
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




Single-source precursor chemistry is combined
with aerosol technology to obtain nanocrystalline
zinc-silicate particles (see picture). The stepwise
transformation of an organometallic methylzinc-
siloxy heterocubane to oxidic nanoparticles was
studied in detail, and the fundamental differences
between the chemical vapor synthesis and solid-
state decomposition are highlighted.
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In the paper by R. Dorta et al. published in Chem. Eur. J. 2004, 10, 267±278, the title was incorrect and should read as follows:
Chiral Iridium Xyliphos Complexes for the Catalytic Imine Hydrogenation Leading to the Metolachlor Herbicide: Isolation
of Catalyst±Substrate Adducts.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1305±13121312


Contents



>����<?up><link>www.chemeurj.org






¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305211 Chem. Eur. J. 2004, 10, 1314 ± 13191314


R. B. Kaner, B. H. Weiller, et al.







Nanostructured Polyaniline Sensors


Jiaxing Huang,[a] Shabnam Virji,[a, b] Bruce H. Weiller,*[b] and Richard B. Kaner*[a]


Introduction


Since the discovery that conjugated polymers can be made
to conduct electricity through doping,[1] a tremendous
amount of research has been carried out in the field of con-
ducting polymers.[2] Polyaniline is a unique conjugated poly-
mer in that it can be tailored for specific applications
through a non-redox acid/base doping process.[3] The electri-
cally conductive form of polyaniline is known as the ™emer-
aldine∫ oxidation state (Figure 1), which, when doped with


an acid, protonates the imine nitrogens on the polymer
backbone and induces charge carriers.[3] The conductivity of
polyaniline increases with doping from the undoped insulat-
ing emeraldine base form (s<10�10 Scm�1) to the fully
doped, conducting emeraldine salt form (s>1 Scm�1).[3]


Dopants can be added in any desired quantity until all
imine nitrogens (half of the total nitrogens) are doped,
simply by controlling the pH of the dopant acid solution.
Dopants can be removed by the interaction of the emeral-
dine salt form with common bases such as ammonium hy-
droxide.
Since the conductivity of polyaniline depends on both its


ability to transport charge carriers along the polymer back-
bone and for the carriers to hop between polymer chains,[4]


any interaction with polyaniline that alters either of these
processes will affect its conductivity. This is the underlying
chemical principle enabling polyaniline to be used as the se-
lective layer in a chemical-vapor sensor, such as resistance-
type detectors known as chemiresistors. Due to their room
temperature sensitivity, the ease of deposition on to a wide
variety of substrates and the rich chemistry of structural
modifications, polyaniline[5±7] as well as other conducting
polymers[8±11] are becoming attractive materials for sensor
applications.
A polyaniline chemiresistor typically consists of a sub-


strate, electrodes, and the polymer selective layer (Figure 2).
Changes in conductivity of the polymer film upon exposure
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Abstract: The conjugated polymer polyaniline is a
promising material for sensors, since its conductivity is
highly sensitive to chemical vapors. Nanofibers of poly-
aniline are found to have superior performance relative
to conventional materials due to their much greater ex-
posed surface area. A template-free chemical synthesis
is described that produces uniform polyaniline nano-
fibers with diameters below 100 nm. The interfacial poly-
merization can be readily scaled to make gram quanti-
ties. Resistive-type sensors made from undoped or
doped polyaniline nanofibers outperform conventional
polyaniline on exposure to acid or base vapors, respec-
tively. The nanofibers show essentially no thickness de-
pendence to their sensitivity.


Keywords: interfaces ¥ nanostructures ¥ polyaniline ¥
sensors ¥ thin films


Figure 1. Repeat unit of the emeraldine oxidation state of polyaniline in
the undoped, base form (top) and the fully doped, acid form (bottom).
Doping can be carried out with any strong acid, HX, where X serves as
the counterion to maintain charge balance. Dedoping can be accomplish-
ed with any strong base, OH� .
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to vapors can be readily monitored with an ohmmeter or
electrometer. A great deal of polyaniline sensor research
has focused on changing the polymer structure to facilitate
interaction between vapor molecules and polymer either by
modifying the polymer backbone or the interchain connec-
tions.[5,7] However, poor diffusion can readily outweigh any
improvements made to the polymer chains, since most of
the material, other than the limited number of surface sites,
is not available for interacting with the vapor, thus degrad-
ing sensitivity (Figure 3).[12] One way to enhance diffusion is


to reduce film thickness, such as producing monolayers of
conventional material;[13,14] this leads to a trade-off between
sensitivity and robustness. Coating polyaniline on porous
supports can increase the surface area and has been widely
reported,[15±20] but the extra chemistry and physics involving
polymer/support and polymer/support/electrode interfaces
needs to be considered.
The use of nanostructured polyaniline, such as nanowires,


nanotubes, nanofibers, or nanorods, could greatly improve
diffusion, since nanostructured polyanilines have much
greater exposed surface area, as
well as much greater penetra-
tion depth for gas molecules
(see Figure 3), relative to their
bulk counterparts. For example,
the surface area per unit mass
(SA) of polyaniline nanofibers
increases geometrically as the
diameters (d) of the nanofibers
decrease (SA~1/d). Even when
the thickness of an ultra-thin
film is the same as the diame-


ters of the nanofibers, the fibers should still outperform a
thin film, since they have higher surface-to-volume ratios
due to their cylindrical morphology.[21] The small diameter
of the nanofibers (<100 nm) coupled with the possibility of
gas approaching from all sides should give sensors with im-
proved performance. However, few reports exist on nano-
structured conducting polymer sensors,[22,23] probably due to
the lack of facile and reliable methods for making high qual-
ity conducting polymer nanostructures.


Synthesis of Polyaniline Nanostructures


The classical chemical synthesis of polyaniline uses aniline,
an oxidant, and a strong mineral acid as a dopant.[3] Current
chemical methods of making polyaniline nanostructures
(tubes/fibers/wires/rods) usually require specific structure-di-
recting materials added into the polymerization bath. The
formation of polyaniline nanostructures relies either on the
guidance of templates, for example, channels of zeolites[24]


or nanoporous membranes,[25] or the self-assembly of func-
tional molecules such as surfactants,[26] polyelectrolytes,[27] or
complex organic dopants.[28] Therefore, the synthetic condi-
tions have to be carefully designed to accommodate their
use, and to remove them after synthesis to obtain pure poly-
aniline nanostructures. Electrochemical polymerization[29]


and some physical methods, such as electro-spinning[30] and
mechanical stretching,[31] can produce conducting polymer
nanofibers without templates, but these materials have only
been made on a very limited scale. Earlier work on the elec-
trochemical synthesis of polyaniline indicated that some
nanofibers form naturally on the surface, while the under-
layer is much more compact.[3] For a systematic investigation
into sensor properties, there is a need for a practical bulk
synthetic method capable of making pure, uniform, and tem-
plate-free polymer nanostructures with small diameters
(<100 nm), on which chemical and/or physical modifications
can be easily performed.
Recently, we have successfully developed a chemical syn-


thesis to make polyaniline nanofibers in bulk quantities.[23]


The synthesis is based on the classical chemical oxidative
polymerization of aniline. Instead of using the traditional
homogeneous aqueous solution of aniline, acid, and oxi-
dant,[3] the polymerization is performed in an immiscible or-
ganic/aqueous biphasic system (Figure 4). Aniline polymer-
izes at the interface between an organic layer that contains
dissolved aniline and an aqueous layer containing the oxi-


Figure 2. A schematic diagram of a polyaniline chemiresistor consisting
of a polyaniline film, electrodes, substrate and the electronic components
needed to monitor current flowing through the resistor.


Figure 3. Schematic diagram of a conducting polymer thin film (left) and
nanofibers (right) exposed to gas molecules (arrows). Compared to a thin
film, nanofibers have a much higher fraction of exposed surface (black),
and much shorter penetration depth (gray) for gas molecules.


Figure 4. Snapshots showing the interfacial polymerization of aniline. The reaction times are a) 0, b) 60, c) 90,
d) 120, and e) 180 seconds. The top layer is an aqueous solution of acid and oxidant, the bottom layer is aniline
dissolved in an organic solvent.
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dant and dopant. As the reaction proceeds, polyaniline
forms across the interface, slowly diffusing into the water
layer and eventually filling it. At the same time, the color of
the organic layer turns red-orange due to the formation of
byproducts, probably aniline oligomers. Allowing the reac-
tion to proceed overnight gives it sufficient time to reach
completion. The product is then collected and purified by
either dialysis or filtration, yielding a product in the form of
a water dispersion or a powder, respectively. Further wash-
ing or dialyzing with water yields pure, doped polyaniline
that can be dedoped by washing or dialyzing with ammonia
(Figure 5).


The products are polyaniline nanofibers with average di-
ameters around 50 nm and lengths varying from 500 nm to
several microns (Figure 6). High-quality polyaniline nanofi-
bers with dopants ranging from mineral acids to organic
acids can be made. The synthesis is readily scalable and can
be carried out at room temperature. Gram-scale products
containing almost exclusively nanofibers for sensor applica-
tions have been synthesized.


Polyaniline Nanofiber Sensors


Thin films of conventional polyaniline and polyaniline nano-
fibers are coated on to interdigitated electrodes to compare


their performance (Figure 7). Conventional polyaniline thin
films are cast from an organic solvent, such as N-methylpyr-
rolidone or hexafluoroisopropanol. Polyaniline nanofiber


thin films are cast from water suspensions obtained after di-
alysis. The electrode arrays, consisting of 23 pairs of inter-
digitated gold electrodes (0.18 mm thick) with gaps of either
10 or 40 mm, are fabricated on an insulating glass substrate.
The real-time resistance changes of the dedoped films are
monitored with an electrometer (Keithley 617), upon expo-
sure to vapor.
The response given by conventional polyaniline and poly-


aniline nanofibers, both in the undoped emeraldine base
form, upon exposure to 100 ppm of hydrochloric acid vapor
are compared in Figure 8. Since HCl vapor is highly acidic,


it dopes polyaniline and increases its electrical conductivity.
The nanofiber film (~2.5 mm thick) gives a much greater re-
sponse to HCl than a conventional polyaniline film (~1 mm
thick), even though it is considerably thicker. This is proba-
bly due to the higher surface area of the nanofiber film; this
allows more interaction between vapor molecules and the
polyaniline. The BET surface area of polyaniline nanofibers
of 50 nm in diameter is 49.3 m2g�1, while that of convention-
al films is limited to the area of the film surface.[32]


The time response and corresponding sensitivity of poly-
aniline films to vapors are strongly thickness dependent
(Figure 9). Generally thinner films result in better perform-
ance. As the thickness is decreased from 1 mm to 0.3 mm, the
response time increases significantly and the magnitude of


Figure 5. UV-visible spectra of HCl doped (gray) and dedoped (black)
polyaniline nanofibers.


Figure 7. Schematic diagram showing a typical sensor experiment: gold
interdigitated electrodes (left) are coated with a polyaniline film by drop-
casting (middle), and the resistance of the film is monitored as the sensor
is exposed to vapor (right).


Figure 8. Resistance changes of a nanofiber emeraldine-base thin film
(solid line) and conventional film (dotted line) upon exposure to
100 ppm HCl vapor in nitrogen. The resistance (R) is normalized to the
initial value (R0) prior to gas exposure.


Figure 6. A typical transmission electron microscopy image of polyaniline
nanofibers made by interfacial polymerization (left) and the correspond-
ing size distribution (right).
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the response at a fixed time increases by more than five
orders of magnitude (Figure 9). Since only the outermost
surface interacts with the vapor molecules, a thicker film has
more inactive material that does not contribute to the sens-
ing process at short times. Therefore, the performance of
conventional polyaniline thin film sensors are limited by the
thickness of the underlying polyaniline film.[23]


When nanofibers are used as the selective layer, the per-
formance is essentially unaffected by thickness, at least in
the range of 0.2±2 mm (Figure 10). This is probably due to


the porous nature of nanofiber films, which allows vapor
molecules to penetrate through the entire film and interact
with all the fibers. Therefore, even in thicker films, all the
fibers are able to contribute to the sensing process. The
porous nature of the nanofiber films can be observed direct-
ly by using scanning electron microscopy (SEM, Figure 11).
Here an SEM image of a nanofiber film on interdigitated
electrodes used in sensor experiments is presented. The
overview shows a uniform distribution of nanofibers. The
cross-sectional view (inset) clearly shows that the film is
porous. The thickness independence of sensitivity for nano-
fiber films eliminates the need to make very thin films to
obtain good sensitivity.
Hydrochloric-acid-doped polyaniline films can be used as


base sensors. When fully HCl-doped polyaniline is exposed
to ammonia vapor, a drop in conductivity is observed. As
expected, a nanofiber film outperforms a conventional poly-
aniline film (Figure 12). The nanofiber films again have es-


sentially no thickness dependence, while the sensitivity of
conventional polyaniline films is completely dependent on
thickness.


Outlook


The conductivity of polyaniline can be affected by many
chemical vapors other than just acids and bases. Acidic and
basic chemicals change polyaniline×s conductivity through
alternating the doping level of the emeraldine form of poly-
aniline. Redox active chemicals could be used to change the
inherent oxidation state of polyaniline, thereby changing the
degree of conjugation of the polyaniline backbone and the
conductivity. Some neutral, redox inactive volatile organic
compounds, such as chloroform or toluene, although not
able to alter either doping level or the oxidation state, have
been reported to affect the conductance of polyaniline films
through swelling effects,[33] which induce conductivity
changes by modifying the inter-chain hopping of charge car-
riers. Another possibility is adding functional ™guests∫ into
the polyaniline ™matrix∫. This could greatly broaden the
scope of polyaniline sensors. Either the guest±matrix com-
plex has new functionality introduced by the guests, or the
guest±matrix interaction provides new mechanisms that are
sensitive to new targets. One example is trapping enzymes


Figure 9. Resistance changes of conventional polyaniline films with differ-
ent thicknesses upon exposure to 100 ppm of HCl vapor (left). The sche-
matic diagram (right) shows the active polyaniline layer (black) interact-
ing with vapor molecules (arrows) and the inactive supporting layer
(gray).


Figure 10. Response of polyaniline nanofiber sensors of different thick-
nesses upon exposure to 100 ppm of HCl vapor (left). The schematic dia-
gram (right) illustrates that the vapor molecules (arrows) can interact
rapidly with most of the polyaniline nanofibers (gray), since the films are
porous.


Figure 11. Scanning electron microscopy image showing an overview and
cross-section (bottom left, inset) of a nanofiber film deposited on a glass
substrate.


Figure 12. Resistance changes of an HCl-doped nanofiber thin film (solid
line) and conventional (dotted line) film upon exposure to 100 ppm am-
monia vapor in nitrogen.
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in polyaniline to make it into a biosensor.[8] Other possibili-
ties include mixing polyaniline with materials that catalyze
reactions to produce byproducts that are detectable by poly-
aniline. For all these applications, the use of nanopolyaniline
should be beneficial.
The method we developed to make polyaniline nanofibers


doesn×t depend on the use of specific templates or dopants.
It is capable of producing polyaniline nanofibers doped with
various acids. The nanofibers can also be modified by using
the same chemistry applied to conventional polyaniline. For
example, metal nanoparticles such as silver can be loaded
onto the nanofibers, forming a uniform polyaniline±metal
nanocomposite (Figure 13). Except for the use of a two-


phase system, the conditions of our method are similar to
that used in the classical synthesis of polyaniline. This effec-
tive, yet simple synthetic method should make polyaniline
nanofibers a readily accessible model material to facilitate
systematic studies on conducting polymer nanostructures, es-
pecially for sensor applications.


Note


The frontispiece appears to be a rocket blasting off above
an ™ocean∫ into the sky. However, the ocean is actually a
snapshot of the aqueous/organic interface during interfacial
polymerization to make polyaniline nanofibers, which is
comparable to Figure 4b. Polyaniline turns from blue (un-
doped) to green (doped) upon doping with acids; therefore,
it can be used to detect hazardous HCl waste produced in
exhaust plumes from solid rocket motors. The left column of
the frontispiece is an SEM image of the nanofibers.
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Figure 13. A transmission electron microscopy image of a polyaniline±
silver nanocomposite. Silver nanoparticles appear as black dots decorat-
ing the polyaniline nanofibers.


Chem. Eur. J. 2004, 10, 1314 ± 1319 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1319


Polyaniline Sensors 1314 ± 1319



www.chemeurj.org






¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305496 Chem. Eur. J. 2004, 10, 1320 ± 13291320


S. Hˆger







Shape-Persistent Macrocycles: From Molecules to Materials


Sigurd Hˆger*[a]


Introduction


The organization of molecular entities into structures with a
high level of complexity is one of the great objectives of
supramolecular chemistry. Shape-persistent macrocycles
with an interior in the nanometer regime are interesting
compounds in this sense, because their rigidity allows the
defined positioning of (functional) side groups and the study
of their influence on the compounds× properties and applica-
tions.[1,2] The term shape-persistent macrocycle means that
the building blocks of the ring are rather rigid and their con-
nection is performed in such a way that the final structure
cannot collapse, in contrast to flexible structures like crown
ethers or cycloalkanes.[3] A more precise definition of shape-
persistence is not based on the molecular building blocks,
but on the flexibility of the final structure: According to


rigid rod polymers,[4] shape-persistent macrocycles have an
interior (lumen) d that is, on average, equal to the contour
length l of their molecular backbone divided by p


(Figure 1).


In order to keep these rigid structures tractable, side
groups have to be attached to the backbone. The orientation
of the side groups relative to the molecular backbone has a
strong influence on the materials properties. For example,
macrocycles with an orthogonal arrangement (orthogonal
substituents, Figure 2, left) of polar functional groups are
able to form tubular superstructures in the solid state.[5] If
the polar functional groups point to the outside of the mac-
rocycle (extraannular substituents, Figure 2, middle) this
may lead to the formation of a 2D network in the solid
state.[6] Shape-persistent macrocycles with polar groups
pointing to the inside (intraannular substituents, Figure 2,
right) play a special role in supramolecular chemistry.[7] The


[a] Prof. Dr. S. Hˆger
Institut f¸r Technische Chemie und Polymerchemie
Universit‰t Karlsruhe
Engesserstrasse 18, 76131 Karlsruhe (Germany)
Fax: (+49)721-608-3153
E-mail : hoeger@chemie.uni-karlsruhe.de


Abstract: Shape-persistent macrocycles with an interior
in the nanometer regime allow the attachment of (func-
tional) side groups at defined positions at the ring.
These side groups can have either a fixed orientation
relative to the molecular backbone or they can adapt
their orientation according to an external stimulus. The
properties and applications of the compounds depend
strongly on the orientation of these side groups. Macro-
cycles with intraannular or adaptable long alkyl groups
display a new design principle for discotic liquid crys-
tals. Macrocycles with extraannular (oligo)alkyl groups
can be used for surface patterning in the nanometer
regime and rings with extraannular oligostyryl groups
are able to aggregate to supramolecular hollow polymer
brushes.


Keywords: host±guest systems ¥ liquid crystals ¥
macrocycles ¥ nanostructures ¥ self-assembly


Figure 1. Shape-persistent macrocycles have an interior d that is, on aver-
age, equal to the contour length l of their molecular backbone divided by
p.


Figure 2. Possible orientations of polar side groups (dark gray) in shape-
persistent macrocycles and their respective properties or functions.
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convergent preorganization of the binding sides allows them
to act as host molecules for the recognition of appropriate
guest molecules according to the lock and key principle.[8]


Shape-Persistent Macrocycles with Adaptable
Substituents


All macrocycles described above have a fixed side chain ori-
entation, given by the building blocks and the synthesis.
However, if the building blocks of the macrocycle carrying
the functional groups can rotate freely, the side group orien-
tation is not determined by the synthesis, but by an external
parameter (adaptable substituents). Moreover, if the macro-
cycle contains adaptable substituents of different polarity, it
might be possible that the solvent influences the actual con-
formation in such a way that in a polar solvent the polar
substituents point to the outside and a less polar interior is
formed, and vice versa (Figure 3).


The macrocycles might also act as host molecules for ap-
propriate guest molecules. However, opposite to the case
described in the previous section, the conformation of the
host is influenced by the guest molecule and therefore the
binding process resembles the induced fit mechanism. The
combination of a low rotational barrier for parts of the mac-
rocycle together with an overall structural rigidity is found
in phenylene±ethynylene macrocycles.[9]


Figure 4 displays the general structure of the compounds
described in this article. The sides of the macrocycle are
formed by the adaptable units and the corner pieces. De-
pending on the position at which the side groups (which can


also contain functional groups) are attached to the ring, they
have either a fixed intraannular (I, I’), fixed extraannular
(E, E’), or adaptable orientation (A, A’). A proof of the last
hypothesis will be given in the next chapter. Of course, it is
also possible to prepare macrocycles that contain (different)
functional groups attached to the ring at more than one po-
sition.
The synthesis of these macrocycles becomes evident by


looking at their structure: the cyclization step is the oxida-
tive acetylene coupling of rather rigid phenylene±ethynylene
oligomers (™half rings∫) performed under pseudo-high-dilu-
tion conditions in order to suppress extended polymer for-
mation.[10] The cyclization can be performed by two different
approaches: either by a statistical reaction giving isolated
product yields of about 40±50% (Scheme 1a), or by a tem-


plate-supported cyclization giving the macrocycles often in
over 90% yield (Scheme 1b).
Moreover, the use of a covalent template allows also the


formation of nonsymmetrical macrocycles by simply using a
nonsymmetrical template.[11] In any case it is necessary to
form the required half rings by a repetitive synthesis by
using monoprotected bisacetylenes as key compounds. Their
preparation is based on the combination of the bromo±iodo
selectivity of the Pd-catalyzed Hagihara±Sonogashira cou-
pling and the possibility to deprotect bisacetylenes with two
different silyl protecting groups stepwise.[12±14] It cannot be
overemphasized enough that a properly designed synthesis
with orthogonal protective groups is the prerequisite to pre-
pare functional macrocycles in amounts such that not only
their molecular properties but also their material properties
can be investigated in detail.[1d]


Figure 3. An adaptable amphiphilic macrocycle might change the orienta-
tion of the polar and nonpolar side groups according to an external stim-
uli. In a nonpolar solvent (left) the nonpolar side chains (light gray)
point to the outside and the polar side chains (dark gray) point to the
inside, and vice versa (right).


Figure 4. Shape-persistent macrocycle with intraannular (I, I’), extraannu-
lar (E, E’) and adaptable (A, A’) substituents.


Scheme 1. Macrocycle formation by the a) statistical and b) template-sup-
ported oxidative acetylene coupling.
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Molecular Reversible Coats


Although the arene moieties carrying the adaptable sub-
stituents should be able to rotate freely, it has not been
proven before that the macrocycle conformation can indeed
be influenced by an external parameter.
Recrystallization of 1 from pyridine gave single crystals


suitable for X-ray analysis (Figure 5).[14] For each macrocy-


cle eight molecules of pyridine were localized. Four of them
form hydrogen bonds to the phenol-OH groups of the ring,
the remaining pyridines pack within the crystal lattice with-
out specific interaction. Most interesting is the observation
that the macrocycle adopts, through recrystallization from a
polar solvent, a conformation in which the polar phenol-OH
groups point to the outside and the nonpolar groups point
to the inside, as proposed in Figure 3. The question whether
an opposite conformation could also be identified in this
class of macrocyclic amphiphiles was answered with the help
of host±guest chemistry.[15] Based on computer models, the
rigid tetraamines 2a and 2bwere identified as fitting nearly
perfect into the cavities of the macrocyclic tetraphenols 3a
and 3b if the phenol-OH groups of the macrocycle point to
the inside. NMR spectroscopic determination of the binding
constants for 2a¥¥¥3a (160m�1), 2a¥¥¥3b (170m�1), and 2b¥¥¥3b


(10m�1) in C2D2Cl4 indicates that in the host±guest complex
the tetraamine is located in the interior of the macrocycles.
Since in that case a binding is only possible if the orienta-


tion of the polar phenol-OH groups is opposite to that
found in the pyridine solvate of 1, these macrocycles were
given the name ™molecular reversible coats∫. Schematically,
the structure of the host±guest complex is the same as in
Figure 2 (bottom, right). However, the binding here resem-
bles the induced fit mechanism.
Moreover, recent experiments have shown that even the


solvent influence alone can change the macrocycles× confor-
mation (Scheme 2).[16] Recrystallization of 3a from pyridine
leads to half of the nonpolar alkyl groups point to the out-
side and half of them to the inside, whereas recrystallization
from the less polar solvent THF leads to the macrocycle
adopting a conformation in which all nonpolar alkyl groups
point to the outside. The different conformations lead also
to a different supramolecular organization of the rings in
the crystal lattice: 3a¥¥¥12THF forms a supramolecular tube
consisting of channels with pore sizes (ca. 8î12 ä) larger
than those found in cyclodextrines (Figure 6).[17] In addition,
these channels contain polar functional groups.


Shape-Persistent Macrocycles as Elements of
Complex Molecular Architectures


Liquid crystals with an inverted conformation : The synthetic
tool box and the observed behavior of the macrocycles were
the basis for the investigation of these structural motifs as
parts of more complex structures. One of the obvious ques-
tions is whether these rings with their large internal cavity
can exhibit liquid crystallinity. Liquid crystals based on disk-
like or cyclic molecules were first described by Chandrase-
khar more than 25 years ago.[18] In the meantime macrocy-
clic and even shape-persistent macrocyclic compounds have


Figure 5. Molecular structure of 1 and X-ray structure of 1¥8py.
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been found to be liquid crystalline.[19,20] All these discotic
liquid crystals follow the same design principle: a rigid core
structure is surrounded by a flexible periphery (Figure 7).


Therefore, macrocycles 4 and 5 were prepared and investi-
gated in terms of their thermotropic behavior.[21]


Although both compounds correlate at first glance with
the design principle of discotic liquid crystals, only the latter
exhibits a stable thermotropic mesophase (C 185 ND 207 I)
(Figure 8, top). It can be speculated that the large internal
void inside the shape-persistent macrocycles avoids the for-
mation of a stable LC phase. Since an intramolecular alkyl-
chain back-folding is rather improbable for 4, alkyl groups
of neighboring rings have to fill the macrocycles interior,
leading to geometric constrains that prevent the formation
of a stable LC phase. The new riddle, namely why 5 exhibits
a stable LC phase, could be solved by single-crystal X-ray
analysis showing that 5 fills the interior with its own alkyl


chains (Figure 8, bottom). This is possible because the long
alkyl chains are located at the adaptable positions of the
ring, thus allowing an intraannular orientation of the alkyl
chains without paying an energetically and entropically high
price. Even more interesting is the finding that the topology
of the macrocycle in 5 is opposite to all discotics described
before: a rigid periphery acts as a framework for flexible
side groups located intraannular (Figure 9).
However, at this point one important question was yet


not answered. In order to explain the stable LC phase of 5,
its conformation in the LC phase was derived from the X-
ray data, not knowing if the adaptable alkyl chains point in
the LC phase inside the macrocycle. Since there is no simple
experiment that gives an answer to the question of whether
5 is really a discotic liquid crystal with inverted topology,
the missing isomer in this series of macrocycles was pre-
pared. In 6 the long intraannular alkyl chains are now at-
tached at the corner pieces of the ring and can not rotate
outwards. Compound 6 also exhibits a stable nematic LC
phase (C 134 ND 159 I), and, therefore, the question wheth-


Scheme 2. Solvent triggering between conformational states in 3a.


Figure 6. View down the crystallographic b axis of 3a¥12THF (solvent
molecules are removed).


Figure 7. Design principle of disklike (left) and cyclic molecules (right)
capable of forming thermotropic mesophases.
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er liquid crystalline macrocycles with an inverted topology
really exist can be positively answered (Figure 10).[22]


Aggregates with a higher level of organization : In the nem-
atic discotic LC phase, the macrocycles have only orienta-
tional correlation and no positional correlation. This can be
obtained by the one- or two-dimensional organization of the
rings, as schematically shown in Figure 11. However, in con-
trast to the macrocycle organization shown in Figure 2, the
driving forces for the superstructure formation should be
purely nonspecific for the following reason. If the basic prin-
ciples for the self-organization by nonspecific interactions in
these systems are understood, additional polar functional
groups can be added, thus forming functionalized super-
structures. In other words, the functional groups will not be
used for the superstructure formation, but the superstruc-
ture formation will be used for the organization of the func-
tional groups. In the ideal case, the functional groups are
not influenced by the superstructure formation, thus remain
™free∫ and should be able to recognize additional guest mol-
ecules. The driving force for the two-dimensional pattern


formation is the interaction with an appropriate substrate,
and for the one-dimensional organization the incompatibili-
ty of the rigid core and the flexible corona of the macrocy-
cles.


Two-dimensional organization : The first example of our in-
vestigations was the macrocycle 7 with oligo±alkyl substitu-
ents at the periphery. The organization in two dimensions is
possible in the presence of an appropriate substrate, in this
case highly oriented pyrolytic graphite (HOPG) was
used.[23,24] High-resolution scanning tunneling microscopy


Figure 9. Schematic representation of the arrangement of the alkyl chains
in 5. Figure 10. Crystal structure of 6 and texture of 6 at 150 8C viewed be-


tween crossed polarizers.


Figure 11. Schematic representation of the macrocycle arrangement in
the nematic discotic phase (middle), in a tubular superstructure (left) and
in a two-dimensional crystal (right).


Figure 8. Texture of 5 at 200 8C viewed between crossed polaizers (top);
structure of 5 in the crystal (bottom).
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(STM) images measured under liquid show the arrangement
of 7 in a two-dimensional array with lattice constants A=


3.6 nm, B=5.7 nm, and G=748 (Figure 12, top). In addition


to most other molecules able to form self-assembled-mono-
layers (SAMs), macrocycles like 7 offer the possibility to in-
corporate functional groups in its interior and thus leading
not only the creation of nano-patterned surfaces, but also the
formation of functionalized nano-patterned surfaces. Subse-
quently, macrocycle 8 was prepared and adsorbed on the
HOPG surface (Figure 12, bottom).[25] Although locally or-
dered, 8 does not form a two-dimensional crystal, probably
due to an unfavorable solute±solvent interaction.[26] Never-


theless, the data allow the extrapolation of the lattice con-
stants of a unit cell of oblique symmetry to be in the order
of A=3.4 nm, B=5.2 nm, and G=878. These data show a
similar molecular size of 7 and 8 at the graphite surface. Ul-
timately, these two-dimensional structures could be used as
a platform for the growth of supramolecular three-dimen-
sional structures.[27]


It is worth noting that 8 exhibits, in contrast to 7, a stable
LC phase, most probable due to the intraannular filling of
the cavity.[28] Moreover, the intraannular polar groups stabi-
lize a columnar packing motive in the mesophase by pre-
venting the molecules from sliding relative to each other.


One-dimensional superstructures : One possibility to force
the macrocycles into tubular superstructures by means of
dissipative forces only is to use the incompatibility of the
rigid core and the flexible corona.[29,30] Macrocycles like 7
with oligo±alkyl side groups have only limited solubility in
solvents with a preference for the corona; therefore, extend-
ed tubular structures are not observed in solution.[31,32] A
simple way to overcome the solubility problem is the attach-
ment of anionically prepared, narrowly distributed (PD
(Mw/Mn) <1.1) polystyrene carboxylic acid oligomers (PS-
COOH) of different molecular weight (Mw(PS): 1000±
5000 gmol�1; Figure 13).[33,34]


The structures 9a±e can be described as coil±ring±coil
block copolymers, a subclass of rod±coil block copolymers,
which are known to separate in microphases to form well-or-
dered superstructures even at relatively small block sizes.[35]


All block copolymers are well soluble in THF, toluene, or
halogenated solvents at room temperature.[36] However, the
solubility of the block copolymers in aliphatic solvents
strongly depends on the size of the coiled block. While 9a
only a suspension forms even in warm cyclohexane, 9b±e
are very soluble in cyclohexane at elevated temperatures.
Upon cooling, 9b forms a gel at concentrations above 0.5
wt%. Under the same conditions 9c rapidly forms a very
viscous solution, as does 9d after several days. These solu-
tions are also strongly birefringent with the exception of sol-
utions of 9e, which exhibit neither unusual viscosity nor bi-
refringence. These observations can be explained by the dif-
ferent solubility of the rigid and the flexible parts of the
molecule, bearing in mind that cyclohexane is a V-solvent
for PS, but in contrast to THF or toluene, a nonsolvent for
the rigid core. Solutions of 9c in cyclohexane were investi-
gated in more detail. Dynamic light scattering (DLS) was
performed on solutions of 9c in toluene and cyclohexane


Figure 12. STM images of shape-persistent macrocycles adsorbed from
solution onto HOPG: 7 from trichlorobenzene (top); 8 from phenyloc-
tane (bottom).
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(Figure 14, top), revealing that in toluene only one species,
with a hydrodynamic radius of approximately 2 nm, is pres-
ent; this corresponds to the size of a simple block copolymer
molecule 9c (Figure 15, left).
In contrast, the light scattering data in cyclohexane indi-


cate additionally the presence of species with a broad distri-


bution of hydrodynamic radii around 60 nm, corresponding
to a total length of the objects between 250 and 1300 nm.
The angle dependence of the scattered light intensity of the
larger objects suggests the presence of rod-shaped objects
with a high ™virtual∫ persistent length of more than 100 nm.
Additional X-ray scattering measurements indicate that the
coil±ring±coil block copolymers aggregate in solution into
hollow cylinder-shaped objects (Figure 15, middle). Addi-
tional support of the proposed aggregation came from the
investigation of solid samples of 9c prepared under ™non-
equilibrium conditions∫ (i.e., by fast solvent evaporation).
The transmission electron micrograph (TEM) of a sample
obtained by freeze-drying a cyclohexane solution (Pt/C-
shadowed film) shows ribbons of different width at the
sample surface, the narrowest in the range of approximately
15 nm (Figure 14, middle). Atomic force microscopy (AFM)
images of a polymer film on mica show long bundles of two
or three cylindrical aggregates, together with individual ag-
gregates (Figure 14, bottom), these last having a diameter of
approximately 10±15 nm. The dimensions obtained by TEM
and AFM correspond well with the molecular dimensions
obtained by scattering methods and are in accordance with
the molecular dimensions of the molecular building blocks.
Moreover, surveying the most curved cylindrical object
found in the AFM (Figure 14, bottom, black arrow) and
treating it as wormlike chain results in a persistent length of
approximately 350 nm of the cylindrical aggregate.
In contrast to the superstructure formation of 9c in cyclo-


hexane, we were unable to observe the formation of any su-
perstructure by thermal treatment of this material (i.e., slow
or fast cooling from the melt). However, if solid samples of
9c were prepared by slow evaporation of a cyclohexane solu-
tion (i.e., under ™equilibrium conditions∫), superstructure
formation could be observed on different length scales.[37]


Detailed X-ray and electron diffraction studies were per-
formed on these samples. It became evident that the coil±
ring±coil block copolymers adopt a morphology in the solid
state in which columns of macrocycles are aggregated into
layers that are separated by the polystyrene, and that the in-
itially in solution formed supramolecular cylindrical brushes
do not form isolated channels within the amorphous PS
matrix (Figure 15, right). This morphology is a result of the
attachment of the PS side chain at only two positions of the
ring. Ongoing investigations will also deal with the question
how the number of grafting positions influence the super-
structure formation in solution and in the solid state.


Figure 13. Structure of the ring-coil block copolymers 9 with oligostyrene
side chains of different size (average molecular weight for each PS block
is given).


Figure 14. Top: CONTIN-fit : rate distribution of 9c in toluene (a) and
in cyclohexane (c) at a concentration of 0.11 wt%. Bottom left: TEM:
C/Pt shadowed film obtained by freeze drying a 0.15 wt% cyclohexane
solution of 9c. Bottom right: AFM (amplitude picture, 1.5î1.5 mm2):
Film obtained by dipping mica into a 0.15 wt% cyclohexane solution of
9c.


Figure 15. Schematic representation of the aggregation of the block co-
polymers into hollow cylindrical brushes (middle) and formation of a
layerd structure in the solid state (under equilibrium conditions) (right).


Chem. Eur. J. 2004, 10, 1320 ± 1329 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1327


Shape-Persistent Macrocycles 1320 ± 1329



www.chemeurj.org





Future Outlook


Modern synthetic methods allow the preparation of func-
tionalized shape-persistent macrocycles on the hundred mil-
ligram scale under mild conditions. The attachment of func-
tional side groups with a defined orientation relative to the
molecular backbone allows the construction of new highly
functionalized building blocks for complex supramolecular
architectures. Strategies for the supramolecular organization
by means of dissipative forces only create the possibility to
form functionalized superstructures for the recognition of
appropriate guest molecules. In addition, strategies for the
size control of the superstructure need to be explored. Ulti-
mately, these superstructures shall be used as platform for
the one- and two-dimensional organization of guest mole-
cules.
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Introduction


Organometallic complexes based on the potentially terden-
tate, monoanionic NCN-pincer ligand[1] (NCN=2,6-bis[(di-
methylamino)methyl]phenyl anion) have been prepared for
a wide range of (transition) metals, and are therefore found
in numerous applications, such as catalysis, catalyst immobi-


lisation, optical devices and sensor materials.[2,3] The aryl
pincer ligand in complexes of type 1 contains two meta-posi-
tioned substituents bearing N-, O-, P- or S-donor groups
that allow chelation to the metal centre, thereby enhancing
stability due to the formation of metallacycles. Among the
most stable pincer complexes are the square-planar com-
plexes of metals of the nickel triad (Ni, Pd, Pt).[4]


Variations in the para substituent Z of these ligands have
drawn our particular interest for several reasons. The elec-
tronic properties, and consequently the catalytic, spectro-
scopic, and diagnostic properties, of pincer complexes can
be fine-tuned by choosing the appropriate para substituent.
A striking example of electronic tuning of the metal centre
in NCN-Z nickel(ii) complexes by the para substituent was
published earlier by us.[5] The Hammett parameters of the
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Abstract: A variety of para-substituted
NCN-pincer palladium(ii) and platinu-
m(ii) complexes [MX(NCN-Z)] (M=


PdII, PtII ; X=Cl, Br, I; NCN-Z= [2,6-
(CH2NMe2)2C6H2-4-Z]� ; Z=NO2,
COOH, SO3H, PO(OEt)2, PO(O-
H)(OEt), PO(OH)2, CH2OH, SMe,
NH2) were synthesised by routes in-
volving substitution reactions, either
prior to or, notably, after metalation of
the ligand. The solubility of the pincer
complexes is dominated by the nature
of the para substituent Z, which ren-


ders several complexes water-soluble.
The influence of the para substituent
on the electronic properties of the
metal centre was studied by 195Pt NMR
spectroscopy and DFT calculations.
Both the 195Pt chemical shift and the
calculated natural population charge


on platinum correlate linearly with the
sp Hammett substituent constants, and
thus the electronic properties of prede-
signed pincer complexes can be pre-
dicted. The sp value for the para-PtI
group itself was determined to be
�1.18 in methanol and �0.72 in water/
methanol (1/1). Complexes substituted
with protic functional groups (CH2OH,
COOH) exist as dimers in the solid
state due to intermolecular hydrogen-
bonding interactions.


