=3–5) was ach-
ieved by adding Ph-P=W(CO)5 to terminal and non-terminal
double bonds of spirocyclopropanated methylenecyclopro-
panes and bicyclopropylidenes, respectively. The influence
of the CuCl catalyst on the addition reaction will also be ad-
dressed.


Spirocyclopropanated methylenecyclopropanes, that is, ter-
minal alkenes : Reaction of Ph-P=W(CO)5, generated in situ
by the CuCl-catalyzed cycloreversion[12] of 7-phosphanorbor-
nadiene complex 8,[9,13] with methylenespiropentane (9) in
toluene at 55 8C (1 h) gave in 78% yield only the crystalline
terminal phospha[3]triangulane complex 12 (Scheme 1) in a


5:4 ratio of the anti (a) and syn
isomer (b). Figure 1 shows the
X-ray crystal structure for the
less congested anti isomer 12a
that has the P-W(CO)5 group
anti to the terminal cyclopro-
pane ring. The bond lengths of
the phosphirane ring compare
well with the values of the
W(CO)5-complexed smaller


phospha[2]triangulane 4b[4] (Table 1). Extending the
number of cyclopropane rings to three, as in linear 10 or
branched methylenetriangulane 11, gave the corresponding
linear and branched phospha[4]triangulanes 13 and 14
(Scheme 1). In the case of 14, only one isomer can be
formed (88%) of which the X-ray crystal structure is shown
in Figure 1, but four diastereomers are feasible for linear 13
(94%), which depends on the syn,anti relationship of the
phosphirane and terminal spirocyclopropane rings as well as


Scheme 1.


Figure 1. Displacement ellipsoid plot of 12a (one of the two crystallo-
graphically independent molecules is shown) and 14 in the crystal with el-
lipsoids set at the 50% probability level. Hydrogen atoms are omitted
for clarity. Selected bond lengths [L] and angles [8]; the values for the
second molecule are in square brackets. 12a : C4�C5 1.486(4) [1.475(4)],
C4�C6 1.478(4) [1.475(4)], C5�C6 1.528(4) [1.515(4)]; C1-P1-C2
48.41(11) [48.25(12)], C3-C1-C4 59.86(18) [60.33(18)], C5-C4-C6 62.1(2)
[61.8(2)]. 14 : C3�C7 1.478(3), C3�C8 1.475(3), C4�C5 1.481(3), C4�C6
1.482(3), C5�C6 1.537(4), C7�C8 1.522(4); C1-P1-C2 48.36(10), C3-C1-
C4 59.01(14), C5-C4-C6 62.50(17), C7-C3-C8 62.03(16).


Table 1. Selected X-ray crystallographic bond lengths for the phosphirane ring of terminal phospha[n]triangu-
lanes.


4b[4] 12a[a] 14 16b[a] 17a av*


P1�C1 1.794(6) 1.799(2) 1.802(2) 1.801(2) 1.796(8) 1.792(8) 1.792(6) 1.792(6) 1.796
P1�C2 1.855(7) 1.846(3) 1.846(3) 1.836(2) 1.860(8) 1.850(8) 1.841(6) 1.846(6) 1.846
C1�C2 1.508(9) 1.495(4) 1.492(4) 1.490(3) 1.499(11) 1.501(11) 1.503(9) 1.507(9) 1.498
C1�C3 1.470(1) 1.504(4) 1.504(4) 1.486(3) 1.505(11) 1.494(11) 1.505(8) 1.505(8) 1.503[b]


C1�C4 1.475(10) 1.462(3) 1.467(3) 1.482(3) 1.468(11) 1.479(11) 1.469(9) 1.461(8) 1.468[b]


C3�C4 1.515(10) 1.480(4) 1.493(4) 1.461(3) 1.494(12) 1.497(11) 1.499(9) 1.497(9) 1.493[b]


P1�W1 2.500(2) 2.5107(7) 2.4980(7) 2.5063(5) 2.497(2) 2.497(2) 2.4822(16) 2.4733(16) 2.495


[a] Both crystallographically independent molecules are given. * Average of 12a, 14, 16b, and 17a. [b] Ex-
cluding 14 because of its symmetrical substituent pattern.
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that of the P-substituents. The less congested two major iso-
mers of the four observed by 31P NMR spectroscopy (ratio
50:36:10:4) were fully characterized (see Experimental Sec-
tion).


Diphospha[4]triangulanes are accessible by using racemic
1,4-dimethylenespiropentane rac-15 as diene. Reaction of
the phosphinidene precursor 8 (CuCl-catalyzed)[12] with only
one double bond, with an excess of 15 in toluene at 55 8C
(2 h), afforded 5-methylene-1-phosphadispiro[2.0.2.1]hep-
tane 16 (Scheme 2) in 83% yield as a mixture of four dia-
stereomers (31P NMR: ratio 39:31:18:12) of which three
could be fully characterized. The structure of the major anti
isomer 16b, separated by column chromatography, was as-
certained by an X-ray crystal structure determination
(Figure 2). The presence of the double bond (1.289(14) L) is
also evident from the 1H NMR resonances at d=5.36 (4J-
(H,H)=2.4 Hz) and 5.39 (4J(H,H)=1.8 Hz) and the
13C NMR resonances at d=101.6 (H2C=) and 133.7 (=C).


Reaction of the remaining double bond in anti-16b with
an excess of 8 (55 8C, CuCl, 3 h) resulted in the smooth for-
mation of the novel linear diphospha[4]triangulane complex


17 in 78% yield in a 10:7 ratio of the anti,anti and anti,syn
isomers (Scheme 2). anti,anti-isomer 17a is easily recognized
by its 31P NMR singlet (d �147.9) and anti,syn-isomer 17b
by its set of doublets (d �150.4, �150.5; 4J(P,P)=4.5 Hz).
Interestingly, the 13C NMR spectrum of 17a displays an A2X
system for the central spiro-carbon atom at d13C=25.4 (2J-
(C,P)=5.5 Hz). An X-ray crystal structure confirmed the as-
signment of this isomer (Figure 2).


Selected structural parameters of four of the novel (di)-
phospha[n]triangulane complexes are given in Table 1. The
two different P�C bond lengths (av 1.796 and 1.846 L) of
their terminal phosphirane rings are similar to the values of
the W(CO)5-complexed smaller phospha[2]triangulane 4b[4]


with the distal bonds (remote to the spiro-carbon) being
longer than the proximal ones (connected to the spiro-
carbon). This effect of spirofusion is similar but more pro-
nounced than in the all-carbon triangulanes,[3,14] and likewise
is due to rehybridization of the strained spiro-carbon, result-
ing in less s-character and thus elongation of the distal
bonds.[2] The PhPW(CO)5 group also affects the C1-spiro-
fused cyclopropane ring, which also has proximal C�C
bonds of different length (av 1.503 and 1.468 L) and a
1.493 L (av) distal bond. The C1�C2 bonds (av 1.498 L) of
all the structures are of similar length as reported for the
parent 1-phenylphosphirane 4a.[4]


The NMR characteristics of the phospha[n]triangulanes
also reflect that their W(CO)5-complexed phosphirane rings
have similar electronic properties (Table 2). The phosphorus
chemical shifts are in the narrow range of d31P �144 to
�155 ppm with 1J(P,W) coupling constants of 252–261 Hz.
The less congested anti isomers are always formed predomi-
nantly[15] and have the more shielded 31P NMR resonances[16]


that are similar to the d �154.8 ppm reported for the parent
1-phenylphospha[2]triangulane complex 4b.[4] The 13C reso-
nance of the phosphirane spiro-carbon C1 and carbon C2
are at d 25–30 (4b 31.2) and d 15–18 ppm (4b 19.3), respec-
tively. In addition, its two hydrogen atoms resonate at about
d1H 1.7 and 2.0 ppm with 2J(H,P) coupling constants of < 1
and 7.1 Hz, respectively, with the larger one for the more
deshielded proton resonance positioned anti to the P-
W(CO)5 group.


Spirocyclopropanated bicyclopropylidenes, that is, non-ter-
minal alkenes : Alkenes with four alkyl substituents are


Figure 2. Displacement ellipsoid plot of 16b (one of the two crystallo-
graphically independent molecules is shown) and 17a in the crystal with
ellipsoids set at the 50% probability level. Hydrogen atoms are omitted
for clarity. Selected bond lengths [L] and angles [8]; the values for the
second molecule are in square brackets 16b : C4�C5 1.422(12)
[1.423(12)], C4�C7 1.500(13) [1.503(13)], C5�C6 1.289(14) [1.289(14],
C5�C7 1.456(14) [1.475(15)]; C1-P1-C2 48.4(4) [48.6(4)], C3-C1-C4
60.3(5) [60.5(5)], C5-C4-C7 59.7(6) [60.5(7)]. 17a : C1-P1-C2 48.9(3), C6-
P2-C7 48.9(3), C3-C1-C4 60.5(4), C4-C5-C6 58.2(4), C4-C6-C5 60.6(4).


Scheme 2.
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more reactive toward electrophiles than terminal alkenes,
because of their higher nucleophilicity, yet steric factors can
hamper the access to the double bond. This is known for the
addition of carbenes (e.g. MeCCl)[17] but is less clear for
electrophilic phosphinidenes. Reactions of transient R-P=
W(CO)5 invariably have first-order kinetics for the uncata-
lyzed cheletropic elimination from phosphanorbornadiene
precursor 8.[18] Competition reactions showed no discrimina-
tion between simple substituted alkenes,[15] but the forma-
tion of the phosphaspiroalkanes 4b–e from methylenecy-
cloalkanes H2C=C(CH2)n occurs at different rates (n=4
> 3 > 5 > 2) in the presence of CuCl.[4] The catalyst
lowers the decomposition temperature for 8 from about 110
to 55 8C and can alter the kinetics of the alkene addition re-
action.[19] Recently, a computational study addressed the
role of the CuCl catalyst, showing a) that the alkene may
complex to it and b) that the active reagent is likely
[RP(Cl)W(CO)5]-Cu-L, with L being the alkene or sol-
vent.[20] In this section, the reactivity of spirocyclopropanat-
ed bicyclopropylidenes is first compared with that of the
methylenecyclopropanes, while the influence of the CuCl
catalyst is addressed in the next paragraph.


Bicyclopropylidene[21] is more reactive toward the CuCl-
generated phosphinidene complex than both methylenecy-
clopropane[4] and 2,3-dimethyl-2-butene[15] and was shown to
give the phospha[3]triangulane complex 5a.[5] Adding a
second sphere of spirocyclopropane rings gives the more
electron-rich alkene 18,[3] that still allows the formation of a
phosphirane, yielding phospha[7]triangulane complex 7,[11]


as confirmed by an X-ray crystal structure determination
(Figure 3). It was established that the yield of 7 decreases
from 88 to 42% in the presence of CuCl with simultaneous
formation of other products, like 19 (6%),[11] which may il-
lustrate the influence of steric factors (Scheme 3). There-
fore, the influence of the spirocyclopropane rings on the ad-
dition of the CuCl-generated phosphinidene complex to
mono- and dispirocyclopropanated bicyclopropylidenes was
examined (Scheme 3).


Reaction of 8 with cyclopropylidenespiropentane (20) in
toluene at 55 8C in the presence of CuCl for one hour gave
only the phospha[4]triangulane complex 21 (78%) in a 4:3
ratio of the fully characterized anti (a) and syn diastereomer
(b). The structure of the less congested anti isomer 21a was
ascertained by an X-ray crystal structure determination


(Figure 3). The bond lengths in the phosphirane ring com-
pare well with the reported values of the smaller phos-
pha[3]triangulane 5a[5] (Table 3). The same reaction of 8
(RT, CuCl, 20 h) with 7-cyclopropylidenedispiro[2.0.2.1]-
heptane (22) afforded the branched phospha[5]triangulane
23 (71%) and 2-phosphabicyclo[3.2.0]heptene 24 (2%)
(Scheme 3). This reaction already takes place at room tem-
perature, instead of the usual 55–60 8C,[12] indicating that the
bicyclopropylidene with its tetrasubstituted double bond fa-
cilitates the CuCl-catalyzed reaction.[19,20] It is also evident


Table 2. Selected NMR parameters for the phosphirane ring of terminal phospha[n]triangulanes.


12a 12b 13b 13d 14 16b 16c 16d 17a 17b
31P �146.4 �152.3 �152.2 �154.9 �145.2 �144.0 �148.3 �148.5 �147.9 �150.4 �150.5
1J(P,W) 257.2 254.1 258.1 255.5 252.1 258.2 257.2 256.2 261.2 260.2 258.2
13C (C1) 26.5 25.7 26.7 25.6 29.6 29.0 29.1 28.3 26.3 25.6 26.1
1J(C1,P) 6.1 7.1 6.7 8.6 10.1 7.7 7.5 9.3 8.8 9.8 5.5
13C (C2H2) 17.0 17.4 16.7 16.4 15.5 17.8 17.5 17.9 15.3 15.5 16.0
1J(C2,P) ~6 6.1 6.3 6.4 5.7 5.8 6.1 6.0 6.3 6.1 6.3
1H (C2H2) 1.79 ~1.6 ~1.7 ~1.7 1.62 1.83 1.70 1.65 1.59 1.75 ~1.8


1.99 2.02 2.02 1.88 2.09 2.02 2.13 2.05 2.24 2.28 ~1.8
2J(H,P) – – – – 0.9 1.2 0.8 – ~7 – unresolved


7.1 7.1 7.1 7.1 7.0 7.4 7.0 ~7 7.1 6.9 unresolved


Figure 3. Displacement ellipsoid plot of 7 and 21a with ellipsoids set at
the 50% probability level. Hydrogen atoms are omitted for clarity. Se-
lected bond lengths [L] and angles [8] 7: C3�C9 1.478(3), C3�C10
1.482(3), C4�C7 1.475(3), C4�C8 1.480(3), C5�C6 1.461(3), C5�C11
1.481(3), C5�C12 1.483(3), C6�C13 1.478(3), C6�C14 1.483(3), C7�C8
1.523(3), C9�C10 1.529(3), C11�C12 1.523(3), C13�C14 1.525(3); C3-C1-
C4 59.02(13), C9-C3-C10 62.23(14), C7-C4-C8 62.07(15), C5-C2-C6
58.64(13), C11-C5-C12 61.83(15), C13-C6-C14 62.01(15); 21a : C4�C7
1.487(4), C4�C8 1.473(4), C7�C8 1.521(4), C3-C1-C4 59.86(17), C5-C2-
C6 61.10(18), C7-C4-C8 61.85(19).
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that the second spirocyclopropane ring influences the phos-
phinidene addition, in that 22 gives a small amount of by-
product that structurally resembles 19. Before examining
the influence of the catalyst, the special reactivity of the tet-
rasubstituted double bond in a bicyclopropylidene was com-
pared with that of a vinyl substituent.


Reaction of 8 with an excess of ethenylbicyclopropylidene
(25) in toluene at room temperature in the presence of
CuCl gave after 18 h phospha[3]triangulane 26 (two isomers
in a 1:1 ratio) and phosphirane 27 in a total yield of 89%
(four isomers: 6:11:17:66) in a 1:9 ratio (Scheme 4). Both
structure types were fully identified by NMR spectroscopy
and show characteristic features, such as the about 40 ppm
more shielded 31P NMR chemical shift for 27 that is


common for the parent phosphiranes (e.g. major isomer anti
27d : d31P=�169.5, anti 26a : d31P=�127.0) (Table 4). Clear-
ly, the [1+2] cycloaddition of the phosphinidene complex to
the singly substituted and less sterically congested double
bond is favored over that to the more electron-rich double
bond in the bicyclopropylidene moiety, suggesting that steric
factors do play a role. However, reaction of the isolated anti
isomer 27d with an excess of 8 at the higher temperature of
55 8C (CuCl, 6.5 h), did result in a second addition to give in
62% yield the phosphirane-substituted phospha[3]triangu-
lane complex 28 in a 5:3 ratio of the anti,anti (a) and anti,
syn isomer (b) (Scheme 4), with 12% recovery of the start-
ing substrate 27d. Isomer 28a is easily recognized by its set
of d31P NMR singlets (d �127.1, 1J(P,W)=258.7 Hz; �164.0,
1J(P,W)=252.6 Hz) and isomer 28b by its set of doublets (d


�129.6, 1J(P,W)=259.7 Hz;
�166.4, 1J(P,W)=251.6 Hz; 4J-
(P,P)=4.1 Hz). The assignment
of the anti,anti-isomer 28a was
confirmed by a single-crystal X-
ray structure, depicted in
Figure 4, that shows a tightened
cyclopropanated phosphirane
ring,[5,6] (P�C 1.810 (av); C1�
C2 1.479(4)) as compared to
the terminal one (P�C 1.829
(av); C1�C2 1.526(4))
(Table 3).


This phosphirane, with spiro-
fused cyclopropanes at both
carbons,[5] is similar to the PCC
ring of 7 and 17a. Selected X-


ray crystal structural data for these phospha[n]triangulanes
and the previously reported parent 4a[4] and 5a[5] are sum-
marized in Table 3. Phospha[7]triangulane 7 has a P�C bond
length of 1.820 L (av), which is comparable to the average
length of the two unlike bonds (av 1.796 and 1.846 L) of the
phospha[n]triangulanes with a terminal phosphirane ring
(Table 1).


The additional spirofusion on the phosphirane ring is re-
flected in the NMR data (Tables 2 and 4) and most pro-
foundly in the phosphorus chemical shift of d31P �120 to
�130 ppm (1J(P,W)=250–260 Hz) that is deshielded by
about 25 ppm compared with the terminal spirofused phos-
phirane complexes and by 55–65 ppm from that of the
parent 4a (d �187.6 ppm).[4] The larger phospha[n]triangu-
lanes (n=4) have the slightly more deshielded 31P NMR res-
onances, thereby showing only a modest influence of the
second sphere of spirocyclopropane rings. This influence is
also reflected in the 13C NMR chemical shifts of d 23.5–26.5
and 30.0–34.5 ppm for the spirofused phosphirane carbons
with first and second sphere spirocyclopropane rings, respec-
tively. The effect is the strongest for phospha[7]triangulane
complex 7[11] with d13C 34.5 ppm.


CuCl Catalysis : We return to the role of CuCl in the cyclo-
addition. Phosphiranes are the major products in all cases,


Scheme 3.


Table 3. Selected X-ray crystallographic bond lengths for the phosphirane ring of phospha[n]triangulanes.


4a[4] 5a[5] 7 21a 28a[a] 28a[b]


P1�C1 1.80(2) 1.807(8) 1.8198(19) 1.821(2) 1.815(3) 1.834(3)
P1�C2 1.83(2) 1.820(8) 1.821(2) 1.816(2) 1.804(3) 1.823(3)
C1�C2 1.50(2) 1.48(1) 1.481(3) 1.470(3) 1.479(4) 1.526(4)
C1�C3 1.50(1) 1.487(3) 1.515(4) 1.490(3)
C1�C4 1.51(1) 1.487(4) 1.468(3) 1.477(4)
C2�C5 1.48(1) 1.494(3) 1.492(4) 1.484(4)
C2�C6 1.49(1) 1.489(3) 1.489(4) 1.483(4)
C3�C4 1.53(1) 1.465(3) 1.489(4) 1.505(4)
C5�C6 1.51(1) 1.461(3) 1.515(4) 1.507(5)
P1�W1 2.504(2) 2.495(2) 2.4872(5) 2.5120(7) 2.4817(7) 2.4876(7)
C1-P1-C2 48.6(7) 48.1(4) 47.99(8) 47.68(11) 48.25(12) 49.30(12)


[a] Disubstituted phosphirane ring. [b] Terminal phosphirane ring.


Scheme 4.
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suggesting that transient phosphinidene complex Ph-P=
W(CO)5 adds to the C=C bond. However, there are excep-
tions, namely alkenes 22 and 18 with their full second
sphere of spirocyclopropane rings at one and both ends of
the double bond, respectively. They gave additional small
amounts of the respective 2-phosphabicyclo[3.2.0]hept-1(5)-
enes 19 and 24. An X-ray crystal structure has been report-
ed for 19.[11] The NMR data of the two products are very
similar. Characteristic are the 31P and two 13C chemical
shifts for the ring C-P-C unit of 19 at d31P 34.4 (1J(P,W)
238.4 Hz), d13C 34.9 (1J(P,C) 39.7 Hz), and 142.5 ppm
(1J(P,C) 31.2 Hz)[11] and those for 24 at d31P 34.6 (1J(P,W)
234.7 Hz), d13C 33.1 (1J(P,C) 40.2 Hz), and 140.3 ppm
(1J(P,C) 29.7 Hz). These alkenes, 18 and 22, but also 10 and
25, differ from the others in the fact that they react at room
temperature within 18–20 h with the phosphinidene precur-
sor 8 instead of the 55–60 8C,[12] which is usually needed for
the CuCl-catalyzed cycloadditions. Furthermore, the reac-
tions executed at 55 8C occur rather fast (1–2 h) while the
slower second cycloaddition for 16b (3 h) and 27d (6.5 h)
differ from each other. These observations suggest that the
elimination of the phosphinidene complex from the precur-
sor is not necessarily the rate-limiting step, but that the
alkene may be involved as well.[19] This notion concurs with
a computational analysis,[20] which suggested that the alkene
or aromatic solvent interacts with CuCl and that this com-
plex dissociates the precursor to formally give


[PhP(Cl)W(CO)5]-Cu-L (L=alkene or solvent) as the active
reagent. Phosphirane formation then occurs in an SN2-type
addition with a concurrent “chloride shuttle” back to the Cu
ion to regenerate the CuCl-L complex. While the products
for the uncatalyzed and CuCl-catalyzed reactions are usually
the same, they can differ[22] and this was also the case with
the alkenes 18 and 22. Indeed, phosphatriangulane 7 is the
sole product formed from 18 in the absence of CuCl.[11]


There are two aspects, [PhP(Cl)W(CO)5]-Cu-L is less reac-
tive and bulkier than R-P=W(CO)5 and thus more sensitive
to steric constraints, which is the case here. We presume
that the C=C bond interacts with the CuCl-L ligated phos-
phinidene complex under expulsion of the CuCl-L complex,
forming zwitterion 29 (Scheme 5). Analogous s-complexes


were identified computationally to precede the formation of
the 1,4-addition and C–H insertion products of azulenes.[23]


Branched phospha[n]triangulanes 7 and 23 will result upon
ring closure of the zwitterion, but steric factors may facili-
tate the well-known cyclopropylcarbinyl to cyclobutyl ring
enlargement[24] to form phosphaalkene 30. The ring expan-
sion preferentially involves the more highly substituted cy-
clopropane ring, because in this manner the cationic charge
can be delocalized the best.[25,26] The reactive P=C bond of
30 enables a subsequent [1,3]-sigmatropic shift[27] that gives
the 2-phosphabicyclo[3.2.0]heptenes 19 and 24.


Conclusion


Novel, linear and branched mono- and diphospha[n]triangu-
lanes have been synthesized in high yields by the CuCl-cata-
lyzed phosphinidene addition to spirocyclopropanated meth-
ylenecyclopropanes and bicyclopropylidenes. Single crystal
X-ray structure analyses of these remarkably stable products
revealed a tightening of the phosphirane ring on spirocyclo-
propanation. The effect of spirofusion on the electronic


Table 4. Selected NMR parameters for the phosphirane ring of phospha[n]triangulanes.


4a[5] 5a[5] 7[11] 21a 21b 23 26a 26b 28a[a] 28a[b] 28b[a] 28b[b]


31P �187.6 �129.4 �119.6 �123.9 �128.1 �124.1 �127.0 �129.8 �127.1 �164.0 �129.6 �166.4
1J(P,W) 257.5 251.6 250.1 257.2 254.1 250.6 259.4 260.4 258.7 252.6 259.7 251.6
13C (C1/2) 10.7 26.0 34.5 30.1 30.0 32.3 31.0 31.8 27.4 31.4 27.3


24.8 25.3 23.5 26.5 25.1 16.0 25.9 15.8
1J(C1/2,P) 12.2 27.7 6.2 2.3 3.5 5.7 2.2 3.8 16.2 5.3 15.9


– – – – – 11.6 – 11.4


[a] Disubstituted phosphirane ring. [b] Terminal phosphirane ring.


Figure 4. Displacement ellipsoid plot of 28a with ellipsoids set at the
50% probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths [L] and angles [8]: C3�C7 1.487(4); C3-C1-C4 60.97(18),
C5-C2-C6 61.1(2).


Scheme 5.
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properties of these strained phosphacycles is apparent from
the NMR features that show deshielded chemical shifts for
the phosphorus and carbon ring atoms. Steric factors play a
role when the double bond carries a second sphere of spiro-
cyclopropane rings and causes the formation of 2-
phosphabicyclo[3.2.0]heptenes as byproducts. The latter are
explained to result from addition of the [PhP(Cl)W(CO)5]-
Cu-L (L=alkene or solvent) reagent to the spirocyclopropa-
nated bicyclopropylidene to give an intermediate zwitterion,
which can undergo a cyclopropylcarbinyl to cyclobutyl ring
expansion followed by a [1,3]-sigmatropic shift.


Experimental Section


All experiments were performed under an atmosphere of dry nitrogen.
Solids were dried in vacuo and liquids were distilled (under N2) prior to
use. Solvents were used as purchased, except for toluene, which was dis-
tilled over sodium. NMR spectra were recorded (at 298 K) on a Bruker
Advance 250 (31P; 85% H3PO4) and a MSL 400 (1H, 13C) and referenced
internally to residual solvent resonances (1H: d 7.25 ppm (CHCl3),
13C{1H}: 77.0 ppm (CDCl3). Isomeric ratios were determined by 31P NMR
spectroscopy. IR spectra were recorded on a Mattson-6030 Galaxy FT-IR
spectrophotometer, and high-resolution mass spectra (HR-MS) were
measured on a Finnigan Mat 900 mass spectrometer operating at an ioni-
zation potential of 70 eV. Melting points were measured on samples in
unsealed capillaries and are uncorrected. CuCl (99% purity) was pur-
chased from Acros and stored under nitrogen before use. (5,6-Dimethyl-
2,3-bis(methoxycarbonyl)-7-phenyl-7-phosphanorbornadiene) pentacar-
bonyltungsten (8),[9,13] methylenespiropentane (9),[28] 1-methylenedispiro-
[2.0.2.1]heptane (10),[29] 7-methylenedispiro[2.0.2.1]heptane (11),[29,30] 1,4-
bismethylenespiropentane (15),[31] perspirocyclopropanated bicyclopropyl-
idene 18,[3] cyclopropylidenespiropentane (20),[32] 7-cyclopropylidene-
dispiro[2.0.2.1]heptane (22),[30] and ethenylbicyclopropylidene (25)[33]


were prepared according to literature procedures.


(1-Phenyl-1-phosphadispiro[2.0.2.1]hept-1-yl)pentacarbonyltungsten (12):
Complex 8 (360 mg, 0.55 mmol), methylenespiropentane (9) (132 mg,
1.65 mmol) and CuCl (10 mg, 0.1 mmol) were heated in toluene (4 mL)
at 55 8C for 1 h. Evaporation to dryness and chromatography of the resi-
due over silica gel eluting with pentane/dichloromethane 19:1 gave 12a
and b in a 5:4 ratio (220 mg, 78%) as a pale yellow oil. Fractional recrys-
tallization from pentane at �80 8C followed by recrystallization at �20 8C
afforded colorless crystals of the anti-isomer 12a.


anti-(1R,3S)- and (1S,3R)-Isomer 12a : m.p. 64 8C; 1H NMR
(400.13 MHz, CDCl3): d=0.49–0.55 (m, 1H; CH), 0.65–0.71 (m, 1H;
CH), 0.85–0.91 (m, 1H; CH), 0.92–0.96 (m, 1H; CH), 1.39 (dd, 2J(H,H)=
4.1, 3J(H,P)=6.2 Hz, 1H, PCCH), 1.77 (dd, 2J(H,H)=4.1, 3J(H,P)=
10.2 Hz, 1H, PCCH), 1.79 (d, 2J(H,H)=7.6 Hz, 1H; PCH), 1.99 (dd,
2J(H,H)=7.6, 2J(H,P)=7.1 Hz, 1H; PCH), 7.30–7.38 ppm (m, 5H; PhH);
13C{1H} NMR (100.62 MHz, CDCl3): d=5.2 (d, 3J(C,P)=4.5 Hz; CH2),
5.9 (s; CH2), 17.0 (d, 1J(C,P)=~6 Hz; PCH2), 17.1 (s; PCCH2), 18.5 (d,
2J(C,P)=5.3 Hz; PCC), 26.5 (d, 1J(C,P)=6.1 Hz; PC), 128.6 (d, 3J(C,P)=
10.5 Hz; m-Ph), 130.2 (d, 4J(C,P)=2.5 Hz; p-Ph), 131.4 (d, 2J(C,P)=
13.4 Hz; o-Ph), 132.5 (d, 1J(C,P)=25.6 Hz; ipso-Ph), 195.6 (d, 2J(C,P)=
8.4, 1J(C,W)=125.5 Hz; cis-CO), 197.9 ppm (d, 2J(C,P)=30.0 Hz; trans-
CO); 31P NMR (101.25 MHz, CDCl3): d=�146.4 ppm (1J(P,W)=
257.2 Hz); IR (KBr): ñ=1932 (s/br, COeq), 1983 (w, COeq), 2074 cm�1 (w,
COax); MS (70 eV): m/z (%): 512 (8) [M]+ , 484 (4) [M�CO]+ , 456 (9)
[M�2CO]+ , 428 (8) [M�3CO]+ , 400 (32) [M�4CO]+ , 372 (100)
[M�5CO]+ ; HR-MS (EI): m/z : calcd for C17H13O5P


184W: 512.00104;
found: 511.99819.


syn-(1R,3R)- and (1S,3S)-Isomer 12b : 1H NMR (400.13 MHz, CDCl3):
d=0.85–0.91 (m, 1H; CH), 0.91–0.97 (m, 1H; CH), 1.08–1.14 (m, 1H;
CH), 1.20–1.25 (m, 1H; CH), 1.58–1.62 (m, 2H; PCH, PCCH), 1.68 (dd,
2J(H,H)=4.0, 3J(H,P)=11.1 Hz, 1H; PCCH), 2.02 (dd, 2J(H,H)=7.4, 2J-


(H,P)=7.1 Hz, 1H; PCH), 7.39–7.44 (m, 3H; m-PhH, p-PhH), 7.52–
7.57 ppm (m, 2H; o-PhH); 13C{1H} NMR (100.62 MHz, CDCl3): d=5.2
(d, 3J(C,P)=1.8 Hz; CH2), 6.2 (d, 3J(C,P)=3.4 Hz; CH2), 16.4 (d, 2J-
(C,P)=3.5 Hz; PCCH2), 17.4 (d, 1J(C,P)=6.1 Hz; PCH2), 19.3 (s; PCC),
25.7 (d, 1J(C,P)=7.1 Hz; PC), 128.7 (d, 3J(C,P)=10.4 Hz; m-Ph), 130.2
(d, 4J(C,P)=2.3 Hz; p-Ph), 131.4 (d, 2J(C,P)=13.1 Hz; o-Ph), 134.6 (d, 1J-
(C,P)=25.4 Hz; ipso-Ph), 195.7 (d, 2J(C,P)=8.3, 1J(C,W)=125.6 Hz; cis-
CO), 197.8 ppm (d, 2J(C,P)=29.8 Hz; trans-CO); 31P NMR (101.25 MHz,
CDCl3): d=�152.3 ppm (1J(P,W)=254.1 Hz).


(1-Phenyl-1-phosphatrispiro[2.0.0.2.1.1]non-1-yl)pentacarbonyltungsten
(13): Complex 8 (450 mg, 0.69 mmol), 1-methylenedispiro[2.0.2.1]heptane
(10) (183 mg, 1.72 mmol), and CuCl (10 mg, 0.1 mmol) were stirred in
toluene (4 mL) at room temperature for 18 h. Evaporation to dryness
and chromatography of the residue over silica gel eluting with pentane/
dichloromethane 9:1 gave a 4:50:10:36 mixture of isomers 13a, b, c and d
(350 mg, 94%) as a pale yellow oil. Recrystallization from pentane at
�80 8C afforded a 10:7 isomeric mixture of the main isomers 13b and
13d.


Compound 13a : 31P NMR (101.25 MHz, CDCl3): d=�147.3 ppm (1J-
(P,W)=258.2 Hz).


anti-(1R,3S,4R)- and (1S,3R,4S)-Isomer 13b : 1H NMR (400.13 MHz,
CDCl3): d=0.76–0.96 (m, 5H; CH2, PCCCH), 1.23–1.27 (m, 2H; PCCH,
PCCCH), 1.68–1.73 (m, 1H; PCH), 1.81 (dd, 2J(H,H)=4.4, 3J(H,P)=
10.0 Hz, 1H; PCCH), 2.02 (dd, 2J(H,H)=7.4, 2J(H,P)=7.1 Hz, 1H;
PCH), 7.34–7.45 ppm (m, 5H; PhH); 13C{1H} NMR (100.62 MHz,
CDCl3): d=4.0 (s; CH2), 5.1 (d, 4J(C,P)=1.2 Hz; CH2), 11.7 (d, 3J(C,P)=
4.6 Hz; PCCCH), 14.7 (s; PCCC), 16.1 (s; PCCH), 16.7 (d, 1J(C,P)=
6.3 Hz; PCH2), 22.4 (d, 2J(C,P)=8.8 Hz; PCC), 26.7 (d, 1J(C,P)=6.7 Hz;
PC), 128.5 (d, 3J(C,P)=10.8 Hz; m-Ph), 130.3 (d, 4J(C,P)=2.7 Hz; p-Ph),
131.7 (d, 2J(C,P)=13.9 Hz; o-Ph), 132.0 (d, 1J(C,P)=24.9 Hz; ipso-Ph),
195.7 (d, 2J(C,P)=8.4, 1J(C,W)=125.5 Hz; cis-CO), 197.7 ppm (d, 2J-
(C,P)=30.2 Hz; trans-CO); 31P NMR (101.25 MHz, CDCl3): d=


�152.2 ppm (1J(P,W)=258.1 Hz); MS (70 eV): (mixture of 13b and 13d):
m/z (%): 538 (6) [M]+ , 482 (2) [M�2CO]+ , 454 (5) [M�3CO]+ , 426 (22)
[M�4CO]+ , 398 (88) [M�5CO]+ ; HR-MS (EI) calcd for C19H15O5P


184W:
538.01672; found: 538.01741.


Compound 13c : 31P NMR (101.25 MHz, CDCl3): d=�152.3 ppm (1J-
(P,W)=254.4 Hz).


syn-(1R,3R,4S)- and (1S,3S,4R)-Isomer 13d : 1H NMR (400.13 MHz,
CDCl3): d=0.69–0.73 (m, 1H, CH), 0.76–0.96 (m, 3H; CH2), 1.44 (dd, 2J-
(H,H)=4.3, 3J(H,P)=1.7 Hz, 1H; PCCH), 1.46, 1.47, 1.60, 1.61 (AB
type, 2J(H,H)=4.3 Hz, 2H; PCCCH2), 1.68–1.73 (m, 2H; PCH, PCCH),
1.88 (dd, 2J(H,H)=7.3, 2J(H,P)=7.1 Hz, 1H; PCH), 7.34–7.45 (m, 3H;
m-PhH, p-PhH), 7.52–7.57 ppm (m, 2H; o-PhH); 13C{1H} NMR
(100.62 MHz, CDCl3): d=4.2 (s; CH2), 4.8 (d, 4J(C,P)=2.1 Hz; CH2),
12.7 (d, 3J(C,P)=3.9 Hz; PCCCH), 14.5 (d, 3J(C,P)=3.2 Hz; PCCC), 15.2
(d, 2J(C,P)=3.6 Hz; PCCH), 16.4 (d, 1J(C,P)=6.4 Hz; PCH2), 23.1 (s;
PCC), 25.6 (d, 1J(C,P)=8.6 Hz; PC), 128.7 (d, 3J(C,P)=10.4 Hz; m-Ph),
130.2 (d, 4J(C,P)=2.4 Hz; p-Ph), 131.5 (d, 2J(C,P)=13.1 Hz; o-Ph), 134.6
(d, 1J(C,P)=25.3 Hz; ipso-Ph), 195.7 (d, 2J(C,P)=8.3, 1J(C,W)=
125.5 Hz; cis-CO), 197.9 ppm (d, 2J(C,P)=30.0 Hz; trans-CO); 31P NMR
(101.25 MHz, CDCl3): d=�154.9 ppm (1J(P,W)=255.5 Hz).


(1-Phenyl-1-phosphatrispiro[2.0.2.0.2.0]non-1-yl)pentacarbonyltungsten
(14): Complex 8 (400 mg, 0.61 mmol), 7-methylenedispiro[2.0.2.1]heptane
(11) (97 mg, 0.92 mmol) and CuCl (10 mg, 0.1 mmol) were heated in tolu-
ene (4 mL) at 55 8C for 1 h. Evaporation to dryness and chromatography
of the residue over silica gel eluting with pentane/dichloromethane 9:1
gave 14 (290 mg, 88%) as a pale yellow oil. Recrystallization from pen-
tane at �20 8C afforded colorless crystals. M.p. 61–62 8C; 1H NMR
(400.13 MHz, CDCl3): d=0.34–0.38 (m, 1H; CH), 0.57–0.62 (m, 1H;
CH), 0.62–0.66 (m, 1H; CH), 0.70–0.73 (m, 1H; CH), 0.73–0.76 (m, 1H;
CH), 0.88–0.95 (m, 2H; CH), 1.20–1.30 (m, 1H; CH), 1.62 (dd, 2J(H,H)=
7.8, 2J(H,P)=0.9 Hz, 1H; PCH), 2.09 (dd, 2J(H,H)=7.8, 2J(H,P)=7.0 Hz,
1H; PCH), 7.36–7.48 ppm (m, 5H; PhH); 13C{1H} NMR (100.62 MHz,
CDCl3): d=4.4 (d, 3J(C,P)=3.8 Hz; CH2), 4.7, 5.0 (2s; CH2), 5.9 (d, 3J-
(C,P)=2.8 Hz; CH2), 15.5 (d, 1J(C,P)=5.7 Hz; PCH2), 22.5 (s; PCC),
22.5 (d, 2J(C,P)=5.7 Hz; PCC), 29.6 (d, 1J(C,P)=10.1 Hz; PC), 128.6 (d,
3J(C,P)=10.4 Hz; m-Ph), 130.2 (d, 4J(C,P)=2.3 Hz; p-Ph), 131.3 (d, 2J-
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(C,P)=13.1 Hz; o-Ph), 132.9 (d, 1J(C,P)=25.9 Hz; ipso-Ph), 195.7 (d, 2J-
(C,P)=8.3, 1J(C,W)=125.5 Hz; cis-CO), 198.0 ppm (d, 2J(C,P)=29.8 Hz;
trans-CO); 31P NMR (101.25 MHz, CDCl3): d=�145.2 ppm (1J(P,W)=
252.1 Hz); IR (KBr): ñ=1917 (s/br, COeq), 1983 (w, COeq), 2070 cm�1 (m,
COax); MS (70 eV): m/z (%): 538 (10) [M]+ , 482 (3) [M�2CO]+ , 454
(16) [M�3CO]+ , 426 (28) [M�4CO]+ ; HR-MS (EI): m/z : calcd for
C19H15O5P


184W: 538.01672; found: 538.01581; elemental analysis calcd
(%) for C19H15O5P


184W: C 42.41, H 2.81; found: C 41.68, H 2.89.


(1-Phenyl-1-phospha-5-methylenedispiro[2.0.2.1]hept-1-yl)pentacarbonyl-
tungsten (16): Complex 8 (450 mg, 0.69 mmol), rac-1,4-dimethylenespiro-
pentane (15) (191 mg, 2.07 mmol) and CuCl (10 mg, 0.1 mmol) were
heated in toluene (4 mL) at 55 8C for 2 h. Evaporation to dryness and
chromatography of the residue over silica gel eluting with pentane/di-
chloromethane 19:1 gave a 12:39:31:18 mixture of isomers of 16a, b, c
and d (300 mg, 83%) as a pale yellow oil. Compound 16b could be sepa-
rated by sequential column chromatography over silica gel eluting with
pentane/dichloromethane 19:1. Colorless crystals were obtained from
pentane at �20 8C. Those of 16c could be isolated by fractional recrystal-
lization of the remaining mixture from pentane at �80 8C followed by re-
crystallization at �20 8C. NMR data of the syn isomer 16d could be ob-
tained from the residual mixture of isomers.


syn-(1S,3S,4S)- and (1R,3R,4R)-Isomer 16a : 31P NMR (101.25 MHz,
CDCl3): d=�142.5 ppm (1J(P,W)=257.8 Hz).


anti-(1R,3S,4R)- and (1S,3R,4S)-Isomer 16b : m.p. 47–48 8C; 1H NMR
(400.13 MHz, CDCl3): d=1.08–1.11 (dddd, 2J(H,H)=8.4, 4J(H,H)=2.4,
4J(H,H)=1.8, 4J(H,H)=0.7 Hz, 1H; CH), 1.50 (ddd, 2J(H,H)=8.4, 4J-
(H,H)=2.4, 4J(H,H)=1.8 Hz, 1H; CH), 1.61 (ddd, 2J(H,H)=4.2, 3J-
(H,P)=6.8, 4J(H,H)=0.7 Hz, 1H; PCCH), 1.83 (dd, 2J(H,H)=7.7, 2J-
(H,P)=1.2 Hz, 1H; PCH), 2.02 (dd, 2J(H,H)=7.7, 2J(H,P)=7.4 Hz, 1H;
PCH), 2.11 (dd, 2J(H,H)=4.2, 3J(H,P)=9.9 Hz, 1H; PCCH), 5.36 (t, 4J-
(H,H)=2.4 Hz, 1H; =CH), 5.39 (t, 4J(H,H)=1.8 Hz, 1H; =CH), 7.28–
7.41 ppm (m, 5H; PhH); 13C{1H} NMR (100.62 MHz, CDCl3): d=9.5 (d,
3J(C,P)=4.6 Hz; CH2), 17.8 (d, 1J(C,P)=5.8 Hz; PCH2), 19.5 (s; PCCH2),
19.5 (s; PCC), 29.0 (d, 1J(C,P)=7.7 Hz; PC), 101.6 (s;=CH2), 128.6 (d, 3J-
(C,P)=10.9 Hz; m-Ph), 130.5 (d, 4J(C,P)=2.5 Hz; p-Ph), 131.3 (d, 1J-
(C,P)=25.8 Hz; ipso-Ph), 131.6 (d, 2J(C,P)=14.0 Hz; o-Ph), 133.7 (s; =
C), 195.5 (d, 2J(C,P)=8.3, 1J(C,W)=125.5 Hz; cis-CO), 197.6 ppm (d, 2J-
(C,P)=30.4 Hz; trans-CO); 31P NMR (101.25 MHz, CDCl3): d=�144.0
(1J(P,W)=258.2 Hz); IR (KBr): ñ=1925 (s/br, COeq), 2074 cm�1 (m,
COax); MS (70 eV): m/z (%): 524 (4) [M]+ , 468 (8) [M�2CO]+ , 440 (3)
[M�3CO]+ , 412 (12) [M�4CO]+ , 384 (52) [M�5CO]+ ; HR-MS (EI):
m/z : calcd for C18H13O5P


184W: 524.00104; found: 524.00082.


anti-(1R,3S,4S)- and (1S,3R,4R)-Isomer 16c : 1H NMR (400.13 MHz,
CDCl3): d=1.45–1.54 (m, 2H, CH), 1.70 (dd, 2J(H,H)=7.7, 2J(H,P)=
0.8 Hz, 1H; PCH), 1.85 (dd, 2J(H,H)=4.2, 3J(H,P)=10.8 Hz, 1H;
PCCH), 1.92 (dd, 2J(H,H)=4.2, 3J(H,P)=2.1 Hz, 1H; PCCH), 2.13 (dd,
2J(H,H)=7.7, 2J(H,P)=7.0 Hz, 1H; PCH), 5.51–5.53 (m, 2H; =CH2),
7.40–7.45 (m, 3H; m-PhH, p-PhH), 7.51–7.57 ppm (m, 2H; o-PhH);
13C{1H} NMR (100.62 MHz, CDCl3): d=9.4 (d, 3J(C,P)=2.3 Hz; CH2),
17.5 (d, 1J(C,P)=6.1 Hz; PCH2), 19.3 (d, 2J(C,P)=3.5 Hz; PCCH2), 20.5
(s; PCC), 29.1 (d, 1J(C,P)=7.5 Hz; PC), 102.7 (s; =CH2), 128.8 (d, 3J-
(C,P)=10.5 Hz; m-Ph), 130.4 (d, 4J(C,P)=2.2 Hz; p-Ph), 131.4 (d, 2J-
(C,P)=13.3 Hz; o-Ph), 132.9 (d, 3J(C,P)=3.6 Hz; =C), 134.2 (d, 1J(C,P)=
25.3 Hz; ipso-Ph), 195.6 (d, 2J(C,P)=8.4, 1J(C,W)=125.6 Hz; cis-CO),
197.7 ppm (d, 2J(C,P)=30.7 Hz; trans-CO); 31P NMR (101.25 MHz,
CDCl3): d=�148.3 ppm (1J(P,W)=257.2 Hz).


syn-(1S,3S,4R)- and (1R,3R,4S)-Isomer 16d : 1H NMR (400.13 MHz,
CDCl3): d=1.65 (d, 2J(H,H)=7.5 Hz, 1H; PCH), 1.71–1.74 (m, 1H;
CH), 1.78–1.82 (m, 2H; PCCH, CH), 1.99–2.07 (m, 1H, 3J(H,P)=4.1 Hz,
PCCH), 2.05 (d, 2J(H,H)=7.5, 2J(H,P)=~7 Hz, 1H; PCH), 5.29 (t, 4J-
(H,H)=2.4 Hz, 1H; =CH), 5.40 (t, 4J(H,H)=1.7 Hz, 1H; =CH), 7.41–
7.45 (m, 3H; m-PhH, p-PhH), 7.52–7.58 ppm (m, 2H; o-PhH); 13C{1H}
NMR (100.62 MHz, CDCl3): d=10.5 (d, 3J(C,P)=4.3 Hz; CH2), 17.9 (d,
1J(C,P)=6.0 Hz; PCH2), 18.9 (d, 2J(C,P)=3.8 Hz; PCCH2), 20.4 (s;
PCC), 28.3 (d, 1J(C,P)=9.3 Hz; PC), 101.4 (d, 4J(C,P)=1.4 Hz; =CH2),
128.8 (d, 3J(C,P)=10.4 Hz; m-Ph), 130.4 (d, 4J(C,P)=2.4 Hz; p-Ph), 131.3
(d, 2J(C,P)=13.0 Hz; o-Ph), 132.7 (d, 3J(C,P)=2.2 Hz; =C), 134.4 (d, 1J-
(C,P)=25.6 Hz; ipso-Ph), 195.5 (d, 2J(C,P)=8.3, 1J(C,W)=125.4 Hz; cis-


CO), 197.6 ppm (d, 2J(C,P)=30.4 Hz; trans-CO); 31P NMR (101.25 MHz,
CDCl3): d=�148.5 ppm (1J(P,W)=256.2 Hz).


1,6-Di(pentacarbonyltungstino)-1,6-diphenyl-1,6-diphosphadispiro-
[2.0.0.2.1.1]nonane (17): Compound 16b (88 mg, 0.17 mmol), complex 8
(219 mg, 0.33 mmol) and CuCl (10 mg, 0.1 mmol) were heated in toluene
(1 mL) at 55 8C for 3 h. Evaporation to dryness and chromatography of
the residue over silica gel eluting with pentane/dichloromethane 9:1 gave
17a and b in a 10:7 ratio (127 mg, 78%) as a colorless solid. Fractional
recrystallization from pentane/CH2Cl2 at 0 8C afforded colorless crystals
of 17a.


anti,anti-17a : m.p. 198 8C (decomp); 1H NMR (400.13 MHz, CDCl3): d=
0.95 (dd, 3J(H,P)=6.5, 2J(H,H)=4.9 Hz, 2H; PCCH), 1.59 (d, 2J(H,H)=
7.7 Hz, 2H; PCH), 1.76 (dd, 3J(H,P)=9.9, 2J(H,H)=4.9 Hz, 2H; PCCH),
2.24 (dd, 2J(H,P)=7.1, 2J(H,H)=7.7 Hz, 2H; PCH), 7.40–7.46 ppm (m,
10H; PhH); 13C{1H} NMR (100.62 MHz, CDCl3): d=15.1 (m, (2+3)J-
(C,P)=4.6 Hz; PCCH), 15.3 (d, (1+4)J(C,P)=6.3 Hz; PCH2), 25.4 (t, 2J-
(C,P)=5.5 Hz; PCC), 26.3 (d, (1+3J(C,P)=8.8 Hz; PC), 128.8 (d, 3J-
(C,P)=10.8 Hz; m-Ph), 130.8 (m, 4J(C,P)=2.3 Hz; p-Ph), 131.4 (d, 2J-
(C,P)=13.9 Hz; o-Ph), 131.5 (d, 1J(C,P)=26.3 Hz; ipso-Ph), 195.3 (d, 2J-
(C,P)=8.4, 1J(C,W)=125.4 Hz; cis-CO), 197.3 ppm (d, 2J(C,P)=31.1 Hz;
trans-CO); 31P NMR (101.25 MHz, CDCl3): d=�147.9 (1J(P,W)=
261.2 Hz); IR (KBr): ñ=1917 and 1935 (s/br, COeq), 1991 (w, COeq),
2074 cm�1 (m, COax); MS (70 eV): m/z (%): 956 (8) [M]+ , 900 (1)
[M�2CO]+ , 844 (16) [M�4CO]+ , 788 (20) [M�6CO]+ , 732 (40)
[M�8CO]+ , 676 (100) [M�10CO]+; HR-MS (EI): m/z : calcd for
C29H18O10P2


184W2: 955.93945; found: 955.93875; elemental analysis calcd
(%) for C29H18O10P2


184W2: C 36.43, H 1.90; found: C 36.12, H 1.95.


anti,syn-17b : 1H NMR (400.13 MHz, CDCl3): d=1.05 (dd, 3J(H,P)=1.5,
2J(H,H)=4.6 Hz, 1H; PCCH), 1.58 (dd, 3J(H,P)=10.8, 2J(H,H)=4.7 Hz,
1H; PCCH), 1.75 (d, 2J(H,H)=8.1 Hz, 1H; PCH), 1.80 (dd, 3J(H,P)=
6.5, 2J(H,H)=5.0 Hz, 1H; PCCH), 1.81–1.87 (m, 2H; PCH), 2.00 (dd, 3J-
(H,P)=9.6, 2J(H,H)=5.0 Hz, 1H; PCCH), 2.28 (dd, 2J(H,P)=6.9, 2J-
(H,H)=8.2 Hz, 1H; PCH), 7.38–7.48 ppm (m, 10H; PhH); 13C{1H} NMR
(100.62 MHz, CDCl3): d=14.2 (dd, 2J(C,P)=3.9 Hz; PCCH), 15.5 (d, 1J-
(C,P)=6.1 Hz; PCH2), 16.0 (d, 1J(C,P)=6.3 Hz; PCH2), 16.1 (d, 2J(C,P)=
3.1 Hz; PCCH), 25.6 (d, 1J(C,P)=9.8 Hz; PC), 26.1 (d, 1J(C,P)=5.5 Hz;
PC), 26.4 (dd, 2J(C,P)=2.1, 2J(C,P)=8.9 Hz; PCC), 128.7 (d, 3J(C,P)=
10.5 Hz; m-Ph), 128.9 (d, 3J(C,P)=10.4 Hz; m-Ph), 130.5 (d, 4J(C,P)=
2.3 Hz; p-Ph), 130.6 (d, 4J(C,P)=2.4 Hz; p-Ph), 131.2 (d, 2J(C,P)=
13.0 Hz; o-Ph), 131.4 (d, 2J(C,P)=13.4 Hz; o-Ph), 131.7 (d, 1J(C,P)=
25.4 Hz; ipso-Ph), 133.8 (d, 1J(C,P)=26.1 Hz; ipso-Ph), 195.3 (d, 2J-
(C,P)=8.1, 1J(C,W)=125.4 Hz; cis-CO), 195.5 (d, 2J(C,P)=8.0, 1J-
(C,W)=125.4 Hz; cis-CO), 197.3 (d, 2J(C,P)=30.4 Hz; trans-CO),
197.4 ppm (d, 2J(C,P)=30.6 Hz; trans-CO); 31P NMR (101.25 MHz,
CDCl3): d=�150.4 (1J(P,W)=260.2, 4J(P,P)=5.1 Hz), �150.5 ppm (1J-
(P,W)=258.2, 4J(P,P)=4.1 Hz).


Synthesis of 7 and 19 : Complex 8 (0.65 g, 1.00 mmol), perspirocyclopro-
panated bicyclopropylidene 18 (0.22 g, 1.20 mmol) and CuCl (10 mg,
0.1 mmol) were stirred at room temperature for 20 h in toluene (4 mL).
Evaporation to dryness and chromatography of the residue over silica gel
eluting with pentane/dichloromethane 19:1 yielded both 7 (0.26 g, 42%)
and 19 (40 mg, 6%) as pale yellow solids. Recrystallization of 7 from
hexane at �20 8C and 19 from diethyl ether at �5 8C afforded colorless
crystals for both.


(15-Phenyl-15-phosphahexaspiro[2.0.2.0.0.0.2.0.2.0.1]pentadec-15-yl)pen-
tacarbonyltungsten (7): m.p. 178–179 8C (decomp); 1H NMR (400.1 MHz,
CDCl3): d=0.60–0.68 (m, 4H; CH2), 0.75–0.80 (m, 2H; CH2), 0.85–0.96
(m, 6H; CH2), 0.96–1.02 (m, 2H; CH2), 1.22–1.28 (m, 2H; CH2), 7.25–
7.39 ppm (m, 5H; PhH); 13C{1H} NMR (100.6 MHz, CDCl3): d=4.4 (d,
3J(C,P)=4.0 Hz; CH2), 4.7 (d, 3J(C,P)=3.3 Hz; CH2), 7.1 (d, 3J(C,P)=
2.1 Hz; CH2), 7.4 (s; CH2), 21.8 (d, 2J(C,P)=5.3 Hz; PCC), 21.9 (d, 2J-
(C,P)=1.2 Hz; PCC), 34.5 (d, 1J(C,P)=6.2 Hz; PC), 128.2 (d, 3J(C,P)=
10.2 Hz; m-Ph), 130.0 (d, 4J(C,P)=2.6 Hz; p-Ph), 131.9 (d, 2J(C,P)=
13.1 Hz; o-Ph), 132.9 (d, 1J(C,P)=19.9 Hz; ipso-Ph), 195.9 (d, 2J(C,P)=
8.3, 1J(C,W)=125.4 Hz; cis-CO), 198.9 ppm (d, 2J(C,P)=29.5 Hz; trans-
CO); 31P{1H} NMR (101.3 MHz, CDCl3): d=�119.6 ppm (1J(P,W)=
250.1 Hz); IR (KBr): ñ=1923, 1942 (s/br, COeq), 1985 (w, COeq),
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2072 cm�1 (m, COax); MS (70 eV): m/z (%): 616 (4) [M]+ ; HR-MS (EI,
70 eV): m/z : calcd for C25H21O5P


184W: 616.06366; found: 616.06655.


{2-Phenyl-2-phospha-3 :3,4 :4,6 :6,7:7-tetrakisethanobicyclo[3.2.0]hept-1(5)-
en-2-yl}pentacarbonyltungsten (19): m.p. 146–148 8C; 1H NMR
(400.1 MHz, CDCl3): d=0.23–0.29 (m, 1H; CH2), 0.33–0.42 (m, 2H;
CH2), 0.51–0.59 (m, 2H; CH2), 0.61–0.71 (m, 6H; CH2), 0.79–0.83 (m,
2H, CH2) 0.91–0.98 (m, 2H; CH2), 1.10–1.14 (m, 1H, CH2), 7.40–7.44 (m,
3H; m-PhH, p-PhH), 7.50–7.56 ppm (m, 2H; o-PhH); 13C{1H} NMR
(100.6 MHz, CDCl3): d=6.3, 6.6, 7.7, 7.8, 7.9, 8.8 (s; CH2), 10.1 (d, 2J-
(C,P)=2.9 Hz; PCCH2), 10.4 (d, 2J(C,P)=7.1 Hz; PCCH2), 30.6 (d, 2J-
(C,P)=7.7 Hz; PCC), 34.9 (d, 1J(C,P)=39.7 Hz; PC), 35.2 (d, 2J(C,P)=
22.1 Hz; P(C=)C), 35.8 (d, 3J(C,P)=4.2 Hz; PC=CC), 128.5 (d, 3J(C,P)=
9.6 Hz; m-Ph), 130.3 (d, 4J(C,P)=2.1 Hz; p-Ph), 131.4 (d, 2J(C,P)=
12.3 Hz; o-Ph), 136.3 (d, 1J(C,P)=32.5 Hz; ipso-Ph), 142.5 (d, 1J(C,P)=
31.2 Hz; PC=C), 172.0 (d, 2J(C,P)=5.8 Hz; PC=C), 196.8 (d, 2J(C,P)=
7.1, 1J(C,W)=125.4 Hz; cis-CO), 199.3 ppm (d, 2J(C,P)=21.1 Hz; trans-
CO); 31P{1H} NMR (101.3 MHz, CDCl3): d=34.4 ppm (1J(P,W)=
238.4 Hz); IR (KBr): ñ=1908, 1933 (s/br, COeq), 1977 (w, COeq),
2068 cm�1 (m, COax); MS (70 eV): m/z (%): 616 (2) [M]+ ; HR-MS (EI,
70 eV): m/z : calcd for C25H21O5P


184W: 616.06366; found: 616.06445.


(8-Phenyl-8-phosphatrispiro[2.0.0.2.1.1]non-8-yl)pentacarbonyltungsten
(21): Complex 8 (369 mg, 0.55 mmol), cyclopropylidenespiropentane (20)
(117 mg, 1.10 mmol) and CuCl (10 mg, 0.1 mmol) were heated in toluene
(4 mL) at 55 8C for 1 h. Evaporation to dryness and chromatography of
the residue over silica gel eluting with pentane/dichloromethane 19:1
gave 21a and b in a 4:3 ratio (220 mg, 78%) as a pale yellow oil. Frac-
tional recrystallization from pentane at �20 8C afforded colorless crystals
of both isomers.


anti-(4R,9R)- and (4S,9S)-Isomer 21a : m.p. 99 8C; 1H NMR
(400.13 MHz, CDCl3): d=0.43–0.48 (m, 1H; CH), 0.76–0.91 (m, 3H;
CH), 0.93–1.00 (m, 1H; PCCH), 1.13 (dd, 2J(H,H)=4.3, 2J(H,P)=7.0 Hz,
1H, PCCHC), 1.35–1.46 (m, 2H; PCCH), 1.47–1.53 (m, 1H; PCCH),
1.67 (dd, 2J(H,H)=4.3, 2J(H,P)=10.9 Hz, 1H; PCCHC), 7.35–7.46 ppm
(m, 5H; PhH); 13C{1H} NMR (100.62 MHz, CDCl3): d=3.9 (d, 3J(C,P)=
4.6 Hz; CH2), 4.7 (s; CH2), 7.4 (d, 2J(C,P)=3.6 Hz; PCCH2), 8.9 (s;
PCCH2), 15.0 (s; PCCH2C), 18.0 (d, 2J(C,P)=5.3 Hz; PCC), 24.8 (s; PC),
30.1 (d, 1J(C,P)=2.3 Hz; PC), 128.4 (d, 3J(C,P)=10.5 Hz; m-Ph), 130.2
(d, 4J(C,P)=2.6 Hz; p-Ph), 132.2 (d, 2J(C,P)=13.5 Hz; o-Ph), 132.6 (d, 1J-
(C,P)=21.5 Hz; ipso-Ph), 195.6 (d, 2J(C,P)=8.4, 1J(C,W)=125.4 Hz; cis-
CO), 197.8 ppm (d, 2J(C,P)=29.4 Hz; trans-CO); 31P NMR (101.25 MHz,
CDCl3): d=�123.9 ppm (1J(P,W)=257.2 Hz); IR (KBr): ñ=1914 and
1931 (s/br, COeq), 1987 (w, COeq), 2072 cm�1 (m, COax); MS (70 eV): m/z
(%): 538 (2) [M]+, 454 (3) [M�3CO]+ , 426 (6) [M�4CO]+ , 398 (20)
[M�5CO]+ ; HR-MS (EI): m/z : calcd for C19H15O5P


184W: 538.01672;
found: 538.01570; elemental analysis calcd (%) for C19H15O5P


184W: C
42.41, H 2.81; found: C 42.24, H 2.82.


syn-(4S,9R)- and (4R,9S)-isomer 21b : m.p. 74–75 8C; 1H NMR
(400.13 MHz, CDCl3): d=0.77–0.84 (m, 1H; CH), 0.95–1.07 (m, 2H;
CH), 1.10–1.20 (m, 2H; CH, PCCH), 1.22–1.30 (m, 2H; PCCH), 1.32
(dd, 2J(H,H)=4.2, 2J(H,P)=2.6 Hz, 1H; PCCHC), 1.34–1.44 (m, 1H;
PCCH), 1.51 (dd, 2J(H,H)=4.2, 2J(H,P)=11.9 Hz, 1H; PCCHC), 7.38–
7.46 (m, 3H; m-PhH, p-PhH), 7.56–7.64 ppm (m, 2H; o-PhH); 13C{1H}
NMR (100.62 MHz, CDCl3): d=4.1 (d, 3J(C,P)=2.4 Hz; CH2), 5.2 (d, 3J-
(C,P)=3.7 Hz; CH2), 8.0 (d, 2J(C,P)=3.5 Hz; PCCH2), 8.2 (s; PCCH2),
14.9 (d, 2J(C,P)=3.8 Hz; PCCH2C), 18.8 (s; PCC), 25.3 (s; PC), 30.0 (d,
1J(C,P)=3.5 Hz; PC), 128.5 (d, 3J(C,P)=10.5 Hz; m-Ph), 130.2 (d, 4J-
(C,P)=2.6 Hz; p-Ph), 132.3 (d, 2J(C,P)=13.4 Hz; o-Ph), 134.0 (d, 1J-
(C,P)=20.7 Hz; ipso-Ph), 195.7 (d, 2J(C,P)=8.3, 1J(C,W)=125.4 Hz; cis-
CO), 197.7 ppm (d, 2J(C,P)=29.4 Hz; trans-CO); 31P NMR (101.25 MHz,
CDCl3): d=�128.1 ppm (1J(P,W)=254.1 Hz); IR (KBr): ñ=1937 (s/br,
COeq), 1987 (w, COeq), 2072 cm�1 (w, COax).


Synthesis of 23 and 24 : Complex 8 (0.33 g, 0.50 mmol), 7-
cyclopropylidenedispiro[2.0.2.1]heptane (22) (0.13 g, 1.00 mmol) and
CuCl (10 mg, 0.1 mmol) were stirred at room temperature for 20 h in tol-
uene (4 mL). Evaporation to dryness and chromatography of the residue
over silica gel eluting with pentane/dichloromethane 9:1 yielded 23 and
24 as a pale yellow solid. Fractional recrystallization from pentane at 0 8C
afforded colorless crystals of 23 (200 mg, 71%). 24 was obtained as a col-


orless oil (5 mg, 2%) after sequential column chromatography over silica
gel eluting with pentane/dichloromethane 9:1.


(11-Phenyl-11-phosphatetraspiro[2.0.2.0.0.2.1]undec-11-yl)pentacarbonyl-
tungsten (23): m.p. 93 8C; 1H NMR (400.13 MHz, CDCl3): d=0.19–0.24
(m, 1H; CH), 0.49–0.57 (m, 1H; CH), 0.58–0.64 (m, 2H; CH), 0.76–0.86
(m, 2H; CH), 0.96–1.02 (m, 1H; CH), 1.10–1.27 (m, 3H; CH, PCCH2),
1.47–1.61 (m, 2H; PCCH2), 7.35–7.40 (m, 3H; m-PhH, p-PhH), 7.48–
7.54 ppm (m, 2H; o-PhH); 13C{1H} NMR (100.62 MHz, CDCl3): d=3.0
(d, 3J(C,P)=4.0 Hz; CH2), 3.5 (d, 3J(C,P)=1.6 Hz; CH2), 3.9 (s; CH2), 4.6
(d, 3J(C,P)=3.2 Hz; CH2), 6.8 (s; PCCH2), 6.9 (d, 2J(C,P)=3.3 Hz;
PCCH2), 20.8 (d, 2J(C,P)=1.7 Hz; PCC), 21.5 (d, 2J(C,P)=5.6 Hz; PCC),
23.5 (s; PC(CH2)2), 32.2 (d, 1J(C,P)=5.7 Hz; PC), 128.4 (d, 3J(C,P)=
10.5 Hz; m-Ph), 130.2 (d, 4J(C,P)=2.6 Hz; p-Ph), 132.0 (d, 2J(C,P)=
13.2 Hz; o-Ph), 133.1 (d, 1J(C,P)=21.0 Hz; ipso-Ph), 195.7 (d, 2J(C,P)=
8.4, 1J(C,W)=125.5 Hz; cis-CO), 197.9 ppm (d, 2J(C,P)=29.4, 1J(C,W)=
149.6 Hz; trans-CO); 31P NMR (101.25 MHz, CDCl3): d=�124.1 ppm (1J-
(P,W)=250.6 Hz); IR (KBr): ñ=1915, 1933 (s/br, COeq), 1979 (m, COeq),
2072 cm�1 (m, COax); MS (70 eV): m/z (%): 564 (13) [M]+ , 508 (2)
[M�2CO]+ , 480 (7) [M�3CO]+ , 452 (19) [M�4CO]+ , 424 (100)
[M�5CO]+ ; HR-MS (EI): m/z : calcd for C21H17O5P


184W: 564.03235;
found: 564.03512.


{2-Phenyl-2-phospha-3 :3,4 :4-bisethanobicyclo[3.2.0]hept-1(5)-en-2-yl}-
pentacarbonyltungsten (24): 1H NMR (400.1 MHz, CDCl3): d=0.21–0.31
(m, 2H; PCCCH, PCCH), 0.32–0.40 (m, 1H; PCCH), 0.49–0.55 (m, 1H;
PCCH), 0.62–0.74 (m, 3H; PCCCH), 0.90–0.99 (m, 1H, PCCH), 2.79–
2.91 (m, 2H; =CCH), 2.96–3.12 (m, 2H,=CCH), 7.40–7.51 ppm (m, 5H;
PhH); 13C{1H} NMR (100.6 MHz, CDCl3): d=7.7, 8.9 (s; PCCCH2), 10.8
(d, 2J(C,P)=3.1 Hz; PCCH2), 11.1 (d, 2J(C,P)=7.4 Hz; PCCH2), 28.5 (d,
2J(C,P)=2.5 Hz; P(C=)CH2), 28.7 (d, 3J(C,P)=15.8 Hz; PC=CCH2), 31.4
(d, 2J(C,P)=8.2 Hz; PCC), 33.1 (d, 1J(C,P)=40.2 Hz; PC), 128.6 (d, 3J-
(C,P)=9.6 Hz; m-Ph), 130.4 (d, 4J(C,P)=2.1 Hz; p-Ph), 131.6 (d, 2J-
(C,P)=12.2 Hz; o-Ph), 136.0 (d, 1J(C,P)=32.3 Hz; ipso-Ph), 140.3 (d, 1J-
(C,P)=29.7 Hz; PC=C), 170.6 (d, 2J(C,P)=4.4 Hz; PC=C), 196.7 (d, 2J-
(C,P)=7.1, 1J(C,W)=125.4 Hz; cis-CO), 199.5 ppm (d, 2J(C,P)=21.0 Hz;
trans-CO); 31P NMR (101.25 MHz, CDCl3): d=34.6 ppm (1JP,W=


234.7 Hz); MS (70 eV): m/z (%): 564 (10) [M]+ , 508 (2) [M�2CO]+ , 480
(5) [M�3CO]+ , 452 (4) [M�4CO]+ , 424 (20) [M�5CO]+ ; HR-MS (EI):
calcd for C21H17O5P


184W: 564.03235; found: 564.03554.


Synthesis of 26 and 27: Complex 8 (600 mg, 0.92 mmol), ethenylbicyclo-
propylidene (25) (293 mg, 2.76 mmol) and CuCl (10 mg, 0.1 mmol) were
stirred in toluene (4 mL) at room temperature for 18 h. Evaporation to
dryness and chromatography of the residue over silica gel eluting with
pentane/dichloromethane 19:1 gave a mixture of six phosphirane isomers
(440 mg, 89%) as a pale yellow oil. This mixture consisted of 9% of the
phospha[3]triangulane isomers 26a and b (1:1 ratio) and 91% of the
phosphiranes 27 (four isomers 6:11:17:66). Colorless crystals of 27d could
be isolated by fractional recrystallization from hexane at �80 8C followed
by recrystallization at �80 8C. 26a could be separated from the remaining
isomers by subsequent column chromatography over silica gel eluting
with pentane/dichloromethane 19:1 and recrystallization at �80 8C.


(1-Ethenyl-7-phenyl-7-phosphadispiro[2.0.2.1]hept-7-yl)pentacarbonyl-
tungsten (26)


anti-(1R,3S,7S)- and (1S,3R,7R)-Isomer 26a : 1H NMR (400.13 MHz,
CDCl3): d=0.90–1.02 (m, 1H; CH), 1.02–1.08 (m, 2J(H,H)=5.3 Hz, 1H;
CH), 1.15–1.25 (m, 1H; CH), 1.40–1.50 (m, 1H; CH), 1.50–1.61 (m, 1H;
CH), 1.74–1.81 (m, 2J(H,H)=5.3 Hz, 1H; CH), 2.37–2.43 (m, 1H;
PCCH), 5.08–5.11 (m, 1H; =CH2), 5.24–5.28 (m, 2H; =CH2, =CH), 7.42–
7.46 (m, 3H; m-PhH, p-PhH), 7.56–7.62 ppm (m, 2H; o-PhH); 13C{1H}
NMR (100.62 MHz, CDCl3): d=7.6 (d, 2J(C,P)=3.4 Hz; CH2), 9.8 (s;
CH2), 17.3 (s; CH2), 26.5 (s; PC), 27.1 (d, 2J(C,P)=3.1 Hz; PCCH), 31.0
(d, 1J(C,P)=2.2 Hz; PC), 115.9 (s; =CH2), 128.5 (d, 3J(C,P)=10.9 Hz; m-
Ph), 130.4 (d, 4J(C,P)=2.7 Hz; p-Ph), 132.7 (d, 1J(C,P)=21.6 Hz; ipso-
Ph), 133.1 (d, 2J(C,P)=14.2 Hz; o-Ph), 137.6 (s; =CH), 195.5 (d, 2J-
(C,P)=8.3 Hz; cis-CO), 197.5 ppm (d, 2J(C,P)=29.5 Hz; trans-CO);
31P NMR (101.25 MHz, CDCl3): d=�127.0 ppm (1J(P,W)=259.4 Hz).


syn-(1R,3S,7R)- and (1S,3R,7S)-Isomer 26b : 31P NMR (101.25 MHz,
CDCl3): d=�129.8 ppm (1J(P,W)=260.4 Hz).
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(1-Phenyl-2-bicyclopropylidenylphosphiranyl)pentacarbonyltungsten (27)


Compound 27a : 31P NMR (101.25 MHz, CDCl3): d=�165.7 ppm (1J-
(P,W)=257.8 Hz).


Compound 27b : 31P NMR (101.25 MHz, CDCl3): d=�167.7 ppm (1J-
(P,W)=258.0 Hz).


Compound 27c : 31P NMR (101.25 MHz, CDCl3): d=�167.7 ppm (1J-
(P,W)=252.8 Hz).


anti-(1S,2S,4R)- and (1R,2R,4S)-Isomer 27d : m.p. 61 8C; 1H NMR
(400.13 MHz, CDCl3): d=0.73–0.81 (m, 2H; =CCH), 1.01–1.13 (m, 2H;
=CCH), 1.13–1.20 (m, 1H; PCCCH2), 1.32–1.37 (m, 1H; PCCH), 1.40–
1.46 (m, 1H; PCCCH2), 1.52–1.58 (m, 1H; PCH2), 1.64–1.70 (m, 1H;
PCH), 1.70–1.76 (m, 1H; PCH2), 7.35–7.42 (m, 3H; m-PhH, p-PhH),
7.50–7.62 ppm (m, 2H; o-PhH); 13C{1H} NMR (100.62 MHz, CDCl3): d=
2.8, 3.0 (2s; =C(CH2)2), 10.4 (d, 3J(C,P)=5.0 Hz; PCCCH2), 14.7 (d, 1J-
(C,P)=11.8 Hz; PCH2), 16.3 (d, 2J(C,P)=4.0 Hz; PCCH), 28.5 (d, 1J-
(C,P)=16.3 Hz; PCH), 112.9 (s; =C(CH2)2), 113.3 (d, 3J(C,P)=6.2 Hz;
PCCC=), 128.8 (d, 3J(C,P)=10.0 Hz; m-Ph), 130.2 (d, 4J(C,P)=2.1 Hz; p-
Ph), 132.6 (d, 1J(C,P)=30.8 Hz; ipso-Ph), 132.8 (d, 2J(C,P)=11.6 Hz; o-
Ph), 195.8 (d, 2J(C,P)=8.3, 1J(C,W)=125.7 Hz; cis-CO), 198.4 ppm (d, 2J-
(C,P)=29.9 Hz; trans-CO); 31P NMR (101.25 MHz, CDCl3): d=


�169.5 ppm (1J(P,W)=253.0 Hz); IR (KBr): ñ=1923 (s/br, COeq), 1985
(w, COeq), 2072 cm�1 (w, COax); MS (70 eV): m/z (%): 538 (3) [M]+ , 482
(6) [M�2CO]+ , 454 (8) [M�3CO]+ , 426 (23) [M�4CO]+ , 398 (85)
[M�5CO]+ ; HR-MS (EI): m/z : calcd for C19H15O5P


184W: 538.01672;
found: 538.01634.


{1-(1’-Phenyl-1’-pentacarbonyltungstenphosphiran-2-yl)-7-phenyl-7-phos-
phadispiro[2.0.2.1]hept-7-yl}pentacarbonyltungsten (28): Compound 27d
(55 mg, 0.10 mmol), complex 8 (133 mg, 0.20 mmol) and CuCl (10 mg,
0.1 mmol) were heated in toluene (1 mL) at 55 8C for 6.5 h. Evaporation
to dryness and chromatography of the residue over silica gel eluting with
pentane/dichloromethane 4:1 yielded 28a and b in a 5:3 ratio (60 mg,
62%) as a pale yellow oil; 12% of 27d (7 mg) could be recovered. Subse-
quent chromatography on silica gel eluting with pentane/dichlorome-
thane 9:1 and recrystallization from hexane/CH2Cl2 at 0 8C afforded col-
orless crystals of both isomers of 28.


anti,anti-(R,R-Phosphiranyl-1R,3S,7S)- and (S,S-phosphiranyl-
1S,3R,7R)-isomer 28a : m.p. 150 8C (decomp); 1H NMR (400.13 MHz,
CDCl3): d=0.85–0.98 (m, 2H; PCH, PCCH), 0.99–1.04 (m, 2H; CH2),
1.44–1.62 (m, 1H; PCH2 ; m, 4H; CH2), 1.67 (ddd, 2J(H,H)=8.7 Hz, 1H;
PCH2), 7.38–7.45 (m, 8H; PhH), 7.47–7.53 ppm (m, 2H; o-PhH); 13C{1H}
NMR (100.62 MHz, CDCl3): d=8.2 (d, 2J(C,P)=3.3 Hz; CH2), 9.7 (s;
CH2), 16.0 (d, 1J(C,P)=11.6 Hz; PCH2), 16.4 (s; CH2), 24.2 (d, (2+2J-
(C,P)=3.5 Hz; PCCH), 25.1 (s; PC), 27.4 (d, 1J(C,P)=16.2 Hz; PCH),
31.8 (dd, 1J(C,P)=3.8, 3J(C,P)=9.6 Hz; PC), 128.6 (d, 3J(C,P)=10.5 Hz;
m-Ph), 129.1 (d, 3J(C,P)=10.0 Hz; m-Ph), 130.5 (d, 4J(C,P)=2.6 Hz; p-
Ph), 130.8 (d, 4J(C,P)=2.1 Hz; p-Ph), 130.9 (d, 1J(C,P)=29.8 Hz; ipso-
PhPCH2), 132.2 (d, 2J(C,P)=13.4 Hz; o-Ph), 132.4 (d, 2J(C,P)=12.0 Hz;
o-Ph), 133.7 (d, 1J(C,P)=22.3 Hz; ipso-Ph), 195.3 (d, 2J(C,P)=8.3, 1J-
(C,W)=125.6 Hz; cis-CO), 195.6 (d, 2J(C,P)=8.2, 1J(C,W)=125.7 Hz;
cis-CO), 197.2 (d, 2J(C,P)=29.9 Hz; trans-CO), 197.8 ppm (d, 2J(C,P)=
30.8 Hz; trans-CO); 31P NMR (101.25 MHz, CDCl3): d=�127.1 (1J-
(P,W)=258.7 Hz; P[3]triangulane), �164.0 ppm (1J(P,W)=252.6 Hz;
PCC); IR (KBr): ñ=1919, 1936 (s/br, COeq), 1983, 1993 (s/br, COeq),
2074 cm�1 (m, COax); elemental analysis calcd (%) for C30H20O10P2


184W2:
C 37.14, H 2.08; found: C 36.55, H 2.27.


anti,syn-(R,R-Phosphiranyl-1R,3S,7R)- and (S,S-phosphiranyl-1S,3R,7S)-
isomer 28b : m.p. 170 8C; 1H NMR (400.13 MHz, CDCl3): d=0.82–0.89
(m, 1H; PCH), 1.08–1.12 (m, 1H; PCCH), 1.19 (m, 3J(H,P)=5.2 Hz, 1H;
CH2), 1.21–1.38 (m, 3H; CH2), 1.41–1.54 (m, 2H; CH2), 1.67 (m, 2J-
(H,P)=1.0 Hz, 1H; PCH2), 1.97 (m, 2J(H,P)=8.4 Hz, 1H; PCH2), 7.37–
7.41 (m, 6H; m-PhH, p-PhH), 7.48–7.54 ppm (m, 4H; o-PhH); 13C{1H}
NMR (100.62 MHz, CDCl3): d=8.4 (d, 2J(C,P)=3.6 Hz; CH2), 9.9 (s;
CH2), 15.2 (d, 2J(C,P)=4.6 Hz; CH2), 15.8 (d, 1J(C,P)=11.4 Hz; PCH2),
25.4 (d, 2J(C,P)=3.6 Hz; PCCH), 25.9 (s; PC), 27.3 (dd, 1J(C,P)=15.9, 3J-
(C,P)=2.3 Hz; PCH), 31.4 (dd, 1J(C,P)=5.3, 3J(C,P)=10.0 Hz; PC),
128.6 (d, 3J(C,P)=10.7 Hz; m-Ph), 128.9 (d, 3J(C,P)=10.1 Hz; m-Ph),
130.5 (d, 4J(C,P)=2.7 Hz; p-Ph), 130.7 (d, 4J(C,P)=2.1 Hz; p-Ph), 130.8
(d, 1J(C,P)=30.0 Hz; ipso-PhPCH2), 132.5 (d, 2J(C,P)=13.7 Hz; o-Ph),


132.5 (d, 2J(C,P)=11.8 Hz; o-Ph), 132.6 (d, 1J(C,P)=21.1 Hz; ipso-Ph),
195.4 (d, 2J(C,P)=8.3, 1J(C,W)=125.5 Hz; cis-CO), 195.7 (d, 2J(C,P)=
8.2, 1J(C,W)=125.7 Hz; cis-CO), 197.1 (d, 2J(C,P)=29.9 Hz; trans-CO),
197.9 ppm (d, 2J(C,P)=30.6 Hz; trans-CO); 31P NMR (101.25 MHz,
CDCl3): d=�129.6 (1J(P,W)=259.7, 4J(P,P)=4.1 Hz; P[3]triangulane),
�166.4 ppm (1J(P,W)=251.6, 4J(P,P)=4.1 Hz; PCC); IR (KBr): ñ=1898,
1917 and 1927 (s/br, COeq), 2072 cm�1 (m, COax); MS (70 eV): m/z (%):
970 (20) [M]+ , 914 (5) [M�2CO]+ , 858 (12) [M�4CO]+ , 802 (24)
[M�6CO]+ , 746 (42) [M�8CO]+ , 690 (55) [M�10CO]+; HR-MS (EI):
m/z : calcd for C30H20O10P2


184W2: 969.95520; found: 969.95191.


Crystal structure determinations : X-ray intensities were measured on a
Nonius KappaCCD diffractometer with rotating anode and graphite
monochromator (l=0.71073 L). The structures were solved with auto-
mated Patterson Methods[34] (compounds 7, 12a, 14, 16b, 21a, and 28a)
or Direct Methods[35] (compound 17a) and refined with SHELXL-97[36]


on F 2 of all reflections. Geometry calculations, drawings and checking for
higher symmetry were performed with the PLATON[37] package.


Compound 7: C25H21O5PW, Fw=616.24, colourless needle, 0.51T0.24T
0.21 mm3, monoclinic, P21/c (no. 14), a=8.0553(1), b=17.0487(2), c=
18.6096(3) L, b=114.6694(12)8, V=2322.45(6) L3, Z=4, 1=


1.762 gcm�3 ; T=110(2) K; 54513 reflections were measured up to a reso-
lution of (sinq/l)max=0.81 L�1. An analytical absorption correction was
applied (m=5.08 mm�1, 0.15–0.40 correction range). 10119 reflections
were unique (Rint=0.049). Non-hydrogen atoms were refined freely with
anisotropic displacement parameters. All hydrogen atoms were located in
the difference Fourier map. Phenyl hydrogen atoms were refined as rigid
groups, all other hydrogen atoms were refined freely with isotropic dis-
placement parameters. 353 parameters were refined with no restraints.
R1/wR2 [I > 2s(I)]: 0.0188/0.0416. R1/wR2 [all refl.]: 0.0412/0.0533. S=
0.603. Residual electron density between �1.32 and 1.63 eL�3.


Compound 12a : C17H13O5PW, Fw=512.09, colourless plate, 0.18T0.13T
0.06 mm3, monoclinic, P21/c (no. 14), a=9.8460(1), b=9.2242(1), c=
38.9935(3) L, b=97.1897(3)8, V=3513.60(6) L3, Z=8, 1=1.936 gcm�3 ;
T=150(2) K; 44020 reflections were measured up to a resolution of
(sinq/l)max=0.65 L�1. An analytical absorption correction was applied
(m=6.69 mm�1, 0.32–0.79 correction range). 7989 reflections were unique
(Rint=0.041). Non-hydrogen atoms were refined freely with anisotropic
displacement parameters. All hydrogen atoms were located in the differ-
ence Fourier map. Phenyl hydrogen atoms were refined as rigid groups,
all other hydrogen atoms were refined freely with isotropic displacement
parameters. 497 parameters were refined with no restraints. R1/wR2 [I >


2s(I)]: 0.0211/0.0432. R1/wR2 [all refl.]: 0.0310/0.0461. S=1.026. Residual
electron density between �1.19 and 1.03 eL�3.


Compound 14 : C19H15O5PW, Fw=538.13, colourless block, 0.33T0.15T
0.15 mm3, monoclinic, C2/c (no. 15), a=24.8645(2), b=10.0503(1), c=
18.0840 L, b=122.9428(4)8, V=3792.50(7) L3, Z=8, 1=1.865 gcm�3 ;
T=150(2) K; 32020 reflections were measured up to a resolution of
(sinq/l)max=0.65 L�1. An analytical absorption correction was applied
(m=6.20 mm�1, 0.21–0.43 correction range). 4335 reflections were unique
(Rint=0.039). Non-hydrogen atoms were refined freely with anisotropic
displacement parameters. All hydrogen atoms were located in the differ-
ence Fourier map. Phenyl hydrogen atoms were refined as rigid groups,
all other hydrogen atoms were refined freely with isotropic displacement
parameters. 275 parameters were refined with no restraints. R1/wR2 [I >


2s(I)]: 0.0165/0.0365. R1/wR2 [all refl.]: 0.0192/0.0374. S=1.097. Residual
electron density between �1.03 and 0.68 eL�3.


Compound 16b : C18H13O5PW, Fw=524.10, colourless needle, 0.36T0.09T
0.06 mm3, triclinic, P1̄ (no. 2), a=9.9006(10), b=14.0474(12), c=
14.652(2) L, a=64.984(8), b=79.165(9), g=89.522(8)8, V=1807.9(3) L3,
Z=4, 1=1.926 gcm�3; T=150(2) K; 41602 reflections were measured up
to a resolution of (sinq/l)max=0.59 L�1. An analytical absorption correc-
tion was applied (m=6.50 mm�1, 0.24–0.86 correction range). The crystal
appeared to be non-merohedrally twinned with a twofold rotation about
the a-axis as twin operation. This twin relationship was taken into ac-
count for the integration[38] and merging[39] of the reflections and the
HKLF5 refinement.[40] 11455 reflections were unique (Rint=0.071). Non-
hydrogen atoms were refined freely with anisotropic displacement pa-
rameters. All hydrogen atoms were located in the difference Fourier map
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and refined as rigid groups. 452 parameters were refined with no re-
straints. R1/wR2 [I > 2s(I)]: 0.0422/0.1208. R1/wR2 [all refl.]: 0.0746/
0.1343. S=1.084. Twin fraction 0.1862(5). Residual electron density be-
tween �1.36 and 2.04 eL�3.


Compound 17a : C29H18O10P2W2, Fw=956.07, colourless needle, 0.42T
0.12T0.12 mm3, monoclinic, P21 (no. 4), a=6.3432(4), b=21.233(2), c=
11.6997(8) L, b=98.997(7)8, V=1556.4(2) L3, Z=2, 1=2.040 gcm�3 ; T=
150(2) K. 18806 reflections were measured up to a resolution of (sinq/
l)max=0.65 L�1. An absorption correction based on multiple measured
reflections was applied (m=7.54 mm�1, 0.18–0.41 correction range). 7049
reflections were unique (Rint=0.026). Non-hydrogen atoms were refined
freely with anisotropic displacement parameters. Hydrogen atoms were
introduced in calculated positions and refined as rigid groups. 388 param-
eters were refined with 1 restraint. R1/wR2 [I > 2s(I)]: 0.0296/0.0667.
R1/wR2 [all refl.]: 0.0359/0.0699. S=1.018. Flack x parameter[41]


�0.024(8). Residual electron density between �1.79 and 1.26 eL�3.


Compound 21a : C19H15O5PW, Fw=538.13, colourless needle, 0.20T0.08T
0.04 mm3, triclinic, P1̄ (no. 2), a=9.1520(1), b=9.2457(1), c=
11.7216(2) L, a=79.5224(9), b=72.9620(8), g=84.7207(7)8, V=


931.71(2) L3, Z=2, 1=1.918 gcm�3 ; T=150(2) K; 16007 reflections were
measured up to a resolution of (sinq/l)max=0.65 L�1. An analytical ab-
sorption correction was applied (m=6.31 mm�1, 0.39–0.77 correction
range). 4172 reflections were unique (Rint=0.045). Non-hydrogen atoms
were refined freely with anisotropic displacement parameters. All hydro-
gen atoms were located in the difference Fourier map. Phenyl hydrogen
atoms were refined as rigid groups, all other hydrogen atoms were re-
fined freely with isotropic displacement parameters. 275 parameters were
refined with no restraints. R1/wR2 [I > 2s(I)]: 0.0192/0.0386. R1/wR2 [all
refl.]: 0.0236/0.0397. S=1.054. Residual electron density between �0.84
and 0.98 eL�3.


Compound 28a : C30H20O10P2W2 + disordered solvent, Fw=970.10[*],
yellowish needle, 0.42T0.18T0.18 mm3, monoclinic, C2/c (no. 15), a=
30.9063(16), b=11.9175(8), c=20.6181(11) L, b=117.985(7)8, V=


6706.2(8) L3, Z=8, 1=1.922 gcm�3[*]; T=150(2) K; 49557 reflections
were measured up to a resolution of (sinq/l)max=0.65 L�1. An absorption
correction based on multiple measured reflections was applied (m=
7.00 mm�1[*], 0.17–0.28 correction range). Non-hydrogen atoms were re-
fined freely with anisotropic displacement parameters. All hydrogen
atoms were located in the difference Fourier map. Phenyl hydrogen
atoms were refined as rigid groups, all other hydrogen atoms were re-
fined freely with isotropic displacement parameters. The crystal structure
contains large voids (545 L3/unit cell) filled with disordered CH2Cl2 sol-
vent molecules. Their contribution to the structure factors was secured by
back-Fourier transformation using the SQUEEZE routine of the
PLATON program[37] resulting in 152 electrons/unit cell. 437 parameters
were refined with no restraints. R1/wR2 [I > 2s(I)]: 0.0190/0.0370. R1/
wR2 [all refl.]: 0.0297/0.0386. S=1.030. Residual electron density be-
tween �0.64 and 0.76 eL�3. [*] Derived quantities do not contain the
contribution of the disordered solvent.


CCDC-212086 (7), -269693 (12a), -269694 (14), -269695 (16b), -269696
(17a), -269697 (21a) and -269698 (28a) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif/.
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Abstract: Treatment of [Ce(Cp*)2I] or
[U(Cp*)2I(py)] with 1 mol equivalent
of bipy (Cp*=C5Me5; bipy=2,2’-bipyr-
idine) in THF gave the adducts [M-
(Cp*)2I(bipy)] (M=Ce (1a), M=U
(1b)), which were transformed into [M-
(Cp*)2(bipy)] (M=Ce (2a), M=U
(2b)) by Na(Hg) reduction. The crystal
structures of 1a and 1b show, by com-
paring the U�N and Ce�N distances
and the variations in the C�C and C�N
bond lengths within the bidentate
ligand, that the extent of donation of
electron density into the LUMO of
bipy is more important in the actinide
than in the lanthanide compound. Re-
action of [Ce(Cp*)2I] or [U(Cp*)2I(py)]
with 1 mol equivalent of terpy (terpy=
2,2’:6’,2’’-terpyridine) in THF afforded
the adducts [M(Cp*)2(terpy)]I (M=Ce
(3a), M=U (3b)), which were reduced
to the neutral complexes [M(Cp*)2-
(terpy)] (M=Ce (4a), M=U (4b)) by
sodium amalgam. The complexes [M-
(Cp*)2(terpy)][M(Cp*)2I2] (M=Ce
(5a), M=U (5b)) were prepared from
a 2:1 mixture of [M(Cp*)2I] and terpy.
The rapid and reversible electron-
transfer reactions between 3 and 4 in
solution were revealed by 1H NMR


spectroscopy. The spectrum of 5b is
identical to that of the 1:1 mixture of
[U(Cp*)2I(py)] and 3b, or [U(Cp*)2I2]
and 4b. The magnetic data for 3 and 4
are consistent with trivalent cerium
and uranium species, with the formula-
tion [MIII(Cp*)2(terpyC�)] for 4a and
4b, in which spins on the individual
units are uncoupled at 300 K and anti-
ferromagnetically coupled at low tem-
perature. Comparison of the crystal
structures of 3b, 4b, and 5b with those
of 3a and the previously reported yt-
terbium complex [Yb(Cp*)2(terpy)]
shows that the U�N distances are
much shorter, by 0.2 5, than those ex-
pected from a purely ionic bonding
model. This difference should reflect
the presence of stronger electron trans-
fer between the metal and the terpy
ligand in the actinide compounds. This
feature is also supported by the small
but systematic structural variations
within the terdentate ligands, which
strongly suggest that the LUMO of


terpy is more filled in the actinide than
in the lanthanide complexes and that
the canonical forms [UIV(Cp*)2-
(terpyC�)]I and [UIV(Cp*)2(terpy2�)]
contribute significantly to the true
structures of 3b and 4b, respectively.
This assumption was confirmed by the
reactions of complexes 3 and 4 with
the HC and H+ donor reagents Ph3SnH
and NEt3HBPh4, which led to clear dif-
ferentiation of the cerium and uranium
complexes. No reaction was observed
between 3a and Ph3SnH, while the ura-
nium counterpart 3b was transformed
in pyridine into the uranium(iv) com-
pound [U(Cp*)2{NC5H4(py)2}]I (6),
where NC5H4(py)2 is the 2,6-dipyridyl-
(hydro-4-pyridyl) ligand. Complex 6
was further hydrogenated to [U(Cp*)2-
{NC5H8(py)2}]I (7) by an excess of
Ph3SnH in refluxing pyridine. Treat-
ment of 4a with NEt3HBPh4 led to oxi-
dation of the terpyC� ligand and forma-
tion of [Ce(Cp*)2(terpy)]BPh4, whereas
similar reaction with 4b afforded [U-
(Cp*)2{NC5H4(py)2}]BPh4 (6’). The
crystal structures of 6, 6’ and 7 were
determined.
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Introduction


Discrimination between trivalent lanthanide (Ln) and acti-
nide (An) compounds with polydentate N-heterocyclic bases
is an important problem for both its fundamental aspects,
that is, precise knowledge of the metal–ligand bonds and the
respective roles of the 4f and 5f electrons,[1] and its applica-
tions, particularly in the management of nuclear wastes.[2]


Lanthanide complexes with polydentate nitrogen ligands
have already been reported,[1c,3–8] in particular the 2,2’-bipyr-
idine (bipy) and 1,10-phenanthroline (phen) and 2,2’:6’,2’’-
terpyridine (terpy) adducts of bis(pentamethylcyclopenta-
dienyl)lanthanides [Ln(Cp*)2(bipy)] and [Ln(Cp*)2(phen)]
(Cp*=C5Me5; Ln=Sm or Yb)[9–11] and [Yb(Cp*)2(terpy)].[12]


These compounds have the formal appearance of divalent
lanthanide compounds but are in fact LnIII complexes with a
ligand radical anion. In addition to their structural and phys-
icochemical properties, such species are attractive for their
reactivity, since they are considered to be synthetic equiva-
lents of low-valent species.[13] Such 5f element complexes
with azine ligands seem to have been neglected since the re-
ports of the uranium bipyridine compounds [U(bipy)4]


[14]


and [U(COT)(Cp*)(Me2bipy)] (COT=h-C8H8, Me2bipy=
4,4’-dimethyl-2,2’-bipyridine),[15] in which the metal oxida-
tion state is questionable. Following our studies on the dif-
ferentiation of trivalent lanthanide and uranium ions, espe-
cially those concerning the coordination of azine molecules
to tris(cyclopentadienyl) complexes of cerium and urani-
um[16,17] and the selective complexation of uranium(iii) over
lanthanide(iii) triflates or iodides by bipy,[3] phen[18] and
terpy,[4–6] we speculated that the distinct electronic behavior
of the 4f and 5f ions, in particular the easier oxidation and
better p-donating ability of the actinide, should emerge and
lead to significant differences in the structures and reactions
of the electron-rich complexes [Ce(Cp*)2(L)]n+ and [U-
(Cp*)2(L)]n+ (L=bipy, phen, terpy; n=1, 0). Here we
report on the synthesis and structural and chemical charac-
terization of the bipyridine compounds [M(Cp*)2I(bipy)]
and [M(Cp*)2(bipy)] (M=Ce, U) and the terpyridine com-
plexes [M(Cp*)2(terpy)]n+ (M=Ce, U; n=1, 0). The urani-
um complexes [U(Cp*)2(bipy)] and [U(Cp*)2(terpy)] per-
mitted a new approach to comparing the properties of low-
valent lanthanide (Ln) and actinide (An) complexes.


Results and Discussion


Synthesis, crystal structures and reduction of [M(Cp*)2I-
(bipy)] (M=Ce, U): Reaction of [Ce(Cp*)2I] or [U-
(Cp*)2I(py)] with 1 mol equivalent of bipy in THF readily
gave the adducts [M(Cp*)2I(bipy)] [M=Ce (1a), M=U
(1b); Eq. (1)]; after evaporation of the solvent and washing
with diethyl ether, 1a and 1b were isolated as analytically
pure orange and black powders in 81 and 72 % yield, respec-
tively. Crystals of 1a and 1b were obtained by slow diffusion
of pentane or diethyl ether, respectively, into a THF solu-
tion.


½MðCp*Þ2I� þ bipy!½MðCp*Þ2IðbipyÞ�
M ¼ Ce ð1 aÞ
M ¼ U ð1 bÞ


ð1Þ


The crystal structures of 1a and 1b are very similar; a
view of the cerium complex 1a is shown in Figure 1. The
complex adopts the relatively common bent-sandwich


M(Cp*)2X2Y configuration with the bipy and iodide ligands
in the equatorial girdle.[19] The average Ce�N and U�N dis-
tances of 2.71(7) and 2.60(4) 5 can be compared with those
of 2.67(3) and 2.65(4) 5 in [MI3(bipy)2(py)] (M=Ce, U),
the only other pair of analogous LnIII and UIII complexes
with bipy ligands to have been crystallographically charac-
terized;[3] the difference of 0.11 5 between the mean Ce�N
and U�N bond lengths in 1a and 1b is much larger than
that of 0.02 5 in [MI3(bipy)2(py)] (M=Ce, U) and [M-
(C5H4R)3(L)] (M=Ce, U; R=Me3Si, tBu; L=azine).[16] The
shortening of the U�N distances with respect to the Ce�N
distances in analogous cerium(iii) and uranium(iii) com-
plexes with aromatic nitrogen bases, although the ionic
radius of the UIII ion is 0.01 5 larger than that of CeIII,[20]


was related to the greater strength of the U�N bonds and
the greater stability of the uranium complexes, and was ac-
counted for by electron transfer between the uranium atom
and the terpy ligand, which is less likely in the lanthanide
counterpart.


The extent of donation of electron density into the
LUMO of the bipyridine ligand in various complexes, in
particular [Yb(Cp*)2(bipy)]+ and [Yb(Cp*)2(bipy)], was as-
sessed from the systematic changes in the bond lengths in
the bidentate molecule.[10,21, 22] The C�C and C�N bond
lengths of the bipy ligands in 1a and 1b are listed in
Table 1; these values can be compared with those of free


Figure 1. Crystal structure of [Ce(Cp*)2I(bipy)] (1a) with thermal ellip-
soids drawn at the 20% probability level. H atoms have been omitted.
Selected bond lengths [5] and angles [8]; the corresponding values in the
uranium analogue 1b are given in brackets: hCe�Ci 2.83(3) [2.82(3)],
Ce�I 3.2048(7) [3.2135(4)], Ce�N1 2.633(6) [2.635(5)], Ce�N2 2.782(6)
[2.561(4)]; N1-Ce-N2 60.07(19) [62.39(15)].
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transoid bipy,[22] chelating bipy in [Yb(Cp*)2(bipy)]+ [10] and
the radical anion bipyC� in [Ln(Cp*)2(bipy)] (Ln=Sm,[9] or
Yb[10]). The distances A–G in 1a correspond effectively to a
neutral bipy ligand, but comparison of these distances with
those in 1b seems to reveal that bonds A and E are short-
ened, while bonds B, D, F and G are lengthened in the ura-
nium complex, albeit with little statistical significance; this
trend is precisely that expected from the acceptance of elec-
tron density into the LUMO of bipy.[10,21,22]


Reduction of 1a and 1b with sodium amalgam in THF
led to formation of the compounds [M(Cp*)2(bipy)] [M=Ce
(2a), M=U (2b); Eq. (2)]. After evaporation of the solvent
and extraction with toluene, uranium complex 2b was isolat-
ed as a dark green powder in 80 % yield; the cerium ana-
logue 2a was characterized only by its 1H NMR spectrum.


½MðCp*Þ2IðbipyÞ� þNaðHgÞ !½MðCp*Þ2ðbipyÞ� þNaI


M ¼ Ce ð2 aÞ
M ¼ U ð2 bÞ


ð2Þ


By analogy with the [Ln(Cp*)2(bipy)] congeners (Ln=
Sm, Yb), these compounds should be formulated as [MIII-


(Cp*)2(bipyC�)]; the presence of
the radical anion bipyC� is more-
over confirmed by the large
chemical shifts of the 1H NMR
signals, which for 2a range
from d=�26.91 to �253.11,
while those of 1a range from
d=8.94 to �32.5.


Synthesis and crystal structures
of [M(Cp*)2(terpy)]I and [M-
(Cp*)2(terpy)] (M=Ce, U):
Treatment of [Ce(Cp*)2I] with
1 mol equivalent of terpy in
THF led to formation of the
cationic complex [Ce(Cp*)2-


(terpy)]I [3a ; Eq. (3)]; orange crystals of the solvate
3a·THF deposited on cooling the solution and were isolated
in 72 % yield. Similar reaction of [U(Cp*)2I(py)] with terpy
afforded, after evaporation of the solvent, a black powder of
the uranium analogue [U(Cp*)2(terpy)]I (3b) in 90 % yield;
black crystals of 3b·THF were formed upon slow diffusion
of diethyl ether into THF.


½MðCp*Þ2I� þ terpy!½MðCp*Þ2ðterpyÞ�I
M ¼ Ce ð3 aÞ
M ¼ U ð3 bÞ


ð3Þ


The crystals of 3a·THF and 3b·THF are composed of dis-
crete cation–anion pairs and THF molecules. The cations
adopt the same bent sandwich configuration as 1a and 1b
with the terdentate ligand in the equatorial girdle. A view of
the cerium cation is shown in Figure 2, and selected bond
lengths and angles are listed in Tables 2 and 3; the cation of
3b has a crystallographically imposed twofold axis of sym-
metry. Whereas the gross solid-state structural features of
3a and 3b are similar, there are marked differences in the
coordination parameters of the metal ions. Since the ionic
radius of UIII is 0.01 5 larger than that of CeIII,[20] it is note-
worthy that the average U�C distance is 0.04 5 shorter than
the average Ce�C distance and, more significantly, the aver-
age U�N distance is 0.18 5 shorter than the average Ce�N
distance. Concomitantly, the N2-U-N2’ angle of 131.59(18)8
is larger than the N2-Ce-N3 angle of 125.1(3)8. The differ-
ence of about 0.2 5 between the Ce�N and U�N distances
in 3a and 3b is the greatest so far observed in analogous
cerium(iii) and uranium(iii) complexes with aromatic nitro-
gen bases,[4–6] together with that of 0.1 5 found in [M-
(Cp*)2I(bipy)] complexes [M=Ce (1a), U (1b)] and the
Rbtp compounds [M(Rbtp)3]


3+ [M=Ce, U; Rbtp=2,6-
bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridine].[5] The U�N dis-
tances in 3b are in fact intermediate between amido UIV�
NR2 bond lengths, which are typically 2.15–2.30 5,[23–25] and
U�N(terpy) bond lengths, which average 2.62 and 2.58 5 in
uranium(iii)[4–6] and uranium(iv) compounds,[6] respectively.
The shortening of the U�N distances in 3b strongly suggests


Table 1. Comparison of averaged C�C and C�N bond lengths [5] in the bidentate ligands.


Bond bipy[22] [Yb(Cp*)2(bipy)]+ [10] [Ln(Cp*)2(bipy)]
(Ln=Yb;[10] Sm[9])


[Ce(Cp*)2(bipy)]I
(1a)[a]


[U(Cp*)2(bipy)]I
(1b)[a]


A 1.490(3) 1.492 1.434; 1.43 1.494 1.474
B 1.394(2) 1.385 1.419; 1.42 1.383(1) 1.389(6)
C 1.385(2) 1.380 1.387; 1.34 1.379(8) 1.376(6)
D 1.383(2) 1.370 1.420; 1.41 1.374(1) 1.384(11)
E 1.384(2) 1.370 1.398; 1.37 1.381(3) 1.369(2)
F 1.341(2) 1.339 1.358; 1.35 1.340(2) 1.356(1)
G 1.346(2) 1.343 1.383; 1.38 1.357(2) 1.364(1)


[a] Standard deviations of averaged values are given in parenthesis.


Figure 2. Crystal structure of the cation in [Ce(Cp*)2(terpy)]I (3a) with
thermal ellipsoids drawn at the 10% probability level. H atoms have
been omitted.
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partial reduction of the terpy ligand to the radical anion
terpyC� .


Reduction of 3a and 3b with 2 % sodium amalgam in
THF gave the neutral complexes [M(Cp*)2(terpy)] [M=Ce
(4a) or U (4b); Eq. (4)]. After evaporation of the solvent
and extraction into toluene, green powders of 4a and 4b
were recovered in 92 and 90 % yield, respectively; crystals
of 4b were obtained on cooling a diethyl ether solution.
Complexes 4a and 4b were transformed back into 3a and
3b by oxidation with AgI in THF (NMR experiments).
Complexes 4, in which the terpy ligand is reduced to its rad-
ical anion form, are trivalent compounds like [Yb(Cp*)2(L)]
(L=bipy, phen, terpy), as revealed by magnetic studies
(vide infra).


½MðCp*Þ2ðterpyÞ�IþNaðHgÞ !½MðCp*Þ2ðterpyÞ� þNaI


M ¼ Ce ð4 aÞ
M ¼ U ð4 bÞ


ð4Þ


The crystal structure of 4b is very similar to that of the
cation of 3b, with almost identical average U�C and U�N
distances (Table 2). Crystals of the cerium analogue 4a were
not obtained, and the geometrical parameters of 4b can
only be compared with those of the previously reported yt-
terbium congener.[12] The U�N distances in 4b are practical-


ly equal to the Yb�N distances,
although the ionic radius of UIII


is 0.15 5 larger than that of
YbIII.[20] Although the Yb�N
distances would be abnormally
large due to steric effects,[12] the
U�N distances appear signifi-
cantly shorter than those pre-
dicted from a purely ionic bond-
ing model. The greatest devia-
tions of the U�N distances in
1b, 3b, and 4b from an electro-


static bonding model, by comparison with those noted in the
other analogous lanthanide(iii) and uranium(iii) complexes
with polydentate nitrogen ligands,[3–6] can be explained by
the greater electron richness and p-donating capacity of the
U(Cp*)2 moiety, and electron transfer from the metal to a
single instead of several p-acceptor ligands.


Extensive electron transfer in the uranium complexes 3b
and 4b would lead to filling of the LUMO of neutral terpy
and, eventually, to metal oxidation.[17] While the electronic
structure of the cationic cerium complex 3a can be well de-
picted by canonical form I in Scheme 1, that is, [CeIII(Cp*)2-
(terpy0)]+ , resonance hybrids such as II–IV with the metal
centre in the formal oxidation state +4 and a radical anion
ligand, that is, [UIV(Cp*)2(terpyC�)]+ , should make signifi-
cant contributions to the true structure of the uranium ana-
logue 3b. That would explain why the U�N bond lengths in
3b are shorter than the corresponding Ce�N distances in
3a. Similarly, in the neutral cerium compound 4a, as in the
aforementioned adducts of Ln(Cp*)2 (Ln=Sm, Yb) with p-
accepting nitrogen Lewis bases,[8,9,11] the metal centre is in
the formal oxidation state +3 and the terpy ligand in its
radical anion form, that is, [CeIII(Cp*)2(terpyC�)], whereas
the structure of the uranium counterpart 4b could also be
described by hybrids resulting from electron transfer from
the metal to the ligand, that is, [UIV(Cp*)2(terpy2�)]. Only
the canonical forms V and VI of the neutral complexes, in


Table 2. M�N and <M�C> distances [5] in the complexes.


M�N1 M�N2 M�N3 hM�Ci
[Ce(Cp*)2(terpy)]I (3a) 2.640(8) 2.565(8) 2.586(7) 2.82(2)
[U(Cp*)2(terpy)]I (3b) 2.419(5) 2.428(4) 2.78(3)
[U(Cp*)2(terpy)] (4b) 2.381(4) 2.434(5) 2.448(4) 2.80(3)
[U(Cp*)2(terpy)][U(Cp*)2I2] (5b) 2.441(9) 2.448(9) 2.449(8) 2.77(2) (hU1�Ci)


2.78(2) (hU2�Ci)
[U(Cp*)2{NC5H4(py)2}]I (6) 2.313(6) 2.470(7) 2.480(7) 2.763(11)
[U(Cp*)2{NC5H4(py)2}][BPh4] (6’) 2.351(6) 2.471(7) 2.484(7) 2.75(4)
[U(Cp*)2{NC5H8(py)2}]I (7) 2.247(7) 2.490(7) 2.515(7) 2.77(4)


Table 3. Comparison of averaged C�C and C�N bond lengths [5] and dihedral angles [8] in the terdentate ligands.[a]


Compound A B C D E F G H I J q[b]


terpy[26] 1.378(3) 1.397(2) 1.490(3) 1.37(3) 1.386(1) 1.36(1) 1.37(2) 1.342(4) 1.33(2) 1.350(3)
[SnPh3Cl(H2O)]·terpy[27] 1.367(6) 1.393(2) 1.487(8) 1.397(6) 1.374(2) 1.37(1) 1.383(2) 1.338(5) 1.342(5) 1.344(7)
[UO2(OTf)2(terpy)][28] 1.376(2) 1.398(8) 1.472(1) 1.389(9) 1.38(1) 1.38(1) 1.382(4) 1.347(1) 1.360(4) 1.352(8)
[Ce(Cp*)2(terpy)]I (3a) 1.370(1) 1.384(7) 1.491(13) 1.389(2) 1.385(7) 1.385(15) 1.386(11) 1.326(2) 1.354(8) 1.345(2) 4.5(7); 0.5(7)
[U(Cp*)2(terpy)]I (3b) 1.373(6) 1.393(7) 1.449(7) 1.396(7) 1.364(8) 1.391(8) 1.362(7) 1.348(6) 1.372(6) 1.390(5) 0.8(3)
[U(Cp*)2(terpy)][U(Cp*)2I2](5b) 1.39(2) 1.366(3) 1.446(6) 1.410(5) 1.366(12) 1.360(6) 1.38(2) 1.358(8) 1.385(4) 1.385(16) 5.5(9); 0.2(9)
[Yb(Cp*)2(terpy)][12] 1.39(2) 1.40(1) 1.46(2) 1.40(1) 1.38(2) 1.38(2) 1.37(1) 1.34(1) 1.40(1) 1.37(1) 6.3; 6.3
[U(Cp*)2(terpy)] (4b) 1.393(4) 1.384(2) 1.426(15) 1.411(1) 1.371(1) 1.409(2) 1.367(8) 1.363(6) 1.384(6) 1.416(3) 3.9(2); 6.7(2)
[U(Cp*)2{NC5H4(py)2}]I (6) 1.47(3) 1.342(11) 1.467(7) 1.409(6) 1.374(4) 1.375(6) 1.379(6) 1.351(12) 1.357(3) 1.426(1) 4.1(7); 3.4(6)
[U(Cp*)2{NC5H4(py)2}]BPh4 (6’) 1.489(1) 1.350(5) 1.468(15) 1.396(1) 1.374(10) 1.393(1) 1.361(2) 1.361(4) 1.357(9) 1.403(3) 17.8(5); 16.1(5)
[U(Cp*)2{NC5H8(py)2}]I (7) 1.524(4) 1.483(6) 1.500(7) 1.394(2) 1.377(6) 1.368(15) 1.372(11) 1.361(3) 1.334(7) 1.467(8) 30.2(4); 24.4(5)


[a] Standard deviations of averaged values are given in parentheses. [b] Dihedral angles between the central and lateral rings of the terdentate ligand.
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which the radical or the negative charge on the ligand are
located at the 4’-position, are represented in Scheme 2.


Successive filling of the LUMO of neutral terpy can be
tentatively perceived through the small but systematic varia-
tions in the interatomic distances of the terdentate ligand, in
a manner similar to that applied to the bipy ligand.[10,21, 22] In
Table 3, the C�C and C�N bond lengths in 3a, 3b and 4b
are listed. These distances can be compared with those of
free anti,anti-terpy0,[26] hydrogen-bonded syn,syn-terpy0 in
[SnPh3Cl(H2O)]·terpy,[27] h3-coordinated terpy0 in [UO2-
(OSO3CF3)2(terpy)][28] and terpyC� in [Yb(Cp*)2(terpy)].[12]


While a number of d transition metal complexes with
terpy2� ligands have been synthesized and studied by elec-
trochemistry, to the best of our knowledge,[29] none of these
has been characterized by X-ray diffraction analysis. On the
basis of the lengths of bonds A–J, the terpy ligand in the cat-
ionic cerium complex 3a appears to be neutral, in agree-
ment with resonance form I. How-
ever, in the uranium analogue 3b,
the C�N bonds H, I, and J are
longer, by 0.02–0.04 5, and the C�
C bond C is shorter, by 0.04 5,
than the corresponding bonds in
3a. It is noteworthy that the differences between the bond
lengths of the terpy ligands of 3a and 3b are close to those
found between 3a and [Yb(Cp*)2(terpy)]. These deviations
could reflect the contribution, in the true structure of 3b, of
hybrids like II–IV with terpyC� ligands. As expected for the
further filling of the LUMO of terpy, the C�C bond C in 4b
is shorter than in 3b, by about 0.02 5, while the C�N bonds
H, I and J seem to be longer, by 0.01–0.03 5. The deviations
of the bond lengths in the terpy ligand of 4b from the corre-
sponding ones in [Yb(Cp*)2(terpy)], in particular the short-


ening of bond C and lengthening of bonds H and J, suggest
that hybrids with a terpy2� ligand would contribute to the
true structure of 4b.


The 1H NMR signals corresponding to the terpy ligands
are much more shifted for complexes 4 than for 3, in agree-
ment with the transformation of terpy0 into terpyC� ; thus, the
chemical shifts of the protons of 3a range from d=5.98 to
�16.28, whereas those of 4a range from d=6.04 to �310.6.


Electron-transfer reactions of the [M(Cp*)2(terpy)]
n+ com-


plexes (M=Ce, U; n=1, 0); synthesis and crystal structure
of [U(Cp*)2(terpy)][U(Cp*)2I2]: The 1H NMR spectra of
mixtures of 3a and 4a, or 3b and 4b, in pyridine exhibit
single averaged resonances corresponding to the Cp* and
terpy ligands of each individual compound, that is, rapid and
reversible electron-transfer reactions occur [Eq. (5)].


½MðCp*Þ2ðterpyÞ�þ
þe


�e
�! �½MðCp*Þ2ðterpyÞ�


3 4
ð5Þ


Similar electron transfer was found to occur in pyridine
between the cerium and uranium complexes. Starting from
3a and 4b, or 3b and 4a, in a 1:1 molar ratio gave the same
equilibrating mixture [Eq. (6)]; the NMR spectra again
show single averaged resonances for the Cp* and terpy li-
gands of the cerium and uranium species, and their chemical
shifts, by comparison with those of each individual [M-
(Cp*)2(terpy)]I and [M(Cp*)2(terpy)] complex, indicate that
3a and 4b are preponderant, with relative proportions [3a]/
[4a]= [4b]/[3b]=87/13.


½CeðCp*Þ2ðterpyÞ�þ þ ½UðCp*Þ2ðterpyÞ�(�+½CeðCp*Þ2ðterpyÞ� þ ½UðCp*Þ2ðterpyÞ�þ


3 a 4 b 4 a 3 b
ð6Þ


While uranium(iii) compounds are generally more effi-
cient reducing reagents than their cerium counterparts,
these results clearly demonstrate that 3b is more easily re-
duced than 3a ; this difference is in agreement with the oc-
currence of electron transfer in the actinide complex and
the contribution of canonical forms with the metal in the
formal +4 oxidation state.


Similarly to the synthesis of [Yb(Cp*)2(bipy)]-
[Yb(Cp*)2Cl2] from a 2:1 mixture of [Yb(Cp*)2Cl(thf)] and
bipy,[10] the reaction of [Ce(Cp*)2I] or [U(Cp*)2I(py)] with


Scheme 1. Canonical forms of complexes 3 ; I for M=Ce, I–IV for M=U.


Scheme 2. Canonical forms of complexes 4 ; V for M=Ce, V and VI for
M=U.
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0.5 mol equivalent of terpy in THF led to formation of the
complexes [M(Cp*)2(terpy)][M(Cp*)2I2] [M=Ce (5a), M=


U (5b); Eq. (7)]. The uranium complex 5b was isolated as a
dark green powder in 93 % yield; the cerium analogue 5a
was characterized only by its 1H NMR spectrum.


2 ½MðCp*Þ2I� þ terpy!½MðCp*Þ2ðterpyÞ�½MðCp*Þ2I2�
M ¼ Ce ð5 aÞ
M ¼ U ð5 bÞ


ð7Þ


The 1H NMR spectrum of uranium complex 5b in THF,
which exhibits two distinct signals corresponding to the Cp*
ligands, is identical to that obtained by mixing 4b and [U-
(Cp*)2I2] or 3b and [U(Cp*)2I(py)] in the molar ratio of 1:1,
as depicted by Equations (8) and (9) in Scheme 3; the chem-


ical shifts of the Cp* and terpy signals are between those of
3b and 4b and those of [U(Cp*)2I2]


� and [U(Cp*)2I2]. The
latter iodo complexes of uranium(iii) and uranium(iv) were
readily obtained by treating [U(Cp*)2I(py)] with NEt4I and
AgI, respectively. These results revealed that the electron-
transfer reaction depicted by Equation (10) in Scheme 3
occurs in THF solution; from the chemical shifts of the aver-
aged Cp* resonances, the relative proportions of 3b and 4b,
and of [U(Cp*)2I2]


� and [U(Cp*)2I2], are about 35:65. For-
mation of complexes 5 was not observed in pyridine, and
the NMR spectrum of 5b in this solvent exhibits the signals
corresponding to the individual complexes 3b and [U-
(Cp*)2I(py)].


Crystals of 5b·toluene suitable for X-ray diffraction analy-
sis were obtained by slow diffusion of pentane into a tolu-
ene solution; a view of 5b is shown in Figure 3. The 1:1 stoi-
chiometry of the two components of 5b suggests the pres-
ence of cation–anion pairs. The U1�N distances, as well as
the C�C and C�N distances within the terpy ligand are ex-
pectedly very similar to those found in 3b and 4b (Tables 2
and 3). However, the three U1�N distances are quite identi-
cal, as found in 3b. The U2�I1 and U2�I2 distances, with a
mean value of 3.1038(14) 5, are at the lower limit of the
range of uranium(iii)–iodide distances, which range from
3.103(2) 5 in [UI3(thf)4]


[30] to 3.273(1) 5 in [UI2-
(terpy)2(py)]I·2 py.[4] However, these distances are larger


than the uranium(iv)–iodide distances, which are typically
3.0 5.[31]


Magnetic properties of [M(Cp*)2(terpy)]
n+ (M=Ce, U; n=


1, 0): The magnetic behavior of 3a and 4a is shown in
Figure 4. For 3a, in which the terpy ligand is diamagnetic,


the c3aT value represents the contribution of the sole Ce3+


ion in its crystal field;[32] it decreases with decreasing T, due
to depopulation of the Stark sublevels, and reaches
0.3 cm3 K mol�1 at 2 K. The temperature dependence of c4aT
for 4a is the result of the superimposition of both the varia-
tion of the intrinsic susceptibility of the Ce3+ ion and the
CeIII–terpyC� interaction; at 300 K, the value of
0.8 cm3 K mol�1 is close to that expected for the two uncorre-
lated spin carriers. Since the structures of 4a and the cation
of 3a are likely to be quite identical, and therefore crystal
fields around the Ce atoms are very similar in the two com-
plexes, it is possible to apply the empirical method devised
by Kahn et al.[33] and Costes et al.[34] to determine the nature
of the exchange interaction. The sign, but not the value of
the coupling constant, of the CeIII–terpyC� interaction in 4a


Scheme 3. Electron-transfer reactions between 3b, 4b, [U(Cp*)2I2] and
[U(Cp*)2I2]


� .


Figure 3. Crystal structure of [U(Cp*)2(terpy)][U(Cp*)2I2] (5b) with ther-
mal ellipsoids drawn at the 10 % probability level. H atoms have been
omitted.


Figure 4. Thermal dependence of c3aT (~), c4aT (*) and the difference
DcT=c4aT�c3aT (&).
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can be obtained by subtracting from c4aT the contribution
arising from thermal depopulation of the Stark sublevels of
CeIII, that is, c3aT. In the absence of a general theoretical
model to describe the magnetic susceptibility of a metal ion
with a first-order orbital momentum, this strategy of dia-
magnetic substitution permits the problem of the spin–orbit
coupling of this ion to be overcome. The profile of the curve
of the difference DcT=c4aT�c3aT versus T (Figure 4) clear-
ly shows that the ground state of 4a is antiferromagnetically
coupled. It is noteworthy that the Ce–spin carrier interac-
tion has been found to be antiferromagnetic for all com-
pounds investigated so far, irrespective of the structural de-
tails.[32–35] Comparison of the magnetic properties of [Yb-
(Cp*)2(L)]I and [Yb(Cp*)2(L)] (L=bipy or phen) also re-
vealed antiferromagnetic coupling between the Yb3+ ion
and the ligand radical in the neutral complexes.[10]


The magnetic behavior of 3b is characteristic of an
uranium(iii) complex, as shown by the c3bT versus T plot in
Figure 5, which is similar to that previously reported for a


variety of trivalent organometallic and inorganic uranium
complexes;[36] c3bT decreases from 0.7 cm3 K mol�1 at 300 K
to 0.2 cm3 K mol�1 at 2 K. For 4b, as for its cerium counter-
part 4a, the value of c4bT=1.1 cm3 K mol�1 at 300 K corre-
sponds to that expected for two noninteracting spin carriers;
c4bT decreases as T is lowered and reaches 0.2 cm3 K mol�1


at 2 K. The difference DcT=c4bT�c3bT, which decreases
with decreasing temperature, reveals that the UIII–terpyC� in-
teraction is antiferromagnetic. To the best of our knowledge,
the magnetic exchange in 4b is the first interaction between
uranium(iii) and a spin carrier to have been characterized in
a molecular compound.


Reactions of [M(Cp*)2(terpy)]
n+ (M=Ce, U; n=1, 0) with


Ph3SnH and NEt3HBPh4; synthesis and characterization of
[U(Cp*)2{NC5Hn(py)2}]X (n=4, 8; X= I, BPh4): The reac-
tions of 3 and 4 with the HC and H+ donor reagents Ph3SnH


and NEt3HBPh4 led to a clear differentiation of the cerium
and uranium complexes. No reaction was observed between
these reagents and 3a, as expected for a neutral terpy ligand
coordinated to CeIII (resonance form I in Scheme 1). In con-
trast, treatment of the uranium counterpart 3b with Ph3SnH
in pyridine readily afforded the uranium(iv) compound [U-
(Cp*)2{NC5H4(py)2}]I (6), where NC5H4(py)2 is the 2,6-dipyr-
idyl(hydro-4-pyridyl) ligand (Scheme 4). Dark brown crys-


tals of 6·py suitable for X-ray diffraction analysis were ob-
tained by slow diffusion of pentane into a pyridine solution.
To the best of our knowledge, 6 is the first complex with a
monohydroterpyridyl ligand. However, nucleophilic attack
on both the 2- and 4-positions of pyridine is well document-
ed.[37] Various yttrium complexes of the type [Y]-(h1-NC5H6)
were synthesized by reaction of pyridine and yttrium hy-
drides;[38] in the case of [Y(C5H5)2(NC5H6)],[38a] it was dem-
onstrated that the 1,4-addition product was obtained after
slow isomerization of the initially formed 1,2-addition prod-
uct. No indication for a 1,2-addition product was found in
the reaction of 3b and Ph3SnH, and the formation of 6 can
obviously be accounted for by the direct addition of HC onto
the 4’-position of the terpy ligand in canonical form II
(Scheme 1), which confirms the contribution of this hybrid
to the true structure of 3b.


Complex 6 was further hydrogenated to [U(Cp*)2-
{NC5H8(py)2}]I (7) by using an excess of Ph3SnH in refluxing
pyridine (Scheme 4); after evaporation of the solvent and
washing with THF, the orange powder of 7 was isolated in
68 % yield, and crystals suitable for X-ray diffraction analy-
sis were deposited from a THF solution.


Figure 5. Thermal dependence of c3bT (~), c4bT (*) and the difference
DcT=c4bT�c3bT (&).


Scheme 4. Distinct reactions of the cerium and uranium complexes.
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Treatment of the cerium complex 4a with NEt3HBPh4 led
to oxidation of the terpyC� ligand and formation of [Ce-
(Cp*)2(terpy)]BPh4. Similar reaction with 4b followed a dis-
tinct course and afforded the uranium(iv) complex [U-
(Cp*)2{NC5H4(py)2}]BPh4 (6’), which was isolated as a dark
brown powder in 81 % yield; crystals of 6’ were obtained by
crystallization from THF. The synthesis of 6’, which clearly
results from the addition of H+ to the terpy ligand, strongly
supports the contribution of hybrid VI (Scheme 2) to the
true structure of 4b.


Reduction of 6 and 6’ with sodium amalgam in THF gave
4b ; this reaction may involve the neutral uranium(iii) inter-
mediate [U(Cp*)2{NC5H4(py)2}], which would be unstable
towards aromatization of the terdentate ligand and loss of
dihydrogen.


Compounds 4 appeared to be inert in the presence of
Ph3SnH. It is possible that the expected cerium product [Ce-
(Cp*)2{NC5H4(py)2}], like its uranium analogue, is unstable
towards aromatization of the terdentate ligand, giving back
4a in a degenerate process; however, dihydrogen was not
detected in the reaction mixture.


Complex 5b reacted in THF with either Ph3SnH or
NEt3HBPh4 to give the cation [U(Cp*)2{NC5H4(py)2}]


+ , a
result which is in agreement with the fact that 5b is actually
an equilibrating mixture of 3b and 4b in THF solution
([Eq. (10)] in Scheme 3).


Complexes 6, 6’ and 7 are composed of discrete cation–
anion pairs; a view of the cation of 6, which is very similar
to that of 6’, and a view of the cation of 7 are shown in Fig-
ures 6 and 7, respectively, while selected bond lengths and


angles are listed in Tables 2 and 3. The structures are of
good quality and the sp3 nature of C3 in 6 and 6’, and of C2,
C3, and C4 in 7 is clear-cut. While the uranium environment
in these cations is similar to that in 3–5, significant structural
differences are easily discernible. The U�N1 distances be-


tween the uranium atom and the central nitrogen atom of
the monohydroterpyridyl ligand of 2.313(6) and 2.351(6) 5
in 6 and 6’, respectively, are shorter, by 0.03–0.13 5, than
those in the other uranium complexes, while the U�N2 and
U�N3 distances are longer, by 0.03–0.04 5. The lengths of
the C�C bonds A and B and C�N bond J in the terdentate
ligands of 6 and 6’ clearly correspond to the respective
single, double and single character of these bonds. The U�
N1 distance is even shorter in 7, with a value of 2.247(7) 5,
which is typical of an amide ligand terminally coordinated
to uranium(iv),[23–25] while the U�N2 and U�N3 distances
are even larger (2.490(7) and 2.515(7) 5, respectively). The
lengthening of the U�N1 distances in 6 and 6’ with respect
to 7 could reflect some charge delocalization and the contri-
bution to the true structure of resonance forms such as VII
in Scheme 5. In agreement with this assumption, C�N bond


J in 7 appears to be longer than in 6 and 6’, by about 0.05 5,
while B is clearly a single C�C bond. The C�C bonds C in
6, 6’ and 7 are 0.02–0.05 5 longer than in the other uranium
complexes 3b, 4b and 5b. In 7, bond C is identical to that in
free terpy, and the terdentate ligand is not planar, with dihe-
dral angles between the mean planes of the central and lat-
eral rings of 30.2(4) and 24.4(5)8. The central ring of the
NC5H8(py)2 ligand in 7 adopts a chair conformation which
brings the C2, C3 and C4 atoms out of the mean plane de-
fined by the other atoms of the terdentate ligand (rms devi-


Figure 6. Crystal structure of the cation in [U(Cp*)2{NC5H4(py)2}]I (6)
with thermal ellipsoids drawn at the 10% probability level. H atoms
have been omitted except those at the 3-, 4- and 5-positions of the central
ring.


Figure 7. Crystal structure of the cation in [U(Cp*)2{NC5H8(py)2}]I (7)
with thermal ellipsoids drawn at the 10% probability level. H atoms
have been omitted.


Scheme 5. Canonical forms of complexes 6.
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ation 0.058 5), which lies in the equatorial girdle of the U-
(Cp*)2 moiety; the dihedral angle between this plane and
the C2-C3-C4 plane is 3.1(8)8. The solid-state structure of 7
is preserved in solution, as shown by the 1H NMR spectrum,
which exhibits two distinct signals of equal intensity (15 H)
corresponding to the Cp* ligands, and two distinct signals of
equal intensities (1H) attributed to the protons on C3
carbon.


The magnetic behavior of 6’ (Figure 8) is characteristic of
a tetravalent uranium compound;[39] c6’T decreases from
0.8 cm3 K mol�1 at 300 K to 0 cm3 K mol�1 at 2 K, since the
local ground state of the uranium(iv) site is nonmagnetic.


Conclusion


Comparison of the crystal structures of [M(Cp*)2I(bipy)]
[M=Ce (1a), M=U (1b)] indicated that the extent of don-
ation of electron density into the LUMO of the bidentate
ligand is more important in the actinide than in the lantha-
nide compound. The synthesis of the terpyridine complexes
[M(Cp*)2(terpy)] [M=Ce (4a), M=U (4b)] by reduction of
the cationic precursors [M(Cp*)2(terpy)]I [M=Ce (3a), M=


U (3b)] permitted for the first time the structural and physi-
cochemical properties of such low-valent compounds of 4f
and 5f elements to be compared. Rapid electron-transfer re-
actions between complexes 3 and 4 in solution were re-
vealed by NMR spectroscopy. Magnetic studies indicated
that the uranium atoms in 3b and 4b are in the +3 oxida-
tion state. Compound 4b, like its cerium counterpart, should
be formulated as [MIII(Cp*)2(terpyC�)], in which spins on the
individual units are antiferromagnetically coupled at low
temperature; the exchange interaction in 4b is the first
uranium(iii)–spin carrier interaction to have been character-
ized in a molecular complex. However, comparison of the
crystal structures and reactions of these analogous cerium-
(iii) and uranium(iii) complexes revealed significant differen-
ces which reflect the presence of stronger electron transfer
between the electron-rich metal and the terdentate N ligand


in the actinide compounds. The shortening of the U�N dis-
tances with respect to the Ce�N distances is the most pro-
nounced so far observed in such pairs of trivalent lanthanide
and actinide complexes; the small but systematic variations
in the C�C and C�N bond lengths of the terdentate ligands
also indicate more extensive filling of the LUMO of terpy in
the uranium than in the cerium compounds. The contribu-
tion of the canonical forms [UIV(Cp*)2(terpyC�)]I and [UIV-
(Cp*)2(terpy2�)] to the true structures of 3b and 4b was
strongly evidenced by the reactions of these complexes with
Ph3SnH and NEt3HBPh4, respectively, which afforded the
cation [U(Cp*)2{NC5H4(py)2}]


+ , the first metal complex with
a monohydroterpyridyl ligand. These results, together with
those concerning the selective complexation of uranium(iii)
over lanthanide(iii) ions by aromatic nitrogen bases,[4,5,16, 17]


clearly demonstrate that the presence of electron transfer in
the 5f element complexes is of the greatest importance for
favoring clear-cut LnIII/AnIII differentiation.


Experimental Section


General: All reactions were carried out under argon (<5 ppm oxygen or
water) using standard Schlenk vessel and vacuum-line techniques or in a
glove box. Solvents were dried by standard methods and distilled imme-
diately before use. The deuteriated solvents (Eurisotop) were dried over
Na/K alloy ([D8]toluene and [D8]THF) or NaH ([D5]py).


The 1H NMR spectra were recorded on a Bruker DPX 200 instrument
and referenced internally by using the residual proton solvent resonances
relative to tetramethylsilane (d=0). Magnetic susceptibility data were
collected on a powdered sample of the compound with a SQUID-based
sample magnetometer Quantum design MPMS5. Elemental analyses
were performed by Analytische Laboratorien at Lindlar (Germany).


CeI3, terpy, NEt4I, AgI (Aldrich), and Ph3SnH (Janssen) were used with-
out purification. NEt3HBPh4 was prepared by mixing NEt3HCl and
NaBPh4 in water; the precipitate was filtered off, washed with ethanol
and diethyl ether and dried under vacuum. The green powder of [U-
(Cp*)2I(py)] was obtained by evaporation of a pyridine solution of [U-
(Cp*)2I(thf)], which was prepared as previously reported;[40] in contrast
to the cerium analogue, the pyridine ligand in [U(Cp*)2I(py)] is not
labile and did not dissociate on heating under vacuum. 1H NMR
([D6]benzene, 23 8C): d=5.02 (s, 1 H; py), �1.64 (s, 30H; Cp*), �10.50 (s,
2H; py), �70.50 ppm (s, 2H; py).


Synthesis of [Ce(Cp*)2I]: A flask was charged with CeI3 (1070 mg,
2.05 mmol) and KCp* (718 mg, 4.12 mmol), and THF (20 mL) was con-
densed into it. The yellow reaction mixture was stirred at 20 8C for 24 h.
The solvent was evaporated, and the pink residue extracted with a mix-
ture of THF (0.5 mL) and toluene (20 mL). The solution was evaporated
to dryness, leaving the product as a bright pink powder (970 mg, 88%).
1H NMR ([D8]THF, 23 8C): d=5.35 ppm (Cp*); elemental analysis calcd
(%) for C20H30ICe (537): C 44.69, H 5.63; found: C 44.47, H 5.53.


Synthesis of [Ce(Cp*)2I(bipy)] (1a): A flask was charged with [Ce-
(Cp*)2I] (20 mg, 0.036 mmol) and bipy (6.0 mg, 0.038 mmol) in THF
(0.4 mL). After 1 h at 20 8C, the solvent was evaporated, leaving an
orange powder of 1a, which was washed with Et2O (0.3 mL) and dried
under vacuum (20.2 mg, 81%). 1H NMR ([D8]THF, 23 8C): d=10.75 (s,
30H; Cp*), 8.94 (s, 1H; bipy), 7.10 (s, 1 H; bipy), 6.59 (s, 1H; bipy), 6.05
(s, 1H; bipy), 4.27 (s, 1 H; bipy), 0.90 (s, 1 H; bipy), �32.5 ppm (s, 2 H;
bipy); elemental analysis calcd (%) for C30H38IN2Ce (693.7): C 51.95, H
5.52, N 4.04; found: C 52.04, H 5.37, N 4.22.


Synthesis of [U(Cp*)2I(bipy)] (1b): By using the same procedure as for
1a, reaction of [U(Cp*)2I(py)] (204 mg, 0.286 mmol) and bipy (47 mg,
0.30 mmol) in THF (10 mL) gave a black powder of 1b (163 mg, 72%).


Figure 8. Thermal dependence of c6’T.
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1H NMR ([D8]THF, 23 8C): d=4.56 (s, 30H; Cp*), 27.52 (s, 1H; bipy),
15.07 (s, 1H; bipy), �0.19 (s, 1 H; bipy), �0.46 (s, 1 H; bipy), �2.05 (s,
1H; bipy), �4.78 (s, 1H; bipy), �37.91 (s, 1 H; bipy), �40.92 ppm (s, 1 H;
bipy); elemental analysis calcd (%) for C30H38IN2U (791.6): C 45.52, H
4.84, N 3.54, I 16.03; found: C 45.35, H 4.74, N 3.68, I 15.96.


Reaction of [Ce(Cp*)2I] with bipy: An NMR tube was charged with 1a
(7.2 mg, 0.013 mmol) and 2 % Na(Hg) (17.2 mg, 0.015 mmol of Na) in
[D8]THF (0.4 mL). The mixture was heated for 12 h in a sand bath at
110 8C, and the spectrum of the brown solution showed that 2a was
formed in almost quantitative yield. 1H NMR ([D8]THF, 23 8C): d=4.17
(s, 30H; Cp*), �26.91 (s, 2H; bipy), �40.46 (s, 2H; bipy), �159.23 (s,
2H; bipy), �253.11 ppm(s, 2 H; bipy).


Synthesis of [U(Cp*)2(bipy)] (2b): A flask was charged with 1b (150 mg,
0.189 mmol) and 2 % Na(Hg) (280 mg, 0.243 mmol of Na), and THF
(10 mL) was condensed into it. The mixture was stirred at 20 8C for 12 h,
the solvent was evaporated , and the residue extracted with toluene
(15 mL). The solution was evaporated to dryness and the green powder
of 2b was dried under vacuum (75.5 mg, 80%). 1H NMR ([D8]toluene,
23 8C): d=0.25 (s, 30H; Cp*), �19.8 (d, J=6 Hz, 2 H; bipy), �41.58 (t,
J=6 Hz, 2H; bipy), �81.40 (t, J=6 Hz, 2H; bipy), �93.91 ppm (t, J=
6 Hz, 2 H; bipy); elemental analysis calcd (%) for C30H38N2U (664.7): C
54.21, H 5.76, N 4.21; found: C 54.16, H 5.84, N 4.31.
1H NMR characterization of [U(Cp*)2I2] and [NEt4][U(Cp*)2I2]: a) An
NMR tube was charged with [U(Cp*)2I(py)] (10.1 mg, 0.014 mmol) and
AgI (3.3 mg, 0.014 mmol) in [D8]THF (0.4 mL). The reaction mixture
was stirred at 60 8C for 12 h; the color of the solution turned from green
to orange, and black metallic silver was deposited. The spectrum showed
the presence of [U(Cp*)2I2] as the sole product with signals of free pyri-
dine. 1H NMR ([D8]THF, 23 8C): d=18.43 (Cp*). b) An NMR tube was
charged with [U(Cp*)2I(py)] (12.9 mg, 0.018 mmol) and NEt4I (4.6 mg,
0.018 mmol) in [D8]THF (0.4 mL). The tube was immersed in an ultra-
sound bath (80 W, 40 kHz) for 1 h. The spectrum of the dark orange solu-
tion showed the presence of [NEt4][U(Cp*)2I2] as the sole product.
1H NMR ([D8]THF, 23 8C): d=�2.69 (s, 30 H; Cp*), �6.11 (br, 12H;
CH2Me), �6.83 ppm (br, 8 H; CH2Me).


Synthesis of [Ce(Cp*)2(terpy)]I (3a): An NMR tube was charged with
[Ce(Cp*)2I] (11 mg, 0.02 mmol) and terpy (4.8 mg, 0.02 mmol) in
[D8]THF (0.4 mL). The tube was immersed in an ultrasound bath (80 W,
40 kHz) for 15 min. Orange crystals were deposited from the solution at
6 8C; these were collected and dried under vacuum (12 mg, 72%).
1H NMR ([D5]py, 23 8C): d=5.98 (t, J=8 Hz, 1H; terpy), 5.88 (t, J=
7 Hz, 2 H; terpy), 4.33 (s, 30H; Cp*), 4.16 (d, J=9 Hz, 2 H; terpy), 4.12
(d, J=7 Hz, 2H; terpy), 2.93 (d, J=7 Hz, 2H; terpy), �16.28 ppm (s,
2H; terpy); elemental analysis calcd (%) for C35H41IN3Ce (770.7): C
54.54, H 5.36, N 5.45; found: C 54.64, H 5.52, N 5.56.


Synthesis of [U(Cp*)2(terpy)]I (3b): A flask was charged with [U-
(Cp*)2I(py)] (145 mg, 0.203 mmol) and terpy (52 mg, 0.223 mmol), and
THF (12 mL) was condensed into it. The reaction mixture was stirred at
20 8C for 4 h and the solvent was evaporated. The black powder of 3b
was washed with THF (10 mL) and dried under vacuum (172 mg, 90%).
1H NMR ([D5]py, 23 8C): d=8.53 (s, 30 H; Cp*), the terpy signals were
very broad and not assigned; 1H NMR ([D5]py, 70 8C): d=13.66 (s, 2 H;
terpy), 7.82 (s, 30 H; Cp*), 4.26 (s, 2H; terpy), 2.90 (s, 2 H; terpy), �3.16
(s, 2H; terpy), �57.00 ppm (s, 2 H; terpy); the signal of relative intensity
1H of the terpy ligand was not detected; elemental analysis calcd (%)
for C35H41IN3U (868.7): C 48.39, H 4.76, N 4.84; found: C 48.25, H 4.81,
N 4.97.


Synthesis of [Ce(Cp*)2(terpy)] (4a): A flask was charged with 3a
(100 mg, 0.130 mmol) and 2 % Na(Hg) (540 mg, 0.47 mmol), and THF
(12 mL) was condensed into it. The reaction mixture was stirred at 20 8C
for 12 h. The green solution was evaporated to dryness and the residue
extracted with toluene (15 mL). After evaporation of the solvent, 4a was
recovered as a green powder (86 mg, 92 %). 1H NMR ([D8]THF, 23 8C):
d=6.04 (s, 2 H; terpy), 3.94 (s, 30H; Cp*), �10.86 (s, 2 H; terpy), �13.97
(s, 2 H; terpy), �68.93 (s, 2H; terpy), �115.42 (s, 2H; terpy), �310.6 ppm
(s, 1 H; terpy); elemental analysis calcd (%) for C35H41N3Ce (643.8): C
65.29, H 6.42, N 6.53; found: C 65.15, H 6.59, N 6.70.


Synthesis of [U(Cp*)2(terpy)] (4b): A flask was charged with 3b
(150 mg, 0.173 mmol) and 2 % Na(Hg) (800 mg, 0.70 mmol), and THF
(12 mL) was condensed into it. The reaction mixture was stirred at 20 8C
for 12 h. The green solution was evaporated to dryness, and the residue
extracted with toluene (15 mL). After evaporation of the solvent, 4b was
recovered as a dark green powder (116 mg, 90 %). 1H NMR ([D8]THF,
23 8C): d=15.35 (s, 30H; Cp*), �8.35 (s, 2H; terpy), �20.70 (s, 2H;
terpy), �28.79 (d, J=8 Hz, 2H; terpy), �41.26 (s, 2H; terpy), �48.43 (s,
1H; terpy), �126.40 ppm (s, 2 H; terpy); elemental analysis calcd (%) for
C35H41N3U (741.8): C 56.67, H 5.57, N 5.66; found: C 56.48, H 5.47, N
5.52.


Reactions of complexes 4 with AgI: a) An NMR tube was charged with
4a (12.2 mg, 0.019 mmol) and AgI (4.4 mg, 0.019 mmol) in THF
(0.4 mL). After 30 min in the ultrasound bath, the solution was colorless
and orange crystals had deposited; THF was replaced with [D5]py, and
the spectrum showed the formation of 3a as the sole product. b) By
using the same procedure, reaction of 4b (10.9 mg, 0.014 mmol) and AgI
(3.4 mg, 0.014 mmol) in THF gave a black powder, and the NMR spec-
trum in [D5]py showed the formation of 3b.


Electron transfer reactions between 3a and 4a, or 3b and 4b : a) An
NMR tube was charged with 3a (11.8 mg, 0.015 mmol) and 4a (9.6 mg,
0.015 mmol) in [D8]THF (0.4 mL). The tube was immersed in the ultra-
sound bath for 5 min. The spectrum showed the single averaged resonan-
ces corresponding to the Cp* and terpy ligands of 3a and 4a. 1H NMR
([D8]THF, 23 8C): d=4.27 (s, 30H; Cp*), 1.77 (d, J=10 Hz, 2 H; terpy),
�4.35 (s, 2 H; terpy), �13.49 (s, 2H; terpy), �28.67 (s, 2H; terpy), �52.28
(s, 2H; terpy), �138.9 ppm (s, 1H; terpy). b) Similarly, the spectrum of a
mixture of 3b (12.0 mg, 0.014 mmol) and 4b (10.2 mg, 0.014 mmol) in
[D8]THF (0.4 mL) exhibited the single averaged resonances correspond-
ing to the Cp* and terpy ligands of 3b and 4b. 1H NMR ([D8]THF,
23 8C): d=12.10 (s, 30 H; Cp*), 2.40 (s, 2H; terpy), �9.77 (s, 2 H; terpy),
�11.71 (s, 2 H; terpy), �19.41 (s, 2H; terpy), �96.56 ppm (s, 2 H; terpy);
the signal of relative intensity 1 H of the terpy ligand was not detected.


Electron transfer reactions between 3a and 4b, or 3b and 4a : An NMR
tube was charged with 3a (9.4 mg, 0.012 mmol) and 4b (9.1 mg,
0.012 mmol), or 3b (12.0 mg, 0.014 mmol) and 4a (9.1 mg, 0.014 mmol) in
[D8]THF (0.4 mL). The tube was immersed in the ultrasound bath for
1 h. The spectra showed the averaged resonances corresponding to the
equilibrating mixtures of 3a, 4a, 3b and 4b with [3a]/[4a]= [4b]/[3b]=87/
13.


Reaction of [Ce(Cp*)2I] with 0.5 mol equivalent of terpy : An NMR tube
was charged with [Ce(Cp*)2I] (11.0 mg, 0.02 mmol) and terpy (2.4 mg,
0.01 mol) in [D8]THF (0.4 mL). The tube was immersed in the ultrasound
bath for 15 min. The spectrum of the orange solution showed the quanti-
tative formation of [Ce(Cp*)2(terpy)][Ce(Cp*)2I2] (5a). 1H NMR
([D8]THF, 23 8C): d=7.08 (s, 1H; terpy), 5.10 (s, 30H; Cp*), 4.34 (s, 2 H;
terpy), 3.95 (s, 30H; Cp*), 2.24 (s, 2H; terpy), 1.65 (s, 2H; terpy), 1.00 (s,
2H; terpy), �16.54 ppm (s, 2H; terpy).


Synthesis of [U(Cp*)2(terpy)][U(Cp*)2I2] (5b): A flask was charged with
[U(Cp*)2I(py)] (123 mg, 0.172 mmol) and terpy (20.0 mg, 0.086 mmol),
and toluene (15 mL) was condensed into it. After 1 h at 20 8C, the
volume of the solution was reduced to 5 mL and addition of pentane
(13 mL) induced precipitation of a dark green powder of 5b, which was
filtered off and dried under vacuum (70 mg, 93 %). The 1H NMR spec-
trum of 5b in [D8]THF is identical to that of a 1:1 mixture of 3b and [U-
(Cp*)2I(py)], or 4b and [U(Cp*)2I2]. 1H NMR ([D8]THF, 23 8C): d=


12.71 (s, 30 H; Cp*), 11.20 (s, 30H; Cp*), 2.76 (t, J=9 Hz, 2H; terpy),
�14.28 (s, 2H; terpy), �17.99 (s, 2H; terpy), �26.99 (s, 2 H; terpy),
�106.2 ppm (s, 2H; terpy); the signal of relative intensity 1H of the
terpy ligand was not detected; elemental analysis calcd (%) for
C55H71I2N3U2 (1504): C 43.92, H 4.76, N 2.79; found: C 43.65, H 4.72, N
3.01.


Reaction of 3b with Ph3SnH: An NMR tube was charged with 3b
(6.6 mg, 0.0076 mmol) and Ph3SnH (10.0 mg, 0.028 mmol) in [D5]py
(0.4 mL). The tube was immersed in the ultrasound bath for 1 h. The
spectrum of the dark brown solution showed almost quantitative forma-
tion of [U(Cp*)2{NC5H4(py)2}]I (6). 1H NMR ([D5]py, 23 8C): d=59.57 (s,
2H; N ligand), 16.23 (s, 30 H; Cp*), 0.02 (t, J=10 Hz, 2H; N ligand),
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�10.99 (d, J=10 Hz, 2H; N ligand), �19.01 (s, 2 H; N ligand), �19.39 (s,
2H; N ligand), �113.78 ppm (s, 2 H; N ligand).


Reaction of 4a with NEt3HBPh4 : An NMR tube was charged with 4a
(9.5 mg, 0.015 mmol) and NEt3HBPh4 (6.3 mg, 0.015 mmol) in [D5]py.
The tube was immersed in the ultrasound bath for 2 h; bubbles of gas,
presumably dihydrogen, were observed in the early stages of the reaction.
The spectrum of the green solution showed almost quantitative formation
of [Ce(Cp*)2(terpy)]BPh4.


1H NMR ([D5]py, 23 8C): d=7.84 (s, 10H;
BPh4), 7.13 (s, 10H; BPh4), 5.74 (t, J=7 Hz, 1H; terpy), 5.70 (t, J=7 Hz,
2H; terpy), 4.37 (s, 30 H; Cp*), 3.79 (s, 2 H; terpy), 3.73 (s, 2 H; terpy),
2.78 (d, J=7 Hz, 2H; terpy), �16.50 ppm (s, 2 H; terpy).


Synthesis of [U(Cp*)2{NC5H4(py)2}][BPh4] (6’): A flask was charged with
4b (133 mg, 0.153 mmol) and NEt3HBPh4 (64 mg, 0.153 mmol), and THF
(12 mL) was condensed into it. The reaction mixture was stirred at 20 8C
for 12 h. The solvent was evaporated off, and the dark brown powder of
6’ was washed with toluene (15 mL) and dried under vacuum (131 mg,
81%). 1H NMR ([D5]py, 23 8C): d=60.26 (s, 2H; N ligand), 16.19 (s,
30H; Cp*), 7.31 (s, 10H; Ph), 6.75 (s, 10 H; Ph), �0.10 (d, J=10 Hz, 2 H;
N ligand), �11.05 (d, J=10 Hz, 2H; N ligand), �19.29 (s, 2 H; N ligand),
�19.43 (s, 2H; N ligand), �114.27 ppm (s, 2H; N ligand); elemental anal-
ysis calcd (%) for C59H62BN3U (1062): C 66.73, H 5.88, N 3.96; found: C
66.51, H 5.72, N 4.10.


Table 4. Crystal data and structure refinement details.


1a 1b 3a·THF 3b·THF 4b


empirical formula C30H38CeIN2 C30H38IN2U C39H49CeIN3O C39H49IN3OU C35H41N3U
M [gmol�1] 693.64 791.55 842.83 940.74 741.74
crystal system monoclinic monoclinic monoclinic trigonal monoclinic
space group P21/c P21/n C2/c R3̄c P21/n
a [5] 10.5719(12) 11.7734(4) 21.3196(9) 20.4936(8) 10.5915(5)
b [5] 14.5662(16) 15.5242(5) 19.1336(10) 20.4936(8) 16.2320(11)
c [5] 18.2757(15) 15.0045(5) 19.1138(8) 44.5824(12) 16.9469(11)
a [8] 90 90 90 90 90
b [8] 90.333(7) 94.699(2) 102.269(3) 90 91.731(4)
g [8] 90 90 90 120 90
V [53] 2814.3(5) 2733.19(16) 7618.8(6) 16 215.5(10) 2912.2(3)
Z 4 4 8 18 4
1calcd [gcm�3] 1.637 1.924 1.470 1.734 1.692
m(MoKa) [mm�1] 2.734 7.089 2.037 5.395 5.602
F(000) 1372 1508 3384 8226 1456
data collected 18659 18544 25 039 35 292 19885
unique data 5302 5150 7003 3420 5252
observed data [I>2s(I)] 3828 4339 5084 2930 4120
Rint 0.112 0.066 0.104 0.086 0.070
parameters 317 317 416 234 352
R1 0.053 0.033 0.073 0.029 0.033
wR2 0.107 0.072 0.171 0.058 0.071
S 1.057 1.047 1.012 1.072 1.037
D1min [e 5�3] �1.48 �0.72 �1.74 �0.67 �0.66
D1max [e5�3] 0.71 0.71 1.34 0.64 0.55


5b·toluene 6·py 6’ 7


empirical formula C62H79I2N3U2 C40H47IN4U C59H64BN3U C35H46IN3U
M [gmol�1] 1596.14 948.75 1061.96 873.68
crystal system monoclinic trigonal monoclinic orthorhombic
space group Cc R3̄ P21/n Pbca
a [5] 26.2124(8) 27.3459(6) 10.2979(11) 15.844(2)
b [5] 16.7828(7) 27.3459(6) 32.855(3) 22.054(3)
c [5] 16.2870(7) 26.0915(10) 14.0282(13) 18.2807(12)
a [8] 90 90 90 90
b [8] 125.122(2) 90 92.230(7) 90
g [8] 90 120 90 90
V [53] 5860.4(4) 16897.2(8) 4742.7(8) 6387.7(13)
Z 4 18 4 8
1calcd [gcm�3] 1.809 1.678 1.487 1.817
m(MoKa) [mm�1] 6.613 5.177 3.465 6.077
F(000) 3048 8280 2136 3376
data collected 19 621 38548 25 853 50728
unique data 10 490 7047 8644 6006
observed data [I>2s(I)] 9763 5525 6119 4061
Rint 0.055 0.101 0.091 0.074
parameters 632 428 587 381
R1 0.043 0.052 0.058 0.052
wR2 0.099 0.105 0.137 0.097
S 1.036 1.065 1.052 1.051
D1min [e 5�3] �1.46 �1.18 �1.19 �1.35
D1max [e5�3] 1.04 1.64 1.77 0.75
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Reaction of 5b with Ph3SnH : An NMR tube was charged with 5b
(24.8 mg, 0.016 mmol) and Ph3SnH (15.0 mg, 0.042 mmol) in THF
(0.4 mL). The tube was stirred for 18 h at 20 8C; the solvent was evapo-
rated off and replaced with [D5]py. The spectrum of the dark green solu-
tion showed the formation of [U(Cp*)2I(py)] (50 %), 6 (20 %), 7 (18 %)
and an unidentified product (12 %) with a Cp* signal at d=16.16 ppm.


Reaction of 5b with NEt3HBPh4: An NMR tube was charged with 5b
(18.9 mg, 0.011 mmol) and NEt3HBPh4 (4.8 mg, 0.011 mmol) in [D8]THF.
The tube was immersed in the ultrasound bath for 15 min. The color of
the solution turned from green to orange, and the spectrum showed the
formation of an equimolar mixture of 6’ and [U(Cp*)2I2].


Reaction of 6’ with Na(Hg): An NMR tube was charged with 6 (18.4 mg,
0.017 mmol) and 2% Na(Hg) (60 mg, 0.052 mmol of Na) in [D8]THF
(0.4 mL). The tube was immersed in the ultrasound bath for 2 h. The
color of the solution turned from orange to green, and the spectrum
showed almost quantitative formation of 4b.


Synthesis of [U(Cp*)2{NC5H8(py)2}]I (7): A flask was charged with 3b
(160 mg, 0.184 mmol) and Ph3SnH (342 mg, 0.975 mmol), and pyridine
(12 mL) was condensed into it. The reaction mixture was heated at
120 8C for 8 h. The solvent was evaporated off and the orange powder of
7 was washed with THF (15 mL) and dried under vacuum (96.4 mg,
68%). 1H NMR ([D5]py, 23 8C): d=78.06 (d, J=12 Hz, 2 H; N ligand),
12.60 (br, 1H; N ligand), 11.81 (s, 15 H; Cp*), 11.56 (br, 1H; N ligand),
10.30 (s, 15 H; Cp*), 4.28 (dd, J=12 Hz, 2 H; N ligand), 3.74 (t, J=10 Hz,
2H; N ligand), 1.79 (d, J=10 Hz, 2H; N ligand), 0.45 (d, J=10 Hz, 2 H;
N ligand), �18.58 (br s, 2 H; N ligand), �95.69 ppm (br s, 2H; N ligand);
elemental analyses calcd (%) for C35H46IN3U (873.7): C 48.12, H 5.31, N
4.81; found: C 48.05, H 5.40, N 4.80.


Crystal structure determinations : Data were collected at 100(2) K on a
Nonius Kappa-CCD area detector diffractometer[41] using graphite-mono-
chromated MoKa radiation (l=0.71073 5). The crystals were introduced
into glass capillaries with a protecting Paratone-N oil (Hampton Re-
search) coating. The unit-cell parameters were determined from ten
frames, then refined on all data. The data (F scans) were processed with
DENZO-SMN.[42] The structures were solved by Patterson map interpre-
tation (6’) or by direct methods (all other compounds) with SHELXS-97
and subsequent Fourier-difference synthesis and refined by full-matrix
least-squares techniques on F2 with SHELXL-97.[43] Absorption effects
were corrected empirically with the program DELABS from
PLATON.[44] In all compounds, all non-hydrogen atoms were refined
with anisotropic displacement parameters. In compounds 3a·THF,
3b·THF, 5b·toluene, 6·py and 6’, some restraints on bond displacements
had to be applied for some badly behaving atoms, particularly in some
Cp* moieties, the solvent molecules and one aromatic ring of the BPh4


group in 6’, possibly indicating the presence of unresolved disorder in
some cases. Restraints on bond lengths were also applied for the tetrahy-
drofuran molecule in 3b·THF, which is disordered over two positions
with 0.5 occupancy factor, and the aromatic ring of the toluene molecule
in 5b·toluene was refined as an idealized hexagon. Some voids in the
structure of 6·py, as well as the highest residual electron density peak lo-
cated on the threefold axis, likely indicate the presence of another, unre-
solved solvent molecule. The iodine atom in 7 is disordered over two po-
sitions with refined occupancy parameters of 0.87(2) and 0.13(2); the
latter position, which was somewhat unstable, was refined with restraints
on displacement parameters. The hydrogen atoms were introduced at cal-
culated positions in all compounds (except for the disordered tetrahydro-
furan molecule in 3b·THF) and were treated as riding atoms with a dis-
placement parameter equal to 1.2 (CH, CH2) or 1.5 (CH3) times that of
the parent atom. The absolute structure in 5b·toluene was determined
from the value of the Flack parameter (0.004(6).[45] Crystal data and
structure refinement details are given in Table 4. The molecular plots
were drawn with SHELXTL.[46]


CCDC-270339–CCDC-270347 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Diastereoselective Reactions at Enantiomerically Pure, Sterically Congested
Cyclohexanes as an Entry to Wailupemycins A and B:
Total Synthesis of (+)-Wailupemycin B


Stefan F. Kirsch and Thorsten Bach*[a]


Introduction


Wailupemycin A (1) and wailupemycin B (2) are polyketide
natural products the structures of which were elucidated by
Davidson et al. in 1996 (Figure 1).[1] They were obtained to-
gether with other a-pyrone-containing metabolites from an
actinomycete designated BD-26T(20). The organism was
isolated from sediments collected at Wailupe beach park on
the south-east shore of Oahu, Hawaii. From 40 L of fermen-
tation broth 4 mg wailupemycin A and 7 mg wailupemycin
B were obtained. Due to the limited amount of material a
comprehensive antimicrobial assay was not possible. It was,
however, shown in preliminary experiments that compound
1 shows inhibitory activity against E. coli. Our synthetic in-


terest arose from the structurally unique, highly substituted
cyclohexanone skeleton which is not precedented in
common antibiotics.[2] Although the indication for antibacte-
rial activity of either compound was limited, the possibility
to establish a new class of antibiotics and the challenge to
construct a sterically congested, enantiomerically pure six-
membered ring was sufficient motivation for us to embark
on a synthesis of the wailupemycins A and B. From a medic-
inal chemistry point of view, the possible decoration of the
core with aromatic substituents different from phenyl (C-15
to C-21) and 6-oxopyran-2-yl (C1 to C5) could be a promis-
ing handle to further increase a potential activity of the wai-
lupemycins.
According to the structure assignment by Davidson et al.


wailupemycin A and B differ in the relative configuration at
carbon atom C-7 and in the acetal part at C-14. Wailupemy-
cin B (2) is characterized by a tricylic structure resulting
from the formation of an intramolecular acetal between the
cis-hydroxy groups at C-7 and C-9 and the carbonyl group
at C-14. In wailupemycin A (1) an acetal formation is not
feasible and the compound presents itself as a highly substi-


Abstract: Wailupemycin A (1) and B
(2) are polyketide natural products
with a highly substituted cyclohexa-
none core. Three different routes for
the syntheses of these compounds were
pursued, which commenced from
either (R)-(�)-carvone (ent-5) or (S)-
(+ )-carvone (5). In the first approach
it was attempted to construct the skele-
ton of wailupemycin A from triol 19
(nine steps from ent-5 ; 19% yield) by a
sequence of diastereoselective epoxida-
tion, nucleophilic ring opening at C-13
and carbonyl addition at C-5. The syn-
thetic plan failed at the stage of the
carbonyl addition to aldehyde 27,
which had been obtained in seven steps


(18% yield) from triol 19. The second
route included an epoxide ring opening
at C-13 and a carbonyl addition at C-7
as key steps. It could have led to either
wailupemycin A or B depending on the
diastereoselectivity of the addition
step. Starting from allylic alcohol 30
(six steps from ent-5 ; 59% yield) the
cyclohexanone 28 was obtained in five
steps (54% yield). Unfortunately, the
carbonyl addition failed also in this in-
stance. In the eventually successful


third attempt the skeleton of wailupe-
mycin B was built from cyclohexanone
43 (eight steps from 5 ; 53% yield) by
highly diastereoselective carbonyl addi-
tion reactions at C-7 and C-12. The
phenyl group at C-14 was introduced at
a late stage of the synthetic sequence.
Careful protecting group manipulation
finally allowed for the total synthesis of
(+)-wailupemycin B. The absolute and
relative configuration of the natural
product was unambiguously confirmed.
The total yield of wailupemycin B
amounted to 6% over 23 steps starting
from (S)-(+ )-carvone (5).
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polyketides · total synthesis
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tuted cyclohexanone. Biosynthetically, the compounds are
formed by C�C bond formation between carbon atoms C-7
and C-12, that is, by cyclohexane ring closure from an open-
chain precursor 4 (Scheme 1).[3] The linear octaketide 3,
which is derived from an uncommon benzoate starter[4] and
seven malonate-SCoA units, undergoes a rare Favorskii-type
oxidative rearrangement. The rearrangement accounts for
the polarity reversal which is required for the crucial C-7/C-
12 bond formation step in the biosynthesis of wailupemycin
A and B. It is catalyzed by an oxidase (“favorskiiase”)
which is encoded by the gene encM,[5] a member of the en-
terocin gene cluster. The 21.3 kb Enc gene cluster from the
marine bacterium Streptomyces maritimus has recently been


cloned and sequenced.[6] Intermediate 4 is presumed to be
also a key intermediate in the biosynthesis of the more
abundant polyketide enterocin (vulgamycin)[7] and its deoxy-
derivatives 5-deoxyenterocin and 3-epi-5-deoxyenterocin.
Despite the beauty of the natural pathway to wailupemy-


cins A and B it appeared unlikely to implement the cycliza-
tion of an open-chain precursor into a laboratory synthesis.
Our retrosynthetic analysis was therefore guided by the
functional group pattern found in the target and by a struc-
ture-based analysis of possible starting materials. The central
cyclohexane core of wailupemycins A and B is tetrasubsti-
tuted exhibiting a 1,2,3,5-relationship of substituents with
stereogenic centers at three positions. Following this analy-
sis, we were looking for a chiral pool starting material that
would exhibit at least one defined stereogenic center and
would allow for the direct functionalization of four positions
in the above-mentioned relationship. The monoterpene car-
vone which is available in both enantiomeric forms 5 and
ent-5 (Figure 2) fulfilled this requirement almost ideally. The


isopropenyl substituent can be easily converted into a hy-
droxy group under retention of configuration[8] and the a,b-
unsaturated ketone appeared to be an ideal starting point to
establish functionality in a 1,2,3-pattern. In our synthetic en-
deavour, we followed two major strategies represented by
the general structures A and B (Figure 2, PG = protective
group). One strategy—represented by structure A—fo-
cussed on a C�C bond formation at C-7 by carbonyl addi-
tion and by epoxide ring opening at C-13 or vice versa. The
other strategy—represented by structure B—aimed at a suc-
cessive carbonyl addition at C-12 and at C-7. Concerning


Abstract in German: Die Wailupemycine A (1) und B (2)
sind polyketide Naturstoffe mit einem hochsubstituierten Cy-
clohexanonger%st. Zur Synthese dieser Verbindungen wurden
drei verschiedene Routen eingeschlagen, die von nat%rlichem
(R)-(�)-Carvon (ent-5) oder (S)-(+ )-Carvon (5) ausgingen.
Im ersten Anlauf wurde versucht, aus dem Triol 19 (neun
Stufen aus ent-5 in 19% Ausbeute) %ber eine diastereose-
lektve Epoxiderung, eine nucleophile Ringçffnung an C-13
und eine Carbonyladdition an C-5 das Ger%st von Wailupe-
mycin A aufzubauen. Die Reaktionssequenz scheiterte auf
der Stufe der Carbonyladdition an Aldehyd 27, der in sieben
Stufen (18% Ausbeute) aus dem Triol 19 erhalten worden
war. Die zweite Route sah eine Epoxid-Ringçffnung an C-13
und eine Carbonyladdition an C-7 vor. Sie konnte je nach Di-
astereoselektivit8t des Additionsschritts zu Wailupemycin A
oder B f%hren. Ausgehend von Allylalkohol 30 (sechs Stufen
aus ent-5 in 59% Ausbeute) wurde das Cyclohexanon 28 in
f%nf Stufen (54% Ausbeute) erhalten. Leider scheiterte auch
hier die Carbonyladdition. Im schließlich erfolgreichen drit-
ten Versuch wurde ausgehend von Cyclohexanon 43 (8
Stufen aus 5 in 53% Ausbeute) das Ger%st des Wailupemy-
cins B durch hoch diastereoselektive Carbonyladditionen an
C-7 und C-12 aufgebaut. Die Phenylgruppe an C-14 wurde
erst am Ende der Synthesesequenz eingef%hrt. Vorsichtige
Schutzgruppenmanipulationen erlaubten schließlich die To-
talsynthese des (+)-Wailupemycins B. Durch die Synthese
wurden Relativ- und Absolutkonfiguration des Naturstoffs
einwandfrei best8tigt. Die Gesamtausbeute betrug ausgehend
von (S)-(+ )-Carvon (5) 6% %ber 23 Stufen.


Figure 1. Proposed[1] structures of the natural products wailupemycin A
and B isolated from the actinomycete BD-26T(20).


Scheme 1. Suggested[3] biosynthetic pathway to the biosynthetic wailupe-
mycin precursor 4.


Figure 2. Structures of the two enantiomeric forms 5 and ent-5 of carvone
and of the general building blocks A and B.
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the protective groups PG and PG1 we relied on orthogonal
silyl ethers to protect the hydroxy groups at C-9 and C-11.
The alcohol at C-9 was frequently protected with the robust
tert-butyldiphenylsilyl (TBDPS) or triisopropylsilyl (TIPS)
group, the alcohol at C-11 was often converted into the cor-
responding tert-butyldimethylsilyl (TBDMS) ether. Small
protecting groups were used for the temporary protection of
tertiary alcohols at C-7 and C-12 (Figure 1).
In the following sections we report the results of the indi-


vidual approaches we followed. The study has provided sev-
eral useful details on the reactivity of sterically congested
cyclohexanes. While many of the synthetic approaches to
wailupemycins A and B were performed parallel to each
other they have to be now described in successive order. To
keep this account within a reasonable page limit, several
dead ends cannot be discussed extensively, some are not
even mentioned. The story starts with our initial approaches
according to a bond connection at C-7/C-13 and vice versa
(strategy A). Subsequently, strategy B with a bond connec-
tion C-12/C-7 is discussed. It eventually culminated in a con-
cise synthesis of enantiomerically pure wailupemycin B (2)[9]


which served to unambiguously prove the absolute and rela-
tive configuration of the natural product.


Results and Discussion


Preliminary experiments were conducted to evaluate possi-
ble C�C-bond forming reactions at the different positions
mentioned above (Scheme 2). Pyrone formation from differ-
ent aldehydes was possible by addition of ketene acetal 7,[10]


oxidation with the Dess–Martin periodinane (DMP)[11] and
ring closure.[12,13] Isovaleraldyde (6) for example was con-
verted to pyrone 8 in 75% overall yield. Addition of an ace-
tate enolate to a cyclohexanone at C-7 and subsequent re-
duction to an aldehyde would in combination with this
three-step sequence allow for construction of the C-1/C-6
part of the wailupemycins. Alternatively, the direct introduc-
tion of a pyrone was attempted. The best method was found
to be the addition of the dianion derived from 4-hydroxy-6-
methyl-2H-pyran-2-one[14] to an appropriate ketone. Addi-
tion to cyclohexanone (9) and methylation for example
yielded directly the desired pyrone 10.
The epoxide ring opening at carbon atom C-13 with a


benzoyl anion equivalent proceeded favorably by using a
lithiated dithiane.[15] Removal of the dithiane was best ach-
ieved with HgO in the presence of BF3·OEt2. Following this
protocol, epoxide 11 was transformed into phenyl ketone 12
in an overall yield of 69%. An alternative sequence deliver-
ing the alcohol at carbon atom C-12 in protected form was
feasible upon epoxide ring opening with vinyl magnesium
bromide. The same alcohol 13 can of course be obtained by
allyl metal addition to cyclohexanone, which is relevant to
strategy B (see below). Methoxyethoxymethyl (MEM) pro-
tection[16] of alcohol 13 furnished the homoallylic ether 14
which was oxidized to aldehyde 15 and further converted
into the protected b-hydroxyketone 16. The ring opening of


epoxide 11 with an a-metalated styrene[17] was not possible
under a variety of conditions.


C�C Bond formation at C-7, C-13 and C-5 : Reactions at the
double bond (e.g. epoxidation[18]) or at the carbonyl group
(e.g. enolate addition[8a,19]) of carvone (5/ent-5) occur from
the face opposite to the isopropenyl group.[20] Our initial
plan relied on the hydroxy group at C-7 directing the epoxi-
dation at C-11 and C-12 to establish the relative configura-
tion of C-7 and C-12 in wailupemycin A.[21] Since the config-
uration at C-9 can be—after conversion of the isopropenyl
into a hydroxy group—easily inverted (e.g. by a Mitsunobu
reaction)[22] we envisaged a straightforward synthesis of wai-
lupemycin A starting from (R)-(�)-carvone (ent-5). Enolate
attack at the carbonyl group would establish the correct
configuration at C-7, directed epoxidation would deliver the
desired configuration at C-11 and C-12 and inversion at C-9
would adjust the configuration of the cyclohexane. As de-
picted in Scheme 3, wailupemycin A (1) was retrosyntheti-
cally traced back to the dithiane 17 which in turn was to be
obtained from epoxide 18 by nucleophilic ring opening. Our


Scheme 2. Test reactions to evaluate possible C�C bond formation reac-
tions at C-5, C-7 and C-13 of the wailupemycin skeleton.
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method for the construction of the a-pyrone from an alde-
hyde at C-5 (Scheme 2)[13] appeared to be compatible with
the functional groups present in intermediate 17. Epoxide
18 was to be prepared by directed epoxidation via allylic
triol 19 which in turn was expected to evolve from epoxide
20 by elimination. The origin of the relative configuration in
precursor 20 has already been explained (see above).
Indeed, compound 20 had been prepared in an earlier study
which aimed at an optimization of the desired epoxide elim-
ination to an allylic alcohol.[23] It was obtained in eight steps
from (R)-(�)-carvone (ent-5) with an overall yield of 31%.
The epoxide fragmentation to the desired allylic alcohol


was initiated by treatment of 20 with diethylaluminum
2,2,6,6-tetramethylpiperidide (DATMP).[24] Upon acidic
work-up (1n HCl) triol 19 was obtained (61% yield) and
was selectively TBDMS-protected (TBDMSCl, imidazole in
DMF, RT) at the primary alcohol site (C-5) to yield diol 21
(93%). The relative configuration of triol 19 was proven by
single crystal X-ray crystallography.[23] Directed epoxidation
with meta-chloroperbenzoic acid (MCPBA)[25] in the pres-
ence of NaHCO3 delivered epoxide 22 in quantitative yield
(Scheme 4). Since preliminary experiments had clearly indi-
cated that free hydroxy groups are not compatible with an
attempted nucleophilic epoxide ring opening, a suitable pro-
tection for the alcohols at C-7 and C-11 was looked for.
Even small protecting groups, such as trimethylsilyl (TMS)
or acetyl (Ac), could not be properly installed and we there-
fore had to rely on an acetonide protection of the two axial
hydroxy groups. The formation of the tricyclic product 23
was sluggish (68% yield) but it allowed for an unambiguous
assignment of the relative configuration by 1H NMR
NOESY experiments (Scheme 4). The attempted ring open-
ing with the lithiated 2-phenyl-1,3-dithiane proceeded
smoothly at �40 8C.[15] The newly generated hydroxy group,
however, led to unexpected complications upon work-up
and purification. Isomerization to five-membered acetonides
occurred and decomposition was observed. An isomeriza-
tion to a single protected product was impossible and conse-
quently a deprotected tetraol with free hydroxy groups at


positions C-5, C-7, C-11 and C-12 was the only product to
be obtained (55% yield) after treatment with 1n HCl and
BF3·OEt2. Given the fact that a further protection would
have been extremely tedious we looked for an alternative
route to intermediates of type 17 (Scheme 3). To this end,
the secondary alcohol at C-11 was benzyl (Bn)-protected
and the resulting alcohol 24 was stereoselectively epoxidized
to the above-mentioned epoxyalcohol 18. Its relative config-
uration was proven by 1H NMR NOESY experiments. Tri-
ethylsilyl (TES) protection was feasible at the C-7 hydroxy
group and the silylated epoxy ether 25 underwent smooth
ring opening to dithiane 17 (PG = TES). Disappointingly,
the projected route could not be successfully completed
from this intermediate. Without mentioning every single ex-
periment we performed the bottom line was that an attack
of the carbonyl group at C-5 with any given nucleophile was
impossible. As an example, the selective deprotection of the
TDBMS group to diol 26 is depicted in Scheme 4. Oxidation
with pyridinium chlorochromate (PCC)[26] gave aldehyde 27
which was inert toward all attempted nucleophilic addition


Scheme 3. Retrosynthetic analysis of wailupemycin A (1) based on a dia-
stereoselective epoxidation and a C�C bond disconnection at C-4/C-5
and at C-13/C-14.


Scheme 4. Synthesis of the epoxides 18 and 23 from diol 21, further con-
version of epoxide 18 to aldehyde 25 and major NOESY contacts in ep-
oxide 23.
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reactions. Even the addition of methyl lithium or the reduc-
tion with LiAlH4 did not proceed. Attempts to selectively
attack the aldehyde at C-5 after dithiane deprotection (at C-
14) were not successful, either.
To summarize this section, the hydroxy-directed epoxida-


tion of sterically congested double bonds proved to be a re-
liable method for introducing the stereogenic center at
carbon atom C-12. One axially positioned hydroxy group
was sufficient (cf. alcohol 24) to guarantee high stereocon-
trol. The dithiane moiety could be introduced nicely, but its
steric bulk prohibited further reactions at carbon atom C-5.
The tertiary alcohol at C-7 which was introduced early in
the synthesis by carbonyl addition to carvone caused compli-
cations because it a) was almost impossible to protect and
b) suppressed in unprotected form several straightforward
reactions. We believed that the complete introduction of the
pyrone fragment C-1 to C-6 (Scheme 2) after formation of
the C-13/C-14 bond could be a remedy to avoid these com-
plications.


C�C Bond formation at C-13 and C-7: We identified ketone
28 as an ideal precursor to test the feasibility of a C-7
ketone addition at a later stage of the synthesis. Irrespective
of the facial diastereoselectivity, both product diols could be
used as intermediates towards the wailupemycins, either as
cis-1,2-diol for the synthesis of wailupemycin A (1) or as
trans-1,2-diol for the synthesis of wailupymycin B (2). As
suitable epoxide for ring opening we planned to employ
compound 29 which in turn was to be formed by directed
epoxidation (Scheme 5).


In selecting the epoxide precursor there was a choice of
allylic alcohol precursors readily available from either enan-
tiomer of carvone. The correct configuration at carbon atom
C-9 was to be based on the use of (R)-(�)-carvone (ent-5)
as starting material. Following established methodology,[27,28]


the alcohols 30–32 were available in 42–59% overall yield
from ent-5 in six steps (Figure 3). While allylic alcohol 32 is
apparently unsuited for the desired directed epoxidation at
C-12, the two alcohols 30 and 31 both have a directing hy-
droxy group at carbon atom C-7 the relative configuration
of which appeared to be in accord with the desired epoxide
formation at carbon atom C-12. Only alcohol 30, however,
can adopt a single chair conformation in which the hydroxy
group resides in an axial position. Alcohol 31 is conforma-
tionally more flexible and directed reactions were expected
to proceed with less stereocontrol. Indeed, epoxidations


with either tert-butyl hydroperoxide (TBHP) and VO(acac)2
(acac = acetyl acetone) as the catalyst[29] or with MCPBA
led to a 1:1 mixture of diastereoisomers 33a and 33b.
In pleasant contrast to the latter observation, the epoxida-


tion of allylic alcohol 30 proceeded with excellent facial dia-
stereoselectivity. MCPBA epoxidation (0 8C, CH2Cl2) fur-
nished the epoxide 29 as a single diastereoisomer in 71%
yield. The VO(acac)2-catalyzed reaction was even superior
in this instance (Scheme 6) delivering the desired product in


89% yield.[29] TMS protection of the hydroxy group at C-7
proceeded quantitatively and paved the way for the desired
ring opening. Again, lithiated 2-phenyl-1,3-dithiane proved
to be a reliable reagent for the regio- and chemoselective
epoxide ring opening and epoxide 34 was converted into ter-
tiary alcohol 35 and, again, the hydroxy group protection
was required to allow for the reaction. Alcohol 29 did not
react with the lithiated dithiane. TMS deprotection was se-
lectively attained by the use of aqueous acetic acid to yield
secondary alcohol 36. Pfitzner–Moffatt oxidation was the su-
perior method for the oxidation to ketone 28.[30, 31] CrVI re-
agents led to glycol cleavage reactions and IV oxidants at-
tacked the dithiane part of the molecule. Attempts to tem-
porarily protect (TMS, MEM, Ac) the sterically congested
tertiary alcohol at C-12 in compounds 28 (after oxidation)
or 35 (prior to oxidation) failed.


Scheme 5. Retrosynthetic analysis of wailupemycin A and B (1/2) based
on a C�C bond disconnection at C-13/C-14 and at C-6/C-7.


Figure 3. Structure of the allylic alcohols 30–32 obtained from (R)-(�)-
carvone (ent-5)[28] and of the epoxidation products 33 of allylic alcohol
31.


Scheme 6. Synthesis of ketone 28 from allylic alcohol 30 by diastereose-
lective epoxidation and nucleophilic epoxide ring opening.
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Disappointingly, the a-hydroxyketone 28 did not react
with a nucleophile to allow for the desired C-6/C-7 bond for-
mation. All synthetic equivalents for an a-metalated 4-me-
thoxy-6-methyl-2H-pyran-2-one, including the dianion de-
rived from 4-hydroxy-6-methyl-2H-pyran-2-one (Scheme 2),
did not attack the carbonyl group. With 10 equivalents of
this reagent elimination to an a,b-unsaturated cyclohexe-
none but no addition was observed. The reasons for the low
electrophilicity of ketone 28 are linked either directly or in-
directly to the steric bulk of the dithiane moiety. Based on
1H NMR NOESY measurements compound 28 adopts a
chair conformation with the silyloxy (C-9, C-11) and oxy (C-
12) groups in equatorial position. The (2-phenyldithian-2-
yl)methyl substituent resides in an axial position prohibiting
the attack to the carbonyl group from the Si face. The Re
face attack is impossible due to 1,3-diaxial interactions and
due to Coulomb repulsion between the alkoxide (C-12) and
the incoming nucleophile. The tertiary alcohol at C-12 in
turn had to remain unprotected because the size of the di-
thiane did not allow a temporary protection.
In other experiments (see below), we noted that cyclohex-


anones which do not populate a chair conformation are
much more difficult to attack by a nucleophile than confor-
mationally restricted cyclohexanones.
As a detour to build the required phenyl ketone, we brief-


ly looked into the vinyl Grignard ring-opening sequence (11
! 16, Scheme 2) and attempted to open epoxide 34 with a
vinyl magnesium reagent rather than with a lithiated di-
thiane. Surprisingly, the major pathway of this reaction was
not the ring opening to homoallylic alcohol 38. Instead, a pi-
nacol-type rearrangement generated a b-hydroxyketone,
which was subsequently trapped by the Grignard reagent to
yield cycloheptanediol 37 (Scheme 7).


Although the ring opening product could be made the
major product by conducting the epoxide attack in the pres-
ence of CuI (53% yield) we did not further follow this
route. There were several reasons for this decision. First, the
protection of the tertiary alcohol at C-12 would require a la-
borious protection/deprotection strategy if it could be pro-
tected at all. Secondly, the relative configuration of the O-
protected ketone derived from alcohol 38 would not favor a
single chair conformation. Thirdly, access to ketones of this
type was easier to achieve by allyl magnesium addition to a
C-12 ketone (strategy B in Figure 2).
The ketal ring closure to wailupemycin B was modelled in


a final experiment of this series. Ketone 28 was silyl depro-


tected with HF·py (0 8C, THF) to yield triol 39, which upon
treatment with HgO and BF3·OEt2 cyclized to the expected
cyclic ketal 40 (Scheme 8). The result nicely illustrated the
high preference for intramolecular ketal formation in triols
of this type and encouraged further work directed towards
the synthesis of wailupemycin B (2).


C�C Bond formation at C-12 and C-7: An analysis of the
consecutive bond-formation steps according to strategy B
(Figure 2) revealed that the trans-1,2-diol found in wailupe-
mycin B is much more readily formed than the cis-1,2-diol
of wailupemycin A. Attack with a reasonably large nucleo-
phile, for example, the dianion derived from 4-hydroxy-6-
methyl-2H-pyran-2-one, on a ketone of general structure C
can only occur as an equatorial attack leading to the axial
alcohol D. Even if R is an allyl or another relatively small
carbon substituent, any attempt to override its preference
for an equatorial position, for example, by enlarging the size
of the O-PG group or by utilizing the relative configuration
of the protected hydroxy groups at C-9 or C-11, appeared
unsensible. On the contrary, it was our notion that a strong
attempt should be made to choose the protected hydroxy
groups at C-9 or C-11 so that a single chair conformation of
an appropriate ketone was strongly preferred. For compari-
son, the open-chain isomer 41 of wailupemycin B is drawn
in Scheme 9.


Another question to be addressed was related to the con-
figuration at the stereogenic carbon atom C-12. It is defined
in the diastereoselective addition step of a given acetophe-
none enolate equivalent to a chiral C-12 ketone. In our case,
several ketones were available starting from either enantio-
mer of carvone. They are readily prepared from the above-
mentioned alkenes 30–32 (Figure 3) or their enantiomers by


Scheme 7. Attempted ring opening of epoxide 34 with vinyl magnesium
bromide.


Scheme 8. Deprotection and intramolecular ketalization of dithiane 39.


Scheme 9. Facial diastereoselectivity of a nucleophilic approach to cyclo-
hexanone C and structure of the open-chain isomer 41.
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TMS protection (C-7) and ozonolytic cleavage.[28] In prelimi-
nary experiments, only two ketones 42 and 43—both pre-
pared from (S)-(+)-carvone (5)—allowed for an unequivocal
attack in favor of the correct absolute configuration at C-12
required for wailupemycin B (Figure 4). The question which


acetophenone enolate equivalent was to be employed could
also be answered in these studies. Allyl magnesium bromide
gave much higher diastereoselectivities than 2-phenylethynyl
lithium. The observation is in line with previous studies on
the nucleophilic addition to cyclohexanones.[19,20,32] The steri-
cally least congested equatorial trajectory is favored for
large nucleophiles whereas small nucleophiles approach cy-
clohexanones axially. A surprising observation was the fact
that the all-equatorial cyclohexanone 42 reacted with allyl
magnesium bromide in lower yields and with lower diaster-
eoselectivity than cyclohexanone 43.
While it was tempting to introduce the phenyl ring al-


ready with a suitable allyl Grignard reagent, for example,
with 2-phenylallyl magnesium bromide, we discarded this
idea. Previous experience had shown that the substituent at
C-12 should be as small as possible. Based on the prelimina-
ry work (Scheme 2) we were optimistic that the conversion
of the allyl group to a benzoylmethyl substituent would suc-
ceed after MEM protection of the tertiary alcohol. Conse-
quently, we adjusted our retrosyntethic plan aiming at allyl
addition product 45 as initial key intermediate (Scheme 10).
The second key intermediate 44 was certainly not envi-
sioned with this set of protecting groups—they rather ac-
commodated synthetic needs in the real synthesis - but it re-
flects the crucial synthetic steps: a) pyrone addition, b) in-
version of configuration at C-9, c) complete protection of
hydroxy groups and d) ozonolytic cleavage of the double
bond. From intermediate 44 the completion of the synthesis
by carbonyl addition, oxidation at C-14, deprotection and
oxidation at C-11 as well as complete deprotection appeared


straightforward based on the facile ketalization we had ear-
lier observed for the model system 40 (Scheme 8).
In a forward direction the synthesis commenced with the


above-mentioned MEM ether 45 which was obtained from
the allyl Grignard addition product 46 by MEM protection
(Scheme 11).[33] The diastereomeric ratio (dr) was deter-
mined after MEM protection to be >95:5. Deprotection of
the TMS ether at C-7 was achieved by treatment of com-
pound 45 with K2CO3 in methanol. The secondary alcohol
47 was oxidized with 2-iodoxybenzoic acid (IBX)[34] to
ketone 48.[35, 36] The dianion generated from 4-hydroxy-6-
methyl-2H-pyran-2-one by deprotonation with tert-butyl
lithium added diastereoselectively to this ketone and yielded
the tertiary alcohol 49. In order to achieve a high facial dia-
stereoselectivity, the addition was conducted at low temper-
ature (�78 8C), at which the reaction was slow. Even after
2 d it did not go to completion (64% yield) and starting ma-
terial was recovered (22% yield). The unstable hydroxypyr-
anone (dr 93:7) was immediately methylated with dimethyl
sulfate in the presence of K2CO3. Product 50 obtained after
methylation and purification was diastereomerically pure
(dr >95:5).
Originally, we had planned to subsequently remove the


TBDMS group at C-11 and to form the C-11 ketone prior to
inverting the configuration at C-9.[37] While the TBDMS and
MEM deprotection was possible under acidic conditions
(ZnBr2, CeCl3 in MeCN) leaving the TBDPS group un-
touched it turned out that the TBDPS-protecting group at
C-9 was selectively cleaved under standard silyl deprotection
conditions (HF·py in THF). Since the inversion of configu-
ration at C-9 appeared feasible with alcohol 51 it was at-
tempted by an oxidation–reduction sequence. Indeed, oxida-
tion to ketone 52 proceeded smoothly and the subsequent
hydride addition occurred selectively from the equatorial
position if LiHB(sBu)3 (L-selectride) was used as the reduc-
ing agent. NaBH4 gave predominantly the starting material
51 (dr 80:20) approaching the conformationally locked cy-
clohexanone 52 from the axial position. The two axial hy-
droxy groups at C-7 and C-9 could be protected as the cyclic
isopropylidene acetal 54 upon treatment of diol 53 with 2-
methoxy propene in the presence of pyridinium para-tolu-
ene sulfonate (PPTS). At this stage the elaboration of the
terminal olefin to the benzoyl group commenced. The oxi-
dative double bond cleavage was conducted as in the previ-
ous model study (14 ! 15, Scheme 2) by the Lemieux–John-
son method.[38] Grignard addition to aldehyde 44 and imme-


Figure 4. Facial diastereoselectivity of a nucleophilic approach to cyclo-
hexanones 42 and 43 with allyl magnesium bromide and 2-phenylethynyl
lithium.


Scheme 10. Retrosynthetic analysis of wailupemycin B (2) based on a C�
C bond disconnection at C-12/C-13, at C-6/C-7, and at C-14/C-15.
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diate oxidation provided access to ketone 55. The combina-
tion of Dess–Martin periodinane/NaHCO3 was the only oxi-
dant that effected the required oxidation but left the acetal
protecting groups untouched.[39] Swern-,[40] PCC-,[26] and pyr-
idinium dichromate(PDC) oxidation[41] led to concomitant
deprotection reactions whereas IBX,[34–36] tetrapropylammo-
nium perruthenate (TPAP),[42] 2,2,6,6-tetramethylpiperdine
nitroxyl (TEMPO),[43] or MnO2


[44] did not oxidize the secon-
dary alcohol and starting material was recovered. TBDMS
deprotection at C-11 was impossible under basic conditions
in the presence of the adjacent MEM ether and it was there-
fore decided to attempt the oxidation to the C-11 ketone
after formation of the wailupemycin B skeleton. In the tricy-
clic core the TBDMSO group at C-11 should be in an ex-
posed axial position. The acetal protecting groups could be
completely removed under carefully selected conditions in a
1:2:2:4 mixture of trifluoroacetic acid (TFA), acetic acid,
water, and THF and the cyclic ketal 56 was formed. Tetrabu-
tylammonium fluoride (TBAF) effected the deprotection of
the remaining silyl ether and an IBX oxidation to wailupe-
mycin B (2) completed the synthesis. Conventional IBX oxi-
dation in DMSO with an aqueous work-up and ether extrac-
tion was not favorable due to the low solubility of wailupe-
mycin B in diethyl ether. Instead, the Finney protocol[45] was
followed according to which the IBX oxidation is conducted
in refluxing ethyl acetate.
Overall, the total synthesis proceeded in 23 steps starting


from (S)-(+)-carvone (5) and in 6% overall yield. The iden-
tity of the synthetic material to the natural product was
proven by comparison of the spectroscopic data (NMR,


[a]20D). The relative configuration of intermediates (e.g. 54)
was proven by 1H NMR NOESY studies.[9]


The unexpected higher reactivity of the TBDPS group at
C-9 as compared with the TBDMS group at C-11 in inter-
mediate 50 may raise the question why the protection was
not more conveniently conducted with a twofold TBDMS
protection at C-9 and C-11. The corresponding ketone 57
was quickly prepared in analogy to ketone 48. It failed, how-
ever, to provide the same selectivities in the subsequent ad-
dition step. While the dianion generated from 4-hydroxy-6-
methyl-2H-pyran-2-one added to ketone 48 after 2 d in THF
at �78 8C in 64% yield and with a dr 93:7, the addition to
ketone 57 proceeded only in 52% yield and with a dr of
83:17.
The previously mentioned conformational arguments are


important in all addition steps to these sterically congested
cyclohexanones. Ketone 58 may serve as an example
(Figure 5). NOESY studies and analysis of its coupling con-
stants clearly indicated that this ketone does not adopt a
chair conformation. A nucleophilic addition to the carbonyl
group was impossible.


Scheme 11. Total synthesis of wailupemycin B (2) starting from the allyl addition product 46, which in turn was obtained from (S)-(+ )-carvone (5) in
nine steps and 53% overall yield.


Figure 5. Structure of the ketones 57 and 58, which were also tested for a
diastereoselective C�C bond formation at carbon atom C-7.
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Attempted C�C bond formation between C-12 and C-7:
While strategy B had provided a straightforward entry to
wailupemycin B (2), it appeared to be less suited for the
synthesis of wailupemycin A (1). Since all other approaches
had not led to a feasible synthetic route to 1, either, we at-
tempted as the final strategy a “biomimetic” approach
aiming at a bond construction between carbon atoms C-12
and C-7. MEM deprotection of compound 50 yielded the
diol 59 which could be oxidatively cleaved to diketone 60.
Due to the trans-diaxial relationship of the hydroxy groups
at C-7 and C-12 the yield in the cleavage was not high but
the amount of material was sufficient to attempt a reasona-
ble number of pinacol coupling reactions. None of them,
however, gave a hint on the formation of a diol, be it com-
pound 59 or the desired diastereoisomer (Scheme 12).


Conclusion


In summary, three approaches to the synthesis of wailupe-
mycins A and B have been described. They were all based
on the use of enantiomerically pure carvone as starting ma-
terial but differed in the chosen bond set. In the first ap-
proach, it was impossible to add a C4 fragment to the alde-
hyde carbon atom C-5 of key intermediate 27. The low reac-
tivity of the electrophile was attributed to the steric shield-
ing of the reaction center by the adjacent dithiane. In the
second approach, attempts to introduce the 4-methoxy-6-ox-
opyran-2-ylmethyl group (C-1 to C-6) by addition to an ap-
propriate ketone (28) were unsuccessful. Besides the steric
bulk of the substituents at the cyclohexanone, the ring con-
formation was found to play a decisive role as to success of
the carbonyl additions. Implementing these observations a
final approach was conducted which aimed at successive
bond formations at carbon atoms C-12 and C-7. By adjust-
ing the configuration of the hydroxy substituents at C-9 and
C-11, cyclohexanones were prepared starting from (S)-(+ )-
carvone (5), in which an unequivocal chair conformation
was set up and in which an equatorial nucleophilic approach
was possible. After appropriate protecting and functional
group manipulations the strategy turned out to be successful
and wailupemycin B was synthesized in 23 steps and an
overall yield of 6% starting from (S)-(+ )-carvone (5). An
appealing aspect of our synthetic route is the possibility to
replace the peripheral aromatic substituents by other arenes
and hetarenes.


Experimental Section


General : All reactions involving water-sensitive chemicals were carried
out in flame-dried glass ware with magnetic stirring under Ar. Common
solvents [pentane (P), methanol (MeOH), ethanol (EtOH), ethyl acetate
(EtOAc), tetrahydrofuran (THF), diethyl ether (Et2O), CH2Cl2] were dis-
tilled prior to use. All other reagents and solvents were used as received.
1H and 13C NMR spectra were recorded in CDCl3 unless otherwise
noted. Chemical sifts are reported relative to CHCl3. Apparent multiplets
which occur as a result of accidental equality of coupling constants to
those of magnetically nonequivalent protons are marked as virtual (virt.).
TLC was performed on aluminum sheets (0.2 mm silica gel 60 F254) with
detection by UV (254 nm) or by coloration with ceric ammonium molyb-
date (CAM). Flash chromatography[46] was performed on silica gel 60
(230–400 mesh) (ca. 50 g for 1 g of material to be separated), with the in-
dicated eluent. Compounds 20,[23] 30,[28] and 43[28] were prepared accord-
ing to known procedures.


4-Methoxy-6-[(1-hydroxycyclohexyl)methyl]-2H-pyran-2-one (10): 4-Hy-
droxy-6-methyl-2H-pyran-2-one (630 mg, 5 mmol) was dissolved in THF
(60 mL). The solution was cooled to �78 8C, and a solution of tBuLi in
pentane (1.5m ; 10 mmol, 6.7 mL) was added dropwise. After stirring the
orange solution for 15 min at �78 8C, the mixture was warmed to 0 8C.
The solution was stirred for 20 min at 0 8C, then cooled to �78 8C. A so-
lution of cyclohexanone (0.15 mL, 147 mg, 1.5 mmol) in THF (5 mL) was
added. The reaction mixture was stirred for additional 20 min at �78 8C
and then warmed to RT over a period of 3 h. The reaction was quenched
by addition of sat. aqueous NH4Cl (100 mL). The mixture was acidified
with aqueous H2SO4 (10%) to pH 2. After addition of Et2O (200 mL)
and water (200 mL), the layers were separated. The aqueous layer was
extracted with Et2O (2S150 mL). The combined organic layers were
washed with water (200 mL) and brine (200 mL), dried over Na2SO4, fil-
tered and concentrated in vacuo. The crude product was purified by flash
chromatography (P/EA 30:70) to give 4-hydroxy-6-[(1-hydroxycyclohex-
yl)methyl]-2H-pyran-2-one as a yellow oil (205 mg, 0.92 mmol, 61%).
Rf=0.05 (P/EA 50:50) [CAM]; 1H NMR (250 MHz, [D6]DMSO): d=


1.53–1.96 (m, 10H), 2.85 (s, 2H), 3.75 (br s, 1H, OH), 4.72 (br s, 1H,
OH), 5.60 (s, 1H), 6.32 (s, 1H); 13C NMR (90.6 MHz, [D6]DMSO): d=
21.7 (t), 25.4 (t), 37.2 (t), 46.4 (t), 70.0 (s), 88.6 (d), 102.5 (d), 164.0 (s),
164.3 (s), 170.4 (s).