Keywords: aromatic substitution ¥
chelates ¥ density functional
calculations ¥ N ligands ¥ substituent
effects
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para substituents showed a linear relationship with the NiII/
NiIII oxidation potential, and consequently with its catalytic
activity in atom-transfer radical additions.[5c] Recently, Rein-
houdt et al. published a linear Hammett relationship for the
complex stability of an array of para-substituted pyridines
complexed to cationic SCS-pincer palladium complexes.[6]


The NCN- and SCS-pincer complexes have been supported
via a para substituent on poly(ethylene glycol),[7] poly-(N-
octadecylacrylamide),[8] polysiloxanes,[9] benzene rings,[10] hy-
perbranched polytriallylsilanes and polyglycerols,[11] carbosi-
lane[12,13] and Frÿchet-type[14] dendrimers and dendronised
polymers,[14e] buckminsterfullerene,[15] and silica.[16] Substitu-
tion in the para position also allows the buildup of supra-
molecular assemblies,[17,18] the placement of an additional
metal centre,[19,20] or the introduction of functional groups
such as a-amino acid residues[21,22] or other auxiliaries[23] to
give new materials.[24] The major potential of the pincer
system motivated us to develop synthetic routes towards
new para-functionalised NCN-pincer complexes. Several
steps in this study involve substitutions directly on metalated
NCN-ligands. While ample reports have been published on
ligand functionalisation of p-aryl organometallic complexes
such as ferrocenes, similar reactions of s-aryl organometallic
complexes are scarce. Furthermore, the latter mainly involve
organometallic s-aryl complexes in which the metal centre
is sterically shielded from the environment by bulky li-
gands.[25] The approach in which metalated ligands are func-
tionalised is of great interest, since it allows the creation of
compact multifunctional building blocks with catalytic or
sensor properties on one side, and functional substituents
for (non)covalent bonding to create nanosize structures on
the other. The pronounced influence of the para substituent
on the properties of these NCN-pincer building blocks is
discussed with respect to 195Pt NMR spectroscopy, solid-


state structures, and DFT calculations. Some of the resulting
complexes have intriguing solid-state and physicochemical
properties. Some of the unexpected results of the synthetic
work were published earlier in a communication.[26]


Results


Two main synthetic strategies were followed for the synthe-
sis of para-substituted pincer metal complexes, denoted as
[MX(NCN-Z)] (1). Apart from selective metalation of pre-
functionalised meta-bis-aminoarene (NCN-pincer) ligands
(approach I), selective para substitution of bis-ortho-amino-
aryl pincer complexes offers an alternative strategy (ap-
proach II).


Approach I is commonly the method of choice because
the metal±carbon bond is often the most reactive part of the
complex. However, recently we observed that the metal±
carbon bond in palladium(ii) and, in particular, platinum(ii)
NCN-pincer complexes, has remarkable stability under a
wide variety of reaction conditions. For example, the plati-
nated complexes [PtX(NCN-Z)] are stable in refluxing ace-
tone/HCl, as well as under the highly basic and nucleophilic
conditions encountered in lithiation reactions.[21] This re-
markable stability allows the exploration of unconventional
strategies (approach II) for para functionalisation of pincer
complexes. The availability of various metalation procedures
is an essential part of their syntheses. Oxidative addition
and lithiation trans-metalation procedures are available for
both palladium and platinum.[21] Obviously, the latter proce-
dure is not suitable when para substituents are used which
are incompatible with lithium alkyls. In addition, direct pal-
ladation is possible by electrophilic aromatic substitution of
a trimethylsilyl-substituted pincer ligand with Pd(OAc)2.


[27]


Approach I: selective metalation of prefunctionalised NCN-
pincer ligands : The nitro-, amino-, and iodo-para-substituted
platinum and palladium pincers were essentially obtained
from ortho-bromo compound 2 (Scheme 1). The nitro sub-
stituent at the para position could also be introduced into
ortho-trimethylsilyl compound 3, albeit in a much lower
yield and with poorer selectivity. Metalation of para-nitro
ligand 7 with Pd(OAc)2 and subsequent treatment with LiCl
afforded para-nitro complex 10a in 97% yield. Ligands 6, 8
and 9 were all metalated by mild oxidative addition with
[Pd2(dba)3]¥CHCl3 or [Pt(p-tol)2(SEt2)]2.


Nitration of 2 in H2SO4 with HNO3 afforded exclusively
the para-nitro ligand 6.[5b] Metalation of 6 led to clean for-
mation of palladium(ii) complex 10b and platinum(ii) com-
plex 11 in yields of 97 and 95%, respectively. The para-
amino-substituted ligand 8 was obtained by reduction of 6
with hydrazine monohydrate in the presence of 5% Ru/C
catalyst.[5b] Metalation of 8 to afford para-amino complexes
12 and 13 led to concomitant formation of Pd0 and Pt0 parti-
cles, respectively, which resulted in an overall lower yield
(ca. 80%). para-Iodo-substituted pincer ligand 9 was ob-
tained by diazotation of 8 with NaNO2 and subsequent
treatment with KI. Platination of 9 with [Pt(p-tol)2(SEt2)]2
in refluxing benzene afforded complex 15 in quantitative


Abstract in Dutch: Een verscheidenheid aan para-gesubstitu-
eerde NCN-pincer-palladium(ii) en -platina(ii) complexen
[MX(NCN-Z)] (M=PdII, PtII; X=Cl, Br, I; NCN-Z= [2,6-
(CH2NMe2)C6H2-4-Z]� ; Z=NO2, COOH, SO3H, PO(OEt)2,
PO(OH)(OEt), PO(OH)2, CH2OH, SMe, NH2) is gesyntheti-
seerd via substitutiereacties zowel voor, en hoogst opmerke-
lijk, ook na de metallering van het ligand. De oplosbaarheid
van de pincer-complexen wordt gedomineerd door de aard
van de para-substituent Z, waardoor enkele van de comple-
xen wateroplosbaar zijn. De invloed van de para-substituent
op de elektronische eigenschappen van het metaalcentrum is
bestudeerd met behulp van 195Pt-NMR en DFT-berekeningen.
Zowel de chemische verschuiving van de 195Pt-kern, als de be-
rekende ’natural population’ lading op platina vertonen een
lineaire correlatie met de sp Hammett-substituentconstante,
hetgeen het voorspellen van de elektronische eigenschappen
van nieuwe pincercomplexen mogelijk maakt. De sp-waarde
van de para-PtI eenheid blijkt respectievelijk �1.18 in metha-
nol en �0.72 in waterige methanol (1/1, v/v) te zijn. Door de
aanwezigheid van intermoleculaire waterstofbruggen komen
de complexen met protische functionele groepen (CH2OH,
COOH) in de vaste stof voor als dimeren.
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yield. The high selectivity of this reaction is attributed to the
coordinating properties of the N-donor groups, which
enable site-selective platination. The synthesis of palladium
analogue 14 was less straightforward. Palladation with
[Pd2(dba)3]¥CHCl3 at �78 8C followed by slow warming to
room temperature ultimately afforded 14 in moderate
yield.[21]


The synthesis of hydroxymethyl-substituted palladium
pincer compound 22 was possible by two different routes
(Scheme 2). The first approach starts from the para-bromo
ligand 16. Lithiation of 16 with two equivalents of tBuLi in
diethyl ether followed by addition of DMF afforded alde-
hyde 17 quantitatively. Reduction of 17 to its corresponding
benzylic alcohol 18 proceeded rapidly and in a yield of 95%
with NaBH4 in methanol. Protection of 18 with a tert-butyl-
dimethylsilyl group allowed lithiation of Cipso with nBuLi in
hexanes followed by quenching with trimethylsilyl triflate.
Deprotection with Et3N¥3HF afforded hydroxymethyl ligand
19 in 78% yield. Subsequent treatment of 19 with Pd(OAc)2


and LiCl in methanol resulted in the formation of 22a in
87% yield. Instead of an SiMe3 substituent, a bromo-sub-


stituent could be introduced into 18 by using Br2 instead of
SiMe3OTf for quenching the lithio intermediate, to afford
para-hydroxymethyl compound 21, which allowed both pal-
ladation and platination to give complexes 22b and 23, re-
spectively.


An alternative route, which allowed the synthesis of both
the platinum and palladium para-hydroxymethyl NCN-
pincer complexes, started from bifunctional bromoiodo
pincer ligand 9. Due to the higher reactivity of tBuLi to-
wards the aryl iodide bond compared to the aryl bromide
bond, selective substitution reactions can be performed.[21]


Lithiation of 9 at �100 8C in diethyl ether with two equiva-
lents of tBuLi, selectively afforded the para-lithio pincer in
situ. This lithio intermediate could be treated with electro-
philes to produce novel para-substituted pincer ligands. For
instance, quenching of the lithio intermediate with DMF af-
forded aldehyde 20, which was easily reduced to benzylic al-
cohol 21 and subsequently metalated as described above to
afford palladium and platinum complexes 22b and 23, re-
spectively.[21]


Scheme 1. Substitution of the NCN-pincer ligands prior to metalation.
i) HNO3/H2SO4; ii) N2H4¥H2O, 5 mol% Ru/C; iii) H2SO4, H2O, NaNO2,
NaI; iv) Y=Br: [Pd2(dba)3]¥CHCl3 (10b, 12, 14) or [Pt2(p-tol)2(SEt2)2]2
(11, 13, 15); Y=SiMe3: Pd(OAc)2/LiCl (10a). dba= trans,trans-dibenzyl-
ideneacetone.


Scheme 2. Synthesis of para-hydroxymethyl complexes 22 and 23 by two
different approaches. i) tBuLi, DMF; ii) NaBH4; iii) a) tBuMe2SiCl/imida-
zole; b) nBuLi, Me3SiOTf, or Br2; c) Et3N¥3HF; iv) Pd(OAc)2, LiCl; v)
M=Pd: [Pd2(dba)3]¥CHCl3, M=Pt: [{Pt(p-tol)2SEt2}2].
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Approach II: selective para substitution of bis-ortho-amino-
aryl metal complexes : Direct treatment of the unsubstituted
palladium and platinum complexes 4a and 5a with chloro-
sulfonic acid in dichloromethane afforded a mixture contain-
ing predominantly (ca. 50%) the para-substituted sulfonated
complexes 24 and 25, together with the meta isomer and
several unidentified (decomposition) products (Scheme 3).


Decomposition pathways starting with protonation of the
amine donor arms can be envisaged. Purification of 24 was
achieved by several extractions with acetonitrile followed by
careful precipitation, while 25 could be purified by fractional
precipitations from methanol. Complexes 24 and 25 were
obtained in respective yields of 18 and 25%. Due to the
presence of the polar sulfonic acid functional group, 24 and
25 are only soluble in THF or in highly polar (protic) sol-
vents such as water, DMSO, and acetonitrile.


The para-iodo-substituted NCN-pincer complex 15 is a
convenient starting material for further modifications
(Scheme 4). Due to the lower stability of the para-iodo
NCN palladium(ii) complexes compared to the correspond-
ing NCN platinum(ii) analogues, we were unable to perform
successful transformations on para-iodo palladium(ii) com-
plex 14. Remarkably, platinum(ii) complex 15 could be lithi-
ated at the para position with tBuLi at �100 8C in THF to
produce [PtBr(NCN-Li)]n in situ. Temperature control is a
crucial factor in this lithiation reaction, since the lithio inter-
mediate can polymerise to produce [Pt(NCN)]n-type linear
chains.[28] After lithiation, the reaction mixture was
quenched at �100 8C with several electrophiles, that is, CO2,
MeSSMe, ClPO(OEt)2, DMF, and Me3SiCl, to produce in
high to excellent yields para-substituted pincer platinum(ii)
complexes functionalised with a carboxy (34, 89%), methyl-
thio ether (35, 95%), diethylphosphonato (36, 95%), alde-
hyde (37, 74%), and trimethylsilyl (38, 75%) group, respec-
tively (Scheme 4). Although the analogous NCN palladi-
um(ii) complexes 30±33 were not accessible by selective
functionalisation of para-iodo NCN-pincer palladium(ii)
complex 14, they could be synthesised via the methylthio
(26), diethylphosphonato (27), aldehyde (28), and trimethyl-
silyl (29) para-substituted NCN-pincer ligands. These precur-
sors were obtained in nearly quantitative yields by selective
lithiation at the para position (iodo substituent) of 9 with
tBuLi in diethyl ether and subsequent treatment with di-
methyl disulfide, diethyl chlorophosphate, DMF, or trime-
thylsilyl chloride. Palladation of ligands 26±29 with
[Pd2(dba)3]¥CHCl3 afforded the metalated methylthio (30,
85%), diethylphosphonato (31, 92%), aldehyde (32, 74%)


and trimethylsilyl (33, 78%) derivatives. Platinum(ii) com-
plexes 35±38 were also accessible via this route by treatment
of 26±29 with [Pt(p-tol)2(SEt2)]2.


The diethylphosphonato-substituted NCN-palladium and
-platinum complexes 31 and 36 were subsequently (partially)
hydrolysed to obtain their respective phosphonic acid deriv-
atives. Scheme 5 illustrates this saponification to the mono-


ethylphosphonic acid (39 and 40), and phosphonic acid de-
rivatives (41 and 42) on treatment with trimethylsilyl bro-
mide and methanol. Repeated extractions of the crude prod-
uct with dichloromethane afforded the monoethylphosphon-
ic acid palladium and platinum pincer complexes 39 and 40
as pure materials in yields of 15 and 23%, respectively. The
unfavourable solubility properties of 41 and 42 hampered
their complete purification.


Scheme 3. Direct sulfonation of NCN palladium and platinum complexes.
i) HOSO2Cl.


Scheme 4. Substitutions of metalated NCN platinum complexes, and an
alternative route for their palladium analogues. i) [{Pt(p-tol)2SEt2}2];
ii) a) tBuLi, b) CO2 (34), Me2S2 (35), ClPO(OEt)2 (36), DMF (37),
Me3SiCl (38); iii) a) tBuLi; b) Me2S2 (26), ClPO(OEt)2 (27), DMF (28),
Me3SiCl (29); iv) [Pd2(dba)3]¥CHCl3 (30±33), [{Pt(p-tol)2SEt2}2] (35±38).


Scheme 5. (Partial) saponification of phosphonate esters on metalated li-
gands. i) a) Me3SiBr; b) MeOH.
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Solubility : During the synthesis and workup of this series of
para-substituted pincer palladium and platinum complexes,
we observed that the nature of the para substituent has a
crucial influence on their solubility. A much smaller effect,
as compared to the influence of the para substituent, is ex-
erted by the halo ligand on the metal atom. Larger halide
ions have a more diffuse charge, and the more covalent
character of their bonds to the metal atom results in slightly
enhanced solubility in apolar solvents. The para-H-, -tBu-,
and -SiMe3-substituted palladium and platinum complexes
are soluble in dichloromethane, chloroform and THF, but to
a lesser extent in benzene and diethyl ether. The introduc-
tion of protic para substituents such as COOH, PO(OH)-
(OEt), SO3H and NH2, markedly lowers their solubility in
aprotic solvents. Water-soluble and -stable NCN-pincer com-
plexes are obtained by introduction of a sulfonato, a mono-
alkylphosphonato, and, to a lesser extent, a carboxyl sub-
stituent.


195Pt NMR studies : The chemical shift of the 195Pt nucleus
proved to be a valuable tool for probing the electron density
on the metal centre of the various para-substituted pincer
complexes. The 195Pt chemical shift is highly sensitive to-
wards subtle changes in geometry, oxidation state, and
nature of the coordination sphere.[29] The magnetic shielding
of the heavier nuclei contains contributions from both a par-
amagnetic and a diamagnetic shielding term. Both shielding
terms are, to a different extent, sensitive towards s and p


contributions to the electronic charge on the metal centre.
In general, an increase in electron density on the metal
atom leads to an increase in shielding of the nucleus. In
1976, a broad, but dated survey of the 195Pt chemical shifts
for a wide variety of platinum complexes showed that no
linear Hammett correlation is observed for several para-sub-
stituted diaryl platinum(ii) complexes.[30] In contrast, Wu
et al. later reported the synthesis and 195Pt NMR analysis of
ferrocenyl-based platinum complexes, for which a linear re-
lation between the 195Pt chemical shift and the sp Hammett
substituent constants was found.[31]


To study the influence of the para substituent on the elec-
tron density of the pincer complexes by 195Pt NMR spectro-
scopy, all other structural features in the complex, that is,
halide and coordination geometry, were kept constant. 195Pt
chemical shifts were recorded for various para-substituted
pincer complexes in CDCl3 (0.1m) and referenced to
H2PtCl6. The chemical shift data are collected in Table 1 and
fit reasonably well (r=0.974) to the sp Hammett substituent
constants reported by Taft (Figure 1).[32]


DFT calculations : The general increase in chemical shield-
ing resulting from an increase in negative charge has been
correlated in many studies with the charge densities descri-
bed by Mulliken population analysis (MPA).[29] However, a
recent study showed that natural population analysis (NPA)
charges on carboxylate groups had the strongest correlation
with the corresponding pKa values in a series of para-func-
tionalised aromatic carboxylic acids.[33] To gain more insight
into the influence of the substituent on the properties of the
metal centre, several para-substituted NCN-pincer platin-


um(ii) chloride complexes [PtCl(NCN-Z)] were investigated
by the DFT method B3LYP/LANL2DZ[34] and natural bond
order population analysis as implemented in Gaussian98.[35]


Of specific interest in our calculations was the influence of
the para substituent on the calculated charges of the plati-
num centres and the calculated structural features in com-
parison with single-crystal X-ray structures.


Starting from structures calculated by MM2, further opti-
misation was performed with the DFT method B3LYP/
LANL2MB (minimal basis set). These molecular structures
were in turn used as starting geometries for calculations
with the double-z basis set. The coordination environment,
that is, bond lengths and angles, of the platinum centre were
hardly affected by variations in the para substituent. The
calculated bond lengths and angles of selected pincer com-
plexes [PtCl(NCN-Z)] (Z=NMe2, H, NO2) covering the
whole Hammett range, together with earlier reported crys-
tallographic data[17c] are given in Table 2.


The Mulliken and natural population analysis charges on
the platinum centre are given in Table 3. The calculated
Mulliken charges show only a very modest correlation with
the sp Hammett constants for the para substituents (QMullik-


en=0.022sp+0.233; r=0.78648), whereby especially the sub-
stituents NH2, NMe2 and OH deviate from the linear fit. In
contrast, the NPA charges perform well in this correlation
(QNPA=0.010sp+0.3045; r=0.93589), as is visualised in
Figure 2. Correlation of the experimental 195Pt chemical shift
with the calculated NPA charges afforded an even better fit


Table 1. 195Pt chemical shifts of the NCN-pincer platinum(ii) complexes
[PtCl(NCN-Z)] and their corresponding Hammett substituent constants
sp.


Z sp
[a] d(195Pt) [ppm][b]


NO2 0.78 �1802
CHO 0.42 �1843
COOH 0.45 �1899
I 0.18 �1923
H 0.0 �1959
SiMe3 �0.07 �1963
tBu �0.20 �1988
OH �0.37 �2009
NH2 �0.66 �2045


[a] Taken from reference [32]; [b] 0.1m in CDCl3, referenced to
H2[PtCl6].


Figure 1. Correlation between the 195Pt chemical shift of [PtCl(NCN-Z)]
and the sp Hammett substituent constant.
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(d(195Pt)=1.31î104QNPA�5922; r=0.98106). This correla-
tion is graphically presented in Figure 3.


Hammett sp values for the para-PtI group : The influence of
the para substituent of the NCN-pincer complexes on the
properties of the metal centre can be rationalized by Ham-
mett relations, as described above. However, it is of physi-
cal-inorganic interest to determine a substituent constant for
the organometallic para-PtX group itself, as was done earlier
for cobaloxime complexes by Brown et al.[36] For this pur-
pose the pKa value of [PtI(NCN-COOH)] (34) was deter-
mined in methanol and in a H2O/MeOH (1/1). The experi-
mentally determined pKa values and the derived sp values
of the para-PtX group are listed in Table 4.


Structures in the solid state : Crystal structures of various
(para-functionalised) NCN-pincer palladium and platinum


halide complexes were determined earlier.[26,37] Crystals
suitable for X-ray crystallographic structure determination
of [PtI(NCN-COOH)] (34) were grown by vapour diffusion
of pentane into a saturated solution in toluene/diethyl ether
(1/1). From these apolar solvents, 34 crystallises as the hy-
drogen-bonded dimer. This is in contrast with an earlier re-
ported crystal structure of 34 obtained from DMSO solu-
tion,[26] and with a structurally related carboxyl-functional-
ised CNN-pincer palladium complex.[38] Figure 4 shows the
molecular structure of 34 in the crystal, together with a


Table 2. Selected bond lengths [ä] and angles [8] for the experimental
structure of [PtCl(NCN-H)][17c] (X-ray) and calculated (DFT-B3LYP/
LANL2DZ) geometries of [PtCl(NCN-Z)].


[PtCl(NCN-
H)]


[PtClNCN-
NMe2]


[PtCl(NCN-
H)]


[PtClNCN-
NO2]


(X-ray)


Pt�Cipso 1.907(5) 1.944 1.944 1.933
Pt�Cl 2.407(1) 2.540 2.533 2.514
Pt�N 2.083(3) 2.131 2.129 2.130
N-Pt-N 164.26(13) 164.4 165.0 165.4
Cl-Pt-
Cipso


177.05(12) 180.0 180.0 180.0


Table 3. Calculated Mulliken charges QMulliken and natural population
analysis charges QNPA on platinum (DFT-B3LYP/LANL2DZ) in
[PtCl(NCN-Z)] and their corresponding Hammett substituent constants
sp.


Z sp
[a] QMulliken QNPA


NO2 0.78 0.2646 0.3167
COOH 0.45 0.2434 0.3068
I 0.18 0.2309 0.3055
SMe 0.00 0.2243 0.3033
H 0.00 0.2190 0.3027
OH �0.37 0.2281 0.3016
NH2 �0.66 0.2249 0.2976
NMe2 �0.83 0.2213 0.2979


[a] Taken from ref. [32].


Figure 2. Correlation between the calculated natural population analysis
(NPA) charges (DFT-B3LYP/LANL2DZ) of [PtCl(NCN-Z)] and the sp


Hammett substituent constant.


Figure 3. Correlation between the calculated natural population analysis
(NPA) charges (DFT-B3LYP/LANL2DZ) of [PtCl(NCN-Z)] and their
corresponding 195Pt chemical shifts.


Table 4. pKa for 34 in MeOH and H2O/MeOH (1/1) and resulting sp


values for the para-PtI group.


Solvent pKa 1[a] sp
[b]


MeOH 8.3 1.537 �1.18
H2O/MeOH (1/1) 6.0 1.085 �0.72


[a] Reaction constant, taken from reference [51]. [b] The tabulated sm


value of the CH2(NMe2) group is 0.00 (see reference [32]).


Figure 4. a) Displacement ellipsoid plot (50% probability level) of
[PtI(NCN-COOH)] (34). The halogen position is occupied by 19% Br
and 81% I, which were constrained to the same position and displace-
ment parameters. Hydrogen atoms, except that of the carboxyl group,
have been omitted for clarity. b) Packing graph of 34 showing the dimeric
structure formed by hydrogen bonding.
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packing graph. Selected bond lengths, angles, and dihedral
angles are collected in Table 5. The crystals contain disor-
dered molecules of co-crystallised toluene solvent.


Because of halide scrambling due to incomplete exchange
of bromide for iodide on the platinum centre in this sample,
the crystal contained about 19% bromide and about 81%
iodide on the metal centre, as determined by refinement of
the occupancies. The Br1/I1 atoms were constrained on the
same positions and to the same displacement parameters.
Therefore, the observed Pt1�Br1/I1 distance is a weighted
average of both contributions. The metal centre adopts a
distorted square-planar geometry, and the coordination
plane of platinum is almost coplanar with the plane of the
aryl ring. The two five-membered metallacycles are puck-
ered in the same direction with Pt1-N1-C7-C6 and Pt1-N2-
C8-C2 torsion angles of 31.5(5) and 30.0(5)8, respectively.
The hydrogen bonds between the carboxyl groups have
H10�O1, H10¥¥¥O2, and O1�O2 bond lengths of 0.89(8),
1.71(9), and 2.595(6) ä, respectively, and an almost linear
O1-H10-O2 angle of 173(8)8.


Crystals suitable for X-ray crystallographic structure de-
termination of [PdCl(NCN-CH2OH)] (22a) were grown by
slow vapour diffusion of diethyl ether into a concentrated
solution of 22a in dichloromethane. Figure 5 shows the mo-
lecular structure and a packing graph. In the solid state, 22a
is self-assembled into dimers by hydrogen bonding. Prelimi-
nary NMR studies indicate that dimeric (or oligomeric)
structures persist in CDCl3 solution at room temperature.


The geometry around the palladium(ii) centre is distorted
square-planar, and the metal is bound to the chloro and the
h3-mer NCN ligand. The bond lengths and angles are similar
to those generally encountered in NCN-pincer palladium(ii)
complexes. The five-membered metallacycles are puckered
in the same direction, with Pd1-N1-C7-C2 and Pd1-N2-C10-
C6 torsion angles of �32.76(15) and �32.64(15)8, respective-
ly. Selected bond lengths, angles, and dihedral angles for
22a are given in Table 5.


Discussion


In general, direct modification of ligands in organometallic
or coordination complexes is hampered by two major fea-
tures. First, the complex is often kinetically not stable


enough to allow organic transformations directly on a ligand
bound to the metal center. Second, metalation procedures
may be incompatible with a functional group required for
further (organic) modification. This especially applies to the
synthesis of organometallic complexes in which a covalent
metal±carbon bond is to be formed. Apparently these draw-
backs are not encountered in the synthesis of para-function-
alised NCN palladium and platinum complexes. Due to the
exceptional stability of these complexes and the availability
of various metalation procedures, we were able to synthesise
a wide range of para-substituted NCN-pincer palladium and
platinum complexes. The present organic transformations
carried out directly on the pincer-metal complexes (ap-
proach II) can be considered to be unconventional in orga-
nometallic synthesis and unexpected on the basis of their
open structures, that is, steric accessibility of the square-
planar arylpalladium or -platinum starting materials. The
preparation and isolation of pincer sulfonate complexes 24
(Pd) and 25 (Pt) illustrates the kinetic inertness of both the
Cipso±metal and N±metal bonds in the starting NCN-pincer
complexes under the highly acidic and electrophilic reaction
conditions employed in aromatic sulfonation. Moreover, the
possibility to selectively lithiate NCN-pincer platinum com-
plex 15 at the para position shows the resistance of the
NCN-pincer platinum complexes towards highly basic and
nucleophilic reaction conditions. Although the per gramme
value of the material is increased upon metalation of the
ligand, exploration of approach II can be advantageous to
open up a multitude of synthetic routes towards new ranges
of ECE-Z pincer platinum derivatives, which would be inac-
cessible by approach I.


The synthesis of [PdX(NCN-CH2OH)] (22, X=Cl, Br)
serves to illustrate the synthetic flexibility offered by the


Table 5. Selected bond lengths [ä], angles [8], and torsion angles [8] of
22a and 34.


[PdCl(NCN-CH2OH)] (22a) [PtI(NCN-COOH)] (34)


Pd1�C1 1.9174(18) Pt1-C1 1.921(5)
Pd1�N1 2.1083(15) Pt1-N1 2.088(5)
Pd1�N2 2.1066(15) Pt1-N2 2.098(5)
Pd1�Cl1 2.4392(5) Pt1-Br1/I1 2.7020(5)
C1-Pd1-N1 81.33(7) C1-Pt1-N1 81.5(2)
C1-Pd1-N2 80.85(7) C1-Pt1-N2 81.9(2)
C1-Pd1-Cl1 173.08(5) C1-Pt1-Br1/I1 175.29(14)
N1-Pd1-N2 161.93(6) N1-Pt1-N2 163.38(18)
Pd1-N1-C7-C2 �32.76(15) Pt1-N1-C7-C6 31.5(5)
Pd1-N2-C10-C6 �32.64(15) Pt1-N2-C8-C2 30.0(5)


Figure 5. a) Displacement ellipsoid plot (50% probability level) of
[PdCl(NCN-CH2OH)] (22a). Hydrogen atoms, except that of the hydrox-
yl group, have been omitted for clarity. b) Packing graph of 22a showing
the hydrogen bonding in the dimeric substructure.
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NCN-pincer ligand framework. A straightforward route
starts from para-bromo NCN-pincer ligand 16, which can be
synthesised in two steps from commercially available mate-
rials.[5b] However, because this route involves lithiation of
Cipso its scope is limited to para substituents which are inert
or can be protected during the lithiation step. After intro-
duction of the inert SiMe3 substituent on Cipso by lithiation,
selective palladation can be performed directly or after fur-
ther transformations of the para substituent. A second route
starts from the bifunctional ligand 9, which is available from
a multistep synthesis but allows a broader range of substitu-
ents due to the mild oxidative addition procedures used for
metalation. In fact, it is the method of choice for protic or
electrophilic para substituents.


While in this study only selected para-substituted pincer
complexes have been prepared, their syntheses represent
the basic strategies available. This broadens the scope of
possible para substituents to virtually any organic functional
group.[21,22,23, 39] Extension of the presented synthetic routes
to PCP- and SCS-pincer complexes can be envisaged, broad-
ening the potential even more.


We found that several prerequisites should be taken into
account when performing reactions on metalated pincer li-
gands. The palladium, and to a lesser extent the platinum
pincer complexes, can decompose by reductive elimination
on prolonged heating or in highly concentrated solutions,
which leads to formation of palladium or platinum black.
The cationic platinum complexes [Pt(OH2)(NCN)]X can, in
addition, add to activated alkyl halides (benzyl bromide,
methyl iodide), and in certain cases this leads to the forma-
tion of stable Wheland arenium intermediates or decompo-
sition products.[40] Furthermore, halide scrambling on the
metal centre is a side reaction encountered in the synthesis.
Facile halide abstraction followed by addition of an appro-
priate halide source affords a single product.


Properties of the NCN-pincer complexes : The influence of
the para substituent on the stability of the metal±carbon
bond can be rationalised by considering substituent effects
in Hammett relations. The nitro substituent of NCN-pincer
complexes 10 and 11 withdraws electron density from the ar-
omatic ring and thus polarizes the Cipso±metal bond in the
direction of Cipso and consequently makes the metal centre
more positively charged. The lowered electron density on
the metal centre can be expected to make it less prone to re-
ductive elimination, which would lead to the formation of
zero-valent metal particles. The amino-substituent in com-
plexes 12 and 13 donates electron density to the aromatic
ring and leads to a less polarised Cipso±metal bond compared
to 10 and 11. A complex with a more electron rich metal
centre is expected to decompose more readily by reductive
processes. Indeed, this behaviour is observed in the synthesis
and handling of the metalated pincer systems. While a black
precipitate, presumably palladium or platinum black, is
formed during the synthesis of 12 and 13 and on prolonged
standing of their concentrated solutions, these reductive
elimination processes have not been observed for the nitro-
substituted pincers 10 and 11. The palladium and platinum
pincers bearing highly acidic groups, for example, sulfonic


acids 24 and 25, are highly hygroscopic and decompose
slowly in moist air with formation of palladium and plati-
num black, possibly via pathways involving protonation of
the donor arms, followed by cleavage of the metal±carbon
bond. Interestingly, these decomposition reactions were not
observed in dilute aqueous solutions.


The solubility of the para-functionalised pincer complexes
is dominated by the para substituent. The formation of inter-
molecular hydrogen bonds between protic para substituents
and suitable Lewis bases such as the halo ligand on the
metal centre, can give rise to the formation of oligomeric or
polymeric structures and hence lower solubilities in
common organic solvents. The formation of intermolecular
hydrogen bonds is most pronounced in the solid state.
Supramolecular assemblies of NCN-pincer complexes,
formed by M�Cl¥¥¥H hydrogen bonds, were earlier observed
for the para-hydroxyl-[17b] and para-ethynyl-functionalised [20]


platinum(ii) complexes. These types of para substituents in-
duced the formation of infinite linear a-type networks. De-
spite the lower acidity of a benzylic hydroxyl functional
group compared to an aromatic one, it can still act as hydro-
gen-bonding donor towards the chloro ligand on the metal
center. The flexibility of the hydroxymethyl substituent in
palladium(ii) complex 22a makes dimerisation, instead of
formation of linear polymers, possible. Since the relative po-
sition of the aryl rings in the crystal lattice is not optimal for
attractive p-stacking interactions, the origin of the dimerisa-
tion can be completely attributed to the formation of the hy-
drogen bonds. Interestingly, similar M�Cl¥¥¥HO dimerisation
was observed for the structurally related hydroxyl-function-
alised NCN-palladium complex [PdCl(NCN-SiMe2-
(CH2)6OH]. This complex has an extended spacer between
the aryl ring and the hydroxyl group, which results in the
formation of large hydrogen-bonded squares.[41] Another hy-
drogen-bonding motif is observed in the X-ray structure of
34. The crystal structure of a DMSO solvate of 34 was pub-
lished earlier.[26] While in this crystal structure the carboxyl
group forms a hydrogen bond to a co-crystallised DMSO
molecule, crystallisation from apolar solvents resulted in a
molecular structure with the familiar hydrogen-bonding
motif for carboxylic acids. This hydrogen bonding motif is
favoured over others, such as hydrogen bonding to the halo
ligand, as can be expected on the basis of the poor hydro-
gen-bond acceptor properties of the iodo ligand compared
to the more pronounced acceptor properties of the ™harder∫
chloride anions (structure of 22a). Infrared analysis
(DRIFT) of powderous 34 in KBr confirmed that this di-
meric structure is the predominant one in the solid state
(broad absorption at 2750±2270 cm�1).


Hammett relations : The linear correlation of the 195Pt chem-
ical shift with the sp Hammett substituent constants allows
the use of NMR spectroscopy as a sensitive probe for the
electron density on the metal centre. Since all other structur-
al features of the platinum complexes were found to remain
constant (X-ray structures, DFT calculations), changes in
shielding can be attributed solely to the para substituent.
The calculated molecular structures of the pincer platinum
complexes resemble the experimental X-ray structures quite
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well. The calculated parameters are only slightly overesti-
mated (by <2%) with respect to the X-ray structure. The
calculated Pt�Cl bond length deviates significantly from the
experimental value and is overestimated by 5%. These re-
sults allow the use of DFT calculations to study pincer com-
plexes in more detail.[42] The linear Hammett correlation
found in the 195Pt NMR studies is well reproduced for the
NPA charges obtained from DFT calculations, and thus nat-
ural bond order analysis is a powerful tool for probing the
electron density on the platinum nucleus. An even better
correlation was obtained between these calculated charges
and the experimental 195Pt chemical shifts. In contrast, calcu-
lated Mulliken charges did not correlate linearly with the sp


values. Especially the Mulliken charges on platinum for
complexes with the substituents NH2, NMe2, and OH devi-
ate markedly from the other values in the DFT calculations.
Ample evidence is available that natural population analysis
(NPA), in contrast to Mulliken population analysis (MPA),
is less sensitive to the basis set.[43] In addition, NPA also con-
siders the spatial extent of the atom.


When considering the para-PtX group as a para substitu-
ent, its sp value can be determined from the pKa values in
different solvents. The thus-determined values (Table 4)
place this group in the realm of strongly electron donating
substituents such as NH2 and NR2, which donate electron
density to the para-position of the aromatic ring. This is in
line with the observed facile electrophilic substitution of
pincer complexes with chlorosulfo substituents.


Conclusion


The present synthetic routes for the synthesis of para-func-
tionalised NCN-palladium(ii) and -platinum(ii) complexes
are highly versatile and allow functionalisation with substitu-
ents covering the complete range of Hammett constants.
The possibility to perform organic transformations on the
metalated NCN-ligands makes their application as building
blocks in the construction of new (macromolecular) organo-
metallic materials facile. Additionally, both the transition
metal(halide) and selected substituents are able to partici-
pate in supramolecular assemblies by interactions such as
hydrogen bonding, ligand coordination and p±p stacking.
This is of special interest for the application of NCN-pincer
complexes as multifunctional building blocks for crystal-en-
gineering purposes. The direct and linear influence of the
para substituent on the platinum centre, as indicated by 195Pt
NMR studies and DFT calculations, can be extended to
para-substituted pincer complexes of other metals. The cata-
lytic and/or optical properties of these complexes can thus
be optimised by choosing the appropriate para substituent
on the basis of its sp Hammett substituent constant.


Experimental Section


General : All reactions involving air- or moisture-sensitive reagents were
performed by standard Schlenk techniques unless stated otherwise. Ben-
zene, pentane, hexane, THF and Et2O were distilled from Na/benzophe-


none and CH2Cl2 from CaH2 prior to use. [Pd2(dba)3]¥CHCl3,
[44] and


[{Pt(p-tol)2SEt2}2]
[45] were synthesised according to literature procedures.


All other reagents were obtained commercially and were used without
further purification. Elemental analyses were performed by Kolbe Mik-
roanalytisches Laboratorium (M¸llheim, Germany). 1H and 13C{1H}
NMR spectra were recorded on a Varian Inova 300 spectrometer (oper-
ating at 300 and 75 MHz, respectively) or a Varian Mercury 200 spec-
trometer (operating at 200 and 50 MHz, respectively). Spectra were re-
corded in CDCl3 or C6D6 at room temperature, unless stated otherwise,
and were referenced to TMS (d=0.00 ppm). The syntheses of 2 and 8,[5b]


4,[46] 5,[46b] 16,[47] 23,[23] 6, 9 (alternative method), 14, 15, 20, 21, 28, 29, 32,
33, 37, and 38[21] were reported earlier.


1-Trimethylsilyl-2,6-bis[(dimethylamino)methyl]benzene (3): 1,3-Bis[(di-
methylamino)methyl]benzene (15.25 g, 79.4 mmol) was dissolved in
hexane (100 mL) and cooled to �80 8C. n-Butyllithium (50 mL, 1.6m in
hexane, 79.4 mmol) was added dropwise to this solution over 10 min. The
reaction mixture was allowed to reach ambient temperature and stirred
overnight. A freshly prepared solution of trimethylsilyl trifluoromethyl
sulfonate (15.4 mL, 87.4 mmol) in THF (50 mL) was added at 0 8C. After
stirring for an additional hour at room temperature all volatile substances
were evaporated in vacuo. Extraction with hexane (3î100 mL) afforded
after evaporation of the solvent a yellow-brown oil. This was further pu-
rified by flash vacuum distillation to give 3 as a colourless oil (16.12 g,
60 mmol, 77%). 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=7.36
(d, 3J(H,H)=7.3 Hz, 2H; ArH), 7.20 (t, 3J(H,H)=7.3 Hz, 1H; ArH),
3.53 (s, 4H; CH2N), 2.06 (s, 12H; NMe2), 0.52 ppm (s, 9H; SiMe3);
13C{1H} NMR (75 MHz, [D6]benzene, 25 8C, TMS): d=146.8, 138.6, 129.7,
128.6, 66.0, 45.0, 3.4 ppm; elemental analysis (%) calcd for C15H28N2Si: C
68.12, H 10.67, N 10.95; found: C 68.20, H 10.58, N 10.83.


4-Nitro-1-trimethylsilyl-2,6-bis[(dimethylamino)methyl]benzene (7):
Compound 3 (3.88 g, 14.6 mmol) was added slowly over 1 h to concen-
trated H2SO4 (10 mL) at 0 8C. Concentrated HNO3 (2 mL) was added
while maintaining the temperature below 10 8C. The mixture was allowed
to reach ambient temperature and was stirred for 3 h, after which it was
poured onto 100 g of crushed ice. The acidic mixture was neutralised
with KOH and subsequently extracted with CH2Cl2. The organic layer
was washed with brine, dried over MgSO4 and isolated after removal of
the solvent in vacuo as a 20/80 mixture of 7 and 4-nitro-2,6-bis[(dimethy-
lamino)methyl]benzene. Purification by column chromatography (Et2O/
hexanes 1/1, 3% TEA, basic alumina) yielded 0.64 g (2.1 mmol, 14%) of
7 as colourless crystals. 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS):
d=8.17 (s, 2H; ArH), 3.28 (s, 4H; CH2N), 1.86 (s, 12H; NMe2),
0.34 ppm (s, 9H; SiMe3);


13C{1H} NMR (75 MHz, [D6]benzene, 25 8C,
TMS): d=149.1, 148.5, 147.8, 122.5 (Ar), 65.0 (CH2N), 44.8 (NMe2),
2.8 ppm (SiMe3); elemental analysis (%) calcd for C15H27N3O2Si: C 58.21,
H 8.79, N 13.58, Si 9.08; found: C 58.15, H 8.71, N 13.62, Si 8.94.


4-Nitro-NCN-palladium(ii) chloride (10a): Pd(OAc)2 (85.0 mg,
0.38 mmol) was added at once to a solution of 7 (111.7 mg, 0.36 mmol) in
freshly distilled methanol (10 mL). The mixture was stirred for 2 h fol-
lowed by addition of LiCl (0.15 g, 3.6 mmol), which resulted in the imme-
diate formation of a white precipitate. The reaction mixture was stirred
for 1 h, all volatile substances were evaporated in vacuo, and the residue
was dissolved in CH2Cl2 (60 mL) and washed with water. The dried
(MgSO4) organic phase was filtered over Celite, and subsequent evapora-
tion of the solvent in vacuo afforded pure 10 (132.8 mg, 0.35 mmol, 97%)
as a yellowish solid. 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.61 (s,
2H; ArH), 4.02 (s, 4H; CH2N), 2.88 ppm (s, 12H; NMe2);


13C{1H} NMR
(50 MHz, CDCl3, 25 8C, TMS): d=167.5, 145.6, 145.4, 115.0 (Ar), 74.0
(CH2N), 52.9 ppm (NMe2); elemental analysis (%) calcd for
C12H18ClN3O2Pd: C 38.11, H 4.80, N 11.11; found: C 38.19, H 4.91, N
11.02.