4-Hydroxy-6-[(1-hydroxycyclohexyl)methyl]-2H-pyran-2-one (180 mg,
0.8 mmol) was dissolved in dry acetone (10 mL) and was stirred with
K2CO2 (300 mg) and dimethyl sulfate (0.15 mL, 202 mg, 1.6 mmol) at RT
for 12 h. The mixture was diluted with Et2O (150 mL) and water
(150 mL), the layers were separated. The organic layer was dried over
Na2SO4, filtered and concentrated in vacuo. The crude product was puri-
fied by flash chromatography (P/EA 50:50) to give 10 as a colorless oil
(175 mg, 0.74 mmol, 92%). Rf=0.20 (P/EA 50:50) [CAM]; 1H NMR
(250 MHz): d=1.17–1.36 (m, 1H), 1.41–1.55 (m, 9H), 2.14 (br s, 1H,
OH), 2.53 (s, 2H), 3.73 (s, 3H), 5.36 (d, J=2.1 Hz, 1H), 5.84 (d, J=
2.1 Hz, 1H); 13C NMR (62.9 MHz): d=21.9 (t), 25.3 (t), 37.4 (t), 46.3 (t),
55.7 (q), 71.1 (s), 87.7 (d), 102.5 (d), 162.3 (s), 164.8 (s), 171.0 (s); IR
(neat): ñ=3432 (br s, OH), 2933, 2858 (vs, Csp3-H), 1698 (vs sh, C=O),
1643 (s), 1565 (vs), 1456 (s), 1411 (s), 1249 (vs), 1146 (s), 1035 (s),
984 cm�1 (m); MS (EI, 70 eV): m/z (%): 238 (1) [M +], 140 (100), 125 (8),
81 (10); elemental analysis calcd (%) for C13H18O4 (238.28): C 65.53, H
7.61; found: C 65.81, H 7.75.


1-(2-Oxo-2-phenylethyl)cyclohexanol (12): A solution of nBuLi in hex-
anes (1.3m, 2 mmol, 1.6 mL) was added at �40 8C to a solution of 2-
phenyl-1,3-dithiane[15a] (392 mg, 2.0 mmol) in dry THF (6 mL). The re-
sulting solution was stirred for 2 h at �30 8C. Then the orange solution
was cooled to �78 8C. A solution of 1-oxaspiro[2.5]octane[47] (11)
(168 mg, 1.5 mmol) in THF (2 mL) was added slowly. The reaction mix-
ture was stirred for 1 h at �78 8C. Then the mixture was allowed to stand
for 2 d at �22 8C. The reaction was quenched by addition of sat. aqueous
NH4Cl (25 mL). The mixture was extracted with CH2Cl2 (2S50 mL). The
combined organic layers were washed with water (100 mL) and brine
(100 mL), dried over Na2SO4, filtered and concentrated in vacuo. The
crude product was purified by flash chromatography (P/EA 90:10) to


Scheme 12. Preparation of the acyclic diketone 60 from diol 59 by diol
cleavage.


Chem. Eur. J. 2005, 11, 7007 – 7023 D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7015


FULL PAPER(+)-Wailupemycin B



www.chemeurj.org





give 1-(2-phenyl-1,3-dithian-2-ylmethyl)-1-cyclohexanol as a colorless oil
(370 mg, 1.2 mmol, 80%). Rf=0.59 (P/EA 80:20) [CAM] [UV]; 1H NMR
(300 MHz): d=1.29–1.63 (m, 10H), 2.02–2.10 (m, 3H), 2.51 (s, 2H),
2.81–2.89 (m, 4H), 7.24–7.39 (m, 1H), 7.46–7.51 (m, 2H), 8.02–8.05 (m,
2H); 13C NMR (50.3 MHz): d=22.3 (t), 25.1 (t), 25.9 (t), 28.3 (t), 39.3 (t),
55.5 (t), 57.2 (s), 73.5 (s), 127.7 (d), 128.9 (d), 129.1 (s), 142.5 (d).


A solution of 1-(2-phenyl-1,3-dithian-2-ylmethyl)-1-cyclohexanol
(40.0 mg, 0.13 mmol) in THF (2 mL) was added dropwise to a suspension
of red mercury(ii) oxide (56.3 mg, 0.26 mmol) and BF3·OEt2 (0.07 mL,
36.9 mg, 0.26 mmol) in aqueous THF (2 mL, 15% in water) at RT. The
mixture was stirred at RT for 30 min, diluted with Et2O (10 mL). The
layers were separated. The organic layer was washed with sat. aqueous
NaHCO3 (2S10 mL) and brine (20 mL), dried over MgSO4, filtered and
concentrated in vacuo. The crude product was purified by flash chroma-
tography (P/EA 70:30) to give the known compound 12[48] as a colorless
oil (24.3 mg, 0.11 mmol, 86%). Rf=0.28 (P/EA 80:20) [CAM] [UV];
1H NMR (250 MHz, [D6]DMSO): d=1.23–1.78 (m, 10H), 3.04 (s, 2H),
3.35 (br s, 1H, OH), 7.45–7.60 (m, 3H), 7.96–8.00 (m, 2H); 13C NMR
(50.3 MHz, [D6]DMSO): d=21.9, 25.6, 37.8, 47.6, 70.7, 128.7, 128.8,
133.1, 138.6, 200.3.


1-Allylcyclohexanol (13): A solution of vinylmagnesium bromide in THF
(1.0m, 10 mmol, 10 mL) was added at RT to a solution of 1-oxaspiro-
[2.5]octane[47] (11) (1.12 g, 10 mmol) in dry THF (30 mL). The solution
was stirred for 1 h at RT. The reaction was quenched by addition of sat.
aqueous NH4Cl (50 mL) and diluted with water (100 mL). The mixture
was extracted with Et2O (250 mL). The layers were separated. The organ-
ic layer was washed with water (100 mL) and brine (150 mL), dried over
MgSO4, filtered and concentrated in vacuo. The crude product was puri-
fied by flash chromatography (P/EA 80:20) to give 13 as a colorless oil
(1.15 g, 8.2 mmol, 82%). Rf=0.41 (P/EA 80:20) [CAM]. 1H NMR
(360 MHz): d=1.30–1.62 (m, 10H), 1.67 (s, 1H, OH), 2.12 (d, J=7.5 Hz,
2H), 4.98–5.06 (m, 2H), 5.74–5.86 (m, 1H); 13C NMR (90.6 MHz): d=
22.0 (t), 25.6 (t), 37.2 (t), 46.6 (t), 70.7 (s), 118.2 (t), 133.7 (d); IR (neat):
ñ=3420 (br s, OH), 3077 (m, Csp2-H), 2928 (s, Csp3-H), 636 (s), 1460 (s),
971 (s), 932 cm�1 (vs); MS (EI, 70 eV): m/z (%): 140 (1) [M +], 99 (100)
[M +�C3H5], 81 (95), 55 (64), 41 (28); elemental analysis calcd (%) for
C9H16O (140.22): C 77.09, H 11.50; found: C 76.43, H 11.40.


1-(2-Methoxyethoxymethoxy)-1-allylcyclohexane (14):[16] Diisopropyl-
ethylamine (3.6 mL, 21 mmol) and MEM chloride (1.6 mL, 14 mmol)
were added at 0 8C to a solution of 13 (1.0 g, 7.1 mmol) in 1,2-dichloro-
ethane (20 mL). The solution was stirred for 15 h at RT. The reaction
was quenched by addition of sat. aqueous NaHCO3 (150 mL). The aque-
ous layer was extracted with Et2O (2S150 mL). The layers were separat-
ed. The combined organic layers were washed with water (200 mL) and
brine (200 mL), dried over MgSO4, filtered and concentrated in vacuo.
The crude product was purified by flash chromatography (P/EA 90:10)
to give 14 as a colorless oil (1.33 g, 5.8 mmol, 82%). Rf=0.48 (P/EA
80:20) [CAM]; 1H NMR (360 MHz): d=1.19–1.71 (m, 10H), 2.27 (dt, J=
7.2, 1.2 Hz, 2H), 3.35 (s, 3H), 3.51 (t, J=5.0 Hz, 2H), 3.72 (t, J=5.0 Hz,
2H), 4.78 (s, 2H), 4.96–5.00 (m, 2H), 5.74–5.83 (m, 1H); 13C NMR
(90.6 MHz): d=22.0 (t), 25.6 (t), 34.8 (t), 42.9 (t), 58.9 (q), 67.2 (t), 71.8
(t), 77.1 (s), 89.4 (t), 117.2 (t), 134.2 (d); IR (neat): ñ=3071 (m, Csp2-H),
2958, 2922 (vs, Csp3-H), 1470 (vs), 1055 cm


�1 (vs br); MS (EI, 70 eV): m/z
(%): 187 (5), 153 (7), 123 (15), 89 (100) [CH2OCH2CH2OCH3


+], 81 (32),
59 (98) [CH3OCH2CH2


+]; elemental analysis calcd (%) for C13H24O3


(228.33): C 68.38, H 10.59; found: C 68.38, H 10.50.


2-[1-(2-Methoxyethoxymethoxy)cyclohexyl]acetaldehyde (15):[38] Ether
14 (393 mg, 1.72 mmol) was dissolved in THF (10 mL) and water (10 mL)
at RT. To this mixture was added a solution of OsO4 in water (1%;
0.04 mL) and NaIO4 (0.95 g, 4.4 mmol) subsequently. The mixture was
stirred for 3 h at RT. The precipitate was filtered. The residue was
washed with Et2O (50 mL). The filtrate was diluted with Et2O (100 mL)
and water (100 mL). The layers were separated. The aqueous layer was
extracted with Et2O (2S100 mL). The combined organic layers were
washed with sat. aqueous NaHCO3 (200 mL) and brine (200 mL), dried
over Na2SO4, filtered and concentrated in vacuo. The crude product was
purified by flash chromatography (P/EA 80:20) to give 15 as a colorless
oil (285 mg, 1.24 mmol, 72%). Rf=0.24 (P/EA 80:20) [CAM]; 1H NMR


(360 MHz): d=1.30–1.89 (m, 10H), 2.57 (d, J=2.9 Hz, 2H), 3.37 (s, 3H),
3.51 (t, J=4.6 Hz, 2H), 3.72 (t, J=4.6 Hz, 2H), 4.87 (s, 2H), 9.84 (br s,
1H); 13C NMR (90.6 MHz): d=21.8 (t), 25.2 (t), 35.3 (t), 51.5 (t), 59.0
(q), 67.4 (t), 71.6 (t), 76.3 (s), 89.6 (t), 202.8 (d); IR (neat): ñ=2932, 2863
(vs, Csp3-H), 1720 (vs, C=O), 1448 (w), 1104 (s), 1036 cm�1 (vs sh); MS
(EI, 70 eV): m/z (%): 230 (1) [M +], 154 (12), 125 (20), 89 (95)
[CH2OCH2CH2OCH3


+], 81 (63), 59 (100) [CH3OCH2CH2
+]; elemental


analysis calcd (%) for C12H22O4 (230.30): C 62.58, H 9.63; found: C 61.46,
H 9.30.


2-[1-(2-Methoxyethoxymethoxy)cyclohexyl]-1-phenylethanone (16): A
solution of phenylmagnesium bromide in Et2O (3m ; 0.33 mL, 1.0 mmol)
at 0 8C was added to a solution of aldehyde 15 (200 mg, 0.86 mmol) in
THF (20 mL). The yellow solution was stirred for 1 h at 0 8C. The reac-
tion was quenched by addition of sat. aqueous NH4Cl (150 mL). The mix-
ture was extracted with Et2O (2S200 mL). The combined organic layers
were washed with water (150 mL) and brine (150 mL), dried over
Na2SO4, filtered and concentrated in vacuo. The crude product was puri-
fied by flash chromatography (P/EA 50:50) to give 2-[1-(2-methoxyethox-
ymethoxy)cyclohexyl]-1-phenylethanol as a colorless oil (225 mg,
0.73 mmol, 85%). Rf=0.44 (P/EA 50:50) [CAM]; 1H NMR (360 MHz):
d=1.39–1.94 (m, 12H), 3.39 (s, 3H), 3.58 (t, J=4.5 Hz, 2H), 3.80 (t, J=
4.5 Hz, 2H), 4.27 (br s, 1H, OH), 4.92 (s, 2H), 5.02 (dd, J=7.7, 4.5 Hz,
1H), 7.23–7.34 (m, 5H); 13C NMR (90.6 MHz): d=22.6 (t), 25.4 (t), 33.7
(t), 35.5 (t), 58.9 (q), 67.4 (t), 70.5 (d), 71.6 (t), 79.3 (s), 89.1 (t), 125.6 (d),
127.0 (d), 128.2 (d), 142.2 (s).


To a solution of 2-[1-(2-methoxyethoxymethoxy)cyclohexyl]-1-phenyl-
ethanol (120 mg, 0.39 mmol) in CH2Cl2 was added Dess–Martin periodi-
nane[11] (191 mg, 0.45 mmol) in one portion. The mixture was stirred at
0 8C. After 2 h, Et2O (100 mL) and sat. aqueous NaHCO3 (100 mL) con-
taining 5% Na2S2O3 were added. The mixture was stirred at RT until the
formation of two clear layers was observed (~30 min). The layers were
separated. The organic layer was washed with water (100 mL) and brine
(100 mL), dried over Na2SO4, filtered and concentrated in vacuo. The
crude product was purified by flash chromatography (P/EA 80:20) to
give 16 as a colorless oil (112 mg, 0.37 mmol, 94%). Rf=0.51 (P/EA
50:50) [CAM]; 1H NMR (360 MHz): d=1.23–1.88 (m, 10H), 3.22 (s,
3H), 3.30 (s, 2H), 3.41–3.44 (m, 2H), 3.64–3.66 (m, 2H), 4.82 (s, 2H),
7.39–7.53 (m, 3H), 7.92–7.94 (m, 2H); 13C NMR (90.6 MHz): d=22.0 (t),
25.4 (t), 34.9 (t), 46.5 (t), 58.9 (q), 67.2 (t), 71.8 (t), 77.1 (s), 89.8 (t), 128.3
(d), 128.4 (d), 132.7 (d), 138.6 (s), 198.8 (s); IR (neat): ñ=3059 (m, Csp3-
H), 2930 (vs, Csp3-H), 1675 (vs, C=O), 1448 (vs), 1368 (m), 1208 (m), 1134
(s), 1100 (vs), 1040 (vs sh), 751 (s), 691 cm�1 (vs); MS (EI, 70 eV): m/z
(%): 306 (1) [M +], 200 (50), 105 (100) [OCH2OCH2CH2OCH3


+], 89 (91)
[CH2OCH2CH2OCH3


+], 59 (94) [CH3OCH2CH2
+]; elemental analysis


calcd (%) for C18H26O4 (306.40): C 70.56, H 8.55; found: C 70.66, H 8.55.


(1R,3S,5S)-1-(2-Hydroxyethyl)-5-triisopropysilyloxy-2-methylencyclohex-
ane-1,3-diol (19): A solution of (6R,7S,8S,10S)-7,8-epoxy-2,2,7-trimethyl-
10-triisopropylsilyloxy-1,3-dioxaspiro[5.5]undecane (20)[24] (1.74 g,
4.5 mmol) in benzene (40 mL) was treated with DATMP [15 mmol; pre-
pared from 2,2,6,6-tetramethylpiperidine (15 mmol), a solution of n-bu-
tyllithium in hexane (2.5m, 15 mmol), a solution of Et2AlCl in toluene
(1.8m, 15 mmol) at 0 8C] for 45 min at 0 8C. The reaction was quenched
by addition of saturated aqueous NH4Cl (40 mL). The mixture was acidi-
fied with aqueous HCl (1n, 100 mL) and stirred for 1 h at room tempera-
ture. After dilution with diethyl ether (100 mL), the layers were separat-
ed and extracted with ethyl acetate (2S50 mL). The combined organic
layers were washed with water (100 mL) and brine (100 mL), dried
(Na2SO4), filtered and concentrated. Flash chromatography (CH/EA
50:50) gave triol 19 as a colorless solid (945 mg, 2.75 mmol, 61%). Rf=


0.13 (P/EA 50:50) [CAM]; m.p. 90–96 8C; [a]20D =�84.6 (c=0.23,
CH2Cl2);


1H NMR (360 MHz): d=1.06 (s, 21H), 1.78–2.01 (m, 5H), 2.21
(d, J=6.1 Hz, 1H), 2.27 (ddd, J=15.0, 5.9, 3.9 Hz, 1H), 2.41 (t, J=
4.6 Hz, 1H), 3.74 (s, 1H), 3.85–3.87 (m, 2H), 4.40 (virt. quint, J ffi 4.9 Hz,
1H), 4.43–4.49 (m, 1H), 5.17 (s, 1H), 5.19 (s, 1H); 13C NMR (90.6 MHz):
d=12.2 (d), 18.1 (q), 18.1 (q), 40.5 (t), 44.5 (t), 47.8 (t), 60.0 (t), 65.4 (d),
70.4 (d), 76.8 (s), 107.0 (t), 153.0 (s); IR (neat): ñ=3286 (vs br, OH),
2942 (vs), 2866 (s), 1384 (m), 1098 (m), 1058 (s), 914 (m), 674 cm�1 (m);
MS (EI, 70 eV): m/z (%): 301 (43) [M +�iPr], 283 (56), 265 (30), 153
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(45), 135 (100), 107 (87), 103 (49), 81 (64), 75 (83), 59 (20), 43 (44) [iPr+


]; elemental analysis calcd (%) for C18H36O4Si (344.56): C 62.74, H 10.53;
found: C 62.52, H 10.46.


(3S,4R,6S,8S)-4-(2-tert-Butyldimethylsilyloxyethyl)-4,8-dihydroxy-6-(tri-
isopropyl)silyloxy-1-oxaspiro[2.5]octane (22): A solution of tert-butyldi-
methylsilyl chloride in toluene (2.9m ; 0.69 mL, 2.0 mmol) at 0 8C was
added to a solution of triol 19 (675 mg, 1.96 mmol) and imidazole
(170 mg, 2.5 mmol) in DMF (5 mL). The solution was stirred at RT for
15 h. The solution was diluted with water (150 mL) and Et2O (100 mL).
The layers were separated. The aqueous layer was extracted with Et2O
(2S50 mL). The combined organic layers were washed with water
(100 mL) and brine (150 mL), dried (Na2SO4), filtered and concentrated.
The crude product was purified by flash chromatography (P/EA 80:20)
to give diol 21 as a colorless oil (836 mg, 1.83 mmol, 93%). Rf=0.56 (P/
EA 80:20) [CAM]; 1H NMR (360 MHz): d=0.05 [s, 3H, (CH3)3CSi-
(CH3)2], 0.06 [s, 3H, (CH3)3CSi(CH3)2], 0.90 [s, 9H, (CH3)3CSi(CH3)2],
1.06 [s, 21H, SiCH(CH3)2], 1.72–1.89 (m, 4H), 1.99 (dt, J=12.7, 4.8 Hz,
1H), 2.25 (dt, J=15.2, 4.3 Hz, 1H), 2.40 (d, J=7.1 Hz, 1H, OH), 3.83
(virt. t, J ffi 5.9 Hz, 2H), 4.37–4.40 (m, 2H), 4.85 (s, 1H, OH), 5.17 (s,
2H); 13C NMR (90.6 MHz): d=�5.7 [q, (CH3)3CSi(CH3)2], �5.6 [q,
(CH3)3CSi(CH3)2], 12.3 [d, SiCH(CH3)2], 18.0 [q, SiCH(CH3)2], 18.1 [q,
SiCH(CH3)2], 18.1 [s, (CH3)3CSi(CH3)2], 25.8 [q, (CH3)3CSi(CH3)2], 40.0
(t), 44.9 (t), 47.1 (t), 60.9 (t), 65.9 (d), 69.8 (d), 76.5 (s), 106.3 (t), 153.4
(s).


3-Chloroperbenzoic acid (444 mg, 1.8 mmol) and NaHCO3 (210 mg,
2.5 mmol) were added at 0 8C to a solution of 21 (662 mg, 1.45 mmol) in
CH2Cl2 (10 mL). The mixture was stirred for 2 h at 0 8C. The mixture was
filtered and diluted with sat. aqueous NaHCO3 (20 mL) and CH2Cl2
(20 mL). The layers were separated. The aqueous layer was extracted
with CH2Cl2 (2S10 mL). The combined organic layers were washed with
sat. aqueous NaHCO3 (20 mL) and brine (20 mL), dried over Na2SO4, fil-
tered and concentrated in vacuo. The crude product was purified by flash
chromatography (P/EA 80:20) to give 22 as a colorless oil (680 mg,
1.43 mmol, 99%; dr > 95:5). Rf=0.41 (P/EA 80:20) [CAM]; [a]20D =


�32.9 (c=0.52, CHCl3);
1H NMR (500 MHz): d=0.03 [s, 6H, (CH3)3CSi-


(CH3)2], 0.84 [s, 9H, (CH3)3CSi(CH3)2], 1.04 [s, 21H, SiCH(CH3)2], 1.74
(virt. t, J ffi 12.9 Hz, 1H), 1.81–1.92 (m, 3H), 2.02 (dt, J=12.9, 4.7 Hz,
1H), 2.22 (virt. quint, J ffi 6.8 Hz, 1H, -OH), 3.00 (d, J=5.0 Hz, 1H),
3.03 (d, J=5.0 Hz, 1H), 3.79–3.89 (m, 2H), 4.03–4.08 (m, 1H, + OH),
4.32–4.34 (m, 2H); 13C NMR (90.6 MHz): d=�5.7 [q, (CH3)3CSi(CH3)2],
�5.6 [q, (CH3)3CSi(CH3)2], 12.2 [d, Si(CH(CH3)2)3], 17.9 [q, Si-
(CH(CH3)2)3], 18.0 [s, (CH3)3CSi(CH3)2], 18.1 [s, (CH3)3CSi(CH3)2], 25.7
[s, (CH3)3CSi(CH3)2], 38.8 (t), 41.4 (t), 44.1 (t), 47.2 (t), 59.9 (t), 64.3 (s),
65.7 (d), 65.7 (d), 72.5 (s); IR (neat): ñ=3345 (vs br, OH), 2941 (vs),
2866 (s), 1386 (m), 1252 (m), 1095 (m), 1058 (s), 912 (m), 674 cm�1 (m);
MS (EI, 70 eV): m/z (%): 431 (10) [M +�C3H7], 399 (18), 299 (30), 255
(38), 151 (61), 105 (67), 75 (100) [C2H7SiO


+]; MS (CI): m/z (%): 475
(48) [M+H+], 457 (66), 439 (27), 325 (100), 283 (52), 151 (25); elemental
analysis calcd (%) for C24H50O5Si2 (474.82): C 60.71, H 10.61; found: C
60.42, H 10.55.


(3S,4R,6S,8S)-4-(2-tert-Butyldimethylsilyloxyethyl)-4,8-(dimethyl)methy-
lendioxy-6-(triisopropyl)silyloxy-1-oxaspiro[2.5]octane (23): Molecular
sieves (4 T; 300 mg), 2-methoxypropene (1.00 mL, 757 mg, 10.5 mmol)
and a catalytic amount of PPTS (~15 mg) were added successively at RT
to a solution of diol 22 (500 mg, 1.05 mmol) in dry DMF (15 mL). The
mixture was stirred at RT for 14 h, filtered and diluted with Et2O
(150 mL) and sat. aqueous NaHCO3 (150 mL). The layers were separat-
ed. The aqueous layer was extracted with Et2O (2S50 mL). The com-
bined organic layers were washed with water (150 mL) and brine
(150 mL), dried over Na2SO4, filtered and concentrated in vacuo. The
crude product was purified by flash chromatography (P/EA 90:10) to
give 23 as a colorless oil (368 mg, 0.71 mmol, 68%). Rf=0.68 (P/EA
80:20) [CAM]; [a]20D =�60.2 (c=0.20, CHCl3);


1H NMR (500 MHz): d=
0.02 [s, 6H, (CH3)3CSi(CH3)2], 0.86 [s, 9H, (CH3)3CSi(CH3)2], 1.05 [s,
21H, SiCH(CH3)2], 1.34 (s, 3H), 1.32–1.41 (m, 2H), 1.52–1.59 (m, 1H),
1.57 (s, 3H), 1.77 (ddd, J=13.7, 8.2, 5.4 Hz, 1H), 2.33–2.38 (m, 1H), 2.45
(ddd, J=12.9, 5.4, 2.2 Hz, 1H), 2.59 (d, J=4.3 Hz, 1H), 2.84 (d, J=
4.3 Hz, 1H), 3.67 (dd, J=4.1, 1.6 Hz, 1H), 3.73–3.82 (m, 2H), 4.51 (virt.


sept, J ffi 5.4 Hz, 1H); 13C NMR (90.6 MHz): d=�5.3 [q, (CH3)3CSi-
(CH3)2], �5.3 [q, (CH3)3CSi(CH3)2], 12.4 [d, Si(CH(CH3)2)3], 18.1 [q, Si-
(CH(CH3)2)3], 18.1 [q, Si(CH(CH3)2)3], 18.3 [s, (CH3)3CSi(CH3)2], 26.0 [s,
(CH3)3CSi(CH3)2], 27.5 (q), 31.0 (q), 36.5 (t), 43.0 (t), 47.5 (t), 48.5 (t),
58.2 (t), 59.6 (s), 65.7 (d), 73.3 (d), 73.8 (s), 97.7 (s); IR (neat): ñ=2943
(vs), 2866 (s), 1464 (m), 1381 (m), 1369 (m), 1249 (s), 1113 (vs), 1046 (s),
1002 (s), 882 (s), 835 cm�1 (vs); MS (EI, 70 eV): m/z (%): 499 (16) [M +


�CH3], 369 (50), 267 (38), 237 (58), 135 (50), 73 (100); MS (CI): m/z
(%): 515 (40) [M+H+], 457 (100), 439 (80), 325 (29), 283 (65), 253 (20),
151 (40); HRMS of fragment [M +�CH3]: m/z : calcd for C26H51O5Si2:
499.8511; found: 499.8509.


(1R,3S,5S)-1-(2-tert-Butyldimethylsilyloxyethyl)-3-benzyloxy-5-triisopro-
pysilyloxy-2-methylencyclohexan-1-ol (24): Sodium hydride (60% in oil;
120 mg, 3 mmol) was added at 0 8C to a solution of diol 21 (1.26 g,
2.75 mmol) and benzyl bromide (0.36 mL, 513 mg, 3 mmol) in DMF
(15 mL). The mixture was stirred for 20 min at 0 8C and then warmed to
RT. After stirring for 1 h at RT, the mixture was diluted with Et2O
(150 mL) and water (200 mL). The layers were separated. The aqueous
layer was extracted with Et2O (3S50 mL). The combined organic layers
were washed with water (150 mL) and brine (150 mL), dried over
Na2SO4, filtered and concentrated in vacuo. The crude product was puri-
fied by flash chromatography (P/EA 90:10) to give 24 as a yellow oil
(1.30 g, 2.37 mmol, 86%). Rf=0.62 (P/EA 90:10) [CAM]; [a]20D =�52.4
(c=0.25, CHCl3);


1H NMR (500 MHz): d=0.06 [s, 6H, (CH3)3CSi-
(CH3)2], 0.90 [s, 9H, (CH3)3CSi(CH3)2], 1.04 [s, 21H, SiCH(CH3)2], 1.67–
1.74 (m, 2H), 1.94 (ddd, J=14.9, 9.5, 5.1 Hz, 1H), 2.03 (dt, J=11.0,
2.8 Hz, 1H), 2.16 (dt, J=12.6, 4.4 Hz, 1H), 2.30 (dt, J=14.9, 3.5 Hz, 1H),
3.69–3.78 (m, 2H), 4.12 (dd, J=11.0, 4.4 Hz, 1H), 4.33–4.37 (m, 1H),
4.56 (d, J=12.0 Hz, 1H), 4.71 (d, J=12.0 Hz, 1H), 4.78 (s, 1H, OH), 5.32
(s, 1H), 5.38 (s, 1H), 7.25–7.34 (m, 5H); 13C NMR (90.6 MHz): d=�5.7
[q, (CH3)3CSi(CH3)2], �5.6 [q, (CH3)3CSi(CH3)2], 12.2 [d, SiCH(CH3)2],
18.1 [q, SiCH(CH3)2], 18.1 [q, SiCH(CH3)2], 18.1 [s, (CH3)3CSi(CH3)2],
25.8 [q, (CH3)3CSi(CH3)2], 40.7 (t), 42.5 (t), 47.3 (t), 60.9 (t), 66.4 (d),
71.2 (t), 74.7 (d), 76.3 (s), 106.5 (t), 127.5 (d), 127.5 (d), 128.4 (d), 138.6
(s), 151.3 (s); IR (neat): ñ=3486 (br s, OH), 2943 (vs), 2866 (vs), 1463
(m), 1255 (s), 1051 (vs br), 911 (vs), 837 cm�1 (vs); MS (EI, 70 eV): m/z
(%): 530 (1) [M +�H2O], 397 (18), 383 (19), 209 (15), 91 (100) [C7H7


+];
elemental analysis calcd (%) for C31H56O4Si2 (548.94): C 67.83, H 10.28;
found C 67.41, H 10.06.


(3S,4R,6S,8S)-4-(2-tert-Butyldimethylsilyloxyethyl)-8-benzyloxy-4-tri-
ethylsilyloxy-6-(triisopropyl)silyloxy-1-oxaspiro[2.5]octane (25): 3-Chlor-
operbenzoic acid (370 mg, 1.5 mmol) and NaHCO3 (210 mg, 2.5 mmol)
were added at 0 8C to a solution of 24 (554 mg, 1.01 mmol) in CH2Cl2
(10 mL). The mixture was stirred for 2 h at 0 8C. The mixture was filtered
and diluted with sat. aqueous NaHCO3 (20 mL) and CH2Cl2 (20 mL).
The layers were separated. The aqueous layer was extracted with CH2Cl2
(2S10 mL). The combined organic layers were washed with sat. aqueous
NaHCO3 (20 mL) and brine (20 mL), dried over Na2SO4, filtered and
concentrated in vacuo. The crude product was purified by flash chroma-
tography (P/EA 90:10) to give 18 as a colorless oil in (536 mg,
0.95 mmol, 94%). The obtained product was dissolved in CH2Cl2
(10 mL). To this solution were added triethylamine (0.28 mL, 202 mg,
2 mmol) and triethylsilyl trifluoromethanesulfonate (0.34 mL, 396.5 mg,
1.5 mmol) at 0 8C. The reaction mixture was stirred for 2 h at 0 8C. The
mixture was diluted with Et2O (150 mL). The layers were separated. The
organic layer was washed with sat. aqueous NaHCO3 (100 mL) and brine
(100 mL), dried over Na2SO4, filtered and concentrated in vacuo. The
crude product was purified by flash chromatography (P/EA 98:2) to give
25 as a colorless oil (631 mg, 0.93 mmol, 98%) which decomposed slowly
at RT. Rf=0.62 (P/EA 90:10) [CAM]; 1H NMR (500 MHz): d=0.00 [s,
3H, (CH3)3CSi(CH3)2], 0.01 [s, 3H, (CH3)3CSi(CH3)2], 0.55 [q, J=7.9 Hz,
6H, Si(CH2CH3)3], 0.86 [s, 9H, (CH3)3CSi(CH3)2], 0.92 [t, J=7.9 Hz, 9H,
Si(CH2CH3)3], 1.03 [s, 21H, SiCH(CH3)2], 1.83 (virt. td, J ffi 12.6, 2.9 Hz,
1H), 1.86 (ddd, J=14.5, 9.5, 4.7 Hz, 1H), 1.90 (dd, J=12.9, 3.8 Hz, 1H),
1.92 (virt. dt, J=12.9 Hz, J ffi 2.5 Hz, 1H), 2.09 (dddd, J=12.6, 4.4, 3.1,
2.5 Hz, 1H), 2.52 (ddd, J=14.5, 9.5, 6.3 Hz, 1H), 2.90 (d, J=6.3 Hz, 1H),
3.00 (d, J=6.3 Hz, 1H), 3.62–3.70 (m, 2H), 4.11 (dd, J=11.7, 4.4 Hz,
1H), 4.28 (virt. quin, J=3.1 Hz, 1H), 4.50 (s, 2H), 7.21–7.28 (m, 5H);
13C NMR (90.6 MHz): d=�5.3 [q, (CH3)3CSi(CH3)2], �5.2 [q, (CH3)3CSi-
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(CH3)2], 6.9 [t, Si(CH2CH3)3], 7.1 [q, Si(CH2CH3)3], 12.1 [d, SiCH-
(CH3)2], 18.1 [q, SiCH(CH3)2], 18.2 [q, SiCH(CH3)2], 18.3 [s, (CH3)3CSi-
(CH3)2], 25.9 [q, (CH3)3CSi(CH3)2], 37.3 (t), 44.4 (t), 44.5 (t), 46.4 (t),
59.0 (t), 63.7 (s), 66.5 (d), 70.1 (d), 72.0 (t), 74.1 (s), 127.5 (d), 127.6 (d),
128.3 (d), 138.4 (s).


2-{(1S,2S,3S,5S)-3-Benzyloxy-1-triethylsilyloxy-5-(triisopropyl)silyloxy-2-
hydroxy-2-[(2-phenyl-1,3-dithian-2-yl)methyl]cyclohexyl}acetaldehyde
(27): A solution of nBuLi in hexanes (2.5m, 1.36 mL, 3.4 mmol) at
�40 8C was added to a solution of 2-phenyl-1,3-dithiane[15a] (654 mg,
3.33 mmol) in dry THF (40 mL). The resulting orange solution was stir-
red for 2 h at �40 8C. A solution of epoxide 25 (1.25 g, 1.85 mmol) in
THF (30 mL) was added slowly. The reaction mixture was stirred for 6 h
at �40 8C. Then the mixture was allowed to warm to RT and stirring was
continued for 30 min. The reaction was quenched by addition of sat.
aqueous NH4Cl (100 mL). The mixture was extracted with Et2O (2S
80 mL). The combined organic layers were washed with water (100 mL)
and brine (100 mL), dried over Na2SO4, filtered and concentrated in
vacuo. The crude product was purified by flash chromatography (P/EA
99:1) to give 17 as a colorless oil (1.51 g, 1.72 mmol, 93%). Dithiane 17
could not be completely separated from the excess of 2-phenyl-1,3-di-
thiane and was directly used in the next step. To a solution of dithiane 17
in THF (20 mL) was added pyridine (20 mL) and HF·py (3 mL) at 0 8C
subsequently. The solution was stirred at 0 8C for 5 h. The reaction was
quenched by addition of sat. aqueous NaHCO3 (200 mL) (caution : gas
evolution). After stirring for 30 min at RT, Et2O (100 mL) was added and
the layers were separated. The aqueous layer was extracted with Et2O
(2S80 mL). The combined organic layers were washed with water
(150 mL) and brine (150 mL), dried over Na2SO4, filtered and concen-
trated in vacuo. The crude product was purified by flash chromatography
(P/EA 85:15) to give the primary alcohol 26 (524 mg, 0.69 mmol, 40%)
which was directly used in the next step.


To a solution of 26 (524 mg, 0.69 mmol) in CH2Cl2 (15 mL) were added
anhydrous sodium acetate (164 mg, 2 mmol) and pyridinium chlorochro-
mate (323 mg, 1.5 mmol) at RT. After stirring for 60 min at RT, the mix-
ture was filtered and concentrated. The residue was purified by flash
chromatography (P/EA 90:10) to give the aldehyde 27 as a yellow oil
(340 mg, 0.45 mmol, 65%). Rf=0.71 (P/EA 90:10) [CAM]; [a]20D =�32.6
(c=0.78, CHCl3);


1H NMR (360 MHz): d=0.49 [q, J=7.9 Hz, 6 H], 0.79
[t, J=7.9 Hz, 9 H], 0.96 [s, 21 H], 0.94–1.03 (m, 1H), 1.59 (dd, J=13.7,
9.8 Hz, 1H), 1.83–1.99 (m, 3H), 2.02 (dd, J=9.8, 2.5 Hz, 1H), 2.20 (d, J=
15.0 Hz, 1H), 2.41 (d, J=15.0 Hz, 1H), 2.50 (dd, J=15.0, 4.0 Hz, 1H),
2.55 (d, J=15.0 Hz, 1H), 2.61–2.71 (m, 3H), 2.75–2.78 (m, 1H), 3.73
(br s, 1H, OH), 3.89–3.92 (m, 1H), 4.20 (virt. sept, J ffi 4.8 Hz, 1H), 4.32
(d, J=11.4 Hz, 1H), 4.42 (d, J=11.4 Hz, 1H), 7.16–7.29 (m, 8H), 7.88 (d,
J=7.5 Hz, 2H), 9.86 (virt. d, J ffi 4.0 Hz, 1H); 13C NMR (90.6 MHz): d=
6.9 [t, Si(CH2CH3)3], 7.1 [q, Si(CH2CH3)3], 12.3 [d, SiCH(CH3)2], 18.1 [q,
SiCH(CH3)2], 18.1 [q, SiCH(CH3)2], 24.6 (t), 28.0 (t), 28.1 (t), 35.3 (t),
45.0 (t), 48.0 (t), 52.9 (t), 57.9 (s), 63.9 (d), 73.3 (t), 77.2 (s), 78.4 (d), 82.0
(s), 126.9 (d), 127.7 (d), 128.1 (d), 128.5 (d), 128.9 (d), 129.3 (d), 138.3 (s),
142.6 (s), 201.7 (d); IR (neat): ñ=3504 (s sh, OH), 2944 (vs), 2862 (vs),
1715 (vs, C=O), 1455 (m), 1097 (s), 909 (s), 734 cm�1 (vs); MS (EI,
70 eV): m/z (%): 758 (9) [M +], 715 (4) [M +�iPr], 607 (8), 385 (28), 195
(100) [C10H11S2


+], 91 (92) [C7H7
+].


(3R,4R,6R,8R)-8-(tert-Butyldimethylsilyloxy)-6-(tert-butyldiphenylsilyl-
oxy)-1-oxaspiro[2.5]octan-4-ol (29): VO(acac)2 (67 mg, 0.25 mmol) and a
solution of tert-butylhydroperoxide in decane (5m ; 3.4 mL, 17.2 mmol)
was added at 0 8C to a solution of 30[28] (4.3 g, 8.6 mmol) in CH2Cl2
(25 mL). The dark red solution was stirred for 15 h at RT. After addition
of dimethylsulfide (0.5 mL), the mixture was stirred for additional 10 min
at RT, then concentrated in vacuo. The crude product was purified by
flash chromatography (P/EA 90:10) to give 29 as sole diastereoisomer
(3.92 g, 7.56 mmol, 89%; dr > 95:5). Rf=0.28 (P/EA 90:10) [CAM];
[a]20D =�17.2 (c=0.50, CHCl3);


1H NMR (500 MHz): d=�0.11 (s, 3H,
MeSiCH3), �0.09 (s, 3H, H3CSiMe), 0.77 [s, 9H, SiC(CH3)3], 1.06 [s, 9H,
SiC(CH3)3], 1.50 (virt. q, J ffi 11.7 Hz, 1H), 1.63–1.68 (m, 1H), 1.99–2.03
(m, 1H, +OH), 2.16–2.20 (m, 1H), 2.46 (d, J=5.4 Hz, 1H), 3.04 (d, J=
5.4 Hz, 1H), 3.48 (br s, 1H), 3.95 (dd, J=11.7, 4.7 Hz, 1H), 4.19–4.27 (m,
1H), 7.34–7.42 (m, 6H), 7.67 (virt. t, J ffi 8.2 Hz, 4H); 13C NMR


(90.6 MHz): d=�5.2 (q, MeSiCH3), �5.1 (q, H3CSiMe), 18.1 [s, SiC-
(CH3)3], 19.1 [s, SiC(CH3)3], 25.7 [q, SiC(CH3)3], 27.0 [q, SiC(CH3)3],
40.8 (t), 44.1 (t), 48.5 (t), 63.2 (d), 63.8 (s), 65.9 (d), 72.5 (d), 127.6 (d),
127.7 (d), 129.6 (d), 129.7 (d), 134.2 (s), 134.3 (s), 135.7 (d), 135.7 (d); IR
(neat): ñ=3444 (vs br, OH), 3071 (m, Csp2-H), 2929, 2857 (vs, Csp3-H),
1472 (m), 1428 (s), 1388 (m sh), 1250 (s), 1112 (vs sh), 1028 (vs), 940 (s),
886 (s), 837 (vs), 780 (s), 739 (vs), 702 cm�1 (vs); MS (EI, 70 eV): m/z
(%): 497 (1) [M +�CH3], 455 (8) [M


+�tBu], 437 (10), 313 (15), 271 (22),
209 (31), 199 (100), 135 (60), 125 (35), 75 (38).


(3R,4R,6R,8R)-8-(tert-Butyldimethylsilyloxy)-6-(tert-butyldiphenylsilyl-
oxy)-4-(trimethylsilyloxy)-1-oxaspiro[2.5]octane (34): Trimethylsilyl chlo-
ride (1.3 mL, 1.09 g, 10 mmol) was added at 0 8C to a solution of triol 30
(4.8 g, 9.4 mmol) and imidazole (884 mg, 13 mmol) in DMF (15 mL). The
solution was stirred at RT for 3 h. The solution was diluted with water
(200 mL) and Et2O (200 mL). The layers were separated. The aqueous
layer was extracted with Et2O (2S100 mL). The combined organic layers
were washed with water (200 mL) and brine (200 mL), dried (MgSO4),
filtered and concentrated. The crude product was purified by flash chro-
matography (P/EA 98:2) to give 34 as a colorless oil (5.4 g, 9.3 mmol,
99%). Rf=0.70 (P/EA 98:2) [CAM]; [a]20D =�33.7 (c=1.49, CHCl3);
1H NMR (360 MHz): d=�0.06 (s, 3H, MeSiCH3), �0.05 (s, 3H,
H3CSiMe), �0.02 [s, 9H, Si(CH3)3], 0.81 [s, 9H, SiC(CH3)3], 1.07 [s, 9H,
SiC(CH3)3], 1.50–1.62 (m, 2H), 1.95 (dddd, J=11.9, 5.5, 4.8, 1.4 Hz, 1H),
2.10–2.17 (m, 1H), 2.36 (d, J=5.7 Hz, 1H), 2.95 (d, J=5.7 Hz, 1H), 3.41
(dd, J=3.6, 2.3 Hz, 1H), 3.99 (dd, J=11.6, 4.8 Hz, 1H), 4.27 (virt. tt, J ffi
10.9 Hz, J ffi 4.7 Hz, 1H), 7.35–7.44 (m, 6H), 7.66–7.69 (m, 4H);
13C NMR (90.6 MHz): d=�5.2 (q, MeSiCH3), �5.1 (q, H3CSiMe), 0.0 [q,
Si(CH3)3], 18.1 [s, SiC(CH3)3], 19.1 [s, SiC(CH3)3], 25.7 [q, SiC(CH3)3],
27.0 [q, SiC(CH3)3], 42.7 (t), 44.3 (t), 47.1 (t), 63.2 (d), 63.4 (s), 66.2 (d),
73.0 (d), 127.5 (d), 127.5 (d), 129.6 (d), 129.6 (d), 134.4 (s), 134.5 (s),
135.7 (d), 135.8 (d); IR (neat): ñ=3073 (m, Csp2-H), 2974, 2879 (vs, Csp3-
H), 1436 (m), 1378(vs), 1267 (m), 1252 (m), 1193 (s), 1162 (s), 1101 (vs),
1050 (s), 979 (vs), 889 (vs), 812 cm�1 (vs); MS (EI, 70 eV): m/z (%): 237
(32), 177 (43), 135 (30), 119 (50), 97 (30), 68 (45), 43 (100); elemental
analysis calcd (%) for C32H52O4Si3 (585.01): C 65.70, H 8.96; found: C
65.40, H 8.64.


(1R,2R,4R,6R)-2-(tert-Butyldimethylsilyloxy)-4-(tert-butyldiphenylsilyl-
oxy)-1-[(2-phenyl-1,3-dithian-2-yl)methyl]-6-(trimethylsilyloxy)-cyclohex-
an-1-ol (35): A solution of nBuLi in hexanes (2.5m, 1.80 mL, 4.5 mmol)
was added at �40 8C to a solution of 2-phenyl-1,3-dithiane[15a] (882 mg,
4.5 mmol) in dry THF (20 mL). The resulting orange solution was stirred
for 2 h at �40 8C. Then the orange solution was cooled to �78 8C. A solu-
tion of 34 (1.75 g, 3 mmol) in THF (20 mL) was added slowly. The reac-
tion mixture was stirred for 1 h at �78 8C. Then the mixture was allowed
to warm to �45 8C over 45 min. The reaction was quenched by addition
of sat. aqueous NH4Cl (100 mL). The mixture was extracted with Et2O
(3S100 mL). The combined organic layers were washed with brine
(200 mL), dried over Na2SO4, filtered and concentrated in vacuo. The
crude product was purified by flash chromatography (P/EA 98:2) to give
35 as a colorless oil (90%, 2.11 g, 2.7 mmol). Rf=0.58 (P/EA 98:2)
[CAM]; [a]20D =�38.5 (c=1.26, CHCl3);


1H NMR (360 MHz): d = �0.18
[s, 9H, Si(CH3)3], �0.15 (s, 3H, MeSiCH3), �0.06 (s, 3H, H3CSiMe), 0.81
[s, 9H, SiC(CH3)3], 1.01 [s, 9H, SiC(CH3)3], 1.35–1.45 (m, 2H), 1.52–1.55
(m, 1H), 1.70–1.74 (m, 1H), 1.84–1.95 (m, 2H), 2.05 (s, 1H, OH), 2.23
(d, J=15.4 Hz, 1H), 2.60–2.81 (m, 4H), 2.89 (d, J=15.4 Hz, 1H), 3.42
(dd, J=12.3, 4.5 Hz, 1H), 3.61 (br s, 1H), 3.89–3.97 (m, 1H), 7.19–7.37
(m, 9H), 7.56–7.64 (m, 4H), 7.93–7.95 (m, 2H); 13C NMR (90.6 MHz):
d=�4.8 (q, MeSiCH3), �4.6 (q, H3CSiMe), 0.1 [q, Si(CH3)3], 18.1 [s, SiC-
(CH3)3], 19.0 [s, SiC(CH3)3], 24.9 (t), 25.9 [q, SiC(CH3)3], 26.9 [q, SiC-
(CH3)3], 27.9 (t), 28.0 (t), 38.8 (t), 41.3 (t), 42.9 (t), 57.6 (s), 66.0 (d), 71.5
(d), 72.6 (d), 77.1 (s), 126.7 (d), 127.5 (d), 127.5 (d), 128.2 (d), 128.9 (d),
129.5 (d), 129.5 (d), 134.4 (s), 134.5 (s), 135.7 (d), 135.7 (d), 142.4 (s); IR
(neat): ñ=3564 (m sh, OH), 3070 (m, Csp2-H), 2953, 2856 (vs, Csp3-H),
1484 (m), 1428 (m), 1251 (s), 1075 (vs br), 927 (s), 838 (s sh), 777 (m),
740 (m), 701 cm�1 (s); MS (EI, 70 eV): m/z (%): 780 (10) [M +], 723 (90)
[M +�tBu], 633 (18), 513 (70), 397 (12), 195 (100), 135 (63), 73 (92); ele-
mental analysis calcd (%) for C42H64O4S2Si3 (781.34): C 64.56, H 8.26;
found: C 64.56, H 8.25.
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(1R,2R,4R,6R)-2-(tert-Butyldimethylsilyloxy)-4-(tert-butyldiphenylsilyl-
oxy)-1-[(2-phenyl-1,3-dithian-2-yl)methyl]-cyclohexan-1,6-diol (36): Di-
thiane 35 (1.05 g, 1.35 mmol) was dissolved in a mixture of THF (21 mL),
water (7 mL) and acetic acid (7 mL). The mixture was stirred at RT for
14 h. To this mixture was added water (300 mL) and Et2O (300 mL). The
layers were separated; the organic layer was carefully washed with sat.
aqueous NaHCO3 (2S200 mL) and brine (150 mL), dried over MgSO4,
filtered and concentrated in vacuo. The crude product was purified by
flash chromatography (P/EA 90:10) to give 36 as a colorless oil (768 mg,
1.11 mmol, 82%). Due to the instability of the compound, an analytical
sample was not obtained. Rf=0.29 (P/EA 90:10) [CAM]; 13C NMR
(90.6 MHz): d=�4.7 (q, MeSiCH3), �4.6 (q, H3CSiMe), 18.0 [s, SiC-
(CH3)3], 19.1 [s, SiC(CH3)3], 24.5 (t, SCH2CH2CH2S), 25.9 [q, SiC(CH3)3],
27.0 [q, SiC(CH3)3], 27.7 (t), 28.1 (t), 36.9 (t), 40.7 (t), 42.4 (t), 57.4 (s),
65.8 (d), 71.1 (d), 71.6 (d), 77.2 (s), 127.3 (d), 127.3 (d), 127.5 (d), 128.6
(d), 128.7 (d), 129.5 (d), 129.5 (d), 134.2 (s), 134.5 (s), 135.7 (d), 135.7 (d),
142.1 (s).


(2S,3R,5S)-3-(tert-Butyldimethylsilyloxy)-5-(tert-butyldiphenylsilyloxy)-2-
[(2-phenyl-1,3-dithian-2-yl)methyl]-2-hydroxycyclohexan-1-one (28):[30]


DMSO (3 mL), pyridine (0.04 mL, 41 mg, 0.53 mmol), trifluoroacetic acid
(15 mL, 24 mg, 0.21 mmol) and dicyclohexylcarbodiimide (289 mg,
1.4 mmol) were added successively to a stirred solution of alcohol 36
(250 mg, 0.35 mmol) in benzene (3 mL). The mixture was stirred for 1 d
at RT and filtered. The filtrate was diluted with Et2O (20 mL) and water
(20 mL). The layers were separated. The organic layer was washed with
brine (20 mL), dried over Na2SO4, filtered and concentrated in vacuo.
The crude product was purified by flash chromatography (P/EA 95:5) to
give 28 as a colorless oil (228 mg, 0.322 mmol, 92%). Rf=0.49 (P/EA
90:10) [CAM]; [a]20D =�61.8 (c=1.21, CHCl3);


1H NMR (360 MHz): d=
�0.17 (s, 3H, MeSiCH3), �0.03 (s, 3H, H3CSiMe), 0.82 [s, 9H, SiC-
(CH3)3], 1.03 [s, 9H, SiC(CH3)3], 1.72–1.99 (m, 4H), 2.31 (ddd, J=12.5,
5.2, 2.0 Hz, 1H), 2.44 (virt. t, J ffi 12.5 Hz, 1H), 2.59–2.75 (m, 5H), 2.95
(dd, J=11.6, 5.2 Hz, 1H), 3.13 (d, J=15.4 Hz, 1H), 3.46–3.57 (m, 1H),
3.52 (s, 1H, OH), 7.19–7.39 (m, 9H), 7.51–7.59 (m, 4H), 7.83–7.86 (m,
2H); 13C NMR (90.6 MHz): d=�5.3 (q, MeSiCH3), �4.7 (q, H3CSiMe),
18.1 [s, SiC(CH3)3], 19.0 [s, SiC(CH3)3], 24.7 (t, SCH2CH2CH2S), 25.8 [q,
SiC(CH3)3], 26.8 [q, SiC(CH3)3], 27.7 (t), 28.2 (t), 41.5 (t), 46.0 (t), 47.6
(t), 57.0 (s), 66.3 (d), 75.8 (d), 83.2 (s), 127.4 (d), 127.7 (d), 127.7 (d),
128.4 (d), 129.7 (d), 129.9 (d), 129.9 (d), 133.3 (s), 133.5 (s), 135.6 (d),
135.6 (d), 140.9 (s), 208.1 (s); IR (neat): ñ=3478 (m, OH), 3071 (w, Csp2-
H), 2953, 2857 (vs, Csp3-H), 1712 (s, C=O), 1471 (m), 1428 (m), 1250 (m),
1105 (vs sh), 909 (s), 837 (s), 824 (s), 734 (vs), 702 cm�1 (vs); MS (EI,
70 eV): m/z (%): 706 (8) [M +], 649 (10) [M +�tBu], 255 (22), 209 (84),
195 (100), 135 (25), 103 (28); elemental analysis calcd (%) for
C39H54O4S2Si2 (707.15): C 66.24, H 7.70; found: C 66.39, H 7.80.


(1R,2R,4R,6R)-1-Allyl-2-(tert-butyldimethylsilyloxy)-4-(tert-butyldiphe-
nylsilyloxy)-cyclohexan-1,6-diol (38): A solution of vinylmagnesium bro-
mide in THF (1.0m, 1 mmol, 1 mL) was added at RT to a solution of 34
(150 mg, 0.29 mmol) in dry THF (5 mL). The solution was stirred for
12 h at RT. The reaction was quenched by addition of sat. aqueous
NH4Cl (20 mL) and diluted with Et2O (20 mL). The layers were separat-
ed. The organic layer was washed with water (10 mL) and brine (10 mL),
dried over Na2SO4, filtered and concentrated in vacuo. The crude product
was purified by flash chromatography (P/EA 90:10) to give 38 as a color-
less oil (34.5 mg, 0.064 mmol, 22%). Rf=0.30 (P/EA 90:10) [CAM];
[a]20D =�5.0 (c=0.31, CHCl3);


1H NMR (360 MHz): d=�0.13 (s, 3H,
MeSiCH3), �0.07 (s, 3H, H3CSiMe), 0.83 [s, 9H, SiC(CH3)3], 1.06 [8 s,
9H, SiC(CH3)3], 1.49 (virt. q, J ffi 11.6 Hz, 1H), 1.58–1.64 (m, 1H), 1.74–
1.82 (m, 1H), 2.06–2.11 (m, 1H), 2.12 (s, 1H, OH), 2.21 (dd, J=14.8,
8.8 Hz, 1H), 2.36 (br s, 1H, OH), 2.57 (dd, J=14.8, 6.1 Hz, 1H), 3.72 (dd,
J=12.2, 4.5 Hz, 1H), 3.79 (virt. t, J ffi 3.0 Hz, 1H), 4.15 (virt. septett, J ffi
4.9 Hz, 1H), 5.04–5.12 (m, 2H), 5.80–5.91 (m, 1H), 7.34–7.40 (m, 6H),
7.63–7.69 (m, 4H); 13C NMR (90.6 MHz): d=�5.0 (q, MeSiCH3), �4.5
(q, H3CSiMe), 17.9 [s, SiC(CH3)3], 19.1 [s, SiC(CH3)3], 25.8 [q, SiC-
(CH3)3], 27.0 [q, SiC(CH3)3], 35.7 (t), 36.9 (t), 40.9 (t), 62.2 (d), 70.9 (d),
71.4 (d), 75.9 (s), 118.3 (t), 127.6 (d), 127.6 (d), 129.6 (d), 129.7 (d), 133.7
(d), 134.2 (s), 134.5 (s), 135.7 (d), 135.7 (d); IR (neat): ñ=3563 (br s,
OH), 3072 (m, Csp2-H), 2932 (s, Csp3-H), 1471 (s), 1428 (s), 1385 (m), 1254
(m), 1112 cm�1 (s br); MS (EI, 70 eV): m/z (%): 499 (4) [M +�C3H5], 483


(8) [M +�tBu], 465 (22), 405 (22), 327 (18), 267 (25), 209 (42), 199 (96),
135 (100), 107 (32), 73 (88); elemental analysis calcd (%) for C31H48O4Si2
(540.88): C 68.84, H 8.94; found: C 68.94, H 9.06.


Diol 37 was obtained as major product (75 mg, 0.14 mmol, 48%). Rf=


0.24 (P/EA 80:20) [CAM]; 1H NMR (500 MHz): d=�0.11 (s, 3H,
MeSiCH3), �0.07 (s, 3H, H3CSiMe), 0.81 [s, 9H, SiC(CH3)3], 1.04 [s, 9H,
SiC(CH3)3], 1.56 (br s, 1H, OH), 1.60 (dd, J=14.2, 9.2 Hz, 1H), 1.78–1.82
(m, 1H), 1.83–1.87 (m, 1H), 1.91–1.97 (m, 1H), 2.04 (virt. dt, J ffi
14.2 Hz, J ffi 3.5 Hz, 1H), 2.08 (dd, J=14.2, 3.5 Hz, 1H), 2.69 (br s, 1H,
OH), 3.47 (dd, J=9.8, 3.5 Hz, 1H), 4.00 (br s, 1H), 4.13–4.16 (m, 1H),
5.15 (d, J=10.8 Hz, 1H), 5.32 (d, J=17.3 Hz, 1H), 6.09 (dd, J=17.3,
10.8 Hz, 1H), 7.34–7.42 (m, 6H), 7.63–7.66 (m, 4H); 13C NMR
(90.6 MHz): d=�5.0 (q, MeSiCH3), �4.3 (q, H3CSiMe), 17.9 [s, SiC-
(CH3)3], 19.1 [s, SiC(CH3)3], 25.8 [q, SiC(CH3)3], 27.0 [q, SiC(CH3)3],
43.0 (t), 43.8 (t), 45.3 (t), 65.6 (d), 66.6 (d), 75.9 (d), 76.3 (s), 114.2 (t),
127.6 (d), 127.7 (d), 129.6 (d), 129.7 (d), 134.2 (s), 134.2 (s), 135.8 (d),
135.9 (d), 140.3 (d).


(1R,2S,4S,6S)-1-Allyl-2-(tert-butyldimethylsilyloxy)-4-(tert-butyldiphenyl-
silyloxy)-6-trimethylsilyloxycyclohexanol (46): A stirred solution of 43[28]


(5.0 g, 8.8 mmol) in THF (150 mL) was cooled to �20 8C and allylmagne-
sium chloride (1m in Et2O; 13.2 mL, 13.2 mmol) was added dropwise.
The clear solution was stirred for 1 h at �78 8C. The reaction was
quenched by the addition of saturated aqueous NH4Cl solution (300 mL),
and allowed to warm to ambient temperature. The mixture was diluted
with Et2O (300 mL). After separation, the aqueous layer was extracted
with Et2O (2S200 mL). The organic extracts were combined, washed
with water (400 mL) and brine (300 mL), dried (Na2SO4), filtered, and
concentrated to give the crude product (dr 90:10, determined by
1H NMR) as a yellow oil. The residue was purified by flash chromatogra-
phy (P/EA 98:2) to yield 46 and its epimer as inseparable mixture of dia-
stereoisomers (5.4 g, 8.8 mmol, quant.; dr 90:10, determined by
1H NMR); Rf=0.65 (P/EA 90:10); [a]20D = 10.5 (c=0.94, CHCl3);
1H NMR (360 MHz): d=�0.11 (s, 3H), �0.06 (s, 12H), 0.85 (s, 9H), 1.05
(s, 9H), 1.63–1.78 (m, 2H), 1.83 (virt d, J ffi 13.1 Hz, 1H), 1.97 (virt dt, J
ffi 1.9 Hz, J ffi 13.1 Hz, 1H), 2.06 (s, 1H, OH), 2.21 (dd, J=14.2, 8.0 Hz,
1H), 2.38 (dd, J=14.2, 6.2 Hz, 1H), 3.49 (dd, J=10.7, 5.4 Hz, 1H), 3.86
(virt. s, 1H), 3.98 (virt. sept, J ffi 6.0 Hz 1H), 5.02–5.09 (m, 2H), 5.84–
5.95 (m, 1H), 7.34–7.40 (m, 6H), 7.63–7.69 (m, 4H); 13C NMR
(90.6 MHz): d=�5.0 (q), �4.2 (q), 0.28 (q), 17.9 (s), 19.1 (s), 25.8 (q),
26.9 (q), 37.7 (t), 39.2 (t), 40.1 (t), 65.8 (d), 70.9 (d), 71.0 (d), 74.0 (s),
117.6 (t), 127.5 (d), 127.5 (d), 129.5 (d), 129.6 (d), 134.2 (s), 134.3 (s),
134.6 (d), 135.8 (d); IR (neat): ñ=3572 (m, sh), 3072 (m), 2954, 2856 (s),
1471 (s), 1428 (s), 1379 (m), 1361 (m), 1251 (s), 1068 (s, br), 941 (s), 838
(s), 776 cm�1 (s); MS (EI, 70 eV): m/z (%): 571 (5) [M +�C3H5], 465
(50), 339 (52), 209 (48), 135 (65), 73 (100); elemental analysis calcd (%)
for C34H56O4Si3 (612.349): C 66.61, H 9.21; found: C 66.27, H 9.17.


(1R,2S,4S,6S)-1-Allyl-1-(2-methoxyethoxymethoxy)-2-(tert-butyldime-
thylsilyloxy)-4-(tert-butyldiphenylsilyloxy)-6-trimethylsilyloxycyclohexane
(45): A solution of tertiary alcohol 46 (5.4 g, 8.8 mmol) in 1,2-dichloro-
ethane (40 mL) was treated with N,N-diisopropylethylamine (2.3 mL,
1.7 g, 13.2 mmol) and MEMCl (1.0 mL, 1.0 g, 8.8 mmol) at 0 8C. After
stirring for 4 h at 70 8C, N,N-diisopropylethylamine (2.3 mL, 1.7 g,
13.2 mmol) and MEMCl (1.0 mL, 1.0 g, 8.8 mmol) were added to the
orange-colored solution. The reaction mixture was stirred for additional
4 h at 70 8C, cooled to room temperature, and diluted with CH2Cl2
(100 mL) and saturated aqueous NH4Cl solution (100 mL). The aqueous
layer was extracted with CH2Cl2 (100 mL), the combined organic layers
were washed with water (100 mL) and brine (100 mL), dried (Na2SO4),
filtered, and concentrated. Purification by flash chromatography (P/EA
98:2) gave 45 (4.9 g, 7.0 mmol, 80%) as a yellow oil. Rf=0.47 (P/EA
90:10); [a]20D = 6.8 (c=1.10, CHCl3);


1H NMR (500 MHz): d=�0.15 (s,
3H), �0.08 (s, 3H), �0.07 (s, 9H), 0.84 (s, 9H), 1.06 (s, 9H), 1.73 (virt.
dt, J ffi 11.8, 4.6 Hz, 1H), 1.75–1.86 (m, 2H), 2.04 (virt. dt, J ffi 2.2,
11.1 Hz, 1H), 2.13 (dd, J=15.5, 7.9 Hz, 1H), 2.80 (dd, J=15.5, 6.0 Hz,
1H), 3.44 (s, 3H), 3.52 (dd, J=12.0, 4.6 Hz, 1H), 3.62 (t, J=5.4 Hz, 2H),
3.74–3.86 (m, 3H), 3.97 (virt. sept, J ffi 4.6 Hz, 1H), 5.03–5.13 (m, 4H),
5.86–5.95 (m, 1H), 7.34–7.40 (m, 6H), 7.61–7.69 (m, 4H); 13C NMR
(90.6 MHz): d=�5.3 (q), �4.6 (q), 0.27 (q), 17.8 (s), 19.1 (s), 25.7 (q),
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26.9 (q), 32.7 (t), 37.5 (t), 40.1 (t), 59.0 (q), 66.6 (d), 67.6 (t), 71.1 (d, C2),
71.6 (d, C4), 71.8 (t), 78.9 (s, C1), 90.8 (t), 117.5 (t), 127.4 (d), 127.5 (d),
129.4 (d), 129.5 (d), 133.6 (d), 134.3 (s), 134.7 (s), 135.7 (d); IR (neat):
ñ=3072 (m), 2955, 2893, 2857 (s), 1472 (s), 1427 (s), 1379 (m), 1361 (m),
1251 (vs), 1112 (vs), 1070 (vs, br), 1024 (vs), 914 (s), 838 cm�1 (s); MS
(EI, 70 eV): m/z (%): 443 (6) [M +�tBu], 553 (5), 463 (9), 369 (20), 339
(30), 257 (64), 213 (18), 133 (100), 89 (54), 59 (48) [CH3OCH2CH2


+]; ele-
mental analysis calcd (%) for C38H64O6Si3 (700.401): C 65.09, H 9.20;
found: C 65.13, H 9.21.


(1S,2R,3S,5S)-2-Allyl-3-(tert-butyldimethylsilanyl-oxy)-5-(tert-butyldiphe-
nylsilyloxy)-2-(2-methoxyethoxymethoxy)cyclohexanol (47): K2CO3


(1.8 g) was added at 0 8C to a solution of 45 (4.9 g, 7.0 mmol) in MeOH
(60 mL). The mixture was allowed to warm to room temperature. After
12 h saturated aqueous NH4Cl solution (400 mL) and CH2Cl2 (400 mL)
were added. The aqueous layer was separated and extracted with CH2Cl2
(300 mL). The organic extracts were combined, washed with water
(400 mL) and brine (400 mL), dried over Na2SO4, filtered and concen-
trated. The crude product was purified by flash chromatography (P/EA
90:10) to give 47 as a colorless oil (4.2 g, 6.7 mmol, 95%). Rf = 0.17 (P/
EA 90:10); [a]20D =�0.4 (c=2.02, CHCl3);


1H NMR (360 MHz): d=�0.12
(s, 3H), �0.07 (s, 3H), 0.84 (s, 9H), 1.07 (s, 9H), 1.41 (brd, J=4.3 Hz,
1H, OH), 1.63–1.74 (m, 2H), 1.80 (virt. q, J ffi 11.4 Hz, 1H), 1.96 (ddd,
J=14.8, 11.4, 2.9 Hz, 1H), 2.08 (dd, J=15.5, 9.3 Hz, 1H), 2.86 (dd, J=
15.5, 5.0 Hz, 1H), 3.42 (s, 3H), 3.51–3.58 (m, 3H), 3.62–3.68 (m, 1H),
3.71–3.75 (m, 1H), 3.76–3.82 (m, 1H), 3.99 (virt. sept, J ffi 4.8 Hz, 1H),
4.89 (d, J=6.1 Hz, 1H), 5.03–5.12 (m, 2H), 5.18 (d, J=6.1 Hz, 1H), 5.93–
6.09 (m, 1H), 7.33–7.40 (m, 6H), 7.61–7.71 (m, 4H); 13C NMR
(90.6 MHz): d=�5.1 (q), �4.5 (q), 17.8 (s), 19.1 (s), 25.8 (q), 26.9 (q),
34.7 (t), 37.3 (t), 40.1 (t), 59.0 (q), 66.6 (d), 67.5 (t), 70.7 (d), 71.9 (t), 72.3
(d), 78.8 (s), 91.1 (t), 117.4 (t), 127.5 (d), 127.5 (d), 129.5 (d), 129.5 (d),
134.5 (d), 134.6 (s), 134.8 (s), 135.7 (d), 135.8 (d); IR (neat): ñ=3478 (m,
br), 3071 (m), 2955, 2930, 2892, 2857 (s), 1472 (s), 1427 (m), 1374 (m),
1361 (m), 1251 (s), 1111 (vs), 1061 (vs, br), 1025 (vs), 835 (s), 702 cm�1


(s); MS (EI, 70 eV): m/z (%): 587 (1) [M +�C3H5], 571 (5) [M
+�tBu],


495 (8), 465 (10), 297 (18), 257 (100), 133 (68), 89 (52), 59 (58)
[CH3OCH2CH2


+]; elemental analysis calcd (%) for C35H56O6Si2
(628.362): C 66.83, H, 8.97; found: C 66.78, H 8.97.


(2S,3S,5R)-2-Allyl-3-(tert-butyldimethylsilyloxy)-5-(tert-butyldiphenylsilyl-
oxy)-2-(2-methoxyethoxymethoxy)cyclohexanone (48): Alcohol 47 (4.1 g,
6.5 mmol) was dissolved in DMSO (30 mL), and IBX[34] (3.6 g, 13 mmol)
was added in one portion. The resulting solution was stirred for 12 h at
room temperature, then poured into a mixture of Et2O (300 mL) and sa-
turated aqueous NaHCO3 solution (300 mL). The layers were separated,
the aqueous layer was extracted with Et2O (150 mL). The combined or-
ganic layers were washed with water (2S400 mL), dried over Na2SO4, fil-
tered, and concentrated. Flash chromatography (P/EA 95:5) of the crude
oil gave the title compound 48 (4.0 g, 6.4 mmol, 98%) as a colorless oil.
Rf=0.34 (P/EA 90:10); [a]20D = 10.1 (c=0.98, CHCl3);


1H NMR
(500 MHz): d=�0.12 (s, 3H), �0.10 (s, 3H), 0.85 (s, 9H), 1.07 (s, 9H),
1.86 (ddt, J=11.9, 1.7, 4.4 Hz, 1H), 2.30 (virt. q, J ffi 11.9 Hz, 1H), 2.49
(dd, J=14.2, 7.3 Hz, 1H), 2.52 (ddd, J=12.8, 5.2, 1.7 Hz, 1H), 2.77 (dd,
J=14.2, 6.6 Hz, 1H), 3.17 (dd, J=12.8, 11.2 Hz, 1H), 3.29 (dd, J=11.9,
4.4 Hz, 1H), 3.41 (s, 3H), 3.57 (t, J=4.6 Hz, 2H), 3.69 (virt. sept, J ffi
4.9 Hz, 1H), 3.72–3.82 (m, 2H), 4.92 (d, J=6.3 Hz, 1H), 4.94 (d, J=
6.3 Hz, 1H), 5.03 (dd, J=10.2, 1.9 Hz, 1H), 5.12 (dd, J=17.3, 1.9 Hz,
1H), 5.64–5.73 (m, 1H), 7.33–7.42 (m, 6H), 7.59–7.68 (m, 4H); 13C NMR
(90.6 MHz): d=�4.9 (q), �4.0 (q), 17.9 (s), 19.0 (s), 25.8 (q), 26.9 (q),
32.8 (t), 39.1 (t), 47.5 (t), 58.9 (q), 65.9 (d), 67.7 (t), 71.1 (d), 71.7 (t), 83.9
(s), 91.3 (t), 118.2 (t), 127.7 (d), 127.7 (d), 129.8 (d), 129.8 (d), 133.4 (d),
133.5 (s), 133.8 (s), 135.6 (d), 135.7 (d), 205.7 (s); IR (neat): ñ=3072 (m),
2931, 2857 (s), 1721 (s), 1472 (s), 1427 (s), 1377 (m), 1255 (s), 1113 (vs),
1021 (vs), 837 (s), 703 cm�1 (s); MS (EI, 70 eV): m/z (%): 626 (1) [M +],
569 (5) [M +�C(CH3)3], 493 (2), 370 (10), 281 (15), 257 (48), 199 (32),
133 (46), 89 (100), 59 (80) [CH3OCH2CH2


+]; elemental analysis calcd
(%) for C35H54O6Si2 (626.346): C 67.05, H 8.68; found: C 66.90, H 8.73.


4-Hydroxy-6-([(1R,2S,3S,5R)-2-allyl-3-(tert-butyldimethylsilyloxy)-5-
(tert-butyldiphenylsilyloxy)-1-hydroxy-2-(2-methoxyethoxymethoxy)cy-
clohexyl]methyl)-2H-pyran-2-one (49): 4-Hydroxy-6-methyl-2H-pyran-2-


one (334 mg, 2.65 mmol) was dissolved in THF (60 mL). The solution
was cooled to �78 8C, and a solution of tBuLi in pentane (1.5m ;
5.83 mmol, 3.89 mL) was added dropwise. After stirring the orange solu-
tion for 15 min at �78 8C, the mixture was warmed to 0 8C. The dark red
solution was stirred for 20 min at 0 8C, then cooled to �78 8C. A solution
of 48 (665 mg, 1.06 mmol) in THF (10 mL) was added dropwise. The re-
action mixture was stirred for 2 d at �78 8C. The reaction was quenched
by addition of sat. aqueous NH4Cl (100 mL). The mixture was acidified
with aqueous H2SO4 (10%) to pH 2. After addition of Et2O (200 mL)
and water (200 mL), the layers were separated. The aqueous layer was
extracted with Et2O (2S150 mL). The combined organic layers were
washed with water (200 mL) and brine (200 mL), dried over Na2SO4, fil-
tered and concentrated in vacuo. The crude product was purified by flash
chromatography (P/EA 30:70) to give the title compound as a yellow oil
(510 mg, 0.68 mmol, 64%; dr 93:7; 82% based on recovered starting ma-
terial). The starting material 48 was recovered as a pure compound
(144 mg, 0.23 mmol). The product 49 showed limited stability at RT and
was directly methylated. Rf=0.13 (P/EA 60:40) [CAM]; [a]20D = 13.5 (c=
0.22, MeOH); 1H NMR (360 MHz): d=�0.06 (s, 3H, MeSiCH3), �0.05
(s, 3H, H3CSiMe), 0.84 [s, 9H, SiC(CH3)3], 1.03 [s, 9H, SiC(CH3)3], 1.46
(dd, J=12.9, 4.5 Hz, 1H), 1.75–1.88 (m, 3 H + OH), 2.08 (br s, 1H, OH),
2.55 (dd, J=14.7, 9.5 Hz, 1H), 2.79 (d, J=14.3 Hz, 1H), 2.90 (d, J=
14.3 Hz, 1H), 3.02 (dd, J=14.7, 4.8 Hz, 1H), 3.41 (s, 3H), 3.59–3.68 (m,
3H), 3.81–3.94 (m, 3H), 4.86 (d, J=6.3 Hz, 1H), 5.00–5.19 (m, 2H), 5.23
(d, J=5.9 Hz, 1H), 5.60 (d, J=1.8 Hz, 1H), 5.82–5.89 (m, 2H), 7.28–7.39
(m, 6H), 7.58–7.70 (m, 4 Hr);


13C NMR (90.6 MHz): d=�5.0 (q,
MeSiCH3), �4.0 (q, H3CSiMe), 17.9 [s, SiC(CH3)3], 19.0 [s, SiC(CH3)3],
25.8 [q, SiC(CH3)3], 27.0 [q, SiC(CH3)3], 33.2 (t), 39.6 (t), 40.8 (t), 41.5
(t), 59.0 (q), 66.3 (d), 67.7 (t), 70.4 (d), 71.9 (t), 78.3 (s), 80.9 (s), 90.4 (d),
91.3 (t), 104.0 (d), 117.6 (t), 127.5 (d), 127.5 (d), 129.6 (d), 129.8 (d),
134.1 (s), 134.4 (s), 135.6 (d), 135.6 (d), 135.7 (d), 163.8 (s), 166.8 (s),
171.1 (s); IR (neat): ñ=3426 (br s, OH), 3072 (m, Csp2-H), 2955 (s), 2857
(s, Csp3-H), 1694 (s sh, C=O), 1567 (s), 1472 (m), 1428 (m), 1254 (s), 1112
(vs), 1072 (s), 1028 (s), 872 (m), 836 cm�1 (s); MS (EI, 70 eV): m/z (%):
695 (1) [M +�tBu], 651 (20), 347 (42), 257 (100), 199 (18), 133 (85), 89
(40) [CH2OCH2CH2OCH3


+], 73 (32); elemental analysis calcd (%) for
C41H60O9Si2 (753.08): C 65.39, H 8.03; found: C 65.40, H 8.00.


4-Methoxy-6-([(1R,2S,3S,5R)-2-allyl-3-(tert-butyldimethylsilyloxy)-5-
(tert-butyldiphenylsilyloxy)-1-hydroxy-2-(2-methoxyethoxymethoxy)cy-
clohexyl]methyl)-2H-pyran-2-one (50): Pyranone 49 (410 mg, 0.54 mmol)
was dissolved in dry acetone (20 mL) and was stirred with K2CO2


(500 mg) and dimethyl sulfate (0.11 mL, 151 mg, 1.2 mmol) at RT for
12 h. After 12 h, methanol (1 mL) and sodium acetate (200 mg) were
added to the mixture and stirring was continued for 20 min. The mixture
was diluted with Et2O (250 mL) and water (250 mL), the layers were sep-
arated. The organic layer was dried over Na2SO4, filtered and concentrat-
ed in vacuo. The crude product was purified by flash chromatography (P/
EA 50:50) to give 50 as a colorless oil (377 mg, 0.50 mmol, 92%). Rf=


0.36 (P/EA 50:50) [CAM]; [a]20D = 18.2 (c=0.16, CHCl3);
1H NMR


(500 MHz): d=�0.08 (s, 3H, MeSiCH3), �0.07 (s, 3H, H3CSiMe), 0.83 [s,
9H, SiC(CH3)3], 1.03 [s, 9H, SiC(CH3)3], 1.44 (dd, J=12.9, 5.2 Hz, 1H),
1.80–1.98 (m, 3H), 2.04 (s, 1H, OH), 2.55 (dd, J=15.1, 9.6 Hz, 1H), 2.79
(d, J=14.4 Hz, 1H), 2.88 (d, J=14.4 Hz, 1H), 3.03 (dd, J=15.1, 5.7 Hz,
1H), 3.40 (s, 3H), 3.59 (t, J=4.6 Hz, 2H), 3.65–3.71 (m, 1H), 3.80–3.96
(m, 6H), 4.86 (d, J=6.6 Hz, 1H), 5.07 (d, J=10.2 Hz, 1H), 5.17 (d, J=
17.0 Hz, 1H), 5.24 (d, J=6.6 Hz, 1H), 5.43 (d, J=2.3 Hz, 1H), 5.74 (d,
J=2.3 Hz, 1H), 5.84–5.95 (m, 1H), 7.28–7.39 (m, 6H), 7.58–7.70 (m,
4H); 13C NMR (90.6 MHz): d=�5.0 (q, MeSiCH3), �4.1 (q, H3CSiMe),
17.9 [s, SiC(CH3)3], 19.0 [s, SiC(CH3)3], 25.8 [q, SiC(CH3)3], 27.0 [q, SiC-
(CH3)3], 33.2 (t), 39.6 (t), 40.7 (t), 41.1 (t), 55.7 (q), 59.1 (q), 66.3 (d),
67.7 (t), 70.3 (d), 71.9 (t), 78.2 (s), 80.7 (s), 87.9 (d), 91.2 (t), 102.8 (d),
117.4 (t), 127.4 (d), 127.5 (d), 129.5 (d), 129.5 (d), 134.3 (s), 134.4 (s),
135.6 (d), 135.7 (d), 135.7 (d), 162.4 (s), 164.4 (s), 170.7 (s); IR (neat): ñ=
3538 (m sh, OH), 3072 (m, Csp2-H), 2930 (s), 2857 (s, Csp3-H), 1724 (s sh,
C=O), 1648 (s), 1567 (s), 1456 (m), 1410 (m), 1249 (s), 1112 (vs), 1071
(s), 1033 (s), 872 (m), 835 cm�1 (s); MS (EI, 70 eV): m/z (%): 766 (1)
[M +], 709 (100) [M +�tBu], 616 (40), 589 (39), 257 (50), 199 (73), 135
(88), 73 (92); elemental analysis calcd (%) for C42H62O9Si2 (767.11): C
65.76, H 8.15; found: C 65.70, H 8.48.
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4-Methoxy-6-([(1R,2S,3S,5R)-2-allyl-3-(tert-butyldimethylsilyloxy)-1,5-di-
hydroxy-2-(2-methoxyethoxymethoxy)cyclohexyl]methyl)-2H-pyran-2-
one (51): TBDPS ether 50 (402 mg, 0.52 mmol) was dissolved in THF
(8 mL). To this solution were added pyridine (0.5 mL) and HF·py (1 mL)
at 0 8C. The mixture was allowed to warm to RT and stirred for 12 h
(until TLC analysis indicated complete conversion). The mixture was
cooled to 0 8C and diluted with EtOAc (50 mL) and sat. aqueous
NaHCO3. Stirring was continued at RT until gas evolution stopped. The
layers were separated, the aqueous layer was extracted with EtOAc (2S
50 mL). The combined organic layers were washed with sat. aqueous
NaHCO3 (100 mL), water (100 mL) and brine (100 mL), dried over
Na2SO4, filtered and concentrated in vacuo. The crude product was puri-
fied by flash chromatography (P/EA 50:50) to give the title compound as
a colorless oil (257 mg, 0.49 mmol, 94%). Rf=0.12 (P/EA 50:50) [CAM];
[a]20D = 28.0 (c=0.51, CHCl3);


1H NMR (360 MHz): d=0.09 (s, 3H,
MeSiCH3), 0.11 (s, 3H, H3CSiMe), 0.88 [s, 9H, SiC(CH3)3], 1.61–1.81 (m,
4H), 2.00–2.04 (m, 1H), 2.37 (s, 1H, OH), 2.59 (dd, J=14.8, 9.7 Hz, 1H),
2.85 (d, J=14.3 Hz, 1H), 2.96 (d, J=14.3 Hz, 1H), 3.11 (dd, J=14.8,
5.0 Hz, 1H), 3.39 (s, 3H), 3.56 (t, J=4.7 Hz, 2H), 3.62–3.67 (m, 1H), 3.78
(s, 1H), 3.79–3.88 (m, 2H), 4.18 (dd, J=11.4, 4.3 Hz, 1H), 4.87 (d, J=
6.6 Hz, 1H), 5.13–5.29 (m, 3H), 5.41 (d, J=2.3 Hz, 1H), 5.82 (d, J=
2.3 Hz, 1H), 5.90–5.95 (m, 1H); 13C NMR (90.6 MHz): d=�4.9 (q,
MeSiCH3), �3.9 (q, H3CSiMe), 17.9 [s, SiC(CH3)3], 25.8 [q, SiC(CH3)3],
33.2 (t), 39.2 (t), 40.6 (t), 41.2 (t), 55.7 (q), 59.0 (q), 65.0 (d), 67.8 (t), 70.5
(d), 71.9 (t), 78.3 (s), 80.8 (s), 87.9 (d), 91.2 (t), 103.1 (d), 117.8 (t), 135.5
(d), 162.4 (s), 164.6 (s), 170.9 (s); IR (film): ñ=3414 (m br, OH), 3070
(w, Csp2-H), 2929 (m), 2855 (m, Csp3-H), 1702 (s sh, C=O), 1641 (m), 1565
(s), 1457 (m), 1411 (m), 1249 (s), 1115 (s br), 1070 (s), 1035 (s sh), 874
(m), 837 cm�1 (s); MS (EI, 70 eV): m/z (%): 528 (5) [M +], 471 (12) [M +


�tBu], 395 (20), 365 (30), 211 (22), 133 (84), 125 (70), 89 (95)
[CH2OCH2CH2OCH3


+], 59 (100) [CH3OCH2CH2
+]; elemental analysis


calcd (%) for C26H44O9Si (528.71): C 59.06, H 8.39; found: C 59.02, H
8.31.


4-Methoxy-6-([(1S,2S,3S)-2-allyl-3-(tert-butyldimethylsilyloxy)-1-hydroxy-
2-(2-methoxyethoxymethoxy)-5-oxocyclohexyl]methyl)-2H-pyran-2-one
(52): IBX[34] (178 mg, 0.63 mmol) at RT was added to a solution of alco-
hol 51 (224 mg, 0.42 mmol) in DMSO (3 mL). After stirring for 4 h at
RT, the solution was diluted with Et2O (50 mL) and water (50 mL). The
layers were separated, the aqueous layer was extracted with Et2O (2S
30 mL). The combined organic layers were washed with sat. aqueous
NaHCO3 (2S80 mL) and brine (100 mL), dried over Na2SO4, filtered and
concentrated in vacuo. The crude product was purified by flash chroma-
tography (P/EA 60:40) to give the title compound as a colorless oil
(214 mg, 0.41 mmol, 96%). Rf=0.29 (P/EA 50:50) [CAM]; [a]20D = 85.2
(c=0.25, CHCl3);


1H NMR (360 MHz): d=0.07 (s, 3H, MeSiCH3), 0.08
(s, 3 H3CSiMe), 0.87 [s, 9H, SiC(CH3)3], 2.08 (dd, J=14.8, 1.6 Hz, 1H),
2.52–2.56 (m, 1H), 2.64–2.73 (m, 2 H + OH), 2.85–2.89 (m, 1H), 2.89 (d,
J=14.3 Hz, 1H), 2.99 (d, J=14.3 Hz, 1H), 3.20 (dd, J=15.2, 5.0 Hz, 1H),
3.36 (s, 3H), 3.53–3.56 (m, 2H), 3.62–3.68 (m, 1H), 3.76 (s, 1H), 3.80–
3.84 (m, 1H), 4.44 (dd, J=10.5, 5.5 Hz, 1H), 4.92 (d, J=6.8 Hz, 1H),
5.16 (virt. d, J ffi 10.0 Hz, 1H), 5.23 (virt. d, J ffi 16.7 Hz, 1H), 5.30 (d, J=
6.8 Hz, 1H), 5.39 (d, J=2.1 Hz, 1H), 5.80 (d, J=2.1 Hz, 1H), 5.90–5.96
(m, 1H); 13C NMR (90.6 MHz): d=�5.0 (q, MeSiCH3), �4.2 (q,
H3CSiMe), 17.8 [s, SiC(CH3)3], 25.7 [q, SiC(CH3)3], 33.2 (t), 40.4 (t), 46.8
(t), 48.1 (t), 55.8 (q), 59.0 (q), 67.9 (t), 70.9 (d), 71.7 (t), 78.5 (s), 80.8 (s),
88.1 (d), 91.5 (t), 103.3 (d), 118.3 (t), 134.4 (d), 161.1 (s), 164.2 (s), 170.6
(s), 206.4 (s); IR (neat): ñ=3416 (m br, OH), 3070 (w, Csp2-H), 2926 (s,
Csp3-H), 1721 (vs sh, C=O), 1649 (m), 1567 (vs), 1459 (m), 1412 (m), 1250
(s sh), 1107 (s br), 1018 (s sh), 837 (s), 828 (m), 777 cm�1 (m); MS (EI,
70 eV): m/z (%): 526 (3) [M +], 469 (12) [M +�tBu], 133 (60), 125 (40),
89 (100) [CH2OCH2CH2OCH3


+], 59 (78) [CH3OCH2CH2
+]; elemental


analysis calcd (%) for C26H42O9Si (526.69): C 59.29, H 8.04; found: 59.31,
H 7.92.


4-Methoxy-6-([(1R,2S,3S,5S)-2-allyl-3-(tert-butyldimethylsilyloxy)-2-(2-
methoxyethoxymethoxy)-1,5-dihydroxycyclohexyl]methyl)-2H-pyran-2-
one (53): A solution of L-selectride in THF (1m ; 0.34 mL, 0.34 mmol)
dropwise at �78 8C was added to a solution of ketone 52 (180 mg,
0.34 mmol) in THF (7 mL). The solution was stirred at �78 8C for 2 h.
Then, methanol (0.6 mL), aqueous NaOH (2m ; 0.6 mL) and aqueous


H2O2 (30%; 0.6 mL) were added subsequently. The mixture was warmed
to 0 8C. After stirring for 30 min at 0 8C, the mixture was diluted with
water (50 mL) and Et2O (50 mL). The layers were separated and the
aqueous layer was extracted with Et2O (50 mL). The combined organic
layers were washed with water (70 mL) and brine (70 mL), dried over
Na2SO4, filtered and concentrated in vacuo. The crude product was puri-
fied by flash chromatography (CH2Cl2/MeOH 95:5) to give the title com-
pound as a colorless oil (175 mg, 0.33 mmol, 97%). Rf=0.26 (CH2Cl2/
MeOH 95:5) [CAM]; [a]20D = 56.3 (c=0.90, CHCl3);


1H NMR
(360 MHz): d=0.07 (s, 3H, MeSiCH3), 0.07 (s, 3H, H3CSiMe), 0.86 [s,
9H, SiC(CH3)3], 1.51 (dd, J=14.3, 2.9 Hz, 1H), 1.90–1.95 (m, 2H), 2.04
(dd, J=14.3, 3.4 Hz, 1H), 2.61 (dd, J=14.8, 8.4 Hz, 1H), 2.79–2.85 (m,
2H), 3.11 (dd, J=14.8, 5.9 Hz, 1H), 3.39 (s, 3H), 3.52 (br s, 1H, OH),
3.53 (t, J=3.9 Hz, 2H), 3.58–3.61 (m, 1H), 3.77 (s, 1H), 3.78–3.83 (m,
1H), 3.84 (s, 1H, OH), 4.07–4.09 (m, 1H), 4.37 (br s, 1H), 4.84 (d, J=
6.6 Hz, 1H), 5.07–5.18 (m, 3H), 5.36 (d, J=2.3 Hz, 1H), 5.86 (d, J=
2.3 Hz, 1H), 6.02 (br s, 1H); 13C NMR (90.6 MHz): d=�5.0 (q,
MeSiCH3), �4.1 (q, H3CSiMe), 17.9 [s, SiC(CH3)3], 25.8 [q, SiC(CH3)3],
32.9 (t), 36.1 (t), 37.8 (t), 40.7 (t), 55.7 (q), 58.9 (q), 67.1 (d), 67.7 (t), 68.2
(d), 71.7 (t), 80.1 (s), 81.9 (s), 87.6 (d), 91.2 (t), 103.2 (d), 116.8 (t), 135.6
(d), 162.7 (s), 165.0 (s), 171.1 (s); IR (neat): ñ=3398 (br s, OH), 3070 (w,
Csp2-H), 2928 (s, Csp3-H), 1693 (s sh, C=O), 1644 (s), 1565 (vs), 1458 (s),
1411 (m), 1249 (s), 1033 (s sh), 837 cm�1 (s); MS (EI, 70 eV): m/z (%):
528 (5) [M +], 471 (12) [M +�tBu], 395 (20), 365 (28), 289 (38), 133 (62),
125 (75), 89 (95) [CH2OCH2CH2OCH3


+], 59 (100) [CH3OCH2CH2
+]; el-


emental analysis calcd (%) for C26H44O9Si (528.71): C 59.06, H 8.39;
found: C 58.67, H 8.48.


4-Methoxy-6-([(1R,2S,3S,5S)-2-allyl-3-(tert-butyldimethylsilyloxy)-2-(2-
methoxyethoxymethoxy)-1,5-(dimethyl)methylendioxycyclohexyl]-
methyl)-2H-pyran-2-one (54): Diol 53 (175 mg, 0.33 mmol) was dissolved
in 1,2-dichloroethane (10 mL). At 0 8C, a catalytic amount of PPTS (<
2 mg) was added followed by a slow addition of 2-methoxypropene
(67 mL, 50 mg). The solution was stirred for 15 min at 0 8C, then warmed
to RT. After 3 h at RT, triethylamine (0.6 mL) was added at once. The
mixture was diluted with Et2O (100 mL) and sat. aqueous NaHCO3


(100 mL). The layers were separated and the aqueous layer was extracted
with Et2O (50 mL). The combined organic layers were washed with water
(100 mL) and brine (100 mL), dried over Na2SO4, filtered and concen-
trated in vacuo. The crude product was purified by flash chromatography
(P/EA 50:50) to give the title compound as a colorless oil (169 mg,
0.29 mmol, 90%). Rf=0.28 (P/EA 50:50) [CAM]; [a]20D = 76.7 (c=0.97,
CHCl3);


1H NMR (400 MHz): d=0.09 (s, 3H, MeSiCH3), 0.09 (s, 3H,
H3CSiMe), 0.89 [s, 9H, SiC(CH3)3], 1.17 (s, 3H), 1.27 (s, 3H), 1.67 (ddd,
J=12.5, 11.1, 1.6 Hz, 1H), 1.96–2.03 (m, 1H), 2.27 (dd, J=15.0, 1.8 Hz,
1H), 2.31 (ddd, J=15.0, 4.5, 2.0 Hz, 1H), 2.55 (dd, J=15.4, 7.0 Hz, 1H),
2.83 (d, J=13.9 Hz, 1H), 2.85 (d, J=13.9 Hz, 1H), 3.03 (dd, J=15.4,
7.3 Hz, 1H), 3.37 (s, 3H), 3.55 (t, J=4.8 Hz, 2H), 3.62 (dt, J=10.7,
4.8 Hz, 1H), 3.76–3.81 (m, 1H), 3.79 (s, 1H), 4.20–4.28 (m, 1H), 4.33 (dd,
J=11.1, 5.0 Hz, 1H), 4.86 (d, J=6.5 Hz, 1H), 4.97 (dd, J=10.2, 1.6 Hz,
1H), 5.08 (dd, J=17.0, 1.6 Hz, 1H), 5.20 (d, J=6.5 Hz, 1H), 5.41 (d, J=
2.1 Hz, 1H), 5.82 (d, J=2.1 Hz, 1H), 6.02 (dddd, J=17.0, 10.2, 7.3,
7.0 Hz, 1H); 13C NMR (90.6 MHz): d=�4.8 (q, MeSiCH3), �3.9 (q,
H3CSiMe), 18.0 [s, SiC(CH3)3], 25.9 (t, C8), 26.0 [q, SiC(CH3)3], 31.4 (q,
H3CCCH3), 31.8 (q, H3CCCH3), 33.5 (t), 38.7 (t), 40.3 (t), 55.8 (q), 59.0
(q), 66.5 (d), 67.7 (t), 70.3 (d), 71.9 (t), 79.2 (s), 81.9 (s), 87.8 (d), 91.5 (t),
98.2 (s), 104.0 (d), 115.3 (t), 135.5 (d), 162.5 (s), 164.9 (s), 170.9 (s); IR
(neat): ñ=3078 (m, Csp2-H), 2930 (vs), 2857 (vs, Csp3-H), 1728 (s, C=O),
1649 (s), 1569 (vs), 1457 (s), 1411 (s), 1248 (vs), 1197 (m), 1028 (s sh),
1098 (s), 1073 (s), 1026 (vs), 992 (s), 836 cm�1 (s); MS (EI, 70 eV): m/z
(%): 568 (4) [M +], 511 (10) [M +�tBu], 421 (18), 221 (15), 133 (34), 125
(37), 89 (100) [CH2OCH2CH2OCH3


+], 59 (68) [CH3OCH2CH2
+]; ele-


mental analysis calcd (%) for C29H48O9Si (568.772): C 61.24, H 8.51;
found: C 61.07, H 8.55.


2-{(1S,2R,4S,6S)-6-(tert-Butyldimethylsilyloxy)-2,4-(dimethyl)methylen-
dioxy-1-(2-methoxyethoxymethoxy)-2-[(4-methoxy-6-oxopyran-2-yl)me-
thyl]cyclohexyl}acetaldehyde (44): Acetonide 54 (700 mg, 1.24 mmol)
was dissolved in THF (20 mL) and an aqueous solution of sodium acetate
in water (1.5 g in 20 mL) at RT. To this mixture was added a solution of
OsO4 in water (1%; 0.08 mL) and NaIO4 (1.07 g, 5 mmol) subsequently.
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The mixture was stirred for 3 h at RT. The precipitate was filtered off.
The residue was washed with Et2O (80 mL). The filtrate was diluted with
Et2O (150 mL) and water (150 mL). The layers were separated. The
aqueous layer was extracted with Et2O (2S100 mL). The combined or-
ganic layers were washed with sat. aqueous NaHCO3 (250 mL) and brine
(250 mL), dried over Na2SO4, filtered and concentrated in vacuo. The
crude product was purified by flash chromatography (P/EA 50:50) to
give 44 as a colorless oil (605 mg, 1.06 mmol, 85%). Rf=0.21 (P/EA
50:50) [CAM]; [a]20D = 94.0 (c=1.58, CH2Cl2);


1H NMR (360 MHz,
[D6]benzene]: d=0.06 (s, 3H, MeSiCH3), 0.11 (s, 3H, H3CSiMe), 0.90 [s,
9H, SiC(CH3)3], 1.22 (s, 6H), 1.62 (ddd, J=12.3, 11.0, 1.6 Hz, 1H), 1.99–
2.07 (m, 1H), 2.13 (dd, J=15.0, 1.6 Hz, 1H), 2.48 (ddd, J=15.0, 4.8,
2.0 Hz, 1H), 2.89 (d, J=13.9 Hz, 1H), 2.96 (dd, J=13.2, 4.8 Hz, 1H),
2.98 (s, 3H), 3.04 (d, J=13.9 Hz, 1H), 3.23 (s, 3H), 3.40 (dd, J=13.2,
2.0 Hz, 1H), 3.41–3.44 (m, 2H), 3.51–3.55 (m, 1H), 3.76–3.84 (m, 1H),
4.02–4.06 (m, 1H), 4.67 (dd, J=11.0, 5.0 Hz, 1H), 4.88 (d, J=7.0 Hz,
1H), 5.31 (d, J=2.3 Hz, 1H), 5.46 (d, J=7.0 Hz, 1H), 5.82 (d, J=2.3 Hz,
1H), 10.00 (dd, J=4.8, 2.0 Hz, 1H); 13C NMR (90.6 MHz, [D6]benzene]):
d=�4.7 (q, MeSiCH3), �4.1 (q, H3CSiMe), 18.2 [s, SiC(CH3)3], 26.1 (t),
26.1 [q, SiC(CH3)3], 31.2 (q), 31.8 (q), 38.8 (t), 41.0 (t), 43.9 (t), 55.0 (q),
58.8 (q), 66.4 (d), 68.2 (t), 71.2 (d), 72.3 (t„ 79.1 (s), 83.0 (s), 88.2 (d),
92.3 (t), 99.2 (s), 103.9 (d), 162.0 (s), 163.4 (s), 170.5 (s), 197.4 (d): IR
(neat): ñ=3072 (m, Csp2-H), 2930 (s, Csp3-H), 1726 (s sh, C=O), 1649 (s),
1565 (s), 1456 (s), 1410 (s), 1248 (s), 1028 (s), 1095 (s), 1073 (s),
1026 cm�1 (s); MS (EI, 70 eV): m/z (%): 570 (2) [M +], 555 (6) [M +


�CH3], 513 (9) [M +�tBu], 423 (10), 349 (28), 221 (25), 133 (24), 125
(52), 89 (100) [CH2OCH2CH2OCH3


+], 59 (55) [CH3OCH2CH2
+], 44


(28).


2-{(1S,2R,4S,6S)-6-(tert-Butyldimethylsilyloxy)-2,4-(dimethyl)methylen-
dioxy-1-(2-methoxyethoxymethoxy)-2-[(4-methoxy-6-oxopyran-2-yl)me-
thyl]cyclohexyl}-1-phenylethanone (55): A solution of phenylmagnesium
bromide in Et2O (3m ; 0.43 mL, 1.3 mmol) at �78 8C was added to a solu-
tion of aldehyde 44 (580 mg, 1.02 mmol) in THF (50 mL). The yellow so-
lution was stirred for 1 h at �78 8C. The cold reaction mixture was
quenched by addition of sat. aqueous NH4Cl (200 mL). The mixture was
extracted with Et2O (2S200 mL). The combined organic layers were
washed brine (400 mL), dried over Na2SO4, filtered and concentrated in
vacuo. The crude product was purified by flash chromatography (P/EA
50:50) to give the secondary alcohol as a mixture of epimers (588 mg,
0.91 mmol, 89%; dr 4:1 according to 1H NMR). The epimeric mixture
(588 mg, 0.91 mmol) was dissolved in CH2Cl2 (30 mL). To this solution
were added NaHCO3 (1 g) and Dess–Martin periodinane (678 mg,
1.6 mmol) subsequently. The mixture was stirred at RT. After 3 h, Et2O
(100 mL) and sat. aqueous NaHCO3 (100 mL) containing 5% Na2S2O3


were added. The biphasic mixture was stirred at RT until the formation
of two clear layers was observed (~30 min). The layers were separated.
The organic layer was washed with water (100 mL) and brine (100 mL),
dried over Na2SO4, filtered and concentrated in vacuo. The crude product
was purified by flash chromatography (P/EA 50:50) to give 55 as a color-
less oil (536 mg, 0.83 mmol, 91%). Rf=0.23 (P/EA 50:50) [CAM]; [a]20D =


101.2 (c=1.06, CHCl3);
1H NMR (360 MHz, [D6]benzene]): d=0.37 (s,


3H, MeSiCH3), 0.40 (s, 3H, H3CSiMe), 1.01 [s, 9H, SiC(CH3)3], 1.07 (s,
3H), 1.33 (s, 3H), 1.72 (ddd, J=12.5, 11.1, 1.6 Hz, 1H), 2.16 (dd, J=15.0,
1.6 Hz, 1H), 2.16–2.23 (m, 1H), 2.58 (ddd, J=15.0, 4.8, 2.3 Hz, 1H), 2.77
(s, 3H), 2.86 (d, J=13.9 Hz, 1H), 2.94 (d, J=13.9 Hz, 1H), 3.16 (s, 3H),
3.36–3.43 (m, 1H), 3.48–3.56 (m, 2H), 3.61 (d, J=12.7 Hz, 1H), 3.90–3.96
(m, 1H), 4.06 (d, J=12.7 Hz, 1H), 4.11 (tt, J=4.8, 1.6 Hz, 1H), 4.84 (d,
J=2.3 Hz, 1H), 4.92 (d, J=7.3 Hz, 1H), 5.21 (d, J=2.3 Hz, 1H), 5.26
(dd, J=11.1, 5.0 Hz, 1H), 5.83 (d, J=7.3 Hz, 1H), 7.24–7.27 (m), 8.00–
8.03 (m); 13C NMR (90.6 MHz, [D6]benzene]): d=�4.5 (q, MeSiCH3),
�4.3 (q, H3CSiMe), 18.4 [s, SiC(CH3)3], 26.3 [q, SiC(CH3)3], 26.5 (t), 30.3
(q), 31.9 (q), 35.6 (t), 39.4 (t), 40.6 (t), 54.8 (q), 58.8 (q), 66.5 (d), 67.8 (t),
70.5 (d), 72.5 (t), 79.0 (s), 84.8 (s), 88.1 (d), 92.2 (t), 99.5 (s), 103.5 (d),
128.8 (d), 129.0 (d), 132.0 (d), 141.0 (s), 162.3 (s), 163.4 (s), 170.4 (s),
198.1 (s); IR (neat): ñ=3072 (m, Csp2-H), 2928 (s, Csp3-H), 1731 (vs sh, C=
O), 1681 (s), 1649 (s), 1568 (s), 1454 (s), 1412 (s), 1336 (s), 1249 (s), 1195
(s), 1027 (s sh), 1018 (s), 931 (s), 836 cm�1 (s); MS (EI, 70 eV): m/z (%):
646 (1) [M +], 555 (2) [M +�CH3], 513 (18) [M +�tBu], 499 (22), 483
(20), 425 (42), 221 (23), 125 (68), 105 (100) [C7H5O


+], 89 (94)


[CH2OCH2CH2OCH3
+], 59 (80) [CH3OCH2CH2


+]; elemental analysis
calcd (%) for C34H50O10Si (646.84): C 63.13, H 7.79;found: C 63.15, H
7.84.


6-{(1R,3S,4S,6S,8R)-[4-(tert-Butyldimethylsilyloxy)-3-hydroxy-1-phenyl-
9,10-dioxatricyclo[4.3.1.0][3,8]dec-8-yl]methyl}-4-methoxy-2H-pyran-2-
one (56): A mixture of water (10 mL), acetic acid (10 mL) and trifluoro-
acetic acid (5 mL) was added to a solution of ketone 55 (350 mg,
0.54 mmol) in THF (20 mL). The resulting mixture was stirred at RT for
1 h, and then the mixture was poured into ice-cold sat. aqueous NaHCO3


(200 mL). The mixture was neutralized with K2CO3 and diluted with
Et2O (200 mL) and water (100 mL). The layers were separated. The
aqueous layer was extracted with Et2O (2S100 mL). The combined or-
ganic layers were washed with water (300 mL) and brine (300 mL), dried
over Na2SO4, filtered and concentrated in vacuo. The crude product was
purified by flash chromatography (P/EA 50:50) to give 56 as a colorless
oil (185 mg, 0.37 mmol, 69%). Rf=0.58 (P/EA 50:50) [CAM]; [a]20D =


88.9 (c=0.24, CHCl3);
1H NMR (360 MHz, [D6]benzene]): d=�0.05 (s,


3H, MeSiCH3), 0.00 (s, 3H, H3CSiMe), 0.91 [s, 9H, SiC(CH3)3], 1.69 (dd,
J=15.7, 5.9 Hz, 1H), 2.28–2.38 (m, 3H), 2.35 (d, J=12.9 Hz, 1H), 2.51 (s,
1H, OH), 2.52 (d, J=12.9 Hz, 1H), 2.63 (d, J=14.5 Hz, 1H), 2.83 (s,
3H), 3.14 (d, J=14.5 Hz, 1H), 4.11 (d, J=6.4 Hz, 1H), 4.20–4.24 (m,
1H), 5.16 (d, J=2.3 Hz, 1H), 5.92 (d, J=2.3 Hz, 1H), 7.19–7.28 (m, 3H),
7.82–7.87 (m, 2H); 13C NMR (90.6 MHz, [D6]benzene]): d=�4.9 (q,
MeSiCH3), �4.6 (q, H3CSiMe), 18.1 [s, SiC(CH3)3], 26.0 [q, SiC(CH3)3],
34.9 (t), 39.0 (t), 40.8 (t), 52.3 (t), 54.8 (q), 68.7 (d), 73.7 (d), 81.4 (s), 83.3
(s), 88.2 (d), 102.4 (d), 103.7 (s), 125.7 (d), 127.6 (d), 128.4 (d), 141.0 (s),
162.2 (s), 163.4 (s), 170.6 (s); IR (neat): ñ=3455 (m br, OH), 3072 (w,
Csp2-H), 2928 (s, Csp3-H), 1699 (s sh, C=O), 1645 (s), 1567 (s), 1456 (s),
1412 (m), 1360 (m), 1251 (s), 1093 (vs sh), 1019 (s), 922 (m), 828 cm�1


(m); MS (EI, 70 eV): m/z (%): 500 (5) [M +], 443 (40) [M +�tBu], 343
(18), 292 (22), 105 (100) [C7H5O


+], 73 (30), 40 (28); elemental analysis
calcd (%) for C27H36O7Si (500.66): C 64.77, H 7.25; found: C 64.79, H
7.20.


(7R,9R,12R,14R)-(+)-Wailupemycin B (2): A solution of TBAF in THF
(1m ; 0.3 mL, 0.3 mmol) at 0 8C was slowly added to a solution of 56
(102 mg, 0.20 mmol) in THF (15 mL). Stirring was continued at 0 8C for
20 min, and then sat. aqueous NH4Cl (150 mL) and EtOAc (150 mL)
were added. The layers were separated. The aqueous layer was extracted
with EtOAc (100 mL). The combined organic layers were washed with
water (200 mL) and brine (200 mL), dried over Na2SO4, filtered and con-
centrated in vacuo. The crude product was directly used in the next step.
The crude alcohol was dissolved in EtOAc (10 mL). To this solution was
added IBX (280 mg, 1 mmol). The mixture refluxed for 4 h, cooled to
RT, filtered and concentrated in vacuo. The crude product was purified
by flash chromatography (P/EA 50:50) to give wailupemycin B (2) as a
colorless oil (54 mg, 0.14 mmol, 70%). Rf=0.22 (P/EA 50:50) [CAM];
[a]20D = 79.0 (c=0.09, MeOH); natural product:[1] [a]20D = 77.7 (c=0.07,
MeOH); 1H NMR (600 MHz): d=1.62 (d, J=13.3 Hz, 1H, C8HaH), 2.41
(ddd, J=13.3, 5.0, 2.6 Hz, 1H, C8HHb), 2.55 (d, J=13.6 Hz, 1H,
C13HaH), 2.73 (dd, J=18.7, 5.3 Hz, 1H, C10HaH), 2.76 (d, J=13.6 Hz,
1H, C13HHb), 2.85 (d, J=14.9 Hz, 1H, C6HbH), 3.03 (d, J=14.9 Hz,
1H, C6HHb), 3.14 (br d, J=18.7 Hz, 1H, C10HHb), 3.80 (s, 3H, OCH3),
4.01 (br s, 1H, OH), 4.76 (virt. t, J ffi 5.0 Hz, 1H, H9), 5.43 (d, J=2.3 Hz,
1H, H2), 6.02 (d, J=2.0 Hz, 1H, H4), 7.36–7.41 (m, 3H, HAr), 7.59 (d,
J=7.5 Hz, 2H, HAr);


13C NMR (90.6 MHz): d=36.1 (t, C8), 38.7 (t, C6),
43.7 (t, C10), 54.7 (t, C10), 55.8 (q, OCH3), 69.0 (d, C9), 85.0 (s, C12),
85.4 (s, C7), 88.2 (d, C2), 103.2 (d, C4), 106.0 (s, C14), 125.0 (d), 128.3
(d), 128.9 (d), 138.5 (s), 160.5 (s, C5), 164.3 (s, C1), 171.0 (s, C3), 208.9 (s,
C11); IR (neat): ñ=3450 (br s, OH), 3072 (m), 3013 (m, Csp2-H), 2957 (s,
Csp3-H), 1723 (s sh, C=O), 1647 (s), 1567 (vs), 1456 (s), 1411 (m), 1328
(m), 1248 (s), 1119 (s), 1072 (m), 1020 (m), 943 (m), 758 cm�1 (vs); MS
(EI, 70 eV): m/z (%): 384 (15) [M +], 356 (50), 209 (52), 140 (100), 125
(48), 105 (90) [C7H5O


+], 77 (32), 40 (20); HRMS: m/z : calcd for
C21H20O7: 384.1209, found 384.1206.
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Acyclic Chiral Amines and Amino Acids as Inexpensive and Readily Tunable
Catalysts for the Direct Asymmetric Three-Component Mannich Reaction


Ismail Ibrahem, Weibiao Zou, Magnus Engqvist, Yongmei Xu, and Armando C0rdova*[a]


Introduction


The Mannich reaction is one of the most important C�C
bond-forming reactions for the production of nitrogenous
molecules.[1–2] It has been applied numerous times in the
synthesis of pharmaceutically valuable compounds and natu-
ral products. Furthermore, it allows for the generation of
structural diversity.
The initial stoichiometric and indirect stereoselective


Mannich-type reactions utilized preformed chiral enol
equivalents or imines.[3] In this context, the development of
catalytic asymmetric Mannich-type reactions has been an
important achievement.[4] The first examples of catalytic,
asymmetric addition reactions of preformed enolates to
imines by the groups of Kobayashi[5] and Tomioka[6] were
followed by the work of Sodeoka and Lectka.[7] In parallel
to these excellent organometallic-complex-catalyzed indirect
Mannich reactions, Shibasaki and co-workers reported
direct enantioselective Mannich-type reactions that are cata-
lyzed by heterodimetallic complexes.[8] Recently, dinuclear
zinc organometallic complexes and chiral copper(ii)bisoxa-
zoline (BOX) complexes have been utilized with much suc-
cess by the groups of Shibasaki,[9] Trost,[10] and Jørgensen,[11]


in direct catalytic Mannich-type reactions between ketones
and preformed imines.
The renaissance in organocatalysis has also led to the de-


velopment of several stereoselective Mannich reactions cata-
lyzed by amino acids.[12] The first example of a direct organ-
ocatalytic three-component Mannich reaction was reported
by List[13] and was followed by the excellent work of several
groups.[14] In all of these enamine-catalyzed Mannich-type
reactions, proline and proline derivatives have been utilized
as highly stereoselective catalysts. However, acyclic amino
acids have not to our knowledge been investigated as cata-
lysts for the direct asymmetric Mannich reaction.[13–14] Our
interest in investigating whether acyclic amino acids or
amines would be able to catalyze the direct asymmetric
Mannich reaction is based on the following: the dramatic
expansion of catalyst structures that would arise, our interest
in organocatalysis,[15] the possible employment of a whole
range of amino acids, and our finding that linear amino
acids catalyze the direct asymmetric aldol reaction.[16]


Herein, we present the unprecedented ability of acyclic
chiral amines and amino acids to catalyze the direct three-
component Mannich reaction with high enantioselectivity.


Results and Discussion


We found that by stirring cyclohexanone 1a, p-nitrobenzal-
dehyde, p-anisidine, H2O,


[17] serine, and dimethylsulfoxide
for 48 h, the corresponding Mannich product 2a was formed
in a 60% yield with 6:1 d.r. (syn/anti) and 94%ee
(Scheme 1). The reaction proceeded with excellent chemo-


Abstract: The direct three-component
asymmetric Mannich reaction catalyzed
by acyclic chiral amines or amino acids
is presented. Simple acyclic chiral
amines and amino acids—such as ala-
nine–tetrazole (9), alanine, valine, and
serine—catalyzed the three-component
asymmetric Mannich reactions between


unmodified ketones, p-anisidine, and
aldehydes with high chemo- and ste-
reoselectivity, furnishing the corre-


sponding Mannich bases with up to
>99%ee. This study demonstrates that
the whole range of amino acids in
nature, as well as nonproteogenic
amino acid derivatives, can be consid-
ered in the design and tuning of novel,
inexpensive organocatalysts for the
direct asymmetric Mannich reaction.
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selectivity and only trace amounts of aldol addition products
were observed. Furthermore, the primary amino acid did
not act as the amine component under our reaction condi-
tions. In comparison, proline catalyzes the formation of 2a
in a 50% yield with 2:1 d.r. and 84%ee.[13] Encouraged by
our initial experiment, we screened several acyclic chiral
amines and amino acids to be used as a catalyst for the
direct one-pot three-component asymmetric Mannich reac-
tion (Table 1).
All the amino acids tested catalyzed the reaction with ex-


cellent chemoselectivity and the simple aliphatic acyclic
amino acids mediated the asymmetric assembly of 2a with
high enantioselectivity. For example, (S)-alanine (4) cata-
lyzed the formation of 2a in a 42% yield and 98%ee within
14 h (entry 7). The yield was increased to 68% by increasing
the reaction time to 48 h, however, the ee was decreased to
86% (entry 5). Thus, loss of enantioselectivity occurred at
prolonged reaction times. In order to increase the nucleo-
philicity of the amine and increase the yield of the Mannich
product, we added one equivalent of dicyclohexyl amine to
the reaction mixture. In fact, addition of dicyclohexyl amine
to the reactions catalyzed by a linear amino acid (4) reduced
the decrease of ee of 2a (entry 8). Moreover, the aliphatic
amino acids serine, valine, isoleucine, and leucine catalyzed
the direct three-component asymmetric formation of 2a
with 2:1–6:1 d.r. and 91–94%ee. The addition of a small
amount of water to the Mannich reactions catalyzed by a
primary amino acid (1–5 equiv) slightly improved the yield
of 2a. The conversion of simple acyclic amino acids to tetra-
zole derivatives such as 9 improved the solubility as well as
the catalytic efficiency of the organocatalysts in the asym-
metric formation of 2a.[14f] For example, linear chiral amine
9 catalyzed the formation of 2a in an 89% yield with
6:1 d.r. and 94%ee within 12 h (entry 14). In this case, the
highest efficiency was obtained when no water was added to
the reaction mixture. Moreover, linear dipeptides with an
acyclic amino acid at the terminal residue were also catalysts
for the direct three-component asymmetric Mannich reac-
tion.[18] Hence, there is the possibility to synthesize several
new organocatalysts in a combinatorial fashion. We next in-
vestigated the three-component Mannich reactions catalyzed
by an acyclic amino acid or a chiral amine for a set of differ-
ent ketones and their application in the asymmetric synthe-
sis of functional amino acid derivatives (Table 2).


The acyclic amino acids and chiral amine 9 catalyzed the
three-component asymmetric Mannich reactions with high
chemoselectivity, and the corresponding products and amino
acid derivatives 2 were isolated in up to 90% yields and up
to >99%ee. In particular, chiral amine 9 catalyzed the
enantioselective Mannich reactions with excellent diastereo-
and enantioselectivities when cyclic ketones were used as
the donors. For example, the reaction between ketone 1a, p-
anisidine, and a-glyoxylate catalyzed by 9 furnished the cor-
responding amino acid derivative 2b in a 71% yield with
16:1 d.r. and >99%ee (entry 1). Furthermore, the three-
component enantioselective Mannich reactions with unsym-
metrical ketones such as 1c were highly regioselective when
catalyzed by chiral amine 9 and linear amino acids, and C�
C bond formation occurred at the methylene carbon. The p-
methoxyphenyl (PMP) group of the Mannich products of


Scheme 1. The reaction of cyclohexanone 1a (1.5 mmol), p-nitrobenzal-
dehyde (0.50 mmol), p-anisidine (0.45 mmol), H2O (1 mmol, 18 mL,
2 equiv),[17] serine (30 mol%), and dimethylsulfoxide (DMSO; 2 mL) for
48 h produced the corresponding Mannich product 2a in a 60% yield
with 6:1 d.r. (syn/anti) and 94%ee.


Table 1. Examples of screened catalysts for the direct catalytic asymmet-
ric three-component Mannich reaction between 1a, p-anisidine, and p-ni-
trobenzaldehyde.[a]


Entry Catalyst t [h] Yield [%][b] d.r.[c] Sel. [%ee][d]


1 3 48 60 6:1 94
2 3 48[e] 60[e] 2:1[e] 98[e]


3 4 24 32 3:1 90
4 4 14 30 3:1 >99
5 4 48[f] 68[f] 3:1[f] 86[f]


6 4 24[g] 27[g] 3:1[g] 90[g]


7 4 14[h] 42[h] 3:1[h] 98[h]


8 4 48[e] 40[e] 2:1[e] 99[e]


9 5 48 65 2:1 91
10 6 48 60 3:1 82
11 7 48 61 4:1 85
12 8 48 75 2:1 79
13 9 12 74 3:1 94
14 9 12[g] 89[g] 3:1[g] 94[g]


15 10 48 82 3:1 58
16 11 48 38 6:1 93
17 12 48 18 3:1 91


[a] In a typical experiment, the catalyst (30 mol%) was added to a mix-
ture of ketone 1a (1.5 mmol), p-anisidine (0.45 mmol), and p-nitrobenzal-
dehyde (0.5 mmol) and H2O (1 mmol) in DMSO (2.0 mL). [b] Isolated
yield of the pure aldol products after silica gel column chromatography
based on the amine component. [c] Syn/anti ratio as determined by NMR
analyses. [d] Determined by chiral-phase HPLC analyses. [e] 1 equiv of
dicyclohexyl amine was added. [f] 5 equiv of water were added. [g] No
water was added. [h] 10 equiv of the ketone were used.
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type 2 can be readily removed according to literature proce-
dures.[13–14] In addition, using the opposite enantiomer of the
acyclic chiral amine or amino acid leads to the synthesis of
the other enantiomer of the Mannich product (entry 3). Our
investigation demonstrated that there is a large number of
novel, simple organocatalysts that can be derived from acy-
clic natural and nonproteogenic amino acids, which could
potentially be used and tuned as catalysts for the direct
three-component asymmetric Mannich reaction.


Mechanism : The mechanism of the direct three-component
Mannich reaction catalyzed by an acyclic amino acid is de-
picted in Scheme 2. The donor reacts with the primary
amino acid, resulting in iminium formation. Next, the ac-
ceptor—in situ generated imine—reacts with the chiral en-
amine to give the desired enantiomerically enriched Man-
nich product after hydrolysis.
It was important to add 1–5 equivalents of water to the


aldol reactions catalyzed by acyclic amino acid because it re-
duces the inhibition of intermediates of the catalytic
cycle.[14o]


Comparing the optical rota-
tion values, NMR data, and re-
tention times of chiral-phase
HPLC analyses of Mannich
product 2a with the literature
revealed that the syn diaste-
reomer with a (2’S,1S)-2a abso-
lute configuration was formed
by acyclic and alanine–tetrazole
catalysis.[13] Furthermore, the
spectral data and optical rota-
tion values of amino acid deriv-
atives 2b, 2e, and 2g revealed
that acyclic (S)-amino acids cat-
alyze the formation of (S)-
amino acid derivatives with syn
relative stereochemistry.[14]


Based on the known absolute
and relative configuration of
Mannich product 2,[13–14] we
propose that the direct acyclic
asymmetric Mannich reactions
catalyzed by (S)-amino acid
and chiral amine 9 occurred via
the plausible six-membered
chair-like transition states I and
II, respectively, for which the Si
face of the catalytically generat-
ed chiral enamine is approach-
ed by the Si face of the in situ
generated acceptor imine
(Scheme 3). Thus, acyclic (S)-
amino acids and amine 9 cata-
lyzed the asymmetric synthesis


of functional linear (S)-amino acid derivatives with a syn
relative configuration.


Table 2. Direct three-component asymmetric Mannich reactions catalyzed by an acyclic chiral amine or amino
acid.[a]


Entry Cat. Ketone R Product t [h] Yield [%][b] d.r.[c] Sel. [%ee][d]


1 9 1a CO2Et 12 71 16:1 >99


2 4 1a CO2Et 2b 14 60[e] 16:1[e] 98[e]


3 ent-4 1a CO2Et ent-2b 14 61[e] 16:1[e] 97[e]


4 9 1a 4-BrC6H4 2c 13 90 1:1 88


5 9 4-NO2C6H4 13 87 4:1[f] 96


6 4 CO2Et 14 31[e] >19:1[e] 97[e]


7 9 1c CO2Et 2e 16 73 >19:1 88


8 9 1c 4-NO2C6H4 13 52 4:1 84


9 4 CO2Et 14 47[e] 16:1[e] 98[e]


10 9 1d CO2Et 2g 14 60 16:1 99


[a] In a typical experiment, the catalyst (30 mol%) was added to a mixture of ketone 1a (1.5 mmol), p-anisi-
dine (0.45 mmol), and aldehyde (0.5 mmol) in DMSO (2.0 mL). [b] Isolated yield of the pure aldol products
after silica gel column chromatography based on the amine component. [c] Syn/anti ratio as determined by
NMR analyses. [d] Determined by chiral-phase HPLC analyses. [e] 1 mmol H2O was added. [f] The other dia-
stereomer (2d’) with the methyl group pointing downwards was formed in a 1:1 (2d’/2d) ratio.


Scheme 2. Reaction mechanism of the direct asymmetric Mannich reac-
tion catalyzed by a primary amino acid.
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Conclusion


In summary, the first use of acyclic chiral amines and amino
acids as catalysts for the direct asymmetric three-component
Mannich reaction is presented. Simple linear amino acids
and chiral amines such as alanine, valine, serine, isoleucine,
and 9 catalyzed the direct three-component asymmetric
Mannich reactions with excellent chemo-, regio-, and enan-
tioselectivity, and the desired products were isolated in up
to 90% yields and up to >99%ee. Hence, the study demon-
strates that the full diversity of acyclic natural amino acids
as well as nonproteogenic amino acid derivatives can be uti-
lized in the design and tuning of novel, inexpensive organo-
catalysts for the direct asymmetric Mannich reaction. In ad-
dition, acyclic chiral amines and amino acids are environ-
mentally benign and nontoxic. Development of novel cata-
lyst libraries, mechanistic studies, and density functional
theory calculations are ongoing.


Experimental Section


General methods : Chemicals and solvents were either purchased as
puriss p.A. grade from commercial suppliers or purified by using stan-
dard techniques. For thin-layer chromatography (TLC), Merck 60 F254
silica gel plates were used and compounds were visualized by means of ir-
radiation with UV light and/or by treatment with a solution of phospho-
molybdic acid (25 g), Ce(SO4)2·H2O (10 g), concentrated H2SO4 (60 mL),
and H2O (940 mL) followed by heating, or by treatment with a solution
of p-anisaldehyde (23 mL), concentrated H2SO4 (35 mL), acetic acid
(10 mL), and ethanol (900 mL) followed by heating. Flash chromatogra-
phy was performed by using silica gel Merck 60 of particle size 0.040–
0.063 mm. 1H and 13C NMR spectra were recorded on a Varian AS 400
spectrometer: chemical shifts are given in d relative to tetramethylsilane
(TMS) and the coupling constants J are given in Hz. The spectra were re-
corded by using CDCl3 as the solvent at room temperature, TMS served
as the internal standard (d=0 ppm) for 1H NMR analyses, and CDCl3
was used as the internal standard (d=77.0 ppm) for 13C NMR analyses.
GC analysis was carried out by using a Varian 3800 GC instrument with
a CP-Chirasil-Dex CB chiral GC column (25 mO0.32 mm). HPLC analy-
sis was carried out by using a Waters 2690 Millennium model with a pho-


todiode array detector. Optical rotations were recorded on a Perkin–
Elmer 241 polarimeter (d=589 nm, 1 dm cell). High-resolution mass
spectra were recorded on an IonSpec FTMS mass spectrometer with a
DHB-matrix.


Typical experimental procedure for the direct asymmetric Mannich reac-
tions catalyzed by acyclic amino acid : A catalytic amount of acyclic (S)-
amino acid or linear dipeptide (0.15 mmol, 30 mol%) was added to a vial
containing the acceptor aldehyde (0.5 mmol), the donor ketone 2
(1.5 mmol), p-anisidine (0.45 mmol), and H2O (1 mmol, 18 ml) in DMSO
(2 mL). After vigorously stirring the reaction mixture at room tempera-
ture for the times indicated in Tables 1 and 2, the reaction mixture was
poured into an extraction funnel that contained brine (5.0 mL), which
was then diluted with distilled H2O (5.0 mL) and EtOAc (15 mL). The
reaction vial was also washed with EtOAc (2 mL), which was poured into
the extraction funnel. The aqueous phase was extracted with EtOAc (2O
15.0 mL). The combined organic phases were dried with Na2SO4 and the
solvent was removed under reduced pressure. The reaction can also be
quenched by directly putting the reaction mixture onto a silica gel
column. The crude aldol product was purified by means of silica gel
column chromatography (EtOAc/toluene mixtures) to furnish the desired
Mannich product 2. The ee values of the Mannich products 2 were deter-
mined by chiral-phase HPLC analysis.


Typical experimental procedure for the direct asymmetric Mannich reac-
tions catalyzed by 9 : A catalytic amount of chiral amine 9 (0.15 mmol,
30 mol%) was added to a vial containing the acceptor aldehyde
(0.5 mmol), the donor ketone 2 (1.5 mmol), and p-anisidine (0.45 mmol)
in DMSO (2 mL). After vigorously stirring the reaction mixture at room
temperature for the times indicated in Tables 1 and 2, the reaction mix-
ture was poured into an extraction funnel that contained brine (5.0 mL),
which was then diluted with distilled H2O (5.0 mL) and EtOAc (15 mL).
The reaction vial was also washed with EtOAc (2 mL), which was poured
into the extraction funnel. The aqueous phase was extracted with EtOAc
(2O15.0 mL). The combined organic phases were dried with Na2SO4 and
the solvent was removed under reduced pressure. The reaction can also
be quenched by directly putting the reaction mixture onto a silica gel
column. The crude aldol product was purified by silica gel column chro-
matography (EtOAc/toluene mixtures) to furnish the desired Mannich
product 2. The ee values of the Mannich products 2 were determined by
chiral-phase HPLC analysis.


Compound 2a : HPLC (Daicel Chiralpak AD, iso-hexanes/iPrOH=


85:15, flow rate 0.5 mLmin�1, l=254 nm): major anti isomer: tR=
59.80 min; minor anti isomer: tR=53.41 min; [a]D=�7.0 (c=1.0,
MeOH); 1H NMR (CDCl3, 400 MHz): d=1.59–2.14 (m, 4H), 2.04 (m,
2H), 2.38 (m, 2H), 2.83 (m, 1H), 3.67 (s, 3H; OMe), 4.38 (br s, 1H), 4.79
(d, J=4.0 Hz, 1H), 6.45 (d, J=8.8 Hz, 2H), 6.66 (d, J=8.8 Hz, 2H), 7.54
(d, J=8.7 Hz, 2H), 8.12 ppm (d, J=8.7 Hz, 2H); 13C NMR (100 MHz):
d=24.9, 27.0, 28.8, 42.4, 55.5, 56.3, 58.0, 114.6, 115.5, 123.5, 128.5, 140.7,
146.9, 149.8, 152.6, 210.7 ppm; MALDI-TOF MS: m/z calcd for
C20H22N2O4: 377.1477 [M+Na+]; found: 377.1481.


Compound 2b : HPLC (Daicel Chiralpak AS, iso-hexanes/iPrOH=94:6,
flow rate 0.5 mLmin�1, l=254 nm): major isomer: tR=33.87 min; minor
isomer: tR=40.49 min; [a]D=�40.1 (c=1.1, CHCl3);


1H NMR (CDCl3,
400 MHz): d=1.22 (t, J=7.0, 3H), 1.65–2.50 (m, 9H), 2.81 (m, 1H), 3.74
(s, 3H; OMe), 4.15 (m, 2H), 4.23 (d, J=5.3 Hz, 1H), 6.71–6.78 ppm (m,
4H); 13C NMR (100 MHz): d=14.1, 24.7, 26.8, 29.5, 41.8, 53.5, 55.6, 58.0,
61.1, 114.6, 116.0, 141.0, 152.9, 173.4, 210.1 ppm.


Compound 2c : HPLC (Daicel Chiralpak AS, iso-hexanes/iPrOH=80:20,
flow rate 0.5 mLmin�1, l=254 nm): major syn isomer: tR=26.61 min;
minor syn isomer: tR=25.10 min; [a]25D =�8.9 (c=1.8, CHCl3);


1H NMR
(CDCl3, 400 MHz; syn/anti=1:1): d=1.59–1.73 (m, 6H), 1.82–1.93 (6H),
2.29–2.38 (m, 4H), 2.66–2.76 (m, 2H), 3.67 (s, 3H; OMe), 3.68 (s, 3H;
OMe), 4.49 (d, J=6.8 Hz, 1H), 4.64 (d, J=4.42 Hz, 1H), 6.45 (d, J=
5.0 Hz, 2H), 6.48 (d, J=5.0 Hz, 2H), 6.65 (d, J=3.5 Hz, 2H), 6.67 (d, J=
3.5 Hz, 2H), 7.22 (d, J=5.9 Hz, 2H), 7.24 (d, J=5.9 Hz, 2H), 7.39 (d, J=
3.4 Hz, 2H), 7.41 ppm (d, J=3.4 Hz, 2H); 13C NMR (100 MHz): d=25.1,
25.2, 27.2. 27.3, 28.1, 28.8, 42.2 (2C), 55.8 (2C), 56.7, 57.4, 58.0, 58.6,
114.7, 114.9, 115.3, 115.8, 121.0, 121.2, 129.4, 129.6, 131.6, 131.7, 140.9,
141.2 (2C), 141.4, 152.5 (2C), 211.6, 212.8 ppm.


Scheme 3. Plausible transition states I and II for the direct three-compo-
nent asymmetric Mannich reactions catalyzed by primary (S)-amino acid
and amine 9, respectively.
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Compounds 2d and 2d’: HPLC (Daicel Chiralpak AD, iso-hexanes/
iPrOH=90:10, flow rate 0.5 mLmin�1, l=254 nm): 2d major isomer:
tR=84.18 min; minor isomer: tR=71.50 min; 2d’ major isomer: tR=
54.90 min; minor isomer: tR=51.60 min; [a]25D =�32.0 (c=1.4, CHCl3);
1H NMR (400 MHz, CDCl3): d=1.07 (dd, J=6.8 Hz, 6H), 1.62–1.74 (m,
2H), 1.87–1.93 (m, 4H), 1.96–2.03 (m, 4H), 2.39–2.44 (m, 2H), 2.92–2.97
(m, 2H), 3.65 (s, 3H; OMe), 3.66 (s, 3H; OMe), 4.78 (d, J=4.1 Hz, 2H),
6.45 (d, J=9.0 Hz, 4H), 6.66 (d, J=8.9 Hz, 4H), 7.53 (d, J=8.8 Hz, 4H),
8.13 ppm (d, J=8.8 Hz, 4H); 13C NMR (100 MHz, CDCl3) d=26.9, 32.9,
34.9, 35.2, 38.9, 41.1, 52.8, 55.8, 58.8, 114.9, 115.8, 123.8, 128.7, 140.9,
147.2, 150.1, 152.8, 210.9 ppm.


Compound 2e : HPLC (Daicel Chiralpak AS, iso-hexanes/iPrOH=94:6,
flow rate 0.5 mLmin�1, l=254 nm): major isomer: tR=31.10 min; minor
isomer: tR=42.80 min; [a]25D =�71.0 (c=1.0, CHCl3);


1H NMR
(400 MHz, CDCl3) d=1.19–1.26 (m, 6H), 2.23 (s, 3H; CH3) 3.04 (m,
1H), 3.67 (s, 3H; OMe), 4.10–4.20 (m, 2H), 4.32 (m, 1H), 6.65 (d, J=
8.9 Hz, 2H), 6.76 ppm (d, J=8.9 Hz, 2H); 13C NMR (100 MHz, CDCl3)
d=12.1, 14.1, 28.4, 49.1, 55.5, 59.4, 114.7, 115.7, 140.5, 140.7, 153.0, 172.7,
209.2 ppm.


Compound 2 f : HPLC (Daicel Chiralpak AS, iso-hexanes/iPrOH=97:3,
flow rate 0.5 mLmin�1, l=254 nm): major isomer: tR=33.20 min; minor
isomer: tR=29.39 min; [a]25D =�2.3 (c=1.0, CHCl3);


1H NMR (400 MHz,
CDCl3) d=1.10 (d, J=7.0 Hz, 3H; CH3), 2.16 (s, 3H; CH3) 2.99–3.06 (m,
1H), 3.67 (s, 3H; OMe), 4.77 (d, J=5.1 Hz, 1H), 6.41 (d, J=8.8 Hz, 1H),
6.67 (d, J=8.8 Hz, 2H), 7.52 (d, J=8.8, 2H), 8.18 ppm (d, J=8.7, 2H);
13C NMR (100 MHz, CDCl3) d=11.2, 29.5, 52.7, 55.8, 59.4, 115.0, 115.2,
124.1, 128.2, 140.4, 147.4, 128.2, 140.4, 147.4, 149.6, 153.0, 209.9 ppm.


Compound 2g : HPLC (Daicel Chiralpak AD, iso-hexanes/iPrOH=97:3,
flow rate 0.5 mLmin�1, l=254 nm): major isomer: tR=32.95 min; minor
isomer: tR=37.41 min; [a]25D =�15.8 (c=1.0, CHCl3);


1H NMR
(400 MHz, CDCl3): d=1.23 (t, J=7.1 Hz, 3H), 1.44 (s, 3H; CH3), 1.44 (s,
3H; CH3), 1.49 (s, 3H; CH3), 3.72 (s, 3H; OMe), 4.01 (d, J=16.6 Hz,
1H), 4.14 (m, 2H), 4.29 (dd, J=16.4, 1.5 Hz, 1H), 4.58 (d, J=2.0 Hz,
1H), 4.73 (m, 1H), 6.72–6.77 ppm (m, 4H); 13C NMR (100 MHz, CDCl3):
d=14.4, 23.5, 24.5, 55.8, 59.1, 61.7, 67.0, 67.3, 101.1, 114.9, 117.2, 141.1,
153.8, 171.5, 206.5 ppm.


Synthesis of alanine–tetrazole (9): NH4HCO3 (0.89 g, 1.26 equiv) was
added to a solution of Boc2O (2.5 g, 1.3 equiv; Boc=1,1-dimethylethoxy-
carbonyl) and Cbz–Ala (2.0 g; Cbz=phenylmethoxycarbonyl) in MeCN
(14 mL) and pyridine (Py, 2.2 mL, 3 equiv), and the reaction mixture was
stirred overnight at RT. The solvents were removed by evaporation and
the residue was dissolved in EtOAc and washed with water (2O15 mL).
The water was re-extracted with EtOAc and the combined volume of
EtOAc was dried over MgSO4, filtered, and concentrated. The crude
product was weakly UV active and had an Rf value of 0.42 (MeOH/DCM
1:9). 1H NMR (400 MHz, CDCl3) of the crude Cbz–alanine–amide: d=
1.41 (d, J=7.1 Hz, 3H), 4.29 (m, 1H), 5.17 (m, 2H), 5.39 (br s, 1H), 6.11
(br s, 1H), 7.27 ppm (m, 5H).


Next, POCl3 (0.55 mL, 1.2 equiv in DCM (5 mL)) was added dropwise to
a solution of Cbz–alanine–amide (1.1 g) in Py (10 mL) at �10 8C, and the
resulting mixture was stirred for 3 h. When the starting material was ob-
served as “depleted” by TLC analysis (MeOH/DCM 1:9), the mixture
was poured onto ice (ca. 30 g). The organic phase was separated and the
pyridine was removed by repeated washing with a hot, concentrated
CuSO4 solution. The organic phase was then predried with brine and
later dried over MgSO4. Filtration and concentration afforded the crude
product as an oil. Rf=0.51 (MeOH/DCM 1:9); 1H NMR (400 MHz,
CDCl3) of the crude Cbz–alanine–nitrile: d=1.41 (d, J=6.8 Hz, 3H),
4.65 (m, 1H), 5.17 (m, 2H), 5.39 (br s, 1H), 7.28 ppm (m, 5H).


NaN3 (300 mg, 1.1 equiv) and NH4Cl (256 mg, 1.15 equiv) were simulta-
neously added to a solution of crude Cbz–alanine–nitrile (850 mg) in
DMF (13 mL). The reaction mixture was heated to 90–95 8C and kept at
this temperature (3 h) until the TLC (HOAc/EtOAc 1:99) spot at Rf=


0.63 did not increase in strength. The reaction mixture was poured onto
ice (30 g), acidified to a pH close to 2 with 2m HCl, and then extracted
with CHCl3 (3O20 mL). The organic phase was washed with water
(20 mL), then predried with brine (20 mL), and finally dried over MgSO4


before filtration and removal of the solvent by evaporation. Traces of


DMF were removed under reduced pressure. The crude product was ob-
tained as a yellowish solid. 1H NMR (400 MHz, CDCl3) of the crude
Cbz–alanine–tetrazole: d=1.59 (d, J=6.9 Hz, 3H), 5.07 (m, 2H), 5.22
(m, 1H), 6.19 (br s, 1H), 7.28 ppm (m, 5H). The Cbz–alanine–tetrazole
(825 mg) was dissolved in MeOH (10 mL) and a catalytic amount of Pd/
C was added. After 17 h, the catalyst was filtered off by using celite and
the solvent was removed under reduced pressure to quantitatively give
alanine–tetrazole 9 as a white solid. 1H NMR (400 MHz, [D6]DMSO):
d=1.41 (d, J=6.8 Hz, 3H), 4.51 ppm (m, 1H); 13C NMR (100 MHz,
[D6]DMSO): d=20.2, 44.4, 161.0 ppm.
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Introduction


The steroidal scaffold is one of the biggest rigid chiral frag-
ments occurring in nature. Since the time when steroidal
dimers were found to be the byproducts in the synthesis of
functionalized steroids, a great number of such compounds,
synthetic or isolated from living species, have been investi-
gated. The growing interest in the dimers of steroids is ex-
plained by the potential of these compounds to be used for
modeling biological systems and for the molecular recogni-
tion in enzymatic processes.[1]


Macrocycles based on steroidal fragments can be divided
into three main groups: cyclocholeates, cholaphanes, and
other macrocyclic molecules containing a steroidal moiety
(or moieties) and other aromatic or aliphatic linkers. Cyclo-
choleates are macrocyclic lactones obtained by the cycliza-
tion of 2–6 molecules of cholic acid in a head-to-tail
manner.
The general approach to such compounds is based on the


Yamaguchi macrolactonization of cholic acid monomers or
dimers.[2] A number of such macrocycles were obtained by
using 2,6-dichlorobenzoyl chloride or dicyclohexylcarbodi-
imide and 4-N,N-dimethylaminopyridine.[3–10] Cyclocholeates


were shown to be macrocyclic molecules with adjustable
cavity size for trapping polar molecules of different geome-
try and dimensions.[7] Brady and Sanders elaborated another
approach to the synthesis of cyclodimers based on transes-
terification reactions, called “living” macrolactonization.[11,12]


Cholaphanes which constitute another class of steroidal
macrocycles contain 2–4 cholic acid fragments arranged in a
head-to-head or head-to-tail manner linked by means of var-
ious functional groups.[13]


Abstract: Palladium-catalyzed amina-
tion of 3,24-bis(3-bromophenoxy)cho-
lane (4) with various polyamines and
polyoxadiamines 5 taken in 1:1 ratio
was used for the synthesis of the mac-
rocycles 6, which contain steroidal and
polyamine moieties and were obtained
in 38–65% yields. The same reaction


with excess polyamine (2.2–3 equiv)
provided bis(polyamino) derivatives of
3,24-diphenoxycholane 7 in excellent
yields, whereas the diarylation of poly-


amines with two equivalents of 3,24-
bis(3-bromophenoxy)cholane afforded
their bis(steroidal) derivatives 8. Com-
pounds 7 and 8 were employed in the
syntheses of cyclodimers 9, which pos-
sess two steroidal and two polyamine
fragments; the efficiency of two meth-
ods was compared.
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Such cyclodimers possess conformational rigidity that
makes them useful receptors. Some of them exhibit an ex-
traordinary ability in the strereoselective recognition of car-
bohydrate derivatives in organic solvents.[14, 15] Introduction
of various functional groups makes them ideal compounds
for molecular recognition.[16] The first synthetic cholaphanes
were constructed by using the formation of cyclic amides as
a key step.[15,17,18] To improve the flexibility of the macrocy-
cle, ester groups were used for the cyclization.[19–23] Chola-
phanes containing amide and ester groups are susceptible to
acidic and basic conditions, and to the reduction by metal or
hydrogen. Ra, Cho, and Choi developed the synthesis of the
cholaphane in which steroidal fragments are linked through
ethyleneglycol moieties.[24]


Some other macrocycles contain one steroidal and one
polyoxaalkyl chain so that these molecules possess crown
ether cavities (examples of which are shown here).[25–28]


The size of the cycle and its geometry can be finely tuned
depending on the positions in the steroidal fragment to
which polyoxaalkyl chain is attached.
All macrocycles cited above, though they proved to be se-


lective sensors and receptors, have one serious drawback:
their syntheses are multistep
and laborious, and the yields
are often humble. To overcome
these difficulties and to synthe-
size a new series of steroidal
macrocycles, we decided to
apply the method elaborated
recently in our laboratory of
the construction of macrocycles
by the catalytic intramolecular
diamination of dihaloarenes
with polyamines and polyoxa-
polyamines. A series of such
polyazamacrocycles has been
synthesized that incorporate
benzene, pyridine, anthracene,
and anthraquinone moiet-
ies.[29–32] This method uses palla-
dium-catalyzed amination of
aryl halides developed by Buch-
wald and Hartwig over the last
decade.[33]


Results and Discussion


The scaffold of lithocholic acid 1 was chosen as a steroidal
fragment to be incorporated into nitrogen- and oxygen-con-
taining macrocycles prepared by the catalytic amination.
The A and B rings of this steroid are cis-conjugated; this
feauture was thought to favor the cyclization. To use this ap-
proach we had to functionalize the starting lithocholic acid
with halogenoaryl substituents. In the first stage lithocholic
acid was reduced with in situ obtained diborane into chola-
nediol 2. This compound was transformed into 3,24-bis(3-
bromophenoxy)cholane (4) by using the Mitsunobu reac-
tion[34] in overall 40% yield (Scheme 1).
3-Bromophenol was used in this reaction because an elec-


tron-donor alkoxy group in ortho- and para-positions would
hinder the amination reaction. We have established that the
use of two equivalents of 3-bromophenol, triphenyl phos-
phine, and diethyl azodicarboxylate (DEAD) at room tem-
perature leads to the arylation of only the primary hydroxyl
in 2 giving 24-(3-bromophenoxy)-cholan-3-ol (3). Diarylated
compound 4 is formed only upon the action of additional
two equivalents of the reagents, after stirring at 45–50 8C for
8 h. When applying four equivalents of the reagents at once
followed by heating, the yield of 4 is somewhat poorer.
The reaction of compound 4 with a number of polyamines


5a–h (Scheme 2) was achieved with the known [Pd(dba)2]/
BINAP (dba=dibenzylideneacetone, BINAP=2,2’-bis(di-
phenylphosphino)-1,1’-binaphthyl) catalytic system proposed
by Buchwald in 1996 and thoroughly studied by his group to
show its great synthetic potential.[35,36] Reagents were taken
in equimolar ratio, the reactions were performed in dilute
dioxane (c=0.02m) to suppress the undesirable formation of
oligomers. The amount of the catalytic system was 8 mol%
[Pd(dba)2]/9 mol% BINAP, and sodium tert-butylate was
used as a base. The reactions were run to completion in 7–


Scheme 1.
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10 h, and the resulting macrocycles 6a–h were isolated by
means of column chromatography on silica. The data are
collected in the Table 1. The reaction mixture composition
was investigated by 1H and 13C NMR spectroscopy, which
revealed that macrocycles 6 were formed in very high yields
(about 90%) which is unusual for such types of reactions.
For example, in our previous syntheses of macrocycles from
1,8-dichloroanthracene and 1,8-dichloroanthraquinone the
yields did not exceed 70%, whereas for the macrocycles de-
rived from 2,6- and 3,5-dibromopyridine they did not exceed
30–40%.[32] Another feature of this reaction is the following:
when employing triethylenetetraamine 5b or tetraethylene-
pentaamine 5 f, the yields of corresponding macrocycles 6b
and 6 f were almost as high as with other polyamines (en-
tries 2, 6), both in the reaction mixtures and after chroma-
tography. This is opposite to our previous observations in
the reactions with 1-bromo-2,6-dichlorobenzene and dihalo-
pyridines.[31, 32] We could explain it by the fact that in the
present case the amination of bromophenyl groups and not
the diamination of dihalobenzene takes place (introduction
of the second amino group in the same benzene ring is hin-
dered by the electron-donor character of the amino substitu-
ent). Also much better yields of the macrocycles 6 might be
due to a possible perfect fitting of polyamines to two ste-
roid-born bromophenoxy moieties. Higher yields (60–65%)
of the macrocyles 6d,e,h (entries 4, 5, 8) can result from the
use of starting polyamines 5d,e,h with a more appropriate
length (12, 13, and 15 atoms, respectively) and also from
better ratios of C to N atoms in the polyamines, especially
in the case of trioxadiamine 5h. This fact is in a good corre-


lation with our previous obser-
vations. It could be explained
that the more ethylenediamine
fragments are present in a mol-
ecule of polyamine (like in
polyethylenepolyamines), the
more important is the forma-
tion of chelate palladium–dia-
mine complexes, which with-
draw palladium from the cata-
lytic cycle thus hindering the
amination reaction.
The compounds 6 were char-


acterized by 1H and 13C NMR
spectra and by MALDI-TOF
spectroscopy. Protons and
carbon atoms of two phenyl
rings differ slightly due to their
unequal surrounding, whereas
protons and quite often carbon
atoms of the polyamine chains
do not “feel” the unsymmetri-
cal character of the whole mol-
ecule and have chemical shifts
similar to those found for sym-
metrically disubstituted poly-
amines, though their proton sig-


nals are often broad and singlets are often observed in place
of multiplets (e.g., for 6e,f). In some cases (6d,e) the carbon
atoms of two ends of the polyamine chains differ slightly
due to nonsymmetry of the molecule.
According to our evaluations, triamine 5a is probably the


shortest polyamine that can form the cycle upon the reac-
tion with 3,24-bis(3-bromophenoxy)chlolane (4) due to the
geometry of the latter. Although we did not introduce short-
er triamines and diamines in this reaction, propanediamine
was used in the synthesis of the cycles containing steroidal
moieties; however, this required the presence of two steroi-
dal and two polyamine fragments in such macrocycles,
which we call cyclodimers (vide infra).
The change of the reaction conditions can dramatically


alter the result of the amination of 3,24-bis(3-bromophenox-
y)cholane (4). The reaction of 4 with 2.5–3 equivalents of
corresponding polyamines 5 in the presence of the same
amount of the catalyst, as in the reactions described above,
but in more concentrated solutions (c=0.1m) led to bis-
(polyamino) substituted steroids 7 (Scheme 3).
Compounds 7a,d,e,g,h were formed in excellent yields


(over 90%) according to 1H and 13C NMR spectra. As a
result of the use of more concentrated solutions, no macro-
cycles 6 were registered in the reaction mixtures. In the case
of propanediamine 5 i, the main product 7 i was formed in
60% yield together with cyclodimer 9 i (40% yield).
MALDI-TOF spectra supported the formation of diaminat-
ed products 7; also linear oligomers that contained several
steroidal and polyamine fragments were not detected. Com-
pounds 7g and 7h were isolated by column chromatography


Scheme 2.


Table 1. The synthesis of the macrocycles 6a–h.


Polyamine t [h] Product Yield[a] [%]


1 NH2(CH2)3NH(CH2)3NH2 (5a) 8 6a 44
2 NH2(CH2)2NH(CH2)2NH(CH2)2NH2 (5b) 9 6b 44
3 NH2(CH2)2NH(CH2)3NH(CH2)2NH2 (5c) 8.5 6c 42
4 NH2(CH2)3NH(CH2)2NH(CH2)3NH2 (5d) 9 6d 65
5 NH2(CH2)3NH(CH2)3NH(CH2)3NH2 (5e) 7 6e 60
6 NH2(CH2)2NH(CH2)2NH(CH2)2NH(CH2)2NH2 (5 f) 10 6 f 38
7 NH2(CH2)2O(CH2)2O(CH2)2NH2 (5g) 8.5 6g 40
8 NH2(CH2)3O(CH2)2O(CH2)2O(CH2)3NH2 (5h) 7 6h 60


[a] Yield after chromatography.
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in 45 and 82% yields, respectively. The chromatography of
other bis(polyamino) substituted steroids 7a,d,e,g poses a
serious problem due to the presence of several amino
groups, which results in a strong affinity to silica of such
compounds.
The application of two equivalents of compound 4 in the


reactions with corresponding polyamines 5 afforded the syn-
thesis of another series of linear derivatives of cholanediol,
that is, the bis(steroidal) deriva-
tives of polyamines 8g–i
(Scheme 4). These reactions
were run under the same condi-
tions as those mentioned above
and the yields of target com-
pounds in the reaction mixtures
were about 90% (estimated by
NMR spectroscopy). Com-
pounds 8g and 8h were isolated
by column chromatography to
give 43 and 39% yields, respec-
tively, while the compound 8 i
was used in situ for further cyc-
lization. This reaction is also
notable for the fact that it ran
smoothly and was not compli-
cated by the formation of by-
products like linear oligomers
or macrocycles 6, although they
are easily produced as men-
tioned above. The product 8
may be a mixture of three pos-
sible regioisomers: head-to-
head, head-to-tail, and tail-to-
tail. In 1H and 13C NMR spectra
of compounds 8, the signals of
bromophenyl and aminophenyl
rings differ substantially, while
the patterns of steroidal moiet-
ies are complicated. Two differ-
ent singlets for the protons at
C3 atoms are observed in


1H NMR spectra at d=4.5–
4.6 ppm, depending on the sub-
stituent (bromophenoxy or ami-
nophenoxy) attached to this
atom, but the difference does
not exceed 0.02 ppm. In
13C NMR spectra two signals
are observed for some carbon
atoms of the steroidal scaffold,
but these data are not sufficient
to discern between shown re-
gioisomers.
Macrocycles with larger


cavity size are of particular in-
terest due to their potential to
selectively bind big ions and


polar molecules. To synthesize such macrocycles that contain
two steroidal and two polyamine moieties we used two alter-
native approaches. The first one (route a) is based on the
synthesis of bis(polyamino)-substituted steroids 7 followed
by their reaction with the second molecule of 4 ; the second
approach includes the synthesis of Na,Nw-bis(steroidal) de-
rivatives of polyamines followed by their reaction with the
second molecule of polyamine.


Scheme 3.


Scheme 4.
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The synthesis of cyclodimers 9 by route a was carried out
by using diluted solutions of the reagents in dioxane (c=
0.02m) and the same amount of the catalyst, but longer
reflux (18–28 h) was applied to favour the cyclization. Start-
ing compounds 7g–i and 4 were taken in equimolar amounts
(Scheme 5). Data about the yields of corresponding cyclo-
dimers 9 are presented in the Table 2.
This method proved to be inefficient for the synthesis of


cyclodimers 9g,h (Table 2, entries 1, 2), in the reaction of 7h


with bisphenoxycholane 4, only
noncyclic compound 10 was iso-
lated in 17% yield; this com-
pound is an intermediate on the
way to cyclodimer 9h. Never-
theless further prolonged heat-
ing of this intermediate with an
additional amount of the cata-
lyst did not afford desirable
macrocycle. This compound
might be a mixture of four pos-
sible regioisomers (only one is
shown at the Scheme 5), but as
in the case of compounds 8
they cannot be distinguished by
NMR spectroscopy (if all of
them are formed). In contrast,
route a was found to be effi-
cient for the synthesis of cyclo-
dimer 9 i, which was formed in
approximately 90% yield in the
reaction mixture (40% after
chromatography, entry 3). This
fact can be explained by a com-
parative rigidity of the starting
molecule 7 i in comparison with
7g,h, which possess longer and
much more flexible polyamine
chains. It was mentioned above
that even in the synthesis of 7 i
the formation of cyclodimer 9 i
in 40% yield was observed,
though the reaction conditions
in that case were not favorable
(high concentration, excess of
diamine). Thus one may assume
that compounds 7 i and 4 fit
each other as regards their ge-
ometry.


The synthesis of cyclodimers 9 according to route b is
based on the reaction of equimolar amounts of bis(steroi-
dal)-substituted polyamines 8g–i with corresponding poly-
amines 5g–i (Scheme 6). The same reaction conditions as
those described for route a were applied. Route b was found
to be efficient for the synthesis of all cyclodimers 9g–i ; the
better yields after chromatography were registered for 9g,h
(Table 3, entries 1, 2). The synthesis of cyclodimer 9 i was
found to be more efficient through route a, as route b pro-
vided only 20% yield of this compound (entry 3). It is to be
noted that NMR spectra of the reaction mixtures revealed
near to quantitative yields of all target cyclodimers in this
reaction. Compounds 9 can be the mixtures of two re-
gioisomers (head-to-head and head-to-tail), but they are to-
tally indistinguishable by their NMR spectra. The head-to-
head isomer of 9 is produced from the head-to-head and
tail-to-tail isomers of 8, whereas the head-to-tail isomer of 9
is a result of the reaction of the head-to-tail isomer of 8.


Scheme 5.


Table 2. Synthesis of cyclodimers 9 by route a.


Polyamine Aryl halide t [h] Product Yield[a] [%]


1 7g 4 24 – 0
2 7h 4 24 – 0[b]


3 7 i 4 28 9 i 40


[a] Yield after chromatography. [b] Non-cyclic intermediate 10 was isolat-
ed in 17% yield.
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Conclusion


To sum up, we have elaborated a convenient method for the
synthesis of nitrogen- and oxygen-containing macrocycles in-
corporating steroidal moieties; the method is based on intra-
molecular catalytic diamination of 3,24-bis(3-bromophenox-
y)cholane. This approach provided unusually high yields of
macrocycles containing various numbers of nitrogen and
oxygen atoms. Two routes have been elaborated for the syn-
thesis of cyclodimers: either the use of bis(polyamino) deriv-
atives of diphenoxycholane or by utilizing bis(steroidal) de-
rivatives of polyamines; their efficiency has been compared
for different polyamines. The research is to be continued;
the proposed method will be applied to the synthesis of vari-
ous macrocycles containing other steroidal and aromatic
spacers and polyamine chains of different length.


Experimental Section


All reactions were conducted under
dry argon using absolute solvents. Di-
oxane and THF were purified by the
distillation over NaOH and sodium;
dichloromethane was distilled over
CaH2. Triphenyl phosphine was recrys-
tallized from ethanol; other commer-
cially available compounds except tet-
raethylenepentaamine were employed
without special purification. Tetraethy-
lenepentaamine (technical quality)
was purified by several recrystalliza-
tions of its monohydrate from toluene
at �18 8C followed by the decomposi-
tion of the hydrate in vacuum at
100 8C. Free triethylenetetraamine was
synthesized from its dihydrochloride
by the action of KOH in methanol.
[Pd(dba)2] was prepared according to
the described procedure.[37] Column
chromatography was carried out on
silica gel (Merck, 40–60 mm). 1H and
13C NMR spectra were recorded with
the Bruker Avance-400 spectrometer
(400 and 100.6 MHz, respectively);
MALDI-TOF spectra were registered
using Bruker Daltonics Proflex III
mass spectrometer.


(3a,5b)-Cholane-3,24-diol (2): An
argon-flushed three-necked flask,
equipped with a condenser, dropping
funnel, and a magnetic stirrer, was
charged with sodium borohydride


(113 mmol, 3.92 g), lithocholic acid 1 (15 mmol, 5.61 g), absolute THF
(150 mL). BF3·Et2O (150 mmol, 18.5 mL) was added dropwise with stir-
ring; after which the stirring was continued for 2 h. The reaction mass
was slowly treated with water (100 mL) to dissolve resulting boric acid
and extracted with dichloromethane (300 mL). The emulsion that was
formed during extraction was destroyed by the addition of a concentrated
aqueous solution of sodium chloride. The water layer was washed with
dichloromethane (2M50 mL), combined organic layers were dried over
sodium sulfate, and the crude product was obtained after the evaporation
of the solvent in vacuum. Diol 2 was recrystallized from acetone
(400 mL). Yield: 4.34 g (80%); M.p. 172–173 8C.[24] 1H NMR (400 MHz,
CDCl3): d=0.63 (s, 3H), 0.91 (s, 3H), 0.92 (d, J=5.6 Hz, 3H), 0.95–1.89
(m, 27H), 1.93–1.97 (m, 1H), 3.55–3.65 ppm (m, 3H); 13C NMR
(100.6 MHz, CDCl3): d=12.03, 18.63, 20.82, 23.36, 24.21, 26.42, 27.19,
28.30, 29.43, 30.55, 31.82, 34.56, 35.34, 35.57, 35.85, 36.46, 40.19, 40.45,
42.10, 42.70, 56.18, 56.51, 63.59, 71.86 ppm.


(3a,5b)-24-(3-Bromophenoxy)cholan-3-ol (3): A two-necked flask flushed
with argon, equipped with a condenser and magnetic stirrer, was charged
with absolute THF (25 mL), cholanediol 2 (1 mmol, 362 mg), 3-bromo-
phenol (2 mmol, 346 mg), triphenyl phosphine (2 mmol, 524 mg), and so-
lution of DEAD in toluene (40%, 2 mmol, 0.92 mL). The reaction mix-
ture was stirred at room temperature for 2 days and concentrated in
vacuum up to the volume of 5 mL, diethyl ether (5 mL) was added, and
the precipitation of triphenyl phosphine oxide was observed. The solution
was filtered off, the precipitate was washed with diethyl ether, the solvent
was evaporated in vacuum, and the crude product was obtained as a
pale-yellow oil. The oil was subjected to chromatography on silica with
CH2Cl2 as an eluent. Yield (colourless oil): 204 mg (39%);


1H NMR
(400 MHz, CDCl3): d=0.64 (s, 3H), 0.90 (s, 3H), 0.93 (d, J=6.6 Hz, 3H),
0.97–1.87 (m, 26H), 1.95 (dd, J=11.9, 3.2 Hz, 1H), 2.19 (br s, 1H), 3.61
(ddd, J=15.4, 10.8, 4.6 Hz, 1H), 3.87 (m, 2H), 6.80 (ddd, J=8.4, 2.6,
1.3 Hz, 1H), 7.01–7.05 (m, 2H), 7.10 ppm (t, J=8.4 Hz, 1H); 13C NMR
(100.6 MHz, CDCl3): d=11.98, 18.53, 20.74, 23.30, 24.13, 25.69, 26.35,


Scheme 6.


Table 3. Synthesis of cyclodimers 9g–i by route b.


Polyamine Aryl halide t [h] Product Yield[a] [%]


1 5g 8g 18 9g 35
2 5h 8h 24 9h 34
3 5 i 8 i 28 9 i 20


[a] Yield after chromatography.
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27.12, 28.19, 30.37, 31.94, 34.46, 35.29, 35.41, 35.74, 36.27, 40.10, 40.37,
42.02, 42.60, 56.02, 56.39, 68.66, 71.73, 113.45, 117.68, 122.67, 123.42,
130.35, 159.84 ppm.


(3b,5b)-3,24-Bis(3-bromophenoxy)cholane (4): A two-necked flask flush-
ed with argon, equipped with a condenser and magnetic stirrer, was
charged with absolute THF (250 mL), cholanediol 2 (10 mmol, 3.62 g), 3-
bromophenol (20 mmol, 3.46 g), triphenylphosphine (20 mmol, 5.24 g),
and a solution of DEAD in toluene (40%, 20 mmol, 9.2 mL). The reac-
tion mixture was stirred at room temperature for 2 days. Then the addi-
tional amount of 3-bromophenol (3.46 g, 20 mmol), triphenylphosphine
(20 mmol, 5.24 g), and a solution of DEAD in toluene (40%, 20 mmol,
9.2 mL) was added, and the reaction mixture was stirred at 45–50 8C for
24 h. Then the reaction mixture was concentrated in vacuum up to the
volume of 25 mL, diethyl ether (25 mL) was added, and the precipitation
of triphenylphosphine oxide was observed. The solution was filtered off,
the precipitate was washed with diethyl ether, the solvent was evaporated
in vacuum, and the crude product was obtained as a pale-yellow oil. The
oil was subjected to chromatography on silica with CH2Cl2 as an eluent.
Yield (colourless oil): 2.89 g (43%); 1H NMR (400 MHz, CDCl3): d=
0.67 (s, 3H), 0.96 (d, J=6.3 Hz, 3H), 0.98 (s, 3H), 1.00–2.01 (m, 28H),
3.85–3.93 (m, 2H), 4.56 (br s, 1H), 6.80–6.84 (m, 2H), 7.01–7.07 (m, 4H),
7.11 (t, J=8.0 Hz, 1H), 7.12 ppm (t, J=8.4 Hz, 1H); 13C NMR
(100.6 MHz, CDCl3): d=12.06 (1C), 18.60 (1C), 21.09 (1C), 23.80 (1C),
24.18 (1C), 24.49 (1C), 25.74 (1C), 26.21 (1C), 26.54 (1C), 28.26 (1C),
30.25 (1C), 30.32 (1C), 32.02 (1C), 34.82 (1C), 35.47 (1C), 35.64 (1C),
36.92 (1C), 40.01 (1C), 40.23 (1C), 42.72 (1C), 56.15 (1C), 56.61 (1C),
68.71 (1C), 73.08 (1C), 113.51 (1C), 114.74 (1C), 117.71 (1C), 119.28
(1C), 122.74 (1C), 123.31 (1C), 123.49 (1C), 130.43 (br, 3C), 158.60
(1C), 159.92 ppm (1C).


General method for the synthesis of macrocycles 6a–h : A two-necked
flask equipped with a condenser and flushed with argon was charged
with compound 4 (0.25–0.5 mmol, 168–336 mg), [Pd(dba)2] (8 mol%, 12–
24 mg), BINAP (9 mol%, 14–28 mg), absolute dioxane (12–25 mL), ap-
propriate polyamine (0.25–0.5 mmol), and sodium tert-butylate (1–
2 mmol, 100–200 mg). The reaction mixture was refluxed for 7–10 h and
then cooled to ambient temperature. The NaBr precipitate was filtered
off, dioxane was evaporated in vacuum, and a solid or oily residue was
obtained. The residue was subjected to chromatography on silica with a
sequence of eluents: CH2Cl2, CH2Cl2/MeOH 100:1–3:1, CH2Cl2/MeOH/
NH3 100:20:1–10:3:1. Amount of silica used: 40 mL/0.5 mmol.


Compound 6a : From 4 (0.25 mmol, 168 mg) and triamine 5a (0.25 mmol,
33 mg), in the presence of [Pd(dba)2] (12 mg), BINAP (14 mg), and
tBuONa (100 mg) in dioxane (12 mL), and after 8 h of reflux, macrocycle
6a was obtained as a viscous pale-yellow oil. Yield: 71 mg (44%); eluent
CH2Cl2/MeOH/NH3 100:20:3–10:3:1;


1H NMR (400 MHz, CDCl3): d=
0.65 (s, 3H), 0.93 (d, J=6.6 Hz, 3H), 0.96 (s, 3H), 0.98–2.07 (m, 28H),
1.84 (q, J=7.6 Hz, 4H), 2.78 (t, J=6.3 Hz, 4H), 3.17 (t, J=6.9 Hz, 4H),
3.81–3.90 (m, 2H), 4.53 (s, 1H), 6.11–6.26 (m, 6H), 6.98–7.06 ppm (m,
2H) (here and in the following 1H NMR spectra signals for NH protons
are omitted for the reason of their inconstancy); 13C NMR (100.6 MHz,
CDCl3): d=12.04 (1C), 18.59 (1C), 21.06 (1C), 23.80 (1C), 24.18 (1C),
24.64 (1C), 25.94 (1C), 26.23 (1C), 26.58 (1C), 28.24 (1C), 29.36 (1C),
29.49 (1C), 29.63 (2C), 32.08 (1C), 34.81 (1C), 35.50 (1C), 35.64 (1C),
36.93 (1C), 39.98 (1C), 40.24 (1C), 42.70 (2C), 42.83 (1C), 48.22 (2C),
56.17 (1C), 56.63 (1C), 68.23 (1C), 72.25 (1C), 99.18 (1C), 100.83 (1C),
102.79 (1C), 102.90 (1C), 105.57 (1C), 105.78 (1C), 129.77 (1C), 129.81
(1C), 149.81 (1C), 149.89 (1C), 158.97 (1C), 160.37 ppm (1C); MALDI-
TOF (dithranol): m/z : 642.12 [M+H]+ .


Compound 6b : From 4 (0.28 mmol, 195 mg) and tetraamine 5b
(0.28 mmol, 41 mg), in the presence of [Pd(dba)2] (13 mg), BINAP
(16 mg), and tBuONa (108 mg) in dioxane (14 mL) and after 9 h of
reflux, macrocycle 6b was obtained as beige crystals. M.p. 108–110 8C;
yield 81 mg (44%); eluent CH2Cl2/MeOH/NH3 10:3:1;


1H NMR
(400 MHz, CDCl3): d=0.65 (s, 3H), 0.94 (d, J=6.6 Hz, 3H), 0.96 (s, 3H),
0.99–2.01 (m, 28H), 2.73 (s, 4H), 2.85 (t, J=5.4 Hz, 4H), 3.18 (t, J=
5.4 Hz, 4H), 3.86 (s, 2H), 4.53 (s, 1H), 6.11–6.29 (m, 6H), 7.02 (t, J=
7.9 Hz, 1H), 7.03 ppm (t, J=8.0 Hz, 1H); 13C NMR (100.6 MHz, CDCl3):
d=12.04 (1C), 18.58 (1C), 21.06 (1C), 23.79 (1C), 24.16 (1C), 24.65


(1C), 25.92 (1C), 26.23 (1C), 26.58 (1C), 28.23 (1C), 29.61 (1C), 30.44
(1C), 32.08 (1C), 34.80 (1C), 35.49 (1C), 35.63 (1C), 36.93 (1C), 39.99
(1C), 40.24 (1C), 42.70 (1C), 43.45 (2C), 48.42 (2C), 48.97 (2C), 56.17
(1C), 56.62 (1C), 68.23 (1C), 72.29 (1C), 99.43 (1C), 101.12 (1C), 103.17
(1C), 104.71 (1C), 105.69 (1C), 105.92 (1C), 129.75 (1C), 129.79 (1C),
149.81 (2C), 158.93 (1C), 160.34 ppm (1C); MALDI-TOF (dithranol):
m/z : 1313.70 [2M+H]+ , 1969.90 [3M]+ .


Compound 6c : From 4 (0.25 mmol, 168 mg) and tetraamine 5c
(0.25 mmol, 40 mg), in the presence of [Pd(dba)2] (12 mg), BINAP
(14 mg), and tBuONa (100 mg) in dioxane (12 mL) and after 8.5 h of
reflux, macrocycle 6c was obtained as a viscous pale-yellow oil. Yield:
70 mg (42%); eluent CH2Cl2/MeOH/NH3 100:20:3;


1H NMR (400 MHz,
CDCl3): d=0.64 (s, 3H), 0.93 (d, J=6.5 Hz, 3H), 0.95 (s, 3H), 0.99–2.05
(m, 30H), 2.89 (br s, 8H), 3.28 (br s, 4H), 3.84 (br s, 2H), 4.51 (s, 1H),
6.10–6.29 (m, 6H), 6.96–7.05 ppm (m, 2H); 13C NMR (100.6 MHz,
CDCl3): d=12.06 (1C), 18.60 (1C), 21.07 (1C), 23.82 (1C), 24.18 (1C),
24.61 (1C), 25.95 (1C), 26.23 (1C), 26.59 (1C), 28.26 (1C), 30.45 (br,
3C), 32.09 (1C), 34.82 (1C), 35.54 (1C), 36.63 (1C), 36.95 (1C), 39.97
(1C), 40.23 (1C), 42.06 (2C), 42.70 (1C), 47.66 (2C), 48.89 (2C), 56.17
(1C), 56.60 (1C), 68.31 (1C), 72.31 (1C), 99.26 (1C), 100.84 (1C), 103.34
(1C), 104.62 (1C), 105.59 (1C), 105.81 (1C), 129.93 (1C), 130.01 (1C),
149.29 (2C), 158.99 (1C), 160.40 ppm (1C) ppm; MALDI-TOF (dithra-
nol): m/z : 671.16 [M+H]+ .


Compound 6d : From 4 (0.28 mmol, 195 mg) and tetraamine 5d
(0.28 mmol, 48 mg), in the presence of [Pd(dba)2] (13 mg), BINAP
(16 mg), and tBuONa (108 mg) in dioxane (14 mL) and after 9 h of
reflux, macrocycle 6d was obtained as a viscous pale-yellow oil. Yield:
130 mg (65%); eluent CH2Cl2/MeOH/NH3 100:20:3–10:3:1;


1H NMR
(400 MHz, CDCl3): d=0.65 (s, 3H), 0.94 (d, J=5.6 Hz, 3H), 0.96 (s, 3H),
0.99–2.08 (m, 28H), 1.77 (q, J=6.2 Hz, 4H), 2.71 (s, 4H), 2.72 (t, J=
6.3 Hz, 4H), 3.15 (t, J=5.2 Hz, 4H), 3.87 (br s, 2H), 4.54 (br s, 1H), 6.09–
6.28 (m, 6H), 6.97–7.06 ppm (m, 2H); 13C NMR (100.6 MHz, CDCl3):
d=12.04 (1C), 18.59 (1C), 21.07 (1C), 23.80 (1C), 24.18 (1C), 24.66
(1C), 25.95 (1C), 26.23 (1C), 26.58 (1C), 28.24 (1C), 29.54 (2C), 29.62
(2C), 32.08 (1C), 34.81 (1C), 35.49 (1C), 35.64 (1C), 36.93 (1C), 39.99
(1C), 40.24 (1C), 42.59 (1C), 42.66 (1C), 42.70 (1C), 48.08 (2C), 49.42
(2C), 56.18 (1C), 56.62 (1C), 68.23 (1C), 72.27 (1C), 99.22 (1C), 100.90
(1C), 102.84 (1C), 104.37 (1C), 105.56 (1C), 105.76 (1C), 129.72 (1C),
129.77 (1C), 149.89 (1C), 149.93 (1C), 158.96 (1C), 160.36 ppm (1C);
MALDI-TOF (dithranol): m/z : 685.46 [M+H]+ , 1369.9 [2M+H]+ .


Compound 6e : From 4 (0.25 mmol, 168 mg) and tetraamine 5e
(0.25 mmol, 47 mg), in the presence of [Pd(dba)2] (12 mg), BINAP
(14 mg), and tBuONa (100 mg) in dioxane (12 mL) and after 7 h of
reflux, macrocycle 6e was obtained as a viscous pale-yellow oil. Yield:
104 mg (60%); eluent CH2Cl2/MeOH/NH3 10:3:1;


1H NMR (400 MHz,
CDCl3): d=0.64 (s, 3H), 0.93 (d, J=6.5 Hz, 3H), 0.96 (s, 3H), 0.98–2.02
(m, 28H), 1.79 (br s, 6H), 2.70–2.83 (m, 8H), 3.12 (br s, 4H), 3.85 (br s,
2H), 4.53 (s, 1H), 6.10–6.26 (m, 6H), 7.00 (t, J=8.0 Hz, 1H), 7.03 ppm
(t, J=8.1 Hz, 1H); 13C NMR (100.6 MHz, CDCl3): d=11.90 (1C), 18.45
(1C), 20.92 (1C), 23.67 (1C), 24.03 (1C), 24.51 (1C), 25.81 (1C), 26.09
(1C), 26.44 (1C), 28.10 (1C), 29.22 (2C), 29.48 (1C), 30.17 (1C), 30.32
(1C), 31.95 (1C), 33.62 (1C), 34.67 (1C), 35.36 (1C), 35.49 (1C), 36.80
(1C), 39.84 (1C), 40.11 (1C), 40.14 (1C), 42.56 (1C), 42.62 (1C), 47.69
(1C), 48.16 (1C), 48.24 (1C), 56.04 (1C), 56.47 (1C), 68.05 (1C), 72.07
(1C), 99.02 (1C), 100.69 (1C), 102.59 (1C), 104.15 (1C), 105.41 (1C),
105.62 (1C), 129.59 (2C), 149.78 (1C), 149.82 (1C), 158.80 (1C),
160.21 ppm (1C).


Compound 6 f : From 4 (0.25 mmol, 168 mg) and pentaamine 5 f
(0.25 mmol, 47 mg), in the presence of [Pd(dba)2] (12 mg), BINAP
(14 mg), and tBuONa (100 mg) in dioxane (12 mL) and after 10 h of
reflux, macrocycle 6 f was obtained as a viscous pale-yellow oil. Yield:
66 mg (38%); eluent CH2Cl2/MeOH/NH3 100:20:3–10:3:1;


1H NMR
(400 MHz, CDCl3): d=0.66 (s, 3H), 0.97 (br s, 6H), 0.86–2.05 (m, 28H),
2.70 (s, 8H), 2.84 (br s, 4H), 3.16 (br s, 4H), 3.87 (br s, 2H), 4.54 (s, 1H),
6.08–6.30 (m, 6H), 6.97–7.03 ppm (m, 2H); 13C NMR (100.6 MHz,
CDCl3): d=12.06 (1C), 18.60 (1C), 21.08 (1C), 23.83 (1C), 24.19 (1C),
24.65 (1C), 25.95 (1C), 26.24 (1C), 26.58 (1C), 28.26 (1C), 30.45 (2C),
32.08 (1C), 34.83 (1C), 35.52 (1C), 35.64 (1C), 36.94 (1C), 39.99 (1C),
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40.24 (1C), 42.72 (1C), 43.42 (2C), 48.42 (2C), 48.99 (2C), 49.22 (2C),
56.17 (1C), 56.63 (1C), 68.25 (1C), 72.28 (1C), 99.42 (1C), 101.12 (1C),
103.10 (1C), 104.68 (1C), 105.72 (1C), 105.94 (1C), 129.78 (1C), 129.85
(1C), 149.79 (1C), 149.83 (1C), 158.93 (1C), 160.34 ppm (1C); MALDI-
TOF (dithranol): m/z : 700.13 [M+H]+ .


Compound 6g : From 4 (0.28 mmol, 195 mg) and dioxadiamine 5g
(0.28 mmol, 42 mg), in the presence of [Pd(dba)2] (13 mg), BINAP
(16 mg), and tBuONa (110 mg) in dioxane (14 mL) and after 9 h of
reflux, macrocycle 6g was obtained as a viscous pale-yellow oil. Yield:
74 mg (40%); eluent CH2Cl2/MeOH 10:1–5:1; 1H NMR (400 MHz,
CDCl3): d=0.65 (s, 3H), 0.94 (d, J=6.6 Hz, 3H), 0.96 (s, 3H), 0.99–2.04
(m, 28H), 3.27 (t, J=4.7 Hz, 4H), 3.63 (s, 4H), 3.69 (t, J=4.7 Hz, 4H),
3.86 (br s, 2H), 4.53 (s, 1H), 6.15–6.28 (m, 6H), 7.03 (t, J=8.0 Hz, 1H),
7.04 ppm (t, J=8.3 Hz, 1H); 13C NMR (100.6 MHz, CDCl3): d=12.06
(1C), 18.61 (1C), 21.09 (1C), 23.82 (1C), 24.19 (1C), 24.66 (1C), 25.95
(1C), 26.25 (1C), 26.60 (1C), 28.26 (1C), 29.64 (1C), 30.46 (1C), 32.10
(1C), 34.83 (1C), 35.52 (1C), 35.66 (1C), 36.96 (1C), 40.01 (1C), 40.27
(1C), 42.73 (1C), 43.42 (2C), 56.20 (1C), 56.64 (1C), 68.26 (1C), 69.60
(2C), 70.19 (2C), 72.34 (1C), 99.65 (1C), 101.36 (1C), 103.40 (1C),
104.93 (1C), 105.89 (1C), 106.10 (1C), 129.79 (1C), 129.83 (1C), 149.49
(1C), 149.55 (1C), 158.95 (1C), 160.35 ppm (1C).


Compound 6h : From 4 (0.5 mmol, 336 mg) and trioxadiamine 5h
(0.5 mmol, 110 mg), in the presence of [Pd(dba)2] (23 mg), BINAP
(28 mg), and tBuONa (200 mg) in dioxane (25 mL) and after 7 h of
reflux, macrocycle 6h was obtained as yellow crystals. M.p. 90–92 8C;
yield 220 mg (60%); eluent CH2Cl2/MeOH 10:1–3:1; 1H NMR
(400 MHz, CDCl3): d=0.65 (s, 3H), 0.94 (d, J=6.3 Hz, 3H), 0.97 (s, 3H),
1.00–2.02 (m, 28H), 1.86 (q, J=6.4 Hz, 4H), 3.19 (t, J=6.5 Hz, 2H), 3.20
(t, J=6.5 Hz, 2H), 3.58–3.69 (m, 12H), 3.84–3.88 (m, 2H), 4.53 (br s,
1H), 6.12–6.25 (m, 6H), 7.01 (t, J=7.9 Hz, 1H), 7.02 ppm (t, J=8.1 Hz,
1H); 13C NMR (100.6 MHz, CDCl3): d=12.06 (1C), 18.62 (1C), 21.10
(1C), 23.83 (1C), 24.21 (1C), 24.70 (1C), 26.00 (1C), 26.26 (1C), 26.61
(1C), 28.26 (1C), 29.13 (1C), 29.19 (1C), 30.49 (2C), 32.13 (1C), 34.85
(1C), 35.54 (1C), 35.68 (1C), 36.98 (1C), 40.03 (1C), 40.28 (1C), 41.68
(2C), 42.74 (1C), 56.23 (1C), 56.66 (1C), 68.27 (1C), 69.70 (2C), 70.24
(2C), 70.62 (2C), 72.30 (1C), 99.25 (1C), 100.95 (1C), 102.78 (1C),
104.30 (1C), 105.62 (1C), 105.83 (1C), 129.71 (1C), 129.77 (1C), 149.90
(1C), 149.96 (1C), 158.99 (1C), 160.40 ppm (1C); MALDI-TOF (dithra-
nol): m/z : 731.35 [M+H]+ .


General method for the synthesis of bis(polyamino)-substituted steroids
7a,d,e,g–i : A two-necked flask, equipped with a condenser and flushed
with argon, was charged with 4 (0.22–1.35 mmol, 148–907 mg), [Pd(dba)2]
(8 mol%, 10–62 mg), BINAP (9 mol%, 12–76 mg), absolute dioxane (2–
13 mL), the appropriiate polyamine (0.55–5.4 mmol), and tBuONa (0.9–
5.4 mmol, 90–520 mg). The reaction mixture was refluxed for 5–8 h and
then cooled down. NaBr was filtered off, dioxane was evaporated in
vacuum, and the residue was subjected to chromatography on silica using
a sequence of eluents: CH2Cl2, CH2Cl2/MeOH 100:1–3:1 (in the case of
7g,h).


Compound 7a : From 4 (0.22 mmol, 150 mg) and triamine 5a (0.66 mmol,
86 mg), in the presence of [Pd(dba)2] (10 mg), BINAP (12 mg), and
tBuONa (85 mg) in absolute dioxane (2 mL) and after refluxing for 5 h,
bis(polyamino) derivative 7a was obtained as a pale-yellow oil. Yield in
the reaction mixture >90%. 1H NMR (400 MHz, CDCl3): d=0.64 (s,
3H), 0.94 (d, J=6.5 Hz, 3H), 0.97 (s, 3H), 0.98–1.94 (m, 28H), 1.61 (q,
J=6.9 Hz, 4H), 1.77 (q, J=6.6 Hz, 4H), 2.64 (t, J=7.1 Hz, 4H), 2.71 (t,
J=5.8 Hz, 4H), 2.75 (t, J=5.8 Hz, 4H), 3.14 (t, J=5.7 Hz, 4H), 3.76–3.85
(m, 2H), 4.54 (br s, 1H), 6.06–6.20 (m, 6H), 7.02 (t, J=7.8 Hz, 1H),
7.03 ppm (t, J=8.0 Hz, 1H); 13C NMR (100.6 MHz, CDCl3): d=11.90
(1C), 18.44 (1C), 20.91 (1C), 23.66 (1C), 24.02 (1C), 24.49 (1C), 25.78
(1C), 26.07 (1C), 26.42 (1C), 28.10 (1C), 29.20 (1C), 29.25 (1C), 30.29
(2C), 31.92 (1C), 33.59 (2C), 34.66 (1C), 35.35 (1C), 35.48 (1C), 36.79
(1C), 39.82 (1C), 40.11 (1C), 40.16 (2C), 42.54 (1C), 42.66 (2C), 47.64
(2C), 48.23 (2C), 56.00 (1C), 56.46 (1C), 68.06 (1C), 72.07 (1C), 98.97
(1C), 100.64 (1C), 102.59 (1C), 104.16 (1C), 105.41 (1C), 105.62 (1C),
129.56 (1C), 129.61 (1C), 149.75 (1C), 149.79 (1C), 158.79 (1C),
160.20 ppm (1C); MALDI-TOF (dithranol): m/z : 773.64 [M+H]+ .


Compound 7d : From 4 (0.22 mmol, 150 mg) and tetraamine 5d
(0.66 mmol, 115 mg), in the presence of [Pd(dba)2] (10 mg), BINAP
(12 mg), and tBuONa (85 mg) in absolute dioxane (2 mL) and after re-
fluxing for 5 h, bis(polyamino) derivative 7d was obtained as a pale-
yellow oil. Yield in the reaction mixture >90%. 1H NMR (400 MHz,
CDCl3): d=0.66 (s, 3H), 0.94 (d, J=6.3 Hz, 3H), 0.97 (s, 3H), 1.00–2.02
(m, 28H), 1.62 (q, J=7.0 Hz, 4H), 1.78 (q, J=6.5 Hz, 4H), 2.65 (t, J=
7.0 Hz, 4H), 2.69–2.72 (m, 12H), 2.74 (t, J=6.5 Hz, 4H), 3.15 (t, J=
6.6 Hz, 4H), 3.87 (br s, 2H), 4.54 (br s, 1H), 6.12–6.25 (m, 6H), 7.02 (t,
J=7.8 Hz, 1H), 7.04 ppm (t, J=8.1 Hz, 1H); 13C NMR (100.6 MHz,
CDCl3): d=11.92 (1C), 18.47 (1C), 20.94 (1C), 23.69 (1C), 24.05 (1C),
24.51 (1C), 25.80 (1C), 26.10 (1C), 26.45 (1C), 28.12 (1C), 29.32 (1C),
29.36 (1C), 30.32 (2C), 31.95 (1C), 33.64 (2C), 34.69 (1C), 35.38 (1C),
35.50 (1C), 36.81 (1C), 39.84 (1C), 40.10 (3C), 42.48 (2C), 42.57 (1C),
47.53 (2C), 47.93 (2C), 49.28 (4C), 56.03 (1C), 56.49 (1C), 68.09 (1C),
72.10 (1C), 99.04 (1C), 100.72 (1C), 102.63 (1C), 104.19 (1C), 105.42
(1C), 105.64 (1C), 129.59 (1C), 129.64 (1C), 149.75 (1C), 149.80 (1C),
158.82 (1C), 160.23 ppm (1C); MALDI-TOF (dithranol): m/z : 859.76
[M+H]+ .


Compound 7e : From 4 (0.22 mmol, 150 mg) and tetraamine 5e
(0.66 mmol, 124 mg), in the presence of [Pd(dba)2] (10 mg), BINAP
(12 mg), and tBuONa (85 mg) in absolute dioxane (2 mL) and after re-
fluxing for 5 h, bis(polyamino) derivative 7e was obtained as a pale-
yellow oil. Yield in the reaction mixture >90%. 1H NMR (400 MHz,
CDCl3): d=0.65 (s, 3H), 0.94 (d, J=6.5 Hz, 3H), 0.96 (s, 3H), 0.99–1.98
(m, 28H), 1.61 (q, J=6.9 Hz, 4H), 1.65 (q, J=6.9 Hz, 4H), 1.76 (q, J=
6.1 Hz, 4H), 2.59–2.73 (m, 20H), 3.14 (br s, 4H), 3.86 (br s, 2H), 4.53
(br s, 1H), 6.10–6.24 (m, 6H), 7.01 (t, J=7.6 Hz, 1H), 7.02 ppm (t, J=
7.8 Hz, 1H); 13C NMR (100.6 MHz, CDCl3): d=11.84 (1C), 18.39 (1C),
20.85 (1C), 23.61 (1C), 23.97 (1C), 24.43 (1C), 25.72 (1C), 26.02 (1C),
26.37 (1C), 28.04 (1C), 29.14 (1C), 29.19 (1C), 30.08 (2C), 30.24 (2C),
31.87 (1C), 33.56 (2C), 34.60 (1C), 35.29 (1C), 35.42 (1C), 36.72 (1C),
39.76 (1C), 40.01 (1C), 40.09 (2C), 42.48 (1C), 42.55 (2C), 47.60 (2C),
48.10 (2C), 48.24 (2C), 48.32 (2C), 55.95 (1C), 56.40 (1C), 67.99 (1C),
71.99 (1C), 98.92 (1C), 100.59 (1C), 102.50 (1C), 104.07 (1C), 105.33
(1C), 105.55 (1C), 129.48 (1C), 129.53 (1C), 149.70 (1C), 149.74 (1C),
158.72 (1C), 160.13 ppm (1C); MALDI-TOF (dithranol): m/z : 887.82
[M+H]+ .


Compound 7g : From 4 (0.7 mmol, 470 mg) and dioxadiamine 5g
(1.75 mmol, 259 mg), in the presence of [Pd(dba)2] (23 mg), BINAP
(39 mg), and tBuONa (270 mg) in absolute dioxane (6 mL) and after re-
fluxing for 7 h, bis(polyamino) derivative 7g was obtained as a pale-
yellow oil. Yield: 225 mg (40%); eluent CH2Cl2/MeOH 5:1;


1H NMR
(400 MHz, CDCl3): d=0.64 (s, 3H), 0.93 (d, J=6.6 Hz, 3H), 0.96 (s, 3H),
0.99–2.00 (m, 28H), 2.85 (br s, 4H), 3.25 (t, J=4.8 Hz, 4H), 3.49 (br s,
4H), 3.59 (s, 8H), 3.66 (t, J=5.0 Hz, 4H), 3.81–3.89 (m, 2H), 4.52 (br s,
1H), 6.15–6.28 (m, 6H), 7.00 (t, J=7.8 Hz, 1H), 7.02 ppm (t, J=7.9 Hz,
1H); 13C NMR (100.6 MHz, CDCl3): d=12.01 (1C), 18.59 (1C), 21.03
(1C), 23.78 (1C), 24.15 (1C), 24.60 (1C), 25.88 (1C), 26.19 (1C), 26.55
(1C), 28.21 (1C), 30.41 (1C), 32.04 (1C), 34.78 (1C), 35.47 (1C), 35.60
(1C), 36.91 (1C), 39.95 (1C), 40.20 (1C), 41.10 (1C), 42.67 (1C), 43.42
(2C), 56.12 (1C), 56.58 (1C), 68.22 (1C), 69.56 (2C), 69.60 (2C), 70.09
(4C), 71.92 (2C), 72.26 (1C), 99.51 (1C), 101.19 (1C), 103.16 (1C),
104.82 (1C), 105.79 (1C), 106.04 (1C), 129.74 (1C), 129.79 (1C), 149.54
(1C), 149.59 (1C), 158.88 (1C), 160.29 ppm (1C); MALDI-TOF (dithra-
nol): m/z : 807.48 [M+H]+ .


Compound 7h : From 4 (1.35 mmol, 908 mg) and trioxadiamine 5h
(5.4 mmol, 1.19 g), in the presence of [Pd(dba)2] (62 mg), BINAP
(76 mg), and tBuONa (520 mg) in absolute dioxane (13 mL) and after re-
fluxing for 8 h, bis(polyamino) derivative 7h was obtained as a pale-
yellow oil. Yield: 1.05 g (82%); eluent CH2Cl2/MeOH 5:1; 1H NMR
(400 MHz, CDCl3): d=0.63 (s, 3H), 0.92 (d, J=6.6 Hz, 3H), 0.95 (s, 3H),
0.98–2.02 (m, 28H), 1.84 (br s, 4H), 1.89 (q, J=6.3 Hz, 4H), 2.99 (t, J=
5.5 Hz, 4H), 3.18 (t, J=5.7 Hz, 4H), 3.55–3.66 (m, 24H), 3.82–3.88 (m,
2H), 4.52 (br s, 1H), 6.10–6.26 (m, 6H), 6.99 (t, J=7.8 Hz, 1H), 7.00 ppm
(t, J=8.0 Hz, 1H); 13C NMR (100.6 MHz, CDCl3): d=12.01 (1C), 18.57
(1C), 21.04 (1C), 23.78 (1C), 24.14 (1C), 24.63 (1C), 25.89 (1C), 26.19
(1C), 26.55 (1C), 28.11 (1C), 28.21 (2C), 28.81 (1C), 28.98 (2C), 30.43
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(1C), 32.06 (1C), 34.79 (1C), 35.47 (1C), 35.61 (1C), 36.93 (1C), 39.74
(2C), 39.96 (1C), 40.21 (1C), 41.61 (2C), 42.67 (1C), 56.11 (1C), 56.59
(1C), 68.24 (1C), 69.56 (2C), 69.78 (2C), 69.87 (2C), 69.97 (4C), 70.38
(2C), 72.24 (1C), 99.45 (1C), 101.06 (1C), 103.00 (1C), 104.72 (1C),
105.84 (1C), 106.08 (1C), 129.71 (1C), 129.74 (1C),149.83 (1C), 149.86
(1C), 158.90 (1C), 160.31 ppm (1C); MALDI-TOF (dithranol), m/z :
951.60 [M+H]+ .


Compound 7 i : From 4 (0.22 mmol, 150 mg) and diaminopropane 5 i
(0.66 mmol, 124 mg), in the presence of [Pd(dba)2] (10 mg), BINAP
(12 mg), and tBuONa (85 mg) in absolute dioxane (2 mL) and after re-
fluxing for 5 h, bis(polyamino) derivative 7 i was obtained as a pale-
yellow oil. Yield in the reaction mixture ca 60%. 1H NMR (400 MHz,
CDCl3): d=0.68 (s, 3H), 0.99 (br s, 6H), 1.03–2.05 (m, 28H), 1.73 (br s,
4H), 2.80 (br s, 4H), 3.16 (br s, 4H), 3.89 (br s, 2H), 4.55 (br s, 1H), 6.14–
6.30 (m, 6H), 7.01–7.09 ppm (m, 2H); 13C NMR (100.6 MHz, CDCl3):
d=11.98 (1C), 18.55 (1C), 21.02 (1C), 23.74 (1C), 24.12 (1C), 24.61
(1C), 25.89 (1C), 26.18 (1C), 26.53 (1C), 28.17 (1C), 30.41 (2C), 32.05
(1C), 32.77 (2C), 34.75 (1C), 35.42 (1C), 35.60 (1C), 36.89 (1C), 39.96
(2C), 40.19 (1C), 41.79 (2C), 41.95 (1C), 42.65 (1C), 56.14 (1C), 56.57
(1C), 68.18 (1C), 72.24 (1C), 99.19 (1C), 100.87 (1C), 102.89 (1C),
104.43 (1C), 105.49 (1C), 105.69 (1C), 129.66 (1C), 129.71 (1C), 149.53
(1C), 149.80 (1C), 158.93 (1C), 160.34 ppm (1C); MALDI-TOF (dithra-
nol): m/z : 658.83 [M]+ .


General method for the synthesis of bis(steroidal) derivatives of poly-
amines 8g–i : A two-necked flask equipped with a condenser and flushed
with argon was charged with compound 4 (0.78–1.97 mmol, 0.52–1.32 g),
[Pd(dba)2] (8 mol%, 14–41 mg), BINAP (9 mol%, 17–50 mg), the corre-
sponding polyamine (0.31–0.9 mmol), absolute dioxane (3–9 mL), and
tBuONa (1.2–3.6 mmol, 120–350 mg). The reaction mixture was refluxed
for 4.5–5 h and then cooled down. The precipitate of NaBr was filtered
off, and dioxane was evaporated in vacuum. The residue was subjected to
chromatography on silica with a sequence of eluents: CH2Cl2, CH2Cl2/
MeOH 500:1–3:1 (in the case of 8g,h).


Compound 8g : From 4 (1.97 mmol, 1.32 g) and dioxadiamine 5g
(0.9 mmol, 133 mg), in the presence of [Pd(dba)2] (41 mg), BINAP
(50 mg), and tBuONa (350 mg) in absolute dioxane (9 mL) and after
4.5 h reflux, bis(steroidal) derivative 8g was obtained as a yellowish oil.
Yield: 500 mg (43%); eluent CH2Cl2/MeOH 250:1, 10:1–3:1.