4-Nitro-NCN-platinum(ii) bromide (11): 1-Bromo-4-nitro-2,6-bis[(dime-
thylamino)methyl]benzene (6) (0.57 g, 1.80 mmol) was dissolved in ben-
zene (10 mL) and added dropwise to a suspension of [{Pt(p-tol)2(SEt)2}2]
(0.84 g, 0.90 mmol) in benzene (15 mL). The mixture was refluxed for
3 h, and on cooling a yellow precipitate formed. Et2O (75 mL) was added
and the precipitate was isolated by centrifugation. The product was
washed with Et2O (2î90 mL) to yield pure 11 as a yellow solid (0.89 g,
1.73 mmol, 96%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.74 (s,
2H; ArH), 4.09 (s, 3J(H,Pt)=45.6 Hz, 4H; CH2N), 3.13 ppm (s,
3J(H,Pt)=38.4 Hz, 12H; NMe2);


13C{1H} NMR (75 MHz, CDCl3, 25 8C,
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TMS): d=157.5 (Cpara), 144.7 (Cipso), 143.9 (2J(C,Pt)=81.1 Hz, Cortho),
115.5 (3J(C,Pt)=37.2 Hz, Cmeta), 76.6 (2J(C,Pt)=59.8 Hz, CH2N),
55.0 ppm (2J(C,Pt)=13.4 Hz, NMe2); elemental analysis (%) calcd for
C12H18BrN3O2Pt: C 28.19, H 3.55, N 8.22; found: C 28.29, H 3.51, N 8.16.


4-Amino-NCN-palladium(ii) bromide (12): A solution of 8 (2.00 g,
7.0 mmol) in benzene (20 mL) was added to a solution of
[Pd2(dba)3]¥CHCl3 (5.66 g, 7.0 mmol) in benzene (50 mL). The mixture
was stirred overnight and THF (5 mL) was added. After stirring for an
additional hour all volatile substances were removed in vacuo, and the
residue was redissolved in CH2Cl2 (10 mL). The dark brown solution was
filtered over Celite, and 12 precipitated upon addition of Et2O (80 mL).
The solid was washed four times with Et2O (90 mL) and dried in vacuo
to afford 12 as a brown solid (2.09 g, 5.3 mmol, 76%). 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=6.20 (s, 2H; ArH), 3.89 (s, 4H;
CH2N), 2.94 ppm (s, 12H; NMe2);


13C{1H} NMR (75 MHz, CDCl3, 25 8C,
TMS): d=149.4, 145.8, 129.2, 107.4 (Ar), 74.7 (CH2N), 54.0 ppm (NMe2);
elemental analysis (%) calcd for C12H20BrN3Pd: C 36.71, H 5.13, N 10.70;
found: C 36.58, H 5.10, N 10.64.


4-Amino-NCN-platinum(ii) bromide (13): [{Pt(p-tol)2SEt2}2] was added at
once to a solution of 8 (0.80 g, 2.8 mmol) in benzene (1.31 g, 1.4 mmol).
The mixture was refluxed until a clear solution was obtained, which was
kept at reflux temperature for an additional 15 min followed by evapora-
tion of all volatile substances. The residue was dissolved in CH2Cl2
(10 mL) and filtered over Celite. Precipitation with Et2O (80 mL) and de-
cantation afforded a brownish powder. This powder was washed twice
with Et2O (90 mL) and dried in vacuo to afford 13 as a light brown solid
(1.10 g, 2.3 mmol, 82%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=


6.26 (s, 2H; ArH), 3.10 (s, 3J(H,Pt)=45.8 Hz, 4H; CH2N), 3.13 ppm (s,
3J(H,Pt)=38.2 Hz, 12H; NMe2);


13C{1H} NMR (75 MHz, CDCl3, 25 8C,
TMS): d=144.0, 143.1, 132.4, 107.0 (Ar), 77.4 (CH2N), 55.1 ppm (NMe2);
elemental analysis (%) calcd for C12H20BrN3Pt: C 29.95, H 4.19, N 8.73;
found: C 29.78, H 4.23, N 8.56.


3,5-Bis[(dimethylamino)methyl]benzaldehyde (17): tBuLi (1.5m in hex-
anes, 40 mL, 58 mmol) was added dropwise to a solution of 16 (7.82 g,
29 mmol) in Et2O (250 mL) at �78 8C. The reaction mixture was stirred
for 30 min at �78 8C, and DMF (4.5 mL, 58 mmol) was added at once.
The mixture was allowed to reach room temperature, stirred for an addi-
tional hour and carefully quenched with water (50 mL). The organic
phase was washed with 1m NaOH and brine. Subsequent drying over
MgSO4 and removal of all volatile substances afforded 17 as a yellow oil
(6.40 g, 29 mmol, 99%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=


10.02 (s, 1H; CHO), 7.72 (s, 2H; ArH), 7.55 (s, 1H; ArH), 3.47 (s, 4H;
CH2N), 2.23 ppm (s, 12H; NMe2);


13C{1H} NMR (75 MHz, CDCl3, 25 8C,
TMS): d=191.1 (CHO), 140.6, 136.9, 134.6, 128.4 (Ar), 63.3 (CH2N),
44.8 ppm (NMe2); elemental analysis (%) calcd for C13H20N2O: C 70.87,
H 9.15, N 12.72; found: C 70.81, H 9.22, N 12.85.


1-Hydroxymethyl-3,5-bis[(dimethylamino)methyl]benzene (18): NaBH4


(1.21 g, 31.9 mmol) was added in portions to a solution of 17 (6.40 g,
29 mmol) in MeOH (100 mL). After addition, the mixture was stirred for
3 h at room temperature, all volatile substances were removed and the
residue was redissolved in Et2O (100 mL). The organic layer was washed
with water (2î50 mL) and brine and dried over MgSO4. Removal of all
volatile substances in vacuo afforded 18 as a colourless oil (6.12 g,
27.6 mmol, 95%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.23 (s,
2H; ArH), 7.13 (s, 1H; ArH), 4.64 (s, 2H; CH2O), 3.41 (s, 4H; CH2N),
2.22 ppm (s, 12H; NMe2);


13C{1H} NMR (50 MHz, CDCl3, 25 8C, TMS):
d=142.8, 135.7, 130.0, 128.1 (Ar), 63.9 (CH2O), 62.9 (CH2N), 44.8 ppm
(NMe2); elemental analysis (%) calcd for C13H22N2O: C 70.23, H 9.97, N
12.60; found: C 70.36, H 10.08, N 12.69.


1-Hydroxymethyl-4-trimethylsilyl-3,5-bis[(dimethylamino)-methyl]ben-
zene (19): a) A mixture of tert-butyldimethylsilyl chloride (1.91 g,
12.7 mmol) and imidazole (1.44 g, 21.1 mmol) in THF (50 mL) was stir-
red for 30 min at room temperature. Benzyl alcohol 18 (2.35 g,
10.6 mmol) in THF (20 mL) was added at once. The mixture was refluxed
overnight and treated with freshly distilled MeOH (2 mL). All volatile
substances were evaporated in vacuo, and the residue was redissolved in
hexane (150 mL), washed with water (2î50 mL) and dried over MgSO4.
Removal of the solvent in vacuo afforded 3,5-bis[(dimethylamino)me-
thyl]benzyl tert-butyldimethylsilyl ether as a yellow oil (2.64 g, 74%). 1H
NMR (200 MHz, CDCl3, 25 8C, TMS): d=7.16 (s, 3H; ArH), 4.72 (s, 2H;


CH2O), 3.43 (s, 4H; CH2N), 2.42 (s, 12H; NMe2), 0.92 (s, 9H; tBu),
0.09 ppm (s, 6H; SiMe2);


13C{1H} NMR (50 MHz, CDCl3, 25 8C, TMS):
d=141.6, 138.1, 128.8, 126.2 (Ar), 64.9 (CH2O), 64.0 (CH2N), 45.1
(NMe2), 26.0 (CMe3), 18.4 (CMe3), �5.2 ppm (SiMe2); elemental analysis
(%) calcd for C19H36N2OSi: C 67.80, H 10.78, N 8.32, Si 8.34; found: C
67.94, H 10.70, N 8.19, Si 8.46.


b) nBuLi (4.9 mL, 1.6m in hexanes, 7.8 mmol) was added dropwise to a
solution of 3,5-bis[(dimethylamino)methyl]benzyl tert-butyldimethylsilyl
ether (2.64 g, 7.8 mmol) in hexane (50 mL) at �78 8C. The mixture was
allowed to reach room temperature and was stirred for 6 h. A solution of
trimethylsilyl trifluoromethanesulfonate (2.27 mL, 11.8 mmol) in THF
(25 mL) was added dropwise at 0 8C, and the mixture stirred for an addi-
tional hour. All volatile substances were removed in vacuo and the prod-
uct was extracted with hexane (3î50 mL). The combined extracts were
washed with water (50 mL) and brine (50 mL) and dried over MgSO4.
Removal of the solvent afforded 4-trimethylsilyl-3,5-bis[(dimethylamino)-
methyl]benzyl tert-butyldimethylsilyl ether as a yellow oil (2.48 g, 77%).
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.27 (s, 2H; ArH), 4.72 (s,
2H; CH2O), 3.53 (s, 4H; CH2N), 2.13 (s, 12H; NMe2), 0.95 (s, 9H; tBu),
0.38 (s, 9H; SiMe3), 0.10 ppm (s, 6H; SiMe2);


13C{1H} NMR (75 MHz,
CDCl3, 25 8C, TMS): d=146.4, 141.4, 136.9, 126.2 (Ar), 65.4 (CH2O), 64.8
(CH2N), 45.0 (NMe2), 25.9 (CMe3), 18.4 (CMe3), 3.2 (SiMe3), �5.2 ppm
(SiMe2); elemental analysis (%) calcd for C22H44N2OSi2: C 64.64, H
10.85, N 6.85, Si 13.74; found: C 64.54, H 10.92, N 6.78, Si 13.65.


c) NEt3¥3HF (2.97 mL, 18.2 mmol) was added to a solution of 4-trime-
thylsilyl-3,5-bis[(dimethylamino)methyl]benzyl tert-butyldimethylsilyl
ether (2.48 g, 6.1 mmol) in THF (50 mL). The solution was stirred over-
night at room temperature, after which all volatile substances were re-
moved in vacuo. The residue was redissolved in CH2Cl2 (250 mL) and
washed twice with aqueous NaOH (1m, 50 mL) and once with brine. Re-
moval of the solvent after treatment with MgSO4 afforded 19 as a colour-
less oil (1.40 g, 4.8 mmol, 78%). 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=7.34 (s, 2H; ArH), 4.66 (s, 2H; CH2O), 3.56 (s, 4H; CH2N),
2.14 (s, 12H; NMe2), 0.36 ppm (s, 9H; SiMe3);


13C{1H} NMR (50 MHz,
CDCl3, 25 8C, TMS): d=146.4, 141.6, 130.4, 127.1 (Ar), 65.3 (CH2O), 65.2
(CH2N), 45.2 (NMe2), 3.6 ppm (SiMe3); elemental analysis (%) calcd for
C16H30N2OSi: C 65.25, H 10.27, N 9.51; found: C 65.15, H 10.21, N 9.46.


4-Hydroxymethyl-NCN-palladium(ii) chloride (22a): [Pd(OAc)2] (0.47 g,
2.1 mmol) was added to a stirred solution of 19 (0.59 g, 2.0 mmol) in
MeOH (20 mL). The solution was stirred for 4 h, and an excess of LiCl
(0.85 g, 20 mmol) was added, resulting in a yellow suspension. The vola-
tile substances were removed in vacuo, and the residue was redissolved
in CH2Cl2 (20 mL) and carefully filtered over Celite. Addition of hexane
(80 mL) to the filtrate resulted in precipitation of 22a as a yellow solid
(0.63 g, 1.7 mmol, 87%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
6.82 (s, 2H; ArH), 4.58 (s, 2H; CH2O), 3.99 (s, 4H; CH2N), 2.96 ppm (s,
12H; NMe2);


13C{1H} NMR (75 MHz, CDCl3, 25 8C, TMS): d=156.1,
145.3, 137.9, 119.2 (Ar), 74.8 (CH2N), 65.6 (CH2N), 53.3 ppm (NMe2); el-
emental analysis (%) calcd for C13H21ClN2OPd: C 42.99, H 5.83, N 7.71;
found: C 42.95, H 5.75, N 7.61.


4-SO3H-NCN-palladium(ii) chloride (24): Chlorosulfonic acid (0.37 g,
3.14 mmol) was added to a cooled (0 8C) solution of 4a (0.95 g,
2.86 mmol) in CH2Cl2 (10 mL), and the mixture stirred at ambient tem-
perature overnight. After evaporation of all volatile substances in vacuo,
the crude product was extracted with boiling acetonitrile. Slow precipita-
tion on cooling to room temperature afforded 24 as a brown solid (0.21 g,
0.51 mmol, 18%). 1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS): d=9.77
(br s, 1H; SO3H), 7.61 (s, 2H; ArH), 4.36 (s, 4H; CH2N), 2.77 ppm (s,
12H; NMe2);


13C{1H} NMR (75 MHz, [D6]DMSO, 25 8C, TMS): d=150.3,
134.6, 131.4, 129.9 (Ar), 59.9 (CH2N), 42.6 ppm (NMe2); elemental analy-
sis (%) calcd for C12H19ClN2O3PdS: C 34.88, H 4.63, N 6.78; found: C
34.71, H 4.57, N 6.68.


4-SO3H-NCN-platinum(ii) chloride (25): Chlorosulfonic acid (0.55 g,
4,74 mmol) was added to a cooled (0 8C) solution of 5a (1.01 g,
2.37 mmol) in CH2Cl2 (10 mL), and the mixture stirred at ambient tem-
perature overnight. Evaporation of all volatile substances in vacuo af-
forded a red solid, which analysed as a mixture of isomers. The para
isomer selectively precipitated from a boiling saturated solution of the
crude product in methanol. Pure 25 was obtained after recrystallisation
from methanol as a yellow solid (0.30 g, 0.59 mmol, 25%). 1H NMR
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(300 MHz, [D6]DMSO 25 8C, TMS): d=7.52 (s, 2H; ArH), 4.39 (s,
3J(H,Pt)=28.8 Hz, 4H; CH2N), 2.91 ppm (s, 3J(H,Pt)=28.8 Hz, 12H;
NMe2);


13C{1H} NMR (75 MHz, [D6]DMSO, 25 8C, TMS): d=144.9,
140.9, 127.6, 123.1 (Ar), 76.2 (CH2N), 56.5 ppm (NMe2); elemental analy-
sis (%) calcd for C12H19ClN2O3PtS: C 28.72, H 3.82, N 5.58; found: C
28.79, H 3.90, N 5.49.


1-Bromo-2,6-bis[(dimethylamino)methyl]phenyl methyl sulfide (26): A
solution of 9 (1.00 g, 2.5 mmol) in Et2O was treated with tBuLi (3.3 mL,
1.5m in pentane, 5 mmol) at �100 8C. The solution was stirred for 10 min
at �100 8C, and dimethyldisulfide (0.4 g, 3.8 mmol) was added at once.
The mixture was allowed to reach room temperature, and all volatile sub-
stances were removed in vacuo. The residue was redissolved in pentane
(50 mL), washed with water (2î25 mL) and dried over MgSO4. Removal
of the volatile substances afforded 26 as a colourless oil (0.65 g,
2.1 mmol, 82%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.51 (s,
2H; ArH), 3.48 (s, 4H; CH2N), 2.10 (s, 12H; NMe2), 2.06 ppm (s, 3H;
SMe); 13C{1H} NMR (75 MHz, CDCl3, 25 8C, TMS): d=139.8, 138.3,
127.2, 122.9 (Ar), 63.8 (CH2N), 45.5 (NMe2), 15.4 ppm (SMe); elemental
analysis (%) calcd for C13H21BrN2S: C 49.21, H 6.67, N 8.83; found: C
49.32, H 6.56, N 8.87.


1-Bromo-2,6-bis[(dimethylamino)methyl]phenyl diethylphosphonate
(27): tBuLi (4.0 mL, 1.5m in pentane, 6.0 mmol) was added dropwise to a
solution of 9 (1.2 g, 3.0 mmol) in Et2O (25 mL) at �100 8C. After 10 min.
at �100 8C, diethyl chlorophosphate (0.6 g, 3.5 mmol) was added at once.
The solution was allowed to reach room temperature and stirred for 2 h.
All volatile substances were removed in vacuo, and the residue was redis-
solved in hexane (50 mL), washed with water (2î25 mL) and dried over
MgSO4. Removal of the solvent in vacuo afforded 27 as a colourless oil
(0.85 g, 2.1 mmol, 69%). 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS):
d=8.16 (d, 3J(H,P)=13.2 Hz, 2H; ArH), 3.94 (m, 4H; OCH2CH3), 3.42
(s, 4H; CH2N), 2.04 (s, 12H; NMe2), 1.00 ppm (t, 3J(H,H)=7.2 Hz, 6H;
OCH2CH3);


13C{1H} NMR (75 MHz, [D6]benzene, 25 8C, TMS): d=140.1,
132.4, 131.2, 129.6 (Ar), 63.6 (CH2N), 61.8 (OCH2), 45.2 (NMe2),
15.4 ppm (OCH2CH3); elemental analysis (%) calcd for C16H28N2BrO3P:
C 47.18, H 6.93, N 6.88, P 7.60; found: C 46.96, H 7.14, N 6.95, P 7.38.


4-Methylthio-NCN-palladium(ii) bromide (30): [Pd2(dba)3]¥CHCl3 (0.77 g,
0.95 mmol) was added to a solution of 26 (0.30 g, 0.95 mmol) in benzene
(25 mL). The mixture was stirred overnight and then for an additional
hour after addition of 1 mL of THF. The solution was filtered over Celite
and concentrated to 5 mL, after which 30 precipitated on addition of
hexane (25 mL). The resulting solid was washed with hexane (2î25 mL)
and dried in vacuo to afford 30 as a yellowish solid (0.34 g, 0.80 mmol,
85%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=6.73 (s, 2H; ArH),
3.95 (s, 4H; CH2N), 2.95 (s, 12H; NMe2), 2.41 ppm (s, 3H; SMe); 13C{1H}
NMR (75 MHz, CDCl3, 25 8C, TMS): d=155.1, 145.8, 134.2, 119.6 (Ar),
74.6 (CH2N), 54.0 (NMe2), 17.4 ppm (SMe); elemental analysis (%) calcd
for C13H21BrN2PdS: C 36.85, H 5.00, N 6.61; found: C 36.78, H 5.10, N
6.47.


4-PO(OEt)2-NCN-palladium(ii) bromide (31): [Pd2(dba)3]¥CHCl3 (2.58 g,
3.2 mmol) was added at once to a solution of 27 (1.30 g, 3.2 mmol) in
benzene (25 mL). The mixture was stirred overnight, and THF (5 mL)
was subsequently added. After filtration over Celite, the solution was
concentrated to 10 mL, after which hexane (90 mL) was added to induce
precipitation of 31. The solid was washed with hexane (3î100 mL) to
afford pure 31 as an off-white solid (1.51 g, 2.94 mmol, 92%). 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=7.18 (d, 3J(H,P)=20.1 Hz, 2H; ArH),
4.06 (m, 4H; OCH2CH3), 3.98 (s, 4H; CH2N), 2.94 (s, 12H; NMe2),
1.29 ppm (t, 3J(H,H)=10.6 Hz, 6H; OCH2CH3);


13C{1H} NMR (75 MHz,
CDCl3, 25 8C, TMS): d=164.3, 145.5, 125.4, 123.1 (Ar), 74.4 (CH2N), 62.1
(OCH2CH3), 53.8 (NMe2), 16.5 ppm (OCH2CH3); elemental analysis (%)
calcd for C16H28BrN2O3PPd: C 37.41, H 5.49, N 5.45, P 6.03; found: C
37.48, H 5.53, N 5.52, P 6.11.


4-COOH-NCN-platinum(ii) iodide (34): tBuLi (2.4 mL, 1.5m in pentane,
3.6 mmol) was added dropwise to a cooled (�100 8C) solution of 15
(1.06 g, 1.79 mmol) in THF (20 mL),. The reaction was quenched after
2 min by bubbling dry CO2 gas through the mixture. On reaching ambi-
ent temperature the CO2 supply was stopped, and the product was treat-
ed with a saturated aqueous NH4Cl solution (1 mL). All volatile substan-
ces were evaporated in vacuo and the crude mixture was redissolved in
CHCl3 (50 mL), washed with saturated NH4Cl solution (2î5 mL) and


dried over MgSO4. After removal of the volatile substances in vacuo, the
product was redissolved in acetone (20 mL), treated with NaI (0.28 g,
1.85 mmol) for 30 min and filtered over Celite. Final traces of Na salts
were extracted with water from a CHCl3 solution of the product. Pure 34
precipitated as an off-white solid (0.89 g, 1.59 mmol, 89%) on slow addi-
tion of diethyl ether (90 mL) to 10 mL of a solution in CHCl3.


1H NMR
(300 MHz, [D6]DMSO, 25 8C, TMS): d=7.41 (s, 2H; ArH), 4.13 (s,
3J(H,Pt)=39.0 Hz, 4H; CH2N), 3.07 ppm (s, 3J(H,Pt)=28.8 Hz, 12H;
N(CH3)2);


13C{1H} NMR (75 MHz, [D6]DMSO, 25 8C, TMS): d=168.2
(COOH), 156.0, 144.1, 125.6, 120.6, 75.4 (CH2N), 55.6 ppm (NMe2);
FTIR (DRIFT, KBr): ñ (intensity in Kubelka±Munk units): 3100±2750
(0.18), 3211.6 (0.17), 2979.8 (0.20), 2922.3 (0.26), 2750±2300 (0.17), 1668.5
(0.59), 1587.7 (0.50), 1465.5 (0.26), 1452.5 (0.33), 1412.1 (0.25), 1345.3
(0.29), 1326.1 (0.37), 1308.0 (0.52), 1274.1 (0.34), 1231.1 cm�1 (0.40); ele-
mental analysis (%) calcd for C13H19N2IO2Pt: C 28.02, H 3.44, N 5.03;
found: C 27.88, H 3.40, N 4.91.


4-Methylthio-NCN-platinum(ii) bromide (35): Method a: tBuLi (2.65 mL,
1.5m in pentane, 4.0 mmol) was added to a solution of 15 (1.2 g,
2.0 mmol) in THF (40 mL) at �100 8C. After stirring for 5 min at
�100 8C, dimethyl disulfide (0.30 g, 3 mmol) was added at once, and the
mixture was allowed to reach room temperature. All volatile substances
were removed in vacuo, and the residue was redissolved in CH2Cl2
(25 mL). The solution was washed with water (2î25 mL and brine
(25 mL), dried over MgSO4 and concentrated to 10 mL. Compound 35
precipitated on careful addition of hexane (50 mL). The solid was
washed with hexane (2î50 mL) and dried in vacuo to afford 35 as an
off-white solid (0.61 g, 1.2 mmol, 60%).


Method b: [Pt(p-tol)2(SEt2)]2 (0.44 g, 0.48 mmol) was added at once to a
solution of 26 (0.30 g, 0.95 mmol) in benzene (10 mL). The mixture was
heated at reflux temperature until a clear solution was obtained. After
cooling to room temperature, the solvent was evaporated in vacuo and
the resulting residue was redissolved in CH2Cl2 (5 mL). Compound 35
precipitated on addition of hexane (25 mL). The solid was washed with
hexane (2î25 mL) and dried in vacuo to afford 35 as an off-white solid
(0.46 g, 0.90 mmol, 95%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
6.81 (s, 2H; ArH), 3.99 (s, 3J(H,Pt)=45.4 Hz, 4H; CH2N), 3.11 (s,
3J(H,Pt)=38.5 Hz, 12H; NMe2), 2.44 ppm (s, 3H; SMe); 13C{1H} NMR
(75 MHz, CDCl3, 25 8C, TMS): d=156.2, 144.3, 132.1, 120.1 (Ar), 77.4
(CH2N), 55.3 (NMe2), 18.0 ppm (SMe); elemental analysis (%) calcd for
C13H21BrN2PtS: C 30.47, 4.13, 5.47; found C 30.59, H 4.26, N 5.36.


4-PO(OEt)2-NCN-platinum(ii) bromide (36): Method a: tBuLi (2.4 mL,
1.5m in pentane, 3.6 mmol) was added dropwise to a cooled (�100 8C)
solution of 15 (1.06 g, 1.79 mmol) in THF (25 mL). After 2 min, the reac-
tion mixture was quenched with diethyl chlorophosphate (0.50 g,
2.70 mmol). The mixture was allowed to reach room temperature and all
volatile substances were evaporated in vacuo. The reaction mixture was
redissolved in CH2Cl2 (50 mL) and washed with water (50 mL), 1m
NaOH (50 mL) and brine. The CH2Cl2 solution was dried over MgSO4


and evaporated to dryness. Pure 36 (0.86 g, 1.43 mmol, 80%) precipitated
from a CH2Cl2 solution (10 mL) on slow addition of hexane (90 mL).


Method b: [{Pt(p-tol)2SEt2}2] (0.56 g, 0.60 mmol) was added at once to a
solution of 27 (0.50 g, 1.2 mmol) in benzene (10 mL). The mixture was
brought to reflux until a clear solution was obtained. After removal of
the volatile substances, the residue was redissolved in CH2Cl2 and pre-
cipitated with hexane (50 mL). The solid was washed with hexane (2î
50 mL) to afford 36 as an off-white solid (0.69 g, 1.1 mmol, 95%). 1H
NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.23 (d, 3J(H,P)=13.5 Hz, 2H;
ArH), 4.08 (m, 4H; OCH2), 4.02 (s, 3J(H,Pt)=45.1 Hz, 4H; CH2N), 3.16
(s, 3J(H,Pt)=38.4 Hz, 12H; NMe2), 1.31 ppm (t, 3J(H,H)=7.2 Hz, 6H;
CH3);


13C{1H} NMR (75 MHz, CDCl3, 25 8C, TMS): d=156.2, 144.0,
123.0, 121.4 (Ar), 77.5 (CH2N), 62.1 (OCH2), 56.6 (NMe2), 16.6 ppm
(OCH2CH3); elemental analysis (%) calcd for C16H28IN2O3PPt: C 29.59,
H 4.35, N 4.31, P 4.77; found: C 29.75, 4.28, 4.26, 4.59.


4-PO(OEt)(OH)-NCN-palladium(ii) bromide (39) and 4-PO(OEt)(OH)-
NCN-platinum(ii) bromide (40): Both hydrolyses were performed under
similar conditions. Trimethylsilyl bromide (3 equiv) was added to a solu-
tion of the pincer diethylphosphonate (31 or 36) in CH2Cl2 (ca 0.1m).
The mixture was stirred overnight, MeOH (5 mL) was added, and all vol-
atile substances were removed in vacuo. The monoethylphosphonates 39
and 40 were isolated together with remaining 31 or 36 by extraction with
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CH2Cl2. Careful precipitations with Et2O from concentrated CH2Cl2 solu-
tions afforded 39 and 40 as pure solids in yields of 15 and 23%, respec-
tively. 39 (Pd): 1H NMR (200 MHz, [D6]DMSO/CDCl3 ca. 1/5, 25 8C,
TMS): d=6.87 (d, 3J(H,P)=13.2 Hz, 2H; ArH), 3.70 (s, 4H; CH2N), 3.64
(m, 2H; CH2O), 2.61 (s, 12H; NMe2), 0.93 ppm (t, 3J(H,H)=7.0 Hz, 3H;
CH3);


13C{1H} NMR (50 MHz, [D6]DMSO/CDCl3 ca. 1/5, 25 8C, TMS):
d=163.0, 145.5 (d), 125.5, 122.4 (d) (Ar), 74.1 (CH2N), 61.1 (OCH2), 53.6
(NMe2), 16.5 ppm (OCH2CH3); elemental analysis (%) calcd for
C14H24BrN2O3PPd: C 34.62, H 4.98, N 5.77; found: C 34.53, H 5.03, N
5.71. 40 (Pt): 1H NMR (200 MHz, [D6]DMSO/CDCl3 ca.1/5, 25 8C, TMS):
d=6.85 (d, 3J(H,P)=13.2 Hz, 2H; ArH), 3.68 (s, 4H; CH2N), 3.61 (m,
2H; CH2O), 2.72 (s, 12H; NMe2), 0.90 ppm (t, 3J(H,H)=6.9 Hz, 3H;
CH3); elemental analysis (%) calcd for C14H24BrN2O3PPt: C 29.28, H
4.21, N, 4.88; found: C 29.72, H 4.52, N 4.80.


4-PO(OH)2-NCN-palladium(ii) bromide (41) and 4-PO(OH)2-NCN-plati-
num(ii) bromide (42) were not isolated as pure products, but were pres-
ent in the crude hydrolysis products, as indicated by 31P{1H} NMR analy-
sis.


Crystal structure determinations : Intensities were measured on a Nonius
KappaCCD diffractometer with rotating anode and graphite monochro-
mator (MoKa radiation, l=0.71073 ä) up to a resolution of (sinq/l)max=


0.65 ä�1. The structures were solved with Patterson methods (program
DIRDIF97[48]) and refined with the program SHELXL97[49] against F2 of
all reflections. Non-hydrogen atoms were refined freely with anisotropic
displacement parameters. Hydrogen atoms were located in the difference
Fourier map and refined as rigid groups. The hydrogen atom of the hy-
droxyl group in 22a and the hydrogen atom of the carboxyl group in 34
were refined freely with isotropic displacement parameters. The draw-
ings, structure calculations and checking for higher symmetry were per-
formed with the program PLATON.[50]


Crystal data for 22a : C13H21ClN2OPd, Mr=363.17, yellow plate, 0.30î
0.30î0.09 mm, T=125(2) K, monoclinic, P21/c (No. 14), a=9.1935(1),
b=10.5160(1), c=15.9377(2) ä, b=111.3489(7)8, V=1435.11(3) ä3, Z=


4, F(000)=736, 1calcd=1.681 gcm�3, 29867 measured reflections, 3287
unique reflections (Rint=0.066). Analytical absorption correction
(PLATON[50] , routine ABST, m=1.470 mm�1, 0.62±0.86 transmission).
171 refined parameters, no restraints. R values [I>2s(I)]: R1=0.0205,
wR2=0.0512. R values (all data): R1=0.0226, wR2=0.0522. S=1.033.
Residual electron density (min./max.): �0.72/0.62 eä�3.


Crystal data for 34 : Crystals were obtained from a different batch than
used in the elemental analysis of 34. The scrambled product was obtained
from incomplete conversion of the platinum bromide/iodide mixture to
the platinum iodide complex. C13H19Br0.19I0.81N2O2Pt¥0.5C7H8, Mr=


594.43, pale yellow plate, 0.06î0.06î0.02 mm, T=150(2) K, monoclinic,
P21/c (No. 14), a=21.0837(5), b=6.0838(1), c=14.7525(3) ä, b=


94.3916(6)8, V=1886.73(7) ä3, Z=4, F(000)=1118, 1calcd=2.093 gcm�3,
26659 measured reflections, 4316 unique reflections (Rint=0.064). An ab-
sorption correction was applied (PLATON,[50] routine DELABS, m=


9.173 mm�1, 0.40±0.80 transmission). 216 refined parameters, 27 restraints.
The atoms Br1 and I1 were constrained on the same position with the
same displacement parameters. R values [I>2s(I)]: R1=0.0327, wR2=
0.0648. R values (all data): R1=0.0554, wR2=0.0704. S=1.043. Residual
electron density (min./max.): �1.17/0.86 eä�3. CCDC-212445 (22a) and
CCDC-212446 (34) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.ca-
m.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)
1223-336-033; or deposit@ccdc.cam.uk).


Acknowledgement


This work was supported by the Council for Chemical Sciences of The
Netherlands Organisation for Scientific Research (CW/NWO), the Dutch
Technology Foundation (STW) and the Netherlands Research School
Combination Catalysis (NRSC-C).


[1] G. van Koten, Pure Appl. Chem. 1989, 61, 1681±1694.
[2] M. P. H. Rietveld, D. M. Grove, G. van Koten, New J. Chem. 1997,


21, 751±771.
[3] M. Albrecht, G. van Koten, Angew. Chem. 2001, 113, 3866±3898;


Angew. Chem. Int. Ed. 2001, 40, 5000±5031.
[4] Complexation with these d8 metals (NiII, PdII, PtII) affords pincer


complexes with terdentate meridional h3-N,C,N bonding to the
metal, which affords two five-membered metallacycles. The ligand
acts as a monoanionic six-electron donor with the two N-donor
atoms trans to each other. The d8 metal ions NiII, PdII and PtII adopt
a square-planar geometry with the coordination plane of the metal
almost coplanar with the phenyl ring of the pincer ligand (C2-sym-
metric). The remaining coordination site can be filled by a halo
ligand or a Lewis basic ancillary ligand.


[5] a) R. A. Gossage, L. A. van de Kuil, G. van Koten, Acc. Chem. Res.
1998, 31, 423±431; b) L. A. van de Kuil, H. Luitjes, D. M. Grove,
J. W. Zwikker, J. G. M. van der Linden, A. M. Roelofsen, L. W. Jen-
neskens, W. Drenth, G. van Koten, Organometallics 1994, 13, 468±
477; c) L. A. van de Kuil, D. M. Grove, R. A. Gossage, J. W. Zwik-
ker, L. W. Jenneskens, W. Drenth, G. van Koten, Organometallics
1997, 16, 4985±4994.


[6] H-.J. van Manen, K. Nakashima, S. Shinkai, H. Kooijman, A. L.
Spek, F. C. J. M. van Veggel, D. N. Reinhoudt, Eur. J. Inorg. Chem.
2000, 2553±2540.


[7] D. E. Bergbreiter, P. L. Osburn, Y. -S. Liu, J. Am. Chem. Soc. 1999,
121, 9531±9538.


[8] D. E. Bergbreiter, P. L. Osburn, J. D. Frels, J. Am. Chem. Soc. 2001,
123, 11105±11106.


[9] L. A. van de Kuil, D. M. Grove, J. W. Zwikker, L. W. Jenneskens, W.
Drenth, G. van Koten, Chem. Mater. 1994, 6, 1675±1683.


[10] a) H. P. Dijkstra, M. D. Meijer, J. Patel, R. Kreiter, G. P. M. van -
Klink, M. Lutz, A. L. Spek, A. J. Canty, G. van Koten, Organometal-
lics 2001, 20, 3159±3168; b) H. P. Dijkstra, P. Steenwinkel, D. M.
Grove, M. Lutz, A. L. Spek, G. van Koten, Angew. Chem. 1999, 111,
2322±2324; Angew. Chem. Int. Ed. 1999, 38, 2186±2188; c) I. P. Be-
letskaya, A. V. Chuchurjukin, H. P. Dijkstra, G. P. M. van Klink, G.
van Koten, Tetrahedron Lett. 2000, 41, 1075±1079; d) I. P. Belet-
skaya, A. V. Chuchurjukin, H. P. Dijkstra, G. P. M. van Klink, G.
van Koten, Tetrahedron Lett. 2000, 41, 1081±1085.


[11] a) C. Schlenk, A. W. Kleij, H. Frey, G. van Koten, Angew. Chem.
2000, 112, 3587±3589; Angew. Chem. Int. Ed. 2000, 39, 3445±3447;
b) M. Q. Slagt, S.-E. Stiriba, R. J. M. Klein Gebbink, H. Kautz, H.
Frey, G. van Koten, Macromolecules 2002, 35, 5734±5737.


[12] J. W. J. Knapen, A. W. van der Made, J. C. de Wilde, P. W. N. M.
van Leeuwen, P. Wijkens, P. D. Grove, G. van Koten, Nature 1994,
372, 659±663.


[13] a) A. W. Kleij, R. A. Gossage, J. T. B. H. Jastrzebski, J. Boersma, G.
van Koten, Angew. Chem. 2000, 112, 179±181; Angew. Chem. Int.
Ed. 2000, 39, 176±178; b) A. W. Kleij, H. Kleijn, J. T. B. H. Jastrzeb-
ski, A. L. Spek, G. van Koten, Organometallics 1999, 18, 277±285;
c) A. W. Kleij, H. Kleijn, J. T. B. H. Jastrzebski, W. J. J. Smeets, A. L.
Spek, G. van Koten, Organometallics 1999, 18, 268±276; d) A. W.
Kleij, R. A. Gossage, R. J. M. Klein Gebbink, N. Brinkmann, E. J.
Reijerse, M. Lutz, A. L. Spek, G. van Koten, J. Am. Chem. Soc.
2000, 122, 12112±12124.


[14] a) M. Albrecht, N. J. Hovestad, J. Boersma, G. van Koten, Chem.
Eur. J. 2001, 7, 1289±1294; b) M. Albrecht, R. A. Gossage, M. Lutz,
A. L. Spek, G. van Koten, Chem. Eur. J. 2000, 6, 1431±1445; c) M.
Albrecht, G. van Koten, G. Adv. Mater. 1999, 11, 171±174; d) M.
Albrecht, R. A. Gossage, A. L. Spek, G. van Koten, Chem.
Commun. 1998, 1003±1004; e) B. M. J. M. Suijkerbuijk, L. Shu,
R. J. M. Klein Gebbink, A. D. Schl¸ter, G. van Koten, Organometal-
lics 2003, 22, 4175–4177.


[15] a) M. D. Meijer, G. P. M. van Klink B. de Bruin, G. van Koten,
Inorg. Chim. Acta 2002, 327, 31±40; b) M. D. Meijer, N. Ronde, D.
Vogt, G. P. M. van Klink, G. van Koten, Organometallics 2001, 20,
3993±4000.


[16] a) R. Giminez, T. M. Swager, J. Mol. Catal. A. 2001, 166, 265±273;
b) H. Alper, J. Mol. Cat. A. Chem. 2003, 201, 23±31.


[17] a) R. van de Coevering, M. Kuil, R. J. M. Klein Gebbink, G. van Ko-
ten, Chem. Commun. 2002, 1636±1637; b) M. Albrecht, M. Lutz,
A. L. Spek, G. van Koten, Nature 2000, 406, 970±974; c) M. Al-


Chem. Eur. J. 2004, 10, 1331 ± 1344 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 1343


NCN-Pincer Pd and Pt Complexes 1331 ± 1344



www.chemeurj.org





brecht, M. Lutz, A. M. M. Schreurs, E. T. H. Lutz, A. L. Spek, G.
van Koten, J. Chem. Soc. Dalton Trans. 2000, 3797±3804; d) P. J.
Davies, N. Veldman, D. M. Grove, A. L. Spek, B. T. G. Lutz, G.
van Koten, Angew. Chem. 1996, 108, 2078±2081; Angew. Chem. Int.
Ed. Engl. 1996, 35, 1959±1961.


[18] For example: a) B.-H. Huisman, H. Schˆnherr, W. T. S. Huck, A.
Friggeri, H. W. J. van Manen, E. Menozzi, G. J. Vancso, F. C. J. M.
Van Veggel, D. N. Reinhoudt, Angew. Chem. 1999, 111, 2385±2389;
Angew. Chem. Int. Ed. 1999, 38, 2248±2251; b) W. T. S. Huck, L. J.
Prins, R. H. Fokkens, N. M. M. Nibbering, F. C. J. M. van Veggel,
D. N. Reinhoudt, J. Am. Chem. Soc. 1998, 120, 6240±6246;
c) W. T. S. Huck, F. C. J. M. van Veggel, D. N. Reinhoudt, Angew.
Chem. 1996, 108, 1304±1306; Angew. Chem. Int. Ed. Engl. 1996, 35,
1213±1215.


[19] P. Steenwinkel, H. Kooijman, W. J. J. Smeets, A. L. Spek, D. M.
Grove, G. van Koten, Organometallics 1998, 17, 5411±5426.