1H NMR
(400 MHz, CDCl3, a mixture of 3 possible isomers): d=0.68 (s, 6H), 0.96
(d, J=6.4 Hz, 6H), 0.99 (s, 6H), 1.01–2.03 (m, 56H), 3.29 (t, J=4.8 Hz,
4H), 3.64 (s, 8H), 3.69 (t, J=4.8 Hz, 4H), 3.85–3.94 (m, 4H), 4.54 (br s,
1H), 4.56 (br s, 1H), 6.15–6.30 (m, 6H), 6.82 (d, J=8.0 Hz, 2H), 7.00–
7.07 (m, 6H), 7.11 (t, J=8.0 Hz, 1H), 7.12 ppm (t, J=8.1 Hz, 1H);
13C NMR (100.6 MHz, CDCl3, a mixture of 3 possible isomers): d=12.06
(2C-ster), 18.61 (2C-ster), 21.10 (2C-ster), 23.81 (2C-ster), 24.18 (2C-
ster), 24.51 and 24.69 (2C-ster), 25.76 and 25.97 (2C-ster), 26.15 (2C-
ster), 26.56 and 26.61 (2C-ster), 28.24 (2C-ster), 30.29 and 30.32 (2C-
ster), 30.48 (2C-ster), 32.04 and 32.12 (2C-ster), 34.83 (2C-ster), 35.47
and 35.50 (2C-ster), 35.68 (2C-ster), 36.95 (2C-ster), 40.05 (2C-ster),
40.27 (2C-ster), 42.74 (2C-ster), 43.52 (NCH2, 2C-diamine), 56.20 (2C-
ster), 56.64 (2C-ster), 68.26 and 68.74 (2C-ster), 69.64 and 69.68 (OCH2,
2C-diamine), 70.20 (OCH2, 2C-diamine), 72.36 and 73.16 (2C-ster),
99.67 (1C-Ar), 101.36 (1C-Ar), 103.41 (1C-Ar), 105.02 (1C-Ar), 105.87
(1C-Ar), 106.09 (1C-Ar), 113.53 (1C-Ar), 114.77 (1C-Ar), 117.76 (1C-
Ar), 119.32 (1C-Ar), 122.72 (1C-Ar), 123.32 (1C-Ar), 123.49 (1C-Ar),
129.31 (1C-Ar), 129.78 (1C-Ar), 129.82 (1C-Ar), 130.41 (2C-Ar), 149.54
(1C-Ar), 149.59 (1C-Ar), 158.63 (1C-Ar), 158.97 (1C-Ar), 159.94 (1C-
Ar), 160.37 ppm (1C-Ar).


Compound 8h : From 4 (0.78 mmol, 525 mg) and trioxadiamine 5h
(0.31 mmol, 69 mg), in the presence of [Pd(dba)2] (14 mg), BINAP
(17 mg), and tBuONa (120 mg) in absolute dioxane (3 mL) and after 5 h
reflux, bis(steroidal) derivative 8h was obtained as a yellowish oil. Yield:
170 mg (39%); eluent CH2Cl2/MeOH 250:1, 10:1.


1H NMR (400 MHz,
CDCl3, a mixture of 3 possible isomers): d=0.67 (s, 6H), 0.95 (d, J=
6.3 Hz, 6H), 0.98 (s, 6H), 1.00–2.03 (m, 56H), 1.87 (q, J=6.1 Hz, 4H),
3.20 (t, J=6.6 Hz, 2H), 3.21 (t, J=6.3 Hz, 2H), 3.55–3.69 (m, 12H),
3.83–3.93 (m, 4H), 4.55 (br s, 1H), 4.56 (br s, 1H), 6.13–6.26 (m, 6H),
6.82 (d, J=7.9 Hz, 2H), 7.00–7.07 (m, 6H), 7.11 (t, J=8.1 Hz, 1H),


7.12 ppm (t, J=8.3 Hz, 1H); 13C NMR (100.6 MHz, CDCl3, a mixture of
3 possible isomers): d=12.06 (2C-ster), 18.60 (2C-ster), 21.08 (2C-ster),
23.81 (2C-ster), 24.18 (2C-ster), 24.47 and 24.67 (2C-ster), 25.73 and
25.95 (2C-ster), 26.21 and 26.24 (2C-ster), 26.54 and 26.58 (2C-ster),
28.26 (2C-ster), 29.08 and 29.14 (NCH2CH2CH2O, 2C-diamine), 30.22
and 30.30 (2C-ster), 30.47 (2C-ster), 32.01 and 32.09 (2C-ster), 34.82
(2C-ster), 35.47 and 35.52 (2C-ster), 35.64 (2C-ster), 36.92 (2C-ster),
40.00 (2C-ster), 40.24 (2C-ster), 41.68 (NCH2, 2C-diamine), 42.72 (2C-
ster), 56.15 (2C-ster), 56.63 (2C-ster), 68.22 and 68.71 (2C-ster), 69.70
(OCH2, 2C-diamine), 70.23 (OCH2, 2C-diamine), 70.62 (OCH2, 2C-dia-
mine), 72.22 and 73.07 (2C-ster), 99.16 (1C-Ar), 100.84 (1C-Ar), 102.68
(1C-Ar), 104.24 (1C-Ar), 105.57 (1C-Ar), 105.81 (1C-Ar), 113.52 (1C-
Ar), 114.74 (1C-Ar), 117.68 (1C-Ar), 119.25 (1C-Ar), 122.72 (1C-Ar),
123.29 (1C-Ar), 123.47 (1C-Ar), 129.34 (1C-Ar), 129.71 (1C-Ar), 129.77
(1C-Ar), 130.43 (2C-Ar), 149.89 (1C-Ar), 149.94 (1C-Ar), 158.59 (1C-
Ar), 158.95 (1C-Ar), 159.90 (1C-Ar), 160.36 ppm (1C-Ar).


Compound 8 i : From 4 (0.78 mmol, 520 mg), diaminopropane 5 i
(0.39 mmol, 29 mg), in the presence of [Pd(dba)2] (18 mg), BINAP
(22 mg), and tBuONa (150 mg) in absolute dioxane (4 mL) and after
4.5 h reflux, bis(steroidal) derivative 8 i was obtained as a yellowish oil.
Yield in the reaction mixture ca 90%. 1H NMR (400 MHz, CDCl3, a mix-
ture of 3 possible isomers): d=0.68 (s, 6H), 0.99 (br s, 12H), 1.03–2.05
(m, 58H), 3.21 (br s, 4H), 3.89 (br s, 4H), 4.55 (br s, 2H), 6.11–6.30 (m,
6H), 6.78–6.85 (m, 2H), 7.00–7.18 ppm (m, 8H); 13C NMR (100.6 MHz,
CDCl3, a mixture of 3 possible isomers): d=11.99 (2C-ster), 18.54 (2C-
ster), 21.03 (2C-ster), 23.72 (2C-ster), 24.11 (2C-ster), 24.42 and 24.61
(2C-ster), 25.68 and 25.91 (2C-ster), 26.15 (2C-ster), 26.47 and 26.53
(2C-ster), 28.18 (2C-ster), 29.10 and 29.57 (2C-ster), 30.20 and 30.25
(2C-ster), 30.42 (NCH2CH2CH2N, 1C-diamine), 31.97 and 32.05 (2C-
ster), 34.75 (2C-ster), 35.39 (2C-ster), 35.58 (2C-ster), 36.85 (2C-ster),
39.96 (2C-ster), 40.17 (2C-ster), 41.79 (NCH2, 2C-diamine), 42.65 (2C-
ster), 56.10 (2C-ster), 56.55 (2C-ster), 68.17 and 68.63 (2C-ster), 72.24
and 73.04 (2C-ster), 99.32 (1C-Ar), 100.95 (1C-Ar), 103.16 (1C-Ar),
104.68 (1C-Ar), 105.59 (1C-Ar), 105.78 (1C-Ar), 113.44 (1C-Ar), 114.66
(1C-Ar), 117.68 (1C-Ar), 119.23 (1C-Ar),122.65 (1C-Ar), 123.24 (1C-
Ar), 123.41 (1C-Ar), 127.91 (1C-Ar), 129.77 (2C-Ar), 130.34 (2C-Ar),
149.47 (1C-Ar), 149.53 (1C-Ar), 158.56 (1C-Ar), 158.95 (1C-Ar), 159.87
(1C-Ar), 160.35 ppm (1C-Ar).


Cyclodimer 9g : A two-necked flask, equipped with a condenser and
flushed with argon, was charged with 8g (0.21 mmol, 280 mg), dioxadi-
amine 5g (0.21 mmol, 31 mg), [Pd(dba)2] (10 mg), BINAP (12 mg),
tBuONa (0.84 mmol, 80 mg), and absolute dioxane (10.5 mL), and the re-
action mixture was refluxed for 18 h. After cooling down to ambient tem-
perature, and filtration and evaporation of the solvent, the crude product
was subjected to chromatography on silica to obtain cyclodimer 9g as a
yellowish oil. Yield: 97 mg (35%); eluent CH2Cl2/MeOH 200:1, 10:1–
2.5:1; 1H NMR (400 MHz, CDCl3, a mixture of 2 possible isomers): d=
0.66 (s, 6H), 0.94 (d, J=5.6 Hz, 6H), 0.97 (s, 6H), 1.00–2.03 (m, 56H),
3.28 (t, J=5.0 Hz, 8H), 3.63 (s, 8H), 3.69 (t, J=4.9 Hz, 8H), 3.83–3.90
(m, 4H), 4.53 (br s, 2H), 6.15–6.29 (m, 12H), 7.02 (t, J=8.1 Hz, 2H),
7.03 ppm (t, J=8.0 Hz, 2H); 13C NMR (100.6 MHz, CDCl3, a mixture of
2 possible isomers): d=12.09 (2C), 18.64 (2C), 21.13 (2C), 23.84 (2C),
24.21 (2C), 24.71 (2C), 26.02 (2C), 26.29 (2C), 26.63 (2C), 28.27 (2C),
29.66 (2C), 30.50 (2C), 32.15 (2C), 34.87 (2C), 35.55 (2C), 35.71 (2C),
37.01 (2C), 40.08 (2C), 40.31 (2C), 42.78 (2C), 43.55 (4C), 56.26 (2C),
56.69 (2C), 68.32 (2C), 69.68 (2C), 69.72 (2C), 70.24 (4C), 72.42 (2C),
99.72 (2C), 101.43 (2C), 103.46 (2C), 105.04 (2C), 105.94 (2C), 106.15
(2C), 129.81 (2C), 129.86 (2C), 149.57 (2C), 149.62 (2C), 159.01 (2C),
160.42 ppm (2C).


Cyclodimer 9h : A two-necked flask, equipped with a condenser and
flushed with argon, was charged with 8h (0.09 mmol, 120 mg), trioxadi-
amine 5h (0.09 mmol, 20 mg), [Pd(dba)2] (4 mg), BINAP (5 mg),
tBuONa (0.36 mmol, 35 mg), and absolute dioxane (4.5 mL), and the re-
action mixture was refluxed for 24 h. After cooling down to ambient tem-
perature, and filtration and evaporation of the solvent, the crude product
was subjected to chromatography on silica to obtain cyclodimer 9h as a
yellowish oil. Yield: 45 mg (34%); eluent CH2Cl2/MeOH 10:1–5:1;
1H NMR (400 MHz, CDCl3, a mixture of 2 possible isomers): d=0.65 (s,
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6H), 0.94 (d, J=6.6 Hz, 6H), 0.96 (s, 6H), 0.99–2.01 (m, 56H), 1.86 (q,
J=6.1 Hz, 8H), 3.19 (t, J=6.6 Hz, 8H), 3.54–3.68 (m, 24H), 3.82–3.90
(m, 4H), 4.53 (br s, 2H), 6.12–6.30 (m, 12H), 7.01 (t, J=7.8 Hz, 2H),
7.02 ppm (t, J=7.9 Hz, 2H); 13C NMR (100.6 MHz, CDCl3, a mixture of
2 possible isomers): d=12.05 (2C), 18.60 (2C), 21.07 (2C), 23.83 (2C),
24.18 (2C), 24.64 (2C), 25.95 (2C), 26.23 (2C), 26.58 (2C), 28.26 (2C),
29.04 (2C), 29.09 (2C), 29.65 (2C), 30.45 (2C), 32.08 (2C), 34.82 (2C),
35.52 (2C), 35.63 (2C), 36.95 (2C), 39.97 (2C), 40.24 (2C), 41.68 (4C),
42.70 (2C), 56.17 (2C), 56.62 (2C), 68.22 (2C), 69.69 (4C), 70.21 (4C),
70.60 (4C), 72.21 (2C), 99.16 (2C), 100.87 (2C), 102.69 (2C), 104.23
(2C), 105.59 (2C), 105.81 (2C), 129.70 (2C), 129.76 (2C), 149.84 (2C),
149.88 (2C), 158.93 (2C), 160.34 ppm (2C).


Cyclodimer 9 i


Route a : A two-necked flask, equipped with a condenser and flushed
with argon, was charged with in situ obtained 7 i (0.65 mmol, 428 mg), 4
(0.65 mmol, 437 mg), [Pd(dba)2] (30 mg), BINAP (36 mg), tBuONa
(2.6 mmol, 250 mg), and absolute dioxane (26 mL), and the reaction mix-
ture was refluxed for 28 h. After cooling down to ambient temperature,
and filtration and evaporation of the solvent, the crude product was sub-
jected to chromatography on silica to obtain cyclodimer 9 i as a yellowish
oil. Yield: 307 mg (40%); eluent CH2Cl2/MeOH 250:1, 10:1–5:1.


Route b : A two-necked flask, equipped with a condenser and flushed
with argon, was charged with in situ obtained 8 i (0.39 mmol, 490 mg), di-
aminopropane 5 i (0.39 mmol, 29 mg), [Pd(dba)2] (18 mg), BINAP
(22 mg), tBuONa (1.56 mmol, 150 mg), and absolute dioxane (16 mL),
and the reaction mixture was refluxed for 28 h. After cooling down to
ambient temperature, and filtration and evaporation of the solvent, the
crude product was subjected to chromatography on silica to obtain cyclo-
dimer 9 i as a yellowish oil. Yield: 92 mg (20%); eluent CH2Cl2/MeOH
100:1, 10:1–3:1; 1H NMR (400 MHz, CDCl3, a mixture of 2 possible iso-
mers): d=0.67 (s, 6H), 0.95 (d, J=6.3 Hz, 6H), 0.98 (s, 6H), 1.00–2.03
(m, 56H), 1.91 (q, J=6.4 Hz, 4H), 3.19–3.27 (m, 8H), 3.85–3.91 (m, 4H),
4.54 (br s, 2H), 6.15–6.30 (m, 12H), 7.00–7.08 ppm (m, 4H); 13C NMR
(100.6 MHz, CDCl3, a mixture of 2 possible isomers): d=12.01 (2C),
18.57 (2C), 21.04 (2C), 23.76 (2C), 24.14 (2C), 24.62 (2C), 25.91 (2C),
26.21 (2C), 26.55 (2C), 28.20 (2C), 29.09 (2C), 29.57 (2C), 30.43 (2C),
32.07 (2C), 34.87 (2C), 35.45 (2C), 35.61 (2C), 36.91 (2C), 39.98 (2C),
40.22 (2C), 41.80 (4C), 56.17 (2C), 56.59 (2C), 68.20 (2C), 72.27 (2C),
99.32 (2C), 100.97 (2C), 103.17 (2C), 104.68 (2C), 105.61 (2C), 105.79
(2C), 129.75 (2C), 129.79 (2C), 149.49 (2C), 149.54 (2C), 158.96 (2C),
160.36 ppm (2C).


Compound 10 : A two-necked flask, equipped with a condenser and flush-
ed with argon, was charged with 7h (0.21 mmol, 198 mg), 4 (0.21 mmol,
148 mg), [Pd(dba)2] (10 mg), BINAP (12 mg), tBuONa (0.84 mmol,
80 mg), and absolute dioxane (10.5 mL), and the reaction mixture was re-
fluxed for 18 h. After cooling down to ambient temperature, and filtra-
tion and evaporation of the solvent, the crude product was subjected to
chromatography on silica to obtain compound 10 as a yellowish oil.
Yield: 56 mg (17%); eluent CH2Cl2/MeOH 5:1–2.5:1. 1H NMR
(400 MHz, CDCl3, a mixture of 4 possible isomers): d=0.64 (s, 6H), 0.93
(d, J=6.3 Hz, 6H), 0.96 (s, 6H), 0.97–2.05 (m, 64H), 3.06 (br s, 2H),
3.14–3.22 (m, 6H), 3.45–3.70 (m, 24H), 3.86 (br s, 4H), 4.52 (br s, 2H),
6.10–6.32 (m, 9H), 6.80 (d, J=8.6 Hz) and 6.85 (d, J=7.8 Hz) (1H, two
signals correspondent to different isomers), 6.95–7.04 (m, 5H), 7.09 (t,
J=8.0 Hz) and 7.10 ppm (t, J=8.2 Hz) (1H, two signals correspondent to
different isomers); 13C NMR (100.6 MHz, CDCl3, a mixture of 4 possible
isomers): d=12.05 (2C), 18.59 (2C), 21.08 (2C), 23.79 (2C), 24.18 (2C),
24.48 and 24.66 (2C), 25.82 and 25.96 (2C), 26.22 (2C), 26.58 (2C), 28.23
(4C), 28.90, 29.10, 29.14 and 29.61 (2C), 30.27 and 30.37 (2C), 30.46
(2C), 32.09 (2C), 34.81 (2C), 35.49 (2C), 35.64 (2C), 36.94 (2C), 39.99
(2C), 40.23 (2C), 41.66 (4C), 42.70 (2C), 56.15 (2C), 56.62 (2C), 68.23
and 68.30 (2C), 69.59–70.59 (m, 12C), 72.26 (2C), 99.16 (3C), 100.84
(3C), 102.69 (3C), 104.23 (3C), 105.58 (3C), 105.80 (3C), 113.52 (1C),
114.75 (1C), 117.70 (1C), 119.26 (1C), 122.72 (1C), 123.30 (1C), 123.48
(1C), 129.70 (3C), 129.75 (3C), 130.42 (3C), 149.89 (3C), 149.94 (3C),
158.59 (1C), 158.96 (3C), 159.91 (1C), 160.37 ppm (3C).
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Hydrocarbon Oxidation by b-Halogenated Dioxoruthenium(vi) Porphyrin
Complexes: Effect of Reduction Potential (RuVI/V) and C�H Bond-
Dissociation Energy on Rate Constants


Chi-Ming Che,*[a] Jun-Long Zhang,[a] Rui Zhang,[a] Jie-Sheng Huang,[a] Tat-Shing Lai,[b]


Wai-Man Tsui,[a] Xiang-Ge Zhou,[a] Zhong-Yuan Zhou,[c] Nianyong Zhu,[a] and
Chi Kwong Chang[b]


Abstract: b-Halogenated dioxoruthe-
nium(vi) porphyrin complexes [RuVI-
(F28-tpp)O2] [F28-tpp=2,3,7,8,12,13,
17,18-octafluoro-5,10,15,20-tetrakis-
(pentafluorophenyl)porphyrinato(2�)]
and [RuVI(b-Br8-tmp)O2] [b-Br8-tmp=
2,3,7,8,12,13,17,18-octabromo-5,10,15,20-
tetrakis(2,4,6-trimethylphenyl)porphyr-
inato(2�)] were prepared from reac-
tions of [RuII(por)(CO)] [por=por-
phyrinato(2�)] with m-chloro-
peroxybenzoic acid in CH2Cl2. Reac-
tions of [RuVI(por)O2] with excess PPh3


in CH2Cl2 gave [RuII(F20-tpp)(PPh3)2]
[F20-tpp=5,10,15,20-tetrakis(pentafluo-
rophenyl)porphyrinato(2�)] and [RuII-
(F28-tpp)(PPh3)2]. The structures of
[RuII(por)(CO)(H2O)] and [RuII(por)-
(PPh3)2] (por=F20-tpp, F28-tpp) were
determined by X-ray crystallography,
revealing the effect of b-fluorination of
the porphyrin ligand on the coordina-
tion of axial ligands to ruthenium


atom. The X-ray crystal structure of
[RuVI(F20-tpp)O2] shows a Ru=O bond
length of 1.718(3) 4. Electrochemical
reduction of [RuVI(por)O2] (RuVI to
RuV) is irreversible or quasi-reversible,
with the Ep,c(RuVI/V) spanning �0.31 to
�1.15 V versus Cp2Fe+ /0. Kinetic stud-
ies were performed for the reactions of
various [RuVI(por)O2], including [RuVI-
(F28-tpp)O2] and [RuVI(b-Br8-tmp)O2],
with para-substituted styrenes p-X�
C6H4CH=CH2 (X=H, F, Cl, Me,
MeO), cis- and trans-b-methylstyrene,
cyclohexene, norbornene, ethylben-
zene, cumene, 9,10-dihydroanthracene,
xanthene, and fluorene. The second-
order rate constants (k2) obtained for
the hydrocarbon oxidations by [RuVI-


(F28-tpp)O2] are up to 28-fold larger
than by [RuVI(F20-tpp)O2]. Dual-pa-
rameter Hammett correlation implies
that the styrene oxidation by [RuVI(F28-
tpp)O2] should involve rate-limiting
generation of a benzylic radical inter-
mediate, and the spin delocalization
effect is more important than the polar
effect. The k2 values for the oxidation
of styrene and ethylbenzene by [RuVI-
(por)O2] increase with Ep,c(RuVI/V), and
there is a linear correlation between
logk2 and Ep,c(RuVI/V). The small slope
(�2 V�1) of the logk2 versus Ep,c(RuVI/


V) plot suggests that the extent of
charge transfer is small in the rate-de-
termining step of the hydrocarbon oxi-
dations. The rate constants correlate
well with the C�H bond dissociation
energies, in favor of a hydrogen-atom
abstraction mechanism.


Keywords: electrochemistry · oxi-
dation · porphyrinoids · ruthenium ·
structure elucidation
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Introduction


The discovery that iron porphyrin complexes such as [FeIII-
(tpp)Cl][1] (tpp= tetraphenylporphyrinato(2�)) can catalyze
alkene epoxidation/alkane hydroxylation with PhIO (which
mimics the activity of cytochrome P-450 enzymes in biologi-
cal systems)[2] has stimulated a great deal of interest in met-
alloporphyrin-catalyzed hydrocarbon oxidation reactions,
leading to the development of a wide variety of metallopor-
phyrin catalysts.[3] A major class of these catalysts is the
halogenated metallotetraphenylporphyrin complexes,[4]


which bear halogen substituents on the meso-phenyl groups
(phenyl halogenation) or on the pyrrole groups (b-halogena-
tion) of the porphyrin ligand. The phenyl-halogenated cata-
lysts, such as [MIII(F20-tpp)Cl] (M=Fe, Mn; F20-tpp=
5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato(2�))[5]


and [FeIII(2,6-Cl2tpp)Cl] (2,6-Cl2tpp=5,10,15,20-tetrakis(2,6-
dichlorophenyl)porphyrinato(2�)),[6] exhibit greatly en-
hanced stability and reactivity toward hydrocarbon oxida-
tions (especially alkene epoxidations) relative to their tpp
counterparts. The b-halogenated catalysts, initially designed
to further increase the catalyst stability toward hydrocarbon
oxidations,[7] show even greater efficiency in catalyzing hy-
drocarbon oxidations (especially alkane hydroxylations).[8–15]


For example, [FeIII(b-Br8-F20-tpp)Cl] (b-Br8-F20-tpp=
2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetrakis(pentafluor-
ophenyl)porphyrinato(2�)) is a remarkably active catalyst
for hydroxylation of light alkanes with O2.


[8,11] [MIII(b-X8-
2,6-Cl2tpp)Cl] (M=Fe/Mn, X=Br/Cl/F) catalyze the PhIO
hydroxylation of pentane or cyclohexane in considerably
higher yields than [MIII(2,6-Cl2tpp)Cl] (M=Fe/Mn).[10,12, 16]


To account for the b-halogenation-induced improvement
of catalyst efficiency, a number of investigations on the
effect of b-halogen substituents on the electronic properties
of metalloporphyrin complexes have been reported. Electro-
chemical measurements[17–20] disclosed that b-halogenation
causes a large anodic shift in the redox potentials of the por-
phyrin complexes.[21] Quantum chemical studies and/or X-
ray photoelectron spectroscopy (XPS)/ultraviolet photoem-
ission spectroscopy (UPS)[22] showed that upon b-halogena-
tion the energy of the highest occupied molecular orbital
(HOMO) of the porphyrin becomes significantly lower[21]


and the porphyrinNs lowest ionization potential (IP) becomes
markedly higher. These rationalize the smaller susceptibility
of b-halogenated catalysts to oxidative degradation. On the
other hand, gas-phase electron affinity (EA) measure-
ments[23] revealed that b-halogenated metalloporphyrin com-
plexes exhibit considerably higher EAs than their tpp coun-
terparts. It has been proposed that the enhanced reactivity
due to b-halogenation stems from the increase in the elec-
trophilicity of the putative oxometalloporphyrin reactive in-
termediates.[4,8b,9,23]


Given the proposed reactivity enhancement of an oxome-
talloporphyrin through b-halogenation, it would be of partic-
ular interest to directly examine the effect of b-halogen sub-
stituents on the rate constants of the reactions between oxo-
metalloporphyrin complexes and hydrocarbons. This relies


on the direct observation or, ideally, the isolation of a b-
halogenated oxometalloporphyrin that is reactive toward
hydrocarbon oxidations. While a considerable number of re-
active oxometalloporphyrin complexes, such as oxochromi-
um(v),[24] oxoiron(iv),[25] oxomanganese(iv/v),[26] and dioxo-
ruthenium(vi) porphyrin complexes,[27] are known in the lit-
erature, these reported oxometalloporphyrin complexes in-
variably bear porphyrin ligands without any b-halogen sub-
stituents.[28]


In this paper, we report the isolation and electrochemical
properties of two b-halogenated dioxoruthenium(vi) porphy-
rin complexes and kinetic studies on their reactions with hy-
drocarbons, together with X-ray crystal structures and elec-
trochemical properties of related carbonylruthenium(ii),
bis(triphenylphosphane)ruthenium(ii), and dioxorutheni-
um(vi) porphyrin complexes. The rate constants obtained
for the b-halogenated dioxoruthenium(vi) porphyrin com-
plexes are compared with those of the corresponding b-hy-
drogenated counterparts, revealing a remarkable rate accel-
eration by b-halogenation. This is the first direct experimen-
tal evidence for the increase in reactivity of an oxometallo-
porphyrin toward hydrocarbon oxidations by b-halogenation
and could be compared with the small rate acceleration due
to saddle distortion of the porphyrin ligand observed for the
hydrocarbon oxidations by the b-phenylated dioxo-
ruthenium(vi) porphyrin [RuVI(b-Ph8-tpp)O2] (b-Ph8-tpp=
2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphyrina-
to(2�)) as reported in previous work.[27e,f] Studies of the
linear free-energy relationship between rate constants and
thermodynamic driving force showed that the second-order
rate constants k2 for the oxidation of styrene and ethylben-
zene by [RuVI(por)O2] increase with the reduction potential
of RuVI to RuV. The rate constants for hydrogen-atom ab-
straction correlate well with the bond dissociation energy
(BDE) of the C�H bond that is cleaved; this result is in
accord with previous work on hydrogen-atom abstraction re-
actions by Mayer and co-workers.[29]


Results


The following porphyrin ligands were employed in this
work: 5,10,15,20-(tetraphenylporphyrinato(2�) (tpp; a),
5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato(2�)
(F20-tpp; b), 2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetra-
kis(pentafluorophenyl)porphyrinato(2�) (F28-tpp; c),
5,10,15,20-tetrakis(2,4,6-trimethylphenyl)porphyrinato(2�)
(tmp; d), 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetra-
kis(2,4,6-trimethylphenyl)porphyrinato(2�) (b-Br8-tmp; e)
and 5,10,15,20-tetrakis[(1S,4R,5R,8S)-1,2,3,4,5,6,7,8-octahy-
dro-1,4:5,8-dimethanoanthracen-9-yl]porphyrinato(2�) (D4-
por*; f). Of these ligands, ligand a is a sterically unencum-
bered porphyrin, whereas ligands d–f are all typical sterical-
ly encumbered porphyrins due to the presence of relatively
large substituents on the ortho-positions of the meso-phenyl
groups. The perfluorination of ligand a leads to the forma-
tion the so-called “Teflon” porphyrin c. Because fluorine
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atoms are relatively small, both ligands b and c are consid-
ered essentially sterically unencumbered.


Synthesis and characterization of b-halogenated carbonylru-
thenium(ii), dioxoruthenium(vi), and bis(triphenylphos-
phane)ruthenium(ii) porphyrin complexes


Synthesis : Treatment of [Ru3(CO)12] with the b-halogenated
porphyrin free bases H2(por) (por=F28-tpp, b-Br8-tmp) in
refluxing 1,2,4-trichlorobenzene under an inert atmosphere
resulted in insertion of ruthenium into the porphyrin li-
gands, affording [RuII(por)(CO)] (por=F28-tpp 1c, b-Br8-
tmp 1e) in up to 96 % yields. Previously, a number of [RuII-
(por)(CO)] complexes, including [RuII(tpp)(CO)] (1a),[30]


[RuII(F20-tpp)(CO)] (1b),[31] [RuII(tmp)(CO)] (1d),[32] [RuII-
(D4-por*)(CO)] (1 f),[33] and the b-halogenated species
[RuII(b-X8-F20-tpp)(CO)] (X=Cl, Br),[34] have been pre-
pared from [Ru3(CO)12] and the respective porphyrin free
bases in solvents such as benzene, toluene, decalin, or per-
fluorobenzene. In this work, we found that 1,2,4-trichloro-
benzene is the solvent of choice for the preparation of
1b,c,e. The insertion of ruthenium into F28-tpp appears
rather difficult : only a 38 % yield of 1c was obtained.


Oxidation of 1b,c,e with m-chloroperoxybenzoic acid (m-
CPBA) in CH2Cl2 at room temperature afforded the corre-
sponding [RuVI(por)O2] (por=F20-tpp 2b, F28-tpp 2c, b-Br8-
tmp 2e) in up to 90 % yields. Prior to this work, a number
of other dioxoruthenium(vi) porphyrin complexes, including
[RuVI(tpp)O2] (2a),[27b] [RuVI(tmp)O2] (2d),[27a, 32b] and [RuVI-
(D4-por*)O2] (2 f),[27d] were prepared from reactions of their
carbonyl precursors with m-CPBA; 2 f has previously been
characterized by X-ray crystal-structure determination.[27d]


The b-halogenated dioxoruthe-
nium(vi) complexes 2c,e are
less stable than the phenyl-fluo-
rinated species 2b (which can
be stored at �20 8C for
months). However, they still ex-
hibit remarkable stability. For
example, both 2c,e could be
generated in solutions open to
air at room temperature and
are sufficiently stable for purifi-
cation by flash chromatography
on alumina column, and finally
isolated as a spectroscopically
pure solid that can be handed
at room temperature under air.
In contrast, previously reported
oxoiron(iv) porphyrin radical
cations could not be isolated in
solid form at room tempera-
ture.[25]


Treatment of 2b,c with an
excess of triphenylphosphane in
CH2Cl2 afforded [RuII(por)-
(PPh3)2] (por=F20-tpp 3b, F28-


tpp 3c) as a dark purple solid in 78 and 80 % yields, respec-
tively, after washing with ethanol.
Spectroscopy : Complexes 1c,e, 2b,c,e, and 3b,c were char-


acterized by NMR, IR, and UV-visible spectroscopy, along
with mass spectrometry. A detailed compilation of the spec-
tral data is given in the Experimental Section.


The positive-ion mass spectra of 1c,e and 2b,c,e show
cluster peaks attributable to the parent ions [M+] and the
fragments [M+�L] (L=O or CO). Other cluster peaks cor-
responding to the fragments [M+�2 O] for 2b,c,e are also
present. For 3b,c, the positive-ion FAB mass spectra show
cluster peaks attributable to the fragments [M+�PPh3] and
[M+�2 PPh3]. The n(CO) bands of 1c,e in the IR spectra
(1996 (1c) and 1954 (1e) cm�1) are at comparable frequen-
cies to those of their b-hydrogenated counterparts 1b
(1965 cm�1)[31b] and 1d (1940 cm�1),[32b] respectively.[35] Com-
plexes 2b,c,e exhibit n(RuO) bands at 826, 823, and
824 cm�1, respectively, similar to those previously reported
for 2a (819 cm�1),[27c] 2d (821 cm�1),[32b] and 2 f
(822 cm�1).[27d]


In UV-visible spectra, the Soret band of carbonyl- and
bis(triphenylphosphane)ruthenium(ii) fluorinated porphyrin
complexes 1c and 3b,c appears at 394–413 nm, whereas that
of carbonylruthenium(ii) b-brominated porphyrin 1e is red-
shifted to 430 nm. For dioxoruthenium(vi) porphyrin com-
plexes, the Soret band is located at 399–412 nm (fluorinated
porphyrin complexes 2b,c) and 456 nm (b-brominated por-
phyrin complex 2e). The b-band appears at 498–516 nm for
1c and 3b,c, 560 nm for 1e, 494–506 nm for 2b,c, and
540 nm for 2e. On going from 1c to 2c, or from 1e to 2e, a
considerable red-shift of the Soret band and blue-shift of
the b-band were observed, similar to that of the reported
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carbonylruthenium(ii) and dioxoruthenium(vi) porphyrin
complexes.[27]


The 1H NMR spectrum of 2b shows the signal of b-H (the
pyrrolic protons of the porphyrin ligand) at 9.18 ppm, which
is downfield from that of 1b (8.70 ppm).[31b] In the case of
2e, the signal of the meso-phenyl protons appears at
7.20 ppm, comparable to that of 1e (7.18 ppm). Complexes
3b,c have axial phenyl signals at 6.77 (p-H)/6.47 (m-H)/4.30
(o-H), and 6.95 (p-H)/6.66 (m-H)/4.57 ppm (o-H), respec-
tively; the b-H signal of 3b appears at 8.08 ppm.


Complexes 2b,c and 3b,c have 19F NMR signals at �135.4
to �138.4 (o-F), �148.9 to �153.7 (p-F), and �160.9 to
�162.9 ppm (m-F), respectively, with the b-F signal appear-
ing at �143.3 (2c) and �145.3 ppm (3c). All the signals of
2b,c, except the o-F signals, are downfield from the corre-
sponding signals of 3b,c. The 19F NMR spectra of 1b,c each
have two o-F signals (��138 and �139 ppm) and two m-F
signals (��160 and �161 ppm), consistent with the unsym-
metrical axial coordination in both complexes. The b-F
signal of 1c at �144.6 ppm falls between those of 2c and 3c.
In the 31P NMR spectra of 3b,c, the signal of axial phos-
phane ligands appears at 5.61 and 4.59 ppm, respectively.
Both 3b,c are stable in CDCl3 and we observed no dissocia-
tion of axial PPh3 ligands after 24 h.
X-ray crystal structures : We have determined the struc-


tures of 1b·H2O·2CH2Cl2, 1c·4H2O·MeOH, 2b·2 MeOH, and
3b,c by X-ray crystallography; the respective ORTEP draw-
ings are depicted in Figures 1–5. Complexes
1c·4 H2O·MeOH and 3c are the first structurally character-
ized ruthenium complexes bearing an F28-tpp ligand,[36]


whereas 2b is the only dioxoruthenium(vi) sterically unen-
cumbered porphyrin complex, with its structure determined
by X-ray crystal analysis.


The porphyrin rings in 1b,c, 2b, and 3b are essentially
planar, with the mean deviation of 0.055, 0.031, 0.019, and
0.046 4, respectively. For 3c, an appreciable puckering of
the porphyrin ring is observed (mean deviation: 0.089 4),
and the largest displacement from the mean plane is
0.158 4. The ruthenium atom in 2b and 3b,c is situated in
the porphyrin plane, but that in 1b,c is 0.0032 and 0.0517 4,
respectively, out of the mean plane of the porphyrin ring
toward the carbonyl group.


Both 1b,c bind a water mole-
cule at an axial site in the crys-
tal structure (Figure 1, selected
bond lengths and angles are
given in Table 1).[37] The struc-
ture of 1b·H2O·2CH2Cl2 fea-
tures a long Ru�C(CO) bond
of 1.923(5) 4 coupled with a
short C�O bond of 1.018(7) 4
[compared with the Ru�C(CO)
bonds of 1.77(2)–1.838(9) 4
and the C�O bonds of 1.13(2)–
1.18(3) 4 in other b-hydrogen-
ated carbonylruthenium(ii) por-
phyrin complexes[30b,d,35c–35f,38,39]],


and a long Ru�O(H2O) distance of 2.459(4) 4 [compared
with that of 2.172–2.291(8) 4 in [RuII(por)(CO)]·H2O (por=
oep,[40] tmp[35d]) and [RuII(b-Cl8-F20-tpp)(CO)]·H2O·2A-
cOEt[34]). The corresponding geometric parameters in
1c·4 H2O·MeOH are normal [Ru�C(CO) 1.832(4) 4, C�O
1.121(5) 4, Ru�O(H2O) 2.268(4) 4] and are comparable to
those of [RuII(b-Cl8-F20-tpp)(CO)]·H2O·2 AcOEt.[34] There is


Figure 1. ORTEP drawings of 1b·H2O·2 CH2Cl2 and 1c·4H2O·MeOH
with the atom-numbering scheme. Hydrogen atoms and the uncoordinat-
ed solvent molecules are not shown.


Table 1. Selected bond lengths [4] and angles [8] for 1b·H2O·2 CH2Cl2 and 1c·4 H2O·MeOH.


1b·H2O·
2CH2Cl2


1c·4 H2O·
MeOH


1b·H2O·
2CH2Cl2


1c·4 H2O·
MeOH


Ru1�N1 2.065(3) 2.050(3) Ru1�N2 2.097(3) 2.048(3)
Ru1�N3 2.044(3) 2.032(3) Ru1�N4 2.002(2) 2.041(3)
Ru1�C45 1.923(5) 1.832(4) Ru1�O1W 2.459(4) 2.268(4)
C45�O1 1.018(7) 1.121(5)


Ru1-C45-O1 171.8(5) 173.4(4) C45-Ru1-O1W 178.9(2) 179.3(1)
C45-Ru1-N1 90.5(2) 91.4(1) C45-Ru1-N2 91.7(2) 91.8(1)
C45-Ru1-N3 88.2(2) 90.1(1) C45-Ru1-N4 91.8(2) 90.5(1)
O1W-Ru1-N1 90.5(1) 88.3(1) O1W-Ru1-N2 88.3(1) 88.8(1)
O1W-Ru1-N3 90.8(1) 90.2(1) O1W-Ru1-N4 88.2(1) 88.9(1)
N1-Ru1-N2 88.9(1) 89.7(1) N2-Ru1-N3 89.1(1) 90.6(1)
N3-Ru1-N4 90.0(1) 89.6(1) N4-Ru1-N1 92.1(1) 90.1(1)
N1-Ru1-N3 177.6(1) 178.4(1) N2-Ru1-N4 176.4(1) 177.7(1)
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an interporphyrin hydrogen-bonding interaction between
the CO and H2O axial ligands of adjacent molecules in the
crystal structure of 1b·H2O·2CH2Cl2; this results in a poly-
meric one-dimensional chain structure as shown in Figure 2
with O···O distances of 2.779 4.[41]


Complex 2b (Figure 3, selected bond lengths and angles
are given in Table 2) has a linear O=Ru=O moiety (O1-
Ru1-O1’ 180.0(1)8) perpendicular to the porphyrin ring
plane, along with two types of intermolecular hydrogen
bonds: one is between a b-C�H bond and an oxo group
(C···O 3.189 4), the other is between a b-C�H bond and a
p-F atom of the meso-phenyl group (C···F 3.344 4)
(Figure 4). The Ru=O bond lengths in 2b are 1.718(3) 4,
slightly shorter than those of 1.73(1) and 1.75(1) 4 in 2 f[27d]


(this can be attributed to the electron-withdrawing effect of


the fluoro group) and are comparable to those of 1.705(7)
and 1.718(5) 4 in trans-[RuVI(16-tmc)O2](ClO4)2 (16-tmc=
1,5,9,13-tetramethyl-1,5,9,13-tetraazacyclohexadecane)[42]


and trans-[RuVI(15-tmc)O2](ClO4)2 (15-tmc=1,4,8,12-tetra-
methyl-1,4,8,12-tetraazacyclopentadecane),[42] respectively.


The structure of 3b,c features a linear P-Ru-P moiety (P1-
Ru1-P1’ 1808), which is perpendicular to the porphyrin ring
plane (Figure 5, selected bond lengths and angles are given
in Table 3). The Ru�P bond lengths of 2.4643(9) 4 in 3b
and 2.4807(7) 4 in 3c are longer than that of 2.297(5)–
2.428 4 in previously reported bis(tertiary phosphane)ruthe-
nium(ii) porphyrin complexes.[43]


Electrochemical studies : Cyclic voltammetry was used to
examine the electrochemical properties of 1c, 2a–f, [RuVI-
(ttp)O2] (2g), [RuII(tpp)(PPh3)2] (3a), and 3b,c in CH2Cl2.
The redox potentials (V versus Cp2Fe+ /0) are listed in
Table 4. Selected cyclic voltammograms are shown in Fig-
ures 6 and 7. Complexes 2a,b,d–g, and 3a,b show one rever-
sible or quasi-reversible oxidation couple with E1/2=0.60–
1.33 V, which is assigned to oxidation of the porphyrin li-
gands. As expected, for the complexes bearing F28-tpp (1c,
2c, and 3c), no porphyrin-centered oxidation was observed,
even at potentials up to 2.0 V. Complexes 3a,b exhibit an-
other reversible or quasi-reversible oxidation couple with
E1/2=�0.11 and 0.28 V, respectively, and the corresponding
oxidation couple for 3c appears at E1/2=0.59 V (Figure 7).


Figure 2. Interporphyrin O(CO)···O(H2O) hydrogen bonding in
1b·H2O·2 CH2Cl2.


Figure 3. ORTEP drawing of 2b·2MeOH with the atom-numbering
scheme. Hydrogen atoms and the solvent molecules are not shown.


Table 2. Selected bond lengths [4] and angles [8] for 2b·2MeOH.


Ru1�N1 2.066(3) Ru1�N2 2.057(3)
Ru1�N1’ 2.066(3) Ru1�N2’ 2.057(3)
Ru1�O1 1.718(3) Ru1�O1’ 1.718(3)


O1-Ru1-O1’ 180.0(1) O1-Ru1-N1 90.94(13)
O1-Ru1-N2 89.73(13) O1-Ru1-N1’ 89.06(13)
O1-Ru1-N2’ 90.27(13) O1’-Ru1-N1 89.06(13)
O1’-Ru1-N2 90.27(13) O1’-Ru1-N1’ 90.94(13)
O1’-Ru1-N2’ 89.73(13) N1-Ru1-N2 90.02(12)
N1-Ru1-N1’ 180.0(2) N1-Ru1-N2’ 89.98(12)
N1’-Ru1-N2’ 90.02(12) N2-Ru1-N1’ 89.98(12)
N2-Ru1-N2’ 180.0
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The first reduction waves of 2a–g are irreversible or
quasi-reversible (Figure 6), with Ep,c in the range of �0.70 to
�1.15 V. These complexes have second reduction waves
(quasi-reversible) at E1/2=�1.30 to �1.72 V, which arise
from the reduction of the porphyrin ring. An additional
wave with Ep,a=�0.25 to �0.62 V, possibly resulting from
oxidation of the decomposition products of reduced 2a–g, is
also present. For 3b,c, the porphyrin-centered reduction
occurs at E1/2=�1.83 and �1.52 V, respectively.


Reactions of b-halogenated dioxoruthenium(vi) porphyrin
complexes with hydrocarbons


Stoichiometric oxidation : Complexes 2b,c,e are reactive
toward hydrocarbon oxidation at room temperature, like
previously reported b-hydrogenated counterparts 2a,d,f, and
other dioxoruthenium(vi) porphyrin complexes,[27] resulting
in epoxidation of alkenes (such as styrenes and norbornene)
and oxidation of benzylic C�H bonds (such as ethylbenzene
and cumene). The yields of the oxidation products are listed
in Table 5. In a typical reaction, a solution of the substrate
(2 mmol) in degassed CH2Cl2 (3 mL) containing pyrazole
(Hpz, 2 % w/w) was treated with [RuVI(por)O2] (30 mmol) at
room temperature, and the mixture was stirred for 8–24 h.


As shown in Table 5, styrene was oxidized to styrene
oxide by 2b,c,e in 74, 84, and 99 % yields, respectively, and
the oxidation of para-substituted styrenes by 2b,c gave the
epoxides in 60–84 % yields (entries 1–5). cis-b-Methylstyrene
was oxidized to its epoxide in 88 % yield (cis-product) by 2c
and in 96 % yield (cis :trans=87:9) by 2e (entry 6); trans-b-
methylstyrene was oxidized to its epoxide in 56, 62, and
70 % yield by 2b,c,e, respectively (entry 7). Oxidation of cy-
clohexene by 2b,c,e afforded cyclohexene epoxide in 35–
41 % yields, 2-cyclohexen-1-ol in 21–31 % yields, and 2-cy-
clohexen-1-one in 10–15 % yields (entry 8). Norbornene was
oxidized by 2b,c,e to its epoxide in 99 % yield (entry 9).


Oxidation of C�H bonds by
2b,c,e gave alcohols or ketones
in 37–81 % yields (entries 10–
14, Table 5). Ethylbenzene was
oxidized to sec-phenyl ethyl al-
cohol by 2b,c,e in about 80 %
yield (entry 10); cumene was
converted to acetophenone by
2b,c in about 40 % yield
(entry 11). Oxidation of 9,10-di-
hydroanthracene (DHA), xan-
thene, and fluorene by 2b,c,e
gave anthrone, xanthone, fluo-
renone, respectively, in 40–46 %
yields (entries 12–14).


Kinetic studies : In 1,2-dichloro-
ethane containing pyrazole
(2 % w/w), the time-dependent
UV-visible spectra of the reac-
tion mixtures generally exhibit-


ed clean isosbestic points,[44] similar to the reactions of other
dioxoruthenium(vi) porphyrin complexes with alkene-
s.[27e,f, 33c] Accordingly, all the kinetic measurements were per-
formed in the presence of pyrazole.[45] Table 6 shows the
second-order rate constants (k2) for the reactions of 2a–f
with styrene, para-substituted styrenes p-X�C6H4CH=CH2


(X=F, Cl, Me, MeO), cis- and trans-b-methylstyrene, cyclo-
hexene, norbornene, ethylbenzene, cumene, xanthene,
DHA, and fluorene.


Discussion


Effect of b-fluorination of porphyrin : Despite many studies
on the effect of b-halogen substituents on the electronic
properties and catalytic activities of metalloporphyrin com-
plexes, a number of questions concerning the effect of b-fluo-
rination still remain: 1) how the coordination of metal ion
with an axial ligand is affected by b-fluorination, 2) how the
b-fluorination of porphyrin affects the redox potential of
metal center, and 3) whether b-fluorination of porphyrin
could improve the reactivity of M=O moiety in oxometallo-
porphyrin complexes and, if yes, how large is the extent of
rate acceleration arising from b-fluorination? These ques-
tions arise because halogenation of porphyrin ligands from
tpp to 2,6-Cl2tpp and F20-tpp was found to increase the activ-
ities of ruthenium porphyrin oxidation catalysts, but 1c was
found to be a less effective catalyst than its F20-tpp analogue
(1b).[46] Moreover, although b-fluorination has been known
to cause a large anodic shift in redox potentials of porphyrin
rings,[20] few electrochemical studies have been reported on
the change in redox potential of metal centers, especially in
the case of oxometalloporphyrin complexes. To answer the
questions, we examined the structures, spectral/electrochem-
ical features, and reactivity of ruthenium porphyrin com-
plexes bearing F28-tpp ligand (1c, 2c, and 3c).


Figure 4. Interporphyrin C�H···O and C�H···F hydrogen bonding in 2b·2MeOH. For clarity, the solvent mole-
cules and some of the meso-pentafluorophenyl groups on the porphyrin rings are not shown.
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Crystal structures : Metal–axial-ligand distances in metallo-
porphyrin complexes are important structural parameters,
which could affect the stability/reactivity of metal com-


plexes. The unusual geometric parameters in
1b·H2O·2 CH2Cl2 might stem from some extent of disorder
of the related atoms (see the thermal ellipsoids in Figure 1).
Therefore, a comparison between the Ru�C(CO) distances
in 1b·H2O·2CH2Cl2 and 1c·4 H2O·MeOH may not be useful.
We compare the Ru�P bond lengths among 3b,c and [RuII-
(oep)(PPh3)2],[43b] which are in the order F28-tpp (2.481 4)>
F20-tpp (2.464 4)>oep (2.428 4); this indicates that b-fluo-
rination of F20-tpp slightly lengthens the axial Ru�P bond.


As mentioned earlier, the porphyrin ring in 3c exhibits a
larger distortion than that in 3b, implying the presence of
additional steric congestion arising from the b-F atoms. The
strong electron-withdrawing effect of the eight b-F substitu-
ents may also play a part. However, for both
1b·H2O·2 CH2Cl2 and 1c·4 H2O·MeOH, the porphyrin ring is
essentially planar. The planar arrangement of the b-fluori-
nated porphyrin ring in 1c is reminiscent of that in H2(F28-
tpp),[47] [Zn(F20-tpp)],[20] [CoII(F28-tpp)]·2Solv (Solv= toluene
or THF),[36a] and [RhIII(F28-tpp)Me],[36b] but is in contrast to
the significantly ruffled porphyrin ring in [CoIII(F28-
tpp)]Br[36c] and saddle-shaped porphyrin rings in [PtII(F28-
tpp)][36d] and b-chlorinated complex [RuII(b-Cl8-F20-
tpp)(CO)]·H2O·2 AcOEt.[34]


Spectroscopy : A comparison of the 1H NMR chemical
shifts of axial PPh3 ligands between 3b,c should reveal the
change, caused by b-fluorination of the porphyrin ligand, in
electron density of the metal ion and in the porphyrin ring
current. Such chemical shifts of 3c are larger than those of
3b, indicating that the RuII ion in the former has a lower
electron density and/or that the axial PPh3 ligands in the
former are less strongly affected by the porphyrin ring cur-
rent (note the longer Ru�P bonds in 3c than in 3b). Com-
plex 3b has larger PPh3 chemical shifts than [RuII(oep)-
(PPh3)2]; the observed trend of PPh3 chemical shifts F28-
tpp>F20-tpp>oep is in accord with the electron-withdraw-
ing/donating capability of the porphyrin ligands and the
Ru�P bond lengths in these complexes. Perfluorination of
the b-H in 3b to form 3c increases the o-H chemical shifts
of PPh3 by 0.27 ppm, which is more than five times that


(0.05 ppm) for perfluorination
of the meso-phenyl groups of
tpp in 3a to form 3b. This re-
flects different influence of the
b-F substituents from that of
the F substituents attached to
the meso-phenyl groups.


Compared with 1b/2b, the b-
fluorinated complexes 1c/2c
have hypsochromically shifted
UV-visible spectra. For exam-
ple, the Soret bands are blue-
shifted by ~12 nm on going
from 1b/2b to 1c/2c. A similar
phenomenon was observed for


3b versus 3c, with the Soret band of the latter being blue-
shifted by 17 nm. However, b-bromination of 1d/2d to 1e/
2e causes large bathochromic shifts in their UV-visible spec-


Figure 5. ORTEP drawings of 3b,c with the atom-numbering scheme. Hy-
drogen atoms are not shown.


Table 3. Selected bond lengths [4] and angles [8] for 3b,c.


3b 3c 3b 3c


Ru1�N1 2.050(2) 2.0458(18) Ru1�N2 2.042(3) 2.0536(17)
Ru1�N1’ 2.050(2) 2.0458(18) Ru1�N2’ 2.042(3) 2.0536(17)
Ru1�P1 2.4643(9) 2.4807(7) Ru1�P1’ 2.4643(9) 2.4807(7)


P1-Ru1-P1’ 180.00(4) 180.00(2) N1-Ru1-P1 92.26(8) 88.60(5)
N1-Ru1-P1’ 87.74(8) 91.40(6) N2-Ru1-P1 89.50(8) 91.19(5)
N2-Ru1-P1’ 90.50(8) 88.81(5) N1’-Ru1-P1 87.74(8) 91.40(6)
N1’-Ru1-P1’ 92.26(8) 88.60(6) N2’-Ru1-P1 90.50(8) 88.81(5)
N2’-Ru1-P1’ 89.50(8) 91.19(5) N1-Ru1-N2 89.63(10) 89.88(7)
N1-Ru1-N2’ 90.37(10) 90.12(7) N1’-Ru1-N1 180.00(6) 180.0
N1’-Ru1-N2 90.37(10) 90.12(7) N1’-Ru1-N2’ 89.63(10) 89.88(7)
N2-Ru1-N2’ 180.00(15) 180.00(10)
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tra. These observations are consistent with the previously re-
ported hypsochromic shift for b-fluorination of [ZnII-
(tpp)][20,48] or [MnII(F20-tpp)],[12b] and with the bathochromic
shift for the b-bromination or -chlorination of 1b.[34]


The higher n(CO) frequency in the IR spectra of 1c
(1996 cm�1) and 1e (1954 cm�1) than that of 1b (1965 cm�1)


and 1d (1940 cm�1), respectively, implies a weaker RuII!
CO back-bonding in the b-halogenated complexes, consis-
tent with a decrease in electron density of the metal ion
upon b-halogenation. The n(RuO) frequencies of 2c,e are
not significantly different from those of 2b,d. Complex 1c
has a higher n(CO) frequency than [RuII(b-Cl8-F20-
tpp)(CO)] (1990 cm�1),[34] and, to our knowledge, is current-
ly the carbonylruthenium(ii) meso-tetraarylporphyrin with
the highest n(CO) frequency.[35]


Table 4. Redox potentials (V versus Cp2Fe+ /0) of ruthenium porphyrin
complexes in CH2Cl2 at room temperature (electrolyte: 0.1m
[nBu4N]PF6).


Oxidation Reduction
I II I II III other
E1/2 E1/2 Ep,c (E1/2) E1/2 E1/2 Ep,a


1c �1.30 �1.79
2a 0.60 �1.01 (�0.97)[a] �1.72 �0.57
2b 1.25 �0.70 (�0.64)[a] �1.30 �0.25
2c �0.31[b] �1.20[b]


2d 0.71 �1.15[b] �1.67 �0.60
2e 1.02 �0.86 (�0.76)[a] �1.30 �0.35
2 f 0.62 �1.11[b] �1.65 �0.62
2g 0.70 �0.94[b] �1.58 �0.49
3a -0.11 0.78 �2.08[b]


3b 0.28 1.33 �1.83
3c 0.59 �1.52 �1.92


[a] Quasi-reversible. [b] Irreversible, Ep,c.


Figure 6. Cyclic voltammograms of 2b,d,e,g (5 U 10�4
m) in CH2Cl2 con-


taining 0.1m [nBu4N]PF6. Scan rate: 50 mV s�1.


Figure 7. Cyclic voltammograms of 3a–c (5 U 10�4
m) in CH2Cl2 containing


0.1m [nBu4N]PF6. Scan rate: 50 mV s�1.


Table 5. Stoichiometric oxidation of hydrocarbons by 2b,c,e in CH2Cl2


containing pyazole (2 % w/w).[a]


Entry Substrate Yield [%]
2b 2c 2e


1 styrene 74 84 99
2 4-fluorostyrene 84 80
3 4-chlorostyrene 66 60
4 4-methylstyrene 68 71 72
5 4-methoxystyrene 78 68
6 cis-b-methylstyrene 88 96[b]


7 trans-b-methylstyrene 56 62 70
8 cyclohexene 35[c] 41[c] 40[c]


9 norbornene 99 99 99
10 ethylbenzene 78 81 78
11 cumene 42 37
12 DHA[d] 44 46
13 xanthene[d] 42 40 43
14 fluorene[d] 42 42


[a] Yields were determined by GC using 1,4-dichlorobenzene as standard
based on the amount of consumed [RuVI(por)O2]. For entries 11–14, two
equivalents of [RuVI(por)O2] was consumed for one equivalent of prod-
ucts. [b] cis-:trans-b-Methylstyrene epoxide=87:9. [c] 2-Cyclohexen-1-ol
(21, 24, and 31% yield for 2b,c,e, respectively) and 2-cyclohexen-1-one
(15, 11, and 10 % yield for 2b,c,e, respectively) were also obtained.
[d] No radical coupling products were detected.
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Electrochemical properties : The first reduction waves of 2a–
g occur at potentials substantially more anodic than the re-
duction of the corresponding porphyrin ligands and are as-
signed to the reduction of RuVI to RuV. Since this reduction
is irreversible for 2c,d,f,g, only the Ep,c values can be com-
pared among all the complexes. From Table 4, one can see
that the Ep,c(RuVI/V) values of 2a–g are in the order: tmp,
D4-por*< tpp, ttp<b-Br8-tmp < F20-tpp<F28-tpp, that is,
they essentially increase with the electron-withdrawing capa-
bility of peripheral substituents of the porphyin ligands.


The Ep,c(RuVI/V) of 2c is 390 mV more anodic than that of
2b, and on going from 2d to 2e, an increase of Ep,c(RuVI/V)
by 290 mV was observed. Remarkably, perfluorination of
tpp to F28-tpp (2a!2c) increases the Ep,c(RuVI/V) by
700 mV.


For 3a–c, the oxidation couples at E1/2=�0.11 (3a), 0.28
(3b), and 0.59 V (3c) have potentials substantially less
anodic than those of the corresponding porphyrin-centered
oxidations; we attribute these couples to the oxidation of
RuII to RuIII. The E1/2(RuIII/II) values of 3a–c are in the
order tpp<F20-tpp<F28-tpp, consistent with the electron-
withdrawing capability of the porphyrin substituents. The b-
fluorination of 3b to 3c increases the E1/2(RuIII/II) by
310 mV. Perfluorination of tpp to F28-tpp in the case of 3a!
3c results in an increase of E1/2(RuIII/II) by 700 mV, the same
as that of the metal-centered reduction of RuVI to RuV in
[RuVI(por)O2] (2a!2c).


b-Halogenation-induced rate acceleration : It has been well
established that the effect of b-halogen substituents of
meso-tetraarylporphyrins stems from the electron-withdraw-
ing capability of halogens and in the cases of chlorine and
bromine from saddle distortion of the porphyrin ring as
well.[21] Provided that the metalloporphyrin-catalyzed hydro-
carbon oxidations proceed through an oxometalloporphyrin
reactive intermediate, it can be expected, qualitatively, that
b-halogenation will make the reactive intermediate more
electrophilic by reducing the electron density of the porphy-


rin ring, thus promoting its re-
activity toward hydrocarbons.
However, the extent of rate ac-
celeration arising from b-halo-
genation is hard to predict. The
k2 values determined in this
work first provide a quantita-
tive measure of the b-halogena-
tion-induced rate acceleration
of hydrocarbon oxidations by
an oxometalloporphyrin.


Inspection of the data in
Table 6 reveals that 2c reacts
with styrene, 4-fluorostyrene, 4-
chlorostyrene, and trans-b-
methylstyrene about 12 times
faster than 2b (entries 1–3 and
7). For 4-methylstyrene and 4-
methoxystyrene, the b-fluorina-


tion-induced rate acceleration is considerably larger (k2(2c)/
k2(2b)�20, entries 4 and 5). The largest rate acceleration
was observed for cis-b-methylstyrene, whose reaction with
2c is about 28 times faster than with 2b (entry 6). In the
cases of cyclohexene and norbornene, the k2(2c)/k2(2b)�15
and 5, respectively (entries 8 and 9). The C�H bond oxida-
tion of ethylbenzene by 2b,c, which is slower than the
alkene epoxidation, again exhibits a significant b-fluorina-
tion-induced rate acceleration: k2(2c)/k2(2b) �8 (entry 10).
The C�H bond oxidations of DHA, xanthene, and fluorene
by 2b,c are much faster than the alkene epoxidation, with k2


values of up to 59�3 (entries 12–14). In these cases, the b-
fluorination-induced rate acceleration k2(2c)/k2(2b)�13–16.


The b-bromination of 2d to 2e results in a rate accelera-
tion with k2(2e)/k2(2d)�6 for styrene and 3 for ethylben-
zene (entries 1 and 10 in Table 6), about half that found for
the b-fluorination of 2b to 2c. This might arise from the
smaller electron-withdrawing capability of bromo than
fluoro groups.


Perfluorination of the meso-phenyl groups in 2a to form
2b leads to <4-fold increase in k2 for styrene epoxidation
(entry 1 in Table 6). For the oxidation of ethylbenzene, the
k2(2b)/k2(2a) value �6 (entry 10 in Table 6).


It was reported that perfluorination of H2(tpp) to H2(F28-
tpp) increases the lowest IP of the porphyrin by up to
1.65 eV.[22b,c] From the data in Table 6, one can assess the
effect of perfluorination of 2a on its reactivity toward hy-
drocarbons. For example, the reacions of 2c with styrene, cy-
clohexene, and ethylbenzene are about 42, 155, and 50 times
faster, respectively, than those of 2a (entries 1, 8, and 10 in
Table 6).


Dual-parameter Hammett correlation : Our previous
work[27f] demonstrated that the oxidation of styrenes p-X�
C6H4CH=CH2 (X=H, F, Cl, Me, MeO) by [RuVI(por)O2]
(in which por=b-Ph8-tpp, 2,6-Cl2tpp, and 2,4,6-(MeO)3tpp)
exhibits a linear logkrel versus (smb, s


C
JJ) plot, whereby krel=


k2(X)/k2(H), sC
JJ is a radical parameter,[49] with 1mb ranging


Table 6. Second-order rate constants (k2) for oxidation of alkenes by 2a–f in 1,2-dichloroethane containing
pyrazole (2 % w/w) at 298 K.


Entry Substrate k2 U 103 [dm3 mol�1 s�1]
2a 2b 2c 2d 2e 2 f


1 styrene 3.8�0.3 14.0�0.8 158�8 2.2�0.2 13.2�0.7 2.2�0.1
2 4-fluorostyrene 14.9�0.8 182�9 13.8�0.7 2.6�0.1
3 4-chlorostyrene 11.4�0.4[a] 16.8�0.9 210�10
4 4-methylstyrene 8.81�0.2[a] 24�1 530�30
5 4-methoxystyrene 47.4�2.5[a] 60�3 1200�60
6 cis-b-methylstyrene 8.6�0.5 240�10 19.2�0.9 5.6�0.3
7 trans-b-methylstyrene 14.4�0.7 193�9 4.7�0.3 2.9�0.1
8 cyclohexene 4.0�0.2 41�2 620�30 21�1 32�2
9 norbornene 3.01�0.09[a] 42�2 207�9 2.8�0.2
10 ethylbenzene 0.52�0.03 3.1�0.2 26�1 0.36�0.02 1.24�0.07 0.77�0.04
11 cumene 16.6�0.9 0.40�0.02
12 xanthene 3800�200 59000�3000 450�20
13 DHA 1740�80 22500�900 170�9
14 fluorene 94�5 1320�60 58�3


[a] From reference [27c].
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from �0.58 to �0.77 and 1C
JJ from 1.01 to 1.67 (j1C


JJ/1mb j=
1.63–2.17). This is compatible with the rate-limiting forma-
tion of a carboradical intermediate. From the data in
Table 6 (entries 1–5), we obtain similar dual-parameter
Hammett correlation for the oxidation of styrenes by 2c :
logkrel=�0.82smb+1.39sC


JJ (j1C
JJ/1mb j=1.69). The positive 1C


JJ


values suggest that the epoxidation reaction is promoted by
delocalizing spin density at the radical center; the negative
1mb values are consistent with the electrophilic nature of the
dioxoruthenium(vi) complexes. In all cases, the magnitude
of j1C


JJ/1mb j (>1) suggests that the spin delocalization effect
is more important than the polar substituent effect. These
observations reveal that alkene epoxidations by b-hydrogen-
ated and b-fluorinated dioxoruthenuim(vi) porphyrin com-
plexes proceed by similar mechanism.


Effect of thermodynamic driving force on reaction rate con-
stants


Relationship between second-order rate constants k2 and re-
duction potentials of RuVI to RuV: In a prvious study on the
oxidation of various alkenes by 2a, a linear correlation be-
tween logk2 and E1/2 of one-electron oxidation of alkenes,
with a slope of �1.1 V�1, was observed,[27c] indicating that
little charge transfer is involved in the transition state. The
correlation between logk2 and reduction potentials of dioxo-
ruthenium(vi) porphyrin complexes (RuVI to RuV) has not
been reported in the literature. Such a correlation is impor-
tant to the design of efficient ruthenium porphyrin catalysts
for hydrocarbon oxidation through tuning structural and
electronic properties.


As shown in Tables 4 and 6, the k2 for the oxidation of
styrene or ethylbenzene by 2a–f increases with the ease of
RuVI to RuV reduction. Plotting logk2 against the Ep,c(RuVI/


V) of 2a–f for their reactions with styrene and ethylbenzene
results in a good linearity (Figure 8), with slopes of 2.2 V�1


(styrene) and 2.1 V�1 (ethylbenzene). The slopes of these
plots are substantially smaller than that (9.1 V�1) for the oxi-
dation of styrene by [CrV(por)(O)(X)] reported by Bruice
and co-workers.[24d] This suggests that the extent of charge
transfer in the rate-determining step is smaller for the hy-
drocarbon oxidation by [RuVI(por)O2] than by [CrV-
(por)(O)(X)].


Correlation of rate constants and bond dissociation energies
(BDEs): Hydrogen-atom abstraction from a C�H bond is an
important pathway in the oxidation of C�H bonds of ben-
zylic and allylic substrates by metal–oxo complexes. Meyer
and co-workers proposed a hydrogen-atom abstraction
mechanism for oxidation of C�H bonds by cis-[(bpy)2(py)-
RuIVO]2+ ;[50] We suggested a hydrogen-atom abstraction
mechanism for C�H bond oxidation by [RuVI(por)O2].[27c]


Recently, Mayer and co-workers demonstrated a clear linear
correlation between logk’ (k’ is the k2 divided by the
number of reactive C�H bonds) and BDEs for C�H bond
oxidation by [(bpy)2(py)RuIVO]2+ involving a hydrogen-
atom abstraction mechanism.[29] A similar linear correlation
has been observed for hydrocarbon oxidation by permanga-
nate,[51] [FeIV(O)(N4py)]2+ (N4py=N,N-bis(2-pyridylmethyl)-
bis(2-pyridyl)methylamine),[52] and [FeIV(O)(Bn-tpen)]2+


(Bn-tpen=N-benzyl-N,N’,N’-tris(2-pyridylmethyl)-1,2-diami-
noethane).[52]


In this work, we examined logk’ versus BDE plots for the
C�H bond oxidations by 2b–d ; the plots for 2c,d are shown
in Figure 9. These plots all exhibit a good linearity, with
slopes of �0.28 (2b), �0.31 (2c), and �0.28 (2d). From the
previously reported linear logk’ versus BDE plots for the re-
action of hydrocarbons with metal–oxo complexes, the
slopes were found to be �0.55 for permanganate,[51] �0.36
for [(bpy)2(py)RuIVO]2+ ,[29] and �0.19 for [FeIV(O)(N4py)]2+


and [FeIV(O)(Bn-tpen)]2+ .[52] Apparently, the hydrocarbon
oxidation by dioxoruthenium(vi) porphyrin complexes is less
sensitive to changes in BDE than by permanganate and
[(bpy)2(py)RuIVO]2+ , but more sensitive to changes in BDE
than by the cationic FeIV–oxo complexes. These oxidants are
previously proposed to oxidize C�H bonds by menas of a
hydrogen-atom abstraction mechanism. The lessened sensi-
tivities of the porphyrin systems relative to the permanga-
nate and [(bpy)2(py)RuIVO]2+ systems may result from more
profound changes in the coordination sphere and solvation
in these last two systems that occur during the hydrogen-
atom abstraction processes. Possibly, the structural and elec-
tronic reorganization of ruthenium porphyrin lags behind
the hydrogen-atom transfer in the rate-determining step;
such imperfect synchronicity could reduce the dependence
of the rate on the substrate BDE in a manner analogous to
that proposed in proton transfer. Future studies on the hy-
drogen-atom and electron self-exchange reactions of the rel-
evant dioxoruthenium(vi) porphyrin complexes may provide
insight into the mechanisms. In view of the good correlation
of k2 with substrate BDEs, we conclude that the reaction
mechanism is a hydrogen-atom abstraction from the sub-
strate by dioxoruthenium(vi) porphyrin complexes.


Figure 8. Plots of logk2 versus Ep,c(RuVI/V) for the oxidation of styrene
and ethylbenzene by different dioxoruthenium(vi) porphyrin complexes
2a–f.
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Conclusion


The following conclusions can be drawn from the present
work:


1) Reactive b-halogenated oxometalloporphyrin complexes,
[RuVI(por)O2] (por=F28-tpp, b-Br8-tmp) can be isolated
as a spectroscopically pure solid from oxidation of their
carbonylruthenium(ii) porphyrin precursors with m-
CPBA. The crystal structure of a dioxoruthenium(vi)
complex bearing a sterically unencumbered porphyrin
ligand has been determined by X-ray crystallography.


2) The crystal structures and/or spectroscopic properties of
[RuII(F28-tpp)(CO)], [RuVI(F28-tpp)(PPh3)2], and [RuVI-
(F28-tpp)O2], when compared with those of their b-hy-
drogenated counterparts, show that b-fluorination con-
siderably affects metal–axial-ligand coordination, por-
phyrin ring current, and redox behavior of the rutheni-
um ion.


3) The second-order rate constants k2 of reactions between
b-halogenated dioxoruthenium(vi) porphyrin complexes
and hydrocarbons markedly depend on the nature of the
porphyrin ligands and the hydrocarbons. Remarkable b-
halogenation-induced rate acceleration is observed on
going from F20-tpp to F28-tpp for oxidation of styrenes,


cyclohexene, DHA, xanthene, and fluorene. Perfluorina-
tion of the tpp in [RuVI(tpp)O2] results in up to 155-fold
increase in k2 for its hydrocarbon oxidation reactions.


4) A linear dual-parameter Hammett correlation [logkrel


versus (smb, sC
JJ) plot] shows that, for the dioxoruthe-


nuim(vi)-mediated alkene epoxidation, b-fluorination
does not alter the reaction mechanism.


5) The rate constants k2 show a moderate dependence on
the reduction potentials of RuVI to RuV.


6) There is a linear correlation between the log of the rate
constants and the BDEs of C�H bonds, providing a
strong evidence for hydrogen-atom abstraction mecha-
nism in oxidation of hydrocarbons by dioxorutheni-
um(vi) porphyrin complexes.


Experimental Section


General : Ru3(CO)12 (Strem), m-CPBA (55 %, Merck), pyrazole (98 %,
Aldrich), and H2(F20-tpp) (synthetic, Aldrich), together with the solvents
(AR grade) for synthetic studies, were used as received unless otherwise
specified. The solvent 1,2-dichloroethane for kinetic studies was refluxed
over calcium chloride followed by distillation. All alkene substrates
except cis-b-methylstyrene were purchased from commercial vendors and
purified by either vacuum distillation from calcium hydride or by being
passed through a dry column of activated alumina (Grade I). cis-b-Meth-
ylstyrene,[53] H2(D4-por*),[54] H2(F28-tpp),[20] H2(b-Br8-tmp),[9] [RuII-
(por)(CO)] (por= tpp 1a,[30e] tmp 1d,[32b] D4-por* 1 f[33a,c]), and [RuVI-
(por)O2] (por= tpp 2a,[27b,c] tmp 2d,[32b] D4-por* 2 f[33c]) were prepared by
literature methods. UV-visible spectra were measured on a Perkin–Elmer
Lambda 19 or a Hewlett-Packard 8453 diode array spectrophotometer.
IR spectra were recorded on a Nicolet 20 FXC FT-IR spectrometer (KBr
pellets). NMR spectra were acquired on a Bruker DPX-300 spectrome-
ter. FAB mass spectra were obtained on a Finnigan MAT 95 mass spec-
trometer with 3-nitrobenzyl alcohol as the matrix, whereas electrospray
mass spectra (ES MS) on a Finnigan LCQ quadrupole ion trap mass
spectrometer. Cyclic voltammograms were measured on a Princeton Ap-
plied Research Model 273 A potentiostat/galvanostat coulometer and
Model 270/250 universal programmer using a three-electrode cell system
(working electrode: glassy carbon, counter electrode: platinum wire, ref-
erence electrode: 0.1m Ag/AgNO3 in MeCN) with ferrocene as an inter-
nal standard.


Preparation of carbonylruthenium(ii) porphyrin complexes 1b,c,e : A
mixture of [Ru3(CO)12] (100 mg) and H2(por) (100 mg) in freshly distilled
1,2,4-trichlorobenzene (50 mL) was refluxed overnight under argon. The
solvent of the mixture was then removed by distillation and the residue
obtained was subjected to column chromatography on alumina. Upon re-
moval of unreacted H2(por) and some impurities with CH2Cl2/hexane
(1:1 v/v) as eluent, the brick red band containing the desired product was
eluted with CH2Cl2/acetone (1:1 v/v).


[RuII(F20-tpp)(CO)] (1b): Yield: 93%; 19F NMR (CDCl3): d=�137.5 (d,
J=24 Hz, 4F; o-F), �139.2 (d, J=24 Hz, 4 F; o’-F), �152.0 (t, J=19 Hz,
4F; p-F), �158.4 (dd, J=15 Hz, 4F; m-F), �159.1 ppm (d, J=15 Hz, 4 F;
m’-F); FAB-MS: m/z : 1102 [M+], 1074 [M+�CO]. The 1H NMR, IR,
and UV-visible spectra data are identical to those of the same complex
prepared previously in 55 % yield from the reaction of [Ru3(CO)12] and
H2(F20-tpp) in refluxing o-dichlorobenzene.[31b]


[RuII(F28-tpp)(CO)] (1c): Yield: 38%; 19F NMR (CDCl3): d=�138.1 (d,
J=25 Hz, 4F; o-F), �140.3 (d, J=24 Hz, 4F; o’-F), �144.6 (s, 8F; b-F),
�149.9 (t, J=20 Hz, 4F; p-F), �161.5 (d, J=16 Hz, 4F; m-F),
�162.2 ppm (d, J=16 Hz, 4 F; m’-F); IR (KBr): ñ=1996 cm�1 (CO); UV/
Vis (CH2Cl2): lmax (loge)=394 (5.56), 516 nm (4.32); FAB-MS: m/z 1246
[M+], 1218 [M+�CO].


Figure 9. Plots of logk’ versus BDE for C�H bond oxidations of xan-
thene, DHA, fluorene, cyclohexene, cumene, and ethylbenzene by 2c,d.
The BDE values are taken from reference [29].
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[RuII(b-Br8-tmp)(CO)] (1e): Yield: 96%; 1H NMR (CDCl3): d=7.18 (br,
8H; m-H), 2.58 (s, 12 H; p-Me), 1.94 (s, 12H; o-Me), 1.70 ppm (s, 12H;
o’-Me); IR (KBr): ñ=1954 cm�1 (CO); UV/Vis (CH2Cl2): lmax (log e)=
430 (5.50), 560 nm (4.41); FAB-MS: m/z 1541 [M+], 1513 [M+�CO].


Preparation of dioxoruthenium(vi) porphyrin complexes 2b,c,e : These
complexes were prepared from treatment of 1b,c,e with m-CPBA in
CH2Cl2 at room temperature according to the procedure reported for the
preparation of 2 f.[33c]


[RuVI(F20-tpp)O2] (2b): Yield: 90%; 1H NMR (CDCl3): d=9.18 ppm (s,
8H; b-H); 19F NMR (CDCl3): d=�136.8 (dd, J=21, 6 Hz, 8 F; o-F),
�149.2 (t, J=21 Hz, 4F; p-F), �161.2 ppm (dd, J=23, 7 Hz, 8 F; m-F);
IR (KBr): ñ=826 cm�1 (RuO); UV/Vis (CH2Cl2): lmax (loge)=412 (5.34),
506 nm (4.42); FAB-MS: m/z 1106 [M+], 1090 [M+�O], 1074 [M+�2O].


[RuVI(F28-tpp)O2] (2c): Yield: 30%; 19F NMR (CDCl3): d=�137.2 (dd,
J=22, 7 Hz, 8 F; o-F), �143.3 (s, 8F; b-F), �148.9 (t, J=21 Hz, 4 F; p-F),
�160.9 ppm (dd, J=23, 7 Hz, 8 F; m-F); IR (KBr): ñ=823 cm�1 (RuO);
UV/Vis (CH2Cl2): lmax (loge)=399 (5.35), 494 nm (4.46); ES-MS: m/z
1250 [M+], 1234 [M+�O], 1218 [M+�2 O].


[RuVI(b-Br8-tmp)O2] (2e): Yield: 80%; 1H NMR (CDCl3): d=7.20 (s,
8H; m-H), 2.62 (s, 12H; p-Me), 1.97 ppm (s, 24H; o-Me); IR (KBr): ñ=
824 cm�1 (RuO); UV/Vis (CH2Cl2): lmax (loge)=456 (5.32), 540 nm
(4.34); ES-MS: m/z 1545 [M+], 1529 [M+�O], 1513 [M+�2 O].


Preparation of bis(triphenylphosphane)ruthenium(ii) porphyrin com-
plexes 3b,c : A mixture of 2b or 2c (100 mg) and PPh3 (100 mg) in
CH2Cl2 (10 mL) was stirred for 1 h. The solvent of the mixture was then
removed by distillation and the residue was washed with ethanol.


[RuII(F20-tpp)(PPh3)2] (3b): Yield: 78%; 1H NMR (CDCl3): d=8.08 (s,
8H; b-H), 6.77 (t, J=7.1 Hz, 6H; p-H), 6.47 (t, J=7.0 Hz, 12 H; m-H),
4.30 ppm (br, 12 H; o-H); 19F NMR (CDCl3): d=�135.4 (d, J=19 Hz,
8F; o-F), �153.7 (t, J=20 Hz, 4F; p-F), �162.6 (t, J=19 Hz, 8 F; m-F);
31P NMR (CDCl3): d=5.61; UV/Vis (CH2Cl2): lmax (loge)=413 (5.34),
506 (4.12), 532 nm (4.17); FAB-MS: m/z 1336 [M+�PPh3], 1074 [M+


�2PPh3].


[RuII(F28-tpp)(PPh3)2] (3c): Yield: 80%; 1H NMR (CDCl3): d=6.95 (t,
J=7.3 Hz, 6 H; p-H), 6.66 (t, J=7.0 Hz, 12 H; m-H), 4.57 ppm (br, 12 H;
o-H); 19F NMR (CDCl3): d=�138.4 (d, J=19 Hz, 8F; o-F), �145.3 (s,


8F; b-F), �152.3 (t, J=21 Hz, 4F; p-F), �162.9 ppm (t, J=19 Hz, 8F; m-
F); 31P NMR (CDCl3): d=4.59; UV/Vis (CH2Cl2): lmax (loge)=396
(5.51), 498 (4.06), 518 nm (4.16); FAB-MS: m/z 1480 [M+�PPh3], 1218
[M+�2PPh3].


Kinetic studies : A solution of dioxoruthenium(vi) porphyrin in 1,2-di-
chloroethane containing pyrazole (2 % w/w) was treated with at least
100-fold excess of hydrocarbon substrate at 298 � 0.2 K. The absorbance
(A) of the Soret band in the UV-visible spectrum of the reaction mixture
at different reaction time (t) was measured, by using standard 1.0 cm
quartz cuvettes, on a Hewlett–Packard 8453 diode array spectrophotome-
ter interfaced with an IBM-compatible PC and equipped with a Lauda
RM6 circulating water bath. A nonlinear least-squares fitting of the
(Af�At) versus t data over four half-lives (t1/2) by the equation (Af�At)=
(Af�Ai)exp(�kobst) (in which Af and Ai are the final and initial absorb-
ance, respectively, and At is the absorbance measured at time t) gave the
pseudo-first-order rate constant kobs of the reaction. Upon determination
of the kobs values at various concentrations of the hydrocarbon substrate,
the second-order rate constant k2 of the reaction was obtained from the
linear least-squares fitting of the kobs versus hydrocarbon concentration
plot. No rate saturation was observed over the hydrocarbon concentra-
tions employed in this work.


X-ray crystal structure determinations : Details of the data collection and
refinement are given in Table 7. Single crystals of 1b·H2O·2 CH2Cl2


(0.30 U 0.28 U 0.20 mm3), 1c·4H2O·MeOH (0.18 U 0.10 U 0.08 mm3),
2b·2 MeOH (0.40 U 0.40 U 0.10 mm3), 3b (0.50 U 0.50 U 0.16 mm3), and 3c
(0.40 U 0.3 U 0.28 mm3) were obtained from slow evaporation of a solution
of 1b in CH2Cl2, 1c or 2b in CH2Cl2/MeOH, and 2b or 3b in CH2Cl2/
hexane (the solutions were kept open to air, except for 2b). The data
were collected at 294(2) K using graphite-monochromatized MoKa radia-
tion (l=0.71073 4) on a Siemens P4 diffractometer for
1b·H2O·2 CH2Cl2, a Bruker SMART CCD diffractometer for
1c·4H2O·MeOH and 3b,c, and a MAR diffractometer for 2b·2MeOH.
The structure was solved by employing the SHELXS-97 program and re-
fined by full-matrix least-squares on F2 by using the SHELXL-97 pro-
gram. In the case of 1b·H2O·2CH2Cl2, although the unit cell parameters
feature a=b and a=b=g=908, this crystal actually belongs to the tri-
clinic rather than the orthorhombic system because the C4 axis in which


Table 7. Crystal data and structure refinement for 1b·H2O·2 CH2Cl2, 1c·4H2O·MeOH, 2b·2MeOH, 3b, and 3c.


1b·H2O·2CH2Cl2 1c·4H2O·MeOH 2b·2MeOH 3b 3c


formula C45H8F20N4ORu·
H2O·2 CH2Cl2


C45F28N4ORu·
4H2O·CH3OH


C44H8F20N4O2Ru·
2CH3OH


C80H38F20N4P2Ru C80H30F28N4P2Ru


Mr 1289.49 1349.67 1169.70 1598.15 1742.12
cryst system triclinic triclinic monoclinic monoclinic monoclinic
space group P1̄ P1̄ P21/c C2/c P21/c
a [4] 18.370(4) 11.313(3) 14.459(3) 28.303(4) 13.2730(14)
b [4] 18.370(4) 11.636(3) 13.075(3) 13.2645(16) 13.4090(15)
c [4] 8.168(2) 19.331(5) 12.285(3) 19.608(4) 19.844(2)
a [8] 90.00(3) 93.160(5) 90.00(3) 90.00 90.00
b [8] 90.00(3) 100.216(6) 113.85(3) 117.340(5) 109.251(2)
g [8] 90.00(3) 103.628(6) 90.00(3) 90.00 90.00
V [43] 2756(1) 2421(1) 2124.2(7) 6539.2(17) 3334.2(6)
Z 2 2 2 4 2
F(000) 1264 1320 1152 3200 1410
1calcd [Mg m�3] 1.554 1.851 1.829 1.623 1.433
m [mm�1] 0.586 0.487 0.510 0.398 0.398
index ranges 0�h�21 �14�h�13 �17�h�10 �36�h�34 �17�h�11


�22�k�22 �15�k�14 �15�k�15 �17�k�16 �16�k�17
�9� l�9 �25� l�18 �14� l�14 �25� l�24 �25� l�25


reflns collected 5861 16220 8727 21670 22 508
independent reflns 5754 10938 3826 7525 7683
data/restraints/parameters 5754/32/768 10938/0/742 3826/4/340 7525/75/473 7683/0/520
final R indices [I>2s(I)] R1=0.089


wR2=0.159
R1=0.075
wR2=0.170


R1=0.041
wR2=0.122


R1=0.060
wR2=0.191


R1=0.052
wR2=0.138


goodness-of-fit on F2 1.215 0.771 1.071 1.046 1.077
largest diff peak/hole [e 4�3] 0.990/�0.913 0.913/�0.643 1.137/�0.511 0.951/�0.879 0.599/�0.651
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the ruthenium atom is situated does not pass through all the atoms of the
axial H2O-Ru-C-O moiety.


CCDC-278038 (1b·H2O·2CH2Cl2), �278039 (1c·4H2O·MeOH), �278040
(2b·2 MeOH), �278041 (3b), and �278042 (3c) contains the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Supramolecular Assembly of 2,7-Dimethyldiazapyrenium and
Cucurbit[8]uril: A New Fluorescent Host for Detection of Catechol and
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Introduction


Cucurbit[8]uril (CB8), one of the members of the cucurbi-
turil host family, was recently synthesized and first charac-
terized by Kim and co-workers.[1] While the smaller CB
hosts, CB6 and CB7, form stable 1:1 complexes by including
a single guest molecule at a time, the larger cavity of CB8
has been shown to accommodate two identical[2] or differ-
ent[3] aromatic guests. So far, much attention has been paid
to ternary stable complexes, in which aromatic p-donor–ac-
ceptor pairs are stabilized by charge-transfer interactions
inside the hydrophobic cavity of CB8. These systems have
been used for the preparation of molecular amphiphiles,[3a]


molecular loops,[3b,c] supramolecular polymers grown on gold
surfaces,[3d] and recognition of aromatic amino acids and


neurotransmitters,[3g] in which 4,4’-bipyridinium (viologen)
residues have played a prominent role.


We have recently reported that the 2,7-dimethyldiazapyre-
nium dication (Me2DAP2+) forms an inclusion complex with
CB7.[4] Me2DAP2+ has a larger cross-section than methyl-
viologen (Me2V


2+) and shows significant fluorescence
quenching in the presence of electron donors in neutral
aqueous solution.[5] Due to their luminescence properties, di-
azapyrenium derivatives have been investigated as fluores-
cence probes for the detection of neurotransmitters.[6] Since
Me2DAP2+ is structurally and electronically related to
Me2V


2+ we decided to investigate the formation of ternary
inclusion complexes between Me2DAP2+ and electron-rich
aromatic guests inside the CB8 cavity (Scheme 1). These ter-
nary complexes may accompany the development of novel
fluorescence-based methods for the detection and sensing of
catecholamines and related neurotransmitters. Here, we
report the results of this investigation.


Results and Discussion


The inclusion complexation of guest Me2DAP2+ by host
CB8 was readily detected by 1H NMR spectroscopy[7]


(Figure 1). Upon addition of 1.2 equivalents of the host the
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demonstrated by X-ray crystallogra-
phy; MALDI-TOF mass spectrometry;
and 1H NMR, electronic absorption,
and emission spectroscopy. The equilib-
rium association constant was deter-
mined to be 8.9(�0.2)B105 Lmol�1


from UV-visible data and 8.4(�1.5)B


105 Lmol�1 from fluorescence data.
The Me2DAP2+ ·CB8 inclusion complex
acted as a host to bind compounds con-
taining aromatic p-donor moieties (D),
such as catechol and dopamine. This


point was demonstrated by 1H NMR
spectroscopy, and electrochemical and
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signals a and b (assigned to the aromatic protons of
Me2DAP2+) exhibit evident upfield shifts of 0.4 and
0.8 ppm, respectively, while the signal corresponding to the
terminal methyl protons is displaced downfield by 0.1 ppm.
This pattern of complexation-induced shifts is consistent
with an inclusion complex in which the aromatic unit of
Me2DAP2+ is included inside the hydrophobic cavity of
CB8. The formation of a stable 1:1 complex between
Me2DAP2+ and CB8 was further supported by observation
of a major signal at m/z=1563, corresponding to CB8·
Me2DAP+ , in the MALDI-TOF MS spectrum (see Support-
ing Information). The construction of a Job plot by using
UV-visible spectroscopy (Figure 2) revealed a maximum at
cMe2DAP2+ =0.5, which also clearly indicates 1:1 stoichiom-
etry between the host and the guest.


The complexation between Me2DAP2+ and CB8 falls
within the slow-exchange regime on the NMR timescale. In
the presence of 0.5 equivalents of the host, the proton sig-
nals of both the bound and free guests are clearly evident
(Figure 1B). A similar complexation-induced NMR pattern


was previously observed for the tight-fitting complex be-
tween Me2DAP2+ and CB7.[4] We obtained good quality
single crystals of the CB8·Me2DAP2+ complex and solved
the corresponding crystal structure by X-ray diffraction (Fig-


ure 3A). X-ray crystallography and molecular modeling of
the CB8·Me2DAP2+ complex revealed an elliptical distor-
tion of the CB8 cavity forced by the inclusion of the guest.
The energy-minimized structure of the CB8·Me2DAP2+


complex is almost identical to the X-ray structure of the
complex in the solid state (Figures 3A and 3B; see also Sup-
porting Information). Both structures show some stretching
of CB8; however, this stretching is less pronounced than the
distortion of CB7 in the energy-minimized structure of the
CB7·Me2DAP2+ complex.[4] This result is indeed consistent
with the larger cavity of CB8.


The equilibrium association constant (K) exceeds the
maximum value that can be determined by NMR spectros-
copy. At the mm concentration levels required for 1H NMR
spectroscopic measurements, any NMR parameter sensitive
to complexation gives rise to break-point titration curves,
which are useless for the determination of binding constants.
However, electronic absorption and fluorescence emission
spectroscopic techniques can be used for the determination
of the K value between Me2DAP2+ and CB8. The band at
245 nm in the electronic spectrum of Me2DAP2+ shows a de-
creased absorbance upon addition of the host (Figure 4). By
fitting the absorbance as a function of the CB8 concentra-
tion we obtained a K value for the 1:1 complex of
8.9(�0.2)B105 Lmol�1.


Scheme 1. Formation of binary and ternary inclusion complexes with
CB8.


Figure 1. 1H NMR spectra (500 MHz, 0.1M NaCl/D2O, sodium phosphate
buffer, pH=7.0) of Me2DAP2+ in the absence (A), and in the presence
of 0.5 equivalents (B) and 1.2 equivalents (C) of CB8.


Figure 2. Job plot for CB8·Me2DAP2+ complex ([CB8]+ [Me2DAP2+]=
12mm) in sodium phosphate buffer, pH 7.0 also containing 0.1m NaCl.


Figure 3. A) Crystal structure, B) energy-minimized structure (AM1) of
the CB8·Me2DAP2+ complex, and C) energy-minimized structure (AM1)
of the CB8·catechol·Me2DAP2+ complex.
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Due to the fluorescent nature of the guest, emission spec-
troscopy was also used for the determination of the K value.
The excitation wavelength was set at 338 nm, which corre-
sponds to an isosbestic point in the set of UV-visible spectra
obtained as variable concentrations of the host are added to
a solution containing a fixed guest concentration. The fluo-
rescence intensity emitted by Me2DAP2+ was significantly
increased by the presence of CB8 (Figure 5). This fluores-


cence enhancement can be rationalized by the encapsulation
of the guest inside the hydrophobic cavity of CB8, which
shields the guest from the aqueous environment. The experi-
mental data fit very well to a 1:1 binding isotherm, yielding
a K value of 8.4(�1.5)B105 Lmol�1. The binding constants
determined from these two types of spectroscopic data are
in excellent agreement. In both cases, the K value obtained
is more than twofold higher than the equilibrium constant
measured for the CB7·Me2DAP2+ complex. In sharp con-
trast to this finding, the inclusion complex CB8·Me2V


2+ is
less stable than the complex CB7·Me2V


2+ .[8] We suggest that
a better fit of Me2DAP2+ inside the CB8 cavity requires sig-
nificantly less distortion of the host and is responsible for
the larger K value relative to that of the tight CB7·
Me2DAP2+ complex.


The high stability of the CB8·Me2DAP2+ complex sug-
gests its use as a host for a second guest inside the CB8
cavity, giving rise to a CB8·D·Me2DAP2+ ternary complex,
in which D stands for a generic p-donor guest. Conceptually,
this is equivalent to assembling a receptor for p-donor
guests by bringing two components (CB8 and Me2DAP2+)
together by means of molecular recognition. To investigate
this possibility, we selected the neurotransmitter dopamine
as the second p-donor guest owing to its biological rele-
vance (Scheme 1). In addition, catechol was also used as a
simpler model guest.


The formation of a ternary complex in which both dopa-
mine and Me2DAP2+ are included in the CB8 cavity is clear-
ly evident from 1H NMR spectroscopy (Figure 6). Upon ad-


dition of one equivalent of CB8 to the 1:1 mixture of both
guests, all the aromatic proton signals of dopamine broad-
ened and experienced an upfield shift from 0.1 to 0.3 ppm.
At the same time, the aromatic protons of Me2DAP2+ shift-
ed upfield, as described for the inclusion complex CB8·
Me2DAP2+ (Figure 1C). Identical 1H NMR spectra were ob-
tained regardless of the addition order of the three compo-
nents of the ternary complex. These complexation-induced
shifts are similar to those previously reported for inclusion
of Me2V


2+ and 2,6-dihydroxynaphtalene inside CB8.[3d] In a
similar experiment, the signals attributed to the catechol
protons in the presence of Me2DAP2+ disappear after the
addition of the CB8 host, probably because they undergo a
significant upfield shift and end up hidden under the CB8
proton signals. This hypothesis was verified by warming up
the solution. The catechol proton signals shift downfield and
become visible at 90 8C as two broad singlets at approxi-
mately d=6.6 ppm, while these protons exhibit a chemical
shift of about d=7.5 ppm at 90 8C if the same experiment is
done in the absence of CB8 (Figure 7 and Supporting Infor-
mation). The significant upfield shift of the catechol protons
in the presence of CB8 verifies the strong catechol–
Me2DAP2+ charge-transfer complex formed inside CB8. The
charge-transfer interaction between the electron-deficient


Figure 4. Electronic absorption spectrum of Me2DAP2+ (6mm) in the
presence of increasing CB8 concentrations (0–60 mm, in the direction of
the arrow). The inset shows the best fit of the experimental data to the
1:1 binding model.


Figure 5. Emission spectrum of Me2DAP2+ (1.5mm) in the presence of in-
creasing concentrations (0–5 mm, in the direction of arrow, lem=449 nm,
lexc=338 nm) of CB8. The inset shows the best fit of the experimental
data to the 1:1 binding model.


Figure 6. 1H NMR spectra (500 MHz, 0.1M NaCl/D2O, sodium phosphate
buffer, pH=7.0= of 1:1 mixture of Me2DAP2+ and dopamine A) in the
absence, and B) in the presence of one equivalent of CB8.
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Me2DAP2+ and the electron-rich guest inside the host cavity
was also confirmed by the appearance of a broad absorption
band at 475 nm in the UV-visible spectrum of these mix-
tures.


In emission spectroscopic experiments, the fluorescence
intensity of Me2DAP2+ significantly increased after addition
of one equivalent of CB8. A similar result was previously
observed for fluorescent guests included in CB7[9] or cyclo-
dextrins.[10] These findings are probably associated to the
protection of the excited state of the included guest from
the aqueous environment. In contrast to this, the known
fluorescence quenching of Me2DAP2+ by electron-rich
guests[5,6] is notably more pronounced when CB8 is present
in the solution. In the presence of 1.5mm dopamine, the rel-
ative intensity of the Me2DAP2+ emission band at 449 nm
decreases by ~6% compared to a 25% decrease in the pres-
ence of 1.5 equivalents of CB8 (Figure 8). More efficient


CB8-mediated fluorescence quenching was also observed
for catechol under similar conditions. These experiments
demonstrate that the presence of CB8 markedly increases
the sensitivity of the Me2DAP2+ probe for these aromatic p


donors. Increased fluorescence quenching in the presence of


the host may be explained by static quenching due to the
short lifetime of the excited state of the diazapyrenium
dication[11] and the close proximity to the p donor inside the
hydrophobic cavity of CB8. The less pronounced fluores-
cence quenching of Me2DAP2+ by dopamine, relative to
that observed with catechol, is probably due to the fact that
dopamine is protonated under these experimental condi-
tions.[12] The presence of a positively charged ammonium
group on dopamine weakens the charge-transfer interaction
with the cationic Me2DAP2+ (Figure 8). On the other hand,
catechol is a smaller and simpler guest that fits better as a
neighbor of Me2DAP2+ inside the host cavity. In general,
the fact that the fluorescence receptor is not completely
quenched by any of the two guests even in the presence of
the host can be explained by the nonquantitative formation
of the ternary complex.


To explore further the sensing ability of the CB8·
Me2DAP2+ inclusion complex, we fabricated a fluorescent
sensor that incorporates this supramolecular assembly on
the surface of silica nanoparticles.[13] A 2,7-diazapyrenium
derivative containing a propyltrimethoxysilane group was
synthesized and utilized to modify the hydroxylated surface
of the silica particles (Scheme 2).[14,15] A loading of approxi-
mately 2.5B10�4 mmol of DAP2+ per mg of coated particles
was measured by emission spectroscopy after surface deriva-
tization.


The response of the fluorescent nanoparticles to dopa-
mine and catechol was investigated in the presence and ab-
sence[6] of CB8. Resembling the results obtained in solution,
the observed level of fluorescence quenching was consider-
ably more pronounced when CB8 was present (Figure 9).
Under our experimental conditions, a 1.0mm concentration
of dopamine reduces the emission intensity of the coated
nanoparticles to 50% of its initial level, and the same con-
centration of catechol produces almost complete quenching.
Thus, we conclude that the complexation process is at least
as effective on the surface of the silica nanoparticles as in
the solution phase. These experiments constitute a proof-of-
concept for the fabrication of catechol and catecholamine
sensors based on their inclusion into CB8·Me2DAP2+ fluo-
rescent complexes.


Figure 7. 1H NMR spectra (500 MHz, 0.1m NaCl/D2O, sodium phosphate
buffer, pH 7.0) of the CB8·catechol·Me2DAP2+ complex at A) 20 8C and
B) 90 8C, and C) for a 1:1 mixture of Me2DAP2+ and catechol at 90 8C.
“&” labels the catechol protons.


Figure 8. Relative emission intensity of Me2DAP2+ (1.5mm in phosphate
buffer aqueous solution containing 0.1m NaCl, pH 7.0, 25 8C, lem=


449 nm, lexc=338 nm) in the presence of (^) dopamine (^) dopamine
and CB8, (*) catechol, and (*) catechol and CB8.


Scheme 2. Modification of silica nanoparticles.
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The stability of the charge-transfer complexes inside the
CB8 cavity was also investigated using voltammetric tech-
niques. The electrochemical behavior in aqueous solution of
Me2DAP2+ is complicated and not well understood at this
point, while the electrochemical behavior of MV2+ is well
known. Therefore, the latter guest was used for electro-
chemical experimentation. As previously reported[2a] one-
electron reduction of Me2V


2+ in the presence of CB8 leads
to the rapid formation of a 2:1 inclusion complex (Me2VC+)2·
CB8. The apparent dimerization constant of Me2VC+ in the
presence of CB8 was estimated to be 2B107 Lmol�1. We ob-
served that the addition of the electron-rich guest into a so-
lution of Me2V


2+ and CB8 prevents the dimerization of
Me2VC+ inside the CB8 cavity. As shown in Figure 10, upon
addition of dopamine the two redox waves corresponding to
the Me2VC+ dimer are replaced by two new waves, which we
postulate correspond to the formation of a charge-transfer
complex inside the CB8 cavity. Note that in the presence of
dopamine, reversible waves corresponding to reduction of
(Me2VC+)2 as well as Me2V


2+ ·dopamine are present. This
competition between Me2VC+ dimerization and formation of
a dopamine·Me2V


2+ charge-transfer complex inside the host
reflects the considerable stability of this ternary complex, as
it successfully competes with the complex between CB8 and
the Me2VC+ dimer. Due to the similarities between
Me2DAP2+ and Me2V


2+ , these experimental results are con-
sistent with the formation of stable charge-transfer com-
plexes between Me2DAP2+ and dopamine (or catechol)
inside the cavity of the CB8 host.


In contrast to these findings, the replacement of the
charge-transfer complex between Me2V


2+ and 2,6-dihydroxy-
naphthalene from the CB8 cavity by the electrochemically
generated Me2VC+ dimer has been recently reported.[16]


Comparison of these results with ours, pending additional
experimentation, suggests that the selectivity of CB8 for a
particular charge-transfer complex may depend strongly on
the nature of the p-donor component.


Conclusion


In summary, the formation of a highly stable inclusion com-
plex between Me2DAP2+and CB8 was confirmed by
1H NMR spectroscopy, MALDI-TOF MS, and X-ray crystal-
lography. In addition, we describe here the formation of
novel supramolecular charge-transfer complexes between
Me2DAP2+ and catechol (or dopamine) inside the hydro-
phobic cavity of CB8; these complexes can be used for sen-
sitive fluorescence detection of catecholamine neurotrans-
mitters in solution or in the surface of silica nanoparticles.
The presence of CB8 increases considerably the sensitivity
for the detection of catechol and dopamine.


Experimental Section


Chemicals were purchased from VWR or Aldrich and were used as re-
ceived. 3-Iodopropyltrimethoxysilane was purchased from ABCR.
Fumed silica (particle size 0.014 mm, surface density=200 m2g�1) was
purchased from Aldrich. MeCN was distilled over CaH2. PhMe was dis-
tilled over Na. MALDI-TOF mass spectra were recorded with a Bruker
Biflex IV instrument by using a-cyano-4-hydroxy-cinnamic acid as the
matrix. NMR spectra were recorded on a Bruker Avance 500 MHz spec-
trometer. Differential pulse voltammograms were recorded with a CH
Instruments 610 A potentiostat, with a glassy carbon working electrode, a
platinum wire counter electrode, and a Ag/AgCl reference electrode. The
UV-visible spectra were recorded using Shimadzu UV-2101PC spectro-
photometer. The emission spectra were recorded using a SpexFluoroMax


Figure 9. Relative emission intensity of fluorescent silica nanoparticles
(0.1 mgmL�1, phosphate buffer aqueous solution containing 0.1m NaCl,
pH 7.0, 25 8C, lem=449 nm, lexc=338 nm) in the presence of (^) dopa-
mine, (^) dopamine and CB8, (*) catechol, and (*) catechol and CB8.


Figure 10. Cyclic voltammograms of 0.5 mm Me2V
2+ in phosphate buffer


aqueous solution also containing 0.1m NaCl (pH 7.0, I=0.1m) in the
presence of one equivalent of CB8 (solid line) and A) 3.0 equivalents of
catechol (dashed line) and B) 3.0 equivalents of dopamine (dashed line).
Scan rate: 0.100 Vs�1.
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spectrophotometer. Binding constants were determined by using well-es-
tablished procedures.[17] 2,7-Diazapyrene was prepared from naphthalene
tetracarboxylic dianhydride following a literature procedure.[14]


Me2DAP2+ was prepared as previously reported.[5a] The alkylation of the
DAP nucleus with the propyltrimethoxysilane group for surface derivati-
zation was done as reported before.[15] CB8 was prepared following a lit-
erature procedure[18] with minor modifications. Molecular modeling com-
putations were run using the AM1 semiempirical method as implemented
in the software package Gaussian98.


Preparation of CB8·Me2DAP2+ complex : Me2DAP2+ (3.6 mg, 7.4 mmol)
and CB8 (6.8 mg, 3.7 mmol) were codissolved in water (2 mL). The solu-
tion was allowed to stand at room temperature for one week to produce
yellow crystals of the CB8·Me2DAP2+ complex. Crystal data for
CB8·Me2DAP2+ complex: [(C48H48N32O16)(C16H14N2)]I1.37Cl0.63·17H2O,
Mr=2158.07, orthorombic, space group Pccn (No 56), a=25.726(5), b=
26.945(5), c=13.323(3) N, V=9235(3) N3, Z=4, 1calcd=1.552 gcm�3, m-
(MoKa)=6.41 cm�1. The X-ray intensity data were measured at 300 K on
a Bruker SMART1000 CCD-based X-ray diffractometer system with a
Mo-target X-ray tube (l=0.71073 N). Final block-diagonal-matrix least-
squares refinement on F2 with all 9999 reflections and 576 variables con-
verged to R1 (I>2s(I))=0.0935, wR2 (all data)=0.3132, and GOF=
1.040. One of the counterions refines well as an iodide ion, and the other
can be modeled as 63% Cl� and 37% I� occupying the same spatial posi-
tion. The source of chloride can be traced to residual HCl in the sample
of CB8. Positions of all non-hydrogen atoms were derived from direct
methods. With all non-hydrogen atoms, except solvent molecules, being
anisotropic and all hydrogen atoms in calculated position and riding
mode, the structure was refined to convergence by least-squares method
on F2 by using SHELXL-93 incorporated in SHELXTL.PC V 5.03.


CCDC-260316 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.uk/data request/cif.
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Abstract: The specific interaction of a
variety of modified hevein domains to
chitooligosaccharides has been studied
by NMR spectroscopy in order to
assess the importance of aromatic–car-
bohydrate interactions for the molecu-
lar recognition of neutral sugars. These
mutant AcAMP2-like peptides, which
have 4-fluoro-phenylalanine, trypto-
phan, or 2-naphthylalanine at the key
interacting positions, have been pre-
pared by solid-phase synthesis. Their
three-dimensional structures, when
bound to the chitin-derived trisaccha-


ride, have been deduced by NMR spec-
troscopy. By using DYANA and re-
strained molecular dynamics simula-
tions with the AMBER 5.0 force field,
the three-dimensional structures of the
protein–sugar complexes have been ob-
tained. The thermodynamic analysis of
the interactions that occur upon com-


plex formation have also been carried
out. Regarding binding affinity, the ob-
tained data have permitted the deduc-
tion that the larger the aromatic group,
the higher the association constant and
the binding enthalpy. In all cases, en-
tropy opposes binding. In contrast, de-
activation of the aromatic rings by at-
taching fluorine atoms decreases the
binding affinity, with a concomitant de-
crease in enthalpy. The role of the
chemical nature of the aromatic ring
for establishing sugar contacts has been
thus evaluated.
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Introduction


Carbohydrate–protein interactions play an important role in
a wide variety of biological processes, including immunologi-
cal and inflammatory responses, organogenesis, metastasis,
and diverse infections.[1] In these processes, defense mecha-
nisms against pathogen microorganism invasions such as
those produced by bacteria, viruses, and parasites, are in-
cluded, since on many occasions they essentially depend on
the molecular recognition of specific carbohydrates by pro-
teins.[2]


In this context, the determination of the structural and
conformational factors, which govern the molecular recogni-
tion of these biomolecules, as well as the knowledge of the
physicochemical features of these processes, is of paramount
importance.[3]


Previous investigations by X-ray crystallography, NMR
spectroscopy, molecular modeling, and calorimetric studies
have allowed information to be obtained on the structural
and thermodynamic characteristics of a variety of protein–
carbohydrate complexes.[4] Due to the amphipathic charac-
ter of oligosaccharides, different kinds of forces may be in-
volved in the recognition process by a given protein. The
presence of the oxygen atoms of the hydroxyl groups evi-
dently provides a potential involvement in intermolecular
hydrogen bonds with the side chains of polar amino acids
within the polypeptide chain. Nevertheless, not only polar
forces are involved in carbohydrate recognition. Depending
on the stereochemistry of the monomer constituents of the
oligosaccharide chain, the presence of a number of rather
apolar C�H groups constitute patches that provide van der
Waals, CH–p, and hydrophobic interactions.[5]


NMR spectroscopy has been used to determine the con-
formations of diverse carbohydrates in the binding site of
proteins, generally by means of transferred NOE experi-
ments. Conformations are usually determined in combina-
tion with molecular dynamics calculations, thus leading to
an understanding, to varying degrees, of the factors involved
in molecular recognition processes.[6]


Among the processes in which carbohydrates are recog-
nized by proteins, there are some small proteins of plant
origin that bind chitin, a polymer of N-acetylglucosamine
with b(1!4) glycosidic linkages.[7] These protein domains
have been related with the defense of plants against insects
and fungi,[8] and usually include a structural motif (se-
quence) of around 30 to 45 amino acids linked with three or
four disulfide bonds, denominated the hevein domain.[9]


In the last years, the three-dimensional structures of sev-
eral hevein domains have been determined, both in the free
and in the sugar-associated state, by using X-ray crystallo-
graphic analysis and/or NMR spectroscopy. As leading ex-
amples, the cases of wheat germ agglutinin[10,11] and its iso-
lated B domain,[12] Urtica dioica agglutinin,[13,14] and hevein
itself isolated from latex[15–20] have been reported. Addition-
al studies for other domains have also been carried out,[21,22]


including one on the smaller antimicrobial peptide
AcAMP2.[23,24]


According to these X-ray and NMR studies, the aromatic
residues at relative positions 21, 23, and 30 in hevein do-
mains (Phe18, Tyr20, Tyr27 in Ac-AMP2) play an important
role in carbohydrate binding by stabilizing the complexes by
means of interactions between the aromatic and sugar rings
through van der Waals contacts and CH–p stacking. Addi-
tionally, Ser19 of hevein (Ser16 in Ac-AMP2) is involved in
a hydrogen-bonding interaction with the carbonyl group of
the acetamide moiety of one GlcNAc residue, and at the
same time the methyl group of this acetamide interacts with
the side-chain aromatic rings of residues 23 and 30 (Tyr20
and Tyr27 in Ac-AMP2). As a final key interaction, the hy-
droxyl group of hevein Tyr30 (AcAMP2 Tyr27) also pro-
vides additional hydrogen bonding with OH-3 of the same
sugar moiety. The same kind of interactions take place in
other proteins with one or more hevein domains on the
same polypeptide chain, including pseudohevein, Urtica
Dioica agglutinin (UDA), pokeweed agglutinin, and wheat
germ agglutinin (WGA).[15–22] No detailed analysis of the
binding mode to the antifungal AcAMP2 peptide has been
reported to date.[23]


The origin of the specificity and stability of protein–carbo-
hydrate complexes has become a topic of major discus-
sion,[5,25–28] and, at this point, it seems relevant to verify the
relative roles of carbohydrate–aromatic stacking and hydro-
gen-bonding interactions for the recognition of sugars. The
small size of hevein-like peptides, as well as the availability
of their three-dimensional structures, make them a suitable
system for the study of the structural features and energetics
involved in their sugar interaction processes.[29,30]


On this basis, we are currently engaged in a multidiscipli-
nary project devoted to the modification of the key interact-
ing residues of hevein domains in order to understand the
origin of protein–carbohydrate interactions. Thus, synthetic
peptides have been prepared by using solid-phase synthesis
with the aim of modifying the chemical nature of the key ar-
omatic amino acids involved in sugar binding. One of us has
previously reported on the chemical synthesis of mutated
AcAMP2 peptides.[31,32] Thus, the aromatic amino acid at
relative position 18 (Phe in AcAMP2) was mutated to ala-
nine (non-aromatic residue) and to residues either with
larger electron density and aromatic surface such as trypto-
phan (Trp, Phe18Trp) and naphthylalanine (2-Nal,
Phe18Nal), or with the electron-deficient aromatic rings
pentafluorophenylalanine and nitrophenylalanine.[5,31, 32]


Herein, we have studied the three-dimensional structure
and thermodynamics of the synthetic tryptophan-, 2-naphtyl-
alanine-, and 4-fluorophenylalanine (Pff)-AcAMP-2 mutants
bound to chitooligosaccharides. This last variation has also
been combined with the simultaneous mutation of Tyr20 to
a second 4-fluorophenylalanine residue (Pff). Thus, it is our
aim in this work to deduce the influence of the electronic
density of the aromatic rings of the lectin in the energetics
of binding to the sugars. The three-dimensional structure of
the modified lectins in their free and (GlcNAc)3-bound state
has been studied in aqueous solution by NMR spectroscopy
and modeling methods, including molecular dynamics. Fur-
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thermore, the thermodynamics of the binding processes with
the artificial peptides has been characterized both by fluo-
rescence (for Phe18Trp), 1H NMR, and 19F NMR spectrosco-
py and compared with a chemically synthesized sample of
AcAMP-2 that is identical to the natural sequence. Previous
qualitative data on the affinity of the Phe18Trp and
Phe18Nal towards large polymeric chitin have been report-
ed.[32]


A schematic view of the sequences is given in Figure 1.


Results


Synthesis : The synthesis of Phe18Trp and Phe18Nal have
been described elsewhere.[31,32] As with AcAMP2, Phe18Pff/
Tyr20Pff is a polypeptide that consists of 30 amino acid resi-
dues with three intramolecular disulfide bonds in its struc-
ture and was obtained as an amide peptide. In this modified
AcAMP2 analogue, Phe18 and Tyr20 of the native
AcAMP2 were changed to 4-fluorophenylalanine (Pff).


The amino acids were man-
ually assembled by solid-phase
synthesis by using Fluoren-9-yl-
methoxycarbonyl (Fmoc)
chemistry according to standard
protocols, with DCC and 1-hy-
droxybenzotriazole hydrate
(HOBt) as coupling reagents.


The side chains of the six Cys
residues of the sequence were
protected with the same pro-
tecting group (trityl), which
were removed by trifluoroacetic acid (TFA) treatment for
resin cleavage. After testing several experimental condi-
tions[33] (redox pairs, temperatures, denaturants, pH, and
buffers), the fully reduced peptide was subjected to oxida-
tive folding in NH4Ac buffer (0.1m, pH 7.8) in high dilution
conditions (peptide concentration 3.1 Q 10�5


m) in the pres-
ence of reduced and oxidized glutathione (GSH/GSSG) as
redox reagents for three days at room temperature (molar
ratio peptide:GSH:GSSG 1:100:10). After folding, the reac-


tion was stopped by acidification to pH 2.5 with TFA and
lyophilized. The crude material was analyzed by RP-HPLC
(linear gradient from 10 % to 90 % of acetonitrile in water
containing TFA 0.09 %, over 30 min at flow rate of
1 mL min�1) showing the presence of several different iso-
mers (retention times between 10.4 and 13.5 min), but clear-
ly the first peak represented the major product (retention
time 10.6 min). Isolation and purification by using semipre-
parative RP-HPLC afforded the mutant AcAMP2 peptide
in 30 % yield from the starting material.


The synthesis and full characterization by HPLC and
ESMS is detailed in the Experimental Section.


Thermodynamic analysis of chitooligosaccharide binding to
AcAMP2, and to the Phe18Trp, Phe18Nal, and Phe18Pff/
Tyr20Pff mutants : The equilibrium association constants
(Ka) were first obtained by one-dimensional 1H NMR titra-
tions. Thus, the binding constants of (GlcNAc)3 to Phe18Trp,
Phe18Nal, and Phe18Pff/Tyr20Pff were obtained (Table 1)
by utilising one-dimensional 1H NMR spectra of a series of


peptide samples with increasing trisaccharide concentra-
tions.[34] Also, similar experiments were performed for the
parent AcAMP2 for testing purposes. For the Phe18Pff/
Tyr20Pff peptide, additional spectra were recorded using
19F NMR spectroscopy. For Phe18Trp, additional binding
data were obtained by fluorescence titration. In this titra-
tion, as observed for hevein, hevein-32,[34] and wheat germ
agglutinin,[35] a blue-shift was observed for the tryptophan
emission of Phe18Trpwith the peak maximum shifting from


Figure 1. Amino acid sequence alignment of AcAMP2 and hevein (indicating the disulfide bridge pattern) with the three mutant ACAMP2 polypeptides
used in this study. The residues involved in the binding site are highlighted.


Table 1. Affinity data from the NMR analysis (and fluorescence for Phe18Trp) for the binding of N,N’,N’’-tri-
acetylchitotriose to natural AcAMP2 and to the other peptides mutated at positions 18 and 20. Estimated
errors amount to �15%. The thermodynamic parameters estimated from a vanSt Hoff analysis are also given.
An enthalpy–entropy compensation phenomenon is evident.


Ka [m�1] Thermodynamic parameters
T=298 K T=303 K T=308 K T=313 K DH [kJ mol�1] DS [J K�1 mol�1]


AcAMP2 1206 721 537 340 �63.4 �154.1
Phe18Trp 1755 1473 916 614 �54.1 �119.0
Phe18Nal 3527 2314 1638 999 �63.9 �146.6
Phe18Pff/Tyr20Pff 448 348 255 190 �45.1 �101.0
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357 nm in the protein-free form to 352 nm in the protein-
bound form (Figure 2). This shift in peak maximum is con-
sistent with a solvent exposed tryptophan of the protein be-
coming shielded from water molecules upon complexation
with the ligand. A 46 % increase in fluorescence intensity at
340 nm falls between the 28 % increase reported for hevein
and 89 % increase reported for hevein-32.[34] In the NMR ti-


tration, a variety of peptide NMR signals are significantly
affected by the addition of ligand (see Supporting Informa-
tion, S1). The perturbations in chemical shifts allowed the
determination of the equilibrium association constants.[36]


For AcAMP2, and Phe18Trp, Phe18Nal and Phe18Pff/
Tyr20Pff, the backbone NH protons of either Ser16 or other
NH resonance signals were followed as a function of the


Figure 2. Fluorescence spectroscopy of Phe18Trp. a) Phe18Trp free (filled circles) and trisaccharide-bound (open circles) fluorescence spectra. b) The
change in fluorescence of Phe18Trp at 340 nm was monitored as a function of trisaccharide concentration. The data was fitted in SigmaPlot to a first-
order binding equation to obtain the binding parameters. c) 1H NMR titrations of Phe18Nal (0.7 mm) with increasing amounts of N,N’,N’’-triacetylchito-
triose at 298 K and pH 5.6. The variations of Ser16 HN are highlighted. d) 19F NMR titrations of Phe18Pff/Tyr20Pff with N,N’,N’’-triacetylchitotriose.
The variations of the 19F signals with the ligand to protein molar ratio are shown at 298 K. The presence of a dynamic process is evident from the broad-
ening of the signals. More than one sugar–lectin complex is present in solution.
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concentration of added chitotriose to assess the binding con-
stants (Figure 2C, Table 1). For Phe18Pff/Tyr20Pff, the
19F NMR spectra permitted a better evaluation of the titra-
tion data.


A vanSt Hoff plot of NMR-determined Ka values as a
function of temperature was used to estimate the equilibri-
um thermodynamic parameters, DH8 and DS8 (Figure 3,
Table 1).


As reported for other hevein domains, the interaction
with chitotriose is enthalpy driven and entropy opposes
binding.[17–22] It should be noted that although the linear as-
sumption in the vanSt Hoff plot is only approximated, our
previous studies with hevein domains have demonstrated
that NMR values differ by <10 % from those obtained by
isothermal titration microcalorimetry.[17–22]


19F NMR titration experiments for chitotriose binding to
Phe18Pff/Tyr20Pff at 298 K resulted in one of the signals
being shifted downfield when the concentration of the sugar
increases. In contrast, the other peak is remarkable in being


clearly broadened and split at a 1:7 molar ratio, remaining
split at larger molar ratios. This experimental observation
suggests the presence of different association modes of the
trisaccharide to the peptide (see Figure 2 and below). The
peptides studied herein only differ in the chemical nature of
the aromatic residue at position 18 (and 20 in one case),
thus allowing a direct comparison of the influence of this
ring (see Discussion).


The three-dimensional NMR structure of the AcAMP2
mutants bound to (GlcNAc)3


The protein : The assignments of the 1H NMR spectra of the
free and bound Phe18Trp, Phe18Nal, and Phe18Pff/Tyr20Pff
in aqueous solution were facilitated by the reported data for
the natural peptide (see Supporting Information for chemi-
cal shifts assignments, S2). (The NMR data have been de-
posited in the BMRB database, with accession numbers
6639 and 6647 for free and bound Phe18Trp, 6657 and 6637
for free and bound Phe18Nal, and 6656 and 6591, for free
and bound Phe18Pff/Tyr20Pff.) Indeed, the assignments of
the three polypeptides were obtained by using well-estab-
lished protocols through the assignment of regular two-di-
mensional TOCSY and NOESY spectra. For the complexes,
according to the measured binding constant, Ka (Table 1),
and experimental conditions (peptide concentration 0.3–
1.0 mm and (GlcNAc)3 at a 8:1 molar ratio), the different
polypeptides are more than 60 % bound at 298 K. For both
the free and bound peptides, different sets of intramolecular
protein–protein NOEs were unambiguously assigned and
converted into relevant distance constraints (intraresidue,
sequential, medium, and long range) as depicted in Table 2


(and Supporting Information S3, S4). For Phe18Pff/Tyr20Pff,
the low availability of the samples did not allow the use of
higher protein concentrations and the number of detected
significant NOEs is lower. Thus, starting from 400, 500, and
800 randomized conformations and applying the DYANA
protocol,[37] a group of 50 structures with low target-function
values were obtained (Table 3). The 25 best DYANA struc-
tures of Phe18Trp and Phe18Nal, as well as the 35 best
structures of Phe18Pff/Tyr20Pff were subjected to further
optimization through a simulated annealing protocol by re-
stricted molecular dynamics (rMD) with the AMBER force
field. The average backbone root mean square deviations
(rmsd) of the refined AMBER structures was below 0.9 T,


Figure 3. Thermodynamic parameters of (GlcNAc)3 binding to AcAMP2
and its mutant peptides, as determined by NMR spectroscopy. Top: The
binding curves derived from the NMR titrations for the association of
(GlcNAc)3 to Phe18Nal are shown. Bottom: The vanSt Hoff approxima-
tion for the binding of (GlcNAc)3 to AcAMP2 and the three mutant pep-
tides. In all cases, the binding process is enthalpy driven.


Table 2. Number and type of conformationally significant NOEs for the
complexes of the three mutant peptides to (GlcNAc)3.


Total
assigned
NOEs


Intra-
residue


Sequential Medium
range


Long
range


Phe18Nal 348 64 140 52 99
Phe18Trp 331 60 135 59 77
Phe18Pff/
Tyr20Pff


248[a] 79 98 24 47


[a] After “distance modify” and CALIBA routines.
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while the heavy atoms were below 2.0 T, considering resi-
dues 4–28 in all cases (see Table 3 and Supporting Informa-
tion S5). Moreover, the obtained structures have very small
deviations from ideal geometry and there are no nonbonded
contacts (the coordinates of the three three-dimensional
structures of the mutant peptides have been deposited in
the protein data bank, with accession codes 1ZUV, 1ZWU,
and 1ZNT, for Phe18Trp, Phe18Nal, and Phe18Pff/Tyr20Pff,
respectively). Schematic representations of the superimposi-
tion of the backbone and key side chains of the three
mutant peptides, as derived from the NMR data, by using
restricted molecular dynamics are depicted in Figure 4. The
two segments located between residues Met13 and Lys23
build a two strand antiparallel b-sheet, which is also present
in the natural AcAMP2[23] and hevein.[15–20] Indeed, NOEs
characteristic for the b-sheet (Cys15HA-Cys21HA,
Cys14HN-Lys23HA, and Cys15HN-Gly21HA) were identi-
fied for all the mutant polypeptides.


The complex : While the structure of the protein was well
defined by the NMR data, for all three modified AcAMP2
peptides there was also a number of intermolecular ligand–
protein NOEs that supported the experimental structures
for the complexes (see Figure 5, Table 4, and the Supporting
Information S7). In spite of the strong overlapping of the
chemical shifts of the sugar residues protons, the comparison
with previous chitotriose complexes of hevein allowed the
unambiguous assignment of some ligand protons[20, 21] and
their intermolecular cross-peaks. Regarding the saccharide,
the solution conformation of (GlcNAc)3 in the free state[38]


has been studied. The conformers are in agreement with the
occurrence of the exo-anomeric effect and correspond to di-
hedral angles of F=50�208 and Y=0�208 for the glycosi-
dic linkages.[20,21] These angles also agree with data obtained
from standard NMR methods, molecular mechanics, and dy-
namics calculations for chitooligosaccharides bound to
hevein[16–20] and hevamine.[38] The sugar-binding site of di-
verse hevein domains have been studied by NMR spectros-
copy,[15–21] and the contact points correspond to Ser16,
Phe18, Tyr20, and Tyr27 in wild-type AcAMP2. In the case
of the three modified AcAMP2 peptides under study, the
presence of a similar binding arrangement was deduced


Figure 4. Ribbon representation of the superimposition of the backbone
of the NMR-derived structures of the AcAMP2 mutants when bound to
(GlcNAc)3. In this representation, the sugar has been omitted for clarity.
The structures of Phe18Nal (top), Phe18Trp (middle), and Phe18Pff/
Tyr20Pff (bottom) are shown. The location of the side chains of the key
amino acids for sugar binding is also highlighted. The N and C termini of
the peptides are marked in each panel.


Table 3. Statistics from DYANA and AMBER restrained MD calculations. The data from the DYANA analysis and AMBER restrained MD calcula-
tions are given. The limits of variation interval are in parentheses.


Peptide Method Number of
structures


Range Backbone
RMSD [T]


Heavy atom
RMSD [T]


DYANA
target function


Phe18Nal DYANA 25 4–28 0.61�0.15
(0.24–1.05)


1.17�0.17
(0.63–1.68)


0.026
(0.012–0.036)


AMBER 30 4–28 0.81�0.18
(0.28–1.42)


1.45�0.27
(0.77–2.25)


Phe18Trp DYANA 25 4–28 0.73�0.23
(0.25–1.56)


1.53�0.30
(0.76–2.44)


0.43
(0.33–0.50)


AMBER 26 4–28 0.80�0.23 1.86�0.41
Phe18Pff/Tyr20Pff DYANA 35 4–28 0.60�0.13


(0.15–0.90)
1.40�0.19


(0.74�2.02)
0.071


(0.044–0.086)
AMBER 25 4–28 0.84�0.18


(0.00–1.36)
1.96�0.37
(0.00–2.68)
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from the chemical shift perturbation data of the NMR sig-
nals of the mutant peptides (free versus bound, see Support-
ing Information S1 and S6). In particular, important chemi-
cal shift differences between the free and bound species
were mainly observed for Ser16HA, as well as for Cys21HA
and Cys28HA, located immediately after two of the key aro-
matic residues.


Moreover, the position of the binding site was corroborat-
ed by the existence of key intermolecular interactions in-
volving these particular residues in the NOESY spectra (see
below and Figure 5). Previous studies on the interaction of
hevein domains with small chitooligosaccharides (up to the
trisaccharide in length) have also shown that the lectin bind-
ing site is sufficiently extended for interacting with at least
two N-acetylglucosamine units, placed on the two primary
subsites arranged with the side chains of residues 16, 18, 20,
and 27. Therefore, for a trisaccharide, it is possible to con-
sider two possible arrangements at the binding site (see
Figure 6 and Supporting Information S7). Additional evi-
dence for the existence of two binding modes for chitotriose
also came from the 19F NMR titrations of Phe18Pff/
Tyr20Pff, as mentioned above.


In fact, the observed intermolecular saccharide–lectin
NOESY cross-peaks are fittingly explained when consider-
ing the simultaneous existence of two distinct binding
modes (Table 4). For example, the intermolecular NOE data
for the complex of (GlcNAc)3 to Phe18Pff/Tyr20Pff will be


detailed, while those for the other two mutants basically
follow the same trends (Figure 6 and Supporting Informa-
tion S7).


In the NOESY spectra of the bound Phe18Pff/Tyr20Pff,
NOE cross-peaks are observed between the acetamide
methyl group of a nonreducing sugar unit with the aromatic
protons of the residues Pff18 and Tyr27; this places the cor-
responding sugar unit over the aromatic side chain of resi-
due Pff20 and defines the subsite +1 (Figure 6 top). This
binding mode may also explain the observed interactions be-
tween the H-2 and the H-4 protons from the nonreducing
end sugar[21] with the aromatic protons of Pff20. These cross-
peaks are specific to the so-called binding mode 1.


In contrast, the NOE cross-peaks between the anomeric
proton of the nonreducing unit of the trisaccharide with the
aromatic protons of Pff20 are only possible if this proton be-
longs to the nonreducing end sugar unit when it is located at
subsite (�1). The existence of this NOE indicates the pres-
ence of so-called binding mode 2. In this manner, a number
of intermolecular NOEs were assigned (Figures 5 and 6, and
Supporting Information S7) and related to either of the two
possible binding modes. Then, the three-dimensional struc-
tures of the two possible complexes were obtained through
a simulated annealing protocol from the AMBER force
field program, considering the two binding modes previously
described. The peptide–peptide (as described above) and
the peptide–trisaccharide restrictions, included as distance


Figure 5. Sections of the 800 MHz NOESY spectra (298 K, 200 ms mixing time), recorded for the complexes of the three polypeptides with (GlcNAc)3,
showing the assigned sugar–lectin intermolecular NOEs. Phe18Pff/Tyr20Pff (left), Phe18Trp (middle), and Phe18Nal (right).
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constraints, derived from the NOESY spectra were used as
input to generate the three-dimensional structures of the
complexes.


Besides the intermolecular NOEs, two intermolecular hy-
drogen bonds were also included between the trisaccharide
and the hydroxyl groups of Ser16 and Tyr27. These hydro-
gen bonds have been described in all the hevein-domain
complexes reported to date.[15–20] The NMR/AMBER-based
structures of the two complexes for Phe18Pff/Tyr20Pff,
which just differ in the position of the trisaccharide in the
binding site, are shown in Figure 6 (bottom), while that for
Phe18Nal is given in the Supporting Information S8.


Solvated molecular dynamics simulations : In a parallel
manner, a series of solvated molecular dynamics simulations
starting from the experimental NMR derived structures was
performed in order to obtain, by a semi-independent
manner,[3,29, 39] a complete view of the three-dimensional
structures and possible motions of the peptide–chitooligo-


saccharide complexes, especially to complement Phe18Pff/
Tyr20Pff, for which the number of experimental restraints
was smaller due to the low availability of the sample. There-
fore, to evaluate the influence of the NOE-based restrictions
on the conformational properties of the mutant peptides in
solution, solvated MD simulations (sMD) were performed
for the free (sMDfree) and (GlcNAc)3-bound (sMDcomplex)
peptides, without NOE restrictions. Again, a description of
the results for Phe18Pff/Tyr20Pff will be presented, the re-
sults for Phe18Trp and Phe18Nal being very similar (see
Supporting Information, S8, S9). Since within the context of
the present paper the main aim of the sMD simulations was
to support the NMR data for Phe18Pff/Tyr20Pff, a deeper
discussion of the results of all the solvated MD simulations
will be presented separately. In the case of the complexes,
the calculations were performed for the two different bind-
ing modes.


In all cases, the solvated MD simulations (sMD) started
from the corresponding restricted rMDfree and rMDcomplex


Table 4. Intermolecular peptide–carbohydrate NOE interactions for AcAMP2 Phe18Nal, AcAMP2 Phe18Trp, and AcAMP2 Phe18Pff/Tyr20Pff with chi-
totriose.


Hpeptide dHPhe18Nal dHPhe18Trp dHPhe18Pff/Tyr20Pff Hcarboh dHcarboh Binding mode 1[a]


subsites +3, +2, +1
Binding mode 2[a]


subsites +2, +1, �1


18Hd1 7.57 CH3 2.01 +1 +1
18Hd1 7.17 CH3 1.96 +1 +1
18Hd2 7.43 CH3 2.01 +1 +1
18HZ1 7.85 CH3 2.01 +1 +1
18HH1 7.55 CH3 2.01 +1 +1
18HH2 7.15 CH3 1.96 +1 +1
18Hd1,2 7.12 CH3 2.03 +1 +1
18He1,2 7.08 CH3 2.03 +1 +1
20Hd1,2 7.06 H1 4.51 – �1
20Hd1,2 7.06 H2 (3.73, 3.82)[b] +1 +1
20Hd1,2 7.06 H3 3.57 – �1
20Hd1,2 7.06 H4 (3.48, 3.62)[b] +1 +1
20Hd1,2 7.06 H5 3.50 – �1
20Hd1,2 7.01 H1 4.48 – �1
20Hd1,2 7.01 H2 3.78 +1 +1
20Hd1,2 7.01 H3 3.57 – �1
20Hd1,2 7.01 H4 3.43 +1 –
20Hd1,2 7.01 H5 3.48 – �1
20Hd1,2, He1,2 7.11 H1 4.52 – �1
20Hd1,2, He1,2 7.11 H2 (3.69, 3.80)[b] +1 +1
20Hd1,2, He1,2 7.11 H4 (3.48, 3.69)[b] +1 +1
20He1,2 6.91 H1 4.51 – �1
20He1,2 6.91 H2 (3.73, 3.82)[b] +1 +1
20He1,2 6.91 H3 3.57 – �1
20He1,2 6.91 H4 (3.48, 3.62)[b] +1 +1
20He1,2 6.91 H5 3.50 – �1
20He1,2 6.84 H1 4.48 – �1
20He1,2 6.84 H3 3.57 – �1
20He1,2 6.84 H4 3.43 +1 –
20He1,2 6.84 H5 3.48 – �1
27Hd1,2 7.28 CH3 2.01 +1 +1
27Hd1,2 7.20 CH3 1.96 +1 +1
27Hd1,2 7.19 CH3 2.03 +1 +1
27He1,2 6.69 CH3 2.01 +1 +1
27He1,2 6.60 CH3 2.03 +1 +1
27HH 7.46 CH3 2.03 +1 +1


[a] In binding mode 1, +1 corresponds to the reducing end sugar residue and “–” corresponds to the middle sugar residue. In binding mode 2, when �1
corresponds to the reducing end sugar residue, +1 corresponds to the middle one sugar residue, and “–” corresponds to the sugar residue at the nonre-
ducing end. [b] Chemical shifts for both binding modes, respectively.
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structures described above. No NMR constraints were ap-
plied to retain the starting structure of the proteins or to
maintain (GlcNAc)3 in contact with the protein. It is worth
noting that the trisaccharide remained at the binding site
and orientation during all simulation times in those calcula-
tions carried out for the complexes.


From the methodological viewpoint, the sMD were car-
ried out using AMBER 5.0 with explicit water molecules,
counterions, and periodic boundary conditions, while Ewald
sums were used for the treatment of electrostatic interac-
tions.[40]


A detailed representation of the trajectories of the key
torsions that define the orientation of the two aromatic
rings of Phe18Pff/Tyr20Pff in the absence and presence of
chitotriose are shown in Figure 7.


Discussion


Thermodynamic analysis of peptide binding to (GlcNAc)3 :
Previous studies have shown that the DG8 values for hevein
binding to (GlcNAc)3, based on fluorescence
(�22.9 kJ mol�1) and NMR (�23.1 kJ mol�1) data, are very
similar to DG measured by isothermal titration calorimetry
(�22.6 kJ mol�1).[20,34] Interestingly, the DG of binding of a
truncated analogue of hevein, with the same size as the
AcAMP2 analogues and dubbed HEV32, for (GlcNAc)3


was shown to be only slightly weaker (1.0 (NMR) and
2.2 kJ mol�1 (fluorescence))[34] than the corresponding value
for hevein (Table 1). These data suggested that the C termi-
nus of hevein does not appear to make a significant contri-
bution to the overall binding affinity of chitooligosaccharide
ligands.


The binding data from fluorescence and NMR for
Phe18Trp are similar. As mentioned above, a 5 nm blue-


Figure 6. Top: Schematic views of the intermolecular NOEs detected for the complex between (GlcNAc)3 and Phe18Pff/Tyr20Pff. The two possible bind-
ing modes are shown. Bottom: Representations of the corresponding three-dimensional structures, as obtained by restrained MD calculations, using the
Amber 5.0 force field for bound Phe18Pff/Tyr20Pff. The non-ambiguous intraprotein and intermolecular protein–trisaccharide NOEs were used as re-
strictions. Two hydrogen bonds between the trisaccharide and the residues Ser16 and Tyr27 were also added.
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shift was observed for the Trp emission of Phe18Trp. The
observed 46 % increase in fluorescence intensity at 340 nm
is in between the values reported for hevein and hevein-
32.[39] This fluorescence increase is related to changes in
fluorescence energy transfer (FRET) between tyrosine and
tryptophan residues in the saccharide binding site of the
protein. A direct comparison cannot be made as the aromat-
ic residues of Phe18Tyr (2Tyr, 1Trp) are different to those in
hevein and hevein-32 (1Tyr, 2Trp). Nonetheless, the increase
of 46 % in fluorescence unambiguously indicates that
changes in the distance and/or relative orientation between
Tyr20 and Tyr27 with respect to Trp18 in Phe18Trp occur
during the ligand-binding process.


The trisaccharide-induced changes in the tryptophan fluo-
rescence spectrum of Phe18Trp allowed the binding affinity
to be measured from a titration experiment. At 25 8C, the
binding constant, Ka was measured as 1120�200m�1, on the
same order of magnitude than the NMR data for AcAMP2
and the three modified analogues (see Table 1). Despite the
fact that the measured Ka values for all the mutants are
about one order of magnitude lower than for full-length
hevein, the vanSt Hoff data for the AcAMP2 peptides, anal-
ogously to the truncated HEV32, show larger DH8 values
than that of hevein, but compensated with an increased DS8
that highly opposes association (Table 1). Although the
origin of this enthalpy–entropy compensation phenomenon
remains an open question,[25, 26] it has been reported,[41] at
this magnitude and sign of DS and DH, that hydrogen bond-


ing and van der Waals forces
should be the most important
factors that stabilize the com-
plex. Part of the observed nega-
tive entropy of binding could
arise from rigidification of the
carbohydrate and/or protein lat-
eral chains,[25,26, 42] or by reor-
ganization of the water struc-
ture. As deduced in earlier
studies,[15–21] the maximum loss
of conformational entropy by
freezing of the (GlcNAc)3


ligand upon binding to lectin
domains can reach 17 kJ mol�1


at 25 8C (the conformational en-
tropy was estimated from the
conformational distribution
map of (GlcNAc)3),[15–20,38]


much less than the entropy pen-
alty determined for the trisac-
charide binding to the mutants,
which is between 30 and
46 kJ mol�1 (Table 1). Thus,
apart of the rigidification of the
sugar, an additional loss of en-
tropy is taking place. It seems
that these shorter hevein do-
mains must pay an entropic


penalty with some reduction of the lateral chains flexibility
upon binding, in order to better accommodate the trisac-
charide and provide a more favorable binding enthalpy.


The inverse of Ka values (dissociation constants) for
(GlcNAc)3 binding are in the millimolar range. However,
there is a significant trend in the obtained values that is
above experimental error and correlates with the qualitative
data of chitin binding obtained previously. The obtained
binding constant Ka values for native AcAMP2 and the
modified peptides indicated that the larger the aromatic sur-
face of the residue at position 18, the higher the binding af-
finity. In contrast, the deactivation of the aromatic rings of
residues 18 and 20 in Phe18Pff/Tyr20Pff provokes a weaker
association constant value in comparison to the other pep-
tides. It has to be considered that this latter peptide
(Phe18Pff/Tyr20Pff) involves a double mutation (not only
residue 18, but also residue 20). Inspection of the three-di-
mensional structures of the complexes for the other two
peptides (with a Tyr at position 20) indicated that the hy-
droxyl group of this Tyr residue is not involved in either
intra- or intermolecular hydrogen bonding, and thus the
measured decrease of affinity for Phe18Pff/Tyr20Pff is not
due to the lack of the hydrogen-bond donor character of the
hydroxyl group present in Tyr20, but to deactivation of the
key aromatic rings.


As mentioned above, the obtained enthalpy and entropy
values for all the peptides confirmed that all the molecular
recognition processes are enthalpy driven. The entropy of


Figure 7. Schematic representation of the trajectory of torsion angles c1 (A, C) and c2 (B, D), for the side
chains at position 18 (A, B) and position 20 (C, D) of Phe18Pff/Tyr20Pff during the solvated MD simulation.
A) Free peptide (black), (GlcNAc)3-bound peptide (gray). B) Free peptide (black), (GlcNAc)3-bound peptide
(gray). C) Free peptide (black), (GlcNAc)3-bound peptide (gray). D) Free peptide (black),(GlcNAc)3-bound
peptide (gray). Both binding modes 1 and 2 (see text) basically gave the same monotonic trajectory. The im-
portance of the presence or absence of the trisaccharide is remarkable.
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binding, DS8, was found to be negative, as also observed for
a variety of chitooligosaccharides interacting with hevein
itself, pseudohevein, WGA, and UDA.[11,15–21,43, 44]


The binding enthalpies oscillate between �45 and
�64 kJ mol�1. In all cases, there is an important loss of en-
tropy that lowers the interaction process, thus increasing the
dissociation constant into the millimolar range. The higher
enthalpy value is observed for Phe18Nal and the lowest for
Phe18Pff/Tyr20Pff. Care should be taken when quantitative-
ly analyzing these thermodynamic data; this observation
suggests that the carbohydrate–aromatic interaction (CH/p-
type interaction), typical of the hevein domains, is indeed
modulated by the chemical nature and the electronic density
of the aromatic ring. Although these data should not be
overemphasized, some sort of enthalpy–entropy compensa-
tion also seems to occur, since the smaller observed binding
enthalpy is also accompanied by a lower entropy loss.


Comparative structural analysis of the three mutant poly-
peptides with AcAMP2 and with hevein : The analysis of the
NMR data leads to a three-dimensional perspective of the
protein–saccharide complexes for the AcAMP2 mutants.
The global folding, as well as the orientation of the key side
chains of the AcAMP2 mutants, wild-type AcAMP2, and
hevein, when bound to the (GlcNAc)3 are shown in Fig-
ures 4, 6, and 8–10. When comparing the free and bound
structures, the conformation of the peptide backbone is
maintained when the sugar is added and is indeed similar to
that deduced for the free peptides, with some slight changes
in the orientation of the amino acids involved in the binding
site. Indeed, the three-dimensional structures of the com-
plexes of the three mutant peptides were very similar al-
though the orientation of the aromatic ring in Phe18Nal is
slightly different to those in the other derivatives.


As mentioned above, the comparison of the refined three-
dimensional NMR structures of the mutant peptides with
those structures previously reported for wild-type free
AcAMP2 by NMR spectroscopy,[23] for hevein by X-ray
analysis,[16] and for hevein as determined by NMR spectros-
copy in our research group,[17–20] allowed the observation
that the molecular topology is very similar. In fact, not only
is the polypeptide backbone remarkably similar, but also the
orientation of the binding site residues does not reveal sig-
nificant changes, except for a restriction to motion in the
bound state as depicted in Figures 8–10. According to the
sMD simulations, the orientations of the key aromatic rings
are different in the free and bound states. The orientations
of these rings may be defined by the torsions c1 (Ca�Cb)
and c2 (Cb�Cg). Thus, Figure 7 shows that the aromatic res-
idues at positions 18 and 20 may adopt a variety of values in
the free state, while the presence of the sugar strongly influ-
ences the available conformational space. In fact, the trisac-
charide remarkably restricts the flexibility of these aromatic
rings, especially for Pff18 and for Pff20 to a lesser extent.
The asymmetry of the aromatic rings in Phe18Trp and
Phe18Nal already restrict the motion of these side chains
(see Supporting Information S7–S9).


Figure 8. Schematic ribbon representation of the NMR-based structures
of Phe18Trp (top) and Phe18Nal (bottom). The key aromatic and Ser16
side chains are depicted. The figure clearly shows the stacking interac-
tions that take place for the molecular recognition of chitotriose by these
AcAMP2 mutants. The interaction modes are in total agreement with the
detected intermolecular peptide–sugar NOEs. The structures are indeed
similar to those depicted for binding mode 2 in Figure 6, for the
Phe18Pff/Tyr20Pff double mutant.


Figure 9. Ribbon representation of the superimposition of the backbone
of 18 structures of free Phe18Pff/Tyr20Pff derived from molecular dy-
namics in explicit solvent (sMDfree). The structure obtained herein by
NMR spectroscopy is also shown (gray), as well as that described by
Martins et al.[24] for wild-type AcAMP2 (black). The similarity is evident.
The N and C termini of the peptide chains are marked for clarity.
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The simulations confirm that the trisaccharide provides
stabilizing interactions with the polypeptide. A combination
of CH/p stacking-type interactions, accompanied by hydro-
gen bonding and van der Waals contacts, contribute to the
maintenance of the complexes (Figures 8 and 9), which, for
the double mutant, are expressed in the homogeneous orien-
tation of the aromatic rings of the Pff18 and Pff20 moieties
(Figure 9).


Regarding similarities, the superimposition of 18 struc-
tures taken from the solvated molecular dynamic trajectory
(sMDfree, with a 4.9 ns simulation time) of Phe18Pff/Tyr20Pff
with the NMR structure deduced above (and also with the
NMR-based wild-type AcAMP2 structure) showed a maxi-
mum backbone rmsd of only 0.887 T. Some differences be-
tween the sMDfree and the NMR structures were observed
for the orientation (flexibility) of the aromatic rings of resi-
dues 18 and 20, which evidently depend on the presence or
absence of the sugar (Figure 9).


When the mutant polypeptides are compared to their
parent AcAMP2 structure, the pairwise backbone rmsd are
small. In fact, the average NMR structures of Phe18Trp,


Phe18Nal, and Phe18Pff/Tyr20Pff have rmsds with AcAMP2
of 0.984, 0.925, and 0.835 T, respectively. A pairwise super-
imposition is given in Figure 10.


Concluding remarks


The interaction of AcAMP2 and the three mutants with
(GlcNAc)3 has been described in structural terms, making
use of a NMR-derived three-dimensional structure and
modeling procedures. We have shown that the binding pro-
cess is enthalpically driven and that both hydrogen bonds
and van der Waals forces contribute to the stability of the
complexes in aqueous solution. The key role of carbohy-
drate–aromatic interactions is highlighted. We have demon-
strated that the chemical nature of the aromatic residues in-
volved in the protein–carbohydrate interaction strongly in-
fluences the binding affinity. Besides, the orientation and
mobility of the key aromatic amino acid residues of the lec-
tins implicated in binding depends on the presence of the
trisaccharide, experiencing a significant decrease in their
conformational freedom upon complexation. Therefore, the
nature of the environment of the binding site is significantly
important to predict the impact of changes in their constitu-
tion for binding affinity. Our data support the physiological
relevance and binding ability of small native hevein domains
(such as the wild-type AcAMP2) or their mutants. Chitin
recognition by a large number of AcAMP2-like molecules
would be expected to have a net effect on the dynamic be-
havior of the polymer, modifying its physical properties. We
might speculate that through this mechanism, plant defense
proteins, such as AcAMP2, could block the normal develop-
ment of pathogen organisms, such as fungus, by interfering
with the chitin biological function of protection. The role of
the C terminus, absent in AcAMP2 with regard to hevein,
might be related to other factors, for example, selectivity or
as a functional spacer between hevein and other domains of
chitinases.


Experimental Section


Source of lectins and ligand : Oligosaccharides were purchased from To-
ronto Research Chemicals (Canada). The synthesis of the Phe18Trp and
Phe18Nal mutants have been described elsewhere.[31]


Synthesis of Phe18Pff/Tyr20Pff—materials and instruments : All Fluoren-
9-ylmethoxycarbonyl (Fmoc) amino acids derivatives, including that of 4-
fluorophenylalanine (4-Fphe), and the resin TentaGel S-Ram were pur-
chased from Fluka. The side-chain protection scheme was trityl for all
the 6Cys (S-Trt) and Gln (Nd-Trt); tert-butyl for Glu (5-tBu), Ser (O-
tBu), and Tyr (O-tBu); tert-butoxycarbonyl for Lys (Ne-Boc), and
2,2,4,6,7-pentamethyldihydrobenzofuransulfonyl for Arg (Nd-Pbf).


Dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole hydrate
(HOBt) and other reagents for peptide synthesis were obtained from Al-
drich, and the solvents for the HPLC analysis from Merck.


Reversed-phase high-performance liquid chromatography (RP-HPLC)
was performed on a Merck Hitachi Lachrom system. For the analytical
work a LiChrospher 100 RP-18 (5 mm) 250–4 column was used, with a
linear gradient from 10% to 90 % of acetonitrile in water (containing


Figure 10. Schematic ribbon representation of the pairwise backbone su-
perimposition of the NMR spectroscopic and solvated MD structures of
the three mutant peptides described herein with the NMR structure de-
scribed by Martins et al.[24] for wild-type AcAMP2. a) Phe18Pff/Tyr20Pff
by NMR spectroscopy (black) with wild-type AcAMP2 (gray); b)
Phe18Pff/Tyr20Pff by solvated MD (black) with wild-type AcAMP2
(gray); c) Phe18Trp by NMR spectroscopy (black) with wild-type
AcAMP2 (gray); d) Phe18Nal by NMR spectroscopy (black) with wild-
type AcAMP2 (gray).
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0.09 % TFA) over 30 min, and at flow rate of 1 mL min�1. The wave-
length for the detection was fixed at 214 nm.


The semipreparative separation was performed with a LiChrospher 100
RP-18 (10 mm) 250–10 column, using a gradient of 10% to 37 % of aceto-
nitrile in water (containing 0.09 % TFA) over 20 min at a flow rate of
2.5 mL min�1.


Mass spectrometry was performed using an ion trap mass spectrometer
(Esquire 3000 Plus, Bruker) coupled to a liquid chromatograph (Agilent
LC 1100 Chemstation). The ionization method was electrospray with pos-
itive ion polarity (ESI+ ). Peptide samples were dissolved in acetonitrile/
water (2:3) containing 0.5% formic acid to a concentration of
0.3 mg mL�1 and infused into the ion spray using a syringe pump at a
flow rate of 4 mLmin�1 (capillary voltage �3.8 kV, dry gas temperature
200 8C).


Solid-phase synthesis : The AcAMP2 mutant was synthesized as the
amide peptide by using a TentaGel S-Ram resin (0.24 mmol g�1). The
coupling processes were carried out manually with three equivalents of
Fmoc amino acids, three equivalents of HOBt, and three equivalents of
DCC in DMF during, at least, 90 min until completion, and checked with
KaiserSs test. The Fmoc group in each cycle was removed by washing
twice with 25 % piperidine in DMF for 5 and 12.5 min, respectively.
After synthesis, the resin was washed with methylene chloride and dieth-
yl ether and dried under vacuum.


For resin cleavage, the dried resin was suspended in a fresh mixture of
trifluoroacetic acid, water, phenol, and triisopropylsilane (88:5:5:2,
10 mL g�1 of resin) for 5–6 h. Then, the cleavage cocktail containing the
peptide was filtered into chilled diethyl ether (10 volumes in relation to
the cleavage cocktail), and the peptide precipitated was stored at �80 8C
overnight. The crude precipitated peptide was separated by centrifuga-
tion (3500 rpm Q 15 min), washed twice with cold diethyl ether and air
dried. The reduced peptide was directly analyzed by HPLC in the condi-
tions described above (retention time 12.6 min) and characterized by
ESMS ([M+2 H]2+ 1604.7, [M+3 H]3+ 1070.6, [M+4 H]4+ 804.0; Mr


found: 3208.87; Mr calcd: 3208.74).


Disulfide formation and purification : The polythiol peptide was subjected
to an oxidative folding reaction under equilibration conditions. The re-
duced peptide (60 mg) was dissolved in NH4OAc buffer (0.1m, pH 7.8,
600 mL) in the presence of reduced (650 mg) and oxidized (128 mg) glu-
tathione (molar ratio of peptide/GSH/GSSG, 1:100:10). After three days
of air oxidation at room temperature, the reaction was stopped by acidifi-
cation of the mixture with TFA to pH 2.5. The total volume of the reac-
tion was lyophilized to 30 mL, and then directly desalted and purified by
semi-preparative RP-HPLC under the conditions described above. The
isomer mixture of the different folded peptides were eluted under semi-
preparative conditions in the interval of 18 to 25 min, but only the main
peak was collected (retention time 18.6 min). This fraction was dried by
lyophilization to yield 18 mg of a product that was analyzed by HPLC in
the analytical conditions observing a single homogeneous polypeptide
peak (retention time 10.6 min) and characterized by ESMS ([M+2H]2+


1602.2, [M+3 H]3+ 1069.3, [M+4H]4+ 803.3, [M+5 H]5+ 643.5; Mr found:
3202.33; Mr calcd: 3202.69). The yield of the oxidative folding reaction
was 30 % over the starting material.


Titration experiments—fluorescence : Fluorescence experiments were
performed with 7Q 10�6


m Phe18Trp. The stock chitotrisaccharide (To-
ronto Research Chemicals) concentration was calculated based on
weight. Experiments were performed at 25 8C, as detailed in Aboitiz
et al.[34]


Titration experiments—NMR spectroscopy : The binding of the carbohy-
drate to the lectins was monitored by recording one-dimensional
500 MHz 1H NMR spectra of a series of samples with increasing ligand
concentration (ten different concentrations) as previously described.[17]


The concentration of the protein during the experiments was kept con-
stant (ca. 0.7 mm for AcAMP2; Phe18Trp; Phe18Nal; 0.3 mm for
Phe18Pff/Tyr20Pff). The samples were prepared by dissolving the lyophi-
lized protein in buffer (1.0 mL; 85:15, 1H2O/2H2O, 100 mm NaCl, 20 mm


NaH2PO4, pH 5.6). The one-dimensional NMR spectrum for the sample
with the highest ligand/protein ratio was recorded by dissolving the cor-
responding oligosaccharide (16 mm ; 23 mm for Phe18Pff/Tyr20Pff) in the


lectin-containing solution (0.5 mL) described above. The titration curve
was established by adding small aliquots of the highest ligand/protein
ratio sample to the ligand-free protein sample as previously described.
Identical experiments were carried out for Phe18Pff/Tyr20Pff using a
series of one-dimensional 19F NMR spectra. Thermodynamic equilibrium
parameters, DS and DH, for the lectin–(GlcNAc)3 interaction were deter-
mined from vanSt Hoff plots in which the affinity constants were assessed
at 25, 30, 35, and 40 8C.


NMR two-dimensional experiments : The spectra were recorded at 500
and 800 MHz. The samples for the three lectins free (2.5 mm protein) or
bound to (GlcNAc)3 complex [1:8 molar ratio, (ca. 0.7 mm for AcAMP2;
Phe18Trp; Phe18Nal; 0.3 mm for Phe18Pff/Tyr20Pff)] were prepared in
buffer (0.6 mL; 85:15 H2O/D2O, 100 mm NaCl, 20 mm NaH2PO4, pH 5.6)
and degassed by passing argon. TOCSY[45] (50 ms mixing time) was per-
formed using standard sequences at 298 K. Two-dimensional NOESY ex-
periments[46] were performed with mixing times of 200 and 300 ms at 500
and 800 MHz, and 298 K. The NMR data have been deposited in the
BMRB database (codes 6639, 6647 (Phe18Trp free and bound, respec-
tively), 6657, 6637 (Phe18Nal free and bound, respectively), 6656 and
6591 (Phe18Pff/Tyr20Pff free and bound, respectively).


Structure calculations : The torsion angle dynamics protocol as imple-
mented in DYANA[37] package was followed. Upper limits for proton–
proton distances were obtained from NOESY cross-peak intensities at
two mixing times (200 and 300 ms). Cross-peak intensities were analyzed
with the XEASY software and initially classified as strong, medium, and
weak corresponding to upper limits of 2.6, 3.5, and 5.5 T, respectively.
The 800 MHz cross-peaks that were not present at 500 MHz (except as
overlapped) were included as 5.5 T upper limit constraints. The
CALIBA protocol was also used to obtain a better definition of the dis-
tances. The lower limit for proton–proton distances was set as the sum of
the van der Waals radii of the protons. Constraints involving diastereoiso-
meric atoms were defined to an intermediate position (pseudoatom) and
assigned an additional distance of 2.20 T. Disulfide linkages were includ-
ed as distance constraints between S�S (2.0< r<2.1 T) and between Cb�
S (3.0< r<3.1 T). The calculations were performed on a Linux PC com-
puter using DYANA. A set of distance constraints derived from protein–
protein NOEs (Table 2) and between 10 and 15 intermolecular distance
restraints relating the lectin to the ligand were used in the final round of
calculations. The standard protocol with GLOMSA was used,[34] which al-
lowed the stereospecific assignments of 50 % of the prochiral b-methyl-
enes, followed by the application of the “distance modify” and CALIBA
modules.


Between 25 to 35 best DYANA structures in terms of target function
were subjected to restrained molecular dynamics[47] with the AMBER[48]


force field. After an initial restrained energy minimization (REM) with
2000 conjugate gradient iterations, the structures were equilibrated at
600 K for 2 ps and, at this temperature, their conformational behavior for
the next 2 ps was simulated by restrained molecular dynamics (RMD). In
the next step, the structures were subjected to a cooling regime, in which
the temperature was decreased by 100 K every 2 ps until a temperature
of 100 K was reached. At this temperature, 4 ps of RMD calculations
were carried out. The final structures were energy-minimized (REM) by
using 2000 conjugate gradient iterations. The refined structures can be
found in the Protein DataBank (PDB ID: 1ZUV, 1ZWU, and 1ZNT, for
the Phe18Trp, Phe18Nal, and Phe18Pff/Tyr20Pff, respectively).


Molecular mechanics and dynamics calculations : F is defined as H-1’’-C-
1’’-O-C4’/H-1’-C-1’-O-C4 and Y as C1’’-O-C4’-H4’/C1’-O-C4-H4 for the
nonreducing–middle and middle–reducing disaccharide entities, respec-
tively. The MD calculations for the complexes were performed using the
AMBER 5.0 package.[49]


For Phe18Nal and Phe18Pff/Tyr20Pff, it was necessary to build up the
corresponding library for the non-natural naphtylalanine and Pff residues.
As a first step, the corresponding structures were generated and mini-
mized with the MM2 force field. Then, the charges were estimated using
Hartree Fock 6-31G calculations with Gaussian 98.[50] Then, the
MOLMOL program[51] was used to generate the DYANA and XEASY li-
braries and the X-LEAP[52] module to build up the library for AMBER.
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The starting glycosidic torsion angles were taken from previously de-
scribed MM3* calculations performed for (GlcNAc)2 and (GlcNAc)3.


[20, 21]


The global minimum for the trisaccharide was used as starting structure,
since it has been shown that it is very similar to its hevein-bound confor-
mation (F/Y 55:5 for both glycosidic linkages).[20, 21] For the protein coor-
dinates, the input files were prepared from the NMR-derived structures
by using the X-LEAP module of the AMBER package. The obtained ini-
tial structures were immersed into a box of 3017 TIP3P water molecules
in order to obtain accurate solvation. Cut-offs for nonbonding interac-
tions was set to 11.0 T. The molecular dynamics simulations were carried
out by using the Sander module and were performed using periodic
boundary conditions and the particle-mesh Ewald approach to introduce
long-range electrostatic effects. The SHAKE algorithm for hydrogen
atoms, which used a 2 fs time step, was employed.


All solvated simulations were performed at constant pressure and tem-
perature, using the Berendsen coupling algorithm for the latter. Equili-
bration of the system was carried out as follows; as a first step, a short
minimization with positional restraints on solute atoms was run to
remove any potentially bad contacts. The force constant for the position-
al constraints was 500 kcal mol�1 T. Next a 12.5 ps molecular dynamics
calculation was run at 300 K maintaining positional restraints on the
ligand in order to equilibrate the water box and ions. A 9 T cut-off was
used for the treatment of the electrostatic interactions. The system was
further equilibrated (12.5 ps run at 300 K) by using the mesh Ewald ap-
proach for long-range electrostatic effects. Then, the system was subject-
ed to several minimization cycles (each using 1000 steepest descent itera-
tions) gradually reducing positional restraints on the chitooligosaccha-
rides from 500 kcal mol�1 T to 0. Finally, MD trajectories at constant
pressure (1 atm) and temperature (300 K) were collected and analyzed
using the Carnal module of AMBER. Structures were recorded every
0.5 ps, for a total calculation time around 4.5 ns in all cases. A deeper dis-
cussion of the results of the sMD results will be presented separately.
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Enantioselective Palladium-Catalyzed Addition of 1,3-Dicarbonyl
Compounds to an Allene Derivative
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With the current development status of synthetic method-
ology, there is a widespread perception that chemists are
able to build “from scratch” any material at will. However,
the discovery of novel natural products featuring high struc-
tural complexity and outstanding biological properties[1] as
well as the demand for efficient design of large libraries of
micromolecules, as required by the emerging field of chemi-
cal genetics,[2] pose new challenges to the field. Chemical se-
lectivity[3] and atom economy,[4] as displayed by reactions
featuring asymmetric induction,[5–7] are major goals in the
modern chemical enterprise in its search for creativity-
driven syntheses and environment-friendly processes. Inven-
tion of new reactions or improvement of known processes
along these lines hold promise to remove present design
constraints in the synthesis of complex molecules.[8] In this
context, transition-metal catalysis[7,9] has been particularly
fruitful in delivering new synthetic technology targeting
such high expectations.


Allylic alkylation represents a very useful and broadly ex-
plored transformation among the so-far developed catalytic
methodologies. A variety of synthetically useful nucleophiles


can be introduced to generate chiral compounds, which can
be further elaborated in the synthesis of more complex mol-
ecules. However, this reaction needs stoichiometric amounts
of base and the starting material possesses a leaving group
that is not incorporated in the product. The final goal would
be the development of an asymmetric allylic alkylation with-
out the use of stoichiometric amounts of base or of leaving
groups.


Some years ago, our group[10] and others[11] disclosed the
palladium-catalyzed addition of pronucleophiles to allenes,
also referred to as hydrocarbonation of allenes [Eq. (1)].
These investigations showed that compounds possessing
acidic hydrogen atoms (such as 2a) add to allenes (such as
1) under neutral conditions or in the presence of minimal
amounts of base to form adducts (such as 3) regioselectively.


Based upon experimental evidence,[10] our group proposed
a mechanism involving a hydropalladation step instead of
the carbopalladation alternative, as outlined in Scheme 1.


Abstract: Enhancing atom economy of
the metal-catalyzed asymmetric allylic
alkylation (AAA) shifts from the usual
nucleophilic displacement of a leaving
group to an addition of a pronucleo-
phile to a double bond. Using 1-alkoxy-
allenes as proelectrophiles, the palla-
dium-catalyzed AAA proceeds with
1,3-dicarbonyl compounds as pronu-
cleophiles with excellent regioselectivi-
ty and enantiomeric excess under opti-
mized conditions. The pH of the


medium proved crucial for reactivity/
selectivity. By using the more acidic
Meldrum:s acids, the reactions required
a co-catalytic amount of Brønsted acid,
such as trifluoroacetic acid. Single re-
gioisomeric products of 82–99% ee


were obtained. On the other hand, the
less acidic 1,3-diketones failed to react
under such conditions. The fact that a
less acidic acid like benzoic acid suf-
ficed, suggested the need for general
base catalysis as well. Thus, a mixture
of triethylamine and benzoic acid
proved optimal (ee:s 93–99). Employ-
ment of the (R,R)-phenyl Trost ligand
gave a product with S configuration. A
model to rationalize the results has
been developed.
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The pronucleophile 4 releases its acidic proton to a palladi-
um(0) complex 5 producing palladium hydride 6, which in
turn interacts with the allene substrate 7 affording, after hy-
dropalladation, p-allylpalladium intermediate 8, the
common intermediate in Pd-catalyzed allylic alkylations.
The nucleophile generated in the catalytic cycle (9) attacks
this intermediate liberating the palladium complex to ini-
tiate another cycle and the product 10. As a simple addition
reaction with a high level of chemoselectivity, this methodol-
ogy meets the principles of atom economy. Further studies
demonstrated its usefulness in the construction of macrocy-
clic structures.[12]


More recently, a preliminary report of the first enantiose-
lective version of this process from our laboratory ap-
peared.[13] Through the use of two distinct conditions, both
Meldrum:s acid derivatives [Eq. (2)] and azalactones were
regioselectively added to benzyloxyallene providing
branched products with high regio- and enantioselectivity.
Thus, compared to the highly successful palladium-catalyzed
asymmetric allylic alkylations,[6,14] the hydrocarbonation of
allenes might be considered a step ahead, as a highly effi-
cient asymmetric induction is attained without the necessity
to use equivalent amounts of base or electrophile activation
through leaving groups.


To learn more about how the reaction conditions depend
upon the nature of the pronucleophiles for good enantiose-
lectivity and about its scope, as well as gaining some mecha-
nistic insight, we focused our attention on the reactions of


1,3-dicarbonyl compounds. Herein, we report a full account
of our studies on the enantioselective addition of Meldrum:s
acid derivatives to allene 11 under the chiral catalytic
system developed by our group[6] and the recent findings re-
garding its application to reactions in which 1,3-diketones
are pronucleophiles.


Results


Methyl Meldrum:s acid (2a) was successfully added to ben-
zyloxyallene 11 to afford adduct 13a, albeit in low selectivi-
ties [Eq. (3)], in the presence of the catalyst based on the
chiral ligand (R,R)-12 and under basic conditions establish-
ed in our previous work with allenes.[10] The choice of alkox-
yl substituent in the allenic substrate 11 followed the prece-
dent in the literature[15] and aimed at selecting the branched
adduct (13a) over the linear one (14). Decreasing the cata-
lyst load[16] improved the ee, but left the regioselectivity un-
altered (Table 1, entries 1,2). Moreover, addition of tetrabu-


tyl ammonium bromide (TBAB)[17] improved both the
branched/linear product ratio and enantioselectivity
(entry 3). Substituting THF by dimethyl sulfoxide (DMSO)
as solvent allowed the reaction to be conducted at room
temperature (entries 4,5). Under such conditions, a dramatic
enhancement of reaction efficiency was observed. Further
experimentation showed that tetraalkylammonium halides
did not have a significant effect on the ee for reactions run
in DMSO (entries 6–8). Unfortunately, when different
batches of 2a were employed, the best yield and ee obtained
before could not be reproduced. Purification of these mate-
rials was not able to restore the stereoselectivity, which
then ranged well below the previous level (45–56%). As a
matter of fact, we observed that higher stereoselectivities
were obtained with impure samples of 2a. Variation of the
base as well as employment of additives were tried with no
success.


As methylmalonic acid is an important contaminant in
commercial samples of 2a, the effect of acid on this reaction
was investigated. Experiments using malonic acid as additive
demonstrated that, up to a certain level, an increase in acid


Scheme 1. Allylic alkylation: substitution versus hydrocarbonation.


Table 1. Addition of methyl Meldrum:s acid 2a to allene 11 under basic
conditions.[a]


Entry Conditions[a] Ratio Yield [%] ee [%]


1 THF, 80 8C, 12 h[b] 3.0:1.0 69 38
2 THF, 80 8C, 12 h 2.8:1.0 62 55
3 THF, 4% TBAB, 80 8C, 12 h 7.3:1.0 67 72
4 THF, 4% TBAB, RT, 48 h – – –
5 DMSO, 4% TBAB, RT, 12 h >99:1 86 83
6 DMSO, 6% TBAB, RT, 12 h >99:1 90 84
7 DMSO, 8% TBAB, RT, 12 h >99:1 89 84
8 DMSO, RT, 12 h >99:1 89 83


[a] Catalyst: 1.0% [h3-(C3H5PdCl)2], 2.5% (R,R)-12, unless otherwise
stated. [b] 2.0% [h3-(C3H5PdCl)2], 5.0% (R,R)-12.
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content resulted in an improvement of ee (Table 2, en-
tries 1–3) although, an excess of the additive led to a lower
yield (entry 4). While use of tBuOK at low concentration


(with 1.0 equiv of malonic acid) had no effect on reaction ef-
ficiency (entry 5), a tenfold increase of this additive caused
a substantial drop in stereoselectivity (entry 6). Use of
AcOH brought about a lower ee (entry 7), whereas use of
stronger acids had a deleterious effect on both yield and re-
gioselectivity, such that substantial amounts of the linear re-
gioisomer were formed (entries 8,9). The beneficial effect of
acid in this case may be related to the nature of the pronu-
cleophile. Under such conditions, the enol form of methyl
Meldrum:s acid would probably act as nucleophile. Its lower
reactivity relative to that of the conjugate base of 2a would
slow down the nucleophilic addition step, enabling a more
effective p–s–p equilibration of the p-allyl–Pd intermedi-
ate.[18]


Nonetheless, the following crossover experiments indicat-
ed an additional role of acid additives [Eq. (4)]. When


adduct 13a was treated with Meldrum:s acid derivative 2b
under basic conditions, group exchange was observed
(Table 3, entry 1). It had previously been shown that
carbon-based substituents in allylic positions can serve as
leaving groups in palladium-catalyzed reactions if the gener-
ated anion is sufficiently stabilized.[19] The crossover did not


occur when the same experiment was run under neutral con-
ditions or in the presence of malonic acid (entries 2,3).
Therefore, at least part of the selectivity erosion in the reac-
tion run in basic medium could result from oxidative addi-
tion to the formed adduct reforming the p-allyl–Pd inter-
mediate. In the presence of acid, such an unproductive path-
way was possibly shut off by protonation of palladium. The
protonation of palladium(0) complexes to afford the corre-
sponding hydridopalladium(ii) species requires relatively
strong acids[20] with respect to their nickel or platinum coun-
terparts. Amatore and co-workers demonstrated that com-
plete protonation of the palladium species in the Pd/PPh3/
DMF system only occurred when an excess of acetic acid
was employed.[21] Thus, considering the lower basicity of
ligand 12, an equilibrium involving the palladium hydride in-
termediate probably occurs. Unfortunately, under the most
effective protocol identified so far, the addition of different
Meldrum:s acid derivatives to allene 11 displayed high varia-
bility with regard to enantioselectivity. These results indicat-
ed the need for further development, that is, the definition
of a more consistent catalytic system. Moreover, it was clear
to us that by using stoichiometric amounts of acid, the full
potential of this reaction concerning atom economy had
been compromised. We reasoned that the ee inconsistency
could be aided by using less coordinating solvents (i.e. , non-
polar solvents). Furthermore, by using less basic solvents
than DMSO, less buffering by the solvent would allow great-
er effectiveness of the acid at lower concentrations.


As anticipated, changing the solvent to CH2Cl2 or THF
led to high ee:s even when smaller quantities of malonic
acid were employed (Table 4, entries 1,2). Experiments with
the more sensitive substrate 2b showed that, with 1% of
malonic acid as additive, CH2Cl2 is a better solvent for this
reaction (entries 3,4). Furthermore, we learned that the


Table 2. Addition of methyl Meldrum:s acid 2a to allene 11 under acidic
conditions.[a]


Entry Acid (%) Yield [%] ee [%]


1 malonic (10) 75 57
2 malonic (40) 90 77
3 malonic (100) 96 87
4 malonic (400) 66 85
5 malonic (100)[b] 87 86
6 malonic (100)[c] 80 71
7 AcOH (100) 81 72
8 TFA (100) 34 –
9 TsOH (100) 18 –


[a] 2.0% [Pd(OTFA)2], 2.5% (R,R)-12, 2% tBuOK, additive, DMSO,
RT, 16 h. [b] No base was added. [c] 20% tBuOK instead.


Table 3. Reaction reversibility determined by cross-experiments involv-
ing 13a and 2b.


Entry Additive (%) Ratio 13a :13b Yield [%]


1 KOtBu (2) 1.0:1.1 99
2 – 1:0 80
3 malonic acid (100) 1:0 93
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same level of efficiency could be achieved in the absence of
malonic acid (entry 5). Gratifyingly, higher ee:s could be at-
tained by employment of 1% trifluoroacetic acid (TFA),
confirming the decisive role of acid in the reaction under
study (entry 6). Raising the TFA concentration, however,
decreased both the ee and yield as other acid-catalyzed reac-
tions become significant (entries 7,8).


Taking the conditions of entry 6, Table 4, as optimal, the
reaction was extended to other Meldrum:s acid derivatives
as summarized in Equation (5) and Table 5.


After the encouraging results
obtained for palladium-cata-
lyzed addition of Meldrum:s
acid derivatives to allene 11, we
set out to investigate the use of
1,3-diketones as pronucleo-
philes. Their addition to allene
11 would reveal any differences
in reactivity and selectivity be-
tween cyclic and noncyclic sub-
strates. We started with reac-
tions of 3-methylpentane-2,4-
dione (15a) using the same
chiral catalyst system [Eq. (6),


Table 6]. Interestingly, the successful conditions designed for
Meldrum:s acid derivatives completely failed when applied
to diketone 15a (entry 1). Acetal 17 was the only observed
product. Byproduct 17 is supposedly formed after partial
degradation of allene 11 under the reaction conditions fol-
lowed by catalyzed addition of released BnOH to 11.[22] In
fact compound 17 was found to be a common side product
in sluggish additions to 11. Fortunately, we found that in the
absence of TFA, compound 15a reacts to afford adduct 16a
in very high ee, albeit rather slowly (entry 2). A higher cata-
lyst load substantially increased chemical yield, but the for-
mation of 16a was still sluggish (entry 3). Moreover, this
modification in the reaction conditions did not lead to a de-
crease in ee, as previously observed with other systems.[16]


It is worth noting that in contrast to the reactions with
Meldrum:s acid derivatives, reaction of diketone 15a pro-
ceeded under neutral conditions in high ee (Table 6, en-
tries 2 and 3). The reactivity problem should nonetheless be
tackled. It might stem from this compound:s lower acidity
relative to that of 2a (pKaDMSO: Meldrum:s acid: 7.3; 2,4-
pentanedione: 13.3).[23] Addition of acid would facilitate
protonation of palladium, but make the conjugate base of
the pronucleophile unavailable. Thus, it appeared to us that
a buffered system should be applied here. We chose 2:1
PhCO2H/Et3N mixtures to probe the acid–base combination
effect on the reaction rate. The following results showed
that the buffer system indeed made the addition of 15a to
11 more efficient (2% Pd). Whereas stereoselectivity was
maintained, the reaction rate was dramatically improved
(Table 6, entry 4). Decrease of additive concentration
helped to uniformly increase chemical yield (entries 5,6).
Further decrease made its effect irrelevant. Additional ex-
periments were carried out to clarify partial contributions of
acid (PhCO2H and Et3NH+) and base (PhCO2


�) compo-
nents of the buffer. They disclosed that both PhCO2H and
PhCO2


� had a positive effect on reaction rate (entries 7–9).


Table 4. Addition of methyl Meldrum:s acid 2a or 2b to allene 11 in
nonpolar solvents under acidic conditions.[a]


Entry Meldrum:s acid Acid (mol%) Solvent Yield [%] ee [%]


1 2a malonic (10) THF 43[b] 97
2 2a malonic (10) CH2Cl2 46[b] 98
3 2b malonic (1) THF 81 66
4 2b malonic (1) CH2Cl2 78 85
5 2b – CH2Cl2 78 86
6 2b TFA (1) CH2Cl2 81 94
7 2b TFA (2) CH2Cl2 78 91
8 2b TFA (4) CH2Cl2 40 88


[a] 2.0 mol% [Pd(OTFA)2], 2.5 mol% (R,R)-12, RT, overnight. [b] Re-
action halted after 5 h.


Table 5. Addition of methyl Meldrum:s acid derivatives 2 to allene 11
under optimized conditions.


Entry Meldrum:s acid Yield [%] ee [%]


1 2a 75 99
2 2c 63 82
3 2d 61 88
4 2e 90 91
5 2 f 82 96


Table 6. Effect of additives on the addition of diketone 15a to allene 11.


Entry Conditions[a] Additive (%) T [h] Yield of 16a [%] ee [%]


1 A TFA (2) 15 – –
2 B – 36–40 48[b] 98
3 C – 36 63 98
4 B PhCO2H (20); Et3N (10) 12–15 59 96
5 B PhCO2H (10); Et3N (5) 12–15 65 96
6 B PhCO2H (5.0); Et3N (2.5) 12–15 73 96
7 C Bu4NOBz (3) 24 65 96
8 C PhCO2H (3) 24 71 97
9 C PhCO2H (3); Et3N (3) 24 68 97
10 C TFA (3); Et3N (3) 24 36[b] 97


[a] A: 2% [Pd(OTFA)2], 4% ligand (R,R)-12. B: 1% [h3-(C3H5PdCl)2], 2.5% ligand (R,R)-12. C: 1.5% [h3-
(C3H5PdCl)2], 3.75% ligand (R,R)-12. [b] Not complete.
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The same did not apply to Et3NH+/CF3CO2
� (entry 10). We


applied the optimum conditions to the additions of a series
of pentane-2,4-dione derivatives to allene 11 [Eq. (7),
Table 7]. To obtain higher yields, 3% Pd and a small excess


of allene (0.3 mol equiv) was used. Excellent yields and ster-
eoselectivities in the formation of adducts 16 resulted. Inter-
estingly, derivative 15 f reacted very quickly and resulted in
a slightly lower enantioselectivity (entry 5). It is possible
that in the absence of buffer, a higher efficiency in the for-
mation of 16 f could be accomplished.


Performance of cyclic 1,3-diketones as pronucleophiles
was investigated [Eq. (8), Table 8]. A marked difference in
reactivity compared to acyclic diketones 15 was observed.


Cyclopentanedione 18a reacted with 11 very quickly under
neutral conditions to give adduct 19a in high ee. Conversely,
analogous diketone 18b added to allene 11 in moderate ee.
The reactions of both pronucleophiles resulted in very dif-
ferent behavior towards the buffered system successfully
used before. A significant drop in ee resulted when the
buffer system was employed in the reaction of five-mem-
bered diketone 18a, while no effect on the ee was observed
with cyclohexanedione 18b. However, in the latter case, the
yield was higher when the reaction was additive-free. Indane-
diones 18c and 18d also reacted under neutral conditions.
Although both compounds underwent fast additions, their
performance regarding stereoselectivity was very different,
with benzyl-substituted derivative 18d showing a far better
enantioselectivity. As a matter-of-fact, substance 18c was ex-
pected to react more selectively than 18d as its conjugate
base is more stable. A slower rate in the nucleophilic addi-
tion should lead to higher ee. A co-addition experiment
showed that indanedione 18c is nonetheless more reactive
than the counterpart 18d. Such a result indicates that either
palladium atom protonation or hydropalladation of allene
11 is the rate-limiting step. In other words, enantioselection
occurs in the fast step of these reactions. The low selectivity
in the reaction of pronucleophile 18c may be accounted for
by the nucleophile:s steric hindrance, which would disrupt
molecular recognition by the catalyst. No effort was made
to optimize the results obtained with cyclic 1,3-diketones by
means of controlling the rate of the nucleophilic addi-
tion.[16,17c,d,18]


To determine the enantiodirection of the process under
study, we chose to use adduct 13a, the absolute configura-
tion of which was disclosed by Mosher:s NMR method.[24]


Thus, this compound was transformed into the saturated sec-
ondary alcohol 21, which upon reaction with the two enan-
tiomeric Mosher:s acid chlorides, led to diastereomers 22a
and 22b (Scheme 2).


According to the accepted model, shielding effects by the
phenyl substituent (some of which are shown in Figure 1) in-
dicated the relative configuration shown by diastereomers
22a and 22b to be as depicted. Thus, in reactions of pronu-
cleophiles and allene 11 in the presence of the catalyst
based on the (R,R)-12 ligand, adducts possessing the S con-
figuration are formed.


Table 7. Generality of the addition of pentane-2,4-dione derivatives 15 to
allene 11.


Entry Pronucleophile Yield [%][a] ee [%]


1 15b 86 99
2 15c 83[b] 98
3 15d 91 99
4 15e 97 98
5 15 f 95[c] 93


[a] Optimized conditions: 1.5% [h3-(C3H5PdCl)2], 3.75% ligand (R,R)-
12, allene 11 (1.3 mol equiv), 5% PhCO2H, 2.5% Et3N, RT, 15 h. [b] The
same as [a], except for: 1.0% Pd dimer, 2.5% ligand (R,R)-12, allene 11
(1.0 mol equiv). [c] Reaction time: 1 h.


Table 8. Addition of cyclic 1,3-diketones 18 to allene 11.


Entry Pronucleophile Conditions[a] Yield [%] ee [%]


1 18a A 67 93
2 18a B 66 78
3 18b A 90 77
4 18b B 70 77
5 18c A 88 <8
6 18d A 77 81


[a] A: no additive. B: 20% PhCO2H, 10% Et3N.
Scheme 2. Derivatization of adduct 13a to form distereomeric esters
22a,b.
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Discussion


Our work has shown that hydrocarbonation of allene 11
with Meldrum:s acid derivatives 2 becomes more efficient
when acid additives are employed in the reaction. As briefly
discussed earlier, this finding suggested that the enol form
of the pronucleophile, instead of its conjugate base, must
take part for higher stereoselectivities to occur. When base
was employed, a lower ee resulted. Such observations point-
ed out the need of efficient p–s–p equilibration in the p-
allyl–Pd intermediate (Curtin–Hammett conditions). A less
reactive nucleophile would allow a more effective equilibra-
tion and, thus, the “matched” p-allyl–Pd intermediate could
be more efficiently selected. The observed effect of TBAB
on the addition of Meldrum:s acid derivatives in THF in the
presence of base furnished additional evidence for such an
assertion. It has been proposed that this halide effect origi-
nates from halide binding to palladium that favors a change
of hapticity.[17a,b] Conversely, a higher concentration of the
nucleophilic species, which may be the case for reactions
run in DMSO and in the presence of acid additives, acceler-
ates the rate of nucleophilic addition. As pointed out previ-
ously, insuring that equilibration of the chiral p-allyl–Pd
complexes is fast relative to nucleophilic attack is necessary
for high ee—a requirement that may not be met when nucle-
ophilic addition is very fast.


The experiments involving pentane-2,4-dione derivatives
15 indicated a different role for additives in the reaction
under study. We reasoned that with less acidic pronucleo-
philes, the use of acidic additives would be necessary to
attain satisfactory rates. However, under such conditions,
the pronucleophile:s conjugate base would be unavailable
and, thus, an effective concentration of its enol form is nec-
essary. We assumed that use of a buffer, such as the
PhCO2H/Et3N system, might ensure both palladium proto-
nation and efficient formation of the enol tautomer. Natu-
rally, the p-allyl–Pd species involved must be reactive
enough towards such a nucleophile. Our results showed that
this is, in fact, the best additive system for reactions of pen-
tane-2,4-diones 15. Conversely, TFA completely inhibited
addition of 15a to allene 11, whereas its conjugate base ap-
parently had no effect on this reaction. Thus, the formation
of a palladium hydride species does not solely guarantee
adduct formation. It is clear that the reactivity of the 1,3-di-
ketone:s enol form plays an important role here. Pentane-
2,4-dione derivatives are known to form enols, as easily de-
tected by 1H NMR spectroscopy, and are able to add to 11
under neutral conditions, albeit slowly. Therefore, the ob-


served additive effect may be mainly related to the nucleo-
philic addition step, possibly by general base catalysis. As an
indication of that, we point out that both PhCO2H and
PhCO2


� species (in the form of Bu4N
+ or Et3NH+ salts)


were equally effective additives. With the former, PhCO2
� is


made available after formation of the palladium hydride in-
termediate. Thus, co-catalysis by the PhCO2H/PhCO2


� addi-
tive system afforded the best results (even with lower cata-
lyst loading) by simultaneously providing activation of the
pre-catalyst by protonating palladium and generation of the
requisite nucleophile, presumably the 1,3-diketone enolate.


The reactions of pentane-2,4-dione derivatives 15 were
surprisingly robust with regard to stereoselectivity. The ee
remained virtually constant over very different conditions.
Under neutral conditions, after the hydropalladation step,
the nucleophilic species in the nucleophilic addition would
naturally be the pronucleophile:s conjugate base. It is worth
noting that in such a medium, the same degree of enantiose-
lection is obtained as that under acidic or buffered condi-
tions; the enol form of the pentane-2,4-dione derivative
likely takes part in this step. It should be noted that acetyla-
cetonate (acac) functions as a ligand to PdII. At a minimum,
a pH-dependent equilibrium wherein the acac is bound to
PdII exists under the conditions of the reaction. Since such
coordination inhibits alkylation, the more favorable this
equilibrium the poorer the reaction rate.


The cyclic 1,3-diketones showed dramatically different ef-
fects. First, the reactions are considerably faster which may
relate to the fact that they cannot serve as bidentate ligands
to Pd in contrast to the acyclic 1,3-diketones. Furthermore,
their reactions may be more sensitive to additives resulting
in lower enantioselectivities. The source of the effect may
derive from an increase in rate of nucleophilic addition in
the presence of the additive. On the other hand, by running
under neutral conditions, the slower rate of alkylation
allows the intermediate p-allyl complexes to equilibrate
faster than they can react and thus give higher ee. Similar ef-
fects have previously been noted.[25]


In general, our results herein affirm the need for nucleo-
philic addition to be slow in order to obtain good stereose-
lectivity. In fact, we have shown that additives and steric
hindrance at the nucleophile have such an effect on the
mechanism that allows an efficient p–s–p equilibration of
the p-allyl–Pd intermediate. Allenes, such as 11, give rise to
this species through hydropalladation according to the ac-
cepted mechanism. Allene 11 can undergo hydropalladation
through pathways a and b, which would be initiated by a
palladium complexation to either the C�C double bond in
the allenic system generating either species 23 or 24, respec-
tively (Scheme 3). Whereas complexes 23a, 23b, and 24b
preferentially form the syn-p-allyl–Pd intermediates 27a
and 27b (via 25 and 26b) after hydropalladation, complex
24a necessarily affords the anti-p-allyl–Pd intermediates 28
(via 26a). As complex 24b would be disfavored by steric in-
teraction between the catalyst and the syn benzyloxy group,
pathway b is likely to produce 24a preferentially. Although
hydropalladation of 11 via complexes 23a,b is electronically


Figure 1. Difference in chemical shifts (1H and 13C NMR spectra) shown
by diastereomers 22a,b.
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favored over complexes 24a,b due to p-basicity, sterically
the opposite is true. Thus, pathways a and b are expected to
compete leading to formation of both complexes 27 and 28.
Reductive elimination converts intermediates 27a and 28b
into product 29 and 27b and 28a into ent-29. Previous work
showed that, under the catalytic system employed herein, ef-
ficient p-facial discrimination occurs in some processes.[26, 27]


Selection of either 25a or 25b could involve diastereoselec-
tion in the formation of either complexes 23 or lowering of
the energy of one of the involved transition states. The fact
that the product obtained corresponds to ent-29 when using
the R,R ligand requires that 27b and/or 28a be the reactive
intermediates in this ligand-controlled reaction. Neverthe-
less, considering that our results suggests that high stereose-
lectivities depend on efficient equilibration of the p-allyl–Pd
intermediate, such initial p-facial diastereoselectivity could
explain the substantial formation of minor enantiomer 29 in
some reactions. Furthermore, structural studies[6a,18] do not
support the possibility of syn and anti intermediates 27b and
28a, respectively, converging to the same product ent-29.
The allyl systems thereof would not fit equally well in the
chiral catalyst pocket.


Experimental Section


Representative procedure for addition of Meldrum>s acid derivatives 2 to
allene 11


5-(1-Benzyloxy-allyl)-2,2,5-trimethyl-[1,3]-dioxa-4,6-dione (13a):[13] In a
4 mL Minivert pressure vial, a mixture of [Pd(OTFA)2] (6.7 mg), ligand
(R,R)-12 (17 mg) and methyl Meldrum:s acid 2a (316.3 mg, 2.0 mmol)
was evacuated and flushed with Ar three times and then diluted with
CH2Cl2 (4.5 mL). Then, a freshly prepared 1m solution of TFA in CH2Cl2
(20 mL) was added by syringe. After 30 min of stirring at RT, allene 11
(2.0 mmol) was added by syringe. After stirring overnight, the product
was purified by direct flash chromatography on silica gel (3:2 petroleum
ether/Et2O) to yield 13a[13] (527.7 mg, 87%) as a colorless oil, which sol-
idified upon standing, with an ee of 97%. Enantiomeric excess was deter-
mined by chiral HPLC (Chiralcel AD, heptane/2-propanol (99:1), flow:


1 mLmin�1, 254 nm): t1=11.47, t2=
12.78). [a]D (c=0.92 in CHCl3):
+22.98; 1H NMR (300 MHz, CDCl3):
d=7.37–7.20 (m, 5H), 6.11 (ddd, J=
19.8, 10.5, 9.3 Hz, 1H), 5.53 (dd, J=
9.5, 1.5 Hz, 1H), 5.38 (dd, J=18.7,
1.2 Hz, 1H), 4.55 (d, J=10.8 Hz, 1H),
4.29 (m, 2H), 1.70 (s, 3H), 1.67 (s,
3H), 1.46 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=132.0, 128.2,
123.5, 123.3, 123.1, 118.3, 101.1, 81.8,
66.1, 48.1, 24.8, 23.9, 17.0 ppm; IR
(film): ñ=1741.5, 1379, 1290, 1204,
1069 cm�1; elemental analysis calcd
(%) for C17H20O5 (304.34): C 67.09, H
6.62; found: C 66.91, H 6.47.


Representative procedure for addition
of 1,3-diketones to allene 11


3-(1-Benzyloxy-allyl)-3-furan-2-yl-
methyl-pentane-2,4-dione (16e): De-
gassed CH2Cl2 (0.7 mL) was added to
a mixture of ligand (R,R)-12 (8.85 mg,
3.75 mol%), (allyl)2Pd2Cl2 (1.87 mg,
1.5 mol%) and PhCO2H (2.09 mg,


5.0 mol%), and the resulting mixture was allowed to stir at RT for
�30 min under inert atmosphere. Then, neat 3-furylmethyl-2,4-pentane-
dione, (15e ; 61.6 mg, 57.0 mL, 0.342 mmol), Et3N (0.86 mg, 2.5 mol%;
added as a freshly prepared solution in degassed CH2Cl2), and neat
allene 11 (65 mg, 66.7 mL, 0.445 mmol), in this order, were added by sy-
ringe, and the resulting mixture was stirred for 15 h at RT. The reaction
mixture was then filtered through a short plug of silica gel and eluted
with EtOAc/petroleum ether (1:1). After evaporation of the volatiles, the
crude product was purified by flash chromatography to give compound
16e as a colorless oil (108 mg, 97%) with an ee=98% (HPLC: Daicel
OD-H, heptane/2-propanol (90:10), 254 nm; 1 mLmin�1; 13.76 min
(minor) 17.85 min (major)). [a]22:2


D =++8.75 (c=1.12 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.36–7.28 (m, 5H), 6.25 (m, 1H), 6.01 (d, J=
3.0 Hz, 1H), 5.59 (m, 1H), 5.47–5.41 (m, 3H), 4.62 (d, J=11.1 Hz, 1H),
4.45 (d, J=7.5 Hz, 1H), 4.33 (d, J=11.1 Hz, 1H), 3.28 (d, J=15.4 Hz,
1H), 3.08 (d, J=15.4 Hz; 1H), 2.21 (s, 3H), 2.09 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d=207.5, 205.4, 150.3, 141.6, 137.5, 132.6, 128.3, 127.6,
127.4, 121.4, 110.5, 108.8, 81.7, 72.4, 70.9, 30.5, 30.3, 28.0 ppm; IR (neat):
ñ=1699.1, 1421.5, 1355.4, 1193.4, 1146.1, 1068.4, 1010.9, 939.3, 735.9,
698.7 cm�1; elemental analysis calcd (%) for C20H22O4: C 73.60, H 6.79;
found: C 73.72, H 6.70; HRMS (EI): m/z calcd: 326.1518; found:
326.1517.


Mosher>s ester 22a : A mixture of alcohol 21 (18.5 mg, 98.3 mmol) (S)-
MTPA chloride (15.0 mL, 80.3 mmol), and DMAP (12.0 mg, 98.2 mmol)
in CH2Cl2 (0.5 mL) was stirred at room temperature for 2 h ((S)-
MPTA=a-methoxy-a-(trifluoromethyl)phenylacetic acid; DMAP=4-di-
methylamino pyridine). Then, it was concentrated and purified by flash
chromatography to give ester 22a (24.9 mg, 77%). [a]D=++27.96 (c=1.0
in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=7.59–7.58 (m, 2H), 7.42–
7.40 (m, 3H), 5.30 (dd, 1J=10 Hz, 2J=2.5 Hz, 1H), 3.69 (d, J=11.5 Hz,
1H), 3.60 (d, J=12 Hz, 1H), 3.56 (s, 3H), 3.45 (d, J=11.8 Hz, 1H), 3.37
(d, J=12 Hz, 1H), 1.73–1.69 (m, 1H), 1.64–1.59 (m, 1H), 1.38 (s, 3H),
1.35 (s, 3H), 0.93 (t, J=7.5 Hz, 3H), 0.92 ppm (s, 3H); 13C NMR
(125 MHz, CDCl3): d=166.2, 132.0, 129.7, 128.5, 127.5, 98.2, 79.9, 66.5,
66.4, 55.5, 37.3, 23.7, 22.6, 15.8, 11.1 ppm; IR (neat): ñ=2977, 2940, 2877,
1746, 1451, 1393, 1374, 1257, 1207, 1189, 1166, 1121, 1085, 1017, 908, 826,
768, 713 cm�1; elemental analysis calcd (%) for C20H27O5F3: C 59.40, H
6.75; found: C 59.18, H 6.86.


Mosher>s ester 22b : The procedure was the same as the one employed in
the preparation of compound 22a, except for the use of (R)-MTPA chlo-
ride. The yield was 56% (83% based on recovered starting material).
[a]D=�10.96 (c=1.0 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=7.57–
7.55 (m, 2H), 7.42–7.41 (m, 3H), 5.26 (dd, 1J=10 Hz, 2J=2.5 Hz, 1H),
3.70 (d, J=12 Hz, 1H), 3.64 (d, J=12 Hz, 1H), 3.50 (s, 3H), 3.45 (d, J=


Scheme 3. Mechanistic pathways in the hydropalladation of allene 11.
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11.8 Hz, 1H), 3.38 (d, J=12 Hz, 1H), 1.68–1.64 (m, 1H), 1.61–1.56 (m,
1H), 1.39 (s, 3H), 1.37 (s, 3H), 0.93 (s, 3H), 0.89 ppm (t, J=7.5 Hz, 3H);
13C NMR (125 MHz, CDCl3): d=166.4, 131.7, 129.8, 128.6, 127.9, 98.2,
80.0, 66.6, 66.5, 55.2, 37.3, 23.9, 23.6, 22.4, 15.8, 10.8 ppm; IR (film): n=
2977, 2940, 2877, 1746, 1451, 1393, 1374, 1257, 1207, 1189, 1166, 1121,
1085, 1017, 908, 826, 768, 713 cm�1; elemental analysis calcd (%) for
C20H27O5F3: C 59.40, H 6.75; found: C 59.18, H 6.86.
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Introduction


The formation of a chiral carbon center next to a carbonyl
group in an enantioselective fashion is a transformation of
primary importance in organic chemistry, and with the
recent emergence of novel organocatalytic processes, the
possibilities have never been greater for the synthetic chem-
ist.[1] Among the various reactions developed, those pro-
ceeding through an enamine mechanism have proven to be
particularly successful leading to the development of highly
stereoselective aldol,[2] Mannich,[3] a-amination,[4] a-amino-
xylation,[5] a-sulfenylation,[6] and a-fluorination reactions,[7]


as well as others.[1] Recently, the organocatalytic enantiose-
lective a-chlorination of aldehydes[8] and ketones[9] have
been added to this list by MacMillan et al. and us independ-
ently [Eq. (1)]. Previously, optically active a-chlorocarbonyl
compounds have been accessed by Lewis acid[10] and cincho-
na alkaloid[11] mediated methodologies.[12]


The development of a highly enantioselective a-chlorina-
tion of aldehydes clearly complements the previously devel-
oped organocatalytic reactions mentioned above, due to the
possibilities for further synthetic transformations of the opti-
cally active a-chloroaldehydes formed. Thus, these highly
versatile compounds can be used for the introduction of a
variety of functional groups as both the aldehyde functional-
ity and the chlorine atom are good handles for further
chemical transformations.[13] As previously demonstrated,
the a-chloroaldehydes are excellent substrates for the syn-
thesis of, for example, optically active amino acid deriva-
tives, epoxides, a-chloroaldehydes, and amino alcohols by a
few simple transformations with preservation of the stereo-
chemical information (Scheme 1).[8b]


Due to the evident importance of the a-chloroaldehydes
and to obtain further information on the properties of the
novel 2,5-diphenylpyrrolidine (1) catalyst, we decided to in-
vestigate the reaction mechanism and the origin of the
asymmetric induction. Here we wish to report the results of
our mechanistic investigation into the 2,5-diphenylpyrroli-
dine-catalyzed a-chlorination of aldehydes [Eq. (1)] by using
both experimental and computational methods.[8b]


Abstract: The mechanism for the 2,5-
diphenylpyrrolidine-catalyzed enantio-
selective a-chlorination of aldehydes
with electrophilic halogenation re-
agents has been investigated by using
experimental and computational meth-
ods. These studies have led us to pro-
pose a mechanism for the reaction that
proceeds through an initial N-chlorina-


tion of the chiral catalyst–substrate
complex, followed by a 1,3-sigmatropic
shift of the chlorine atom to the enam-


ine carbon atom. The suggested reac-
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Results and Discussion


To understand the factors controlling the asymmetric induc-
tion in the a-chlorination reaction, we commenced our
mechanistic investigation using density functional theory
(DFT) calculations on catalyst–substrate intermediate 3,
formed by reaction of 2,5-diphenylpyrrolidine (1) with alde-
hyde 2 (Scheme 2).
To our surprise, the DFT-optimized[14] enamine intermedi-


ate 3 did not show any appreciable steric shielding of the re-
acting a-carbon center (Scheme 2 and Figure 1). From a
fragment molecular orbital (FMO) point of view, the
HOMO N- and Ca-orbital coefficients for 3 are calculated
to be 0.312 and 0.253, respectively, indicating that the nitro-
gen atom has the highest electron density in the HOMO
and might be expected to be the most reactive center to-
wards the electrophilic chlorinating reagent.
We hypothesized that the reaction might proceed through


an initial, kinetically controlled N�Cl bond formation,


whereby the electrophilic chlor-
ine atom reacts first with the
nucleophilic enamine nitrogen
atom, forming the N-chloroam-
monium ion intermediate 4
(path A, Scheme 3), rather than
a direct addition to the enamine
carbon atom (path B). The in-
termediate 4 then rapidly un-
dergoes a 1,3-sigmatropic
shift[15] forming the thermody-
namically favored catalyst–
product iminium ion 5, which is
common to both reaction paths.
It should be noted that a pe-
ripherally related 1,3-sigma-
tropic chlorine shift has previ-
ously been observed in chlori-
nation reactions of indoles by
De Rosa et al.[16]


As the path A mechanism in
Scheme 3 is very different from
previously proposed mecha-
nisms in which the carbon nu-
cleophile in the enamine inter-
mediate reacts directly with
the electrophile (path B,
Scheme 3),[17] we set out to fur-Scheme 1. Transformations of a-chloroaldehydes with preservation of stereochemical information.[8b]


Scheme 2. Formation of the enamine intermediate 3.