[20] a) S. Back, R. A. Gossage, M. Lutz, I. de Rio, A. L. Spek, H. Lang,
G. van Koten, Organometallics 2000, 19, 3296±3304; b) S. Back,
R. A. Gossage, H. Lang, G. van Koten, Eur. J. Inorg. Chem. 2000,
1457±1464; c) S. Back, W. Frosch, I. de Rio, G. van Koten, H. Lang,
Inorg. Chem. Commun. 2 1999, 584±586; d) S. Back, R. A. Gossage,
G. Rheinwald, H. Lang, G. van Koten, J. Organomet. Chem. 1999,
582, 126±138.


[21] G. RodrÌguez, M. Albrecht, J. Schoenmaker, A. Ford, M. Lutz, A. L.
Spek, G. van Koten, J. Am. Chem. Soc. 2002, 124, 5127±5138.


[22] a) G. Guillena, G. RodrÌguez, M. Albrecht, G. van Koten, Chem.
Eur. J. 2002, 8, 5368±5376; b) G. Guillena, G. RodrÌguez, G. van Ko-
ten, Tetrahedron Lett. 2002, 43, 3895±3898.


[23] a) B. M. J. M. Suijkerbuijk, M. Q. Slagt, R. J. M. Klein Gebbink, M.
Lutz, A. L. Spek, G. van Koten, Tetrahedron Lett. 2002, 43, 6565±
6568; b) M. Albrecht, G. RodrÌguez, J. Schoenmaker, G. van Koten,
G. Org. Lett. 2000, 22, 3461±3464.


[24] For recent reviews on para-substituted PCP ligands, see a) M. E.
van der Boom, D. Milstein, Chem. Rev. 2002, 102, 1759±1792; b) A.
Vigalok, D. Milstein, Acc. Chem. Res. 2001, 34, 798±807.


[25] a) M.-K. Lau, Q.-F. Zhang, J. L. C. Chim, W.-T. Wong, W.-A. Leung,
Chem. Commun. 2001, 1478±1479; b) A. M. Clark, C. E. F. Rickard,
W. R. Roper, L. J. Wright, J. Organomet. Chem. 2000, 598, 262±275;
c) A. M. Clark, C. E. F. Rickard, W. R. Roper, L. J. Wright, Organo-
metallics 1999, 18, 2813±2820; d) C. Coudret, S. Fraysse, J.-P.
Launay, Chem. Commun. 1998, 663±664; e) A. M. Clark, C. E. F.
Rickard, W. R. Roper, L. J. Wright, Organometallics 1998, 17, 4535±
4537; f) G. R. Clark, C. E. F. Rickard, W. R. Roper, L. J. Wright,
P. D. Yap, Inorg. Chim. Acta 1996, 251, 65±74; g) G. R. Clark,
C. E. L. Headford, W. R. Roper, L. J. Wright, Inorg. Chim. Acta
1994, 220, 261±272.


[26] M. Q. Slagt, R. J. M. Klein Gebbink, M. Lutz, A. L. Spek, G.
van Koten, J. Chem. Soc. Dalton Trans. 2002, 2591±2592.


[27] a) P. Steenwinkel, R. A. Gossage, G. van Koten, Chem. Eur. J. 1998,
4, 759±762; b) P. Steenwinkel, J. T. B. H. Jastrzebski, B.-J. Deelman,
D. M. Grove, H. Kooijman, N. Veldman, W. J. J. Smeets, A. L. Spek,
G. van Koten, Organometallics 1997, 16, 5486±5498; c) J.-M. Valk,
R. van Belzen, J. Boersma, A. L. Spek, G. van Koten, J. Chem. Soc.
Dalton Trans. 1994, 2293±2302; d) J.-M. Valk, J. Boersma, G.
van Koten, J. Organomet. Chem. 1994, 483, 213±216.


[28] G. RodrÌguez, G. van Koten, unpublished results.
[29] C. J. Jameson, J. Mason, Multinuclear NMR (Ed.: J. Mason), Plenum


Press, New York, London, 1987, Chaps. 3, 20, and references there-
in.


[30] J. D. Kennedy, W. McFarlane, R. J. Puddephat, P. J. Thompson, J.
Chem. Soc. Dalton Trans. 1976, 874±879, and references therein.


[31] L. Ding, Y. J. Wu, D. P. Zhou, Polyhedron 1998, 17, 1725±1728.
[32] C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165±195.
[33] C. A. Hollingsworth, P. G. Seybold, C. M. Hadad, Int. J. Quantum.


Chem. 2002, 90, 1396±1403.
[34] The DFT-B3LYP/LANL2DZ method uses density functional theory


combined with effective core potentials. The basis sets used for
chlorine and platinum were the Los Alamos National Laboratory


sets (LANL) for effective core potentials (ECP) of the double-z
type, consisting of a small-core ECP with 3s and 3p orbitals in the
valence space. The functional used was B3LYP, and the relativistic
correlations for heavy atoms were considered in ECP.


[35] Gaussian98, RevisionA.7, M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich,
J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W.
Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle,
J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 1998 ; Natural atomic or-
bital and natural bond orbital analyses by Gaussian NBO, Ver-
sion 3.1.


[36] K. L. Brown, A. W. Awtrey, R. LeGates, J. Am. Chem. Soc. 1978,
100, 823±828.


[37] Examples of crystal structures of para-functionalised NCN-pincer
palladium and platinum complexes: a) H. P. Dijkstra, M. D. Meijer,
J. Patel, R. Kreiter, G. P. M. van Klink, M. Lutz, A. L. Spek, A. J.
Canty, G. van Koten, G. Organometallics 2001, 20, 3159±3168;
b) M. Albrecht, R. A. Gossage, A. L. Spek, G. van Koten, Chem.
Commun. 1998, 1003±1004; c) M.-C. Lagunas, R. A. Gossage, A. L.
Spek, G. van Koten, Organometallics 1998, 17, 731±741; d) S. I.
James, G. Verspui, A. L. Spek, G. van Koten, Chem. Commun. 1996,
1309±1310.


[38] F. Neve, A. Crispini, C. Di Pietro, S. Campagna, Organometallics
2002, 21, 3511±3518.


[39] M. D. Meijer, E. W. de Wolf, M. Lutz, A. L. Spek, G. P. M. van -
Klink, G. van Koten, Organometallics 2001, 20, 4198±4206.


[40] a) M. Albrecht, A. L. Spek, G. van Koten, J. Am. Chem. Soc. 2001,
123, 7233±7246; b) M. Albrecht, R. A. Gossage, A. L. Spek, G.
van Koten, J. Am. Chem. Soc. 1999, 121, 11898±11899.


[41] R. van de Coevering, R. J. M. Klein Gebbink, G. van Koten, unpub-
lished results.


[42] For DFT calculations on NCN- and PCP-pincer complexes, see:
a) C. Stadler, L. de Lacey, B. Hernµndez, H. Fernµndez, J. C.
Conesa, Inorg. Chem. 2002, 41, 4417±4423; b) H.-J. Fan, M. B. Hall,
J. Mol. Cat. A: Chem. 2002, 189, 111±118.


[43] a) A. E. Reed, R. B. Weinstock, F. Weinhold, J. Chem. Phys. 1985,
83, 735±746; b) R. S. Mulliken, J. Chem. Phys. 1955, 23, 1833±1840.


[44] S. Komiya, Synthesis of Organometallic Compounds, Wiley, Win-
chester, 1997.


[45] a) A. J. Canty, J. Patel, B. W. Skelton, A. H. White, J. Organomet.
Chem. 2000, 599, 195±199; b) B. R. Steele, K. Vrieze, Transition
Met. Chem. 1977, 2, 140±144.


[46] a) P. Steenwinkel, R. A. Gossage, T. Maunula, D. M. Grove, G.
van Koten, Chem. Eur. J. 1998, 4, 763±768; b) J. Terheijden, G.
van Koten, D. M. Grove, K. Vrieze, A. L. Spek, J. Chem. Soc.
Dalton Trans. 1987, 6, 1359±1366; c) P. L. Alsters, P. J. Baesjou,
M. D. Janssen, H. Kooijman, A. Sicherer-Roetman, A. L. Spek, G.
van Koten, Organometallics 1992, 11, 4124±4135.


[47] P. Steenwinkel, S. L. James, D. M. Grove, N. Veldman, A. L. Spek,
G. van Koten, Chem. Eur. J. 1996, 2, 1440±1445.


[48] P. T. Beurskens, G. Admiraal, G. Beurskens, W. P. Bosman, S.
Garcia-Granda, R. O. Gould, J. J. M. Smits, C. Smykalla, The
DIRDIF97 program system, Technical Report of the Crystallogra-
phy Laboratory, University of Nijmegen, The Netherlands, 1997.


[49] G. M. Sheldrick, SHELXL97, Program for crystal structure refine-
ment, University of Gˆttingen, Germany, 1997.


[50] A. L. Spek, J. Appl. Crystallogr. 2003, 36, 7±13.
[51] H. H. Jaffÿ Chem. Rev. 1953, 53, 191±261.


Received: July 15, 2003
Revised: November 17, 2003 [F5336]


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1331 ± 13441344


FULL PAPER G. van Koten et al.



www.chemeurj.org






Ligand Design for Alkali-Metal-Templated Self-Assembly of Unique High-
Nuclearity CuII Aggregates with Diverse Coordination Cage Units: Crystal
Structures and Properties


Miao Du,[a] Xian-He Bu,*[a] Ya-Mei Guo,[a] and Joan Ribas[b]


Introduction


The self-assembly of high-nuclearity metal-organic aggre-
gates, especially for paramagnetic polyhedral cage com-
plexes, has become a focus in recent years on account of the
fascinating structures of these compounds and their impor-
tance in host±guest chemistry associated with suitable cen-
tral cavities. These aggregates also have other potential ap-
plications.[1] A variety of organic bridging spacers involving
carboxylate or alkoxide,[2] multidendate heterocycles,[3] phos-
phonate or phosphinate,[4] and other spacers[5] have been
employed for the design of these aggregates, and a series of
coordination cages, termed Platonic solids (e.g., tetrahedron,
cube, octahedron, dodecahedron, and icosahedron) or Ar-
chimedean solids (e.g. truncated tetrahedron, cuboctahe-
dron, truncated cube, and snub cube), in addition to other


types of solids (e.g. trigonal bipyramid, adamantanoid, and
trigonal prism) have been constructed by self-assembly by
the use of the aforementioned ligands.[1h] In addition, the
smallest cage unit, the tetrahedral system, has attracted
much interest since it was discovered that it is also the
smallest aggregate showing single molecule magnet (SMM)
behavior.[6] Furthermore, the counteranions, such as halide,
perchlorate, or tetrafluoroborate, commonly act as tem-
plates in the construction of the polymetallic cages.[2±5] How-
ever, templated cage formation with cations, such as an
alkali metal or R4N


+ , is still rather limited.[7]


As described by us[8,9] and others,[10] diazamesocycles, es-
pecially 1,5-diazacyclooctane (DACO), modified by suitable
donor pendants, can be used as building blocks to construct
polymeric systems with unique structures and properties.
Recently, we attempted to incorporate the carboxylic group,
a versatile group displaying a variety of coordination modes,
onto the backbone of DACO. In this process, some fascinat-
ing chemistry of this ligand (H2L) was observed under self-
assembly conditions with metal ions.[9] One of the main rea-
sons justifying the continuous interest in this attractive
system is the construction of other novel metal-organic ar-
chitectures with special topologies and properties by modify-
ing the backbone of the diazamesocycle, for example, by
choosing 1,4-diazacycloheptane (DACH) as the initial mate-
rial, or by altering the functional pendant arm on DACO.
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Department of Chemistry, Nankai University
Tianjin 300071 (China)
Fax: + (86)22-23502458
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Abstract: The construction of two
unique, high-nuclearity CuII supra-
molecular aggregates with tetrahedral
or octahedral cage units, {(m3-Cl)[Li�
Cu4(m-L


1)3]3}(ClO4)8(H2O)4.5 (1) and
{[Na2�Cu12(m-L2)8(m-Cl)4](ClO4)8(H2O)10-
(H3O


+)2}¥ (2) by alkali-metal-templat-
ed (Li+ or Na+) self-assembly, was
achieved by the use of two newly de-
signed carboxylic-functionalized diaza-
mesocyclic ligands, N,N’-bis(3-pro-
pionyloxy)-1,4-diazacycloheptane
(H2L


1) or 1,5-diazacyclooctane-N,N’-di-
acetate acid (H2L


2). Complex 1 crystal-


lizes in the trigonal R≈ 3c space group (a
= b = 20.866(3), c = 126.26(4) ä and
Z = 12), and 2 in the triclinic P1≈ space
group (a = 13.632(4), b = 14.754(4), c
= 19.517(6) ä, a = 99.836(6), b =


95.793(5), g = 116.124(5)8 and Z = 1).
By subtle variation of the ligand struc-
tures and the alkali-metal templates,


different polymeric motifs were ob-
tained: a dodecanuclear architecture 1
consisting of three Cu4 tetrahedral cage
units with a Li+ template, and a supra-
molecular chain 2 consisting of two
crystallographically nonequivalent oc-
tahedral Cu6 polyhedra with a Na+


template. The effects of ligand func-
tionality and alkali metal template ions
on the self-assembly processes of both
coordination supramolecular aggre-
gates, and their magnetic behaviors are
discussed in detail.


Keywords: alkali metals ¥ coordina-
tion polyhedra ¥ copper ¥ template
synthesis
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Herein, we report the preparation, crystal structures, and
magnetic behaviors of two remarkable high-nuclearity
supramolecular CuII aggregates formed by alkali-metal-tem-
plated self-assembly of [Cu(ClO4)2] and two well-designed
ligands, N,N’-bis(3-propionyloxy)-1,4-diazacycloheptane
(H2L


1) and 1,5-diaza-cyclooctane-N,N’-diacetate acid (H2L
2,


Scheme 1).


Results and Discussion


Comments on the crystal structures of complexes 1 and 2 :
The X-ray crystal structure of 1 shows that it has a dodeca-
nuclear architecture in which three tetrahedral Cu4 aggre-
gates are linked through an unusual m3-Cl bridge. They are
related to each other by a threefold symmetry axis that
passes through the chloride center. Four crystallographically
independent CuII centers bridged by six carboxylic groups in
m-Osyn,O’anti mode (Scheme 2a) result in a tetrahedral Cu4
motif (Figure 1). Selected bond lengths and angles for struc-
ture 1 are given in Table 1. Cu1, Cu2, and Cu3 have similar
distorted square-pyramidal (CuN2O3) coordination spheres
(structural parameter t = 0.038, 0.03, and 0.2, respective-
ly[11]), with two nitrogen atoms and two oxygen donors of


the same ligand occupying the basal positions, and an
oxygen atom from another adjacent ligand as the apical site.
The carboxylic groups and the three CuII centers form a 12-
membered ring (-Cu-O-C-O-)3 consisting of the basal plane


Scheme 1.


Scheme 2. Bridging modes of the carboxylic groups in 1 and 2


Figure 1. The Cu4 tetrahedral cage unit in the structure of 1. Bond length
ranges [ä]: Cu�O (equatorial sites) 1.928±2.005, Cu�O (axial) 2.183±
2.222, Cu�N 1.969±2.010.


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


Cu1�O3 1.935(6) Cu1�N1 1.985(8) Cu1�N2 1.996(8)
Cu1�O1 2.005(6) Cu1�O12 2.222(7) Cu2�O6 1.946(6)
Cu2�N3 1.969(7) Cu2�O7 1.988(5) Cu2�N4 2.010(7)
Cu2�O4 2.183(7) Cu3�O11 1.918(6) Cu3�O9 1.968(6)
Cu3�N5 1.981(7) Cu3�N6 1.999(7) Cu3�O5 2.215(6)
Cu4�O8 1.928(6) Cu4�O2 1.941(6) Cu4�O10 1.965(6)
Cu4�O13 2.003(6) Cu4�Cl1 2.644(1) O3-Cu1-N1 170.9(3)
O3-Cu1-N2 96.0(3)
N1-Cu1-N2 80.7(4) O1-Cu1-O3 85.0(2) O1-Cu1-N1 96.6(3)
N2-Cu1-O1 168.6(3) O3-Cu1-O12 94.1(3) N12-Cu1-O12 94.8(3)
N2-Cu1-O12 97.9(3) O1-Cu1-O12 93.4(2) O6-Cu2-N3 169.3(3)
O6-Cu2-O7 84.1(2) N3-Cu2-O7 96.3(3) O6-Cu2-N4 96.3(3)
N3-Cu2-N4 81.0(3) O7-Cu2-N4 167.5(3) O6-Cu2-O4 95.2(3)
O4-Cu2-N3 95.2(3) O7-Cu2-O4 99.5(2) O4-Cu2-N4 92.9(3)
O11-Cu3-O9 85.4(2) O11-Cu3-N5 172.0(3) O9-Cu3-N5 94.2(3)
O11-Cu3-N6 96.8(3) O9-Cu3-N6 160.0(3) N5-Cu3-N6 80.9(3)
O11-Cu3-O5 95.5(3) O9-Cu3-O5 100.9(2) N5-Cu3-O5 92.5(3)
N6-Cu3-O5 98.7(3) O8-Cu4-O2 93.9(3) O8-Cu4-O10 93.1(3)
O2-Cu4-O10 166.2(3) O8-Cu4-O13 178.4(3) O2-Cu4-O13 87.6(3)
O13-Cu4-O10 85.3(3) O8-Cu4-Cl1 90.6(2) O2-Cu4-Cl1 101.6(2)
O10-Cu4-Cl1 90.2(2) O13-Cu4-Cl1 89.7(2)
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of each tetrahedron (Cu¥¥¥Cu distances within this plane are
5.037, 5.173, and 4.941 ä, respectively). Cu4 is located at the
vertex of each tetrahedron, and has a CuO4Cl geometry
(t = 0.203) with three oxygen donors from different ligands
and one aqua ligand in the equatorial sites and one m3-Cl as
the axis. This atom is separated from other three CuII cen-
ters by 4.976, 4.999, and 4.663 ä, respectively. Cu4 together
with any other two CuII centers also forms a 12-membered
ring (-Cu-O-C-O-)3 and represents the side face of each tet-
rahedron.
It is interesting that in each Cu4 entity there is an encap-


sulated Li+ ion as the template. It forms electrovalent
bonds (bond lengths range from 2.045(15)±2.229(14) ä with
average value of 2.127 ä, bond angles in 165.6(8)±169.4(8)8
and 75.2(5)±107.6(6)8 ranges) with the surrounding six
oxygen atoms of the carboxylic pendants. Thus, considering
the coordination to both CuII and Li+ , the bridging mode of
each carboxylic group is unique m-OCu(anti),O’Cu(syn)-m-OCu(anti),
OLi(syn) (Scheme 2b). The four Cu¥¥¥Li separations are
3.000(13), 2.950(14), 3.021(14), and 3.260(14) ä, respective-
ly, and the six Cu-O-Li bridging angles are in the range
90.8(4)±97.8(4)8. The central m3-Cl bridges three Cu4 cages
with a Cu-Cl-Cu angle of 116.52(5)8 to form the overall do-
decanuclear architecture (Figure 2) with high symmetry. To
our knowledge, this is a new structural type for polynuclear
CuII complexes. The shortest Cu¥¥¥Cu distance between the
Cu12 entities is 7.790 ä. Each ligand serves as the chelated
agent for one CuII ion, with the DACH ring adopting the
normal boat configuration, and bridges the other two CuII


ions through two pendant arms. In addition, the axial Cu�Cl
bond length is rather long (2.644(1) ä), indicating weaker
coordination and may be replaced by other stronger field
bridging anions, such as N3


� or SCN� , to form other coordi-
nation architectures.
The crystal structure of complex 2 consists of Cu6 entities


linked together by asymmetric Cu(m-O)2Cu bridges to give
an infinite one-dimensional (1D) supramolecular system. In
this coordination chain there are two crystallographically
nonequivalent Cu6 entities with only small structural differ-
ences (Figure 3). Selected bond lengths and angles for struc-
ture 2 are listed in Table 2. The
metal framework in each hex-
americ unit may be described
as a cage with pseudocubic Oh


symmetry. In each cage, two
chelated CuII atoms (Cu1 and
Cu1A for the right cage, Cu6
and Cu6B for the left cage in
Figure 3) and two bridging CuII


atoms (Cu3 and Cu3A for the
right cage, and Cu4 and Cu4B
for the left cage) are located at
the equatorial vertices of a reg-
ular nonbonding octahedron.
The other two chelated CuII


centers (Cu2 and Cu2A for the
right cage, and Cu5 and Cu5B
for the left cage) are situated at
the axial vertices. In each coor-


dination octahedron, six CuII centers are bridged by eight
carboxylic groups in a m-Osyn,O’anti mode (Scheme 2a). Cu1,
Cu2, Cu5, and Cu6 have a similar, almost ideal, square-pyra-
midal (CuN2O2Cl) coordination sphere (structural parame-
ter t = 0.005, 0.0, 0.075, and 0.012, respectively[11]), with the
two nitrogen atoms and two oxygen donors of the same
ligand occupying the basal positions, and a chloride anion at
the apical position. The CuII ions deviate from the mean
equatorial plane of the square pyramid toward the axial
chloride atom by 0.39, 0.37, 0.37, and 0.39 ä, respectively. It
is interesting that two independent chelated CuII centers
within one cage are linked by a single chloro bridge that oc-
cupies the apical position, with an average Cu�Cl bond
length of 2.483 ä, and a Cu-Cl-Cu angle of 109.66(7) and
108.95(7)8. For the Cu3 and Cu4 centers, five atoms from
different carboxylic groups comprise their square-pyramidal
coordination with t values of 0.015 and 0.017. The CuII ions


Figure 2. View of the {(m3-Cl)[Li�Cu4(m-L3)]3}
8+ ion in 1 (Cu: yellow; Cl:


green; O: red; C: gray; LiI template: purple).


Figure 3. View of the two nonequivalent Cu6 cage units in 2. The propyl groups on the backbone of DACO
and hydrogen atoms were omitted for clarity.
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deviate from the equatorial coordination plane by only 0.03
and 0.04 ä owing to the lack of the chelate effect of the
ligand. In addition, Cu3 and Cu4, which are located at the
corner of two different coordination cages, are linked
through a pair of carboxylic groups with a Cu¥¥¥Cu separa-
tion of 3.348 ä and Cu-O-Cu bridging angles of 102.6(2)
and 101.7(2)8. Thus, two bridging modes of the carboxylic
groups coordinated to CuII centers exist: m-O,O’anti-m-Osyn,
Oanti (Scheme 2c, O7-C4-O11B and O6-C20-O5) and m-Osyn,
O’anti (Scheme 2a, other carboxylic groups). The former car-
boxylic groups extend the coordination octahedrons into the
infinite 1D supramolecular structure along the crystallo-
graphic [001] direction (Figure 4).
In analogy to the structure of 1, a striking feature of 2 is


that there is only one encapsulated Na+ ion in the center of
each cation cage; however it forms electrovalent bonds with
the surrounding eight oxygen atoms of the carboxylic pen-


dants (Figure 5). These bond lengths range from 2.388(4) to
2.672(4) ä with an average value of 2.538 ä for Na1 (range
from 2.468(5) to 2.635(4) ä with average value of 2.544 ä


for Na2), the bond angles lie between 67.1(2) and 106.9(1)8
for Na1 and between 66.4(1) and 106.2(1) for Na2. The co-
ordination spheres of both Na+ ions could be best described
as distorted square prisms. Thus, considering the coordina-
tion to both CuII and Na+ , the bridging modes of the car-
boxylic groups in 2 are m-OCu,O’Na(syn), Cu(anti)-m-OCu(syn),OCu(anti)-
m-O’Cu(anti),O’Na(syn) (Scheme 2d, for O7-C40-O11B and O6-
C20-O5) or m-OCu(anti),O’Cu(syn)-m-OCu(anti),ONa(syn) (Scheme 2b,
other carboxylic groups). The former bridging mode is
quite rare and is the first case for the linkage of two
kinds of metal ions.[12] The six crystallographically in-
dependent Cu¥¥¥Na distances are almost equivalent
(3.397(1)±3.582(1) ä) with a mean value of 3.480 ä, and the
eight Cu-O-Na bridging angles are in the 94.3(2)±103.2(2)8
range, with an average value of 98.58. All the DACO rings
in the ligands adopt the normal boat±chair configuration,[8]


and are bent so that the central C�H methylene group of
the boat form of the metalladiazacyclohexane ring shields
the CuII center chelated to it with H¥¥¥Cu distances of 2.456,
2.417, 2.459, and 2.447 ä, and H-Cu-Cl angles of 176.7,
179.3, 175.7, and 178.68, respectively. Thus, as interpreted in
several of our previous publications,[8] the methylene hydro-
gen atom effectively blocks the sixth coordination position


of CuII, giving rise to the ob-
served pentacoordinate geome-
try.


Roles of alkali-metal templates
and ligand functionality in self-
assemblies of compounds 1 and
2 : From the above descriptions,
the appropriate choice of
alkali-metal template ion (Li+


or Na+), together with a subtle
change of the organic ligands,


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


Cu1�O1 1.956(4) Cu1�O2 1.973(4) Cu1�N1 1.977(5)
Cu1�N2 1.994(6) Cu1�Cl2 2.489(2) Cu2�O4 1.952(4)
Cu2�O5 1.977(4) Cu2�N3 1.983(5) Cu2�N4 1.987(6)
Cu2�Cl2 2.491(2) Cu3�O16 1.921(5) Cu3�O3 1.937(5)
Cu3�O6 1.964(5) Cu3�O15 1.969(5) Cu3�O7 2.305(4)
Cu4�O6 2.343(4) Cu4�O7 1.978(5) Cu4�O8 1.953(5)
Cu4�O9 1.934(5) Cu4�O14 1.923(5) Cu5�N5 1.982(5)
Cu5�N6 1.992(6) Cu5�O10 1.963(4) Cu5�O11 1.946(4)
Cu5�Cl1 2.490(2) Cu6�N7 1.980(6) Cu6�N8 1.980(6)
Cu6�O12 1.983(5) Cu6�O13 1.949(5) Cu6�Cl1 2.463(2)
O1-Cu1-O2 91.7(2) O1-Cu1-N1 157.4(2) O2-Cu1-N1 84.0(2)
O1-Cu1-N2 84.8(2) O2-Cu1-N2 157.1(2) N1-Cu1-N2 90.6(2)
O1-Cu1-Cl2 99.3(2) O2-Cu1-Cl2 95.3(2) N1-Cu1-Cl2 103.2(2)
N1-Cu1-Cl2 107.6(2) O4-Cu2-O5 91.8(2) O4-Cu2-N3 85.0(2)
O5-Cu2-N3 158.3(2) O4-Cu2-N4 158.3(2) O5-Cu2-N4 84.4(2)
N4-Cu2-N3 90.7(2) O4-Cu2-Cl2 96.7(2) O5-Cu2-Cl2 97.7(1)
N3-Cu2-Cl2 104.0(2) N4-Cu2-Cl2 105.0(2) O16-Cu3-O3 92.2(2)
O16-Cu3-O6 177.6(2) O6-Cu3-O3 89.4(2) O16-Cu3-O15 88.0(2)
O15-Cu3-O3 178.5(2) O15-Cu3-O6 90.3(2) O16-Cu3-O7 100.0(2)
O3-Cu3-O7 84.6(2) O6-Cu3-O7 78.4(2) O15-Cu3-O7 93.9(2)
O14-Cu4-O9 87.0(2) O14-Cu4-O8 176.8(2) O8-Cu4-O9 94.2(2)
O14-Cu4-O7 91.8(2) O7-Cu4-O9 177.8(2) O8-Cu4-O7 86.9(2)
O6-Cu4-O14 87.8(2) O6-Cu4-O9 100.9(2) O8-Cu4-O6 89.1(2)
O7-Cu4-O6 77.3(2) O11-Cu5-O10 92.4(2) O11-Cu5-N5 160.8(2)
O10-Cu5-N5 84.3(2) O11-Cu5-N6 84.8(2) O10-Cu5-N5 156.3(2)
N5-Cu5-N6 90.7(2) O11-Cu5-Cl1 97.8(2) O10-Cu5-Cl1 96.4(2)
N5-Cu5-Cl1 101.3(2) N6-Cu5-Cl1 107.3(2) O13-Cu6-N7 84.5(2)
O13-Cu6-N8 157.6(2) N7-Cu6-N8 90.5(3) O13-Cu6-O12 92.3(2)
N7-Cu6-O12 156.9(2) O12-Cu6-N8 83.8(2) O13-Cu6-Cl1 98.0(2)
N7-Cu6-Cl1 106.6(2) Cl1-Cu6-N8 104.4(2) O12-Cu6-Cl1 96.4(2)


Figure 4. View of the 1D supramolecular chain of 2. The dot in the center of each coordination cage repre-
sents the NaI ion.


Figure 5. View of octahedral coordination cage in 2 (Cu: yellow; Cl:
green; O: red; C: gray; N: blue; NaI template: purple).
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are clearly critical in determining the supramolecular archi-
tectures of the resultant high-nuclear products. Recently, we
demonstrated an interesting proton-controlled reversible in-
terconversion between an achiral CuII molecular square
(pH�2), and a 1D, spontaneously resolved, interpenetrated
chiral double-chain with Cu4 cavities (pH�6), for a similar
ligand H2L (see Scheme 1).[9b] However, for both ligands
(H2L


1 and H2L
2) used in this study, only the simplex product


1 or 2 could be isolated at pH 4±5 following reaction with
CuII. Although the three ligands have very similar frame-
works, it is noteworthy that they form quite different resul-
tant complexes upon metal complexation (with
[Cu(ClO4)2]), which suggests that subtle variations of the
backbone of the diazamesocyclic ligands or the pendant
arms may result in quite different metal/organic coordina-
tion architectures. This further confirms that the diazameso-
cycles and their functionalized derivatives could be suitable
for constructing metal/organic supramolecular entities with
unusual structures and interesting properties. With regard to
the self-assembly processes and the final structures of com-
plexes 1 and 2 : first, the octahedral coordination cage ob-
served in 2 exhibits a larger cavity than that of the coordi-
nated tetrahedron in 1; the Na+ ion located in 2 was stabi-
lized by electrovalent Na�O bonds (mean value: 2.541 ä)
with a mean Na¥¥¥Cu separation of 3.480 ä, and the Li+ ion
located in 1 has the average values for the Li�O and Li¥¥¥Cu
distances of 2.127 and 3.058 ä, respectively. A Cambridge
Structural Database (CSD) search was performed for the re-
lated bond data: the average Na�O and Li�O bond lengths
are 2.5 and 2.1 ä, respectively, and this is obviously consis-
tent with the bond geometries found for the alkali-metal
ions in different coordination polyhedra of compounds 1
and 2. Second, although we tried several times using other
alkali-metal ions as the template (Na+ or K+ ion for 1, and
Li+ or K+ ion for 2), we found that solid products cannot
be successfully separated from the final solution, although it
is apparent that the complexation reaction occurred be-
tween the CuII ion and the ligand in all these cases. This
may be caused by the different ionic radii of these alkali-
metal ions not matching the cavity of the tetrahedral or oc-
tahedral cage. It may also confirm that the template effect
of the special alkali-metal ion plays a critical role in the for-
mation of such supramolecular architectures. It should also
be noted that, until now, most coordination polyhedra were
constructed from PdII, PtII, or FeIII, and that polynuclear ar-
chitectures from CuII are still quite rare.[1,13]


Electronic and ESR spectra: The UV/Vis spectra for com-
plexes 1 and 2 in aqueous solution show a broad absorption
maximum band centered at 619 and 646 nm, respectively.
This spectral feature is typical of pentacoordinate CuII com-
plexes with (distorted) square-pyramidal geometry, which
generally exhibit a band in the 550±660 nm range (dxz, dyz!
dx2�y2).


[14] In addition, the electronic spectra of both com-
plexes display characteristic absorptions at 190±290 nm
which are assigned to ligand transitions.
The X-band ESR spectra of both complexes were record-


ed in the polycrystalline powder state at different tempera-
tures (room temperature, 77 K, and 4 K). For 1, regardless


of the temperature, the spectra do not show anisotropic fea-
tures but only a sharp isotropic band centered at gav = 2.12
(between 3000 and 3500 G, see Figure S1 in the Supporting
Information), probably caused by exchange narrowing.[15]


For 2, at all temperatures, there is a typical pattern (see Fig-
ure S2 in the Supporting Information) of axial distortion for
CuII centers with gk = 2.22, g? = 2.06 and gav = 2.11, and
there is no variation with the temperature. This pattern is
typical for CuII complexes with square-pyramidal geometry,
with the unpaired electron mainly located in the dx2�y2 orbi-
tal, which is consistent with the result of the crystal struc-
ture.


Magnetic properties : The magnetic behavior of 1 was meas-
ured on a SQUID susceptometer in the magnetic field range
of 0.1 T from RT to 8 K and with 500 Gauss at 8±2 K to
avoid any saturation phenomena at low temperature. The
cMT value (magnetic susceptibility per 12 CuII ions) is
4.81 cm3mol�1K�1 at 300 K, corresponding to twelve spin
doublets. Then it increases inversely with the temperature
(6.11 cm3mol�1K�1 at 5 K), and finally decreases down to a
minimum value of 5.37 cm3mol�1K�1 at 2 K. This curve
(Figure 6) suggests a ferromagnetic coupling with antiferro-


magnetic intramolecular/intermolecular interactions that are
active at low temperature. The effect of the ™molecular∫ D
parameter derived from the low-lying states of the Cu12
entity could also explain this behavior (see below). The
curve of cM is less significant: the value of cM at room tem-
perature is 0.016 cm3mol�1. The cM values are almost con-
stant to �50 K and then increase rapidly until 2 K, attaining
a value of 2.70 cm3mol�1.
To interpret the magnetic behavior of 1, it is convenient


to schematize this dodecanuclear entity to clearly determine


Figure 6. Plot of cMT and cM (inset) versus T for twelve CuII ions in 1.
The solid line represents the best fit for the cMT data obtained by the
first method indicated in the text (with J1, J2, and J3 considering the
whole dodecanuclear entity). The fit has been made taking into account
all the experimental points.
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which are the exchange pathways and the possible Hamilto-
nian. From the magnetic point of view, the CuII ions are
linked in a tetrahedral form with the corresponding J pa-
rameters (Scheme 3). J1 corresponds to the coupling be-


tween three syn±anti carboxylato bridges presenting basal±
basal coordination (considering the square-pyramidal geom-
etry of each CuII) between Cu4±Cu1, Cu4±Cu2, and Cu4±
Cu3, respectively. J2 corresponds to the coupling in three
syn±anti carboxylato bridges between Cu1±Cu2, Cu2±Cu3,
and Cu3±Cu1 in apical±basal coordination. Finally, J3 corre-
sponds to the coupling between three Cu4 entities through
the Cl central bridge in an apical±apical coordination. Thus,
it corresponds to Cu4±Cu4A, Cu4±Cu4B, and Cu4A±Cu4B,
respectively. Consequently, we have to interpret the magnet-
ic behavior with a complicated dodecanuclear model that
has three J parameters with the following spin Hamiltonian
[Eq. (1)].


H ¼ �J1
X


SiSj�J2
X


SkSl�J3
X


SmSn ð1Þ


The complete form is given in Equation (2).


H ¼ �J1½ðS4S1þS4S2þS4S3ÞþðS4AS1AþS4AS2AþS4AS3AÞ
þðS4BS1BþS4BS2BþS4BS3BÞ��J2½ðS1S2þS2S3þS3S1Þ
þðS1AS2AþS2AS3AþS3AS1AÞþðS1BS2BþS2BS3BþS3BS1BÞ�
�J3ðS4S4AþS4AS4BþS4BS4Þ


ð2Þ


A Hamiltonian with these three repeated J parameters
(along with the identical g value) can not be solved by
Kambe×s method.[16] Thus, the fit was made by a full-diago-
nalization matrix method with the irreducible tensor opera-
tor formalism (ITO) calculated with the Clumag program,[17]


leading to J1 = 6.4 cm�1, J2 = 0.87 cm�1, J3 = �3.5 cm�1, g
= 2.10, and R = 5.5î10�6. This could be a possible correla-


tion between the J values, being consistent with the struc-
ture: J1 corresponds to syn±anti coordination in the out-of-
plane conformation. This geometry always gives a small fer-
romagnetic coupling, as has been experimentally proved in
many cases[18] and studied from a theoretical point of
view.[19] Apparently, J2 is the same case, but the smaller J
value is in accordance with the apical±basal coordination,
which, logically, always gives smaller values than a basal±
basal conformation. Finally, the apical±apical coupling
through the Cl� ion (J3) has to be small and antiferromag-
netic. In this attempt, any possible interaction between the
Cu12 entities or the possible molecular D parameter arising
from the final ground state (S = 6) are impossible to con-
sider.
The corresponding energy-level diagram has been derived


from the Clumag fit (Figure 7A). As can be clearly seen
from this diagram, the ™absolute∫ ground state would be S
= 0 (E = �18.1 eV), which is practically degenerate with
the states S = 1 (E = �18.0 eV), S = 2 (E = �17.7 eV),
or S = 3 (E = �17.4 eV). Therefore, there is a mixture in
the observed ground state in the magnetization curve meas-
ured at 2 K. This order of the states is mainly ascribed to


Scheme 3. Spin topology of 1.


Figure 7. A) Plot of the energy of the spin states, calculated with the
Clumag program (see text). Many of the energies are degenerate. B) Plot
of the reduced magnetization curve at 2 K (&), compared with hypotheti-
cal Brillouin laws for S = 5, 4, 3, to show that the experimental magneti-
zation does not follow the Brillouin equation.
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the J3 value, which is antiferromagnetic and almost of the
same order of magnitude as the predominant J1 ferromag-
netic coupling. If J3 was very slightly ferromagnetic, the
ground state would be S = 6, as calculated with the same
values of J1 and J2. For this reason, the reduced molar mag-
netization (M/Nb) at 2 K does not follow the Brillouin for-
mula for S = 5, 4, or 3 ground states (Figure 7B) at all. This
important deviation from the Brillouin law can be caused
either by antiferromagnetic coupling (J3) or by the presence
of some small ™molecular∫ D parameter for the S¼6 0 low-
lying states. These states derive from CuII ions, which do not
have single-ion zero-field splitting. Gatteschi et al. have
studied the ESR of several Cu4 complexes by adding to the
Zeeman term, the B4(O4


0+5O4
4) fourth-order cubic fine-


structure operators (B4 = 0.0044 cm�1).[20] This gives very
small jD j parameters, such as 0.04±0.09 cm�1. Even with
these small jD j values, the ESR spectra shown by Gatteschi
and co-workers are rather complicated and do not corre-
spond in any way to the simple spectrum obtained for com-
plex 1. This feature seems to indicate that the jD j parame-
ter in complex 1 must be close to 0.
A simulation was carried out with the general procedure


developed by Clemente et al. (MAGPACK program)[21] as-
suming an isotropic exchange for DCu4 (S = 2). Good math-
ematical results were obtained with the following parame-
ters: J1 = 6.5�0.2 cm�1; J2 = 0.1�0.02 cm�1; DCu4 = 4.5�
0.2 cm�1, g = 2.10. These values were used to simulate the
magnetization curve to compare them with the experimental
values (now for four Cu ions). The best simulation is ob-
tained with a low D value, �1.7 cm�1 (see Figure S3 in the
Supporting Information). Both calculated D values (from
susceptibility and magnetization measurements) are too
great for a polynuclear complex of CuII. Therefore, we can
deduce that these D values are probably theoretical ones,
without chemical sense. The susceptibility and magnetiza-
tion data must be interpreted by the presence of the antifer-
romagnetic J3 parameter. The ESR spectra seem to indicate
that DCu12 is zero or very close to zero.
Finally, as a complement of the first approach, we consid-


ered each Cu4 entity, by changing the J3 parameter (first ap-
proach) by J’ (molecular-field approximation) according to
the theory of intermolecular interactions stated by Kahn.[22]


With this hypothesis, the magnetic susceptibility can be
fitted to the equation given for four S = 1=2 spins in a C3v


geometry (only J1 and J2 parameters)[23] and introducing a
new J’ intertetramer parameter into the equation. A reason-
ably good fit can be obtained with the following parameters:
J1 = 7.22 cm�1, J2�0 cm�1, J3 (J’) = �0.16 cm�1, g = 2.10
and R = 1.0î10�5. In all cases, we considered the typical
TIP value: 60î10�6 cm3mol�1 for each isolated CuII ion.[22]


As a final conclusion for complex 1, the susceptibility and
magnetization curves can be explained by the presence of
the two phenomena: J3 or J’ due to Cu-Cl-Cu bridges rather
than a possible very small DCu12 (zero-field splitting of the
S¼6 0 low-lying states). The values obtained considering the
Cu12 entity (the most realistic from the structural point of
view) agree with the feature indicating the J1 value is always
the greatest (6±7 cm�1), but J2 is greater under the Cu12 con-
sideration (close to 1 cm�1) than under the other two consid-


erations (close to 0 cm�1). In any case, we can conclude that
J1 is dominant and ferromagnetic, J2 is small and ferromag-
netic, and J3 = J’ is small and antiferromagnetic.
Figure 8 shows the magnetic properties of 2 in the form of


cMT versus T plots (cM = the molar magnetic susceptibility
for twelve CuII ions, as indicated below for the model of fit).


The value of cMT at 300 K is 4.97 cm3mol�1K�1 which is as
expected for twelve magnetically quasi-isolated spin dou-
blets. The cMT values smoothly decrease from room temper-
ature to 50 K and then quickly decrease to
2.11 cm3mol�1K�1 at 2 K. At very low temperatures, this de-
creasing tendency is stopped (Figure 8, insert). The global
feature is characteristic of weak antiferromagnetic intramo-
lecular interactions.
As shown in the crystallographic section, complex 2 con-


sists of Cu6 entities linked together by an asymmetric Cu(m-
O)2Cu bridge to give a 1D system, in which two nonequiva-
lent Cu6 units exist. From the magnetic point of view, the
structural differences are so small that we can consider to
be negligible. Thus, two kinds of magnetic interactions must
be considered to interpret the magnetic properties of 2 : in-
tramolecular interactions (inside each Cu6 unit) and inter-
molecular interactions (between adjacent Cu6 units).


Intramolecular interactions: a) syn±anti carboxylato interac-
tions : This pathway exists between Cu3-Cu1-Cu3-Cu1 and
between Cu3-Cu2-Cu3-Cu2, which both share the Cu3 ions
(between Cu4-Cu6-Cu4-Cu6 and between Cu4-Cu5-Cu4-
Cu5 in another Cu6 unit, Scheme 4). Weak antiferromagnet-
ic or ferromagnetic interactions were observed in the CuII


complexes bridged by carboxylato ligands in the syn±anti
mode.[18b,d,24] The small overlap between the magnetic orbi-
tals of the CuII atoms through the syn±anti carboxylato


Figure 8. Temperature dependence of cMT (insert: low temperature
region) for 2. Experimental points ~ and the solid line that is obtained
by the fit indicated in the text.
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bridge, for a Cu-O-C-O-Cu skeleton that is planar, accounts
for the weak antiferromagnetic coupling observed. For ex-
ample, in [(dien)Cu(m-tp)Cu(dien)](ClO4) (tp = terephtha-
late, dien = diethylenetriamine) J = �3.66 cm�1;[25a] and in
[Cu(NH3)2(CH3COO)Br] J = �3.0 cm�1.[25b] This overlap is
significantly reduced for the cases in which the Cu-O-C-O-
Cu skeleton deviates from planarity (out-of-phase exchange
pathway, such as the J1 interaction in 1), thus reducing the
antiferromagnetic contribution, and the ferromagnetic term
becomes dominant.[18] In the case discussed here, the relative
orientation of the metal-centered magnetic orbitals within
the cluster is the planar conformation as shown in Scheme 5.


The magnetic orbitals at each copper atom are defined by
the short equatorial bonds, and are of the dx2�y2 type with
some possible mixture of the dz2 character in the axial posi-
tion. Thus it can be seen that the out-of-plane exchange
pathway is minimum, and consequently, antiferromagnetic
couplings would be predicted. Let us assume that according
to the experimental magnetic values and this hypothesis, the
coupling is antiferromagnetic. b) Cu1-Cl2-Cu2 (and Cu5-
Cl1-Cu6): The Cu1 and Cu2 (or Cu5 and Cu6) ions are
linked by a chloro bridge, but with long apical Cu�Cl bond
lengths (�2.5 ä). This feature creates a net J’ magnetic
pathway. The unpaired electrons in these CuII ions are
mainly in the magnetic orbital dx2�y2, thus the participation
in the dz2 will be minimal. The pathway Cu1-Cl-Cu2 would
be effective only if the dz2 is operative. Taking into account
the structure and the geometry around the Cu atoms (to-
gether with the ESR spectra), this J’ value must be very
small (antiferromagnetic or ferromagnetic). Scheme 4 shows


the resulting electron distribution and the ST value. Accord-
ing to this distribution (this is a new molecular ferrimagnetic
situation), the final ST is not zero but one (two unpaired
electrons). This feature explains why in the very low temper-
ature region the cMT values tend to 1 cm3mol�1K�1 (corre-
sponding to two correlated electrons) for a Cu6 unit
(Figure 8).


Intermolecular interactions : Finally, the intermolecular con-
nection, Jinter (Cu3-O7-O6-Cu4), must be considered. The
Cu3 and Cu4 ions participate in the linkage of the Cu6 enti-
ties to produce the 1D structure. The main bond lengths in
the bridge are: Cu4�O6 = 2.353, O6�Cu3 = 1.997,
Cu3�O7 = 2.327, and O7�Cu4 = 1.989 ä. There are, thus,
two long and two short bond lengths. The unpaired electrons
are mainly in the dx2�y2 orbitals, directed through the
Cu3�O6 and Cu4�O7 bonds. This apical±equatorial bond
gives orthogonality (overlap zero) of the magnetic orbitals,
hence the coupling must be zero or small ferromagnetic.
With these considerations, an attempt was made to fit the


cMT data, assuming two ideal Cu6 octahedra with parame-
ters J, J’, and Jinter, local S = 1=2 and g = 2.11 (according to
the ESR measurements), and using the Clumag program[17]


with the Hamiltonian H = �Ji�SiSj. The best-fit parameters
are J = �3.13 cm�1, J’ = �0.019 cm�1, Jinter = 0.010 cm�1,
and R = 1.3î10�6 (R is the agreement factor defined as
�i[(cmT)obs�(cmT)calcd]2/�i[(cmT)obs]2, TIP was assumed to be
60î10�6 cm3mol�1 per Cu atom). These values indicate that
the coupling between the CuII centers is slightly antiferro-
magnetic and of the same order as that found for similar
planar syn±anti carboxylato-bridged metal complexes. The J’
and Jinter values are mathematically correlated and almost
zero. The R value does not significantly change, assuming J’
or Jinter = 0. For example, making a fit with only a Cu6
entity (Jinter = 0), the best-fit parameters are J =


�3.13 cm�1 and J’ = �0.018 cm�1. The reduced molar mag-
netization (M/Nb) per Cu ion tends to 0.4 electrons instead
to 1 electron at 2 K when the field tends to 5 T. This feature
agrees with the antiferromagnetic coupling within the six
CuII ions (see Figure S4 in the Supporting Information).


Conclusion


In conclusion, the present work demonstrates successful ex-
amples of the self-assembly of two unique supramolecular
aggregates with tetrahedral or octahedral coordination poly-
hedra that uses an alkali-metal ion (Li+ or Na+) as a tem-
plate and well-designed carboxylic-functionalized diazame-
socyclic ligands. This also provides additional proof of the
extraordinary versatility and innumerable bridging possibili-
ties of carboxylic ligands and diazamesocycles and, conse-
quently, opens further perspectives for the experimentalists.
Finally, the procedures described here could be generally
applicable for analogous organic ligands and different metal
ions (or mixed-metal system such as Cu±Ln) in constructing
other magnetic clusters with unprecedented spin topologies
and desirable properties. This is currently being investigated
in our laboratory.


Scheme 4. Spin topology for 2 assuming three different J values.


Scheme 5.
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Experimental Section


Materials and general methods : With the exception of 1,5-diazacyclooc-
tane (DACO), which was synthesized according to a literature proce-
dure,[26] all of the starting materials and solvents were purchased and
used as received. FT-IR spectra (KBr pellets) were recorded on a FT-IR
170SX (Nicolet) spectrometer and electronic absorption spectra on a Hi-
tachi UV-3010 spectrometer. Carbon, hydrogen, and nitrogen analyses
were performed on a Perkin-Elmer240C analyzer. 1H NMR spectra were
recorded on a Bruker AC-P400 spectrometer (400 MHz) at 25 8C with
tetramethylsilane as the internal reference. ESR spectra were recorded
on powder samples at the X-band frequency with a Bruker300E auto-
matic spectrometer at temperatures between 4 and 300 K.


Magnetic studies : The variable-temperature (2-300 K) magnetic suscepti-
bilities were measured in ™Servei de MagnetoquÌmica (Universitat de
Barcelona)∫ on polycrystalline samples (�30 mg) with a Quantum
Design MPMS SQUID susceptometer operating with a magnetic field of
0.1 T. The diamagnetic corrections were evaluated from Pascal×s con-
stants for all the constituent atoms. Magnetization measurements were
carried out at low temperature (2 K) in the 0±5 T range.


Synthesis of the ligands N,N’-Bis(3-propionyloxy)-1,4-diazacycloheptane
hydrochloride hydrate (H2L


1¥HCl¥H2O): 3-Bromopropionic acid (7.45 g,
48.7 mmol) was added with vigorous stirring under reflux to a solution of
DACH (2.14 g, 21.4 mmol) in C2H5OH (150 mL). Suitable portions of
solid LiOH were added to keep the pH value of the mixture at �9
during this procedure. After stirring for 24 h, the mixture was filtered.
H2L


1¥HCl¥H2O was obtained as a white crystalline solid upon acidifica-
tion (adjusted with 6m HCl solution) and was recrystallized from H2O/
CH3OH in 80% yield (5.1 g, based on DACH). 1H NMR (400 MHz,
D2O): d = 2.17±2.19 (m, 2H), 2.62±2.67 (t, J = 8.8 Hz, 4H), 3.34±3.39 (t,
J = 8.8 Hz, 4H), 3.43±3.46 (t, J = 7.2 Hz, 4H), 3.676 ppm (s, 4H); FT-
IR (KBr pellet): ñ = 3430 b, 2963 m, 2619 m, 1968 w, 1720 vs, 1586 s,
1400 vs, 1334 m, 1231 s, 1107 m, 1038 w, 996 m, 938 w, 848 w, 810 w, 781 w,
732 m cm�1; elemental analysis calcd (%) for H2L


1¥HCl¥H2O
(C11H23ClN2O5): C 44.22, H 7.76, N 9.38; found: C 44.20, H 7.98, N 9.28.


1,5-Diazacyclooctane-N,N’-diacetate acid dihydrochloride (H2L
2¥2HCl):


A solution of DACO¥2HBr (2.31 g, 8.37 mmol) and LiOH (1.96 g,
44.4 mmol) in C2H5OH (30 mL) was stirred for 4 h at room temperature.
A solution of 2-chloroacetic acid (1.72 g, 18.3 mmol) in C2H5OH (30 mL)
was added dropwise over 3 h to the stirred solution. The mixture was
heated at reflux for 20 h at pH�9. The ligand H2L


2¥2HCl was obtained
as a white solid after acidification (pH�2, adjusted with 6m HCl solu-
tion) and recrystallization from H2O/CH3OH in 80% yield (2.1 g, based
on DACO¥2HBr). 1H NMR (400 MHz, D2O): 2.34±2.42 (m, 4H), 3.53 (t,
J = 6.0 Hz, 8H), 4.01 ppm (s, 4H); FT-IR (KBr pellet): ñ = 3416 b,
2966 m, 2931 w, 1747 vs, 1478 m, 1461 m, 1427 s, 1378 s, 1354 m, 1223 vs,
1200 s, 1107 s, 1091 m, 1049 m, 851 m, 833 m, 794 w cm�1; elemental anal-
ysis calcd (%) for H2L


2¥2HCl (C10H20Cl2N2O4): C 39.62, H 6.65, N 9.24;
found: C 39.47, H 6.98, N 9.03.


Preparation of the CuII complexes {(m3-Cl)[Li�Cu4(m-L1)3]3}(ClO4)8-
(H2O)4.5 (1): [Cu(ClO4)2]¥6H2O (167 mg, 0.45 mmol) and H2L


1¥HCl¥H2O
(99 mg, 0.33 mmol) were allowed to react in MeOH/H2O (20 mL:5 mL)
at room temperature. The pH value of this solution was adjusted to �4
with dilute aqueous LiOH solution. The reaction mixture was filtered
and left in a vacuum. Dark blue crystals were obtained after two weeks
by slow evaporation of the solvent in �50% yield (72 mg). IR (KBr
pellet): ñ = 3431 b, 2957 w, 2872 w, 1608 vs, 1577 vs, 1485 m, 1456 s,
1432 s, 1406 vs, 1336 m, 1299 w, 1259 w, 1217 w, 1096 vs, 1021 vs, 936 w,
883 m, 853 w, 750 m, 712 w, 624 s cm�1; elemental analysis calcd (%) for 1
(C99H177Cl9Cu12N18Li3O75.5): C 30.26, H 4.54, N 4.99; found: C 30.19, H
4.89, N 4.67.


{[Na2�Cu12(m-L2)8(m-Cl)4](ClO4)8(H2O)10(H3O
+)2}¥ (2): [Cu(ClO4)2]¥6 -


H2O (113 mg, 0.3 mmol) and H2L
2¥2HCl (60 mg, 0.2 mmol) were allowed


to react in MeOH/H2O (15 mL: 5 mL) at room temperature. The pH
value of this solution was adjusted to �4±5 with dilute aqueous NaOH
solution. The reaction mixture was filtered and left in a vacuum. Dark
blue crystals were obtained after one month by slow evaporation of the
solvent in �55% yield (52 mg). IR (KBr pellet): ñ = 3450 b, 2940 w,
1647 vs, 1612 vs, 1448 m, 1418 s, 1381 m, 1332 m, 1254 m, 1227 w, 1142 vs,
1114 vs, 1089 vs, 1046 m, 1000 m, 974 m, 956 w, 940 w, 844 w, 823 w, 782 w,


724 m, 636 s, 627 s cm�1; elemental analysis calcd (%) for 2
(C80H154Cl12Cu12N16Na2O76): C 25.35, H 4.10, N 5.91; found: C 25.69, H
4.22, N 5.77.


CAUTION! Perchlorate complexes of metal ions in the presence of or-
ganic ligands are potentially explosive. Only a small amount of material
should be handled with care.


X-ray data collection and structure determinations : X-ray single-crystal
diffraction data for complexes 1 and 2 were collected on a Bruker
Smart1000 CCD area-detector diffractometer at 293(2) K with MoKa ra-
diation (l = 0.71073 ä) in the w scan mode. The program SAINT[27] was
used to integrate the diffraction profiles. All the structures were solved
by direct methods with the SHELXS program of the SHELXTL package
and refined by full-matrix least-squares methods with SHELXL (semiem-
pirical absorption corrections were applied with the SADABS pro-
gram).[28] CuII atoms in each complex were located from the E maps and
the other non-hydrogen atoms were located in successive difference-
Fourier syntheses and refined with anisotropic thermal parameters on F2.
The hydrogen atoms of the ligands were generated theoretically onto the
specific atoms and refined isotropically with fixed thermal factors. Fur-
ther details for structural analysis are summarized in Table 3.


CCDC-204894 and CCDC-213111 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via


www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.uk).
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Table 3. Crystal data and structure refinement parameters for complexes
1 and 2.


1 2


chemical formula C99H177Cl9Cu12N18Li3O75.5 C80H154Cl12Cu12N16Na2O76


Mr 3929.94 3790.05
crystal system trigonal triclinic
space group R3≈c P1≈


a [ä] 20.866(3) 13.632(4)
b [ä] 20.866(3) 14.754(4)
c [ä] 126.26(4) 19.517(6)
a [8] 90 99.836(6)
b [8] 90 95.793(5)
g [8] 120 116.124(5)
V [ä3] 47607(18) 3403(2)
Z 12 1
1calcd [gcm


�3] 1.645 1.849
F(000) 24132 1928
m [cm�1] 18.23 21.84
measured reflec-
tions


62616 17692


independent reflec-
tions


9255 13155


Rint 0.1491 0.0429
S 0.998 0.999
R[a] 0.0767 0.0620
Rw


[b] 0.1880 0.1142


[a] R = � j jFo j� jFc j j /� jFo j . [b] Rw = [�[w(F2o�F2c)2]/sw(F2o)2]
1=2 .
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Magneto-Structural Characterization of Metallocene-Bridged Nitronyl
Nitroxide Diradicals by X-Ray, Magnetic Measurements, Solid-state NMR
Spectroscopy, and Ab Initio Calculations


Christian Sporer,[b] Henrike Heise,[c] Klaus Wurst,[b] Daniel Ruiz-Molina,[a]


Holger Kopacka,[b] Peter Jaitner,*[b] Frank Kˆhler,*[c] Juan J. Novoa,*[d] and
Jaume Veciana*[a]


Introduction


The search for ferromagnetic couplers with the aim of ob-
taining high-spin organic compounds has attracted great in-
terest.[1] One of the potential candidates to realize such
high-spin macromolecules is the m-phenylene coupler,
which has been successfully demonstrated to ferromagneti-
cally couple carbenes[2] as well as triarylmethyl,[3] nitrogen-
centered,[4] and nitroxide radicals.[5] The main limitation on
increasing the number of aligned spins with m-phenylene
couplers comes from spin defects and/or bond distortions,
mostly due to steric congestion, which have been shown to
affect exchange coupling in organic polyradicals.[6] To over-
come such problems, other approaches have been used such
as the use of p-conjugated linear polymers bearing pendant
radical groups[7] or the use of diamagnetic metal ions as fer-
romagnetic couplers.[8]


Metallocenes are excellent candidates for promoting mag-
netic interactions between pure organic radicals, not only
because of their rich chemistry but also because they are
electroactive species whose oxidation state can be controlled
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Abstract: Crystallization of ferrocene
and ruthenocene substituted in the 1-
and 1’-positions by two nitronyl nitro-
xide radicals gave the new crystal
phases b-1 (besides the known phase
a-1), a-2, and b-2 whose structures
were determined by X-ray analysis. In
b-1 the radical moieties adopt transoid
positions, whereas two different cisoid
conformations are adopted by a-2 and
b-2. These conformations result from
inter- and intramolecular hydrogen
bonds, respectively. All compounds ex-
perience antiferromagnetic interac-
tions, and J/kB values up to �7 K have
been found by fitting the experimental


magnetic susceptibilities to a modified
Bleaney±Bowers equation. The solid
diradicals a-1, b-1, a-2, and b-2 as well
as the ferrocene 3, which was substitut-
ed by a unique nitronyl nitroxide, were
investigated by 13C and 1H NMR spec-
troscopy with magic angle spinning.
The carbon signals cover a range of
2000 ppm, and are well resolved such
that the structure could be confirmed.


Conversion of the signal shifts into spin
densities disclosed the mechanisms by
which spin delocalization from the ni-
tronyl nitroxide substituents to the
metallocene core occurs. The spin den-
sity distribution in a-1, b-1, and 3 was
also predicted by DFT calculations.
There is good agreement between the
experimental and theoretical trends of
the spin delocalization. The magnetic
interactions were discussed in the light
of intramolecular spin transfer and its
dependence on geometric constraints,
demonstrating that the 1,1’-metalloce-
nylene bridge is not a robust magnetic
coupler.


Keywords: antiferromagnetic
interactions ¥ diradicals ¥
metallocenes ¥ NMR spectroscopy ¥
X-ray analysis


Chem. Eur. J. 2004, 10, 1355 ± 1365 DOI: 10.1002/chem.200305349 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1355


FULL PAPER







chemically and electrochemically, and, most often, the cati-
onic oxidation products are open-shell compounds. Howev-
er, although such complexes have been successfully used as
building blocks for molecular solids that promote intermo-
lecular magnetic exchange interactions,[9] their use as intra-
molecular magnetic couplers is unprecedented. Recently, we
reported a novel family of compounds consisting of two
purely organic radicals connected by a 1,1’-metallocenylene
bridge. The particular structure of the ferrocene-bridged
perchlorotriphenylmethyl diradical A allows a non-negligi-


ble spin density on the ferrocene moiety, making the ferro-
magnetic coupling between the two organic radical units
feasible.[10] Moreover, the location of both radical units far
away from each other avoids any possibility of having
intramolecular hydrogen bond interactions and, conse-
quently, a significant direct through-space magnetic interac-
tion.


The synthesis and properties of metallocene-substituted
nitronyl nitroxide diradicals 1 and 2 were also previously de-
scribed, although the role of the metallocene unit as a mag-


netic coupler in these compounds was not clearly establish-
ed.[11] In that study, the spin density on the metallocene
units linked to the a-carbon atom of the nitronyl nitroxide
radicals was found to be very small. This was because the
singly occupied molecular orbital (SOMO) of each nitronyl
nitroxide subunit has a node at the a-carbon atom and,
therefore, spin density on the metallocene is induced by spin
polarization rather than being transmitted directly. More-
over, the X-ray structure found for compound 1, which from
now on will be referred to as the a phase, a-1, showed that


the two substituents on the cyclopentadienyl (Cp) rings
adopt a cisoid conformation instead of the transoid confor-
mation that would be expected for 1,1’-disubstituted metal-
locenes bearing conjugated substituents.[12] The cisoid con-
formation is caused by the formation of an intramolecular
hydrogen bond between one methyl group of a radical subu-
nit and one of the two N�O groups of the other radical sub-
unit. Such a cisoid conformation enables through-space
magnetic interaction between the two radical subunits along
with the classical spin polarization mechanism through the s


bonds of the metallocene unit. Similar results were found
for diradical b-2,[11] which was crystallized from Et2O/n-
hexane, although at that time no crystals suitable for X-ray
structure analysis were obtained.


For the above-mentioned reasons, and to fully understand
the role of the metallocene unit as a magnetic coupler in
metallocene-bridged nitronyl nitroxide diradicals, additional
studies were highly desirable. The interest in such studies
has increased because metallocene-bridged nitronyl nitro-
xide diradicals have been used successfully as multicoordi-
nating ligands to obtain transition-metal complexes with un-
conventional magnetic behavior.[13] In the present work, a
comprehensive magneto-structural study of different poly-
morphic forms of the diradicals 1 and 2 by means of X-ray
analysis, magnetic measurements, solid-state NMR spectros-
copy, and ab initio calculations is reported.


Results and Discussion


Solid-state structures : Crystallization of compound 1 from
MeOH afforded the new crystal phase b-1, which crystallizes
in the monoclinic P21/n space group. The structure together
with the crystal packing of diradical b-1 are shown in
Figure 1. General crystallographic data are summarized in
Table 1, and selected bond lengths and angles are given in
Table 2.


The relevant conformational features of b-1 are: a) the
asymmetric unit consists of half a molecule with the iron
atom located at an inversion center, b) the average Fe�C
(2.048 ä) and the Fe�Cp (1.676 ä) lengths are those expect-
ed for a substituted ferrocene, and c) the imidazoline rings
are twisted relative to their adjacent Cp rings with a dihe-
dral angle between the mean planes of both rings of f=


+13.48 and �13.48. The opposite signs of both angles are
due to the inversion center.


However, the most important feature in the structure of
b-1 is the lack of intramolecular hydrogen bonds that would
force the molecule to adopt a cisoid conformation, as previ-
ously observed for the a-1 phase.[11] On the contrary, the
two Cp rings adopt a transoid conformation characteristic of
1,1’-disubstituted metallocenes bearing conjugated substitu-
ents. Therefore, the crystal packing of diradical b-1 seems to
be determined by weak intermolecular C�H¥¥¥O�N hydro-
gen bonds.[14] The molecules are actually paired and form
chains by means of two complementary C�H¥¥¥O�N bonds
between one methyl group of one radical subunit and one of
the two N�O groups of the other. The chains are also linked
by additional weak C�H¥¥¥O�N hydrogen bonds.
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The a-phase of compound 2, a-2, crystallizes from MeOH
in the P space group. The molecular structure together with
the crystal packing of diradical a-2 are shown in Figure 2.
General crystallographic data are summarized in Table 1
and selected bond lengths and angles are given in Table 3.


Two main conformational features should be emphasized.
First, the twist angles between the imidazoline and Cp rings
are f=�11.58 and �12.68 and, second, the two substituents
on the Cp rings adopt a cisoid conformation, as previously
observed for a-1, also due to the formation of an intramo-
lecular hydrogen bond between one methyl group of one
radical subunit and one of the two N�O groups of the other,
[H(C(4A))¥¥¥O(3)�N(6); d(H(C(4A))¥¥¥O(3))=2.60 ä]. The
cisoid conformation adopted by this radical means that
oxygen atoms O2 and O3 are separated by 4.34 ä. The crys-
tal packing of diradical a-2 seems to be determined by the
arrangement of the molecules forming chains along the b-
axis because of weak hydrogen bonds between the radical
oxygen O4 and both methyl groups on the C5 atom
[d(H(C(5A’))¥¥¥O(4))=2.49 ä and d(H(C(5E’))¥¥¥O(4))=


2.43 ä] of neighboring diradicals. Only weak hydrogen
bonds exist between molecules of a given chain and/or adja-
cent chains. There are further short intermolecular contacts
between different radical units [d(O(3)¥¥¥O(3’))=4.13 ä and
d(O(1)¥¥¥O(3’))=4.04 ä]. The low symmetry of the molecule
is associated with one imidazoline ring being puckered,
while the other is flat. This is discussed further in the NMR
section.


The b-phase of compound 2 crystallizes from Et2O/n-
hexane in the chiral P3121 space group. The asymmetric unit
consists of half a molecule with the ruthenium atom located
on a twofold rotation axis, thus both radical subunits have
equal bond lengths and angles. The molecular structure to-
gether with the crystal packing of diradical b-2 are shown in
Figure 3. General crystallographic data are summarized in
Table 1, and selected bond lengths and angles are given in
Table 4.


In the case of b-2, the twist angle between the imidazoline
and the Cp rings is f= ++0.88. Moreover, the relative ar-
rangement of the two substituents on the Cp rings also
adopts a cisoid conformation due to the formation of intra-
molecular hydrogen bonds between one methyl group of


Figure 1. a) Molecular conformation and atomic numbering scheme of
b-1 in the crystal. b) View of the crystal packing of b-1.


Figure 2. a) Molecular conformation and atomic numbering scheme of
a-2 in the crystal. b) View of the crystal packing of a-2.
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one radical subunit and one of the two N�O groups of the
other [H(C5AA)¥¥¥O(2)�N(3); d(O(2)¥¥¥H(C5AA)=2.47 ä],
resulting in short distances between the two radical oxygen
atoms O(2) and O(2A) of 3.43 ä. Intermolecular hydrogen
bonds between hydrogen atoms of both Cp rings and both
radical subunits of adjacent molecules lead to a helical chain
structure along the c axis, where single molecules are twisted
by 1208 relative to each other [d(H(C(3’)¥¥¥O(1))=
d(H(C(3’)¥¥¥O(1’))=2.46 ä]. The shortest contacts between
radical subunits of different molecules are between adjacent
chains [d(O(2)�N(1’))=4.80 ä].


Solid-state magnetic properties : Variable-temperature mag-
netic susceptibility data of compounds a-1, b-1, a-2, and b-2


were measured on a SQUID
susceptometer over the temper-
ature range 2±300 K with an ap-
plied external field of 1 kG. As
an example, the cT versus T
plot of compound a-2 and the
corresponding fit of the experi-
mental data to the modified
Bleaney±Bowers equation,
which describes the magnetic
behavior of a dimer of radicals
that interact weakly with its
neighbors, are depicted in
Figure 4.


At high temperatures (100±
300 K) compounds a-1, b-1, a-
2, and b-2 exhibit a constant
value of cT of 0.75, 0.76, 0.74,
and 0.75 emuKmol�1, respec-
tively, which in each case is
close to the expected value for
two uncorrelated electrons. By
contrast, at low temperatures,
the value of cT decreases in all
four cases, suggesting that the
dominant magnetic interactions
are antiferromagnetic. Table 5
shows the intramolecular (intra-
dimer) magnetic exchange cou-
pling constants, J1/kB, and the
intermolecular (interdimer)
magnetic exchange coupling
constant, J2/kB, values obtained
from fitting the data to the
Bleaney±Bowers equation (H=


�2 JS1¥S2) shown in Equa-
tion (1), modified to take into
account weak intermolecular in-
teractions in the molecular field
approximation by Equa-
tion (2),[15] where c is the exper-
imental molar paramagnetic
susceptibility, cdimer the molar
paramagnetic susceptibility ex-
pected for magnetically isolated


dimers, T the temperature, kB the Boltzman constant, and z
the number of neighboring dimers that interact magnetically
with each dimer. The resulting intramolecular exchange con-
stants show that the ground states of all compounds are sin-
glets with thermally accessible triplet states.


cdimer ¼
0:5


T
�
1þ 1


3 exp
�


�2J1
kBT


��
ð1Þ


cT ¼ cdimerT


1�
�


4zJ2
3kB


�
cdimer


ð2Þ


Table 1. Crystal data and structure refinements for b-1, a-2, and b-2.


b-1 a-2 b-2


molecular formula C24H32FeN4O4 C24H32N4O4Ru C24H32N4O4Ru
formula weight 496.39 541.61 541.61
radiation MoKa (l=0.71073 ä) MoKa (l=0.71073 ä) MoKa (l=0.71073 ä)
crystal system monoclinic triclinic trigonal
space group P21/n P1≈ P3121
a [ä] 7.074(1) 10.179(2) 12.546(6)
b [ä] 16.806(2) 11.081(2) 12.546(6)
c [ä] 9.867(2) 12.876(2) 13.757(7)
a [8] 90 107.33(1) 90
b [8] 94.71(1) 100.59(1) 90
g [8] 90 112.69(1) 120
V [ä3] 1169.1(3) 1203.3(4) 1875.3(16)
Z 2 2 3
temperature [K] 213(2) 218(2) 213(2)
1calcd [gcm


�3] 1.410 1.495 1.439
m [mm�1] 0.683 0.689 0.663
F(000) 524 560 840
color, habit green plate blue plate blue plate
crystal size [mm3] 0.9î0.4î0.1 0.3î0.2î0.16 0.25î0.25î0.15
q, range [8] 3.13±23.50 2.84±23.50 3.25±24.49
reflections collected 2089 3730 2821
independent reflections 1718 [Rint=0.0244] 3504 [Rint=0.0201] 1585 [Rint=0.0255]
reflections I>2s(I) 1468 3179 1482
goodness-of-fit on F2 1.058 1.029 1.027
final R indices [I>2 s(I)]
R1 0.0282 0.0261 0.0248
wR2 0.0664 0.0613 0.0578
R indices (all data)
R1 0.0372 0.0311 0.0289
wR2 0.0727 0.0638 0.0593
extinction coefficient 0.0113(17) 0.0076(6)
largest diff. peak and hole [eä�3] 0.281 and �0.238 0.330 and �0.346 0.312 and �0.379
absolute structure parameter (Flack) �0.03(5)


Table 2. Selected bond lengths [ä], angles [8], and intermolecular contacts for b-1.


O(1)�N(1) 1.280(2) torsion Cp-Cp: 1808
O(2)�N(3) 1.284(2) dihedral twist angle f Cp-ONCNO: + /�13.48
N(1)�C(2) 1.351(3) torsion angle ONCNO-CMe2-CMe2: �/+188
N(3)�C(2) 1.345(3) O(1)�O(2A); O(2)�O(1A): 6.84 ä
C(1’)�C(2) 1.446(3) intermolecular contacts:
O(1)-N(1)-C(2) 126.0(2) O(1)�H(C5E’); O(1’)�H(C5E): 2.52 ä
O(2)-N(3)-C(2) 126.3(2) O(1)�C(5E’); O(1’)�C(5E): 3.45 ä
N(1)-C(2)-N(3) 108.8(2) (1)�O(1)’: 3.98 ä
N(1)-C(2)-C(1’) 125.2(2) N(1)-O(1)-O(1’); N(1’)-O(1’)-O(1): 1048
N(3)-C(2)-C(1’) 126.0(2)
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This result is particularly interesting in the case of b-1,
since the fit of the paramagnetic susceptibility data to Equa-
tion (2) yields a J1/kB value of �5.6 K, although in this dirad-
ical there is no direct through-space interaction between the
two radical units thanks to its transoid conformation. There-
fore, in b-1 the intramolecular antiferromagnetic interaction
must take place exclusively through the skeleton by a spin
polarization mechanism. This result is in contrast with that
obtained previously for the ferrocene-bridged perchlorotri-
phenylmethyl diradical A, which also has a transoid confor-
mation but exhibits an intramolecular ferromagnetic cou-


Table 3. Selected bond lengths [ä], angles [8], and intermolecular con-
tacts for a-2.


O(1)�N(1) 1.281(3) O(2)�N(3) 1.283(3)
O(3)�N(6) 1.281(3) O(4)�N(8) 1.275(3)
N(1)�C(2) 1.346(4) N(3)�C(2) 1.345(4)
N(6)�C(7) 1.345(4) N(8)�C(7) 1.346(4)
C(1’)�C(2) 1.448(4) C(6’)�C(7) 1.455(4)
O(1)-N(1)-C(2) 125.8(2) O(2)-N(3)-C(2) 125.8(2)
O(3)-N(6)-C(7) 126.1(2) O(4)-N(8)-C(7) 126.4(2)
N(1)-C(2)-N(2) 108.8(2) N(1)-C(2)-C(1’) 125.0(2)
N(3)-C(2)-C(1’) 126.2(3) N(6)-C(7)-N(8) 108.6(2)
N(6)-C(7)-C(6’) 126.5(2) N(8)-C(7)-C(6’) 125.0(2)
torsion Cp�Cp: 708
dihedral twist angle f Cp-O(1)NCNO(2): �11.58
torsion angle O(1)NCNO(2)�CMe2�CMe2: +7.28
dihedral twist angle f


Cp�O(3)NCNO(4): �12.68
torsion angle O(3)NCNO(4)�CMe2�CMe2: �15.18
O(3)�H(C4A): 2.60 ä; O(3)�C(4A): 3.40 ä
O(2)�O(3): 4.34 ä
intermolecular contacts :
O(4)�H(C5A’): 2.49 ä; O(4)�C(5A’): 3.31 ä;
O(4)�H(C5E’): 2.43 ä; O(4)�C(5E’): 3.22 ä
O3�O3’: 4.13 ä; O1�O3’: 4.04 ä


Figure 3. a) Molecular conformation and atomic numbering scheme of
b-2 in the crystal. b) View of the crystal packing of b-2. c) View of the 31
helical chain structure along the c axis.


Table 4. Selected bond lengths [ä], angles [8], and intermolecular con-
tacts for b-2.


O(1)�N(1) 1.284(4) O(2)�N(3) 1.284(4)
N(1)�C(2) 1.358(4) N(3)�C(2) 1.344(5)
C(1’)�C(2) 1.455(5) O(1)-N(1)-C(2) 125.9(3)
O(2)-N(3)-C(2) 126.1(3) N(1)-C(2)-N(3) 108.1(3)
N(1)-C(2)-C(1’) 125.6(3) N(3)-C(2)-C(1’) 126.3(3)
torsion Cp-Cp: 578
dihedral twist angle f Cp-ONCNO: +0.88
torsion angle ONCNO�CMe2�CMe2: �17.48
O2�H(C5AA): 2.47 ä; O2�C5AA: 3.43 ä
O2�O2A: 3.88 ä
intrachain contacts :
O1�O1’: 5.45 ä
O1�H(C3’’); O1’�H(C3’): 2.46 ä
interchain contacts O2-N1’: 4.80 ä


Table 5. Summary of intra- (J1/kB) and intermolecular (J2/kB) interactions
(in K) obtained by fitting the magnetic susceptibility data to Equation (2)
that describes the magnetic behavior of diradicals taking into account in-
termolecular interactions of each dimer with z neighboring dimers in the
molecular field approximation.


J1/kB z¥J2/kB


a-1 �2.5 �2.5
b-1 �5.6 �2.5
a-2 �2.5 �4.0
b-2 �7.0 �4.0


Figure 4. Temperature dependence of the product of molar paramagnetic
susceptibility, c, and temperature, T, of phase a-2. The solid line repre-
sents the fit of experimental data to Equation (2) (see text).
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pling. This fact is a clear indication that the nature and top-
ology of radical units play a key role in the transmission of
the magnetic coupling through the metallocene coupler.
Thus, the observed differences in the intramolecular mag-
netic interactions of b-1 and the diradical A originate from
two main sources. First, only little spin density is located on
the metallocene unit of diradical b-1, because the relevant
MO has a node at carbon 2 of the nitronyl nitroxide radi-
cals, while this does not apply for the ferrocene-bridged per-
chlorotriphenylmethyl diradical. Second, the twist angles are
f=++13.48 and �13.48, which may change the magnetic
ground state from triplet to singlet (see below). From the
above considerations it can be concluded that the 1,1’-metal-
locenylene bridge can act as a ferromagnetic coupler when
radical units with proper topologies are connected to them.
Nevertheless, this bridge is not a robust magnetic coupler
since small distortions or improper topologies may revert
the metallocene to the expected spin multiplicity of its
ground states.


Another noteworthy result is the different intramolecular
antiferromagnetic interactions of the two phases of the ruth-
enocene-bridged diradicals 2. For b-2 it is almost three times
larger than for a-2 (Table 5). This must be ascribed to the
different conformations found by X-ray analysis (Figure 2
and 3). It substantiates previous results on the ferrocene-
bridged diradical a-1, for which the interaction in frozen sol-
ution is almost twelve times larger than in the crystal, a fact
that had been attributed tentatively to conformational
changes.[11]


How do conformational changes affect intramolecular
magnetic exchange interactions in metallocene-based nitron-
yl nitroxide diradicals? Considering that the magnetic inter-
action in compounds 1 and 2 can take place either by a clas-
sical spin polarization mechanism across the Cp rings and
the metal of the metallocene unit, or by a through-space in-
teraction between the two radical units, or by a combination
of both mechanisms, two main conformational features may
play a critical role in the intramolecular magnetic interac-
tions. These are: 1) the twist angle f between the imidazo-
line radical and its adjacent Cp ring and 2) the relative posi-
tion of the two ONCNO fragments of the diradical, where
most of the spin density is located. Concerning the first of
these, variations of f may be reflected in the strength of the
intramolecular magnetic exchange coupling simply by dis-
turbing the spin polarization mechanism. In fact, f has been
shown to dramatically affect exchange couplings in organic
diradicals;[6] according to ab initio calculations on m-phenyl-
ene coupled diradicals, a large f between the radical-bear-
ing groups and the central phenyl ring may switch off conju-
gation and hence decrease the strength of the magnetic in-
teraction and even reverse the magnetic ground state from
triplet to singlet.[6a] Such structure±property relationships
have been observed experimentally for m-phenylene-type[16]


and trimethylenemethane-type diradicals.[17] Keeping the
above considerations in mind, compounds a-2 and b-2 were
analyzed. Thus, in a-2, the twist angles between the imidazo-
line and Cp rings are f=�118 and �128, whereas in b-2
both angles f are close to zero, thereby promoting a stron-
ger magnetic exchange interaction between the radical units.


The second contribution to the large discrepancy of the J1/
kB values found for compounds a-2 and b-2 are different
N�O¥¥¥O�N contacts, expected to be most important for a
through-space interaction between the two radical units. The
analysis of the geometry showed that the O¥¥¥O length for a-
2 is 4.34 ä, whereas the same length for b-2 is only 3.88 ä.
Although the presence of short N�O¥¥¥O�N contacts is not
unequivocally indicative of dominant antiferromagnetic in-
teractions,[18] the shorter O¥¥¥O length of b-2 points to a
more efficient through-space interaction between the two
radical units.