Figure 1. DFT-optimized structure of enamine intermediate 3, with R=


iPr.[14]


Scheme 3. Possible mechanistic pathways for the organocatalytic enantio-
selective a-chlorination of aldehydes.


www.chemeurj.org D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 7083 – 70907084



www.chemeurj.org





ther test our hypothesis experimentally and computationally.
We initiated our studies by investigating the proposed 1,3-


sigmatropic shift of the chlorine atom by DFT calcula-
tions[18] at the B3LYP/6-31G(d) level of theory using the
system in Scheme 3 with R= iPr. Energies of the gas-phase-
optimized DFT structures have also been calculated in solu-
tion by means of single-point calculations in 1,2-dichloro-
ethane (DCE). The optimized structures and important cal-
culated results are summarized in Table 1.


Similarly to enamine 3 (Figure 1), no steric shielding of
the reacting carbon center is observed for the N-chloro in-
termediate 4 (see graphic of 4 (top) in Table 1), because the
dihedral angle defined by Cl-N-C1-Ca (see 3 in Scheme 3) is
very close to 08. We have calculated the potential-energy
surface for rotation around this dihedral angle and found
that the conformation of 4 depicted in Table 1 represents
the lowest energy conformation.
Optimal orbital overlap for the 1,3-sigmatropic shift is ex-


pected when the N�Cl bond is orthogonal to the Ca=C1
double bond. For this to happen, a rotation around the N�


C1 bond must take place. Rotation of the double bond
moiety to the right in 4, followed by the 1,3-sigmatropic
shift of chlorine gives (S)-5, whereas rotation to the left
gives (R)-5. We speculated as to whether there was a prefer-
red rotation of the N-chloro intermediate 4 leading to one
of the two possible products (S)- or (R)-5. The two transi-
tion states have been optimized and the energies calculated
(Table 1). These two structures have almost identical N�Cl
bond lengths, and only a minor difference in the C�Cl bond
lengths. In both gas phase and solution, formation of (S)-5
represents the lowest transition state energy. The computa-
tional results reveal that formation of (S)-5 is favored in the
gas phase by a difference in activation energies, DEa,gas, of
2.5 kcalmol�1, corresponding to 97% ee of (S)-5, which is in
very good agreement with the experimentally observed en-
antiomeric excess of 94% ee.[8b] The solvation calculations
point in the same direction with DEa,DCE=2.7 kcalmol


�1 and
thereby a calculated enantiomeric excess of 98% ee.
Figure 2 shows an energy diagram for the 1,3-sigmatropic
shift from the N-chloro intermediate 4 to the two possible
products (S)- and (R)-5.


The optimized structures of the two products (R)- and
(S)-5 are of similar energy with the latter being favoured by
0.5 kcalmol�1 in the gas phase (Table 1), and in solution the
energy difference is even less. The preference for (S)-TS1,3
can be accounted for by steric repulsion between the phenyl
substituent and enamine fragment as indicated in red for 4
(see bottom view) in Table 1, thereby favoring rotation to
the right. Thus, not only is the formation of the experimen-
tally observed enantiomer predicted, but also the experi-
mental optical purity is calculated with high accuracy. There-
fore, the computational results support our hypothesis that
the reaction might take place through an initial N-chlorina-
tion followed by a very fast enantioselective 1,3-sigmatropic
shift (Scheme 3, path A).
We have also attempted to detect N-chloro intermediate 4


experimentally using spectroscopic methods. However, this


Table 1. Optimized structures and electronic energies of the N-chloro in-
termediate 4, enantiomers (R)- and (S)-5, and transition states (R)- and
(S)-TS1,3 in the gas phase and in solution.


C�Cl
[L]


N�Cl
[L]


DEelec [kcalmol
�1]


gas phase[a]
DEelec [kcalmol


�1]
1,2-dichloroethane[a]


4 3.000 1.795 0 0
(R)-5 1.824 3.685 �43.43 �44.35
(S)-5 1.830 3.524 �43.96 �44.41
(R)-TS1,3 3.193 2.714 16.55 12.16
(S)-TS1,3 3.281 2.706 14.09 9.48


[a] DE values are given relative to the total energy of 4 : �1329.95260
Hartree in the gas phase and �1329.98854 Hartree in 1,2-dichloroethane.


Figure 2. Energy diagram for the 1,3-sigmatropic shift from the N-chloro
intermediate 4 to the two possible products (S)- and (R)-5 in 1,2-di-
chloroethane.
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was not possible as the 1,3-sigmatropic shift is a fast process
(vide infra) making the population of 4 negligible. Since we
were unable to detect 4 we changed strategy and investigat-
ed the possibility of detecting a secondary isotope effect
using a deuterated model system [Eq. (2)].


By using a 1:1 mixture of enamine 3-H and the deuterated
analogue 3-D, a series of 1H NMR spectroscopy experiments
were undertaken to determine the relative reaction rates of
3-H and 3-D. It should be noted that since the reactions
were performed under strictly anhydrous conditions, the
products formed are the aminals 7-H and 7-D, resulting
from addition of the succinimide anion to the iminium ion
intermediate 5. If the reaction proceeds through path B, an
inverse secondary isotope effect is expected,[19] that is, kH/
kD<1. On the other hand, no secondary isotope effect is ex-
pected if the reaction proceeds through path A and it is as-
sumed that k1,3@kNCl. We believe this assumption to be rea-
sonable based on the large thermodynamic driving force for
the 1,3-sigmatropic shift (�44 kcalmol�1), as shown by
DFT-calculations (Table 1). The reaction [Eq. (2)] was per-
formed at �20, 0, and 20 8C in both CD2Cl2 and CDCl3
using four equivalents of the preformed enamine relative to
NCS and in none of the experiments did we detect any iso-
tope effect during the reaction, or after all the NCS was
consumed. Furthermore, the reaction was repeated using
one, two and five equivalents of enamine relative to NCS
with identical results. The absence of a secondary isotope
effect is only an indication that the reaction might proceed
through path A, and cannot be used to entirely exclude
path B, as a very small isotope effect, for example, kH/kD=
0.99 is within experimental error.
The absence of a secondary isotope effect led us to study


the influence of the chlorine source on the enantioselectivity
of the reaction. Therefore, we performed the a-chlorination
of butanal using NCS, the structurally related N-chloro-
phthalimide (NCP) and 2,3,4,5,6,6-hexachloro-2,4-cyclohexa-
dien-1-one, employed by MacMillan et al.[8a] as electrophilic
chlorine sources [Eq. (3), Table 2].


For all three chlorine sources, an optical purity of exactly
95% ee was observed in the a-chlorobutanal formed, and


only the reaction rate differed. If the reaction proceeds
through path A in Scheme 3, it would be expected that all
three chlorine sources should provide a-chlorobutanal with
the same optical purity, as the chlorine source is not directly
involved in the step where the chiral center is formed. On
the other hand, if the chlorine donor is directly involved in
the step where the chiral center is formed as in path B in
Scheme 3, it is highly unlikely that three structurally differ-
ent chlorine donors should provide the product in exactly
the same optical purity.
We have also studied the overall mechanism. Initially, the


possible presence of a nonlinear effect[20] in the reaction was
examined as this can provide important mechanistic infor-
mation. 2,5-Diphenylpyrrolidine (1) was prepared as a race-
mate, and in four different optical purities. The catalytic
enantioselective a-chlorination of isovaleraldehyde with
NCS as the chlorine source was then investigated and the
results are shown in Figure 3.
As shown in Figure 3 the enantiomeric excess of the cata-


lyst clearly correlates linearly with the enantiomeric excess
of the a-chloroisovaleraldehyde formed (R2=0.99) in the re-
action. Therefore there is clearly no nonlinear effect in the
reaction and this strongly indicates that only one molecule
of 1 is involved in the formation of the chiral center. These
results support the proposed catalytic cycle (Scheme 4—the
1,3-sigmatropic shift is not included), in which the reaction
proceeds through formation of the chiral enamine 9, that in
turn reacts with NCS as the chlorine source to form the
product iminium ion 10, which upon hydrolysis yields the
product and succinimide.
We also speculated if other mechanistic pathways, for ex-


ample, chlorination of the catalyst to form a chiral chlorine


Table 2. Organocatalytic a-chlorination of butanal with various chlorine
sources.[a]


Entry Chlorine
source


t
[min]


Conversion
[%][b]


ee
[%][c]


1 30 >95 95


2 180 >95 95


3 5 >95 95


[a] Reaction conditions: the chlorine source (1.3 equiv) was added to a
mixture of 2,5-diphenylpyrrolidine (1, 10 mol%), butanal, PhCO2H (10
mol%) and H2O (100 mol%) in CH2Cl2 at 0 8C. [b] Determined by GC
and 1H NMR spectroscopy. [c] Determined by CSP-GC.
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donor could be an alternative to the proposed mechanism
(Scheme 3 and 4), as this mechanism would also afford a-
chloro aldehydes with optical purities independent of the
chlorine donor. However, this mechanism is unlikely, as a
nonlinear effect would then be expected because two chiral
molecules of 1 are involved in the formation of the chiral
center. Furthermore, no reaction between 1 and NCS was
observed when mixed in CH2Cl2 at ambient temperature,
rendering this alternative mechanism unlikely.
During our investigation of the mechanism of the 1-cata-


lyzed a-chlorination of aldehydes with NCS, the rate-deter-
mining step and the influence of additives on the reaction
rate were also studied. In Figure 4, we show the formation
of a-chlorobutanal from butanal and NCS (1.3 equiv) in the
presence of 10 mol% 1 in CH2Cl2 at 0 8C as the reaction
progresses [Eq. (3)].
The linear relationship (R2=0.984) between conversion


and time shows that the reaction rate was constant as the re-
action progresses, indicating that the concentration of the
reactants did not affect the reaction rate.[21] Therefore, we
reasoned that it is likely that neither butanal nor NCS is di-


rectly involved in the rate-determining step and focused on
the steps directly involving the catalyst (Scheme 4).
With the above results in hand we hypothesized that the


rate-determining step in the catalytic cycle was most likely
the hydrolysis of the product iminium ion 10. To test this hy-
pothesis we investigated how the addition of water and acid
influenced the reaction rate, as both additives are known to
facilitate imine hydrolysis. The 1-catalyzed a-chlorination of
butanal with NCS was therefore performed in the presence
of 10 mol% butyric acid, with and without added water
(Figure 5 and Table 3).
It appears from Figure 5 and Table 3 that the addition of


10 mol% butyric acid increased the reaction rate markedly
relative to that found for the reaction without additive, and
that the reaction rate was increased even further by the ad-
dition of water (2.0 equiv).[23] In fact, when both 10 mol%


Figure 3. Absence of nonlinear effect in the a-chlorination reaction.


Scheme 4. Proposed catalytic cycle for the 1-catalyzed a-chlorination of
aldehydes (the 1,3-sigmatropic shift is not shown).


Figure 4. Formation of a-chlorobutanal.


Figure 5. 2,5-Diphenylpyrrolidine (1; 10 mol%)-catalyzed formation of
a-chlorobutanal, with and without additives.[22]
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butyric acid and water were added to the reaction, the reac-
tion rate was almost doubled with respect to the reaction
rate without additives. Furthermore, it should be noted that
even in the presence of additives, the reaction rate was
found to be constant throughout the reaction (R2=0.99),
and thus still independent of the concentration of the reac-
tants. These results further support our hypothesis that the
rate-determining step in the catalytic cycle is the hydrolysis
of product iminium ion 10. Another possibility for the rate-
determining step would be the condensation between the
catalyst and the aldehyde, that is, the formation of substrate
iminium ion 8 (Scheme 4), and the addition of acid additives
would be expected to increase this reaction rate. On the
other hand, the addition of water would have a severely det-
rimental effect on the rate of formation of substrate imini-
um ion 8, and since this is contrary to our observations we
therefore rule this step out as being the rate-determining
step in the catalytic cycle.


Conclusion


In summary we have proposed that the 2,5-diphenylpyrroli-
dine-catalyzed a-chlorination of aldehydes might proceed by
an initial N-chlorination of the chiral catalyst–substrate
complex, followed by a 1,3-sigmatropic shift of the chlorine
atom to the enamine carbon atom. This hypothesis was
tested by the investigation of the possible presence of iso-
tope effects, nonlinear effects, kinetics, and by DFT calcula-
tions. The experimental and computational results presented
here support the proposed mechanism, and alternative
mechanistic pathways were disproved. Furthermore, the
rate-determining step in the reaction was determined to be
the hydrolysis of product iminium ion.


Experimental Section


NMR experiments were performed on a Varian Mercury NMR spectrom-
eter at 400 MHz for 1H and 100 MHz for 13C experiments. Deuterated
solvents were dried over molecular sieves (4 L) prior to use. NCS was re-
crystallized from AcOH before use and dried under high vacuum.


a,a-Dideuterated isovaleraldehyde was prepared from isovaleraldehyde
and D2O by repeating the method of Villieras


[24] five times, and was sub-
sequently used for the formation of enamine 3-D.


1-(2-Deuterio-3-methylbut-1-enyl)pyrrolidine (3-D): Distilled a,a-dideu-
terated isovaleraldehyde (10.7 mL, 100 mmol) was slowly added to a mix-
ture of distilled pyrrolidine (10.9 mL, 1.3 equiv) and CaH2 (5.0 g,
1.2 equiv) in cyclohexane under an nitrogen atmosphere and the reaction


mixture was stirred for 40 h. After filtration under a nitrogen atmos-
phere, the solvent was removed, and the 3-D was purified by distillation
(81 8C, 20 mbar) to obtain the pure product. 1H NMR (CDCl3): d=0.97
(d, J=6.8 Hz, 6H), 1.80–1.84 (m, 4H), 2.24 (septet, J=6.8 Hz, 1H), 2.92–
2.96 (m, 4H), 6.14 ppm (s, 1H); 13C NMR (CDCl3): d=24.4, 24.8, 29.3,
49.1, 106.7, 106.9, 107.1, 133.4 ppm.


1-(3-Methylbut-1-enyl)pyrrolidine (3-H): This compound was prepared
by the same procedure as for 3-D by using isovaleraldehyde, but the re-
action time is only a few hours as no primary deuterium isotope effect is
present. 1H NMR (CDCl3): d=0.99 (d, J=6.8 Hz, 6H), 1.81–1.85 (m,
4H), 2.25 (octet, J=6.8 Hz, 1H), 2.94–2.98 (m, 4H), 4.14 (dd, J=6.8,
16.0 Hz, 1H), 6.16 ppm (d, J=16.0 Hz, 1H); 13C NMR (CDCl3): d=24.5,
24.8, 29.3, 49.1, 107.2, 133.6 ppm.


General procedure for the NMR competition experiments between 3-H
and 3-D : An exact 1:1 mixture of enamine 3-H and 3-D (0.05–1.0m) was
prepared under an Ar atmosphere by using flame-dried (under vacuum)
Schlenk glassware and strictly anhydrous solvents. The desired amount of
the mixture was transferred to a dried NMR tube under Schlenk condi-
tions. The exact 1:1 molar ratio was double checked by 1H NMR spec-
troscopy and the NMR tube was put in a Schlenk tube under an argon at-
mosphere and cooled by liquid N2. A solution of NCS in the desired sol-
vent was prepared under strictly anhydrous conditions and added slowly
by syringe to the NMR tube. The NMR tube was then transferred direct-
ly to a pre-cooled NMR probe set at the desired temperature (�60 to
+20 8C). The reaction progress was monitored by 1H NMR spectroscopy
until completion, when all NCS was consumed as determined by
1H NMR spectroscopy. The relative rate of reaction was determined by
comparing the amounts of remaining 3-H and 3-D by integration of
1H NMR spectra.


1-(2-Chloro-3-methyl-1-pyrrolidin-1-ylbutyl)pyrrolidine-2,5-dione (7H):
Formed as a single diastereomer. This compound was not isolated due its
highly unstable nature but characterized by NMR spectroscopy (1H, 13C-
DEPT, H-H COSY, H-C COSY). 1H NMR (CDCl3): d=0.86 (d, J=
6.8 Hz„ 3H; CH3), 0.99 (d, J=6.8 Hz, 3H; CH3), 1.52–1.67 (m, 4H; pyr-
rolidine CH2CH2), 2.31 (dseptet, J=1.6, 6.8 Hz, 1H; CHMe2), 2.47–2.83
(m, 8H; CH2NCH2, succinimide CH2CH2), 5.06 (d, J=1.6 Hz, 1H;
C*HCl), 5.07 ppm (s, 1H; aminal CH); 13C NMR (CDCl3): d=14.4
(CH3), 20.9 (CH3), 23.3 (CH2), 24.2 (CH2), 27.8 (CH2), 29.4 (CH2), 48.5
(NCH2), 49.5 (NCH2), 64.8 (CH*Cl), 71.9 (NCHN), 178.8 (CO),
179.0 ppm (CO).


1-(2-Chloro-2-deuterio-3-methyl-1-pyrrolidin-1-ylbutyl)pyrrolidine-2,5-
dione (7D): Formed as a single diastereomer. This compound was not
isolated due its highly unstable nature but characterized by NMR spec-
troscopy (1H, 13C-DEPT, H-H COSY, H-C COSY). 1H NMR (CDCl3):
d=0.86 (d, J=6.8 Hz, 3H; CH3), 0.99 (d, J=6.8 Hz, 3H; CH3), 1.52–1.67
(m, 4H; pyrrolidine CH2CH2), 2.31 (septet, J=6.8 Hz, 1H; CHMe2),
2.47–2.83 (m, 8H; CH2NCH2, succinimide CH2CH2), 5.07 ppm (s, 1H;
aminal CH); 13C NMR (CDCl3): d=14.4 (CH3), 20.9 (CH3), 23.3 (CH2),
24.2 (CH2), 27.8 (CH2), 29.4 (CH2), 48.5 (NCH2), 49.5 (NCH2), 64.2, 64.5,
64.7 (CD*Cl), 71.9 (NCHN), 178.8 (CO), 179.0 ppm (CO).


Procedure for the organocatalytic a-chlorination of butyraldehyde using
different chlorine sources : (R,R)-2,5-Diphenylpyrrolidine (0.05 mmol, 10
mol%), butyraldehyde (0.50 mmol, 1.0 equiv), and benzoic acid
(0.05 mmol, 10 mol%) were stirred in CH2Cl2 (1.0 mL) and water (100
mol%) at 0 8C. The chlorine donor (0.65 mmol, 1.3 equiv) was added and
the reaction mixture was stirred at 0 8C until the aldehyde was completely
consumed as determined by 1H NMR spectroscopy of the reaction mix-
ture and confirmed by GC analysis. The enantiomeric excess was deter-
mined by GC on a Chrompak CP-Chirasil Dex CB-column. Temperature
program: 55 8C isotherm for 9 min. Rt : 6.7 (R enantiomer), 6.9 min (S en-
antiomer).


Computational methods : All quantum chemical calculations were carried
out by using the Gaussian 98[18a] or Gaussian 03[18b] suite of programs.
Using Gaussian 98, initial structures were computed at the HF/6-31G
level of theory and were used as starting geometries for all production
calculations, which were computed at the B3LYP/6-31G(d) level of
theory. Transition state structures for the 1,3-sigmatropic shift of chlorine


Table 3. Reaction rate data for 1-catalyzed (10 mol%) formation of
a-chlorobutanal, with and without additives.


Entry Additive k R2


1 none 0.92 0.98
2 10 mol% butyric acid 1.24 0.99
3 10 mol% butyric acid


+2.0 equiv H2O
1.77 0.99
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were localized by using the Synchronous Transit-guided Quasi Newton[25]


technique as implemented in Gaussian03.


Frequency analysis was performed for all stationary points, and the
number of imaginary frequencies was zero and exactly one for all
minima and transition state structures, respectively. To confirm that the
located transition states in fact corresponded to the transfer of chlorine,
the imaginary frequency for each saddle point was analyzed by the
Molden program.[26] In addition, the intrinsic reaction coordinate
(IRC)[27] paths were traced in order to verify the energy profiles connect-
ing each transition state structure to the two associated minima of the
1,3-chlorine shift.


Assuming that the gas-phase optimized structures do not change much
on going to the solution phase, the energies of the gas-phase-optimized
DFT structures were calculated in solution by means of single-point sol-
vation calculations. We believe that this represents a satisfactorily ap-
proximation, as the gas-phase-optimized geometry of 4 and a fully
B3LYP(COSMO)/6-31G(d) optimized geometry of 4 superimpose with a
RMS of only 0.015 L. Continuum solvation effects were modeled by
using the implementation of the conductor-like screening solvation
model[28] (COSMO) in Gaussian 03. The medium was chosen to be 1,2-di-
chloroethane (DCE), with a dielectric constant of e=10.36, as the S
product was formed in 94% ee in that solvent.[8b] The energies computed
for structures in the solvent DCE were thereby calculated at the B3LYP-
(COSMO)/6-31G(d)//B3LYP/6-31G(d) level of theory and included the
electronic energy from the COSMO[28] solvation model.


Absolute energies and Cartesian coordinates of fully gas phase optimized
geometries for the structures 3, 4, (R)-5, (S)-5, (R)-TS1,3, and (S)-TS1,3 in
the gas phase at the B3LYP/6-31G(d) level of theory are listed in Sup-
porting Information.
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Introduction


Diamondoids are defined as a group of cage hydrocarbons
with carbon frameworks resembling the diamond lattice.


The intensive development of the chemistry of cage com-
pounds was initiated by Schleyer�s discovery of a simple
preparation of adamantane through the “stabilomeric” re-
arrangement of tetrahydrodicyclopentadiene catalyzed by
Lewis acids.[1] Analogous thermodynamically controlled iso-
merizations of norbornene[2] or norbornadiene[3] dimers
were used for the preparation of diamantane, the next rep-
resentative diamondoid. Unfortunately, the “stabilomeric”
approach is not efficient for the preparation of higher dia-
mondoids (i.e., larger than tetramantane) because these pos-
sess multiple, energetically close, low-lying minima so that
mixtures of isomers ensue. Hence, to date only triaman-
tane[4] and C2h-tetramantane have been prepared synthetical-
ly.[5,6] The synthetic inaccessibility of higher diamondoids is
the main reason why the chemistry of these fascinating cage
hydrocarbons is virtually undeveloped. The fact that dia-


Abstract: The structures, strain ener-
gies, and enthalpies of formation of di-
amantane 1, triamantane 2, isomeric
tetramantanes 3–5, Td-pentamantane 6,
and D3d-hexamantane 7, and the struc-
tures of their respective radicals, cat-
ions, as well as radical cations, were
computed at the B3LYP/6-31G* level
of theory. For the most symmetrical hy-
drocarbons, the relative strain (per
carbon atom) decreases from the lower
to the higher diamondoids. The relative
stabilities of isomeric diamondoidyl
radicals vary only within small limits,
while the stabilities of the diamondoid-
yl cations increase with cage size and
depend strongly on the geometric posi-
tion of the charge. Positive charge lo-


cated close to the geometrical center of
the molecule is stabilized by 2–5 kcal
mol�1. In contrast, diamondoid radical
cations preferentially form highly delo-
calized structures with elongated pe-
ripheral C�H bonds. The effective
spin/charge delocalization lowers the
ionization potentials of diamondoids
significantly (down to 176.9 kcalmol�1


for 7). The reactivity of 1 was exten-
sively studied experimentally. Whereas
reactions with carbon-centered radicals
(Hal)3CC (Hal=halogen) lead to mix-


tures of all possible tertiary and second-
ary halodiamantanes, uncharged elec-
trophiles (dimethyldioxirane, m-chloro-
perbenzoic acid, and CrO2Cl2) give
much higher tertiary versus secondary
selectivities. Medial bridgehead substi-
tution dominates in the reactions
with strong electrophiles (Br2,
100% HNO3), whereas with strong
single-electron transfer (SET) accep-
tors (photoexcited 1,2,4,5-tetracyano-
benzene) apical C4�H bridgehead sub-
stitution is preferred. For diamondoids
that form well-defined radical cations
(such as 1 and 4–7), exceptionally high
selectivities are expected upon oxida-
tion with outer-sphere SET reagents.
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mondoids (ca. 1–5 nm) bridge the nanometer-scaled size gap
between molecular diamond-like structures (such as ada-
mantane and diamantane, ca. 0.2–0.5 nm) and macromolecu-
lar small diamonds (ca. 1–100 nm), often referred to as
“nanodiamonds”,[7] make them particularly attractive for the
preparation of pharmacologically active compounds (pro-
nounced membrane activity[8] due to the high lipophilicity of
the aliphatic core structure is expected, as for adaman-
tane[9]), polymers with high rigidity,[10] and hybrid materi-
als.[11]


As higher diamondoids are now accessible in sizeable
quantities from crude oil,[12–14] the quest for their selective
functionalization arises. It is clear that the large number of
similarly reactive tertiary C�H bonds makes this a rather
challenging task; the secondary positions are even more dif-
ficult to functionalize selectively due to their lower reactivi-
ty and reduced steric accessibility.
Many preparatively useful procedures for the functionali-


zation of cage compounds are based on the reactions with
electrophiles, radicals, and strong single-electron oxidiz-
ers.[15,16] The most useful are electrophilic oxidizers, which
often react selectively with tertiary C�H bonds of cage hy-
drocarbons. These reactions are mechanistically neither radi-
cal[17] nor purely electrophilic in nature,[18] and instead pro-
ceed through H-coupled electron-transfer pathways.[19, 20] As


there is only one type of tertiary C�H bond in adamantane,
it reacts selectively with neat Br2,


[21] ICl,[22] and
100% HNO3,


[23] making many tertiary adamantane deriva-
tives available in high preparative yields, even on industrial
scale. Selective functionalization of diamantane with electro-
philes gives medial tertiary C1 derivatives; apical C4 deriva-
tives can only be obtained indirectly.[24] The chemistry of the
higher diamondoids was explored only roughly as, for in-
stance, triamantane already reacts with electrophiles with
very low selectivities.[25]


The present paper aims at answering the key question:
Which approaches are most useful for the selective prepara-
tion of functionalized diamondoids, that is, which reagents
will allow the desired discrimination between the non-equiv-
alent and similarly reactive tertiary C�H positions? Ionic,
radical, and radical cationic pathways are considered in our
experimental assessment of diamantane 1 and computation-
al predictions for higher diamondoids.


Results and Discussion


Although both trivial and systematic[26] nomenclatures were
proposed for diamondoids, we refer to the point group of
the respective hydrocarbon to differentiate between the iso-


Figure 1. The B3LYP/6-31G* geometries of selected diamondoids with numbering of carbons.
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mers more easily. Lower diamondoids involve diamantane
(1, synthesized[2] and isolated from petroleum[27] in the
1960s); triamantane (2)[4] and C2h-tetramantane (anti-tetra-
mantane, 4),[5] which were prepared synthetically and were
also isolated from petroleum recently. C2-Tetramantane
(skew tetramantane, 3), C3v-tetramantane (isotetramantane,
5), Td-pentamantane (6),


[12] and D3d-hexamantane (cyclohexa-
mantane, 7)[13] are currently only available from petroleum.
The B3LYP/6-31G* optimized geometries of these diamond-
oids with the numberings of the carbon cages are shown in
Figure 1.


Strain energies : Strain energies
are useful for predicting and
understanding the reactivity of
hydrocarbons.[28,29] Although di-
amondoids are comprised of
almost perfectly tetrahedral ge-
ometries around their carbon
atoms, they are, like the parent
adamantane, not strain-free.[30]


Among the various approaches
to evaluate strain energies,
those based on homodesmotic
equations are most reliable due
to the cancellation of systematic
errors. We used Equations (1)
and (2), which employ acylic
reference hydrocarbons, to give
the strain energies directly. The
B3LYP/6-31G* strain energies were evaluated by using
Equation (1) for 1 (n=2, k=18, l=6, m=8, p=0), 2 (n=3,
k=24, l=7, m=10, p=1), 3 and 4 (n=4, k=30, l=8, m=


12, p=2), 5 (n=4, k=30, l=9, m=10, p=3), and 6 (n=5,
k=36, l=12, m=8, p=6), and Equation (2) for 7.


C4nþ6H4nþ12 þ kH3CCH3 ¼
lH3CCH2CH3 þm ðCH3Þ3CHþ p ðCH3Þ4C


ð1Þ


C26H30 þ 37H3CCH3 ¼
6H3CCH2CH3 þ 18 ðCH3Þ3CHþ 2 ðCH3Þ4C


ð2Þ


The calculated strain energy (Estr) of diamantane 1
(9.1 kcalmol�1) is about 3 kcalmol�1 larger than that of ada-
mantane.[29,30] However, the strain energy computed per
carbon atom for both hydrocarbons is virtually identical
(0.63 and 0.65 kcalmol�1). The strain energy of 2 is only
slightly higher (10.8 kcalmol�1); the relative strain per
carbon decreases slightly (0.60 kcalmol�1). The strain ener-
gies of the C2h-4 (12.3 kcalmol


�1) and C3v-5 (11.5 kcalmol
�1)


tetramantanes are very close (0.56 and 0.52 kcalmol�1 per
carbon, respectively). The higher strain of C2-3 (Estr=17.5,
0.79 kcalmol�1 per carbon) arises from distortions of the
central molecular unit, which displays an elongated C1�C2


bond (1.572 Q), while Td-pentamantane (6) is almost strain-


less (Estr=9.3, 0.36 kcalmol
�1 per carbon). Thus, in going


from the lower to the higher diamondoids, the relative
strain (per carbon atom) decreases, at least for the most
symmetrical representatives. The geometry of D3d-hexaman-
tane (7) is distorted (Estr=16.2, 0.62 kcalmol


�1 per carbon)
at the central molecular unit where the C1�C14 bond is elon-
gated significantly (1.571 Q).


Enthalpies of formation : We computed the heats of forma-
tion (DfH298) by using the homodesmotic Equations (3)–(6).
The DfH298 computed for 1 from Equation (3) is �34.1 kcal
mol�1, in excellent agreement with the experimental value


of �34.87�0.58 kcalmol�1.[31] For triamantane 2 (n=3), for
instance, we applied Equation (4) (l=6, k=m=o= r=1,
p=2), Equation (5) (k= l=m=o=p= r=1), and Equa-
tion (6) (k= l=o=p= r=1, s=3, m=6). The DfH298 of 2 is
�43.2�1.8 kcalmol�1 [�44.4, �41.4, and �43.8 kcalmol�1
from Eqs. (4), (5), and (6), respectively]; the DfH298 values
of the higher diamondoids 3–7 are �47.0�2.0, �52.0�3.5,
�54.7�4.5, �64.7�5.5, and �54.7�5.2 kcalmol�1, respec-
tively.


Diamondoidyl cations : Radical, ionic, and oxidative trans-
formations are useful for the functionalization of cage com-
pounds.[17] These are well developed for adamantane and its
derivatives,[16,17, 32] for which single-electron oxidations are
usually the most selective.[33] In contrast to adamantane,
higher diamondoids contain several non-equivalent tertiary
C�H bonds: from two in 1 and 6 to six in 3 ; this makes se-
lective C�H substitutions rather difficult. It was shown pre-
viously that the positional selectivities for the C�H substitu-
tions in cage compounds under ionic conditions correlate to
a certain extent (exceptions are rare[34]) with the stability of
the respective carbocations. We therefore calculated the rel-
ative stabilities (B3LYP/6-31G* DH298, Figure 2) of dia-
mondoidyl cations versus the 1-adamantyl cation (1-Ad+)
by using Equation (7). As expected, the relative stabilities
increase continuously with cage size, and the penta- and
hexamantyl cations (6a+ , 6b+ , 7a+ , and 7b+) are already
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approximately 10 kcalmol�1 more stable than 1-Ad+


(Figure 2).


1-Adþ þ diamondoid ! AdHþ tert-diamondoidylþ ð7Þ


For isomeric cations, the relative stabilities depend directly
on the position of the carbocationic center. Pronounced dif-
ferences were found already for the two tertiary cations of 1
for which the 4-cation (1a+) is approximately 3 kcalmol�1


less stable than the more delocalized 1-cation (1b+). This
delocalization is best visualized with the electrostatic poten-
tial (Figure 3) for which the blue and red colors indicate the


areas of high positive and negative charge, respectively. The
dispersion of charge is apparent from the lower intensities
of the blue and red regions of the more stable medial cat-
ions. The distribution of the charge for C2h-tetramantyl cat-
ions 4a+ and 4d+ is also shown in Figure 3.
In general, placing the cationic carbon closer to the geo-


metrical center of the molecule is favorable, and the periph-
eral cations are less stable; this is valid for all cations stud-


ied. For instance, for the least- and the most-stable C6-(4a+)
and C2-(4d+) cations, respectively, the distances of the
cation site to the geometric center are 3.309 and 1.282 Q, re-
spectively. The increasing stabilities of tertiary cations en-
hance the reactivity of the higher diamondoids relative to
adamantane under ionic conditions: triamantane reacts with
bromine at 0 8C rapidly,[25] whereas the bromination of ada-
mantane requires a longer reaction time or substantial heat-
ing.[21]


Diamondoidyl radicals : The correlation of the relative sta-
bilities of hydrocarbon radicals with the selectivities in C�H
substitution reactions is often crude because hydrogen-atom
abstractions are mostly entropy-controlled.[17,35] We also
computed all possible isomeric tertiary radicals derived
from compounds 1–7; the B3LYP/6-31G* DH298 values vary
only in the range of 1 kcalmol�1. Thus, free-radical substitu-
tions in diamondoids are expected to depend on the struc-
ture of the abstracting radical (vide infra), rather than on
the C�H bond strength. Nevertheless, pure radical reactions
are not expected to be highly selective.


Diamondoid radical cations : Single-electron transfer (SET)
oxidation reactions of hydrocarbons to radical cations re-
quire strong oxidants because the oxidation potentials of
saturated hydrocarbons are rather high. As the HOMOs of
cage hydrocarbons are typically highly delocalized, their
radical cations also display pronounced spin/charge delocali-
zations over the entire cage. This lowers the ionization po-
tentials (IPs) of cage hydrocarbons substantially (as a refer-
ence, the experimental vertical, IPv, of adamantane is
9.28 eV (214.1 kcalmol�1),[36] UB3LYP/6-31G* gives IPv=
214.0 kcalmol�1, Figure 4). For larger cages the IPs decrease
rapidly: The computed IP of diamantane 1 is 209.2 kcal
mol�1 (experimental 8.93 eV, 206.0 kcalmol�1)[37] and only
182.3 kcalmol�1 for D3d-hexamantane 7.


Figure 2. The B3LYP/6-31G* relative stabilities (DH298, kcalmol
�1) of tertiary dimondoidyl cations versus the 1-adamantyl cation C10H15


+ defined by
using Equation (7).


Figure 3. The electrostatic potentials of 4- and 1-diamantyl (1a+ and 1b+)
as well as those of the 6- and 2-C2h-tetramantyl (4a


+ and 4d+) cations.
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Although the molecular structure of 1 belongs to the
point group D3d, this hydrocarbon is Jahn–Teller inactive be-
cause its HOMO is nondegenerate.[38] Thus, the relaxed radi-
cal cation of diamantane (1C+)
retains the symmetry of the
parent molecule with the
charge and spin being highly
delocalized throughout the
cage, which is comprised of six
elongated co-parallel C�C
bonds (1.588 Q, along the C3


axis of the molecule) and two
long apical tertiary C4�H bonds
(1.111 Q, Figures 5 and 6, vide
infra). The opposite is found
for diamantyl cations, for which
the medial 1-cation (1b+ ,
Figure 2) with elongated medial
C�C bonds is more stable than
the apical 1a+ . The radical cat-
ions usually undergo proton
loss in solution from the posi-
tion with the most elongated
tertiary C�H bond. This pre-
dictable deprotonation usually produces the respective hy-
drocarbon radicals much more selectively than through radi-
cal hydrogen abstractions.[19,20,39–41] Thus, one expects differ-
ent C�H bond selectivities for 1 under oxidative and nonox-
idative conditions.
Triamantane (2) distorts to Cs symmetry after relaxation


(the C2v structure is not a minimum) either to 2aC+ or 2bC+ ,
the latter being 4.3 kcalmol�1 more stable. Again, although
the peripheral carbocation 2a+ is the least stable among the
tertiary tetramantyl cations, the radical cation with the elon-
gated peripheral C�H bond, 2bC+ , is more stable than 2aC+


due to the more pronounced delocalization of spin and
charge in 2bC+ .
There are three radical cation minima for C2-tetraman-


tane (3aC+–3cC+), with 3bC+ and 3cC+ being virtually identi-
cal in energy (the difference is only 0.6 kcalmol�1). In con-
trast, 4 and 5 each give a single radical cation structure: the
C2h-tetramantane radical cation (4C+) retains the symmetry
of the neutral compound with two elongated apical tertiary
C�H bonds and several elongated cage C�C bonds. This
structure is the most stable among all the tetramantane radi-


cal cations computed. The
HOMO of 5 is doubly degener-
ate and ionization/relaxation
from the C3v geometry leads to
Cs-5C+ , which is even less stable
than highly symmetrical C2h-4C+ .
Analogous to adamantane,[39]


Td-6, which has a triply degen-
erate HOMO, lowers its sym-
metry to give the C3v structure
6C+ . It should be pointed out,
that in the case of hydrocarbons


1 and 4–7 different starting structures were used for the ge-
ometry optimizations and all these starting points converged
to singular structures, shown in Figures 5 and 6.


Although 1 and 7 belong to the same D3d-point group, dif-
ferent orbital orderings are observed: The HOMO of 7 is
degenerate, and Jahn–Teller distortion upon ionization leads
to the C2h structure 7C+ .
Despite the essential absence of strain, remarkably low


adiabatic IPs were computed (177–184 kcalmol�1) for the
higher diamondoids. This makes SET oxidations of these hy-
drocarbons, even with conventional single-electron chemical
oxidants (e.g., with tris(aryl)aminium salts[42]), valuable. As
is seen from Figure 6, the structures of the diamondoid radi-
cal cations involve at least two significantly elongated (up to
1.111 Q) tertiary C�H bonds. The deprotonation from these
positions is the most likely transformation of such species in
solution. Thus, SET-induced functionalizations may even
give a single tertiary C�H substitution product, especially if
the elongated C�H bonds are identical chemically (as in the
highly symmetrical radical cations 1C+ , 4C+ , and 7C+).


Reactivity : We consider 1, which has two non-equivalent
types of tertiary C�H bonds, as an experimental model for
diamondoid functionalizations. Various reagents were exam-


Figure 4. Vertical ionization potentials (IPv, kcalmol
�1) of selected diamondoids at the UB3LYP/6-31G* level


of theory computed on the B3LYP/6-31G* geometries of the neutral hydrocarbons.


Figure 5. The B3LYP/6-31G* energies (DE, kcalmol�1) of the relaxed diamondoid radical cations relative to
the respective neutral hydrocarbons.
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ined to differentiate between the two tertiary positions. As
the selectivities are usually higher under ionic conditions, a
number of electrophilic reagents were used for the derivati-
zations of 1 (Scheme 1). Halogenations with electrophilic
halogens gave the 1-bromo de-
rivative 8 almost exclusively.[43]


Under thermodynamically con-
trolled conditions more stable
4-bromodiamantane (9) forms
together with 8.[43–45] The reac-
tion with NO2BF4 in nitrometh-
ane gave a mixture of the 1-
and 4-nitrodiamantanes 10 and
11, respectively.[46] Nitration
with nitronium trifluorometh-
ane sulfonate, generated in situ
from tetrabutylammonium ni-
trate and triflic anhydride, af-
forded nitro- or nitroxydiaman-
tanes, depending on the solvent
used (not shown); selectivities
were not reported.[47] The oxi-
dation of 1 with lead(iv) ace-
tate[48] in CF3COOH/CH2Cl2
led to a mixture of 1- and 4-hy-
droxydiamantanes (12 and 13,
respectively) after aqueous
workup. The direct preferential
substitution of the apical posi-


tion of 1 was achieved only by photooxidation with diacetyl
and gave the 1- and 4-acetyldiamantanes 14 and 15, respec-
tively, in a ratio of approximately 1:5.[49]


Figure 6. The B3LYP/6-31G* fully optimized geometries of the most favorable diamondoid radical cation structures.


Scheme 1. The ratios and the preparative yields of the tertiary C�H substitution products described in the lit-
erature for 1 (TFA= trifluoroacetic acid).
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Thus, the selectivity problem
for the two types of tertiary C�
H bonds in 1 remains largely
unsolved and there is also no
practical way for the selective
preparation of the structurally
more attractive 4-substituted
derivatives. In order to achieve
higher selectivities for the
apical C�H substitutions, we
first turned our attention to
carbon-centered radicals, which
previously were shown to be
most selective for radical ter-
tiary versus secondary C�H
substitutions of adamantane.[50]


However, our computational
assessment lowered our expec-
tations regarding the selectivi-
ties for 1. Indeed, reactions
with the Br3CC as well as with
the I3CC radicals generated
under phase-transfer catalytic
(PTC) conditions[51] from CBr4
and HCI3, respectively, gave
mixtures of 1-, 3-, and 4-halo-
diamantanes (Scheme 2). The
ratio of products is in full
agreement with the B3LYP/6-
31G* (3-21G* for I) data
(Figure 7). For the reaction
with Br3CC, the lowest barrier (TS1, 14.8 kcalmol�1, DG�


298)
was computed for the hydrogen abstraction from the C1�H
position. The barriers for the abstraction from C4�H and
C3�H (17.2 and 16.6 kcalmol�1 via TS2 and TS3, respective-
ly) are higher. As a consequence, 1-bromodiamantane (8) is
the main product of the bromination of 1 with Br3CC


(Scheme 2). In contrast, the C4�H position of 1 is the most
reactive (DG�


298=26.3 kcalmol
�1, TS5) towards I3CC. The bar-


riers for the abstraction from C1�H and C3�H are larger
(29.1 and 28.9 kcalmol�1 via TS4 and TS6, respectively,
Figure 7). The bulky I3CC radical favors the substitution at
C4�H because of substantial steric hindrance for C1�H ab-


Scheme 2. The product ratios for the C�H substitutions of 1 with various reagents as elaborated in the present
work (for preparative yields and full list of reagents including solvents used see the Experimental Section).


Figure 7. The B3LYP/6-31G* (3-21G* for I) optimized geometries (selected interatomic distances in Q) for the transition structures for hydrogen abstrac-
tions from diamantane with the Br3CC (first entry) and I3CC (second entry) radicals and relative barriers DDG�


298 (kcalmol
�1, italics).
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straction (the crucial C···H distance in TS4 for the abstrac-
tion from this position is larger than that in TS5 for the
C4�H abstraction, Figure 7). Thus, the C4�H substitution
with the I3CC radical shows an inverse selectivity relative to
the reactions of 1 with electrophiles, where C1�H functional-
izations dominate. However, radical reagents, even if they
are as selective as I3CC, are not very promising for the selec-
tive C�H functionalizations of diamondoids, because sub-
stantial amounts of secondary derivatives typically form.
Other types of reagents that play an important role in


alkane chemistry are peroxo species like dioxiranes,[52] per-
acids,[53] as well as metal-oxo compounds.[54] The C�H acti-
vations with peracids and dioxiranes are believed to occur
through concerted insertions,[55] that is, they are mechanisti-
cally different from radical abstractions. In contrast to the
reactions with conventional radical abstractors, the hydrogen
abstractions with metal-oxo reagents occur through highly
polarized transition structures.[56] Despite these mechanistic
differences, similar tertiary selectivities were observed in the
reaction of 1 with dimethyl dioxirane, m-chloroperbenzoic
acid, and with CrO2Cl2 for which C1-substitution products
form predominantly (Scheme 2); much higher tertiary
versus secondary selectivities were observed.
The transformations of diamondoids with oxidizing elec-


trophiles are usually more selective than with radical re-
agents or with uncharged electrophiles. For instance, the re-
action with Br2 in acetonitrile gave 1-acetaminodiamantane
(22) almost exclusively (we found only traces of apical acet-
amide 23). We have shown recently that the C�H substitu-
tions of adamantane with electrophilic reagents (E) occur
through H-coupled electron-transfer mechanisms[20] involv-
ing transition structures with linear C···H···E fragments. As
nitronium electrophiles were previously successfully used
for the functionalization of polycyclic hydrocarbons,[46,57] we
used 100% nitric acid, in which nitronium nitrate NO2


+


NO3
� is believed[58] to be responsible for the C�H activa-


tion. We first modeled this reaction computationally for the
complex of NO2


+ with one molecule of HNO3 attacking the
C1�H (TS7) and C4�H (TS8) positions of 1 (Figure 8).
The abstraction barriers are virtually identical (DG�


298=


30.4 and 31.0 kcalmol�1). Computations agree well with the
ratio of products obtained earlier for the reaction of 1 with
NO2BF4 in nitromethane,


[46] as well as with our data on the
reaction of 1 with NO2BF4 in acetonitrile, or with
100% HNO3 in various solvents (Scheme 2), and the major
substitution products derive from the statistically favored
C1�H position.
Strong single-electron acceptors, like photoexcited 1,2,4,5-


tetracyanobenzene (TCB)[59] are able to oxidize al-
kanes.[19,33, 40] The first step of these reactions involves outer-
sphere electron transfer from the alkane to photoexcited
TCB [Eq. (8)], followed by proton loss (in solution) from
the alkane radical cation forming an alkyl radical [Eq. (9)]
that couples with the aromatic reagent [Eq. (10)].


Alk�HþArCN* ! CþAlk � � �HjjArCNC� ð8Þ


Alk � � �HCþ ! AlkC þHþ ð9Þ


AlkC þArCNC� þHþ ! Alk�ArþHCN ð10Þ


We found that oxidation of 1 with photoexcited TCB in ace-
tonitrile gave a single adduct (24), that is, proton loss from
the diamantane radical cation occurs exclusively from the
C4�H position. This agrees nicely with the computed struc-
ture of the diamantane radical cation 1C+ in which this C�H
bond is substantially elongated relative to other C�H bonds
(Figure 6). Thus, opposite selectivities are observed for the
reactions of diamantane with electrophiles and outer-sphere
SET oxidizers. The SET approach may also invert the selec-
tivities in the functionalization of other higher diamondoids,
which can subsequently be probed as novel nanostructural
building blocks.


Conclusion


Naturally occurring diamondoids 2–7, which are now avail-
able in large quantities, are expected to be more reactive
than their parent molecules adamantane and diamantane
(1). The selective functionalization of higher diamondoids
still represents a formidable challenge because of the large
number of similarly reactive tertiary C�H bonds.
The relative stabilities of diamondoidyl radicals vary only


within small limits and conventional free-radical approaches
lead to mixtures of all possible tertiary and even secondary
diamondoid derivatives, as we have shown for 1 as a model.
Uncharged electrophiles like peroxo or metal-oxo reagents
behave similarly, but much higher tertiary versus secondary
selectivities are observed for 1 and are expected for 2–7.
Ionic transformations are more selective, as the differen-


ces in stabilities of isomeric tertiary diamondoidyl carbo-
cations are quite pronounced. In the reactions with charged
electrophiles, tertiary C�H bonds that are closer to the geo-


Figure 8. The B3LYP/6-31G* optimized geometries of the transition
structures for the H-coupled electron transfer from diamantane to the
NO2


+ ···HNO3 complex (selected interatomic distances in Q).
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metrical center of the molecule are most readily substituted.
Varying the type of electrophile changes the selectivities
only slightly, as found for 1 in the reactions with bromine
and nitrogen-containing electrophiles.
Because the stabilization in the diamondoidyl cations is


different from that in diamondoid radical cations, oxidative
transformations involving outer-sphere electron transfer
show inverted substitution selectivities relative to electro-
philic reagents. This was found experimentally for 1, which
forms 1-substituted derivatives under electrophilic and 4-
substituted derivatives under the SET oxidative conditions.
For hydrocarbons that form a single radical cationic struc-
ture (such as 4, 6, and 7) exceptionally high selectivities are
expected upon oxidation with outer-sphere SET oxidizers.
As the oxidation potentials of higher diamondoids are rela-
tively low (ca. 170–180 kcalmol�1), conventional chemical
SET oxidants are useful for direct selective functionalization
of higher diamondoids.


Experimental Section


Computational methods : Geometries were fully optimized at the
B3LYP[60] level of theory with a 6-31G* basis set including frequency
analyses to disclose the nature of all stationary points (Nimag=0 for
minima and 1 for transition structures). All computations were carried
out by using the Gaussian 03 program package.[61] The reaction pathways
along both directions from transition structures were verified by utilizing
intrinsic reaction coordinates.[62] The xyz coordinates and the energies of
the computed species are collected in the Supporting Information.


Bromination of 1 under phase-transfer catalytic (PTC) conditions : A
mixture of 1 (0.66 g, 3.51 mmol), CBr4 (4.5 g, 13.5 mmol), 50% aqueous
NaOH (15 mL), Bu4NBr (75 mg, 0.23 mmol), and CH2Cl2 (15 mL) was
stirred at room temperature for 24 h, diluted with water (50 mL), and ex-
tracted with CH2Cl2 (3R15 mL). The combined extracts were washed
with water and dried over Na2SO4; excess solvent was removed in vacuo.
The residue was analyzed by GC–MS and showed conversion of approxi-
mately 95%; 1-bromodiamantane (8), 4-bromodiamantane (9), and 3-
bromodiamantane (16) formed in a ratio of 56:23:11, respectively. The
reaction mixture was separated by column chromatography (pentane as
eluent) which gave 8 (366 mg, 39.2%), 9 (92 mg, 9.8%), and 16 (18 mg,
2%), with spectral data identical to literature values.[63,64]


Iodination of 1 under PTC conditions : A mixture of 1 (300 mg,
1.59 mmol), CHI3 (1.4 g, 3.56 mmol), solid NaOH (3.5 g), and CH2Cl2
(10 mL) was stirred at room temperature for 48 h, diluted with water
(30 mL), and extracted with CH2Cl2 (3R10 mL). The combined extracts
were washed with an aqueous NaHSO3 solution and water, and dried
over Na2SO4; excess solvents were removed in vacuo. The residue was
analyzed by GC–MS and showed conversion of approximately 75%; 1-io-
dodiamantane (17), 4-iododiamantane (18), and 3-iododiamantane (19)
formed in a ratio of 12:12:1, respectively. MS (70 eV): m/z (%) for 17:
187 (100), 159 (3), 145 (8), 131 (11), 117 (6), 105 (10), 91 (18), 79 (21), 67
(7), 53 (4); MS (70 eV): m/z (%) for 18 : 187 (100), 159 (3), 145 (8), 131
(11), 117 (8), 105 (12), 91 (21), 79 (15), 67 (9), 53 (4); MS (70 eV): m/z
(%) for 19 : 187 (100), 159 (7), 145 (6), 131 (10), 117 (6), 105 (7), 91 (21),
77 (18), 67 (15), 53 (9). The reaction mixture was separated by column
chromatography (pentane as eluent), which gave a pure sample of 1-io-
dodiamantane 17 (195 mg, 39%) and a mixture of 18 and 19 (137 mg,
27%). The 13C NMR spectra of 17 and 18 were identical to literature
data.[63] 3-Iododiamantane (19): 13C NMR (75 MHz, CDCl3, 25 8C, TMS):
d=25.7, 33.2, 34.0, 35.3, 35.8, 36.3, 37.3, 37.5, 37.7, 38.0, 39.2, 40.5, 46.7,
53.0 ppm.


Oxidation of 1 with HNO3 in CH2Cl2 : Compound 1 (2.8 g, 14.9 mmol),
CH2Cl2 (25 mL), and 100% HNO3 (3 mL, 71 mmol) were mixed at 0 8C,


stirred for 20 min at 0 8C, and then 40 min at room temperature, and then
diluted with water (14 mL). CH2Cl2 was then removed and the reaction
mixture was refluxed for 1.5 h. A 17:3 ratio of 1-hydroxydiamantane
(12)/4-hydroxydiamantane (13) was indicated by GC–MS (conversion ca.
95%). Column chromatography on silica gel (eluent of pentane/diethyl
ether=4:1) gave 1 (130 mg, 0.7 mmol), 1-hydroxydiamantane (12 : 2.5 g,
82%), and 4-hydroxydiamantane (13 : 0.4 g, 13%), with 1H and 13C NMR
spectra identical to literature data.[45,64]


Oxidation of 1 with dimethyl dioxirane : A 0.1m solution of dimethyl di-
oxirane (18 mL, 1.8 mmol) was added to a solution of 1 (200 mg,
1.06 mmol) in acetone (20 mL) under stirring at room temperature. The
reaction mixture was analyzed by GC–MS after 24 h and was found to
contain unreacted 1 (32%), 1-hydroxydiamantane (12, 52%), 4-hydroxy-
diamantane (13, 5%), and a mixture of dihydroxy diadamantanes (11%).
MS (70 eV): m/z (%): 220 (22), 202 (100), 145 (20), 130 (24), 123 (25),
110 (18), 95 (29), 91 (33), 77 (26), 55 (20). Mass spectra and the retention
times of 12 and 13 were identical to those for the standard samples ob-
tained as described above.


Oxidation of 1 with m-chloroperbenzoic acid : m-Chloroperbenzoic acid
(130 mg, 1.32 mmol) was added in one portion to a solution of 1 (90 mg,
0.48 mmol) in CH2Cl2 (25 mL). The reaction mixture was refluxed under
stirring for 2 h, cooled to RT, filtered, and washed with aqueous Na2SO3,
water, brine, and dried over Na2SO4. The GC–MS analysis of the reaction
mixture indicated 1 (57%), 1-hydroxydiamantane (12, 23%), 4-hydroxy-
diamantane (13, 4%), and a mixture of dihydroxy diamantanes (6%)
were present.


Oxidation of 1 with CrO2Cl2 : Compound 1 (1.24 g, 6.59 mmol) was dis-
solved in CCl4 (80 mL) and a solution of CrO2Cl2 (2.04 g, 13.2 mmol) in
CCl4 (20 mL) was added dropwise. The reaction mixture was kept at
room temperature while stirring for 8 h. Then a saturated aqueous
Na2SO3 solution was added (15 mL) and the mixture was shaken until
the color changed from dark red to dark green. The organic layer was
separated, the aqueous layer was extracted with CHCl3 (3R10 mL). The
organic extracts were combined, washed with water, then brine, and were
dried over Na2SO4. The residue after solvent removal was separated by
column chromatography on silica gel. Elution with pentane yielded un-
reacted 1 (470 mg, 2.50 mmol) and a 3:1 mixture of 1-chlorodiamantane
(20) and 4-chlorodiamantane (21: 334 mg, 36.6% calculated on reacted
1). The 1H NMR spectra of 20 and 21 were identical to literature data.[45]


1-Chlorodiamantane (20): 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=
65.9, 49.5, 45.0, 40.9, 38.3, 37.17, 36.4, 33.4, 30.8, 25.1 ppm. 4-Chlorodi-
amantane (21): 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=68.1, 48.1,
40.6, 36.9, 35.8, 25.3 ppm. After changing the eluent to pentane/diethyl
ether=4:1, 1-hydroxydiamantane (12 : 387 mg, 46.3% calculated on re-
acted 1) was isolated.


Reaction of 1 with Br2 in CH3CN : A mixture of 1 (95 mg, 0.51 mmol),
CH2Cl2 (0.3 mL), CH3CN (1 mL), and Br2 (0.3 mL, 5.8 mmol) was stirred
for 24 h at room temperature, quenched with Na2SO3 solution, and ex-
tracted with CH2Cl2 (3R5 mL). The combined extracts were washed with
brine and dried over Na2SO4. The GC–MS analysis of the reaction mix-
ture indicated 98% of 1-acetaminodiamantane (22) and 2% of 4-
acetaminodiamantane (23). Column chromatography on silica gel (di-
ethyl ether/methanol=90:10) gave 1-acetaminodiamantane (22 : 117 mg,
95%); spectroscopic data of the latter were identical to available data of
the material described previously.[24] 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=5.50 (br s, 1H), 2.22 (m, 2H), 2.03 (m, 2H), 1.93 (m, 4H), 1.90
(s, 4H), 1.45 (m, 8H), 1.49 ppm (m, 2H); 13C NMR (75 MHz, CDCl3,
25 8C, TMS): d=169.1, 56.1, 41.5, 39.1, 38.7, 38.1, 37.3, 37.0, 32.8, 28.6,
25.1, 24.5 ppm; MS (70 eV): m/z (%): 245 (71), 230 (14), 202 (7), 186
(94), 171 (4), 157 (6), 143 (11), 130 (45), 129 (41), 95 (90), 94 (100), 79
(25), 67 (18), 53 (11). From the last fractions a mixture of 22 and 23 was
isolated (9 mg). 4-Acetaminodiamantane (23): 13C NMR (75 MHz,
CDCl3, 25 8C, TMS): d=169.4, 50.8, 41.9, 38.7, 38.4, 36.4, 29.6, 24.4 ppm;
MS (70 eV): m/z (%): 245 (100), 230 (6), 202 (10), 187 (46), 171 (3), 157
(3), 143 (10), 129 (45), 129 (8), 106 (44), 91 (20), 79 (25), 67 (12), 53 (9).


Oxidation of 1 with NO2BF4 in CH3CN : A mixture of 1 (95 mg,
0.51 mmol), CH2Cl2 (0.3 mL), CH3CN (1.5 mL), and NO2BF4 (0.6 g,
4.5 mmol) was stirred at room temperature for 0.5 h. Workup as above
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gave a mixture (GC–MS) of 1-acetaminodiamantane (22, 74%), 4-acet-
aminodiamantane (23, 22%), and diacetamides (4%). MS (70 eV): m/z
(%): 302 (33), 287 (71), 243 (100), 228 (8), 201 (23), 186 (19), 163 (7), 148
(27), 129 (13), 106 (47), 94 (20), 77 (18), 60 (12).


Oxidation of 1 with HNO3 in CH3CN : A mixture of 1 (2.0 g, 10.6 mmol),
CHCl3 (6 mL), CH3CN (25 mL), and 100% HNO3 (17 mL, 0.4 mol) was
stirred for 6 h at room temperature, poured onto ice, and extracted with
HCCl3 (3R10 mL). Extracts were washed with saturated Na2CO3 aqueous
solution (5R5 mL), brine (2R10 mL), and then dried over Na2SO4.
Column chromatography on silica gel (diethyl ether/methanol=90:10)
gave 1-acetaminodiamantane (22 : 2.2 g, 84%), identical to the standard
sample. Some product (ca. 0.3 g), together with 4-acetaminodiamantane
(23) was found in the last fractions.


Photooxidation of 1 with TCB : A solution of diamantane 1 (200 mg,
1.06 mmol) and 1,2,4,5-tetracyanobenzene (75 mg, 0.42 mmol) in acetoni-
trile (160 mL) was irradiated with a low-pressure Hg-lamp in a quartz
vessel for 1 h. Evaporation of the solvent and column chromatography
on silica gel (cyclohexane/ethyl acetate=7:2) gave diamantane 1
(128 mg, 0.68 mmol) and 2,4,5-tricyano-1-(4-diamantyl)benzene (24 :
38 mg, 0.11 mmol, 10.5%) as a white solid, and unreacted TCB (45 mg,
0.25 mmol). 2,4,5-Tricyano-1-(4-diamantyl)benzene (24): M.p. 275 8C
(decomp); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=8.07 (s, 1H),
7.90 (s, 1H), 2.12 (m, 6H), 2.02 (m, 3H), 1.82 (m, 4H), 1.80 ppm (m,
6H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d=159.4, 139.5, 132.4,
119.3, 116.7, 116.1, 114.5, 113.8, 113.6, 41.5, 37.6, 37.3, 37.1, 36.1,
25.4 ppm; MS (70 eV): m/z (%): 339 (100), 324 (7), 282 (5), 268 (4), 243
(21), 230 (9), 217 (4), 187 (6), 134 (3), 105 (9), 91 (19) 79 (18), 55 (11); el-
emental analysis calcd (%) for C23H21N3 (339.4): C 81.38, H 6.24, N
12.38; found: C 81.61, H 6.53, N 12.21.
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Introduction


Organically templated open-framework metal silicates and
phosphates have been widely reported in the literature.[1,2]


In the last few years, there have been several investigations
of open-framework metal carboxylates of varying dimen-
sionalities.[3] We have been interested in examining the ex-
tended structures of coordination polymers of different di-
mensionalities formed by metal aminocarboxylates, as ami-
nocarboxylic acids can bond to the metal atoms in different
ways by making use of both the amino nitrogen and the car-
boxyl oxygen atoms, for coordination under neutral or alka-
line conditions. There are a few reports in the literature of
linear chain and layered metal glycinates prepared under


neutral conditions in which both the carboxylate and the
NH2 groups coordinate to the metal.[4] Two-dimensional co-
ordination polymers of heterometallic glycinates have been
reported recently.[5] Under acidic conditions, where glycine
occurs in the zwitterionic form, coordination to the metal
commonly occurs through the carboxylate group. Coordina-
tion compounds of glycine and other amino acids in the
zwitterionic form are known.[6] The zwitterionic form of 4-
aminobutyric acid is reported to form a paddle-wheel type
of cluster with copper, which connects layers with a perov-
skite topology to form a compound with three-dimensional
architecture.[7]


We have carried out the hydrothermal synthesis of a few
metal glycinates under acidic conditions to explore the one-
dimensional chain and two-dimensional layered structures
formed by them. We have also carried out the reactions of
metal ions with 4-aminobutyric acid and 6-aminocaproic
acid at acidic and alkaline pH to examine the extended
structures formed under these conditions. We have obtained
three metal glycinates with linear chain structures formed
by glycine in the zwitterionic form, in addition to a chain
structure formed by 4-aminobutyric acid under acidic condi-
tions. We have been able to obtain a two-dimensional lay-
ered structure formed by glycine in the zwitterionic form.
Two layered structures formed by 6-aminocaproic acid


Abstract: The synthesis and structures
of metal aminocarboxylates prepared
in acidic, neutral, or alkaline media
have been explored with the purpose
of isolating coordination polymers with
linear chain and two-dimensional lay-
ered structures. Metal glycinates of the
formulae [CoCl2(H2O)2(CO2CH2NH3)]
(I), [MnCl2(CO2CH2NH3)2] (II), and
[Cd3Cl6(CO2CH2NH3)4] (III) with one-
dimensional chain structures have been
obtained by the reaction of the metal
salts with glycine in an acidic medium
under hydro/solvothermal conditions.


These chain compounds contain glycine
in the zwitterionic form. 4-Aminobuty-
ric acid transforms to a cyclic amide
under such reaction conditions, and the
amide forms a chain compound of
the formula [CdBr2(C4H7NO)2] (IV).
Glycine in the zwitterionic form also
forms a two-dimensional layered


compound of the formula [Mn-
(H2O)2(CO2CH2NH3)2]Br2 (V). 6-Ami-
nocaproic acid under alkaline condi-
tions forms layered compounds with
metals at room temperature, the metal
being coordinated both by the amino
nitrogen and the carboxyl oxygen
atoms. Of the two layered compounds
[Cd{CO2(CH2)5NH2}2]·2H2O (VI) and
[Cu{CO2(CH2)5NH2}2]·2H2O (VII), the
latter has voids in which water mole-
cules reside.


Keywords: acidity · aminocarboxy-
lates · coordination polymers ·
open-framework structures ·
transition metals
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under neutral conditions have been characterized, one of
them possessing voids containing water molecules.


Results and Discussion


One-dimensional structures : We have isolated and charac-
terized three metal glycinates—[CoCl2(H2O)2(CO2CH2NH3)]
(I), [MnCl2(CO2CH2NH3)2] (II), and [Cd3Cl6(CO2CH2NH3)4]
(III)—with chain structures, in which glycine is in the zwit-
terionic form. The asymmetric unit of I contains nine non-
hydrogen atoms. The cobalt atom is in an octahedral envi-
ronment and is bonded to two bridging glycinate oxygen
atoms, two chlorine atoms, and two water molecules in a cis
fashion. The carboxylate end of the glycine molecule bridges
the Co centers to form chains, as shown in Figure 1a, which
are arranged parallel to each other forming layers parallel
to the ac plane of the unit cell. The layers are separated by
half the unit-cell length along the b axis. Multipoint N�
H···O, N�H···Cl, and O�H···Cl hydrogen bonding between
the chains in the layer and across the layer stabilizes the
structure. The Co�O and Co�Cl bond lengths in I lie in the


range of 2.074(2)–2.150(2) I (average 2.106 I) and
2.399(1)–2.497(1) I (average 2.448 I), respectively. The
average C�O, C�C, and C�N distances of the glycine mole-
cule are 1.257, 1.508, and 1.478 I, respectively.


The asymmetric unit of [MnCl2(CO2CH2NH3)2] (II) con-
tains seven non-hydrogen atoms with the Mn atom in a spe-
cial position with half occupancy. The Mn atom is octahe-
drally surrounded by four oxygen atoms of bridging glycine
molecules and two chlorine atoms in a cis fashion. As in I,
glycine is in the zwitterionic form bridging the metal centers
through the carboxylate group, thereby forming chains par-
allel to the a axis of the unit cell. The Mn centers in the
chain are connected by two glycine bridges (Figure 1b). The
chains are separated by a unit-cell length along the c axis
and are arranged parallel to each other forming layers paral-
lel to the ac plane of the unit cell. The layers are separated
by a unit-cell length along the b axis of the unit cell (Fig-
ure 1c). The structure of II is somewhat related to that of I.
Compound II can be described as being obtained by replac-
ing the coordinating water molecules in I by oxygen atoms
of one more bridging glycine molecule. Thus, in II there is
one more glycine bridge between the metal atoms relative
to I. Multipoint N�H···Cl, N�H···O, and C�H···Cl hydrogen
bonding stabilizes the structure of II as well. The Mn�O and
Mn�Cl bond lengths lie in the range of 2.188(2)–2.201(2) I
(average 2.195 I) and 2.526(1) I, respectively. The average
C�O, C�C, and C�N distances in the glycine unit are 1.256,
1.514, and 1.481Å , respectively.


The temperature dependence of the magnetic susceptibili-
ty of II was recorded in the T=5–300 K range. The material
is paramagnetic and the linear fit to the inverse susceptibili-
ty data above 100 K gave a Curie–Weiss temperature of
�11 K, indicating the presence of weak antiferromagnetic
interactions. The effective moment at room temperature
was 5.81 mB per atom, consistent with the value commonly
observed for carboxylate-bridged high-spin Mn2+ ions.[8]


The asymmetric unit of the cadmium glycinate
[Cd3Cl6(CO2CH2NH3)4] (III) contains 15 non-hydrogen
atoms, with two Cd atoms of which one is in a special posi-
tion with half occupancy. The two Cd atoms are in different
coordination environments, Cd1 being surrounded by four
doubly bridging chlorine atoms and two glycinate oxygen
atoms in a trans fashion, and Cd2 being bonded to four
bridging chlorine atoms and two oxygen atoms of a chelat-
ing glycine molecule in a cis fashion. There are two types of
glycine molecules in III, both in the zwitterionic form. One
of the glycine molecules bonds to Cd1 in a monodentate
fashion through its carboxylate oxygen atom, whereas the
other binds to Cd2 in a chelating fashion. The bridging
chlorine atoms join the Cd centers to form chains with the
glycine molecules dangling out of the chains and decorating
them (Figure 2a). Cd2 has a distorted octahedral coordina-
tion, with the X-Cd-X (X=O, Cl) angles varying from
53.4(2) to 158.84(6)8, rendering the chain wavelike. The
chains are arranged parallel to each other forming layers
(Figure 2b). The structure is stabilized by N�H···O, N�
H···Cl, C�H···O and C�H···Cl hydrogen bonding.


Figure 1. a) Chain structure of [CoCl2(H2O)2(CO2CH2NH3)] (I) formed
by the bridging of the Co centers by the glycine molecule. b) One-dimen-
sional chain structure of [MnCl2(CO2CH2NH3)2] (II). Note the presence
of two glycine bridges between the Mn centers compared with one
bridge in I. c) Three-dimensional packing diagram of II. Hydrogen atoms
of glycine are not shown.
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The Cd1�O and Cd1�Cl bond lengths are in the range of
2.299(5) and 2.586(2)–2.629(2) I (average 2.608 I), respec-
tively. The Cd2�O and Cd2�Cl bond lengths are in the
range of 2.318(5)–2.534(5) I (average 2.426 I) and
2.569(2)–2.709(2) I (average 2.614 I), respectively. The
average C�O, C�C, and C�N distances of the glycine mole-
cule are 1.249, 1.514, and 1.484 I, respectively.


We have obtained a one-dimensional compound, [CdBr2-
(C4H7NO)2] (IV), on reacting CdBr2 with 4-aminobutyric
acid under hydrothermal conditions in the presence of HBr.
Under these reactions conditions, 4-aminobutyric acid is
transformed to cyclobutamide, which coordinates to the
metal through the amide oxygen atom. The asymmetric unit
of IV contains nine non-hydrogen atoms, all present in spe-
cial positions with half occupancy. Each Cd atom is sur-
rounded by three triply bridging bromine atoms and two
doubly bridging bromine atoms, the octahedral environment
around Cd being satisfied by bonding to the oxygen atoms
of cyclobutamide. The Cd centers are connected by both
doubly and triply bridging bromine atoms to form double
chains parallel to the b axis of the unit cell, the amide mole-
cules protruding from the chains as shown in Figure 3a.
These Cd�Br double chains contain features of the hexago-
nal CdBr2 layers. This double chain in IV is similar to that
found in ABX3 (in which A and B are cations and X is an
anion) compounds, except that the terminal X position is oc-
cupied by the amide oxygen.[9] The chains are arranged par-
allel to each other and are separated by half the unit-cell


length along the a axis to form layers parallel to the ab
plane of the unit cell. The layers are separated by a unit-cell
length along the c axis (Figure 3b). N�H···O hydrogen
bonds between the amide groups of adjacent chains stabilize
the structure. The Cd�O and Cd�Br bond lengths in IV are
in the range of 2.292(6) and 2.707(1)–2.844(1) I (average
2.793 I), respectively. The longer Cd�Br bond lengths of
2.782 and 2.844 I correspond to the m3-Br atoms compared
with the bond length of 2.707 I for the m2-Br atoms. The
average C�O, C�C, and C�N distances of the amide mole-
cule are 1.238, 1.484, and 1.392 I, respectively. We have
also prepared the chloro compound, [CdCl2(C4H7NO)2],
which is isostructural with IV, by using HCl instead of HBr
during the synthesis. It is noteworthy that in both III and IV,
both prepared from n-butanol, the structural features of the
cadmium halide are retained in the final product. A similar
behavior has been observed in cadmium chlorooxalates.[10]


Layered structures : Glycine, in the zwitterionic form, forms
a two-dimensional layered compound with manganese of
the formula [Mn(H2O)2(CO2CH2NH3)2]Br2 (V). The asym-
metric unit of V contains eight non-hydrogen atoms of
which seven belong to the framework and one to an intersti-
tial bromine atom. The Mn atom is in a special position with
half occupancy and is octahedrally surrounded by four
oxygen atoms of bridging glycine molecules and two water
molecules in a trans fashion. The glycine molecule, present


Figure 2. a) Chain structure of [Cd3Cl6(CO2CH2NH3)4] (III) formed by
the bridging of the Cd centers by Cl atoms. Note the distorted octahedral
environment around Cd2. b) Three-dimensional packing diagram of III
viewed down the a axis of the unit cell.


Figure 3. a) One-dimensional double-chain structure of [CdBr2-
(C4H7NO)2] (IV) containing both doubly and triply bridging Br atoms.
Note the amide molecules protruding out from the chains and decorating
them. b) Three-dimensional packing diagram of IV viewed down the b
axis of the unit cell.
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in the zwitterionic form, bridges the Mn centers to form
layers with a (4,4)-net topology parallel to the bc plane of
the unit cell (Figure 4a).[9,11] The water molecules and the
amine end of the glycine molecules protrude out from the


layer, forming hydrogen bonds with the bromine atoms pres-
ent in the interlamellar region (Figure 4b). These cationic
layers are stacked over one another in an AAA fashion and
are separated by a unit-cell length along the a axis. Such
stacking gives rise to rhombic tunnels with an Mn–Mn cross
section of 5.4L5.4 I down the a axis of the unit cell. The
long and short Mn–Mn distances measured diagonally
across the rhombic apertures (Figure 4a) are 8.992 and
6.057 I, respectively. The structure is stabilized by O�H···O,
O�H···Br, N�H···Br, and C�H···O hydrogen bonds. The
Mn�O bond lengths lie in the range of 2.170(4)–2.182(3) I
(average 2.175 I). The average C�O, C�C, and C�N distan-
ces of the glycine molecule are 1.257, 1.503, and 1.477 I, re-
spectively. We have also obtained layered glycinates of Co
and Ni isostructural with V.


The temperature dependence of the magnetic susceptibili-
ty of V was recorded in the T=5–300 K range. The com-
pound is paramagnetic and the linear fit to the inverse sus-
ceptibility data above 100 K gives a near zero value for the


Curie–Weiss temperature. The effective moment at room
temperature is 5.90 mB per atom, as expected of carboxylate-
bridged high-spin Mn2+ centers.[8]


The reaction of 6-aminocaproic acid with cadmium and
copper salts in alkaline medium at room temperature gave
layered compounds. Addition of a mineral acid to the reac-
tion mixture to make the pH acidic was detrimental in form-
ing these compounds. The asymmetric unit of the two-di-
mensional compound with cadmium, [Cd-
{CO2(CH2)5NH2}2]·2H2O (VI), contains 21 non-hydrogen
atoms of which 19 belong to the framework and two to the
interstitial water molecules. The Cd atom is octahedrally
surrounded by four oxygen atoms and two nitrogen atoms
of 6-aminocaproic acid, which is in the deprotonated form.
The molecule bridges the Cd centers through its carboxylate
end to form Cd–carboxylate–Cd chains parallel to the b axis
of the unit cell. The chains become cross-linked at the
amine end of the molecule to form layers as shown in Fig-
ure 5a. Such a connectivity gives rise to empty hydrophobic
tunnels running across the layers. These layers are stacked
over one another with the water molecules residing in the
interlamellar region, forming O�H···O and N�H···O hydro-
gen bonds (Figure 5b). The Cd�O and Cd�N bond lengths
in VI are in the range of 2.348(6)–2.377(6) I (average


Figure 4. a) Top view of the two-dimensional rhombohedral grid structure
of [Mn(H2O)2(CO2CH2NH3)2]Br2 (V). Note the presence of rhombic tun-
nels down the a axis of the unit cell. b) Stacking of layers in three-dimen-
sions with the bromide ions residing in the interlamellar region.


Figure 5. a) Two-dimensional layered structure of [Cd-
{CO2(CH2)5NH2}2]·2H2O (VI) formed by the cross-linking of the Cd–car-
boxylate–Cd chains by the amine end of the aminocarboxylate molecule.
b) Three-dimensional packing diagram of VI with the water molecules
residing in the interlamellar region. Note the presence of hydrophobic
channels running through the layers.


Chem. Eur. J. 2005, 11, 7102 – 7109 C 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7105


FULL PAPERCoordination Polymers



www.chemeurj.org





2.36 I) and 2.273(7)–2.286(8) I (average 2.28 I), respec-
tively. The average C�O, C�C, and C�N distances of the 6-
aminocaproic acid moiety are 1.26, 1.519, and 1.487 I, re-
spectively.


6-Aminocaproic acid forms a neutral compound with
copper, [Cu{CO2(CH2)5NH2}2]·2H2O (VII), with a two-di-
mensional architecture possessing large voids. The asymmet-
ric unit of VII contains 11 non-hydrogen atoms of which ten
belong to the framework and one to the interstitial water
molecule. The Cu atom is in a special position with half oc-
cupancy and is surrounded by two oxygen atoms and two ni-
trogen atoms of 6-aminocaproic acid in a square-planar ar-
rangement with average Cu�O/N bond lengths of 1.974 (for
O) and 1.990 I (for N). The Cu atom is Jahn–Teller distort-
ed, the octahedral environment around copper being com-
pleted by bonding to another carboxylate oxygen atom of
the 6-aminocaproic acid molecule with a Cu�O bond length
of 2.764 I. Thus, the anionic 6-aminocaproic acid molecule
bridges the Cu centers at one end through its carboxylate
group and the nitrogen at another end to form layers with a
(4,4)-net topology.[9,11] The layers are stacked over one an-
other in an AAA fashion resulting in the formation of
rhombohedral tunnels with dimensions of 11.487L11.487 I
measured from Cu to Cu down the c axis of the unit cell
(Figure 6). The long and short Cu–Cu distances across the


tunnel aperture are 20.064 and 11.487 I, respectively. Inter-
stitial water molecules reside in the tunnels, forming O�
H···O hydrogen bonds with the framework oxygen atoms.
The average C�O, C�C, and C�N distances of the 6-amino-
caproic acid in VII are 1.256, 1.515, and 1.480 I, respective-
ly. It is interesting that the apical Cu�O bond length of
2.764 I in VII is longer that that commonly observed in
copper coordination polymers, indicating the presence of
very weak bonding interactions and thus making it accessi-
ble for host–guest interactions. Guest binding sites in porous


metal–organic frameworks are important for the develop-
ment of functional properties.[12]


Compound VII has voids occupied by guest water mole-
cules. Its porous nature was examined by heating the sample
at 180 8C for 2 h and then allowing it to cool to room tem-
perature. Thermogravimetric analysis and the powder X-ray
diffraction patterns showed that VII loses the water mole-
cules just above 100 8C, and transforms to another crystal-
line porous material, as indicated by the low-angle line in
the powder diffraction pattern (Figure 7). The dehydrated
framework, however, does not appear to revert back to the
original framework structure of VII upon exposure to water
vapor.


The temperature dependence of the magnetic susceptibili-
ty of VII was recorded in the T=5–300 K range. The com-
pound is paramagnetic and the linear fit to the inverse sus-
ceptibility data above 100 K gives a near zero value for the
Curie–Weiss temperature. The effective moment at room
temperature is 1.77 mB per atom, as expected for one un-
paired electron.


Conclusion


In summary, we have obtained both one-dimensional chain
and two-dimensional layered metal glycinate coordination
polymers by carrying out hydrothermal reactions of glycine
with metal salts in an acidic medium. At acidic pH, the ami-
nocarboxylic acid binds to the metal only through its car-
boxyl end, whereas at neutral and alkaline pH, the amino
acid can coordinate with the metal through the amino nitro-
gen atom as well as through the carboxyl oxygen
atoms.[4–7,13] Thus, 6-aminocaproic acid yields layered struc-
tures at neutral or alkaline pH, in which the two ends of the
molecule are bonded to metal atoms at either end. The pres-
ence of large apertures in one of the layered structures with
potential sorption properties is noteworthy. It should be pos-
sible to synthesize a variety of coordination polymers by
employing various amino acids in different media.


Figure 6. Top view of the two-dimensional neutral layers of [Cu-
{CO2(CH2)5NH2}2]·2H2O (VII) with large rhombohedral tunnels running
down the c axis of the unit cell. Water molecules reside in the tunnels.


Figure 7. Powder XRD patterns of VII and its dehydrated form.
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Experimental Section


Synthesis


[CoCl2(H2O)2(CO2CH2NH3)] (I): CoCO3 (100 mg) was dispersed in tetra-
hydrofuran (2 mL), to which concentrated hydrochloric acid (0.15 mL)
was added dropwise to generate CoCl2 in situ. This was followed by the
addition of glycine (126.2 mg) and the reaction mixture was stirred for
30 min. The final mixture, with a CoCl2/glycine ratio of 1:2, was transfer-
red to a 7 mL PTFE-lined (PTFE=polytetrafluoroethylene) acid diges-
tion bomb and heated at 150 8C for 48 h. The product, comprising pink
crystals, was vacuum filtered and washed with ethanol.


[MnCl2(CO2CH2NH3)2] (II): A procedure similar to that described for I
was employed for the synthesis of II, with MnCl2·6H2O as the source of
manganese.


[Cd3Cl6(CO2CH2NH3)4] (III): CdCl2·6H2O (100 mg) was dispersed in n-
butanol (3 mL), to which glycine (149.2 mg) was added. The resultant re-
action mixture, with CdCl2/glycine ratio of 1:2, was stirred for 30 min and
then transferred to a 7 mL PTFE-lined acid digestion bomb and heated
at 100 8C for 48 h. The product, comprising colorless crystals, was vacuum
filtered and washed with ethanol.


[CdBr2(C4H7NO)2] (IV): CdO (75 mg) was dispersed in n-butanol
(2 mL), to which concentrated HBr (0.13 mL) was added to generate
CdBr2. To this solution, 4-aminobutyric acid (240.9 mg) was added and
the reaction mixture was stirred for 30 min. The mixture, with CdBr2 and
4-aminobutyric acid in the ratio 1:2, was transferred to a 7 mL PTFE-
lined acid digestion bomb and heated at 150 8C for 48 h. The product,
comprising colorless crystals, was vacuum filtered and washed with etha-
nol. The chloro analogue of IV was obtained by a similar procedure by
using concentrated HCl instead of HBr.


[Mn(H2O)2(CO2CH2NH3)2]Br2 (V): MnCO3 (100 mg) was dispersed in
tetrahydrofuran (2 mL), to which concentrated HBr (0.2 mL) was added
to generate MnBr2 in situ. To this solution, glycine (130.6 mg) was added
and the reaction mixture was stirred for 30 min. The mixture of MnBr2
and glycine in the ratio of 1:2 was transferred to a 7 mL PTFE-lined acid
digestion bomb and heated at 150 8C for 48 h. The product, comprising
colorless crystals, was vacuum filtered and washed with ethanol. The
cobalt and nickel analogues were prepared by employing a similar proce-
dure, using CoCO3 and 2NiCO3·3Ni(OH)2·4H2O as the sources for Co
and Ni, respectively.


[Cd{CO2(CH2)5NH2}2]·2H2O (VI): CdCl2·6H2O (100 mg) and 6-amino-
caproic acid (130.3 mg) were dissolved in water (2 mL), to which a solu-
tion of piperazine (85.5 mg) in toluene (2 mL) was layered, and kept at
room temperature. After 24 h, colorless crystals of VI were obtained.
The crystals were vacuum filtered and washed with ethanol.


[Cu{CO2(CH2)5NH2}2]·2H2O (VII): 6-Aminocaproic acid (153.9 mg) was
added to a ammoniacal solution of CuCl2·6H2O (100 mg) in water
(2 mL) and the deep blue solution was kept at room temperature for
48 h. The obtained blue crystals of VII were vacuum filtered and washed
with water.


Characterization : The yields of the various compounds generally exceed-
ed 80%. The compounds were characterized by powder X-ray diffraction
(XRD) analysis, which indicated that the products were new material
and monophasic, the patterns being consistent with those generated from
single-crystal X-ray diffraction analysis. Elemental analyses of I–VII
were satisfactory.


Elemental analysis calcd (%) for I : C 9.97, N 5.81, H 3.74; found: C 9.88,
N 5.99, H 3.78; elemental analysis calcd (%) for II : C 17.4, N 10.15, H
3.63; found: C 17.53, N 10.29, H 3.70; elemental analysis calcd (%) for
III : C 11.3, N 6.59, H 2.35; found: C 11.18, N 6.69, H 2.43; elemental
analysis calcd (%) for IV: C 21.71, N 6.33, H 3.17; found: C 21.82, N


Table 1. Crystal data and structure refinement parameters for compounds I–IV.[a]


I II III IV[b]


formula CoCl2C2H9NO4 MnCl2C4H10N2O4 Cd3Cl6C8H20N4O8 CdBr2C4H7NO
crystal system monoclinic triclinic triclinic monoclinic
space group P2(1)/n P1̄ P1̄ C2/m
crystal size [mm] 0.3L0.23L0.25 0.21L0.23L0.16 0.25L0.27L0.25 0.35L0.18L0.2
a [I] 6.3759(5) 4.9751(2) 8.7588(11) 20.046(3)
b [I] 15.8733(12) 6.6025(4) 8.9314(11) 4.0553(6)
c [I] 7.7530(6) 7.9309(5) 9.0376(12) 11.243(2)
a [8] 90.0 106.245(3) 68.692(2) 90.0
b [8] 97.604(2) 92.850(3) 61.848(2) 119.822(2)
g [8] 90.0 107.055(2) 66.250(2) 90.0
V [I3] 777.75(10) 236.64(2) 557.25(12) 793.0(2)
Z 4 1 1 4
fw 240.93 275.98 850.22 357.32
1calcd [gcm


�3] 2.058 1.937 2.533 2.993
l [I] 0.71073 0.71073 0.71073 0.71073
m [mm�1) 2.851 1.942 3.598 12.753
q range [8] 2.57–23.32 2.70–23.28 2.55–23.29 2.09–23.26
total data 3267 1009 2388 1676
limiting indices �7�h�7


�8�k�17
�8� l�8


�4�h�5
�7�k�7
�7� l�8


�9�h�9
�9�k�9
�10� l�6


�22�h�19
�4�k�4
�12� l�12


unique data 1123 678 1592 669
observed data [I>2s(I)] 979 613 1266 599
Rint 0.0272 0.0140 0.0253 0.0360
R indexes [I>2s(I)] R1=0.0259, wR2=0.0658 R1=0.0270, wR2=0.0689 R1=0.0324, wR2=0.0714 R1=0.0442, wR2=0.1160
R (all data) R1=0.0301, wR2=0.0679 R1=0.0299, wR2=0.0702 R1=0.0467, wR2=0.0771 R1=0.0476, wR2=0.01181
GOF 1.063 1.021 0.977 1.060
no. of variables 107 81 133 55
largest diff. map peak and hole [eI�3] 0.309 and �0.319 0.291 and �0.465 0.832 and �0.831 0.743 and �1.870


[a] R1=� j jFo j� jFc j j /� jFo j ; wR2= {�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]}


1=2 , for which w=1/[s2F2
o+ (aP)2+bP]; P= (F2


o+2F2
c)/3; a=0.0338 and b=0.7110 for I ; a=


0.0524 and b=0 for II ; a=0.0362 and b=0 for III ; a=0.0839 and b=0 for IV. [b] The unit-cell dimensions of the isostructural chloro compound are a=
19.6886, b=3.8917, c=10.8926 I; b=119.9778.
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6.41, H 3.05; elemental analysis calcd (%) for V: C 12.00, N 7.00, H 3.49;
found: C 11.95, N 7.07, H 3.55; elemental analysis calcd (%) for VI : C
32.26, N 6.86, H 6.86; found: C 32.05, N 7.03, H 6.91; elemental analysis
calcd (%) for VII : C 40.05, N 7.79, H 7.79; found: C 39.87, N 7.82, H
7.71.


Single-crystal structure determination : A suitable single crystal of each
compound (I–VII) was carefully selected under a polarizing microscope
and glued at the tip of a thin glass fiber with cyanoacrylate (super glue)
adhesive. Single-crystal structure determination by X-ray diffraction anal-
ysis was performed on a Siemens Smart-CCD diffractometer equipped
with a normal focus, 2.4 kW sealed-tube X-ray source (MoKa radiation,
l=0.71073 I) operating at 40 kV and 40 mA. A hemisphere of intensity
data was collected at room temperature with w space scans (width of
0.308 and exposure time of 10 s per frame). Pertinent experimental de-
tails for the structure determination of compounds I–IV and V–VII are
presented in Tables 1 and 2, respectively.


The structures were solved by direct methods by using the SHELXS-86
program,[14] which readily established the heavy-atom position (Co, Mn,
Cd, Cu, Cl, Br) and facilitated the identification of the light atoms (O, N,
C, H) from difference Fourier maps. An empirical absorption correction
based on symmetry-equivalent reflections was applied by using the
SADABS program.[15] All the hydrogen positions were initially located in
the difference Fourier maps and the hydrogen atoms were placed geo-
metrically and held in the riding mode for the final refinement. The last
cycle of refinement included atomic positions for all the atoms, anisotrop-
ic thermal parameters for all the non-hydrogen atoms, and isotropic ther-
mal parameters for all the hydrogen atoms. Full-matrix least-squares
structure refinement against jF2 j was carried out (for compounds I–VII)
by using the SHELXTL-PLUS package of programs.[16] CCDC-279389


(I), -279390 (II), -279391 (III), -279392 (IV), -279393 (V), -279394 (VI),
and -279395 (VII) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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V[b] VI VII


formula MnBr2C4H14N2O6 CdC12H27N2O6 CuC12H28N2O6.5


crystal system monoclinic monoclinic monoclinic
space group P2(1)/c P2(1) P2(1)/n
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Z 2 2 2
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1calcd [gcm
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�14� l�13
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111.609(2)8 ; and of Ni are a=11.8226(10), b=6.0293(5), c=8.7709(7) I; b=111.648(1)8.
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Introduction


C-Glycosyl amino acids belong to a class of glycosides most
of which are non-natural products, featuring carbohydrates
anomerically linked to amino acid residues through one or
more carbon�carbon bond(s). The interest in synthetic
methods[1] which are amenable to the production of these
compounds in usable quantities orginates from their subse-
quent incorporation into peptides. Both co- and post-transla-
tional synthetic strategies are used for this task.[2] The result-
ing materials display carbohydrate residues which are linked
to the polyamide backbone through a carbon�carbon bond
(C-glycopeptides). Hence, unlike native peptides carrying
oligosaccharides through carbon–oxygen or carbon–nitrogen
linkages (O- and N-glycopeptides),[3] these artificial glyco-


peptides are more resistant toward enzymatic and chemical
degradation. Given the central role exerted by O- and N-
glycopeptides in glycoprotein biological functions at the cel-
lular level[4] (cellular recognition, adhesion, cell-growth reg-
ulation, cancer cell metastasis, and inflammation), the intro-
duction of structurally defined, metabolically stable C-glyco-
peptides is expected to provide the opportunity to probe
and intervene in critical biological processes. The final goal
of these studies is the development of glycopeptide-based
drugs for the control of bacterial and viral diseases, cancer
therapy, and treatment of inflammatory processes.[5] Conse-
quently, a variety of C-glycosyl a-amino acids have been
prepared thus far; particular attention has been paid to
methylene isosteres of O-glycosyl serine and threonine and
ethylene isosteres of N-glycosyl asparagines,[1,2,6] because
these glycosyl amino acids are the most common compo-
nents of natural glycopeptides. However, it appears of some
importance to opening viable routes also to C-glycosyl b-
amino acids in order to introduce a further diversification in
newly designed C-glycopeptides. In fact, in the recent
decade there has been a great interest in b-amino acid syn-
thesis[7] not only for their own pharmacological activities[8]


and structural properties[9] but especially for their use as a-


Abstract: The development of new
methods for the preparation of C-gly-
cosyl b-amino acid libraries with chem-
ical and stereochemical diversity levels
was investigated and the results are de-
scribed herein. Two complementary
one-pot three-component Mannich-
type and Reformatsky-type synthetic
strategies have been developed for the
construction of chiral 3-amino propa-
noate fragments (eventually bis-substi-
tuted at C-2) directly linked to the
anomeric carbon of pyranose and fura-
nose residues. Both methods involved


as the initial step the coupling of a
sugar aldehyde to p-methoxybenzyl-
amine but differed in the nucleophile
(a d2 synthon equivalent) which was
successively added: a ketene silyl
acetal (Mannich route) or a bromozinc
enolate (Reformatsky route). Individu-
al C-glycosyl b-amino esters were iso-


lated as single 3R diastereoisomers in
fair to excellent yield (60–90%) and
their structure assigned by NMR spec-
troscopy (Riguera protocol) supported
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amino acid surrogates in the construction of hybrid a- and
b-peptidic materials, which display enhanced stability
toward proteolysis[10] and possess interesting folding patterns
in the form of well defined and stable helical, turn, and
pleated-sheet conformations in solution.[11] However, at
present, there are only three accounts describing multistep
routes to sugar b-amino acids. The approaches by Tripathi[12]


and Sharma[13] and their co-workers were both based on the
Michael-type addition of amines to sugar derived g-alkoxy
a,b-unsaturated esters; the route by Palomo[14] and co-work-
ers involved the reaction of a-amido glycoalkyl sulfones
(prepared from C-glycosyl propionaldehydes) with the lithi-
um enolate derived from 2-acetylisoborneol, followed by the
elaboration of the resulting b-amino ketone. However, the
Tripathi[12] and Sharma[13] route afforded compounds of type
I (Figure 1) which cannot be considered C-glycosyl b-amino


acids because the amino acid residue is linked to the C-4 or
C-5 of furanose or pyranose ring, respectively, rather than to
the anomeric carbon of the sugar fragment.[15] The method
of Palomo[14] allowed for the synthesis of a few compounds
of type II in which the sugar and the amino acid fragments
are linked through an ethylene bridge. Therefore two years
ago we became particularly interested in developing effi-
cient routes to a new class of genuine C-glycosyl b-amino
acids such as those of type III featuring the amino acid resi-
due directly linked to the sugar fragment. We reported pre-
liminary results of a successful approach to those target mol-
ecules based on a one-pot, three-component cross-Mannich-
type reaction of sugar aldehydes.[16,17] We have now set for
ourselves a goal to broadening the scope of the Mannich-
type approach to C-glycosyl b-amino acids 7 from aldehydes
1, amines 2 and silyl ketene acetals 4 as well as developing a
complementary route based on the Reformatsky reaction
using as nucleophiles the bromozinc enolates 5 (Scheme 1).
Apparently, the reagents 4 and 5 serve as the equivalents of
the d2 synthon 6, a carboxylate stabilized a-carbanion, that
by addition to the C-glycosyl imine intermediate 3, com-
pletes the assembly of the three reaction partners via car-
bon�carbon bond formation. Delighted by the high diaster-
eoselectivity levels registered in an earlier exploratory
work,[16] we hoped that similar stereochemical control would
result in new reactions. For many years the Mannich[18] and


the Reformatsky[19] reactions have represented the most
common routes to b-amino carbonyl compounds. Both reac-
tions involved an aldehyde, an amine, and a carbonyl-stabi-
lized nucleophile and were performed stepwise. Our ap-
proach consists of performing the reactions in a three-com-
ponent manner (3-CR) by adding successively the amine,
then aldehyde and finally the nucleophile to the resulting
imine.[20,21] The design of multicomponent syntheses often
relies on the integration of multiple individual reactions to
give a one-pot synthetic operation. In recent years there has
been an increasingly awareness among the synthetic organic
chemistry community on the great potential of multicompo-
nent reactions as step-economical strategies in target-orient-
ed synthesis.[22,23] It can be foreseen that from the 3-CRs
shown in Scheme 1 large libraries of C-glycosyl b-amino
acids should be accessible by the use of a wide range of
reagents. Structural and stereochemical diversity can be
achieved by changing the sugar residue in aldehydes 1, the
group R in the amine 2, as well as the substituents R’ and
R’’ in the nucleophiles 4 and 5. The results of this investiga-
tion are presented in the following.


Results and Discussion


While efficiency and scope of synthetic methodologies are
quite often evaluated by the use of simple model reagents,
in the target oriented synthesis of C-glycosyl b-amino esters
7 we needed as starting materials rather special aldehydes,
such as formyl C-glycosides 1. Earlier studies were carried
out in our laboratory on the stereoselective anomeric formy-
lation of pyranoses and furanoses via thiazole and benzo-
thiazole chemistry.[24] Hence, a collection of sugar aldehydes


Figure 1. Three different types of sugar b-amino acids.