Solid-state NMR spectroscopy and spin densities : 13C and
1H MAS NMR spectra were obtained for the compounds a-
1, b-1, a-2, b-2, and 3. A particularly well-resolved example
is reproduced in Figure 5. It shows two sets of carbon sig-


nals, one for each of the crystallographically different subu-
nits of a-1. The shift ranges of the signals of the magnetical-
ly active nuclei correspond to what has been found previous-
ly.[19] Thus, the signals of methyl groups in axial position of
the puckered imidazole ring appear at d=1000±1200 ppm
and those of the equatorial methyl groups at d=350±
650 ppm, while the ring carbon signals of the nitronyl nitro-
xide core appear between d=�600 and �800 ppm. The
bridging ferrocene of a-1 displays carbon signals whose
shifts are similar to those of various phenyl groups bonded
to C2 of the nitronyl nitroxide.[18] The signals of C1’ and C6’
fall into the shift range of equatorial methyl carbon atoms.
Yet they can be identified by their line widths, which are
smaller than those of the adjacent signals, because C1’ and
C6’ are more remote from the NO spin sources, and thus di-
polar relaxation is less efficient. Some carbon signals of fer-
rocene were hidden under the background signal of the


Figure 5. 13C MAS NMR spectrum of a-1 (309.6 K, spinning rate
15 kHz). Asterisks: spinning sidebands; B: probe head signal; inset: ex-
panded range after background suppression. For more detailed signal as-
signment see text.
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probe head; they were disclosed by background suppression
(Figure 5, inset).


The more detailed signal assignment relies on the distri-
bution of the unpaired spin density in the molecule, because
the NMR contact shift, dcon


T , at the temperature T is propor-
tional to the spin density, 1(N), at the nucleus N [Eq. (3)]
,[20] where m0 is the vacuum permeability, gav the mean g
factor, mB the Bohr magneton, a0 the Bohr radius, S the elec-
tron spin quantum number and 1(N) is obtained in atomic
units.


1ðNÞ ¼ 9kBT
m0g


an
2 m


B
2 a0ðSþ 1Þ


dT
con ð3Þ


The experimental signal shifts are converted into para-
magnetic shifts, dTpara, as described in the Experimental Sec-
tion. In general, dTpara values are composed of contact and di-
polar shift contributions. However, as the g-factor anisotro-
py of organic radicals is small, the dipolar shifts are negligi-
ble in this case and one can approximate dTpara~d


T
con.


Qualitatively, there are two
pathways for releasing spin
density from a p-faced spin
source into a conjugated Cp
ligand (Figure 6a). When the
spin source Y is bonded directly
to Cp, a large amount of spin
will be transferred to C2’/5’ and
little to C1’ and C3’/4’. Hence,
we expect large positive signal
shifts for C2’/5’ and negative
signal shifts (induced by polari-
zation) for C1’ and C3’/4’. This
is true where Y is a paramag-
netic transition-metal fragment,
and is the case for the diradical
A.[21] By contrast, when the spin
source Y is separated from Cp
by a nucleus X as in Figure 6b,
the signs of the signal shifts are
inverted. The latter case applies
for the nitronyl nitroxide deriv-
atives of this work where X is
the C2 (or C6) of the nitronyl
nitroxide to which two spin
sources (the NO groups) are
bonded. As will be shown
below, there is generally little
spin density on C3’/4’, and,
therefore, its sign may switch
from positive to negative. On
this basis the pairs C2’/5’ and C7’/10’ have been distinguish-
ed from C3’/4’ and C8’/9’, respectively.


The signals of the two Cp rings of a-1 can be distinguish-
ed in the crystal structure:[11] The twist angle, f (see Fig-
ure 6b), between the nitronyl nitroxide and the Cp rings of
one subunit is 78, while for the second one it is 248. As
shown in substituted m-phenylene diradicals,[16] a smaller
twist angle entails better conjugation and hence more spin


density is induced in the Cp ring. Therefore, of the two sig-
nals near d=600 ppm, the more shifted one is assigned to
the ligand with f=78. The same applies to all other Cp
carbon resonance, while the distinction of C2’ and 5’, C3’
and 4’, Ca4ax and 5ax, Ca4eq and 5eq as well as similar pairs
follows the spin densities obtained from DFT calculations
(see below). Table 6 collects the 13C contact shifts of a-1 as
well as those of all other compounds.


Other remarkable features emerge in the 13C MAS NMR
spectrum of the ruthenium derivative a-2 (Figure 7). There
is only one set of signals for the Cp rings of the different
subunits which is in accord with the almost equal twist
angles (f=�118 and �128) of the Cps relative to the nitron-
yl nitroxide moieties. However, for the latter there are two
sets of signals, and the signals of two out of four equatorial
methyl groups have unusually large shifts (about d=


Figure 6. Qualitative MO results after attaching p-faced spin sources Y
to cyclopentadienyl separated by a) one bond, b) two bonds by means of
nucleus X.


Table 6. 13C and 1H MAS NMR contact shifts[a] of metallocenes substituted by a-nitronyl nitroxides.


Nucleus and position[b] a-1 b-1 a-2 b-2 3


Ca4ax 1150 1268 1004 1069[d] 1121
Ca5ax 1103 1181 1004 1158[d] 1121
Ca4eq 647 396 803[d] 424[d] 551
Ca5eq 615 380 861[d] 399[d] 502
C4 �722 �627 �816 �656 �708
C5 �722 �612 �816 �600 �708
C1’ 507.6 535.1 461.6 465.6 440.4
C2’ �246.3 �157.1 �176.7 �156.7 �149.9
C3’ �14.6 �12.2 �22.5 �8.0 �38.4
C4’ 38.8 2.9 20.9 107.3 63.1
C5’ �222.6 �119.8 �176.5 �156.7 �100.3
C5H5 27.5
Ca9ax 1070 1014[c][d]


Ca10ax 1027 1045[d]


Ca9eq 471 601[d]


Ca10eq 448 564[d]


C9 �624 �638[e]


C10 �694 �716[e]


C6’ 486.2 461.6
C7’ �200.5 �176.7
C8’ 38.8 �22.5
C9’ �24.6 20.9
C10’ �147.0 �176.5
Hb4,5,9,10ax �16.8 �13.8 �17.0 �16.8 �16.6
Hb4,5,9,10eq �14.1 �13.8 �17.0 �12.3 �11.5
Ha2’, 5’, 7’, 10’ 14.6 16.3 18.0 19.3 13.7
Ha3’, 4’, 8’, 9’ �3.5 �0.1 �0.2 2.9 �3.4
C5H5 1.3


[a] Paramagnetic shifts d at 298 K. [b] For numbering see Figures 5±7. [c] Shoulder of the signal at d=


1004 ppm. [d] Distinction of the pairs of Caax and of Caeq follows from Equation. (2) as described in the text
and listed in Table SI1 in the Supporting Information. [e] Distinction between C9/10 not clear.
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800 ppm), whereas the two remaining ones stay in the
known range at about d=600 ppm. It follows that the two
nitronyl nitroxide moieties must be rather different and that
two equatorial methyl groups must interact more efficiently
with the spin-containing p orbital at the adjacent nitrogen
atom than the others. This interaction is known as hypercon-
jugation and may be described empirically by Equation (4),
where d0 and B are constants and q is the dihedral angle be-
tween a C�CH3 bond and the direction of the p orbital of
the adjacent nitrogen atom.


dcon ¼ d0 þ Bcos2q ð4Þ


The p orbital can be approximated by the normal to the
plane, which contains that nitrogen atom (Table S1 in the
Supporting Information). The large signal shifts of Caeq in
a-2 correspond to unusually small angles q. This in turn
means that the nitronyl nitroxide is almost flat rather than
puckered, as it is usual for this kind of radical. The flat con-
formation adopted by the imidazoline ring is in agreement
with the X-ray results.


Equation (4) is applicable generally and the correlation of
cos2q with the signal shifts of the methyl carbon atoms of a-
1, b-1, a-2, b-2, and 3 is illustrated in Figure 8. The geometry
of different nitronyl nitroxide cores changes only a little so
that in Figure 8 the axial and the equatorial methyl groups
appear in the upper right and the lower left part, respective-
ly. An exception is a-2, for which cos2q is close to 0.5. As
expected for the flat nitronyl nitroxide ring of a-2, the small
q values of the equatorial methyl groups are compensated
by dihedral angles of the axial methyl groups that are larger
than usual. Therefore, the corresponding cos2q values
appear at 0.8, which is also outside the usual range.


The 1H MAS NMR spectra of a-1, b-1, a-2, b-2, and 3
showed much smaller signal shifts. An example is the spec-
trum of a-2 in Figure 9 in which two sorts of Cp protons and


the methyl protons give rise to separate signals. In addition,
axial and equatorial methyl groups could be distinguished
for a-1, b-2, and 3 (Table 6), but further distinction of differ-
ent ligands in a given compound (e.g. a-1) was prevented by
large signal widths. Note, however, that the resolution is
much better than for the EPR spectra where spin density on
the Cp protons could not be detected.[11]


Comparison of NMR results and DFT calculations : To un-
derstand in more detail the magnetic interactions in diradi-
cals 1 and 2, their spin density distributions were calculated
by using an ab initio method. These were done using the ex-
perimental geometry of the compounds taken from their
crystals. All calculations were done using the B3LYP nonlo-
cal exchange-correlation density functional[22] as implement-
ed in the Gaussian98 suite of programs,[23] and the EPR±II
basis set.[24] Such a basis set was specifically designed to re-
produce the spin population on the nucleus, the important
point in the computation of EPR hyperfine coupling con-
stants (hfccs).[25] The atomic spin populations were obtained
following the Mulliken population scheme. It should be
pointed out here that the computed values for the H atoms
have been averaged over all equivalent atoms, to emulate
the experimental conditions, where these atoms are freely
exchanging (on the rotating methyl groups) or are not easy


Figure 7. 13C MAS NMR spectrum of a-2 (309.6 K, spinning rate
15 kHz). Asterisk: spinning sideband; B: probe head signal; inset: ex-
panded range after background suppression.


Figure 8. Nitronyl nitroxides: experimental spin densities versus orienta-
tion of the methyl groups relative to the spin-containing NO groups. See
Equation (2) and text for details. ^=a-1, ~=b-1, &=a-2, *=b-2, î =


3).


Figure 9. 1H MAS NMR spectrum of a-2 (309.6 K, spinning rate 15 kHz).
Nonassigned signals are spinning sidebands; Cp2Ni is the internal temper-
ature standard. For numbering see Figure 7.
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to distinguish experimentally (in the case of the H atoms at-
tached to the five-membered rings) because of their small
hfcc values. Thus, we should not expect a high accuracy for
the spin density on H atoms at these positions.


For comparison with the theoretical spin densities, the
NMR contact shifts of Table 6 were converted into spin den-
sities using Equation (3). As can be seen in Table 7, the
trends of the experimental spin densities are well repro-


duced by the DFT calculations. We can say that the relative
trends are correct, despite the fact that the quantitative
values present sometimes non-negligible differences to the
experimental data. In particular, this applies to the Cp rings.
Thus, in all compounds, by far the largest amount of (posi-
tive) spin density is found on C1’ (and C6’), there is always
more negative spin on C2’ than on C5’, and there is very
little spin on C3’ and C4’. It is gratifying that, throughout
the series of compounds, the spin density on one of the two
latter carbon atoms is negative, while on the other one it is
positive.


The spin density patterns of the Cp rings confirm that the
spin is transferred from the nitronyl nitroxide into the Cp p


orbitals. In a metallocene the MOs are composed of varying
contributions of the metal orbitals and the (mainly) p orbi-


tals of both Cp ligands. It follows that in the monoradical 3,
where only one Cp is substituted by a nitronyl nitroxide, the
unsubstituted Cp must receive spin density as well (Table 7
and Figure 10). For instance, it has been demonstrated that
in a bismetallocene, which consists of a paramagnetic cobal-
tocene coupled to a diamagnetic cobaltocenium ion, consid-
erable spin density appears at the most distant Cp ligand of
the diamagnetic sandwich.[26] Likewise, in the case of 3 the


spin transfer to the distant Cp
is confirmed by the NMR and
DFT results (see C5H5 in
Table 7). As this spin density is
small and as the DFT result is
the average of five different Cp
nuclei, there is a variety of spin
signs in Table 7. A similar rea-
soning applies to the results for
the methyl protons, bH. EPR
spectroscopy has shown that
there is also spin density at the
transition metal, for example, at
iron and ruthenium in a-1 and
a-2, respectively, as well as in
b-1, in agreement with DFT
calculations (Table 7 and
Figure 10).[11]


Conclusion


Subtle changes in the frame-
work of hydrogen bonds have a
strong impact on the conforma-
tions and structure of metallo-
cenes that are substituted by
two nitronyl nitroxide radicals.
Experimentally these changes
can be triggered by different
conditions of crystallization.
The molecular geometries
differ in the twist angle f be-
tween the nitronyl nitroxide
and the Cp rings of a given
ligand, in the cisoid or transoid


arrangement of the two ligands, and in the puckering of the
nitronyl nitroxide rings. The different geometries are reflect-
ed in the intramolecular antiferromagnetic interaction,
which is large if the diradical adopts a cisoid conformation
in which the two nitronyl nitroxide moieties are close to
each other. Nevertheless, the intramolecular magnetic ex-
change interactions, J1/kB, do not exceed �7 K in any case.


Solid-state NMR spectroscopy and DFT calculations, in-
dependently and in good agreement, confirm spin density
on the nuclei of the radical subunits. As for the Cp rings,
spin is induced in p orbitals through polarization and further
transfer occurs across the central iron and ruthenium atoms.
Although it can be proven that the spin density on the Cp
ring decreases when the twist angle f increases, f values up
to 128 do not strongly influence the magnetic interaction.


Table 7. Calculated[a] and experimental spin densities[b] on the nucleus of metallocenes substituted by a-nitron-
yl nitroxides.


Nucleus a-1 b-1 3
and position[c] 1calcd 1exp 1calcd[d] 1exp 1calcd 1exp


Ca4ax 3.95 9.27 3.97 9.92 8.09 9.42
Ca5ax 4.09 9.67 4.45 10.66 8.60 9.42
Ca4eq 1.50 3.96[g] 1.10 3.33[h] 1.97 4.22
Ca5eq 1.50 3.76[g] 1.10 3.20[h] 2.15 4.64
C2 �16.96 [e] �17.19 [e] �35.05 [e]


C4 �2.90 �6.07 �2.57 �5.15 �4.60 �5.95
C5 �2.85 �6.07 �2.85 �5.27 �5.50 �5.95
C1’ 2.72 4.27 2.97 4.50 7.74 3.70
C2’ �0.52 �2.07 �0.57 �1.32 �1.82 �1.26
C3’ �0.07 �0.12 0.02 0.02 0.02 �0.32
C4’ 0.10 0.33 �0.15 �0.10 �0.10 0.53
C5’ �0.95 �1.87 �0.67 �1.01 �2.47 �0.84
C5H5 �0.07 0.23
Ca9ax 4.47 8.99
Ca10ax 4.30 8.63
Ca9eq 1.90 5.44
Ca10eq 1.72 5.17
C7 �17.14 [e]


C9 �3.20 �5.83
C10 �3.12 �5.24
C6’ 3.37 4.09
C7’ 3.95 �1.69
C8’ 0.07 0.33
C9’ �0.05 �0.21
C10’ �1.60 �1.24
Hb4,5,9,10ax


[f] �0.14 �0.14 �0.06 �0.12 �0.11 �0.14
Hb4,5,9,10eq


[f] �0.87 �0.12 0.07 �0.12 �0.16 �0.10
Fe �9.87 [e] �10.84 [e] �13.94 [e]


Ha2’, 5’, 7’, 10’ 0.10 0.12 0.15 0.14 0.09 0.12
Ha3’, 4’, 8’, 9’ 0.01 �0.03 0.01 0.00 0.01 �0.03
C5H5 �0.01 0.01


[a] B3LYP functionals, EPR±II basis set. [b] In atomic units î10�3. [c] Numbering see Figures 5±7. [d] Mean of
slightly different values for the two ligands. [e] Not observed. [f] 1calcd are mean values of the geometrically
fixed protons of four methyl groups. [g,h] Assignment follows from Equation (2) in the Discussion and the
data given in Table SI1 in the Supporting Information.
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The spin density patterns further indicate whether the re-
spective nitronyl nitroxide ring is puckered or flat.


In principle, 1,1’-metallocenylene bridges can act either as
ferro- or antiferromagnetic couplers depending on the
nature of the radical units of the diradical. The character of
antiferromagnetic coupling shown by the metallocene cou-
pling unit in the nitronyl nitroxide case, opposed to the fer-
rocoupler behavior found when the radical unit was a tri-
phenylmethyl radical, cannot be ascribed to the lack of pla-
narity of the radical units, relative to the Cp planes, since co-
planarity is not found in either radical. The most important
difference is the presence of a node in the nitronyl nitroxide
case for the SOMO in the atom where the radical is attach-
ed to the metallocene unit; a fact not present in the triphe-
nylmethyl radical case. This makes the overlap of the
SOMO of the nitronyl nitroxide units with the metallocene
orbital very small. However, the presence of such a node
does not preclude spin polarization in the Cp ring (using a
spin polarization mechanism similar to that found in phenyl
substituted nitronyl nitroxide radicals). The data presented
here indicates that when such a node exists antiferromagnet-
ic coupling is preferred, although none of the usual qualita-
tive models seems to explain this fact easily.


In summary, the extensive results presented here demon-
strate that metallocene is not a robust magnetic coupler for
obtaining high-spin organic macromolecules since small dis-
tortions or improper topologies of the radical units may
change the spin multiplicity of the ground states. For this
reason, future work will be focused on the use of metallo-
cene-bridged nitronyl nitroxide polyradicals as new multi-


coordinating ligands with a view to obtaining transition-
metal complexes.


Experimental Section


Compounds 1, 2, and 3 were synthesized by reaction of the corresponding
metallocene mono- and biscarbaldehydes[27] with 2,3-bis(hydroxyamino)-
2,3-dimethylbutane[28] . After oxidation with PbO2 and chromatographic
workup the pure products were obtained in 62, 80, and 64% yield, re-
spectively. Experimental details are available as Supporting Information.


Direct current magnetic susceptibility measurements were carried out on
a Quantum Design MPMS SQUID susceptometer with a 55 kG magnet
operating in the range of 2±320 K. All measurements were collected at a
field of 1 kG. Background correction data were collected from magnetic
susceptibility measurements on the sample holder. Diamagnetic correc-
tions estimated from the Pascal contents were applied to all data for the
determination of the molar paramagnetic susceptibilities of the com-
pounds.


X-ray data were collected on a Bruker-P4 with a graphite monochroma-
tor, and the structures were solved by direct methods using SHELXS-86
and refined by full-matrix least-squares methods on F2 (SHELXL-93)[29] .
CCDC-215329 (a-2), CCDC-215330 (b-1), and CCDC-215331 (b-2) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or de-
posit@ccdc.cam.ac.uk).


The 13C and 1H MAS NMR spectra were recorded with a Bruker MSL
300 spectrometer. The microcrystalline compounds were mixed in a glove
box with about 10% of nickelocene which served as internal temperature
standard.[30] They were then packed into ZrO2 rotors of 4 mm diameter
and sealed with Kel-F caps. Single pulses of 4 ms duration at repetition
rates of 2.5±5 s�1 were applied for obtaining the FIDs. Signals hidden
under the background signal of the probe head were detected by using
the DEPTH pulse sequence.[31] Data handling included reverse linear
prediction, exponential multiplication up to the matched filter, and base
line correction. The experimental signal shifts, dexp


T , were determined rela-
tive to external adamantane (d(13CH2)=29.5, d(1H)=2.0). The paramag-
netic signal shifts, dparaT , were obtained after subtracting from dexp


T the
signal shifts of corresponding nuclei of diamagnetic reference com-
pounds. Since diamagnetic analogues of a/b-1, a/b-2, and 3 are not avail-
able, we used the NMR data of the precursors of 1 and 2, whose values
are given in the Supporting Information material. The signal shifts of
most similar compounds used were: the dihydroprecursor of an a-nitron-
yl nitroxide documented in reference [18] (d(CH3)=1.07, d(CH3)=20.7,
d(C4/5)=66.3), formylferrocene[32] (d(H2’/5’)=4.81, d(H3’/4’)=4.60,
d(C1’)=79.2, d(C2’/5’)=72.6, d(C3’/4’)=68.0) and 1’, 1’-diacylrutheni-
um[33] (d(H2’/5’)=5.09, d(H3’/4’)=4.78, d(C1’)=86.5, d(C2’/5’)=73.1,
d(C3’/4’)=75.6). The sample temperatures lay between 305 and 310 K
depending on the rotor spinning rate. The dexp


T values were converted to
the standard temperature 298 K based on the relation dpara


/ 1/T.
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Figure 10. Spin density maps of monoradical 3 (upper) and diradical b-1
(lower) obtained by DFT calculations. Each map plots the isosurface of
0.05 a.u. It is worth mentioning the presence of spin density on the nuclei
of Cp rings (see text) at smaller isosurface values that are not shown
here for clarity.
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Is Water Templating Nanoporous Materials?


Marc Henry,*[a] Francis Taulelle,[a] Thierry Loiseau,[b] Lionel Beitone,[b] and
Gerard Fÿrey[b]


Introduction


The MIL-74 structure (Zn6Al12P24O96¥[N(CH2CH2NH3)3]8¥
(H2O)34)


[1] is quite a special compound that may be viewed
as a super-sodalite network with Al[Zn2Al2P4O24] super-square
units (Figure 1). This is a beautiful example of ’scaled
chemistry’ in the sense of G. Fÿrey[2] or of ’decoration of the
sodalite network’ in the sense of M. O’Keeffe.[3] This struc-
ture has the lowest framework density known to date, in
which the cationic templates (TREN= [N(CH2CH2NH3)3]


3+)
are included as part of the framework and cover the hexago-
nal pores of the sodalite cage. The use of organic molecules
as templating agents is widespread in zeolite synthesis.[4]


Templating fulfils a triple role by directing the structure,
controlling the shape, and fixing the basicity of the synthe-
sis.[5] If selectivity between the templating agent and the
framework has been established in the case of the ZSM-18
zeolite,[6] it is likely that many other frameworks may be
synthesized without such selectivity. The interplay between


the different roles of the templating agent appears to leave
sufficient room for such flexibility. It also suggests, among
several possibilities that are close in energy, yet another
hidden partner that could be responsible for the selection of
the finally observed structure.


Accordingly, even if TREN cations obstruct the channels,
they nevertheless leave the pore cavity accessible to water
molecules. This leads to the other exceptional feature of this
structure, that is, the occurrence of a highly symmetrical
water cluster comprising 17 water molecules located in the
sodalite cage and organized in an amazingly well-defined
pattern of pentagons.[1] Determination, by diffraction, of the
number and the nature of the structure of the water clusters
in the pores of nanoporous structures is a challenging issue,
owing to both static and motional disorder. Consequently,
the water network has only been determined accurately for
very few materials. The structure of bound water in VPI-5
has been successfully determined at low temperature, and
shows an exceptional water-based triple helix.[7] The MIL-74
structure is therefore quite instructive with its very well-de-
fined aggregate of seventeen water molecules. This observa-
tion raises the interesting question of the role played by
water molecules during crystal nucleation and growth. In
most advanced efforts of template design for a better selec-
tivity,[8] water is never considered as a possible template. It
is supposed, at best, to play the role of a void-filling agent.
With this contribution we aim to show that this last view is
far too restrictive, and to open the discussion on the tem-
plating role of water.
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Abstract: (H2O)17, a cluster with pen-
tagonal water arrangements, squeezed
in the sodalite cage of the crystal
structure MIL-74 (Zn6Al12P24O96¥
[N(CH2CH2NH3)3]8¥(H2O)34), has its
oxygen atoms well located by X-ray
powder diffraction. Positioning of hy-
drogen atoms has been performed by a
dynamic partial atomic charges and
hardnesses analysis calculation, in


which partial charges are recalculated
for each hydrogen sub-network modifi-
cation. Hydrogen atoms are therefore
positioned by energy minimization. A
quantitative estimation of the hydrogen


bonds energy for each H�bond and for
the network in the MIL-74 nanoporous
compound has been obtained. This
result allows a discussion of the effect
of imprinting the nanoporous structure
onto water or alternatively the templat-
ing effect of the cluster onto the inor-
ganic framework.


Keywords: clathrates ¥ nanoporous
materials ¥ templating effect ¥ water
chemistry ¥ water structure
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Method


Unraveling the role of water as a templating agent is not
possible without knowing accurately the positions of the H
atoms. As shown in Figure 1, the positions of the H atoms
are scarcely determined in X-ray diffraction experiments.
Consequently, structural features of such structures are com-
monly discussed in terms of the framework atoms only. A
fast and reliable way to get these crucial coordinates from
X-ray data is to rely on the nonempirical version of the par-
tial atomic charges and hardnesses analysis (PACHA).[9,10]


For the actual calculation of the water cluster of MIL-74,
the structural data have to be formatted to ensure good con-
vergence of the lattice sums procedures. In PACHA this is
done by the systematic use of symmetry masks to handle
disordered situations, and after minimization of the lattice
energy this leads to optimized values for the coordinates of
the H atoms. Templates and associated water molecules are
therefore fully localized, with the ™heavy∫ and ™light∫ atoms
in place, complete energy computations are then possible.


MIL-74 can be described in both the I4≈3m and P4≈3n
space groups, with Zn and Al disordered on the same 12d
site in I4≈3m and ordered in 6c and 6d 2b sites in P4≈3n. For
simplicity of the calculation, only the ordered case P4≈3n has
been considered. However, even with this choice, some ad-


ditional formatting must be performed. The disorder that af-
fects the carbon atoms of the TREN cation is handled by
discarding either the C1 or the C11 position from the origi-
nal structure data file. Making the C1 choice fixes the N�C
and C�C distances at 148 and 153 pm, respectively, whereas
making the C11 choice fixes the same distances at 147 and
154 pm. As these are very minute differences, we have arbi-
trarily retained the C1 position for this study. Having made
this initial choice, two H atoms have been added at each
carbon atom by constraining all C�H distances at 107.3 pm
and all H-C-H bond angles at 1098. For the NH3 group, N�
H bond lengths were fixed at 101 pm and C-N-H or H-N-H
bond angles were fixed at 1108 (tetrahedral geometry
around nitrogen). Two dihedral angles were also kept fixed
at �1208, the last one being allowed to take any arbitrary
value between 0 and 3608. One H atom was added to atom
O1W (O�H bond length fixed at 97 pm) displaying 23 point
group symmetry using the [12.5.8º] symmetry mask in
order to get the right (H2O)2 stoichiometry. In this notation,
a dot at position #n (1�n�48) means that the associated
symmetry operation of the space group P4≈3n is not applied
during the generation of the unit cell. Conversely, the occur-
rence of a digit at position #n refers to the ordinal number
of the Seitz matrix that must be applied to get the full gen-
eration of a point in the given space group. The correspond-
ence between these ordinal numbers n and their associated
Seitz matrices is given in the CIF file provided as Support-
ing Information. For the O2W position displaying 3 point
group symmetry, two H atoms were added with two O�H
bond lengths fixed at 97 pm, and one H-O-H bond angle
fixed at 1058 using a [123.56.8.10.12º] symmetry mask. The
three remaining torsion angles were arbitrarily varied. Simi-
lar O�H bond lengths and H-O-H bond angles with three
adjustable torsion angles were used for the O3W atom. The
full P4≈3n space group symmetry was applied to these two H
atoms bonded to a general position. The above model thus
defines a 7-vertices simplex that allows us to look for a mini-
mum of the corresponding lattice energy. This procedure
converged after 386 iterations towards a minimum value of
the electrostatic balance (EB) of �49419.8 kJmol�1 with a
maximum value spotted at �46460.5 kJmol�1.


A simplex optimization procedure has also been applied
to the (H2O)17 water cluster isolated from its crystalline en-
vironment. For the 16 outer O atoms, two H atoms have
been added, constraining the two O�H bond lengths at
97 pm and the H-O-H bond angle to 1058. The H-O-H bond
angle for the remaining central water molecule was set to
109.58 instead of 1058 owing to its obvious tetrahedral sym-
metry. A 51-vertices simplex was thus defined for the 51 re-
maining torsion angles that were varied arbitrarily. The elec-
trostatic balance for this free cluster was observed to con-
verge towards �3718.4 kJmol�1 after 15591 iterations, with
a maximum value at �2934.1 kJmol�1.


The atomic coordinates generated by this calculation are
available as a CIF file in the Supporting Information. From
these coordinates it becomes easy to determine for each hy-
drogen bond the angle existing between the O�H bond and
the O±O direction, for both the cluster encapsulated in the
crystal and the ™free∫ or ™relaxed∫ cluster without interac-


Figure 1. The MIL-74 structure with its O17 cluster (isolated atoms) en-
capsulated into a sodalite cage (top) decorated with Al[Zn2Al2P4O24]
square units (bottom). Surface effect code: Al gray, P wood, Zn marble,
O black.
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tions with the inorganic framework. This crucial information
can then be most easily visualized by using a histogram rep-
resentation from which a statistical analysis may be easily
performed. Our model, however, also provides us with
direct access to the associated H�bond energy and allows us
to visualize how the mean H�bond energy is partitioned be-
tween the various geometrical situations. These H�bond en-
ergies are derived after the evaluation of the electrostatic
balances for meaningful molecular fragments isolated from
the crystal or the molecule. As described in earlier work,[9,10]


these EB values correspond to absolute formation enthal-
pies that depend only on the spatial disposition of the atoms
in the molecular or crystalline structure. They can be used
in accord with the Hellman±Feynman theorem,[11] which
allows one to split the total energy into an approximately
constant quantum contribution F (ruled by chemically
bonded atoms) and a structure-dependent electrostatic one
EB (ruled by spatial disposition of non-chemically bonded
atoms). Therefore, for any system S, which is in a frozen ge-
ometry and considered to be derived from the association of
two subsystems A and B, the quantity EAB=EB(S)�[EB-
(A)+EB(B)] was shown[9] to characterize their interaction
energy in a nonempirical way. In the present case, H-bond
energies were obtained by using the following general auto-
mated procedure:


1) Selection of a threshold d[H¥¥¥O]max distance below
which a given H atom will be considered as being H-
bonded to a neighboring oxygen atom. For ice-poly-
morphs a typical value is d[H¥¥¥O]max=180 pm, whereas
for water clusters buried at the heart of A. M¸ller×s su-
perfullerene keplerates, a higher value (d[H¥¥¥O]max=


200 pm) has to be considered.[10]


2)Attachment to the selected H atom of its two associated
O atoms: the O-donor directly bonded at dOH<100 pm
and the O-acceptor H�bonded at dOH < d[H¥¥¥O]max.


3)Attachment to these two O atoms of their chemically
bonded H atoms (dOH<100 pm), which define an isolat-
ed dimer (H2O)2. Application of the PACHA formalism
to this free dimer leads to a first EB value (EBdim).


4) Two other EB values (EBdonor and EBacceptor) may then be
derived after separation of the two water molecules
forming the previous dimer.


5)A residual negative interaction energy may then be
readily evaluated as: Eres~EBdim�(EBdonor+EBacceptor)
that may be identified, according to the Hellman±Feyn-
man theorem, to a characteristic H�bond energy.


The detailed results on a per H bond basis obtained by
applying this procedure to both the free cluster and the en-
capsulated cluster are reported in the Supporting Informa-
tion. Associated histograms are visualized in Figure 2. Such
a procedure is not only limited to dimeric species but higher
polymers may be also considered. Here, a mean hydrogen-
bond energy <EHB> may be computed by comparing the
electrostatic balance of a cluster containing n water mole-
cules (EBn) to the sum of the EB values that characterize
the n isolated water molecules (EBi). With this rigorous
mathematical definition of the interaction energy, <EHB>


= (EBn��iEBi)/n, the supramolecular building scheme of
the cluster may be unveiled (without any a priori knowl-
edge) from the smallest possible scale (dimers) up to the
largest one (whole cluster or full network). Some of these
EB values for some meaningful fragments that may be iden-
tified in these clusters are given in Table 1.


Discussion


It is known from neutron diffraction data that water in mes-
oporous cavities (2±50 nm) shows significant modifications


Figure 2. Hydrogen-bond angle distribution (top) and hydrogen-bonds
energy distribution (bottom) for two water clusters derived from the
same O17 atomic core found in the crystal structure of MIL-74. The data
in the foreground refer to a completely free relaxed cluster, while the
data in the background is related to the cluster encapsulated within the
crystalline network.


Table 1. Electrostatic balances computed (with PACHA) for the various
H�bonds geometry studied in this work.


Balance Fragment H-
bonds


Status EB
[kJmol�1]


EB1 FT8W34 68 Zn6Al12P24O96(TREN)8(H2O)34 �49419.8
EB2 F 0 empty Zn6Al12P24O96 net �39256.2
EB3 FT8 24 Zn6Al12P24O96(TREN)8 �42640.7
EB4 FW34 44 Zn6Al12P24O96(H2O)34 �46092.0
EB5 (H2O)17 22 trapped �3269.2
EB6 TREN 0 trapped �341.0
EB7 H2O 0 qH�O�H=1058 �171.3
EB8 H2O 0 qH�O�H=109.58 �174.4
EB9 (H2O)2 2 dOO=254 pm �365.3
EB10 (H2O)3 2 dOO=263 pm �581.1
EB11 (H2O)3 2 dOO=276 pm �566.5
EB12 (H2O)17 22 relaxed �3718.4
EB13 H2O 0 qH�O�H=109.58 �180.1
EB14 (H2O)2 1 dOO=254 pm �389.6
EB15 (H2O)2 1 dOO=263 pm �378.5
EB16 (H2O)2 1 dOO=276 pm �380.0
EB17 (H2O)5 4 dOO=276 pm �962.0
EB18 H2O 0 hexagonal ice �159.8
EB19 (H2O)5 4 ice Ih (dOO=275 pm) �896.8
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in its structural characteristics from water in the bulk
phase.[11] Basically, the confinement of water at a nanometer
scale leads to a denser H-bond network which depresses the
nucleation temperature and favors formation of the cubic
ice polymorph.[12] In the liquid state, the behavior of con-
fined water was shown to be similar to that of supercooled
water at lower (~30 K) temperature.[13] For pore sizes small-
er than 2 nm, one may expect a more drastic change owing
to the competition for H-bonding between water molecules
and H-bonding with the walls of the confining material. A
clear understanding of this interaction regime will be obvi-
ously of considerable interest as such pore sizes are com-
monly generated not only during zeolite nucleation but also
during protein folding for instance. Although numerous the-
oretical studies[14±16] have been devoted to the study of small
water clusters (H2O)n (n<10), none of them were con-
cerned with the structural response of large assemblies of
water molecules (n>10) confined below the 2 nm scale.
With realistic H-bond patterns obtained by PACHA, we are
now in a position to address some fundamental issues raised
by the existence of water clusters trapped inside nanoporous
materials:


1)What is the order of magnitude of the interaction energy
between the template and the framework?


2)How the H-bond pattern between water molecules
changes when an otherwise encapsulated cluster is freed
from its crystalline environment?


3) Is there any change in H-bond strength associated to the
encapsulation or the release process?


Let us first deal with the template and its predicted H-
bond geometry at the EB1 minimum (Figure 3). A quite reg-
ular and easily anticipated intramolecular pattern of 12 H
bonds is formed, which demonstrates the validity of our
method. The order of magnitude of the mean H-bond
energy associated to this 12 N�H¥¥¥O H-bond pattern may
be estimated from Table 1. As stated above, we just have to
compare the EB values of the TREN cations (8îEB6) and
of the empty network (EB2) to the EB3 value that character-
izes a templated network displaying empty sodalite cages:
EHB= (EB3�((8îEB6)+EB2)/(12î8)= �6.8 kJmol�1. As
expected this value is found to be intermediate between van
der Waals interactions (less than �4 kJmol�1) and O�H¥¥¥O
interactions (about �20 kJmol�1).


Interestingly enough, such unsurprising obvious consider-
ations do not apply to the water clusters trapped inside the
sodalite cages. As explained in the Method section, Figure 2
displays the distribution of H-bond angles and H-bond ener-
gies for two clusters sharing the same O17 backbone. The
first (H2O)17 geometry was obtained when considering the
cluster placed inside a crystalline lattice displaying the P4≈3n
space group symmetry. As far as H-bond angles are con-
cerned, it is characterized by a striking bimodal distribution,
with a first set characterized by q(H�O¥¥¥O)<58 and a
second set displaying much wider values q(H�O¥¥¥O)�508.
As shown in the bottom part of Figure 2, these large angles
are clearly associated with the less stable hydrogen bonds
(EHB~�21 kJmol�1). Another interesting feature lies in the


bimodal distribution (�25<EHB<�30 kJmol�1 and EHB~
�37 kJmol�1) of the H-bond energies within the first set
characterized by q(H�O¥¥¥O)<58. It is then obvious that we
were not able in this case to recover the naive image ob-
tained by merely drawing straight lines among O atoms lo-
cated less than 300 pm apart (bottom left of Figure 4). As
indicated by the two histograms in the rear of Figure 2, this
cluster displays its own supramolecular architecture dictated
by the presence of the inorganic framework. As a whole, the
cluster has 22 hydrogen bonds with a mean H-bond energy
readily evaluated as: Eintra= (EB5�16îEB7+EB8)=
�14.7 kJmol�1. This corresponds to a considerable weaken-
ing in H-bonding relative to what was observed in crystal-
line ice polymorphs (EHB~�22 kJ.mol�1).[10] One may think
that this lower strength of the intramolecular H-bond
energy might come from the occurrence of 12 intermolecu-
lar hydrogen bonds with the walls of the cavity. However, if
one refers to Table 1, the order of magnitude of these inter-
actions with the surface cavity can be estimated as EBinter=


(EB4�EB2+2îEB5)/24=�12.4 kJmol�1. Consequently, the
observed global weakening cannot be justified by the forma-
tion of stronger hydrogen bonds between the cluster and the
cavity surface. It should then rather be associated to some
intrinsic feature of the encapsulated cluster. At this stage, a
further understanding requires a more detailed look into
this interesting supramolecular architecture. Characterizing


Figure 3. Predicted H-bond geometry (12H bonds with EHB=


�6.8 kJmol�1) for the TREN cation spanning the 12-ring pore of the so-
dalite structure. Top: front view using ball-and-sticks representation.
Bottom: polyhedral side view (surface effect code: Al gray, P wood, Zn
marble, O black).
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such an object by a single average value would obviously be
far too restrictive.


The upper part of Figure 4 tries to unravel the supra-
molecular interactions at work that lead to the observed
energy distribution. The top left drawing shows the H-bond
pattern that emerges using a d[H¥¥¥O]max=180 pm threshold
for H-bond existence. At this level of significance, the clus-
ter is found to break into four monomers, two linear trimers
(EB10) and one branched heptamer made from two linear
trimers (EB10) linked by the central water molecule. Hydro-
gen bonds within these four equivalent trimers (dOO=


263 pm) are found to be pretty strong: EBtrim= (EB10�(3î
EB7))/2= �33.6 kJmol�1. By contrast, the trimer (EB11)
comprising the central water molecule and its two first
neighbors at 276 pm has significantly weaker bonds:
EBtrim= (EB11�(2îEB7)�EB8)/2=�24.8 kJmol�1. This ex-
plains the bimodal distribution observed for H bonds char-
acterized by q(H�O¥¥¥O)<58. At the 180 pm level of infer-
ence, we can then visualize a picture comprising four water
molecules (ignoring the supramolecular water cluster) which
prefer to bind with the wall of the cavity. At the center of
the cavity, far from the walls, a central pivot water molecule
is located, which exchanges ice-like hydrogen bonds with
four very strongly associated trimers. It should be noted,
however, that this convincing picture still does not explain


the strong weakening observed
on average. The key feature is
obtained by slightly increasing
the significance threshold
d[H¥¥¥O]max at 200 pm (top
right drawing of Figure 4).
The immediate consequence is
the appearance of six edge-
sharing tetrahedral dimers
characterized by quite short
oxygen¥¥¥oxygen distances
(254 pm) associated to very
weak interaction energies:
EBdim= (EB9�(2îEB7))/2=
�11.4 kJmol�1. This clearly
demonstrates the amazing hier-
archy–and complexity–that
may arise in a system of H
atoms interacting with quite a
few oxygen atoms. Evidently,
we are unveiling here a yet un-
suspected property of the hy-
drogen bond: its ability to hide
behind a standard average
value (EHB~�20 kJmol�1) two
antagonist behaviors: weak
interactions with EHB~
�10 kJmol�1 versus stronger
ones characterized by EHB<


�30 kJmol�1.
Referring back to Figure 4,


we now readily anticipate that
the naive pentagonal picture
(bottom left) cannot be


reached by the H-bond network owing to the presence of
the crystalline lattice. A further demonstration of this con-
clusion is provided by the consideration of the hydrogen-re-
laxed (H2O)17 water cluster. This new structure was obtained
by exactly the same procedure as before, but after removal
of all network atoms and after complete removal of transla-
tion symmetries (direct space finite summation instead of
Madelung summation). As shown in Figure 4 (bottom right),
the relaxed cluster displays 22 intramolecular hydrogen
bonds, but in the form of six pentagonal (H2O)5 units span-
ning the six edges of a central (H4O) tetrahedron. This is ex-
actly the naive structure that would have been expected in
view of the O atoms disposition in the crystal. The mean H-
bond energy associated with this new spatial disposition is
evaluated from Table 1 as EHB= (EB12�(16îEB7)�EB13)/
22= �36.3 kJmol�1. Compared to crystalline ice, this is a
fairly high value for an assembly of neutral molecules. Nev-
ertheless, this cluster shares a common feature with ice net-
works, namely a pentameric tetrahedral unit (H2O)5, which
contains quite short O¥¥¥O distances (276 pm here compared
with 275 pm in ice Ih). This allows us to check in a straight-
forward manner the consistency of our method by compar-
ing the predicted H-bond energies for these two free pen-
tameric units. As reported in Table 1, we obtain an Epenta


value (Epenta=EB17�(5îEB7)= �26.4 kJmol�1) for the re-


Figure 4. Predicted H-bond patterns for (H2O)17 water clusters that share the same metrical disposition of
oxygen atoms: bottom left. Top left: pattern for the encapsulated cluster at 180 pm threshold showing four iso-
lated water molecules, two linear trimers, and one branched heptamer. Top right: pattern at the 200 pm thresh-
old that reveals unfavorable dimers. Bottom right: relaxed free (H2O)17 water cluster with its six pentagonal
units spanning the edges of a central tetrahedron.
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laxed cluster that is very close to that obtained for the
hexagonal ice network (Epenta=EB19�(5îEB18)=
�24.5 kJmol�1). The small but significant difference ob-
served is tentatively assigned to a higher stability of the pen-
tagonal arrangement of water molecules versus the hexago-
nal one. It is therefore possible to conclude that the pres-
ence of translation symmetry operations in crystalline ices,
by restricting the symmetries to the crystallographic ones
only, limits the H-bond energy to values around
�25 kJmol�1. This readily explains why the water structure
of the relaxed water cluster exhibits exceptional behavior in
terms of the hydrogen bonding stabilization.


A comparison between both clusters (free versus encapsu-
lated) is also very instructive. The most striking effect in the
weakening of hydrogen bonds is the very large change in
the distribution of <O-H/O-O> angles. For the relaxed
cluster all the H-bond angles are less than 108, in contrast,
in the encapsulated case 12 out of the 22 bonds display
angles close to 508 (Figure 2). Relative to the relaxed case,
which is characterized by a broad unimodal distribution cen-
tered at �40 kJmol�1, the encapsulated cluster exhibits a
shifted distribution of energies towards �20 kJmol�1. The
hydrogen bond network has therefore been ™broken∫ by the
constraints imposed on the cluster by the topology of the ex-
ternal hydrogen bonds with the inorganic interface. The
match between the external geometry of the hydrogen
bonds and the internal geometry cannot keep the average
hydrogen bond energy at the same value for the encapsulat-
ed and the relaxed cluster. As both geometries clearly do
not match, the cluster becomes frustrated compared to its
relaxed state.


In the long-standing debate on the templating effect of or-
ganic cations for the nanoporous structures of zeolites and
related materials, it is usually assumed that the shape con-
straints of the templating agent apply to the framework
during formation (template imprinting). Zn-MIL-74 is a
quite exceptional case. Usually, the templating effect associ-
ates the organic cation and its surrounding water, in a di-
recting and shaping effect. In this case the cation is located
in the inorganic framework, and the water molecules stay
away from the cation, in the pore. For Zn-MIL-74, there is
no cation inside the water cluster. Thus, in this case both
structure-directing and shaping effects are independent. The
shaping effect of the template onto the inorganic framework
seems to be inverted. The inorganic framework imprints
onto the water cluster its structure during the connecting
process, if the water cluster can adapt it. In the present case,
the conformational change associated with the inorganic
framework formation is clearly monitored through the mod-
ification of the hydrogen bonds network. However, this
water cluster does not have an infinite plasticity. This is the
limit to the conformational change that the inorganic frame-
work can impose onto the water cluster. This is most proba-
bly the central phenomenon of the shaping aspect of the
templating effect: a bilateral effort between the inorganic
framework and the templating agent to adapt to each other.
Following this definition of the templating effect, the water
cluster of Zn-MIL-74 possesses all the characteristics of a
template.


The possibility for a H-bonding network to completely re-
organize itself in response to a structural change has also
far-reaching consequences in the field of molecular imprints.
Accordingly, the development and use of molecular im-
prints, sometimes called ™plastic antibodies∫, is an emerging
technology in which plastic impressions of a molecule are
made by forming plastic polymers around a molecule and
then extracting the molecule away leaving a newly formed
polymer.[18±20] Our results strongly suggest that a crystalline
framework is also able to imprint directly the polymeric
structure of water. In the present case, the crystal has depos-
ited its characteristic structural signature in the hydrogen
network of the water cluster. Upon removal of the inorganic
framework, a very stable (H2O)17 cluster forms by complete
reorganization of its H-bond pattern. Owing to its very large
bond energy (EHB~�36 kJmol�1), if such a cluster could
form spontaneously it would probably not be quickly de-
stroyed by heating or by dilution with other water molecules
so easily.


Conclusion


In summary, it has been possible for the first time to fully
quantify the various energetic interactions existing between
a template molecule or a water cluster and the O atoms of a
nanoporous inorganic framework. The lack of such an esti-
mate stems from the scarcity of accurately located hydrogen
atoms in the structure. The computed geometry and interac-
tion energies obtained here are consistent with the assump-
tions made in usual estimates obtained from intuitive chemi-
cal knowledge:


1)Maximization of the number of hydrogen bonds between
the template and the cavity walls.


2)Weaker N�H¥¥¥O bonds relative to O�H¥¥¥O bonds.
3)Weaker intermolecular O�H¥¥¥O bonds relative to intra-


molecular ones.
4) Complete reorganization of the H-bond pattern after re-


moval of the inorganic framework constraints upon the
water cluster.


The plasticity of water molecules facing an inorganic
framework during formation, accompanied by the large en-
ergetic gain due to the confined geometry, imprints some of
the framework topological information onto the water clus-
ter. The interplay between the water inside the crystal and
the lattice energy can direct the structure formation towards
a limited set of possible structures and its consideration may
lead in template design to the elimination of some frame-
work topologies that would not fit the water organization.
This description matches the assumed role of water mole-
cules in biological molecular recognition processes.


There are still many aspects to be thoroughly tested
before this method of estimation may be systematically used
for describing hydrogen-bonding networks. One of the main
concerns is the fine-tuning of the numerical minimization
procedures to avoid false minima while optimizing the posi-
tions of the hydrogen atoms. This requires a detailed evalua-
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tion of hydrogen positioning versus neutron diffraction or
NMR data as explained in reference [9].
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A Rationale for the Large Breathing of the Porous Aluminum Terephthalate
(MIL-53) Upon Hydration


Thierry Loiseau,*[a] Christian Serre,[a] Clarisse Huguenard,[b] Gerhard Fink,[b]


Francis Taulelle,[b] Marc Henry,[b] Thierry Bataille,[c] and Gÿrard Fÿrey*[a, d]


Introduction


There is currently considerable interest in the synthesis and
characterization of hybrid organic-inorganic solids with in-
finite 1D-3D architectures.[1] Beside metal-organic poly-
mers,[2±4] built up by the assembly of discrete metal (M) cen-
ters with functionalized organic ligands containing N- and/or
O-donors, it has been shown that the dimensionality of the
inorganic sub-network can be 1D or 2D,[1,5] giving rise to
original electronic, magnetic, or optical properties in addi-
tion to the usual zeolite-like[6] ones (catalysis, gas separation,
and, more recently, hydrogen storage[7]). The apparent struc-
tural diversity observed for these topologies is often corre-
lated with the atomic arrangements encountered in the basic
structures of solid-state chemistry (diamond, quartz, rutile,
and so on).[8]Recently, searching for hybrid frameworks with
1D or 2D inorganic sub-networks, we focused our attention
on the hydrothermal synthesis of dicarboxylates with various
metals (rare earth elements[9±12] and 3d transition
metals[13±16]), in particular using the well-known rigid linker
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Abstract: Aluminum 1,4-benzenedicar-
boxylate Al(OH)[O2C�C6H4�CO2]¥
[HO2C�C6H4�CO2H]0.70 or MIL-53as
(Al) has been hydrothermally synthe-
sized by heating a mixture of aluminum
nitrate, 1,4-benzenedicarboxylic acid,
and water, for three days at 220 8C. Its
3D framework is built up of infinite
trans chains of corner-sharing
AlO4(OH)2 octahedra. The chains are
interconnected by the 1,4-benzenedi-
carboxylate groups, creating 1D rhom-
bic-shaped tunnels. Disordered 1,4-ben-
zenedicarboxylic acid molecules are
trapped inside these tunnels. Their
evacuation upon heating, between 275
and 420 8C, leads to a nanoporous
open-framework (MIL-53ht (Al) or
Al(OH)[O2C�C6H4�CO2]) with empty
pores of diameter 8.5 ä. This solid ex-


hibits a Langmuir surface area of
1590(1) m2g�1 together with a remark-
able thermal stability, since it starts to
decompose only at 500 8C. At room
temperature, the solid reversibly ab-
sorbs water in its tunnels, causing a
very large breathing effect and shrink-
age of the pores. Analysis of the hydra-
tion process by solid-state NMR (1H,
13C, 27Al) has clearly indicated that the
trapped water molecules interact with
the carboxylate groups through hydro-
gen bonds, but do not affect the hy-


droxyl species bridging the aluminum
atoms. The hydrogen bonds between
water and the oxygen atoms of the
framework are responsible for the con-
traction of the rhombic channels. The
structures of the three forms have been
determined by means of powder X-ray
diffraction analysis. Crystal data for
MIL-53as (Al) are as follows: ortho-
rhombic system, Pnma (no. 62), a =


17.129(2), b = 6.628(1), c =


12.182(1) ä; for MIL-53ht (Al), ortho-
rhombic system, Imma (no. 74), a =


6.608(1), b = 16.675(3), c =


12.813(2) ä; for MIL-53 lt (Al), mono-
clinic system, Cc (no. 9), a =


19.513(2), b = 7.612(1), c =


6.576(1) ä, b = 104.24(1)8.


Keywords: aluminum ¥ breathing
effects ¥ dynamic frameworks
hydrothermal synthesis ¥
nanostructures ¥ structure
elucidation
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1,4-benzenedicarboxylate (BDC), which has already been
used to create several novel 3D architectures containing
metallic clusters of zinc,[17,18] copper,[19] and rare earths.[20]


With trivalent metals such as vanadium(iii) and chromiu-
m(iii), two isotypic original porous hybrid frameworks, MIL-
47[21] and MIL-53[22] were isolated, in which the connection
of infinite trans-chains of M(iii) octahedra with BDC entities
generates one-dimensional rhombic channels. From the
topological point of view, the occurrence of infinite
M�O�M chains was new, since only discrete metal clusters
had hitherto been observed in this class of solids. Moreover,
under calcination/hydration, the chromium solid was seen to
exhibit an unusually large amplitude of breathing (close to
5 ä), without changing its topology.[22]


A combined XRD/NMR/modeling study conducted after
the synthesis of the Al homologue provided an insight into
the origin of the flexible behavior. Only a few contributions
have appeared in the literature for p elements.[23±25] Herein,
we report the first synthesis and structural characterization
of the different forms of an aluminum dicarboxylate
Al(OH)(BDC) isostructural to MIL-53,[22] which exhibits
unexpectedly high thermal stability. A combination of 27Al,
13C, and 1H NMR spectrometries has allowed analysis of the
breathing effect that accompanies the hydration/dehydration
processes. This has revealed that hydrogen-bonding interac-
tions between water molecules trapped within the channels
and the carboxylate groups of the BDC linkers are responsi-
ble for the dynamic switching of the structure.


Results and Discussion


Structure description : The three crystal forms of aluminum
MIL-53 exhibit the same topology (Figure 1). The frame-
work is built up by the interconnection of infinite trans
chains of corner-sharing (via OH groups) AlO4(OH)2 octa-
hedra by BDC ligands (Figure 2). Bond valence calcula-
tions,[32] which generate values of 1.11 (as), 1.19 (lt), and
1.32 (ht), confirm the occurrence of a hydroxide anion on
oxygen (2), required for the electroneutrality balance of the
structure. The two carboxylate functions of each BDC anion
are linked to two distinct adjacent aluminum cations. The in-
teratomic distances are typical for Al�O in an octahedral
surrounding (Al�O �1.82±2.00 ä) and for C�C and C�O
of the BDC ligand (C�C �1.43±1.51, C=C �1.35±1.46, and
C�O �1.39±1.23 ä). This connection mode in the frame-
work generates 1D channels with different pore sizes de-
pending of the nature of the inserted molecules, and it is
these that are responsible for the large breathing effects.


In MIL-53as (Al), the tunnels (free dimensions 7.3î
7.7 ä2) are occupied by disordered templating BDC mole-
cules, present in their protonated form (see IR analysis).
Their irreversible expulsion upon heating at 275 8C (see TG
analysis) generates the high temperature form MIL-53ht
(Al), which has empty pores. The channel dimensions
become 8.5î8.5 ä2. In spite of the hydrophobic character of
the aromatic walls of the channels, the reversible adsorption
of one water molecule per Al at room temperature gives
rise to MIL-53 lt (Al) and induces a significant modification


of the dimensions of the channels (2.6î13.6 ä2) through the
establishment of a pair of hydrogen bonds between water
and the hydrophilic part of the network (see NMR section).
The two cell parameters affected by this modification vary
from 16.675(3)î12.813(2) ä2 for the calcined form to
19.513(2)î7.612(1) ä2 for the hydrate. The final cell param-
eter, corresponding to the periodicity of the Al chains, re-
mains almost identical in both cases.


Within the accuracy limits of powder data, the water mol-
ecule seems to preferentially interact with the oxygen atoms


Figure 1. Views of the 3D structure of MIL-53 (Al) showing the channel
system: a) Al(OH)[O2C�C6H4�CO2]¥[HO2C�C6H4�CO2H]0.70 or MIL-
53as (Al), in which the channels are occupied by free disordered 1,4-ben-
zenedicarboxylic acid molecules; b) calcined form, MIL-53ht (Al) or
Al(OH)[O2C�C6H4�CO2] with empty channels; c) room temperature
form, MIL-53 lt (Al) or Al(OH)[O2C�C6H4�CO2]¥H2O, in which a water
molecule is located at the centre of the channels. Gray octahedra:
AlO4(OH)2; black circles: carbon; gray circles: oxygen.
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of the carboxylate function (Ow¥¥¥O(2) = 3.18(3),
Ow¥¥¥O(2b) = 2.92(4) ä) and the hydroxy group bridging
the aluminum atoms (Ow¥¥¥O(1) = 2.70(2) ä). However,
without being able to locate the hydrogen atoms, it is diffi-
cult to establish the hydrogen-bonding scheme since there
may also be some hydrogen-bonding interactions between
the water molecules (Ow¥¥¥Ow = 3.36(6) ä). This lack of in-
formation necessitated an NMR study to gain a better
knowledge of the hydration and to rationalize the breathing
effect.


Thermal behavior: The TG curve of MIL-53as (Al) (Fig-
ure 3a) shows two main events between room temperature
and 700 8C. As previously observed for MIL-53as (Cr),[22]


first the departure of the free disordered acid occurs in two
steps within the range 275±420 8C, with the observed total
loss (36%) corresponding to 0.7 equivalents of BDC acid
encapsulated within the pores. The first weight loss of 19%
(0.37 BDC) induces the crystallization of an intermediate
phase above 300 8C (Figure 4), which disappears when the
BDC molecules have been completely expelled (second loss
of 17% (0.33 BDC) starting at 375 8C). The second event,
above 500 8C, corresponds to the elimination of the BDC
linkers from the framework. Between 500 and 600 8C, MIL-
53as is transformed into amorphous Al2O3 (obsd 47.8%;
calcd 48.4%).


The thermal behavior of MIL-53 lt (Al) is characterized
by two weight losses (Figure 3b). The first (25±100 8C) is as-
signed to the dehydration process, and corresponds to the
removal of one equivalent of water molecules (obsd. 7.0%;
calcd. 7.9%). The compound reversibly adsorbs and desorbs
water in the ambient air. The dehydrated structure, which is
stable up to 500 8C, eventually collapses with the departure
of the bound BDC acid (obsd 70.0%; calcd 70.2%). At
700 8C, the final residue is again an amorphous form of
Al2O3.


A noticeable feature of MIL-53 (Al) is its remarkable
thermal stability with respect to the vanadium[21] or chromi-
um[22] analogues, which are only stable up to 350 8C. Such a
high decomposition temperature is quite unusual for this


class of solids, which are typically only stable below 400 8C.
Moreover, a nitrogen sorption experiment on MIL-53 lt (Al)
(degassed at 200 8C overnight) revealed a type I isotherm
without hysteresis upon desorption, which is characteristic
of a microporous solid. The measured BET surface area is
1140(39) m2g�1 and, assuming a monolayer coverage by ni-
trogen, the Langmuir surface area is 1590(1) m2g�1.


NMR study : The three forms, that is MIL-53as (Al), the cal-
cined MIL-53ht (Al), and the monohydrate MIL-53 lt (Al),
were subjected to 1H, 13C, and 27Al NMR measurements.


Figure 2. View of the infinite chains of corner-sharing octahedral
AlO4(OH)2 units connected through the 1,4-benzenedicarboxylate li-
gands; gray circles indicate the hydroxyl groups bridging the aluminum
atoms.


Figure 3. TG curves of a) MIL-53as (Al) and b) MIL-53 lt (Al) in air
(heating rate 5 8C min�1).


Figure 4. X-ray thermodiffractogram of MIL-53as (Al) in air (40±800 8C).
For clarity, a 2q offset is applied for each pattern, which were collected
at intervals of 20 8C, except for the last two, which were collected 100 8C
apart.
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NMR characteristics of the three forms : The 1H, 13C, and
27Al NMR spectra of MIL-53as, -ht, and -lt are displayed in
Figure 5. The samples of MIL-53as and MIL-53 lt exhibit
stable characteristics and the spectra do not evolve with
time. In the 1H spectrum (Figure 5c), the three signals at
d=2.9, 7.2, and 12.5 ppm can be assigned to the Al�OH�Al
bridging hydroxides, the aromatic CHs, and the COOH
groups, respectively.


Figure 5a,b display the 13C NMR spectra. The signals be-
tween d = 127 and 136 ppm , attributable to the aromatic
carbons, the CH units, and the quaternary carbons, are split
due to the co-existence of the anionic form of the dicarboxy-
late of the framework and the acidic form present inside the
pores. Signals in the region d = 169±172 ppm can be as-
signed to the carbons of the carboxylic functions in both the
protonated and deprotonated forms.


In the 27Al NMR spectrum (Figure 5d), the single quadru-
polar second-order pattern of MIL-53as (dCS = 2.2 ppm, a
CQ of 7.60 MHz, and a hQ of 0.1) is flanked on its right-hand
side as a shoulder with a broad line characteristic of amor-
phous Al(OH)3. As MIL-53as is calcined, before degrada-
tion of the carboxylic acid molecules that occupy the pores,
some of them may react with the slight excess of Al(OH)3
to form some additional MIL-53ht. This is confirmed by the
27Al NMR spectrum of the calcined form of MIL-53, which
indicates no trace of any other aluminum-containing
phase.


Study of the hydration : Figure 6a±d exhibit the series of
13C{1H-decoupled}, 13C{1H, cross-polarized}, 1H, and 27Al
NMR spectra obtained on going from calcined (bottom) to
fully hydrated samples (top). The two other sets of spectra
represent intermediary steps of the hydration.


For the calcined sample, the 1H NMR spectrum (Fig-
ure 6c) features two lines at d = 1.7 and 7.2 ppm attributa-
ble to the Al�OH�Al bridges and the aromatic CH, respec-
tively. The 13C{1H-decoupled} spectrum (Figure 6a) features
three lines at d = 128, 136, and 170 ppm. The latter two
lines have about the same linewidths, and are much narrow-
er than the CH signal at d = 128 ppm. The relative integrals
of the signals at d = 128, 136, and 170 ppm are in the ratio
2:1:1, in agreement with their assignment. The 13C{1H, cross-
polarized} spectrum (Figure 6b) is almost identical to the de-
coupled spectrum. This indicates a very strong localization
of the hydrogen atoms and a good efficiency of polarization
transfer. The 27Al NMR spectrum exhibits a well-defined
quadrupolar pattern with a chemical shift of d = 3.3, a CQ


of 8.36 MHz, and a hQ of 0.
The 1H NMR spectrum of the fully hydrated sample fea-


tures three lines at d = 1.7, 4.5, and 7.2 ppm. The first is
almost identical to that in the spectrum of the calcined com-
pound. The signal at d = 4.5 ppm is clearly due to the pres-
ence of water in the structure. The poorly resolved signals at
d = 4.5 and 7.2 ppm are much broader than that at d =


7.2 ppm in the spectrum of the anhydrous compound. In the
13C{1H-decoupled} spectrum, three lines are seen at d =


128, 136, and 174 ppm. The first two appear at the same
chemical shifts as in the spectrum of the anhydrous sample,
and can still be assigned to the aromatic CH and the aro-


Figure 5. MAS NMR spectra of MIL-53as (Al), MIL-53ht (Al), and
MIL-53 lt(Al): a) 13C{1H-decoupled}; b) 13C{1H-cross-polarized}; c) 1H;
d) 27Al, in which the MIL-53as (Al) simulated component has been plot-
ted in order to make clear that the line marked by with an asterisk corre-
sponds to residual Al(OH)3 (see text).
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matic quaternary carbons, respectively. The line at d =


174 ppm is attributable to the carboxylic group under the in-
fluence of a water molecule. The 13C{1H, cross-polarized}
spectrum exhibits a noticeable loss of intensity of the signal
at d = 174 ppm. The two types of hydrogen atoms leading
to cross-polarization are those of the CH units and those of
the H2O molecules. As the cross-polarization efficiency of
the CH in the anhydrous compound proved to be sufficient
to cross-polarize all the carbons, the loss of efficiency must
be due to the additional, mobile water molecules. The 27Al
NMR spectrum exhibits a well-defined quadrupolar pattern
with a chemical shift of d = 3.4 ppm, a CQ of 10.67 MHz,
and a hQ of 0.15.


Analysis : The above observations concerning the three
forms of MIL-53 (Al) are fully consistent with their respec-
tive structural analyses by XRD. However, the hydration
process has unusual manifestations. Thus, while the 1H
NMR spectra show an increase in intensity of the water
signal upon hydrolysis, both the CH and H2O signals are dis-
placed from their original positions, the latter showing an in-
crease and the former showing a decrease in chemical shift,
with a concomitant broadening of the lines. The Al�OH�Al
signal shows a striking invariance with the increasing hydra-


tion state of the samples. The 13C NMR spectra can be ap-
proximately viewed as being sums of contributions from the
anhydrous and hydrated forms. The CP carbon spectra show
a progressive decrease in intensity of the carboxylic signals.
The 27Al NMR spectra show a superposition of two lines,
each with a quadrupolar pattern. One of these exhibits the
same lineshape as seen for the anhydrous sample, while the
second shows a continuous variation between the lineshapes
seen for the anhydrous and hydrated samples. This continu-
ously changing signal corresponds to the structure of the
wet grains, being a static average between the signals due to
dry open rhombic channels and the fully hydrated closed
rhombic ones.


To rationalize these features, we attempted to localize the
hydrogen atoms by applying the partial charges and hard-
nesses analysis method, PACHA.[33,34] For a given geometry
of atoms in a structure, the principle of PACHA relies on
calculation of the partial charge on each atom, followed by
an electrostatic energy calculation over periodic boundary
conditions. Only the positions of hydrogen atoms are al-
lowed to undergo a redistribution; all other atoms are fixed
in the positions located in the diffraction analysis. The mini-
mum energy obtained then corresponds to the best estimate
for hydrogen atom localization. From this ™static localiza-


Figure 6. MAS NMR spectra of hydrating calcined MIL-53 (Al): a) 13C
{1H-decoupled}; b) 13C {1H-cross-polarized}; c) 1H; d) 27Al. From bottom
to top for each series: first and second, spectra recorded after sample
preparation according to Procedure 1 at t = 0 (ht form) and 45 min (ap-
proximately 30% hydrated, as can be roughly estimated from the spec-
tra); third and fourth, spectra recorded after sample preparation accord-


ing to Procedure 2, at ™t = 0∫ (about 50% hydration has already occur-
red) and 2 h (lt, fully hydrated form). For the sake of clarity, the 13C spec-
tra plotted in this figure are simulations. In the 27Al spectra of both inter-
mediate hydrated states, the simulated component corresponding to the
wet averaged structure is shown to indicate the dependence of the aver-
age quadrupolar interaction on the water content.
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tion∫ for the fully hydrated phase, some characteristics of
the hydrogen atoms should be revealed.


In fact, for the MIL-53 case, two possible consistent struc-
tural models can be proposed on the basis of the PACHA
calculations, and these are displayed in Figure 7 (the hydro-


gen coordinates are provided as Supporting Information as
an additional CIF file). Depending on the location of the
hydrogen atom (H16) of the hydroxyl group, two situations
may arise. Thus, this hydrogen H16 may be directed towards
the water molecule and be involved in a strong hydrogen-
bonding interaction (O1�H16�Ow = 1.73 ä), or it may be
directed towards the oxygen of a carboxylic group. The
latter case represents a weaker hydrogen-bonding interac-
tion (O1�H16�Ow = 2.33 ä). In both situations, the hydro-
gen atoms of the water molecules interact preferentially
with the oxygens of the carboxylic functions of the BDC
linker (Ow�H22¥¥¥O2 = 2.31 ä, Ow�H21¥¥¥O3b = 2.63 ä,
Ow�H21¥¥¥O2 = 2.63 ä). The interatomic distances be-
tween the water molecules are much longer (>3.12 ä) and
prevent any significant hydrogen-bonding interactions along
the channels (c axis). However, from the NMR results, it
would seem that only the carboxylic groups are affected by
the presence of occluded water within the pores. This obser-
vation would rule out the situation in which there is a strong
hydrogen-bonding interaction between the bridging OH and
the water molecules. It should be possible to confirm this
specific point by either neutron diffraction analysis or NMR
analysis, which would allow the positions of the hydrogen
atoms in this structure to be determined. A study addressing
this matter will be presented in the near future.


The above NMR results also provide information on the
process involved during hydration. Indeed, some of the data
show that the intermediate spectra are the sum of two con-
tributions corresponding to the anhydrous and hydrated
forms. This would imply that two types of crystallites coexist
during the process, hereafter designated as ™wet∫ or ™dry∫
depending on their water content. If ™dry∫ crystallites are
present, they should give rise to the characteristic 1H, 13C,
and 27Al spectra of the calcined form. This is indeed the
case; in each spectrum one can discern the presence of a
partial sub-spectrum characteristic of the ™dry∫ crystallites.
This does not hold for the ™wet∫ crystallites: one cannot
identify the sub-spectrum of the fully hydrated crystallites.
For the ™wet∫ crystallites, the water diffuses through the
channels of the crystallites and gives rise to only one signal.


The NMR observations can now be rationalized. In the
1H spectra, the following situations may be observed. For
the ™dry∫ crystallites, two signals are seen, due to the
Al�OH�Al and aromatic CH hydrogen atoms. For the
™wet∫ crystallites, the Al�OH�Al signal remains unchanged
(indicating that the hydroxides of the Al�OH�Al linkages
are not affected by the water molecules), while the CH sig-
nals are shifted from their ™dry∫ crystallite position. In the
™wet∫ crystallites, a new H2O signal is seen, which changes
progressively as a result of an average water±framework in-
teraction that is modified according to the amount of water.
There is no exchange between ™dry∫ and ™wet∫ crystallites.
The centers of gravity of both the ™dry∫ and ™wet∫ CH sig-
nals move towards lower chemical shifts, while the water
signal moves towards higher chemical shifts.


Analyzing the 13C NMR spectra, the aromatic signals are
seen to be hardly influenced by the hydration, but the car-
boxyl group signals are distinctly affected, appearing at d =


170 and 174 for the ™dry∫ and ™wet∫ cases, respectively. The
situation as regards the 27Al NMR spectra is one of a fixed
sub-spectrum due to the ™dry∫ crystallites and a continuous-
ly varying component that depends on the water content,
paralleling the continuous variation of the water signal seen
in the 1H spectra. On increasing the amount of water, the
water diffuses through the whole crystallite and gives rise to
only one ™wet∫ signal for all nuclei. In the 1H spectra, only
the center of gravity of the CH signal of the ™dry∫ and
™wet∫ crystallites moves with the amount of water. In the
13C spectra, there are only two signals, the ™dry∫ and the
™wet∫ signals showing minute variations in the chemical
shift of the ™wet∫ carboxyl group signals with the amount of
water. As regards the 27Al NMR spectra, the lineshape of
the ™wet∫ signal indicates a continuous second-order quad-
rupolar interaction, which can be attributed to the continu-
ously varying structure according to the amount of water.


This diffusional exchange process is possible because of
the dynamic flexibility of the framework.[35] Indeed, coming
back to the structure of MIL-53, it contains rigid parts, that
is, the aromatic rings and, to a lesser extent, the chains of Al
octahedra. However, owing to the contrasting natures of the
Al�O and C�O bonds, the linkage between the octahedra
and the carboxylic groups is flexible, and the linker can
rotate about the O�O axis. Therefore, a, the
BDC�Al�BDC angle, can vary within a large range, from


Figure 7. Hydrogen-bonding interactions between the occluded water
molecule and the oxygen atoms of the MIL-53 network derived from
PACHA calculations. Top: the hydrogen H16 of the hydroxyl group
points towards the water molecule. Bottom: the hydrogen H16 of the hy-
droxyl group points towards the oxygen atoms of the carboxyl groups.
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70.88 in MIL-53as, to 75.08 in MIL-53ht and 42.68 in MIL-
53 lt. Moreover, despite a significant rigidity, the octahedral
chains have a certain degree of flexibility with various possi-
bilities for tilting within the chains, specifically variation in
the Al�OH�Al angle and the opposite rotation of two con-
secutive octahedra about the axis of the chain. Whereas the
former is only slightly affected by the breathing effect
(128.88, 132.38, and 129.08 for MIL-53as, -ht, and -lt, respec-
tively), the rotation angle, which is zero for MIL-53as and
-ht, reaches 20.38 after hydration.


When water enters the structure, the alternate rotation of
aluminum octahedra begins to occur and propagates in the
chains at the places in which the water is located owing to
the creation of hydrogen bonds with the framework. These
hydrogen bonds are also responsible for the contraction of
the rhombic tunnels and the drastic decrease of the angle a


from about 758 to 428, thus providing a rationale for the
breathing effect. As the water diffuses in the channels
(along the c-axis) of the flexible framework, the net result
observed is an ™averaged∫ wet structure at intermediate
levels of hydration between fully ™dry∫ and fully hydrated.
This averaged structure is well ™sensed∫ by the quadrupolar
interaction of aluminum, which provides a continuous meas-
ure of the constraint that water imposes on the structure.


Conclusion


The three forms of the aluminum 1,4-benzenedicarboxylate
with the MIL-53 topology have been structurally character-
ized. MIL-53 (Al) belongs to the class of flexible net-
works,[36] with water hydrogen bonding being responsible for
the switching between the MIL-53ht and MIL-53 lt forms.
The very large breathing effect observed during hydration/
dehydration has been explained in terms of the role of hy-
drogen-bonded water, as evidenced by a combined XRD/
NMR/modeling study. These effects, previously reported for
a metal organic network,[36] have been analyzed, as is com-
monly the case, on the basis of the localization of the
oxygen and nitrogen atoms.


As hydrogen-bonding is crucial to understanding the
structural changes, further work in this direction will require
accurate location of the hydrogen atoms by means of neu-
tron diffraction or NMR analysis, or as we have done here
with appropriate modeling. Such accurate hydrogen atom lo-
cation can be expected to aid in the rationalization of many
other known hydrogen-bonded networks.


Experimental Section


Synthesis : The synthesis was carried out under mild hydrothermal condi-
tions using aluminum nitrate nonahydrate (Al(NO3)3¥9H2O, 98+ %, Al-
drich), 1,4-benzenedicarboxylic acid (C6H4-1,4-(CO2H)2 >98%, Merck,
abbreviated as BDC hereafter), and deionized water. The reaction was
performed in a 23 mL Teflon-lined stainless steel Parr bomb under autog-
enous pressure for three days at 220 8C. The molar composition of the
starting gels was 1 Al (1.30 g):0.5 BDC (0.288 g):80 H2O. After filtering
off and washing with deionized water, the resulting white product was
first identified by powder X-ray diffraction analysis. It was found to con-


sist of a mixture of the as-synthesized MIL-53 (MIL-53as or Al(OH)-
[O2C�C6H4�CO2]¥[HO2C�C6H4�CO2H]0.70) and unreacted BDC acid
(easily identified by large needle-shaped crystallites). The solid was puri-
fied upon heating in air (330 8C, 3 days). At this temperature, the un-
reacted BDC species and the occluded BDC molecules contained in the
structure are expelled, thereby leading to MIL-53ht (Al) or Al(OH)-
[O2C�C6H4�CO2]. After cooling to room temperature, the phase absorbs
one equivalent of water molecules to give MIL-53 lt (Al) (Al(OH)-
[O2C�C6H4�CO2]¥H2O). Similar thermal behavior has been described for
the chromium-based benzenedicarboxylate MIL-53 (Cr).[22]


Infrared spectroscopy : IR spectra were recorded on a Nicolet 550 FTIR
spectrometer at room temperature in the range 400±2000 cm�1, with sam-
ples in potassium bromide pellets. The IR spectra (Figure 8a,b) of MIL-


53as (Al) and MIL-53 lt (Al) exhibit vibrational bands in the usual
region of 1400±1700 cm�1 for the carboxylic function.[26] For the as-syn-
thesized material, two absorption bands, located at 1604 and 1503 cm�1,
can be assigned to -CO2 asymmetric stretchings, whereas bands at 1435
and 1414 cm�1 can be assigned to -CO2 symmetric stretchings. These
values are consistent with the presence of CO2


� groups that are coordi-
nated to aluminum. An additional absorption peak is observed at
1669 cm�1, which can be attributed to molecules the free BDC acid that
are encapsulated within the pores of the structure in their protonated
form (-CO2H). The IR spectrum of the hydrated form (MIL-53 lt) is
quite similar, except for the absence of an absorption band at around
1700 cm�1. In this phase, free BDC molecules initially present within the
pores but expelled upon heating have been replaced by water. The ob-
served vibrational bands at 1632 cm�1 and in the region 3600±3500 cm�1


correspond to the bending and stretching modes of water, respectively.
They also overlap with the signature of the hydroxyl group bridging the
aluminum atoms.


Structure determination


X-ray powder diffraction : All attempts to obtain single crystals of MIL-
53 (Al) were unsuccessful. Thus, the structures of the different phases


Figure 8. IR spectra of a) MIL-53as (Al), and b) MIL-53 lt (Al).
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were determined on the basis of laboratory powder X-ray diffraction
data. These were collected either on a Siemens D5000 diffractometer (q±
2q mode, step size: 0.028 (2q), time acquisition/step: 20 s) using CuKa ra-
diation (l = 1.5418 ä) at room temperature (MIL-53as (Al) and MIL-
53 lt (Al)) or on a Siemens D5005 diffractometer (q±2q mode, step size:
0.028 (2q), time acquisition/step: 50 s) equipped with an Anton Parr
HTK1200 high-temperature chamber at 275 8C (MIL-53ht (Al)).


For MIL-53as (Al) and MIL-53ht (Al), the atomic coordinates of the
chromium MIL-53 structural analogue[22] were taken as a starting model
for their structure determinations. For MIL-53 lt(Cr),[22] an anisotropic en-
largement was observed for some reflections in its powder X-ray diffrac-
togram, thus preventing any cell indexing and further structure determi-
nation analysis. No such peak enlargement was observed for the alumi-
num MIL-53 lt (Al). Using the TREOR[27] software, a monoclinic cell
with satisfactory figures of merit was found for the aluminum form of
MIL-53 lt. The crystal parameters are as follows: a = 19.513(2), b =


7.612(1), c = 6.576(1) ä, b = 104.24(1)(, and the structure may be de-
scribed as belonging to the space groups C2/c or Cc. The pattern-match-
ing procedures were performed with Fullprof2k using the WinPLOTR
software package.[28, 29] A direct calculation method, using EXPO,[30] was
applied to solve the structure of MIL-53 lt (Al), while refinements of
MIL-53as (Al) and MIL-53ht (Al) were based on the atomic coordinates
of MIL-53as (Cr) and MIL-53ht (Cr), respectively. All the structures
were refined using Fullprof2k. A small amount of unreacted 1,4-benze-
nedicarboxylic acid was found to be present, and this was refined as a
secondary phase in the case of MIL-53as (Al). In the case of MIL-53 lt
(Al), the structure was refined first in C2/c but a disorder was observed
for the occluded water molecule; an ordering was observed when the
structure was described in Cc, and hence the latter space group was
chosen for the final refinements. Full details of the structure determina-
tion, including bond distances, are reported in the supporting informa-
tion. The formulae deduced from the structure determinations of MIL-
53as (Al), MIL-53ht (Al), and MIL-53 lt (Al) are Al(O-
H)[O2C�C6H4�CO2]¥[HO2C�C6H4�CO2H]0.70, Al(OH)[O2C�C6H4�CO2],
and Al(OH)[O2C�C6H4�CO2]¥H2O, respectively. The final reliability fac-
tors[31] (Table 1) are satisfactory. The corresponding Rietveld plots are
shown in Figure 9. Atomic coordinates for the three forms of MIL-53
(Al) are given in Table 2.


Thermodiffractometry : X-ray diffractometry was performed in the q-q
mode in air with the sample in the furnace (Anton Paar HTK16 high
temperature chamber) of a Siemens D5000 diffractometer (cobalt radia-
tion). Each powder pattern was recorded in the 7±358 range (2q) (at in-
tervals of 20 8C up to 600 8C; at intervals of 100 8C up to 800 8C) with a
2 s/step scan, corresponding to an approximate duration of 1 h. The tem-
perature ramp between two patterns was 5 8C min�1.


Thermogravimetry : TG experiments were performed in air with a heat-
ing rate of 5 8C min�1 using a TA Instrument TG2050 apparatus.


Surface area study : The porosity of the dehydrated MIL-53 lt (Al) was
measured by means of a gas sorption isotherm experiment in liquid nitro-
gen using a Micromeritics ASAP2010 apparatus (for surface area calcula-
tions, P/P0 range: 0.01±0.3 (BET); 0.06±0.2 (Langmuir)).


Solid-state NMR spectroscopy : Solid-state 27Al, 13C, and 1H NMR studies
were performed on a Bruker DSX500 spectrometer with a 11.7 Tesla
magnetic field, in which these nuclei resonate at 130.3, 125.7, and


500.0 MHz, respectively. An H/X 4 mm MAS probehead and a classical
ZrO2 rotor spun at 12.5 kHz were used. For the acquisition of 27Al MAS
spectra, the RF field frequency, pulse duration, number of scans, and rep-
etition time were 50 kHz, 1.5 ms, 8192 scans, and 400 ms, respectively. The
corresponding parameters were 50 kHz, 5 ms, 32 scans, and 2 s for 1H
MAS spectra, and 50 kHz, 5 ms, 128 scans, and 4 s for 13C MAS spectra
with 1H broadband decoupling, (referred to as 13C{1H-decoupled} in the


text). For 1H to 13C CPMAS with 1H
broadband decoupling (referred to as
13C{1H, cross-polarized}), we used 47.5
and 60 kHz RF field frequencies in the
13C and 1H channels, respectively, for
CP. The contact time was 3 ms, and
the repetition time was 2 s for
1024 scans. Chemical shift references
(0 ppm) are Al(NO3)3 in aqueous
nitric acid solution for 27Al and TMS
for 1H and 13C.