Scheme 1. Complementary Mannich and Reformatsky one-pot routes to
C-glycosyl b-amino esters.
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1 was at hand for the present study. Also the choice of the
amine 2 was carefully considered because this reagent had
to be sufficiently reactive towards sugar aldehyde 1 and at
the same time bear a group R; this residue should be easily
removable from the final product 7 and replaceable by an-
other amino protecting group, such as Boc and Fmoc, suita-
ble for peptide synthesis. The primary amine p-methoxyben-
zylamine (PMBA, 2a) appeared to be endowed with the re-
quired properties since it is a good nucleophile and the N-
PMB group can be readily cleaved under both oxidative and
mild acid conditions.


One-pot Mannich route to b-amino esters 7: In a model
system suitable for optimization studies we started with per-
benzylated b-linked C-galactosyl formaldehyde 1a, PMBA
2a, and the commercially available ketene silyl acetal 1-me-
thoxy-2-methyl-1-trimethylsilyloxypropene (4a) (Scheme 2).
The promoter was InCl3, an active catalyst of the Mannich
reaction both in water and methanol which was recently in-
troduced in multicomponent approaches by Loh and co-
workers.[20a] As we anticipated to perform the reaction
under one-pot stepwise conditions, a solution in methanol of
the aldehyde 1a, amine 2a (1.0 equiv), and catalytic InCl3
(0.2 equiv) was stirred at room temperature for 30 min and
then the nucleophile 4a (1.5 equiv) was added in one por-
tion. Work up of the reaction mixture after 12 h afforded
the three-component coupling product C-galactosyl b-amino
ester 7aa[25] as the sole diastereoisomer as observed by
1H NMR analysis of the crude reaction mixture. Pure prod-
uct 7aa was isolated by chromatography in 80% yield.
Noteworthy, the same high diastereoselectivity and yield
were registered in different scale reactions starting from
100 mg up to one gram of the aldehyde 1a. The b-linkage at
the sugar anomeric center of 7aa was easily established by
estimating the J4,5 value of about 9.0 Hz in the 1H NMR
spectrum. On the other hand, the configuration at the newly


formed C-3 stereocenter carrying the NHPMB group was
more laboriously assigned after transformations of 7aa into
MosherKs amides (see below) as being R.


The assembly of the sugar aldehyde 1a, amine 2a, silyl
ketene acetal 4a was examined under the light of amount
and promoter changes while maintaining the same reaction
conditions, that is, 12 h at room temperature in methanol as
the solvent (Table 1). The results obtained in this study indi-
cated that the best performing catalyst was by far InCl3
since only 0.2 equiv of this Lewis acid served to perform the
aminocarbonylation with very good yields (80%) of the
target product 7aa. However, the inexpensive and environ-
mentally friendly FeCl3·6H2O appears to be promising in
this endeavor although it is less effective than InCl3. Also
Yb(OTf)3 showed good activity but the high costs constitute
a serious limitation. In comparison to these promoters,
TMSOTf was much less efficient and BF3·OEt2 was practi-
cally ineffective. With all catalysts, the (3R)-epimer 7aa was
observed as the sole product in the crude reaction mixtures.


The Mannich-type 3-CR under the InCl3 catalysis was
then applied to other b-linked C-glycosyl aldehydes 1b–e
(d-gluco, d-manno, d-ribo, d-arabino series)[26] to give the
corresponding three-component coupling products C-glyco-
syl b-amino esters 7ba–ea as single 3R diastereoisomers (see
below for the configurational assignments) in fair to excel-
lent isolated yields (60–90%) (Table 2). These results dem-
onstrated the applicability of this approach to different
sugar aldehydes. However, the synthesis of b-amino ester
7ca (manno series) required some experimental adjust-
ments. In fact, dichloromethane was chosen as the solvent
because of the insolubility of the intermediate imine in
methanol and the whole synthetic sequence was performed
at 0 8C for 16 h (overall time) to limit the formation (30%)
of the two epimeric (1:1 ratio)
glycal amino esters 8 (see
below) resulting from the elimi-
nation of BnOH from C-1 and
C-2 of the sugar moiety. This
side reaction occurred later
than the imine formation as


Scheme 2. Model synthesis of a C-glycosyl b-amino acid via the one-pot
three-component Mannich approach.


Table 1. Mannich reaction of 1a, 2a, 4a, and different promoters.[a]


Entry Promoter % mol promoter Yield 7aa [%][b]


1 InCl3 20 80
2 InCl3 100 85
3 Yb(OTf)3 20 60
4 Yb(OTf)3 100 70
5 TMSOTf 20 25
6 TMSOTf 100 60
7 BF3·Et2O 20 <5
8 BF3·Et2O 100 10
9 FeCl3·6H2O 20 60
10 FeCl3·6H2O 100 70


[a] All reactions were run with 1.0 mmol 1a and 1.0 mmol 2a in 3 mL
MeOH in the presence of the promoter and 4 M molecular sieves. Then
4a (1.5 mmol) was added in one portion after 30 min. [b] Isolated yields.
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confirmed by 1H NMR analysis of the crude reaction mix-
ture before 4a was added. This experiment showed the ab-
sence of glycal derivatives of 1c and its corresponding
imine. The elimination pathway was very likely favored in
the manno series by the trans-diaxial disposition of the
anomeric proton and the OBn group at C-2 of the carbohy-
drate unit.[27]


Reagent diversity was next considered in respect to the
silyl ketene acetal 4 since this component served to modu-
late the extent and the type of substitution at C-2 of the
amino acid side chain. Thus, the construction of a C-a un-
substituted fragment was examined by the use of (1-ethoxy-
vinyloxy)trimethylsilane (4b), a known ketene silyl acetal
for which an optimized preparation from lithium diisopropyl-
amide/ethyl acetate/trimethylsilyl chloride was available.[28]


Unfortunately, this enol silane was found to isomerize to the
corresponding a-silylated or desilylated acetate due to the
migration of the SiMe3 group from oxygen to carbon.[28a]


The consequence of this undesirable behavior became mani-
fested by the low yield, even when using 5.0 equiv of 4b, for
three new C-glycosyl b-amino propionates 7ab, 7bb, and
7db synthesized from the corresponding aldehydes 1a, 1b,
and 1d (Table 3). In addition the reactions showed a re-


markably high stereochemical control as only one single
Mannich adduct (see below for the configurational assign-
ment at C-3) was observed in the crude reaction mixture
and briefly characterized. Quite disappointing was the unex-
pected lack of Mannich adduct formation starting from the
mannopyranosyl and arabinofuranosyl aldehydes 1c and 1e,
respectively. The only products isolated were PMBA 2a,
and the C-formyl glycals 9–10 (manno series) and 11–12
(arabino series). It can be speculated that these products
arise from the retro-Mannich reaction of the expected glyco-
syl b-amino esters 7cb and 7eb (see Table 5). Accordingly,
the formation of glycals 9 and 11 can be explained by the
hydrolysis of the water-sensitive imine intermediates (the
retro-Mannich products along with 2a and ethyl acetate) to
the aldehydes 1c and 1e, followed by the ready 1,2-trans
elimination of BnOH. The route leading to compounds 10
and 12 is instead open to various interpretations.


Table 2. Three-component Mannich reactions of the b-linked C-glycosyl
aldehydes 1b–e with PMBA 2a and silyl ketene acetal 4a in the presence
of InCl3 (0.2 equiv).[a]


R1 b-amino ester Yield[b] [%] de[c] [%]


b-glucosyl, 1b 90 100


b-mannosyl, 1c 60[d] 100


b-ribosyl, 1d 85 100


b-arabinosyl, 1e 75 100


[a] All reactions were performed in MeOH at room temperature with
1.0 mmol 1, 1.0 mmol 2a, and 0.2 mmol InCl3 in the presence of 4 M mo-
lecular sieves. Then 4a (1.5 mmol) was added in one portion after
30 min. [b] Isolated yields. [c] Determined by 1H NMR analysis of the
crude reaction mixture. [d] Reaction run at 0 8C in CH2Cl2.


Table 3. Three-component Mannich reactions of the b-linked C-glycosyl
aldehydes 1a–e with PMBA 2a and the silyl ketene acetal 4b in the pres-
ence of InCl3 (0.2 equiv).[a]


R1 b-amino ester Yield[b] [%] de[c] [%]


b-galactosyl, 1a 60 100


b-glucosyl, 1b 58 100


b-mannosyl, 1c 50[d,e]


b-ribosyl, 1d 62 100


b-arabinosyl, 1e 55[e]


[a] All reactions were performed in EtOH at room temperature with
1.0 mmol 1, 1.0 mmol 2a, and 0.2 mmol InCl3 in the presence of 4 M mo-
lecular sieves. Then 4b (5.0 mmol) was added in one portion after
30 min. [b] Isolated yields. [c] Determined by 1H NMR analysis of the
crude reaction mixture. [d] Reaction run at 0 8C in CH2Cl2. [e] Isolated as
a ca. 1:1 mixture of glycals.
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In view of the synthetic application of the newly prepared
amino esters as precursors to glycopeptides, compounds
7aa–7ea and 7ab–eb were transformed into their corre-
sponding N-Boc derivatives 13aa–ea and 13ab–eb, all of
which are expected to be suitable for co-translational intro-
duction into peptides by Boc-based peptide synthesis. The
N-protecting group modification required removing of the
PMB group under oxidative conditions using ammonium
cerium nitrate (CAN) and then treatment with di-tert-butyl
dicarbonate (Boc2O) under mild basic conditions for the for-
mation of the carbamate-type protection. The overall yield
of this optimized one-pot transformation varied in the range
70–85% and was carried out both in milligram and gram
scale. The compounds thus obtained are presented in
Table 4. It is at this point worth mentioning that the attempt
to obtain the N-Boc protected amino esters 13 directly from
the Mannich 3-CR using the tert-butyl carbamate (BocNH2)
as the amine component, failed in our hands. This unfortu-
nate finding can be ascribed to the lack of imine formation
in the first step of the Mannich reaction. The reluctance of
carbamates to take part in Mannich reactions is well known
and appears to be attributable to their low nucleophilicity.[29]


However, a successful reaction of this type has been report-
ed quite recently by Xia and co-workers.[23y]


One-pot Reformatsky route to b-amino esters 7: Having
pointed out some limitations in the Mannich-type approach
to the desired C-glycosyl b-amino esters 7, it became quite
obvious to us exploring the complementary Reformatsky re-
action to see whether new molecular diversity could be ach-
ieved for the compilation of a small yet significant collection
of these amino acids. Only three examples were reported up
to 2002 on the Reformatsky-type reaction carried out under
the light of a three-component technique.[21a–c] Very recently,
Adrian and Snapper reported on an efficient, nickel-cata-
lyzed, Reformatsky-type three-component condensation
that allowed to prepare a library of 64 b-amino carbonyl
compounds constituted of b-amino esters, amides, and keto-
nes.[21d] Consistent with earlier observations of POrichon and
co-workers,[30] the key element in this technique was the use
a nickel-based catalyst which was identified as NiCl2 to
which were added two equivalents of PPh3. Thus, substantial
experimentation led Adrian and Snapper to the preparation
of the Reformatsky reagent from ethyl 2-bromoacetate, a di-
alkyl zinc and [NiCl2(PPh3)2] and perform the 3-CR in a
one-pot reaction but with the addition of the reagents in a
successive manner. While the aldehydes that we intended to
use in our target-oriented synthesis were more complex sub-
strates than those tested by Adrian and Snapper in their


Table 4. Transformation of the N-PMB amino esters 7aa–ea and 7ab–eb into their corresponding N-Boc derivatives 13aa–ea and 13ab–eb.


N-PMB derivative N-Boc derivative Yield [%][a] N-PMB derivative N-Boc derivative Yield [%][a]


7aa 85 7ca 78


7ab 81 7da 82


7ba 78 7db 80


7bb 71 7ea 76


[a] Isolated yields.
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model systems, we decided to apply the optimized condi-
tions established by these authors to our own chemistry.
Adopting once again as starting material the perbenzylated
b-linked C-galactopyranosyl aldehyde 1a, we proceeded in
the following way (Scheme 3). Aldehyde 1a and PMBA 2a


(1 equiv) were stirred in CH2Cl2 at room temperature for
30 min and then a toluene solution of the zinc donor Me2Zn
(3.5 equiv) was added followed, after 15 min, by ethyl bro-
moacetate 14 (3.0 equiv) and a dichloromethane solution of
the catalyst [NiCl2(PPh3)2] (0.05 equiv). The latter three spe-
cies served to form in situ the Reformatsky reagent
BrZnCH2CO2Et (5b) very likely through the catalytic cycle
propose by Adrian and Snapper.[21d] These conditions
worked beautifully because after 12 h of stirring the reaction
mixture the Reformatsky three-component adduct 7ab was
afforded as one single stereoisomer (crude 1H NMR analy-
sis) and in much higher isolated yield (78 vs 60%) of the
identical Mannich product reported in Table 3.


Encouraged by this result, the same strategy was tested
with C-glycosyl aldehydes 1b–e (d-gluco, d-manno, d-ribo,
d-arabino series).[26] The corresponding C-glycosyl b-amino
esters 7bb, 7cb, 7db, and 7eb were obtained as single ob-
servable diastereoisomers (Table 5). The yields of the two
glucosyl 7bb and ribosyl 7db derivatives (70 and 72%) were
higher by about 10% of those registered in the Mannich-
type route (Table 3). Also quite gratifyingly was the success-
ful access, although in low yield, to the mannosyl 7cb and
arabinosyl 7eb derivatives, which cannot be synthesized via
the Mannich-type route. Hence the power of the Reformat-
sky route in this chemistry appears to be sufficiently demon-
strated.


Although the substitution of the N-PMB group with the
N-Boc was demonstrated to be performable easily with the
compounds previously prepared, we decided to test the fea-


sibility of this transformation also with the newly prepared
amino esters 7cb and 7eb. Hence we observed that the N-
protective group replacement was readily carried out in 7eb
using CAN and then Boc2O to give the target amino ester
13eb in 84% yield (Scheme 4). Glycal 15 was obtained in-


stead starting from 7cb under the same conditions. In this
case the BnOH elimination which was concomitant to the
PMB group removal was not prevented even by using the
neutral oxidant 2,3-dichloro-5,6-dicyano-1,4-benzoquinone


Scheme 3. Model synthesis of a C-glycosyl b-amino acid via the one-pot
three-component Reformatsky approach.


Table 5. Three-component Reformatsky reactions of the b-linked C-gly-
cosyl aldehydes 1b–e with PMBA 2a and ethyl bromoacetate 14 in the
presence of Me2Zn and [NiCl2(PPh3)2].


[a]


R1 b-amino ester Yield [%][b] de [%][c]


b-glucosyl, 1b 70 100


b-mannosyl, 1c 60 100


b-ribosyl, 1d 72 100


b-arabinosyl, 1e 45 100


[a] All reactions were run in CH2Cl2 at room temperature for 12 h (see
Experimental Section). [b] Isolated yields. [c] Determined by 1H NMR
analysis of the crude reaction mixture.


Scheme 4. N-Protective group replacement.
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(DDQ). This is a typical case of an unexpected event, thus
stressing the view on the highly experimental basis of our
chemical discipline. From the practical standpoint this may
serve to alert on the ease of trans-elimination of BnOH in
the manno series not only in the starting reagent C-formyl
glycoside 1c or in the corresponding imine, but also in the
final amino ester C-glycoside 7cb.


Applications of fluorinated amino acids, especially gem-
difluoro derivatives[31] in biological and medicinal studies as
well as in pharmaceutical research toward the development
of new drugs, are of great interest. It is well known that
compounds in which hydrogen atoms are replaced by fluo-
rine atoms represent bioisosteres of great importance.[32]


Hence isosteric changes represent another element of diver-
sity in the target-oriented preparation of special libraries for
life science. We anticipated that a route to a,a-difluoro C-
glycosyl b-amino acids by the Reformatsky-type synthesis as
described above would now be possible. The preference for
this route over the Mannich-type route was dictated by the
ready access to the a,a-difluoro Reformatsky reagent
BrZnCF2CO2Et (5c); this reagent could be conveniently
prepared from ethyl bromodifluoroacetate (16) and has also
been successfully implemented in addition reactions to
imine derivatives both under classical[33] and catalytic[34] con-
ditions. On the other hand, the synthesis of difluoroketene
ethyl trimethylsilyl acetal F2C=C(OSiMe3)OEt (4c), that is
reported to occur in only 12% yield from 16,[35] failed in our
hands thus precluding us from exploring a Mannich-type ap-
proach. Quite disappointingly, the application of optimized
conditions to the one-pot three-component Reformatsky re-
action of the perbenzylated b-linked C-galactopyranosyl al-
dehyde 1a, PMBA 2a, and ethyl bromodifluoroacetate 16 in
the presence of Me2Zn and [NiCl2(PPh3)2] resulted in no for-
mation of the target a,a-difluoro C-galactosyl b-amino ester
7ac (Scheme 5).


Although we were aware of the crucial role of catalyst
and solvent in the Reformatsky-type addition involving
ethyl bromodifluoroacetate (16),[36] we did not carry out a
systematic screening of reaction conditions to opening a suc-
cessful one-pot route to derivatives of type 7ac. Neverthe-
less, the need for sufficient amounts of these compounds for
biological and structural studies led us to consider an alter-
native and more straightforward access to this class of fluo-
rinated b-amino acids. Hence, since the fluorinated Refor-
matsky reagent 5c, due to its instability,[37] is usually gener-
ated and reacted in refluxing THF we focused our attention
on the use of traditional Reformatsky conditions. Accord-
ingly, galactosyl imine 18a, which was separately prepared
from the corresponding aldehyde 1a and p-anisidine 17
(THF, room temperature, 45 min), was added to a suspen-
sion of ethyl bromodifluoroacetate (16 ; 4.0 equiv) and acti-
vated zinc powder in boiling THF. The reaction was com-
pleted under reflux conditions in 45 min and furnished the
gem-difluoro N-p-methoxyphenyl (PMP)-b-amino ester 19
in 30% yield after purification by column chromatography
(Table 6). Compound 19 was isolated as a single diaster-


eoisomer along with uncharacterized byproducts arising
from the thermal decomposition of the imine 18a. The pre-
cautionary use of p-anisidine 17 as amine component was
suggested by earlier studies reporting on the preferential
formation of b-lactam derivatives in the addition reactions


Scheme 5. Abortive synthesis of a a,a-difluoro C-glycosyl b-amino acid
via the one-pot three-component Reformatsky approach.


Table 6. Classical Reformatsky reactions of the b-linked C-glycosyl
imines 18a and 18d with ethyl bromodifluoroacetate 16 in the presence
of activated zinc powder.


R1 b-amino ester Yield [%][b] de [%][c]


b-galactosyl, 1a 30 100


b-ribosyl, 1d 32 100


[a] Isolated yields. [b] Determined by 1H NMR analysis of the crude reac-
tion mixture.
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of zinc enolates to N-PMB imines under conventional Re-
formatsky conditions.[38] A complete diastereoselectivity and
a comparable moderate yield (32%) was also observed for
the synthesis of b-amino ester 20 prepared under the above
reaction conditions from the corresponding C-ribosyl form-
aldehyde 1d (Table 6). Any attempts to assign the absolute
configuration at C-3 of derivatives 19 and 20 (see next sec-
tion) as well as to improve the chemical yield of the above
transformations have been fruitless so far.[39] Evidently, this
exploratory work on the synthesis and structural analysis of
a,a-difluoro C-glycosyl b-amino acids needs further re-
search. In our laboratory both issues are intensely pursued
by addressing effective catalytic Reformatsky conditions and
exhaustive crystallographic and NMR investigations.


Structure assignments : Structure and absolute configuration
assignments of b-amino esters 7 were performed by using
one- and two-dimensional 1H and 13C NMR spectroscopic
analysis supported by X-ray crystallographic data. The b-
linkage at the anomeric carbon (C-4) of the sugar moieties
was confirmed for all compounds by estimating the J4,5


values or by the aid of NOE measurements, as appropriate.
In fact, as anticipated, galactopyranosyl and glucopyranosyl
derivatives showed J4,5 values around 9.0 Hz. The ribofura-
nosyl and arabinofuranosyl derivatives instead displayed
NOE values between H-4 and H-7, the mannopyranosyl de-
rivatives between H-4 and H-8. These results indicate that
the stereochemical integrity at the anomeric carbon of the
sugar aldehydes 1 and intermediate imines 3 was retained in
the course of the three-component reactions in agreement
with previous studies in our laboratory.[16,17,22l,23h,i] The as-
signment of the absolute configuration at the newly formed
C-3 stereocenter of b-amino esters 7 was a crucial problem
of this research and we thought to conveniently solve it by
means of X-ray crystallography. Nevertheless, the reluctance
of most of these compounds to give suitable crystals for X-
ray analysis prompted us to consider an alternative method-
ology. In this regard, we focused out attention on NMR
methods for the determination of the absolute configuration
of chiral primary amines.[40] These methods usually involve a
double derivatization of the substrate of unknown configu-
ration with the two enantiomers of a chiral auxiliary. Then
the chemical shifts of the signals due to protons in the re-
sulting diastereoisomers are determined and the correspond-
ing differences expressed as DdRS. Accordingly, compound
7aa was transformed into the corresponding hydroxy-free
(R)- and (S)-methoxytrifluoromethylphenylacetic (MTPA)
amides (R)-21aa and (S)-21aa (MosherKs amides)[41] by
means of a simple reaction sequence involving N-PMB
group removal, (R)- or (S)-MosherKs acid condensation, and
benzyl groups hydrogenolysis (Scheme 6).[42] The assignment
of the configuration at C-3 was then straightforward from
the analysis of the 1H NMR spectra of (R)-21aa and (S)-
21aa and determination of DdRS signs in agreement with the
protocol developed by Riguera and co-workers.[40d] In fact, a
positive DdRS value was observed for the protons of the
sugar moiety (from H-4 to H-9) while a negative DdRS value


was found for the protons of the alkyl chain (H-2’ and H-1’).
This result allowed us to pinpoint the spatial location of the
substituents (the sugar moiety and the alkyl chain) around
the C-3 stereocenter and therefore assign the 3R configura-
tion on the basis of the proposed configurational model.[40d]


Fortunately enough, this structure assignment was confirmed
by the X-ray crystallographic analysis of a derivative of 7aa
which was obtained in a suitable crystalline form (see Sup-
porting Information and ref. [16]). Having thus validated the
above NMR methodology for this class of glycosylated b-
amino esters, we applied the same protocol to the MosherKs
amides arising from the a,a-dimethyl b-amino esters 7ba–ea
and to the representative a-unsubstituted b-amino ester 7ab
(see Experimental Section).[43] The results of this NMR in-
vestigation led us to assign the 3R configuration to all b-
amino esters 7 and therefore postulate an identical steric
course for all relevant reactions.


Mechanistic considerations : The astonishing stereoselectivity
observed in the three-component Mannich and Reformatsky
reactions of sugar aldehydes 1a–e, PMBA 2a, and ketene
silyl acetals 4a,b or bromozinc enolate 5b, respectively,
which afforded exclusively b-amino esters 7 with 3R config-
uration, can be explained in terms of attack of the above C-
nucleophiles from the less hindered Re face of the a-chelate
formed by the simultaneous coordination of indium (Man-
nich route) or zinc (Reformatsky route) to the nitrogen of
the intermediate imine 3 and the a-endocyclic oxygen of the
carbohydrate moiety (Figure 2). The observed stereochemi-
cal outcome is in accordance with that previously described
by GQlvez and DRaz-de-Villegas and co-workers[44] for the
Lewis acid-promoted addition of ketene silyl acetals to
imines derived from d-glyceraldehyde. Also in that case, the


Scheme 6. NMR method for the determination of the absolute configura-
tion at b-carbon.
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stereodifferentiation at the C=N double bond of imines was
explained with a a-chelate model. Nevertheless, the forma-
tion of b-amino esters 7 is also consistent with a Felkin–Anh
model[45] (Figure 2) in agreement with the formation of 7aa
via the Mannich route promoted by the non-chelating
Lewis-acid TMSOTf (Table 1, entries 5 and 6). On the con-
trary, the polar Felkin–Anh model,[46] which is commonly ac-
cepted as the preferred explanation for 1,2-asymmetric in-
duction in a-heteroatom-substituted aldehydes, predicted
the opposite 3S configuration. Currently, the proposal of
transition-state models that take into account the above-
mentioned features (Figure 2) and rationalize the observed
stereochemical outcome is highly speculative. We feel that
more information on the imine structure as well as the com-
plexing ability of all the oxygen functions of the carbohy-
drate toward Lewis acids is needed for a better understand-
ing of the reasons of the strong stereocontrol. The need for
more detailed studies is also justified by the paucity of any
in depth systematic investigations reported in the literature
examining the addition of C-nucleophiles to imine deriva-
tives containing an adjacent stereocenter.[18a,44]


Conclusion


In summary, it has been shown that the implementation of
the valuable sugar aldehydes 1 as key components in the
one-pot Mannich and Reformatsky 3-CR allows for an effi-
cient and straightforward entry to the class of C-glycosyl b-
amino esters 7. It is noteworthy that both Mannich-type and
Reformatsky-type routes occur with complete asymmetric
induction furnishing the target b-amino esters 7 with 3R
configuration. We believe that both strategies, which are
also applicable to parallel synthesis programs, are of great
value for the rapid generation of structurally related com-
pound libraries. Studies on the insertion of unnatural amino
acids of type 7 into glycopeptides of biological relevance
and evaluation of the pharmacological activity of the result-
ing C-glyco-b-peptide mimetics are currently underway.


Experimental Section


All moisture-sensitive reactions were performed under a nitrogen atmos-
phere by using oven-dried glassware. Solvents were dried over standard
drying agent and freshly distilled prior to use. Commercially available
powdered 4 M molecular sieves (5 mm average particle size) were used
without further activation. Reactions were monitored by TLC on silica
gel 60 F254 with detection by charring with sulfuric acid. Flash column
chromatography was performed on silica gel 60 (230–400 mesh). Melting
points were determined with a capillary apparatus. Optical rotations
were measured at 20�2 8C in the solvent given; [a]D values are given in
10�1 degcm2g�1. 1H (300 MHz), 19F (282 MHz), and 13C (75 MHz) NMR
spectra were recorded for CDCl3 solutions at room temperature unless
otherwise specified. Assignments were aided by homo- and heteronuclear
two-dimensional experiments. MALDI-TOF mass spectra were acquired
using a-cyano-4-hydroxycinnamic acid as the matrix. Aldehydes 1a–e[24]


and (1-ethoxyvinyloxy)trimethylsilane (4b)[28] were synthesized as de-
scribed.


General procedure for the Mannich-type synthesis of C-glycosyl b-amino
esters 7aa, 7ba, 7ca, and 7ea : A mixture of aldehyde 1 (1.00 mmol), p-
methoxybenzylamine 2a (131 mL, 1.00 mmol), activated 4 M powdered
molecular sieves (150 mg), and anhydrous MeOH (3 mL) was stirred at
room temperature for 15 min; then InCl3 (44 mg, 0.20 mmol) was added
in one portion. The mixture was stirred at room temperature for 30 min;
then 1-methoxy-2-methyl-1-trimethylsilyloxypropene (4a ; 304 mL,
1.50 mmol) was added slowly. The mixture was stirred at room tempera-
ture for an additional 12 h, then diluted with AcOEt (10 mL), filtered
through a pad of Celite, and concentrated. The residue was suspended in
AcOEt (100 mL) and washed with H2O (2S10 mL). The organic phase
was dried (Na2SO4), concentrated, and purified by column chromatogra-
phy on silica gel with the suitable elution system to give the correspond-
ing b-amino ester.


Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-
methoxybenzylamino)-d-threo-l-galacto-nonanoate (7aa): Column chro-
matography with cyclohexane/AcOEt 5:1 afforded 7aa (619 mg, 80%) as
a white foam; [a]D=�12.0 (c = 1.3, CHCl3);


1H NMR (C6D6): d=7.40–
6.70 (m, 24H, Ph), 5.02, 4.65 (2d, J=11.0 Hz, 2H, PhCH2), 4.98, 4.50
(2d, J=11.5 Hz, 2H, PhCH2), 4.42, 4.32 (2d, J=11.8 Hz, 2H, PhCH2),
4.24, 4.16 (2d, J=12.0 Hz, 2H, PhCH2), 4.15 (dd, J4,5=9.0, J5,6=9.5 Hz,
1H, H-5), 4.04, 3.72 (2d, J=12.5 Hz, 2H, PhCH2), 3.86 (dd, J6,7=3.0,
J7,8~0.5 Hz, 1H, H-7), 3.58–3.53 (m, 2H, H-9a, H-3 or H-9b), 3.45–3.40
(m, 3H, H-4, H-8, H-9b or H-3), 3.42 (s, 3H, OCH3), 3.36 (dd, 1H, H-6),
3.29 (s, 3H, OCH3), 1.43 (s, 3H, CH3), 1.37 (s, 3H, CH3);


13C NMR: d=
178.2, 158.4, 139.1, 138.6, 138.3, 137.9, 133.8, 129.1, 129.0, 128.5–127.3
(12C), 113.5, 113.4, 85.7, 77.5, 77.4, 76.1, 75.1, 74.4, 73.7, 73.5, 72.0, 68.9,
61.4, 55.3, 54.2, 51.5, 48.2, 23.1, 20.9; MALDI-TOF MS: m/z : 773.3 [M +


], 796.9 [M ++Na]; elemental analysis calcd (%) for C48H55NO8 (773.95):
C 74.49, H 7.16, N 1.81; found: C 74.47, H 7.12, N 1.80.


Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-
methoxybenzylamino)-d-erythro-l-galacto-nonanoate (7ba): Column
chromatography with cyclohexane/AcOEt 5:1 afforded 7ba (697 mg,
90%) as a white foam; [a]D=�17.7 (c = 0.4, CHCl3);


1H NMR: d=7.40–
6.80 (m, 24H, Ph), 4.95, 4.71 (2d, J=11.0 Hz, 2H, PhCH2), 4.94, 4.87
(2d, J=10.5 Hz, 2H, PhCH2), 4.84, 4.65 (2d, J=10.8 Hz, 2H, PhCH2),
4.53, 4.46 (2d, J=12.0 Hz, 2H, PhCH2), 3.80, 3.61 (2d, J=12.5 Hz, 2H,
PhCH2), 3.76 (s, 3H, OCH3), 3.73–3.59 (m, 5H, H-5, H-6, H-7, 2H-9),
3.62 (s, 3H, OCH3), 3.42 (ddd, J7,8=9.0, J8,9a=1.5, J8,9b=3.5 Hz, 1H, H-8),
3.37 (d, J3,4~0.5 Hz, 1H, H-3), 3.34 (dd, J4,5=9.5 Hz, 1H, H-4), 1.60 (br s,
1H, NH), 1.21 (s, 3H, CH3), 1.19 (s, 3H, CH3);


13C NMR: d=178.2,
159.3, 139.0, 138.8, 138.7, 138.5, 134.5, 129.3–127.6 (14C), 112.2, 112.1,
88.1, 79.8, 78.7, 78.2, 77.3, 75.8, 75.3, 75.2, 73.8, 69.4, 61.2, 55.7, 54.0, 51.9,
48.0, 23.9, 20.7; MALDI-TOF MS: m/z : 774.3 [M ++H], 796.3 [M ++Na];
elemental analysis calcd (%) for C48H55NO8 (773.95): C 74.49, H 7.16, N
1.81; found: C 74.45, H 7.20, N 1.85.


Methyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-me-
thoxybenzylamino)-d-glycero-d-altro-octanoate (7da): Column chroma-
tography with cyclohexane/AcOEt 5:1 afforded 7da (556 mg, 85%) as a
white foam; [a]D=�43.0 (c = 1.1, CHCl3);


1H NMR: d=7.40–6.70 (m,


Figure 2. a-Chelate (A) and Felkin-Anh (B) models explaining the for-
mation of 3R-configured b-amino esters 7.
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20H, Ph, NH), 4.62, 4.40 (2d, J=11.8 Hz, 2H, PhCH2), 4.58, 4.54 (2d,
J=12.0 Hz, 2H, PhCH2), 4.36, 4.31 (2d, J=11.5 Hz, 2H, PhCH2), 4.16
(ddd, J6,7=6.0, J7,8a=4.0, J7,8b=4.5 Hz, 1H, H-7), 4.13 (dd, J3,4~0.5, J4,5=


4.5 Hz, 1H, H-4), 3.90 (dd, J5,6=2.5 Hz, 1H, H-6), 3.79 (dd, 1H, H-5),
3.75 (s, 3H, OCH3), 3.66 (s, 3H, OCH3), 3.55, 3.42 (2d, J=13.0 Hz, 2H,
PhCH2), 3.46 (dd, J8a,8b=10.0 Hz, 1H, H-8a), 3.38 (dd, 1H, H-8b), 3.06
(d, J3,4 = �0.5 Hz, 1H, H-3), 1.23, 1.21 (2s, 6H, 2CH3);


13C NMR: d=
178.4, 158.3, 138.0, 137.8, 137.7, 133.7, 129.0–127.6 (11C), 113.4, 113.3,
81.6, 80.6, 79.1, 76.3, 73.1, 71.9, 71.6, 70.0, 63.1, 55.2, 54.2, 51.6, 48.0, 23.1,
21.3; MALDI-TOF MS: m/z : 653.9 [M +]; elemental analysis calcd (%)
for C40H47NO7 (653.80): C 73.48, H 7.25, N 2.14; found: C 73.53, H 7.22,
N 2.18.


Methyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-me-
thoxybenzylamino)-d-glycero-d-ido-octanoate (7ea): Column chromatog-
raphy with cyclohexane/AcOEt 5:1 afforded 7ea (490 mg, 75%) as a
white foam; [a]D=1.1 (c = 1.2, CHCl3);


1H NMR: d=7.40–6.70 (m,
19H, Ph), 4.60 (s, 2H, PhCH2), 4.58, 4.51 (2d, J=11.0 Hz, 2H, PhCH2),
4.48, 4.42 (2d, J=12.0 Hz, 2H, PhCH2), 4.08–4.01 (m, 2H, H-6, H-7),
3.98 (dd, J3,4=2.5, J4,5=4.5 Hz, 1H, H-4), 3.91 (dd, J5,6=4.5 Hz, 1H, H-
5), 3.88, 3.49 (2d, J=12.5 Hz, 2H, PhCH2), 3.78 (s, 3H, OCH3), 3.62 (s,
3H, OCH3), 3.58 (dd, J7,8a=5.0, J8a,8b=10.0 Hz, 1H, H-8a), 3.52 (dd,
J7,8b=5.5 Hz, 1H, H-8b), 3.32 (d, J3,4 = 2.5 Hz, 1H, H-3), 1.80 (br s, 1H,
NH), 1.21 (s, 3H, CH3), 1.14 (s, 3H, CH3); MALDI-TOF MS: m/z : 654.6
[M ++H]; elemental analysis calcd (%) for C40H47NO7 (653.80): C 73.48,
H 7.25, N 2.14; found: C 73.52, H 7.22, N 2.20.


Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(p-
methoxybenzylamino)-d-erythro-l-gluco-nonanoate (7ca): A mixture of
aldehyde 1c (552 mg, 1.00 mmol), p-methoxybenzylamine 2a (132 mL,
1.00 mmol), activated 4 M powdered molecular sieves (150 mg), and an-
hydrous CH2Cl2 (3 mL) was stirred at room temperature for 15 min and
then cooled to 0 8C. To the mixture was then added InCl3 (44 mg,
0.20 mmol) in one portion. The mixture was stirred at 0 8C for 30 min
then 1-methoxy-2-methyl-1-trimethylsilyloxypropene (4a ; 304 mL,
1.50 mmol) was slowly added. The mixture was stirred at 0 8C for an addi-
tional 16 h, then diluted with CH2Cl2 (10 mL), filtered through a pad of
Celite, and concentrated. The residue was suspended in CH2Cl2 (100 mL)
and washed with H2O (2S10 mL). The organic phase was dried
(Na2SO4), concentrated, and eluted from a column of silica gel with cy-
clohexane/AcOEt 2:1 (containing 3% Et3N) to afford first byproduct 8
(200 mg, 30%) as a 1:1 mixture of 3R and 3S epimers.


Second eluted compound was 7ca (464 mg, 60%) as a white foam [a]D=
�30.7 (c = 0.8, CHCl3);


1H NMR: d=7.40–7.10, 6.90–6.60 (2 m, 24H,
Ph), 5.26, 4.72 (2d, J=11.5 Hz, 2H, PhCH2), 4.90, 4.67 (2d, J=11.0 Hz,
2H, PhCH2), 4.80 (s, 2H, PhCH2), 4.63, 4.42 (2d, J=12.0 Hz, 2H,
PhCH2), 4.07 (dd, J6,7=9.2, J7,8=9.5 Hz, 1H, H-7), 3.87, 3.34 (2d, J=
12.5 Hz, 2H, PhCH2), 3.80 (dd, J8,9a=4.5, J9a,9b=11.5 Hz, 1H, H-9a), 3.78
(dd, J4,5~0.5, J5,6=2.5 Hz, 1H, H-5), 3.72 (s, 3H, OCH3), 3.69 (dd, J8,9b=


1.5 Hz, 1H, H-9b), 3.66 (dd, 1H, H-6), 3.60 (s, 3H, OCH3), 3.42 (ddd,
1H, H-8), 3.18 (dd, J3,4=2.5 Hz, 1H, H-4), 3.00 (d, J3,4 = 2.5 Hz, 1H, H-
3), 1.61 (br s, 1H, NH), 1.20 (s, 3H, CH3), 1.07 (s, 3H, CH3);


13C NMR:
d=178.2, 158.1, 139.4, 139.3, 139.2, 139.1, 134.1, 129.7–127.2 (14C), 113.2,
113.1, 85.3, 79.8, 77.9, 76.9, 75.1, 75.0, 74.7, 73.3, 72.8, 69.6, 63.5, 55.2,
54.2, 51.5, 49.1, 22.1, 20.0; MALDI-TOF MS: m/z : 774.4 [M ++H]; ele-
mental analysis calcd (%) for C48H55NO8 (773.95): C 74.49, H 7.16, N
1.81; found: C 74.55, H 7.19, N 1.85.


Analytical samples of each epimeric 8 were obtained by preparative TLC
(cyclohexane/AcOEt 2:1 containing 3% Et3N). First eluted compound:
1H NMR: d=7.40–6.80 (m, 19H, Ph), 4.83 (d, J5,6=3.0 Hz, 1H, H-5),
4.82, 4.69 (2d, J=11.5 Hz, 2H, PhCH2), 4.65, 4.55 (2d, J=11.5 Hz, 2H,
PhCH2), 4.56 (s, 2H, PhCH2), 4.25 (dd, J6,7=5.5 Hz, 1H, H-6), 4.14 (ddd,
J7,8=8.0, J8,9a=4.5, J8,9b=3.0 Hz, 1H, H-8), 3.88 (dd, 1H, H-7), 3.82 (dd,
J9a,9b=10.5 Hz, 1H, H-9a), 3.81 (s, 3H, OCH3), 3.76 (dd, 1H, H-9b), 3.74,
3.50 (2d, J=13.0 Hz, 2H, PhCH2), 3.62 (s, 3H, OCH3), 3.22 (s, 1H, H-3),
1.62 (br s, 1H, NH), 1.24 (s, 3H, CH3), 1.19 (s, 3H, CH3); MALDI-TOF
MS: m/z : 666.3 [M ++H];, elemental analysis calcd (%) for C41H47NO7


(665.81): C 73.96, H 7.12, N 2.10; found: C 74.00, H 7.16, N 2.12.


Second eluted compound: 1H NMR: d=7.40–6.70 (m, 19H, Ph), 4.84,
4.71 (2d, J=11.0 Hz, 2H, PhCH2), 4.80 (d, J5,6=3.0 Hz, 1H, H-5), 4.68,


4.59 (2d, J=11.5 Hz, 2H, PhCH2), 4.56 (s, 2H, PhCH2), 4.23 (dd, J6,7=


5.5 Hz, 1H, H-6), 4.13 (ddd, J7,8=8.0, J8,9a=4.5, J8,9b=3.0 Hz, 1H, H-8),
3.92 (dd, 1H, H-7), 3.88 (dd, J9a,9b=11.0 Hz, 1H, H-9a), 3.80, 3.54 (2d,
J=13.0 Hz, 2H, PhCH2), 3.79 (s, 3H, OCH3), 3.74 (dd, 1H, H-9b), 3.60
(s, 3H, OCH3), 3.15 (s, 1H, H-3), 1.62 (br s, 1H, NH), 1.18 (s, 6H,
2CH3); MALDI-TOF MS: m/z : 666.5 [M ++H].


General procedure for the Mannich-type synthesis of C-glycosyl b-amino
esters 7ab, 7bb, and 7db : A mixture of aldehyde 1 (1.00 mmol), p-me-
thoxybenzylamine 2a (132 mL, 1.00 mmol), activated 4 M powdered mo-
lecular sieves (150 mg), and anhydrous MeOH (3 mL) was stirred at
room temperature for 15 min; then InCl3 (44 mg, 0.20 mmol) was added
in one portion. The mixture was stirred at room temperature for 30 min;
then (1-ethoxyvinyloxy)trimethylsilane (4b)[28] (801 mg, 5.00 mmol) was
slowly added. The mixture was stirred at room temperature for an addi-
tional 12 h, then diluted with AcOEt (10 mL), filtered through a pad of
Celite, and concentrated. The residue was suspended in AcOEt (100 mL)
and washed with H2O (2S10 mL). The organic phase was dried
(Na2SO4), concentrated, and purified by column chromatography on
silica gel with the suitable elution system to give the corresponding b-
amino ester.


Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(p-methoxybenz-
ylamino)-d-threo-l-galacto-nonanoate (7ab): Column chromatography
with cyclohexane/AcOEt 3:1 (containing 3% Et3N) afforded 7ab
(456 mg, 60%) as a colorless syrup; [a]D=1.5 (c = 1.1, CHCl3);
1H NMR (CDCl3 + D2O): d=7.40–6.70 (m, 24H, Ph), 5.01, 4.61 (2d, J=
11.5 Hz, 2H, PhCH2), 4.88, 4.48 (2d, J=10.5 Hz, 2H, PhCH2), 4.77, 4.68
(2d, J=11.5 Hz, 2H, PhCH2), 4.48, 4.44 (2d, J=11.5 Hz, 2H, PhCH2),
4.30 (brdd, J4,5=9.5, J5,6=9.2 Hz, 1H, H-5), 4.14 (q, J=7.0 Hz, 2H,
OCH2CH3), 4.01 (dd, J6,7=2.5, J7,8~0.5 Hz, 1H, H-7), 3.86, 3.62 (2d, J=
12.5 Hz, 2H, PhCH2), 3.72 (s, 3H, OCH3), 3.62 (dd, 1H, H-6), 3.58–3.51
(m, 3H, H-8, H-9a, H-9b), 3.50 (ddd, J2a,3=5.5, J2b,3=6.0, J3,4~0.5 Hz,
1H, H-3), 3.31 (dd, 1H, H-4), 2.72 (dd, J2a,2b=14.0 Hz, 1H, H-2a), 2.62
(dd, 1H, H-2b), 1.24 (t, J = 7.0 Hz, 3H, OCH2CH3);


13C NMR: d=


172.4, 158.5, 138.9–137.8 (5C), 129.6, 129.5, 128.4–127.3 (12C), 113.6,
113.5, 85.0, 81.1, 76.8, 75.1, 74.9, 74.3, 73.7, 73.4, 72.2, 68.7, 60.3, 55.1,
52.6, 50.0, 36.4, 14.2; MALDI-TOF MS: m/z : 760.1 [M ++H], 798.1 [M +


+K]; elemental analysis calcd (%) for C47H53NO8 (759.93): C 74.28, H
7.03, N 1.84; found: C 74.00, H 7.10, N 1.80.


Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(p-methoxybenz-
ylamino)-d-erythro-l-galacto-nonanoate (7bb): Column chromatography
with cyclohexane/AcOEt 3:1 (containing 3% Et3N) afforded 7bb
(441 mg, 58%) as a white foam; [a]D=�8.7 (c = 1.0, CHCl3);


1H NMR
(CDCl3 + D2O): d=7.40–6.80 (m, 24H, Ph), 4.88 (s, 2H, PhCH2), 4.83,
4.56 (2d, J=11.0 Hz, 2H, PhCH2), 4.81, 4.50 (2d, J=12.0 Hz, 2H,
PhCH2), 4.59, 4.51 (2d, J=10.5 Hz, 2H, PhCH2), 4.13 (q, J=7.0 Hz, 2H,
OCH2CH3), 3.97 (dd, J4,5=9.5, J5,6=9.2 Hz, H-5), 3.88, 3.58 (2d, J=
13.0 Hz, 2H, PhCH2), 3.72 (s, 3H, OCH3), 3.71–3.66 (m, 3H, H-6, 2 H-9),
3.61 (dd, J6,7=9.0, J7,8=9.2 Hz, 1H, H-7), 3.47 (ddd, J2a,3=6.5, J2b,3=7.5,
J3,4~0.5 Hz, 1H, H-3), 3.42–3.38 (m, 1H, H-8), 3.32 (dd, 1H, H-4), 2.74
(dd, J2a,2b=14.0 Hz, 1H, H-2a), 2.67 (dd, J2b,3 = 7.5 Hz, 1H, H-2b), 1.22
(t, J = 7.0 Hz, 3H, OCH2CH3);


13C NMR: d=172.4, 158.6, 138.8, 138.7,
138.6, 138.5, 138.4, 129.6–127.5 (14C), 113.7, 113.6, 87.3, 80.9, 78.9, 78.3,
78.1, 75.5, 74.9, 74.7, 73.3, 69.1, 60.4, 55.1, 52.5, 50.0, 35.0, 14.2; MALDI-
TOF MS: m/z : 760.3 [M ++H], 782.3 [M ++Na], 798.3 [M ++K]; elemen-
tal analysis calcd (%) for C47H53NO8 (759.93): C 74.28, H 7.03, N 1.84;
found: C 74.30, H 7.10, N 1.87.


Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-3-(p-methoxybenzylami-
no)-d-glycero-d-altro-octanoate (7db): Column chromatography with cy-
clohexane/AcOEt 5:2 (containing 3% Et3N) afforded 7db (397 mg,
62%) as a white foam; [a]D=2.3 (c = 0.6, CHCl3);


1H NMR: d=7.40–
6.70 (m, 19H, Ph), 4.58, 4.51 (2d, J=11.8 Hz, 2H, PhCH2), 4.50 (s, 2H,
PhCH2), 4.48, 4.42 (2d, J=12.0 Hz, 2H, PhCH2), 4.20–4.08 (m, 4H, H-4,
H-7, OCH2CH3), 4.04 (dd, J5,6=4.5, J6,7=5.0 Hz, 1H, H-6), 3.93 (dd,
J4,5=4.5 Hz, 1H, H-5), 3.80 (s, 3H, OCH3), 3.72, 3.54 (2d, J=13.0 Hz,
2H, PhCH2), 3.60 (dd, J7,8a=3.5, J8a,8b=10.5 Hz, 1H, H-8a), 3.48 (dd,
J7,8b=4.0 Hz, 1H, H-8b), 3.10 (br s, 1H, H-3), 2.57 (d, J=6.5 Hz, 2H, 2H-
2), 1.61 (br s, 1H, NH), 1.26 (t, J=7.0 Hz, 3H, OCH2CH3);


13C NMR:
d=172.3, 158.6, 138.0, 137.9, 137.8, 137.7, 129.3–127.6 (11C), 113.6, 113.5,
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83.8, 80.6, 78.0, 77.3, 73.2, 71.8, 71.6, 71.5, 69.8, 60.5, 55.2, 55.1, 50.2, 14.2;
MALDI-TOF MS: m/z : 640.4 [M ++H], 662.4 [M ++Na], 678.3 [M +


+K]; elemental analysis calcd (%) for C39H45NO7 (639.78): C 73.22, H
7.09, N 2.19; found: C 73.27, H 7.11, N 2.14.


General procedure for the synthesis of N-Boc derivatives 13aa–ab,
13ba–bb, 13ca, 13da–db, 13ea–eb, and 15 : CAN (1.10 g, 2.00 mmol) was
added in one portion to a cooled (0 8C) stirred solution of N-PMB-deriv-
ative (0.50 mmol) in CH3CN (20 mL) and H2O (5 mL). The resulting
mixture was vigorously stirred at room temperature for 6 h, quenched
with a few drops of saturated aqueous Na2SO3 solution, and then concen-
trated to remove most of the CH3CN.


The above mixture was diluted with dioxane (10 mL) then Boc2O
(546 mg, 2.50 mmol) and a few drops of saturated aqueous NaHCO3 solu-
tion (until basic pH) were added. The solution was stirred at room tem-
perature for 12 h then diluted with Et2O (100 mL) and washed with a
10% aqueous solution of citric acid (2S10 mL). The organic phase was
separated, washed with brine (2S10 mL), dried (Na2SO4) and concentrat-
ed. The residue was then purified by column chromatography on silica
gel with the suitable elution system to give the corresponding N-Boc de-
rivative.


Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-
(tert-butoxycarbonylamino)-d-threo-l-galacto-nonanoate (13aa):
Column chromatography with cyclohexane/AcOEt 6:1 afforded 13aa
(320 mg, 85%) as a white foam; [a]D=31.4 (c = 1.5, CHCl3);


1H NMR:
d=7.50–7.25 (m, 20H, 4Ph), 5.42 (d, J3,NH=10.5 Hz, 1H, NH), 5.01, 4.58
(2d, J=12.0 Hz, 2H, PhCH2), 4.86, 4.77 (2d, J=10.5 Hz, 2H, PhCH2),
4.78, 4.71 (2d, J=11.5 Hz, 2H, PhCH2), 4.47, 4.42 (2d, J=11.8 Hz, 2H,
PhCH2), 4.26 (dd, J3,4~0.5 Hz, 1H, H-3), 4.00 (dd, J6,7=2.8, J7,8~0.5 Hz,
1H, H-7), 3.73 (dd, J4,5=9.0, J5,6=9.1 Hz, 1H, H-5), 3.61 (dd, 1H, H-6),
3.59 (ddd, J8,9a=6.5, J8,9b=5.0 Hz, 1H, H-8), 3.56 (s, 3H, OCH3), 3.52
(dd, J9a,9b=11.5 Hz, 1H, H-9a), 3.45 (dd, 1H, H-9b), 3.44 (dd, 1H, H-4),
1.42 (s, 9H, tBu), 1.22 (s, 6H, 2CH3);


13C NMR: d=176.8, 156.3, 139.4,
138.7, 138.3, 137.8, 128.6–127.2 (12C), 84.9, 79.0, 77.2, 76.2, 75.4, 75.3,
74.3, 73.6, 73.4, 72.3, 68.3, 55.2, 51.6, 45.5, 28.4 (3C), 23.5, 23.0; MALDI-
TOF MS: m/z : 754.5 [M ++H], 776.2 [M ++Na], 792.8 [M ++K]; elemen-
tal analysis calcd (%) for C45H55NO9 (753.92): C 71.69, H 7.35, N 1.86;
found: C 71.65, H 7.32, N 1.80.


Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(tert-butoxycarbo-
nylamino)-d-threo-l-galacto-nonanoate (13ab): Column chromatography
with cyclohexane/AcOEt 5:2 afforded 13ab (300 mg, 81%) as a white
syrup [a]D=26.2 (c = 0.8, CHCl3);


1H NMR: d=7.45–7.20 (m, 20H,
4Ph), 5.16 (d, J3,NH=10.0 Hz, 1H, NH), 5.02, 4.60 (2d, J=11.5 Hz, 2H,
PhCH2), 4.87, 4.70 (2d, J=10.0 Hz, 2H, PhCH2), 4.80, 4.74 (2d, J=
12.0 Hz, 2H, PhCH2), 4.58 (dddd, J2a,3=8.0, J2b,3=8.0, J3,4~0.5 Hz, 1H,
H-3), 4.49, 4.45 (2d, J=11.0 Hz, 2H, PhCH2), 4.20–4.02 (m, 2H,
OCH2CH3), 4.02 (dd, J6,7=2.5, J7,8~0.5 Hz, 1H, H-7), 3.87 (dd, J4,5=9.0,
J5,6=9.5 Hz, 1H, H-5), 3.65 (dd, 1H, H-6), 3.62–3.50 (m, 3H, H-8, 2H-9),
3.35 (dd, 1H, H-4), 2.58 (d, J = 8.0 Hz, 2H, 2H-2), 1.44 (s, 9H, tBu),
1.25 (t, J=7.0 Hz, 3H, OCH2CH3);


13C NMR: d=171.1, 155.3, 138.4,
138.2, 138.0, 137.8, 128.7–127.4 (12C), 84.5, 79.5, 79.2, 76.4, 75.5, 75.1,
74.3, 73.7, 73.5, 72.3, 68.6, 60.4, 46.9, 38.2, 28.3 (3C), 14.1; MALDI-TOF
MS: m/z : 762.5 [M ++Na], 778.5 [M ++K]; elemental analysis calcd (%)
for C44H53NO9 (739.89): C 71.43, H 7.22, N 1.89; found: C 71.40, H 7.28,
N 1.82.


Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-
(tert-butoxycarbonylamino)-d-erythro-l-galacto-nonanoate (13ba):
Column chromatography with toluene/AcOEt 14:1 afforded 13ba
(294 mg, 78%) as a white foam; [a]D=26.6 (c = 1.2, CHCl3);


1H NMR:
d=7.50–7.05 (m, 20H, 4Ph), 5.40 (d, J3,NH=10.5 Hz, 1H, NH), 4.93 (s,
2H, PhCH2), 4.84, 4.62 (2d, J=11.0 Hz, 2H, PhCH2), 4.82, 4.79 (2d, J=
10.0 Hz, 2H, PhCH2), 4.57, 4.51 (2d, J=12.0 Hz, 2H, PhCH2), 4.24 (dd,
J3,4~0.5 Hz, 1H, H-3), 3.74 (dd, J8,9a=4.0, J9a,9b=11.0 Hz, 1H, H-9a), 3.71
(dd, J4,5=6.5 Hz, 1H, H-4), 3.62 (dd, J6,7=9.0, J7,8=9.2 Hz, 1H, H-7),
3.61 (dd, J8,9b=1.5 Hz, 1H, H-9b), 3.57 (s, 3H, OCH3), 3.50–3.38 (m, 2H,
H-5, H-6), 3.35 (ddd, 1H, H-8), 1.51 (s, 9H, tBu), 1.26 (s, 6H, 2CH3);
13C NMR: d=176.6, 156.1, 138.5, 138.3, 138.2, 138.1, 128.5–127.2 (12C),
87.4, 79.3, 78.5, 77.9, 76.9, 75.7, 75.2, 74.9, 73.2, 68.7, 55.8, 55.0, 51.6, 45.5,
28.4 (3C), 23.4, 23.2; MALDI-TOF MS: m/z : 774.6 [M ++Na]; elemental


analysis calcd (%) for C45H55NO9 (753.92): C 71.69, H 7.35, N 1.86;;
found: C 71.73, H 7.37, N 1.80.


Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(tert-butoxycarbo-
nylamino)-d-erythro-l-galacto-nonanoate (13bb): Column chromatogra-
phy with cyclohexane/AcOEt 5:2 afforded 13bb (263 mg, 71%) as a
white foam; [a]D=24.5 (c = 0.6, CHCl3);


1H NMR: d=7.50–7.10 (m,
20H, 4 Ph), 5.05 (d, J3,NH=10.0 Hz, 1H, NH), 4.94, 4.90 (2d, J=11.0 Hz,
2H, PhCH2), 4.83, 4.59 (2d, J=10.5 Hz, 2H, PhCH2), 4.79, 4.68 (2d, J=
10.0 Hz, 2H, PhCH2), 4.58 (dddd, J2a,3=8.0, J2b,3=8.0, J3,4~0.5 Hz, 1H,
H-3), 4.56, 4.52 (2d, J=11.0 Hz, 2H, PhCH2), 4.16–4.08 (m, 2H,
OCH2CH3), 3.72 (dd, J8,9a=5.0, J9a,9b=11.0 Hz, 1H, H-9a), 3.71 (dd, J5,6=


9.0, J6,7=9.2 Hz, 1H, H-6), 3.68 (dd, J8,9b=2.8 Hz, 1H, H-9b), 3.62 (dd,
J7,8=9.0 Hz, 1H, H-7), 3.50 (d, J4,5=9.2 Hz, 1H, H-5), 3.40 (ddd, 1H, H-
8), 3.32 (dd, J3,4 �0.5, J4,5 = 9.2 Hz, 1H, H-4), 2.60 (d, J=8.0 Hz, 2H,
2H-2), 1.44 (s, 9H, tBu), 1.26 (t, J=7.0 Hz, 3H, OCH2CH3);


13C NMR:
d=171.0, 155.1, 138.5, 138.4, 138.1, 138.0, 128.7–127.7 (12C), 87.0, 79.4,
78.8, 78.3, 78.1, 75.6, 75.3, 75.0, 73.4, 69.0, 60.5, 46.6, 38.4, 29.7, 28.3 (3C),
14.1; MALDI-TOF MS: m/z : 762.6 [M ++Na], 778.4 [M ++K]; elemental
analysis calcd (%) for C44H53NO9 (739.89): C 71.43, H 7.22, N 1.89;
found: C 71.50, H 7.18, N 1.92.


Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-
(tert-butoxycarbonylamino)-d-erythro-l-gluco-nonanoate (13ca): Column
chromatography with cyclohexane/AcOEt 5:1 afforded 13ca (294 mg,
78%) as a white foam; [a]D=1.5 (c = 0.8, CHCl3);


1H NMR: d=7.40–
7.10 (m, 20H, 4 Ph), 5.37 (d, J3,NH=9.5 Hz, 1H, NH), 4.88, 4.80 (2d, J=
11.5 Hz, 2H, PhCH2), 4.84, 4.57 (2d, J=11.0 Hz, 2H, PhCH2), 4.69, 4.65
(2d, J=11.8 Hz, 2H, PhCH2), 4.66, 4.51 (2d, J=12.0 Hz, 2H, PhCH2),
4.18 (dd, J3,4~0.5 Hz, 1H, H-3), 3.96 (dd, J6,7=9.5, J7,8=9.0 Hz, 1H, H-7),
3.87 (dd, J4,5~0.5, J5,6=2.5 Hz, 1H, H-5), 3.77 (dd, J8,9a=5.0, J9a,9b=


11.0 Hz, 1H, H-9a), 3.67 (dd, J8,9b=1.5 Hz, 1H, H-9b), 3.60 (s, 3H,
OCH3), 3.55 (dd, J5,6 = 2.5, J6,7 = 9.5 Hz, 1H, H-6), 3.40 (ddd, 1H, H-8),
3.27 (dd, J3,4 �0.5, J4,5 �0.5 Hz, 1H, H-4), 1.25 (s, 9H, tBu), 1.22 (s, 3H,
CH3), 1.17 (s, 3H, CH3);


13C NMR: d=177.1, 156.1, 139.2, 138.6, 138.4,
138.3, 128.3–126.9 (12C), 84.7, 79.5, 78.9, 78.0, 75.4, 75.1, 74.7, 74.1, 73.1,
72.3, 69.5, 56.6, 51.8, 47.8, 28.1 (3C), 23.7, 20.3; MALDI-TOF MS: m/z :
774.6 [M ++Na], 792.6 [M ++K]; elemental analysis calcd (%) for
C45H55NO9 (753.92): C 71.69, H 7.35, N 1.86; found: C 71.75, H 7.32, N
1.78.


Methyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(tert-
butoxycarbonylamino)-d-glycero-d-altro-octanoate (13da): Column chro-
matography with toluene/AcOEt 14:1 afforded 13da (260 mg, 82%) as a
white foam; [a]D=2.6 (c = 1.2, CHCl3);


1H NMR: d=7.41–7.20 (m,
15H, 3Ph), 5.70 (d, J3,NH=10.0 Hz, 1H, NH), 4.60, 4.53 (2d, J=12.0 Hz,
2H, PhCH2), 4.53, 4.47 (2d, J=11.5 Hz, 2H, PhCH2), 4.51, 4.41 (2d, J=
11.8 Hz, 2H, PhCH2), 4.21 (dd, J3,4~0.5, J4,5=5.0 Hz, 1H, H-4), 4.06
(ddd, J6,7=5.0, J7,8a=4.5, J7,8b=4.5 Hz, 1H, H-7), 3.97 (dd, J3,NH = 10.0,
J3,4 �0.5 Hz, 1H, H-3), 3.79 (dd, J5,6=4.8 Hz, 1H, H-6), 3.74 (dd, 1H, H-
5), 3.60 (s, 3H, OCH3), 3.46 (dd, J8a,8b=10.5 Hz, 1H, H-8a), 3.35 (dd, 1H,
H-8b), 1.40 (s, 9H, tBu), 1.20 (s, 6H, 2CH3);


13C NMR: d=176.8, 156.2,
138.1, 138.0, 137.9, 128.4–127.6 (9C), 81.3, 80.5, 79.8, 79.0, 77.1, 73.1, 72.8,
72.0, 69.3, 57.4, 51.8, 45.6, 28.4 (3C), 23.1, 22.8. MALDI-TOF MS: m/z :
656.2 [M ++Na], 672.0 [M ++K]; elemental analysis calcd (%) for
C37H47NO8 (633.77): C 70.12, H 7.47, N 2.21; found: C 70.15, H 7.45, N
2.25.


Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-3-(tert-butoxycarbonyl-
amino)-d-glycero-d-altro-octanoate (13db): Column chromatography
with toluene/AcOEt 14:1 afforded 13db (248 mg, 80%) as a white foam;
[a]D=14.9 (c = 0.7, CHCl3);


1H NMR: d=7.40–7.20 (m, 15H, 3Ph), 5.70
(d, J3,NH=9.5 Hz, 1H, NH), 4.66, 4.56 (2d, J=11.5 Hz, 2H, PhCH2), 4.60,
4.48 (2d, J=12.0 Hz, 2H, PhCH2), 4.55, 4.42 (2 d, J=11.5 Hz, 2H,
PhCH2), 4.34–4.04 (m, 5H, H-3, H-5, H-7, OCH2CH3), 4.00–3.88 (m, 2H,
H-4, H-6), 3.62 (dd, J7,8a=3.5, J8a,8b=10.5 Hz, 1H, H-8a), 3.42 (dd, J7,8b=


3.0 Hz, 1H, H-8b), 2.61 (d, J=8.0 Hz, 2H, 2H-2), 1.41 (s, 9H, tBu), 1.28
(t, J=7.0 Hz, 3H, OCH2CH3);


13C NMR: d=171.1, 155.5, 137.8, 137.7,
137.6 128.5–127.6 (9C), 83.0, 81.1, 78.6, 77.7, 73.1, 72.3, 72.1, 69.0, 60.5,
49.2, 38.1, 35.3, 29.7, 28.4 (3C), 14.2; MALDI-TOF MS: m/z : 642.6 [M +


+Na], 658.5 [M ++K]; elemental analysis calcd (%) for C36H45NO8


(619.74): C 69.77, H 7.32, N 2.26; found: C 69.80, H 7.27, N 2.28.
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Methyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-dimethyl-3-(tert-
butoxycarbonylamino)-d-glycero-d-ido-octanoate (13ea): Column chro-
matography with toluene/AcOEt 14:1 afforded 13ea (241 mg, 76%) as a
white foam; [a]D=14.4 (c = 0.5, CHCl3);


1H NMR ([D6]DMSO): d=


7.40–7.20 (m, 15H, 3Ph), 6.10 (d, J3,NH=9.0 Hz, 1H, NH), 4.50, 4.44 (2d,
J=11.0 Hz, 2H, PhCH2), 4.49 (s, 2H, PhCH2), 4.46 (s, 2H, PhCH2), 4.13
(dd, J3,4=2.5 Hz, 1H, H-3), 4.02 (dd, J5,6=5.0, J6,7=3.5 Hz, 1H, H-6),
3.98 (dd, J4,5=5.0 Hz, 1H, H-5), 3.96 (dd, J3,4 = 2.5, J4,5 = 5.0 Hz, 1H,
H-4), 3.83 (ddd, J7,8a=5.0, J7,8b=4.5 Hz, 1H, H-7), 3.50 (s, 3H, OCH3),
3.48 (dd, J8a,8b=10.5 Hz, 1H, H-8a), 3.43 (dd, 1H, H-8b), 1.35 (s, 9H,
tBu), 1.24, 1.22 (2 s, 6H, 2CH3);


13C NMR: d=177.3, 156.0, 137.9, 137.8,
137.7, 128.4–127.2 (9C), 84.1, 81.7, 80.9, 78.2, 77.5, 77.1, 73.2, 72.5, 71.8,
69.0, 54.1, 51.8, 28.4 (3C), 23.9, 20.5; MALDI-TOF MS: m/z : 656.5 [M +


+Na]; elemental analysis calcd (%) for C37H47NO8 (633.77): C 70.12, H
7.47, N 2.21; found: C 70.18, H 7.53, N 2.25.


Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-3-(tert-butoxycarbonyl-
amino)-d-glycero-d-ido-octanoate (13eb): Column chromatography with
toluene/AcOEt 14:1 afforded 13eb (260 mg, 84%) as a white foam;
[a]D=�2.0 (c = 0.3, CHCl3);


1H NMR: d=7.40–7.12 (m, 15H, 3Ph),
5.64 (brd, J3,NH=8.5 Hz, 1H, NH), 4.47 (s, 2H, PhCH2), 4.46, 4.40 (2d,
J=12.0 Hz, 2H, PhCH2), 4.41 (s, 2H, PhCH2), 4.25 (bdddd, J2a,3=7.5,
J2b,3=6.0, J3,4=4.0 Hz, 1H, H-3), 4.14 (dd, J4,5=3.5 Hz, 1H, H-4), 4.06
(dd, J5,6=5.5, J6,7=5.0 Hz, 1H, H-6), 4.04 (q, J=7.0 Hz, 2H, OCH2CH3),
3.97 (dd, 1H, H-5), 3.91 (dddx, J7,8a=5.0, J7,8b=4.5 Hz, 2H, H-7), 3.50
(dd, J8a,8b=10.5 Hz, 1H, H-8a), 3.46 (dd, J7,8a = 5.0, J8a,8b = 10.5 Hz, 1H,
H-8b), 2.57 (dd, J2a,2b=15.5 Hz, 1H, H-2a), 2.48 (dd, J2a,2b = 15.5, J2b,3 =


6.0 Hz, 1H, H-2b), 1.30 (s, 9H, tBu), 1.26 (t, J = 7.0 Hz, 3H,
OCH2CH3);


13C NMR selected data: d=137.8, 83.2, 82.0, 81.3, 73.1, 71.8,
69.2, 60.4, 37.2, 29.7, 28.4 (3C), 14.2; MALDI-TOF MS: m/z : 642.6 [M +


+Na], 659.3 [M ++K]; elemental analysis calcd (%) for C36H45NO8


(619.74): C 69.77, H 7.32, N 2.26; found: C 69.80, H 7.35, N 2.22.


Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3,5-trideoxy-3-(tert-butoxycar-
bonylamino)-d-erythro-l-gluco-nonan-4-enoate (15): Column chromatog-
raphy with cyclohexane/AcOEt 3:1 (containing 3% Et3N) afforded 15
(221 mg, 70%) as a white foam; 1H NMR of a 1.5:1 mixture of conform-
ers: d=7.40–7.20 (m, 15H, Ph), 5.25, 5.24 (2brd, J3,NH=8.0 Hz, 1H, NH),
4.97 (d, J5,6=3.5 Hz, 0.4H, H-5), 4.96 (d, J5,6=3.0 Hz, 0.6H, H-5), 4.80,
4.64 (2d, J=11.5 Hz, 1.2H, PhCH2), 4.79, 4.63 (2d, J=11.5 Hz, 0.8H,
PhCH2), 4.62, 4.48 (m, 5H, H-3, PhCH2), 4.21–4.04 (m, 4H, H-6, H-8,
OCH2CH3), 3.84–3.60 (m, 3H, H-7, 2 H-9), 2.75–2.50 (m, 2H, 2H-2),
1.42, 1.41 (2s, 9H, tBu), 1.21, 1.20 (2 t, J=7.0 Hz, 3H, OCH2CH3);
MALDI-TOF MS: m/z : 670.5 [M ++K]; elemental analysis calcd (%) for
C37H45NO8 (631.76): C 70.34, H 7.18, N 2.22; found: C 70.40, H 7.15, N
2.25.


General procedure for the Reformatsky-type synthesis of C-glycosyl b-
amino esters 7ab–eb : p-Methoxybenzylamine 2a (131 mL, 1.00 mmol)
was added to a stirred solution of aldehyde 1 (1.00 mmol) in anhydrous
CH2Cl2 (8 mL) at room temperature. After 30 min, a solution of dime-
thylzinc (1.75 mL, 2m, 3.50 mmol) in toluene was added all at once. After
another 15 min, ethyl bromoacetate 14 (333 mL, 3.00 mmol) was added,
followed immediately by a freshly prepared solution of bistriphenylphos-
phine nickel(ii) dichloride (2.5 mL, 0.02m, 0.05 mmol) in CH2Cl2. The
mixture was stirred for an additional 12 h and then quenched by the addi-
tion of aqueous HCl (2.0 mL, 2m). The organic phase was separated,
washed sequentially with saturated aqueous NaHCO3 (10 mL) and brine
(10 mL), dried (Na2SO4), and concentrated. The residue was then puri-
fied by column chromatography on silica gel with the suitable elution
system to give the corresponding b-amino ester.


Compound 7ab : Column chromatography with cyclohexane/AcOEt 3:1
(containing 3% Et3N) afforded 7ab (593 mg, 78%) as a colorless syrup.


Compound 7bb : Column chromatography with cyclohexane/AcOEt 3:1
(containing 3% Et3N) afforded 7bb (532 mg, 70%) as a white foam.


Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-3-(p-methoxybenz-
ylamino)-d-erythro-l-gluco-nonanoate (7cb): Column chromatography
with cyclohexane/AcOEt 3:1 (containing 3% Et3N) afforded 7cb
(456 mg, 60%) as a white foam; [a]D=�3.6 (c = 0.4, EtOH); 1H NMR
([D6]DMSO, 120 8C): d=7.40–6.80 (m, 24H, Ph), 4.98 (dd, J4,5=4.0, J5,6=


4.5 Hz, 1H, H-5), 4.74, 4.68 (2d, J=12.0 Hz, 2H, PhCH2), 4.63, 4.55 (2d,


J=11.5 Hz, 2H, PhCH2), 4.60, 4.56 (2d, J=12.5 Hz, 2H, PhCH2), 4.54 (s,
2H, PhCH2), 4.20–4.10 (m, 2H, H-6, H-8), 4.06 (q, J=7.0 Hz, 2H,
OCH2CH3), 3.84–3.66 (m, 4H, H-4, H-7, 2 H-9), 3.74 (s, 3H, OCH3),
3.71, 3.59 (2d, J=13.0 Hz, 2H, PhCH2), 3.48–3.40 (m, 1H, H-3), 2.60–
2.40 (m, 2H, 2H-2), 1.20 (t, J = 7.0 Hz, 3H, OCH2CH3); MALDI-TOF
MS: m/z : 760.6 [M ++H]; elemental analysis calcd (%) for C47H53NO8


(759.93): C 74.28, H 7.03, N 1.84; found: C 74.33, H 7.10, N 1.85.


Compound 7db : Column chromatography with cyclohexane/AcOEt 5:2
(containing 3% of Et3N) afforded 7db (461 mg, 72%) as a white foam.


Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-3-(p-methoxybenzylami-
no)-d-glycero-d-ido-octanoate (7eb): Column chromatography with cy-
clohexane/AcOEt 5:2 (containing 3% Et3N) afforded 7eb (288 mg, 45%)
as a white foam. [a]436=6.9 (c = 1.2, CHCl3);


1H NMR: d=7.40–6.70
(m, 19H, Ph), 4.58, 4.54 (2d, J=12.0 Hz, 2H, PhCH2), 4.56, 4.51 (2d, J=
11.5 Hz, 2H, PhCH2), 4.47, 4.29 (2d, J=11.8 Hz, 2H, PhCH2), 4.10 (ddd,
J6,7=3.5, J7,8a=5.5, J7,8b=6.5 Hz, 1H, H-7), 4.08 (q, J=7.0 Hz, 2H,
OCH2CH3), 4.04 (dd, J3,4=8.0, J4,5=3.5 Hz, 1H, H-4), 4.00 (dd, J5,6~
0.5 Hz, 1H, H-6), 3.93 (dd, J4,5 = 3.5, J5,6 �0.5 Hz, 1H, H-5), 3.78 and
3.73 (2d, J=12.5 Hz, 2H, PhCH2), 3.76 (s, 3H, OCH3), 3.63 (dd, J8a,8b=


10.0 Hz, 1H, H-8a), 3.51 (dd, 1H, H-8b), 3.49 (ddd, J2a,3=4.5, J2b,3=


6.5 Hz, 1H, H-3), 2.44 (dd, J2a,2b=14.5 Hz, 1H, H-2a), 2.35 (dd, J2a,2b =


14.5, J2b,3 = 6.5 Hz, 1H, H-2b), 1.80 (br s, 1H, NH), 1.24 (t, J = 7.0 Hz,
3H, OCH2CH3);


13C NMR: d=172.0, 158.6, 138.2, 137.7, 137.3, 132.2,
129.6 (2C), 128.4–127.6 (9C), 113.7 (2C), 82.3 (4C), 73.3, 71.4, 71.0, 70.4,
60.4, 55.2, 53.9, 50.7, 36.3, 14.1. MALDI-TOF MS: m/z : 640.4 [M ++H],
662.4 [M ++Na], 678.3 [M ++K]; elemental analysis calcd (%) for
C39H45NO7 (639.78): C 73.22, H 7.09, N 2.19; found: C 73.25, H 7.15, N
2.22.


Ethyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-difluoro-3-(p-
methoxyphenylamino)-d-threo-l-galacto-nonanoate (19): p-Anisidine
(126 mg, 1.02 mmol) in one portion was added to a stirred solution of al-
dehyde 1a (552 mg, 1.00 mmol) in anhydrous THF (8 mL) at room tem-
perature. The reaction mixture was stirred at room temperature for
45 min. In a separate flask, to a freshly activated suspension of zinc dust
(327 mg, 5.00 mmol) in anhydrous THF (2 mL) heated under reflux, a
few drops of ethyl bromodifluoroacetate 16 were added. After the green
colour had appeared (ca. 15 min), the above C-galactosyl imine solution
was slowly added. The remaining ethyl bromodifluoroacetate 16 was
added dropwise over 30 min (total amount of ethyl bromodifluoroacetate
16 : 513 mL, 4.00 mmol). The reaction mixture was stirred under reflux for
an additional 15 min then cooled to room temperature, treated with satu-
rated aqueous NaHCO3 solution (5 mL), and filtered through a pad of
Celite. The filtrate was extracted with Et2O (3S75 mL); the combined or-
ganic layers were dried (Na2SO4), concentrated, and purified on a silica
gel column with toluene/cyclohexane/AcOEt 6:0.5:0.5 to afford 19
(235 mg, 30%) as a yellow syrup. [a]D=3.2 (c = 1.1, CHCl3);


1H NMR
([D5]pyridine): d=7.90–7.10 (m, 24H, Ph), 5.89 (d, J3,NH=10.5 Hz, 1H,
NH), 5.45, 5.07 (2d, J=11.0 Hz, 2H, PhCH2), 5.37, 4.62 (2d, J=11.5 Hz,
2H, PhCH2), 5.23 (dddd, JFa,3=6.5, JFb,3=18.0, J3,4~0.5 Hz, 1H, H-3),
5.16, 5.0 (2d, J=11.8 Hz, 2H, PhCH2), 4.92, 4.82 (2d, J=12.0 Hz, 2H,
PhCH2), 4.65 (dd, J6,7=2.5, J7,8~0.5 Hz, 1H, H-7), 4.56–4.48 (m, 4H, H-4,
H-5, OCH2CH3), 4.32 (ddd, J8,9a=7.5, J8,9b=5.5 Hz, 1H, H-8), 4.28 (ddd,
J4,6=2.0, J5,6=8.0 Hz, 1H, H-5), 4.14 (dd, J9a,9b=9.5 Hz, 1H, H-9a), 4.03
(dd, 1H, H-9b), 3.80 (s, 3H, OCH3), 1.40 (t, J=7.0 Hz, 3H, OCH2CH3);
13C NMR: d=163.9 (dd, 2JC,Fa=32.3 Hz, 2JC,Fb=32.3 Hz), 153.0, 141.7,
138.9, 138.5, 137.9, 137.8, 128.4–127.3 (12C), 116.2 (2C), 115.2 (dd,
1JC,Fa=260.0 Hz, 1JC,Fb=261.0 Hz), 114.7 (2C), 84.8, 76.5, 75.6, 74.8, 74.5,
74.4, 73.5, 73.3, 72.0, 68.2, 62.7, 57.6 (dd, 2JC,Fa=25.1 Hz, 2JC,Fb=25.2 Hz),
55.6, 13.8; 19F NMR ([D5]pyridine): d=�107.9 (dd, JFa,H=6.5, JFa,Fb=


253.3 Hz, 1F, Fa), �115.4 (dd, JFb,H=18.0 Hz, 1F, Fb). MALDI-TOF MS:
m/z : 781.1 [M +], 804.1 [M ++Na], 820.1 [M ++K]; elemental analysis
calcd (%) for C46H49F2NO8 (781.88): C 70.66, H 6.32, F 4.86, N 1.79;
found: C 70.68, H 6.35, F 4.90, N 1.78.


Ethyl 4,7-anhydro-5,6,8-tri-O-benzyl-2,3-dideoxy-2,2-difluoro-3-(p-me-
thoxyphenylamino)-d-glycero-d-altro-octanoate (20): Treatment of alde-
hyde 1d (432 mg, 1.00 mmol) as described for the preparation of 19 gave,
after column chromatography with cyclohexane/AcOEt 4:1, 20 (212 mg,
32%) as a yellow syrup. [a]D=�18.2 (c = 0.8, CHCl3);


1H NMR: d=
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7.40–7.10, 6.70–6.30 (2m, 19H, Ph), 5.58, 4.44 (2d, J=12.0 Hz, 2H,
PhCH2), 4.47 (dd, J3,4~0.5, J4,5=6.0 Hz, 1H, H-4), 4.45, 4.41 (2d, J=
11.8 Hz, 2H, PhCH2), 4.32, 4.22 (2d, J=11.5 Hz, 2H, PhCH2), 4.21 (ddd,
J6,7=4.0, J7,8a=3.5, J7,8b=3.0 Hz, 1H, H-7), 4.20 (q, J=7.0 Hz, 2H,
OCH2CH3), 4.05 (ddd, JFa,3=5.0, JFb,3=21.0 Hz, 1H, H-3), 3.79 (dd, J5,6=


5.0 Hz, 1H, H-6), 3.72 (s, 3H, OCH3), 3.66 (dd, J4,5 = 6.0, J5,6 = 5.0 Hz,
1H, H-5), 3.62 (dd, J8a,8b=10.5 Hz, 1H, H-8a), 3.46 (dd, J7,8b = 3.0, J8a,8b


= 10.5 Hz, 1H, H-8b), 1.22 (t, J = 7.0 Hz, 3H, OCH2CH3);
13C NMR:


d=163.8 (dd, 2JC,Fa=32.3, 2JC,Fb=32.2 Hz), 152.6, 140.9, 137.6, 137.5,
137.4, 128.5–127.8 (9C), 115.0 (dd, 1JC,Fa=260.0, 1JC,Fb=261.0 Hz), 114.8
(4C), 82.3, 78.5, 77.9, 76.3, 73.5, 72.3, 72.1, 69.6, 62.9, 57.1 (dd, 2JC,Fa=


25.1, JC,Fb=25.0 Hz), 55.7, 13.8; 19F NMR: d=�107.9 (dd, JFa,H=5.0,
JFa,Fb=256.3 Hz, 1F, Fa), �118.6 (dd, JFb,H=21.0 Hz, 1F, Fb); MALDI-
TOF MS: m/z : 662.0 [M ++H], 684.1 [M ++Na], 700.0 [M ++K]; elemen-
tal analysis calcd (%) for C38H41F2NO7 (661.73): C 68.97, H 6.25, F 5.74,
N 2.12; found: C 68.94, H 6.22, F 5.77, N 2.15.


General procedure for the synthesis of Mosher?s amides 21aa–ea and
21ab : CAN (1.10 g, 2.00 mmol) was added in one portion to a cooled
(0 8C) stirred solution of N-PMB-derivative (0.50 mmol) in CH3CN
(20 mL) and H2O (5 mL). The resulting mixture was vigorously stirred at
room temperature for 6 h, and quenched with saturated aqueous Na2SO3


solution (15 mL). The aqueous layer was extracted with AcOEt (3S
30 mL), and the combined organic layer was washed with saturated aque-
ous NaHCO3 solution (3S10 mL), dried (Na2SO4), and concentrated to
give the corresponding unprotected b-amino ester.


To a stirred solution of the above crude b-amino ester (~0.25 mmol) in
anhydrous CH2Cl2 (2 mL) were added either (R)- or (S)-a-methoxy-a-
(trifluoromethyl)phenylacetic acid (73 mg, 0.30 mmol), 1,3-dicyclohexyl-
carbodiimide (63 mg, 0.30 mmol), and a catalytic amount of 4-N,N-(dime-
thylamino)pyridine. The mixture was stirred for an additional 12 h at
room temperature then concentrated. The residue was taken into
AcOEt, washed with saturated aqueous NaHCO3 and brine, dried over
Na2SO4, and concentrated. The residue was purified by column chroma-
tography with the suitable elution system affording the corresponding
benzylated MosherKs amide in almost quantitative yield.


A vigorously stirred mixture of the above crude MosherKs amide
(~0.25 mmol), 20% palladium hydroxide on carbon (50% w/w of sub-
strate), AcOEt (2 mL), and EtOH (2 mL) was degassed under vacuum
and saturated with hydrogen (by a H2-filled balloon) three times. After
stirring under a slightly positive pressure of hydrogen (balloon) at room
temperature for 3–5 h, palladium hydroxide on carbon was filtered off
through a plug of cotton and washed thoroughly with MeOH (2 mL),
H2O (0.5 mL), and DMF (2 mL). The combined filtrates were concentrat-
ed to give the corresponding deprotected MosherKs amide in almost
quantitative yield. This debenzylation step was unnecessary starting from
7ba (gluco series) since a homogeneous distribution of DdRS signs was al-
ready observed in the 1H NMR spectra of the corresponding benzylated
MosherKs amides (see ref. [42]).


(2’R)-Methyl 4,8-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenyl-propionylamino)-d-threo-l-galacto-nonanoate ((R)-
21aa): 1H NMR (CDCl3 + D2O): d=8.70 (d, J3,NH=9.0 Hz, 1H, NH),
7.63–7.43 (m, 5H, Ph), 4.06 (dd, J3,4~0.5 Hz, 1H, H-3), 4.02 (dd, J6,7=3.0,
J7,8~0.5 Hz, 1H, H-7), 3.86 (dd, J8,9a=7.0, J9a,9b=12.0 Hz, 1H, H-9a), 3.76
(s, 3H, OCH3), 3.70 (dd, J8,9b=3.0 Hz, 1H, H-9b), 3.66 (dd, J5,6=9.0 Hz,
1H, H-6), 3.55 (q, J=0.7 Hz, 3H, OCH3), 3.51 (dd, J4,5=8.5 Hz, 1H, H-
4), 3.50 (dd, J4,5 = 8.5, J5,6 = 9.0 Hz, 1H, H-5), 3.49 (ddd, J7,8 �0.5, J8,9a


= 7.0, J8,9b = 3.0 Hz, 1H, H-8), 1.34 (s, 3H, CH3), 1.16 (s, 3H, CH3).


(2’S)-Methyl 4,8-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenyl-propionylamino)-d-threo-l-galacto-nonanoate ((S)-
21aa): 1H NMR (CDCl3 + D2O): d=8.93 (d, J3,NH=9.0 Hz, 1H, NH),
7.64–7.43 (m, 5H, Ph), 4.06 (dd, J3,4~0.5 Hz, 1H, H-3), 3.97 (dd, J6,7=2.5,
J7,8~0.5 Hz, 1H, H-7), 3.86 (dd, J8,9a=7.0, J9a,9b=12.0 Hz, 1H, H-9a), 3.79
(s, 3H, OCH3), 3.69 (dd, J8,9b=3.0 Hz, 1H, H-9b), 3.57 (dd, J5,6=9.0 Hz,
1H, H-6), 3.47 (dd, J4,5=9.0 Hz, 1H, H-4), 3.45 (ddd, 1H, H-8), 3.42 (q,
J=0.7 Hz, 3H, OCH3), 3.28 (dd, J4,5 = 9.0, J5,6 = 9.0 Hz, 1H, H-5), 1.36
(s, 6H, CH3).


(2’R)-Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimeth-
yl-3-(3’,3’,3’-trifluoro-2’-methoxy-2’-phenylpropionylamino)-d-erythro-l-


galacto-nonanoate ((R)-benzylated-21ba): 1H NMR ([D6]acetone): d=


7.75–7.20 (m, 25H, 5Ph), 7.60 (d, J3,NH=10.0 Hz, 1H, NH), 4.94, 4.91
(2d, J=11.0 Hz, 2H, PhCH2), 4.88 , 4.83 (2d, J=10.0 Hz, 2H, PhCH2),
4.86, 4.69 (2d, J=10.5 Hz, 2H, PhCH2), 4.64, 4.59 (2d, J=12.0 Hz, 2H,
PhCH2), 4.60 (dd, J3,4~0.5 Hz, 1H, H-3), 3.80 (dd, J8,9a=3.5, J9a,9b=


11.0 Hz, 1H, H-9a), 3.75 (dd, J4,5=9.0, J5,6=9.5 Hz, 1H, H-5), 3.71 (dd,
J8,9b=1.5 Hz, 1H, H-9b), 3.65 (dd, J3,4 �0.5, J4,5 = 9.0 Hz, 1H, H-4), 3.63
(dd, J6,7=9.0, J7,8=9.2 Hz, 1H, H-7), 3.53 (s, 3H, OCH3), 3.51 (ddd, J7,8


= 9.2, J8,9a = 3.5, J8,9b = 1.5 Hz, 1H, H-8), 3.48 (q, J=0.7 Hz, 3H,
OCH3), 3.27 (dd, J5,6 = 9.5, J6,7 = 9.0 Hz, 1H, H-6), 1.20 (s, 3H, CH3),
1.02 (s, 3H, CH3).


(2’S)-Methyl 4,8-anhydro-5,6,7,9-tetra-O-benzyl-2,3-dideoxy-2,2-dimethyl-
3-(3’,3’,3’-trifluoro-2’-methoxy-2’-phenyl-propionylamino)-d-erythro-l-
galacto-nonanoate ((S)-benzylated-21ba): 1H NMR ([D6]acetone): d=


7.79–7.22 (m, 25H, 5Ph), 7.60 (d, J3,NH=10.5 Hz, 1H, NH), 4.88, 4.82
(2d, J=11.5 Hz, 2H, PhCH2), 4.76, 4.62 (2d, J=11.0 Hz, 2H, PhCH2),
4.70, 4.64 (2d, J=10.0 Hz, 2H, PhCH2), 4.59, 4.55 (2d, J=11.5 Hz, 2H,
PhCH2), 4.46 (dd, J3,4~0.5 Hz, 1H, H-3), 3.68 (dd, J8,9a=3.5, J9a,9b=


11.0 Hz, 1H, H-9a), 3.63 (dd, J8,9b=2.0 Hz, 1H, H-9b), 3.62 (s, 3H,
OCH3), 3.57 (dd, J5,6=9.5, J6,7=9.0 Hz, 1H, H-6), 3.55 (q, J=0.7 Hz, 3H,
OCH3), 3.53 (dd, J4,5=9.0 Hz, 1H, H-4), 3.40 (ddd, J7,8=9.0 Hz, 1H, H-
8), 3.17 (dd, J6,7 = 9.0, J7,8 = 9.0 Hz, 1H, H-7), 2.75 (dd, J4,5 = 9.0, J5,6 =


9.5 Hz, 1H, H-5), 1.25 (s, 3H, CH3), 1.22 (s, 3H, CH3).


(2’R)-Methyl 4,8-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-erythro-l-gluco-nonanoate ((R)-
21ca): 1H NMR (CDCl3 + D2O): d=7.92 (d, J3,NH=9.5 Hz, 1H, NH),
7.65–7.40 (m, 5H, Ph), 4.11 (dd, J3,4=2.5 Hz, 1H, H-3), 3.85 (dd, J4,5~0.5,
J5,6=3.5 Hz, 1H, H-5), 3.79–3.62 (m, 2H, H-9a, H-9b), 3.72 (dd, J6,7=8.5,
J7,8=9.0 Hz, 1H, H-7), 3.71 (s, 3H, OCH3), 3.54 (dd, J3,4 = 2.5, J4,5


�0.5 Hz, 1H, H-4), 3.48 (dd, J5,6 = 3.5, J6,7 = 8.5 Hz, 1H, H-6), 3.30 (q,
J=0.7 Hz, 3H, OCH3), 3.19 (ddd, J7,8 = 9.0, J8,9a = 3.5, J8,9b = 2.0 Hz,
1H, H-8), 1.24 (s, 6H, 2CH3).


(2’S)-Methyl 4,8-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-erythro-l-gluco-nonanoate ((S)-
21ca): 1H NMR (CDCl3 + D2O): d=8.06 (d, J3,NH=10.0 Hz, 1H, NH),
7.60–7.38 (m, 5H, Ph), 4.28 (dd, J3,4=2.0 Hz, 1H, H-3), 3.83 (dd, J4,5~0.5,
J5,6=3.0 Hz, 1H, H-5), 3.78–3.60 (m, 2H, H-9a, H-9b), 3.72 (s, 3H,
OCH3), 3.68 (dd, J6,7=9.0, J7,8=9.5 Hz, 1H, H-7), 3.52 (dd, J3,4 = 2.0, J4,5


�0.5 Hz, 1H, H-4), 3.45 (dd, J5,6 = 3.0, J6,7 = 9.0 Hz, 1H, H-6), 3.32 (q,
J=0.7 Hz, 3H, OCH3), 3.17 (ddd, J8,9a=3.0, J8,9b=3.5 Hz, 1H, H-8), 1.26
(s, 6H, 2CH3).


(2’R)-Methyl 4,7-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-glycero-d-altro-octanoate ((R)-
21da): 1H NMR (CDCl3 + D2O): d=8.63 (d, J3,NH=9.0 Hz, 1H, NH),
7.60–7.40 (m, 5H, Ph), 4.18 (dd, J3,4=2.5, J4,5=7.5 Hz, 1H, H-4), 4.11
(dd, J3,NH = 9.0, J3,4 = 2.5 Hz, 1H, H-3), 4.08 (dd, J5,6=6.0, J6,7=8.5 Hz,
1H, H-6), 3.92 (ddd, J7,8a=3.5, J7,8b=5.0 Hz, 1H, H-7), 3.81 (dd, J4,5 =


7.5, J5,6 = 6.0 Hz, 1H, H-5), 3.74 (dd, J8a,8b=12.5 Hz, 1H, H-8a), 3.68 (s,
3H, OCH3), 3.58 (dd, J7,8b = 5.0, J8a,8b = 12.5 Hz, 1H, H-8b), 3.42 (q, J=
0.7 Hz, 3H, OCH3), 1.35 (s, 3H, CH3), 1.23 (s, 3H, CH3).


(2’S)-Methyl 4,7-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-glycero-d-altro-octanoate ((S)-
21da): 1H NMR (CDCl3 + D2O): d=8.36 (d, J3,NH=9.0 Hz, 1H, NH),
7.62–7.40 (m, 5H, Ph), 4.10 (dd, J3,4=4.5 Hz, 1H, H-3), 4.09 (dd, J4,5=


6.0 Hz, 1H, H-4), 3.76 (ddd, J6,7=5.5, J7,8a=3.0, J7,8b=3.5 Hz, 1H, H-7),
3.68 (s, 3H, OCH3), 3.61 (dd, J5,6=4.5 Hz, 1H, H-6), 3.59 (dd, J8a,8b=


12.5 Hz, 1H, H-8a), 3.54 (q, J=0.7 Hz, 3H, OCH3), 3.52 (dd, J4,5 = 6.0,
J5,6 = 4.5 Hz, 1H, H-5), 3.35 (dd, J7,8b = 3.5, J8a,8b = 12.5 Hz, 1H, H-8b),
1.34 (s, 3H, CH3), 1.29 (s, 3H, CH3).


(2’R)-Methyl 4,7-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenylpropionylamino)-d-glycero-d-ido-octanoate ((R)-
21ea): 1H NMR (CDCl3 + D2O): d=8.17 (d, J3,NH=10.5 Hz, 1H, NH),
7.62–7.40 (m, 5H, Ph), 4.48 (dd, J3,4=8.0 Hz, 1H, H-3), 4.25 (dd, J5,6=


1.5, J6,7=5.0 Hz, 1H, H-6), 4.08 (dd, J4,5=4.5 Hz, 1H, H-4), 3.98 (dd, J4,5


= 4.5, J5,6 = 1.5 Hz, 1H, H-5), 3.90 (ddd, J7,8a=3.5, J7,8b=2.0 Hz, 1H, H-
7), 3.73 (dd, J8a,8b=13.5 Hz, 1H, H-8a), 3.68 (s, 3H, OCH3), 3.64 (dd, J7,8b


= 2.0, J8a,8b = 13.5 Hz, 1H, H-8b), 3.57 (q, J=0.7 Hz, 3H, OCH3), 1.28
(s, 3H, CH3), 1.14 (s, 3H, CH3).
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(2’S)-Methyl 4,7-anhydro-2,3-dideoxy-2,2-dimethyl-3-(3’,3’,3’-trifluoro-2’-
methoxy-2’-phenyl-propionylamino)-d-glycero-d-ido-octanoate ((S)-
21ea): 1H NMR (CDCl3 + D2O): d=8.59 (d, J3,NH=10.0 Hz, 1H, NH),
7.62–7.40 (m, 5H, Ph), 4.46 (dd, J3,4=7.5 Hz, 1H, H-3), 4.09 (dd, J5,6=


1.5, J6,7=4.0 Hz, 1H, H-6), 4.08 (dd, J4,5=3.5 Hz, 1H, H-4), 3.92 (dd, J4,5


= 3.5, J5,6 = 1.5 Hz, 1H, H-5), 3.83 (ddd, J7,8a=1.5, J7,8b=3.0 Hz, 1H, H-
7), 3.74 (s, 3H, OCH3), 3.46 (dd, J8a,8b=12.0 Hz, 1H, H-8a), 3.40 (dd, J7,8b


= 3.0, J8a,8b = 12.0 Hz, 1H, H-8b), 3.33 (q, J=0.7 Hz, 3H, OCH3), 1.21
(s, 3H, CH3), 1.30 (s, 3H, CH3).


(2’R)-Ethyl 4,8-anhydro-2,3-dideoxy-3-(3’,3’,3’-trifluoro-2’-methoxy-2’-
phenyl-propionylamino)-d-threo-l-galacto-nonanoate ((R)-21ab):
1H NMR (CDCl3 + D2O): d=7.98 (d, J3,NH=8.0 Hz, 1H, NH), 7.60–7.40
(m, 5H, Ph), 4.74 (dddd, J2a,3=7.5, J2b,3=5.0, J3,4~0.5 Hz, 1H, H-3), 4.20–
4.00 (m, 2H, OCH2CH3), 4.07 (dd, J6,7=3.0, J7,8~0.5 Hz, 1H, H-7), 3.92
(dd, J8,9a=6.0, J9a,9b=12.0 Hz, 1H, H-9a), 3.80 (dd, J8,9b=3.5 Hz, 1H, H-
9b), 3.66 (dd, J5,6=9.0 Hz, 1H, H-6), 3.58–3.51 (m, 2H, H-5, H-8), 3.46
(q, J=0.7 Hz, 3H, OCH3), 3.28 (dd, J4,5=9.0 Hz, 1H, H-4), 2.76 (dd,
J2a,2b=15.0 Hz, 1H, H-2a), 2.64 (dd, J2a,2b = 15.0, J2b,3 = 5.0 Hz, 1H, H-
2b), 1.23 (t, J=7.0 Hz, 3H, OCH2CH3).


(2’S)-Ethyl 4,8-anhydro-2,3-dideoxy-3-(3’,3’,3’-trifluoro-2’-methoxy-2’-
phenyl-propionylamino)-d-threo-l-galacto-nonanoate ((S)-21ab):
1H NMR (CDCl3 + D2O): d=8.20 (d, J3,NH=9.0 Hz, 1H, NH), 7.60–7.40
(m, 5H, Ph), 4.70 (dddd, J2a,3=6.5, J2b,3=6.0, J3,4~0.5 Hz, 1H, H-3), 4.30–
4.10 (m, 2H, OCH2CH3), 4.01 (dd, J6,7=3.0, J7,8~0.5 Hz, 1H, H-7), 3.90
(dd, J8,9a=5.5, J9a,9b=12.0 Hz, 1H, H-9a), 3.76 (dd, J8,9b=4.0 Hz, 1H, H-
9b), 3.57 (ddd, J5,6=8.5, J4,6=1.5 Hz, 1H, H-6), 3.51 (ddd, J7,8 �0.5, J8,9a


= 5.5, J8,9b = 4.0 Hz, 1H, H-8), 3.40 (q, J=0.7 Hz, 3H, OCH3), 3.28 (dd,
J4,5=9.0 Hz, 1H, H-5), 3.24 (ddd, J3,4 �0.5, J4,5 = 9.0, J4,6 = 1.5 Hz, 1H,
H-4), 2.77 (dd, J2a,2b=14.5 Hz, 1H, H-2a), 2.70 (dd, J2a,2b = 14.5, J2b,3 =


6.0 Hz, 1H, H-2b), 1.32 (t, J=7.0 Hz, 3H, OCH2CH3).
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