NMR measurements were performed
on the three forms of MIL-53 (Al),
namely as-synthesized MIL-53as, the
calcined MIL-53ht, and the hydrated
MIL-53 lt.


Table 1. Crystal data for MIL-53as (Al), MIL-53ht (Al), and MIL-53 lt (Al) or Al(OH)[O2C-C6H4-
CO2]¥{HO2C-C6H4-CO2H}0.70, Al(OH)[O2C-C6H4-CO2] and Al(OH)[O2C-C6H4-CO2]¥H2O.


Formula MIL-53as (Al) MIL-53ht (Al) MIL-53 lt (Al)


crystal system orthorhombic orthorhombic monoclinic
space group Pnma (no. 62) Imma (no. 74) Cc (no. 9)
a [ä] 17.129(2) 6.6085(9) 19.513(2)
b [ä] 6.6284(6) 16.675(3) 7.612(1)
c [ä] 12.1816(8) 12.813(2) 6.576(1)
b [8] 104.24(1)
number of reflections 219 256 179
RP 10.6 13.7 11.4
RWP 14.2 17.0 15.1
RB 4.82 10.1 3.74


Table 2. Atomic coordinates for MIL-53 (Al).[a]


atom x/a y/b z/c
MIL-53as (Al)


Al 0 0 0
O(1) 0.000(2) �1=4 �0.071(1)
O(2) 0.0867(9) �0.083(2) 0.088(1)
O(3) 0.0650(9) 0.083(2) �0.110(1)
C(1) 0.102(2) 1=4 �0.130(3)
C(2) 0.123(2) �1=4 0.111(3)
C(3) 0.165(2) 1=4 �0.207(3)
C(4) 0.185(1) �1=4 0.194(2)
C(5) 0.2312(9) �0.072(2) 0.198(2)
C(6) 0.197(1) 0.074(2) �0.242(2)
X(7a)* 0.014(3) �1=4 0.309(2)
X(8a)* 0.140(3) �0.04(1) �0.473(4)
X(9a)* 0.138(3) �1=4 0.447(4)
X(10a)* 0.131(2) 0.137(3) 0.459(2)
X(11a)* �0.025(2) �1=4 �0.265(2)
X(12a)* 0.046(1) 0.118(4) 0.374(2)
X(13a)* 0.085(2) �0.063(5) 0.403(2)
X(14a)* �0.003(4) �0.157(7) 0.397(3)


MIL-53ht (Al)
Al 1=4


1=4
3=4


O(1) 0 1=4 0.693(1)
O(2) 0.156(1) 0.1670(4) 0.8417(6)
C(1) �0.192(1) 0.0362(7) 0.974(1)
C(2) 0 0.060(1) 0.957(2)
C(3) 0 0.1292(9) 0.883(1)


MIL-53 lt (Al)
Al �0.0012(8) 0.000(2) �0.001(3)
O(1) �0.000(2) �0.110(1) 0.744(5)
O(2) 0.0638(9) 0.173(3) 0.949(3)
O(2b) �0.0625(9) �0.180(4) �0.940(3)
O(3) 0.0914(9) 0.099(2) 0.660(2)
O(3b) �0.0844(8) �0.150(3) �0.637(2)
Ow �0.009(2) 0.545(2) 0.830(6)
C(1) 0.1065(8) 0.179(6) 0.840(3)
C(1b) �0.1064(7) �0.175(6) �0.835(2)
C(2) 0.2002(6) �0.277(4) 0.629(2)
C(2b) �0.2036(8) 0.242(4) �0.630(2)
C(3) 0.2744(4) �0.300(6) 0.719(2)
C(3b) �0.2754(8) 0.299(6) �0.712(3)
C(4) 0.1818(7) �0.211(5) 0.422(3)
C(4b) �0.1796(5) 0.228(5) �0.410(2)


[a] *X = C or O.
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The hydration process of the MIL-53ht (Al) form was studied by room
temperature NMR. No change in the hydration state of the sample in the
closed rotor ever occurred during the measuring time necessary to study
the series of nuclei. Two procedures for sample preparation were tested.
Procedure 1 involved heating the MIL-53ht (Al) sample for four days at
140 8C, followed by rapid transfer into a rotor, which was left open in the
oven at 140 8C for one day and then closed. In this way, a fully dehydrat-
ed sample could be obtained for NMR studies. The various hydrated
states could subsequently be attained by allowing atmospheric water to
diffuse into the open rotor for defined periods of time. In Procedure 2,
the sample was simply enclosed in a rotor directly after dehydration in
the oven. Thus, a significant amount of water was already present in the
sample, leading to the occurrence of a very fast hydration process during


the 1±2 minutes necessary to fill the rotor with the powder in air. When
following this procedure, different hydrated states were obtained by re-
moving the sample from the rotor, dehydrating it once more in the oven,
and allowing it to rehydrate in the surrounding atmosphere for chosen
times before enclosing it again. In this way, after exposure to air for 2 h
the hydrated sample was at equilibrium. Both sample preparation proce-
dures led to fundamentally the same hydration process, as monitored by
NMR, but with delayed kinetics and a more reproducible state when
using Procedure 1.


CCDC-220475±CCDC-220477 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk).
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Self-Assembly of Tris(2-ureidobenzyl)amines: A New Type of Capped,
Capsule-Like Dimeric Aggregates Derived from a Highly Flexible Skeleton


Mateo AlajarÌn,*[a] Aurelia Pastor,[a] RaÇl-çngel Orenes,[a] Jonathan W. Steed,[b] and
Ryuichi Arakawa[c]


Introduction


Complementarity and preorganization are key concepts in
supramolecular chemistry.[1] Thus, for several units to self-as-
semble they have to possess binding sites with the correct
electronic character (polarity, hydrogen bond donor/accept-
or ability, hardness or softness, etc.) to complement each
other. Furthermore, if these units do not undergo a signifi-
cant conformational reorganization upon self-assembling
they are said to be preorganized. In this case, the entropic
penalty associated with the loss of degrees of freedom of the
individual subunits upon self-association is minimized. This


is the reason why in most cases self-assembling subunits are
based on conformationally restricted systems.


The tribenzylamine unit provides an excellent scaffold for
supramolecular chemistry in spite of its flexibility. Nine rota-
tions per subunit (i.e., around bonds a±c in Figure 1) and in-
version of the pivotal nitrogen atom must be restricted in as-
semblies incorporating rigid tribenzylamine subunits.


Nevertheless, tribenzylamines properly functionalized at
every arm assemble with other tripodal subunits as recently
described in the literature.[2] Thus, chiral macrobicyclic tri-
phosphazides and triphosphazenes have been prepared by
tripod±tripod coupling of tris(2- and 3-azidobenzyl)amines
with 1,1,1-[tris(diphenylphosphino)methyl]ethane. Based on
this success, our investigations have been aimed at the syn-
thesis of self-assembling capsules containing the tribenzyl-
amine moiety in which each arm of this tripodal molecule is


Abstract: A set of tris(2-ureidobenzyl)-
amines 3 was prepared and their dime-
rization processes thoroughly investi-
gated. In spite of their inherent flexibil-
ity, tris(ureas) 3 form dimeric aggre-
gates both in the solid state and in sol-
ution. Evidence for the existence of
these dimeric species was provided by
a combination of techniques (X-ray
analysis, NMR and IR spectroscopy,


and ESI-MS). The association con-
stants and thermodynamic parameters
for the dimerization processes of se-
lected tris(ureas) were determined and
show that they are enthalpically driven.


Heterodimerization experiments in sol-
ution reveal a high degree of self-rec-
ognition or narcissistic self-sorting. On
the other hand, desymmetrized tris(ur-
eas) derived from 3 self-assemble with
modest regioselectivities depending on
the terminal substituent of every urea
functionality.


Keywords: dimerization ¥ hydrogen
bonds ¥ molecular recognition ¥ self-
assembly ¥ ureas


Figure 1. Tribenzylamine functionalized at the 2-position. Letters a, b,
and c represent the bond rotations which would be restricted in a tripod±
tripod assembly.
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endowed with secondary urea groups, which are excellent
for hydrogen bonding interactions.[3]


To our delight, tris(2-ureidobenzyl)amines associate in
solution and in the solid state to give dimeric aggregates.[4]


These dimers are composed of two enantiomeric units asso-
ciated through their urea residues (Figure 2). The interacting


urea functionalities form a belt of 12 hydrogen bonds, a
rather singular motif that has only been previously observed
by Rebek Jr. et al.,[5] Bˆhmer et al.,[6] and de Mendoza
et al.[7] for ureidocalix[4]- and -[6]arenes. Herein we present
a full study of these self-assembling systems which includes
complete characterization of the dimeric aggregates in the
solid state and solution, the determination of thermodynam-
ic parameters for the dimerization process, the formation of
heterodimeric species, and the study of the regioselectivity
in the self-assembly of tris(ureas) lacking C3v symmetry.


Results and Discussion


Synthesis : The readily available tris(2-azidobenzyl)amines
1[2b] (Scheme 1) were converted into the tris(amines) 2 in
good yields by two alternative methods: A) reduction with


LiAlH4 (LAH) or B) sequential treatment with PMe3 and
tetrahydrofuran (THF)/H2O (Table 1). Tris(2-ureidobenzyl)-
amines 3a±m were obtained from 2 in 58±91% yield by
treatment with the corresponding isocyanate. The data in-
cluded in Table 1 highlight several factors: in particular, the
more sterically encumbered the terminal substituent at the
ureido functionality (e.g., aromatic 2,6-disubstitution or sec-
ondary carbons next to the terminal nitrogen atom of the


ureido functionality), the more drastic the reaction condi-
tions that were required regardless of the reactivity of the
corresponding isocyanate.


The synthesis of the tris(urea) 3n was conducted in a two-
step synthetic sequence[8] by starting from the tris(amine) 2a
(Scheme 2). Thus, treatment of 2a with 1,1,1,3,3,3-hexa-


methyldisilazane (HMDS) and S,S-dimethyldithiocarbonate
(DMDTC) led to the tris(thiocarbamate) 4, which was then
allowed to react with MeNH2 to give the tris(urea) 3n with
three pendant N-methylureido groups.


Solid-state structure of 3d :[9] Diffraction-quality crystals of
the tris(urea) 3d were obtained by recrystallization from
CH2Cl2/Et2O. The single-crystal X-ray analysis revealed the
existence of two independent dimeric aggregates 3d¥3d in
the crystal lattice with slightly different shapes, one of which
is shown in Figure 3.


As found in a previous example,[4] the dimers are formed
by two C3-symmetric enantiomeric tripods turned 608 with
respect to each other and encircled by a belt of six hydro-
gen-bonded ureas. This arrangement results in S6 symmetry
for the dimeric core. The conformationally restricted triben-
zylamine skeleton adopts a propeller-like conformation,
which can be visualized from the view along the C3 axis
(Figure 3a).


Notably, the formation of the aggregate is accompanied
by a chiral self-discrimination event, since one enantiomeric
tripod recognizes its mirror image. Very few examples of
such self-discrimination have been described thus far.[10]


Figure 2. Schematic view of the self-assembly between two tris(2-ureido-
benzyl)amine subunits showing the belt of hydrogen-bonded ureas.


Scheme 1. Synthesis of tris(ureas) 3. a) Method A: LAH, Et2O, 20 8C, 4 h
or method B: i) PMe3, THF, 0 8C, 20 min; ii) THF/H2O, 20 8C, 18 h;
b) R2NCO, solvent, temperature (see Table 1).


Table 1. Synthesis of tris(amines) 2 and tris(ureas) 3.


Entry Compound R1 R2 Solvent T [8C] Yield [%]


1 2a H ± ± ± 75[a](90)[b]


2 2b Me ± ± ± 73[a]


3 3a H 4-MeC6H4 CH2Cl2 20 87
4 3b Me 4-MeC6H4 CH2Cl2 20 87
5 3c H 4-nBuC6H4 CH2Cl2 20 77
6 3d Me 4-nBuC6H4 CH2Cl2 20 77
7 3e H 4-MeOC6H4 CH2Cl2 20 86
8 3 f H 4-CF3C6H4 CH2Cl2 20 89
9 3g H Bn CHCl3 reflux 81


10 3h Me Bn CHCl3 reflux 91
11 3 i H CH2=CHCH2 CHCl3 reflux 58
12 3 j Me nPr CHCl3 reflux 80
13 3k Me (S)-Ph(Me)CH CHCl3 reflux 62
14 3 l Me iPr DMF 80 64
15 3m H 2,6-Me2C6H3 DMF 80 77


[a] By method A. [b] By method B.


Scheme 2. Synthesis of the tris(urea) 3n. a) i) HMDS, nBuLi, DMDTC,
THF, �78!20 8C, 6 h; b) MeNH2, MeOH, reflux, 15 h.
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The diaryl urea units of every arm are far from planarity
with approximate interplanar angles of 46.4±46.68/48.8±49.08
between the two aryl rings. The X-ray structure of 3d¥3d
(Table 2) also shows weak edge-to-face p-stacking interac-
tions between the aromatic rings of the tribenzylamine skel-
eton and the pendant aromatic rings from the other subunit.


Interestingly, the urea-type hydrogen bonds are very dif-
ferent with the distance N¥¥¥O=C (2.84±2.89 ä) for the urea
nitrogen atoms bearing the pendant 4-butylphenyl substitu-
ents being rather shorter than the distance N¥¥¥O=C (3.12±
3.20 ä) for the urea nitrogen atoms attached to the triben-
zylamine skeleton. In contrast to the new dimer 3d¥3d, the
previously described X-ray structure of 3g¥3g (Figure 4a)
has a more symmetrical belt of hydrogen bonds with distan-
ces of 2.90±3.02 ä (Figure 4b).[4]


These differences in the arrangement of the hydrogen
bond network between 3d¥3d and 3g¥3g and the lack of p-
stacking interactions in 3g¥3g could explain important dif-
ferences in their respective behavior in solution (see below).


A detailed inspection of both crystal structures reveals
that the success of the dimerization process seems to be de-
termined by a subtle interplay of conformational features:
the propeller-like topology around the pivotal nitrogen
atoms of the tripodal moieties, the tilt of the 1,2-disubstitut-
ed arene rings in relation to the C3 axis passing through
those nitrogen atoms, and the dihedral angles between the
mean planes of the urea cores with respect to their adjacent
arene rings. The consonance of these structural fragments


provides the unique conformation shown in Figures 3 and
4a which allows the effective interdigitation of the urea
units. Any appreciable change in some of these fragments
would render the dimerization process less favorable by de-
stroying the optimal alignment of the 12 hydrogen bonds
within the urea belt. This factor may account for the high
degree of narcissistic self-sorting shown by these aggregates
in solution (see below).


Dimers 3d¥3d form capsule-like aggregates with an inter-
nal cavity. The distance between the two pivotal nitrogen
atoms in 3d¥3d (5.911/6.307 ä) relative to 3g¥3g (5.511 ä)
implies a slightly larger cavity in the former although no
guest was found inside.


Behavior in solution of tris(ureas) 3a±j and 3n : These tris-
(ureas) self-assemble in solution in solvents that provide no
competitive hydrogen bonding (e.g., CDCl3, CD2Cl2, and
benzene) to give dimers linked by 12 hydrogen bonds of
similar geometry to those depicted in the X-ray structures.
Evidence for these self-assembling processes was provided
by a combination of different experiments (i.e. , 1H and
13C NMR data recorded in different solvents, 2D ROESY
experiments, IR spectroscopy, and ESI-MS measurements).
Furthermore, encapsulation experiments and heterodimeri-
zation processes have been investigated.


1H and 13C NMR data : For all tris(ureas) the number and
pattern of the 1H NMR signals in polar competitive hydro-


Figure 3. Top (a) and side view (b) of the dimeric structure 3d¥3d. The
belt of hydrogen-bonded urea moieties is indicated by dotted lines.


Table 2. Crystallographic data for 3d¥3d.


Parameter Value


empirical formula C58H71Cl2N7O3


formula weight 985.12
T [K] 100(2)
wavelength [ä] 0.71073
crystal system trigonal
space group R3≈


a [ä] 21.256(3)
b [ä] 21.256(3)
c [ä] 42.469(7)
a [8] 90
b [8] 90
g [8] 120
V [ä3] 16617(4)
Z 12
1 [gcm�3] 1.181
m [mm�1] 0.166
F(000) 6312
crystal size [mm3] 0.50î0.40î0.30
q range [8] 2.64±25.00
h �25 to 22
k �25 to 24
l �50 to 44
reflections collected 25372
unique reflections 6496
R(int) 0.0976
no. of parameters 408
no. of restraints 0
R1 (I>2s(i)) 0.0666
wR2 (I>2s(i)) 0.1542
R1 (all data) 0.1036
wR2 (all data) 0.1700
D1[eä�3] 0.269/�0.234
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gen-bonding solvents such as [D6]DMSO and [D4]methanol
corresponded to those expected for monomers of averaged
C3v symmetry (Figures 5a and 6a). The most representative
signal was that for the methylenic protons of the (ArCH2)3N
fragment: a singlet at d=3.43±3.64 ppm.


However, a completely different picture was observed in
noncompetitive solvents such as CDCl3. Thus, two sets of
signals emerged corresponding to two species of different
symmetry. The ratio in which both species were present in
CDCl3 depends on the substituent R2 to a great extent.
While for tris(ureas) 3a±f and 3n only the signals attributed
to the less symmetric species were apparent (Figure 5b), the
spectra for the tris(N-alkyl)ureas 3g±j were interpreted as
corresponding to equilibrium mixtures of both compounds
(Figure 6c). The more symmetric species, assigned to the
monomer when it was detected, featured the expected pat-
tern consistent with an averaged C3v symmetry. The chemi-
cal shifts for nearly all this set of signals (except for the NH
protons) were very similar to those measured in [D6]DMSO
(Figures 6a and c). On the other hand, the less symmetrical
species typically revealed the splitting of the singlet corre-
sponding to the methylenic protons of the (ArCH2)3N frag-
ment into two doublets (J=14.5±15.9 Hz) (Figures 5b and
6c).


The 1H NMR data for the less symmetrical species are
consistent with the hydrogen-bonded dimeric aggregates of
S6 symmetry revealed by the crystal structures of 3d¥3d and
3g¥3g (Scheme 3 and Figures 3 and 4a).


Notably, all these equilibria could be shifted toward the
monomer by: 1) decreasing the concentration of the tris(ur-
eas), 2) increasing the temperature (Figure 6b,c), and 3) by
addition of competitive hydrogen-bonding solvents such as
[D6]DMSO.


The shift to lower field of the signals for the NH groups
supports the engagement of the
urea functionalities in an or-
dered, extensively hydrogen-
bonded system in solution when
compared to a reference urea
(Scheme 4). Notably, the chemi-
cal shifts of these protons re-
mained concentration-inde-
pendent in the range 10.0±
0.3 mm. In contrast, the
1H NMR spectra of most ureas
(e.g., diphenyl urea) are highly
concentration-dependent.[11]


The upfield shifts observed
for the methylenic protons next
to the pivotal nitrogen atom
and for those located at the ter-
minal substituents of the urea
functionalities in the dimeric
tris(ureas) 3a±f (schematically
represented by 3d¥3d in
Scheme 5) were even more in-
formative. These results reflect-
ed the mutual anisotropy expe-
rienced by the tribenzylamine


Figure 4. a) Top view of the dimeric structure 3g¥3g. The belt of hydro-
gen-bonded urea moieties is indicated by dotted lines. b) Comparison of
the pattern of the hydrogen bonding network for 3d¥3d and 3g¥3g based
on the crystallographic data.


Figure 5. 1H NMR spectra (300 MHz) of 3a a) in [D6]DMSO and b) in CDCl3 at 296 K; asterisks label the sig-
nals for residual water.
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unit and the pendant aromatic substituents owing to the in-
tercalation of the six arms in the dimeric structure.


In contrast, the methylenic protons next to the pivotal ni-
trogen atom in dimeric tris(ureido)amines 3g±j (schemati-
cally represented by 3g¥3g in Scheme 5), although inequiva-


lent, did not display upfield shifts presumably as a result of
lacking this peculiar arrangement of intercalating aromatic
rings.


The appearance of rather different d values (Dd=
1.6 ppm) for the resonances owing to the two methylenic
protons of the pendant alkyl groups (R2=CH2R) was also


Figure 6. 1H NMR spectra (300 MHz) of 3g a) in [D6]DMSO at 296 K; in CDCl3 at b) 323 K, c) 296 K, and d) 213 K; asterisk labels the signal for residual
water.


Scheme 3. Self-association of tris(ureas) 3 in solution of noncompetitive
hydrogen-bonding solvents.


Scheme 4. Chemical shifts (CDCl3) for the NH resonances in 3a¥3a and
3g¥3g compared to a reference urea.
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noticeable in the spectra of dimeric aggregates of tris(ureas)
3g±j. The aromatic rings of the tribenzylamine skeleton pro-
vide the anisotropic environment that determines the shield-
ing of only one of these benzylic protons. This proton was
assigned as that appearing at lower d values and the assign-
ment was confirmed on the basis of the ROE contacts be-
tween the signal due to this proton and those corresponding
to the tribenzylamine aryl protons (see structure 3g¥3g in
Scheme 5). These cross peaks were not observed for the
other benzylic proton.


The 13C NMR spectra of 3g±j measured in CDCl3 also re-
vealed the involvement of the urea carbonyl groups as hy-
drogen bond acceptors in the dimeric aggregates. Their d


values (d=157.7±158.3 ppm) appeared downfield relative to
those in the corresponding monomers (d=154.9±
155.2 ppm).


To provide semiquantitative data on the relative stability
of the dimers, CDCl3 solutions were titrated with
[D6]DMSO until the dimeric species signals were no longer
visible (Table 3). The dimeric assemblies of N-aryl-substitut-
ed tris(ureas) 3a, 3c, and 3d are therefore more stable than
those of the N-alkyl-substituted 3g, 3h, and 3 j.


2D ROESY experiments : Two-dimensional ROESY experi-
ments in CDCl3 and [D6]DMSO were employed to obtain
structural details of aggregates 3a¥3a, 3d¥3d, and 3g¥3g in
solution (see Supporting Information). The most significant


NOE contacts are illustrated in Scheme 5 and nicely support
the formation of a dimeric aggregate in CDCl3. The most re-
vealing cross peaks were those relating the tribenzylamine
core with the pendant urea protons. These nuclei are too far
apart in the monomeric structure to allow these cross peaks
to be assigned to intramolecular NOE contacts. Notably,
they were not present in the spectra measured in
[D6]DMSO.


All the protons involved in NOE contacts were examined
in the corresponding X-ray structures (3d¥3d and 3g¥3g)
and have interatomic distances below 3.5 ä. This fact pro-
vides an additional proof that the geometry of the dimers in
the solid state remains in solution.


IR measurements : Another telltale sign of the engagement
of the NH groups in hydrogen bonding was provided by the
FTIR spectra of 3a (13.7 mm) and 3g (16.4 mm) in CHCl3
solution. The spectra showed exclusively the hydrogen-
bonded NH stretching band at 3317±3327 cm�1 (non-hydro-
gen-bonded NH stretches usually appear as a weak and
sharp band above 3400 cm�1).[12]


ESI-MS spectra : Although mass spectrometry only reflects
the properties of gas-phase species, the correlation between
gas phase and solution is often reliable for ESI-MS, and con-
sequently this method has recently been used to analyze sol-
ution-phase aggregation processes.[13]


The dimeric assemblies of tris(ureas) 3a, 3g, and 3h were
detected by ESI-MS experiments. The spectra measured in
CHCl3 had base peaks for the respective protonated mono-
mers and the corresponding molecular ions for the protonat-
ed dimers 3a¥3a (m/z 1463), 3g¥3g (m/z 1464), and 3h¥3h
(m/z 1547) albeit with very low intensities (Figure 7). These
low abundances may be explained by taking into account
that the use of solvents that do not compete for hydrogen
bonds in ESI-MS usually requires an ion-labeling step (e.g.,
Na+/crown ether complexes,[14] anions,[15] and metal[16] or
quaternary ammonium[17] cations), which is not the case
here; with our dimers, protons provide the charge needed
for ESI-MS detection.


On the other hand, the combination of two monomers
can produce three structurally different dimeric aggregates
(two homodimers and one heterodimer) with three different
masses. An equimolar solution of 3g and 3h afforded a
nearly statistical mixture (1:2:1) of the three species 3g¥3g,
3h¥3h, and 3g¥3h detected in the ESI-MS spectra by their
respective protonated molecular ions. These findings almost
exactly parallel those observed by NMR experiments (see
below).


All these results make it difficult to distinguish between
the formation of dimeric capsule-like aggregates or other
unspecific associations in the gas phase. Nevertheless, it
seems unlikely that the capsule-like structure, which accord-
ing to the NMR experiments is present in solution, is trans-
formed into a nonspecific aggregate during the electrospray
process; however, this possibility cannot be excluded.


Encapsulation behavior: Usually, the addition of a suitable
guest, often a solvent molecule, of complementary size and


Scheme 5. Chemical shift differences (ppm) between the dimer and the
corresponding monomer for selected protons in 3d¥3d and 3g¥3g
(CH2Npiv not unequivocally assigned). Arrows indicate important NOE
contacts from a 2D ROESY spectrum (600 MHz).


Table 3. Volume of [D6]DMSO required to totally shift the equilibrium
towards the monomeric species.


Entry Urea R1 R2 %[D6]DMSO[a,b]


1 3a H 4-MeC6H4 50
2 3c H 4-nBuC6H4 50
3 3d Me 4-nBuC6H4 51
4 3g H Bn 30
5 3h Me Bn 27
6 3 j Me nPr 31


[a] With respect to the volume of CDCl3. [b] [D6]DMSO was added to a
solution of CDCl3 until the monomer/dimer ratio was �95:5 (200 MHz
or 300 MHz) in the 1H NMR spectra.
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shape favors the formation of discrete aggregates by acting
as a template.[18]


In our case, encapsulation studies of small organic mole-
cules such as MeI and CH2Cl2, which are good guests for
tris(3-ureidobenzyl)amines,[19] were performed for 3a¥3a.
After dissolving the sample in CDCl3, an excess of the guest
was added and the 1H NMR spectrum was recorded at 20
and �60 8C. Unfortunately, the spectra did not show any
change relative to those measured without the guest. Fur-
thermore, no signal for an encapsulated molecule was found
confirming that no species occupied the interior of the
cavity. These findings agree with the results revealed by the
X-ray structures (see above) and may be explained as result-
ing from the small dimensions of the cavity.


Behavior in solution of tris(ureas) 3k±m : As mentioned
above, the nature of the pendant substituent at the urea
functionality decisively influences the ratio of monomer/
dimer present in CDCl3 solutions. Thus, for tris(N-arylurei-
dobenzyl)amines 3a±f and tris(N-methylureidobenzyl)amine
3n the monomer was present in tiny concentrations. In con-
trast, for tris(N-alkylureidobenzyl)amines 3g±j the mono-
mer/dimer ratio was higher. Consistent with the same trend,
tris(ureas) 3k±m (Table 1) do not form dimeric aggregates
in solution at all. Their 1H NMR spectra only have signals
for a species of averaged C3v symmetry at chemical shifts
rather similar to those measured in competitive solvents
such as [D6]DMSO which were assigned to the correspond-
ing monomers. This fact confirms that sterically encumbered
R2 residues make the dimerization process unfavorable.


For the particular case of the enantiomerically enriched
tris(urea) (S)-3k, the formation of both the homochiral spe-
cies (S)-3k¥(S)-3k and the heterochiral species (S)-3k¥(R)-
3k was tested with negative results.


Determination of the thermodynamic parameters of the di-
merization process : Since the association±dissociation rates


for the respective monomers
and dimers were slow on the
NMR time scale, the popula-
tions of both species were de-
termined by integration of their
respective peaks in the
1H NMR spectra. This provided
a convenient means of deter-
mining the association con-
stants at different tempera-
tures.[20] The values of DG8,
DH8, and DS8 were obtained
for the dimerization equilibria
of tris(ureas) 3a, 3g, and 3h
(Table 4) from the correspond-
ing van’t Hoff plots (Figure 8).


These values indicate the
large and compensating effects
operating in the dimerization
processes, since they are en-
thalpically favorable and en-
tropically very unfavorable. The


negative enthalpic component may be the result of the stabi-
lizing interactions between the six urea functionalities by hy-
drogen bonding. Likewise, the high negative DS8 values


measured must account for the reduction of conformational
freedom during dimerization.


Notably, this loss of freedom is rather acute for 3g¥3g
(DS8=�182.2) compared to 3a¥3a (DS8=�70.6) which may
be related to two facts: 1) a more ordered hydrogen bond
network of 3g¥3g compared to 3a¥3a[21] (Figure 4b) revealed
by the X-ray structures, and 2) a less significant loss of con-


Figure 7. ESI mass spectrum of a CHCl3 solution of 3a.


Table 4. Association constants and thermodynamic parameters for the
dimerization of tris(ureas) 3a, 3g, and 3h in CDCl3.


Entry Dimer Kass
[a] DG8 DH8 DS8


[m�1] [kJmol�1] [kJmol�1] [Jmol�1K�1]


1 3a¥3a 91200 �28.3 �49.3 �70.6
2 3g¥3g 4000 �20.6 �74.9 �182.2
3 3h¥3h 1000 �17.1 �64.0 �157.6


[a] At 298 K.


Figure 8. Van’t Hoff plots (r2>0.996) for the association processes of tris-
(ureas) 3a (^), 3g (&), and 3h (~) in CDCl3 over the temperature
range 295±337 K.
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formational freedom on going from monomer 3a to dimer
3a¥3a than in the case of formation of 3g¥3g, since 3a is
more preorganized owing to conjugation between the urea
and the pendant aryl groups.


Additionally, the more symmetrical belt of 3g¥3g compris-
es twelve strong hydrogen bonds compared to six strong and
six weak hydrogen bonds for 3a¥3a. This fact is consequent-
ly reflected by a more negative value of DH8 (�74.9 versus
�49.3) for the former. Notably, the weak p-stacking interac-
tions present in 3a¥3a and the higher acidity of their urea
hydrogen atoms do not compensate this effect (the same ar-
guments may be applied to 3h¥3h).


Heterodimerization processes : The combination of two
monomers can produce three structurally different dimeric
aggregates (two homodimers and one heterodimer). These
processes have frequently been used to verify dimerization
of tetraureido[4]calixarenes in solution[6a, c] and the gas
phase.[17c]


The formation of the corresponding heteromeric assem-
blies between tris(ureas) 3a, 3d, 3 f, 3g, and 3h was investi-
gated by 1H NMR spectroscopy. Since these tris(ureas) are
self-complementary, it would be reasonable to expect that
they would also complement each other. The formation of
hybrid aggregates was induced by dissolving equimolar
quantities of two different tris(ureas) in CDCl3.


As depicted in Table 5, the nature of the terminal sub-
stituent at the urea functionality determines the degree of
heterodimerization, in parallel to what we have previously


observed in the corresponding homodimerization processes.
The hybrid species was formed in a statistical ratio only
when these pendant substituents were identical (3g¥3h).


Surprisingly, the change of a 4-tolyl (3a) by a 4-butyl-
phenyl (3d) terminal substituent led to a two-fold decrease
in the percentage of heterodimerization with respect to the
statistical ratio (27% versus 50%). Finally, mixtures of aryl/
benzyl-substituted tris(ureas) (3a¥3g, 3d¥3g, 3a¥3h, or
3d¥3h) showed less than 9% of heterodimerization. The
degree of heterodimerization was independent of the sol-
vent (similar percentages of heterodimerization were found
in [D8]toluene and C2D2Cl4).


On the basis of all these results, tris(2-ureidobenzyl)-
amines can be considered to behave with a high degree of
self-recognition or narcissistic self-sorting. This is not a very
common phenomenon and is defined as the high-fidelity rec-
ognition of self from nonself.[22]


The association constants for the formation of three heter-
odimeric assemblies (Table 6) were calculated by using
equations described by Cram.[20]


Isaacs and co-workers[22] have investigated theoretically
the variables that affect the fidelity of self-sorting processes:
one is how large the difference between the equilibrium
constants for homomeric versus heteromeric aggregation is
sufficient to drive narcissistic self-sorting. They found that a
10-fold difference in favor of the homomeric aggregate is
more than enough, although these studies were conducted
by fixing the values for the equilibrium constants of both
homodimeric assemblies to be 106


m
�1.


Thus, for the system comprising monomers 3a and 3g, ho-
modimers 3a¥3a (Kass=91200) and 3g¥3g (Kass=4000) and
the heterodimer 3a¥3g (Kass=2200), we found the following
distribution of molar fractions: c3a3a=0.94 (c3a=0.02 and
c3a3g=0.04) and c3g3g=0.87 (c3g=0.09 and c3a3g=0.04).
These values reveal that the respective homodimeric assem-
blies are the major species and confirm the findings descri-
bed by Isaacs for species which present narcissistic self-sort-
ing behavior (slight differences may be due to the fact that
both homodimeric association constants are not equal).
Analogous results were found for 3a¥3h (c3a3a=0.90, c3a=


0.02, c3h3h=0.71, c3h=0.21, and c3a3h=0.08).
As an exception, heterodimers formed with tris(urea) 3 f


(the experiments were conducted in C2D2Cl4 as a result of
insolubility in CDCl3) displayed high levels of heterodimeri-
zation; in other words, these heterodimeric assemblies
showed higher stabilities compared to the rest of the hetero-
dimers investigated in Table 5. These findings may be ration-
alized in terms of the increased acidity of the 4-trifluoro-
phenyl-substituted urea NH protons which complements the
relative basicity of the tris(ureas) 3a, 3d, 3g, and 3h. As has
been previously established,[23] the strong dependence of hy-
drogen bonding on electron distribution provides a facile
means of controlling the strength of this interaction through
substituent effects.


Finally, we investigated if tris(2- and 3-ureidobenzyl)a-
mines were complementary, since the 3-isomers also form
dimeric species of analogous structure in CDCl3 solution.[19]


Thus, we tried the heterodimerization of 3a or 3g with the
tris(3-ureidobenzyl)amine 5. However, the respective hybrid
species were detected in 18% and 0%, respectively, thus
showing again the high tendency of tris(2-ureidobenzyl)-
amines to narcissistic self-aggregation.


Table 5. Percentage [%] of heterodimerization between tris(ureas) 3a,
3d, 3 f, 3g, and 3h in CDCl3.


[a]


3a 3d 3 f[b] 3g 3h


3a 27 61 5 9
3d 80 5 7
3 f 12 31
3g 51
3h


[a] Calculated according to the equation: [AB]î100/([AB]+ [AA]+
[BB]). [b] Measured in C2D2Cl4.


Table 6. Association constants for the formation of homodimeric and
heterodimeric assemblies of tris(ureas) 3a, 3g, and 3h.


Entry Assemblies Kass
[a,b]


1 3a¥3a 91200
2 3g¥3g 4000
3 3h¥3h 1000
4 3a¥3g 2200
5 3a¥3h 2100
6 3g¥3h 7900


[a] m�1. [b] Calculated at 298 K.
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Self-assembly of desymmetrized tris(2-ureidobenzyl)amines
6 : As mentioned above, monomeric tris(2-ureidobenzyl)-
amines adopt C3v symmetry in solution, which is reduced to
C3 when they are integrated into the dimeric assembly. In-
terdigitation of the six arms of the two tripods converts the
C3 axis of each monomer to an overall S6 axis for the dimer.


Although dimeric assemblies of tris(ureas) 3 are achiral,
their geometry offers the possibility to achieve chirality in
the assemblies, for instance by the dimerization of tris(ur-
eas) with different substituents in each arm. In the particular
case of two identical arms and a different one (Cs symmetry
for the monomer), three different assemblies may be
formed: two enantiomeric dimers of C1 symmetry (A and B
in Figure 9) and another dimeric assembly of Ci symmetry


(C), which is regioisomeric with the other two. The chirality
featured by dimers A/B is supramolecular, since it is due
only to the mutual arrangement of the two tris(ureas) in the
dimer.[24]


Taking into account these preliminary considerations, de-
symmetrized tris(ureas) 6 were prepared as depicted in
Scheme 6. Based on previous results found for tris(ureas)
with C3v symmetry, we anticipated that the regioselection
should be more pronounced for different terminal residues
than for different substituents at the tribenzylamine core.
The preparation started with the treatment of 2-nitrobenzyl-
chloride with NaI to give the corresponding iodide (96%
yield), which was then treated with 2-azidobenzylamine in
the presence of Na2CO3 to yield the tertiary amine 7 (91%).
The formation of the corresponding iminophosphorane by
reaction of 7 with trimethylphosphane followed by hydroly-
sis in THF/H2O led to the amine 8 (67±90%). After reaction


with an isocyanate the tribenzylamines 9a and 9b were iso-
lated in 98% yield. Compounds 6a±d were obtained from
9a,b by sequential catalytic hydrogenation (10a : 74%; 10b :
84%) and treatment with the corresponding isocyanate
(Table 7).


The self-assembly of 6a±c in CDCl3 solutions was investi-
gated (6d was highly insoluble in CDCl3 or C2D2Cl4). Re-
gioisomers A/B and C interconvert by dissociation and re-
combination of the two subunits. Since this dissociation±re-
combination process is slow on the NMR time scale, the
ratio of both regioisomeric species A/B and C present in the
equilibrium could be determined by integration of selected
signals (resonances of terminal NHs). As depicted in
Table 7, the ratio of both regioisomers was only slightly in-
fluenced by the electronic nature of the terminal residue at-
tached to the urea functionality.


Since a 66:33 ratio of regioisomers corresponds to a statis-
tical distribution of A, B, and C (33:33:33), some degree of


Figure 9. Schematic representation of the symmetry properties of tris(ur-
eas) 6 consisting of two similar and one different terminal substituent of
the urea functionality (the directionality of the belt of hydrogen bonds is
symbolized by arrows).


Scheme 6. Reagents and reaction conditions for the synthesis of tris-
(ureas) 6. a) NaI, acetone, 20 8C, 20 h; b) 2-azidobenzylamine, Na2CO3,
CH3CN, reflux, 24 h; c) i) PMe3, THF, 0 8C, 30 min; ii) H2O/THF, 20 8C,
20 h; d) R1NCO, CH2Cl2, 20 8C, 24 h; e) H2, PtO2, THF, 20 8C, 18±22 h;
f) R2NCO, CH2Cl2, 20 8C, 16±18 h.


Table 7. Yields [%] and regioselectivities in the association process of
tris(ureas) 6.


Entry Urea R1 R2 Yield [%] A/B :C[a]


1 6a 4-nBuC6H4 4-CF3C6H4 43 57:43
2 6b 4-nBuC6H4 4-FC6H4 90 66:34
3 6c 4-CH3OC6H4 4-CF3C6H4 44 60:40
4 6d 4-CH3OC6H4 4-FC6H4 91 ±[b]


[a] Determined by integration of selected signals in their 1H NMR spec-
tra (400 MHz); error �5% of the stated value. [b] Value could not be
determined as a result of the insolubility of 6d in CDCl3 and C2D2Cl4.
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regioselection was only found for 6a and 6c in favor of the
Ci regioisomer (C) (entries 1 and 3; Table 7). In contrast to
the desymmetrized tetraurea calix[4]arenes described by
Bˆhmer and co-workers, no influence in the regioisomeric
distribution was observed by changing the solvent from
CDCl3 to C2D2Cl4 or [D8]toluene.


[24]


Interestingly, when a sample of 6a obtained by slow evap-
oration of a CDCl3 solution was redissolved in the same sol-
vent and its 1H NMR spectrum immediately recorded, it
showed a 36:64 ratio of C1:Ci regioisomers (see Supporting
Information)! After one day, the mixture of regioisomers
equilibrated and reached a similar ratio to that shown in
Table 7 (the results in Table 7 were achieved by recording
the spectra under equilibrium conditions, that is, 15 min
after being dissolved in CDCl3). This interesting result
seems to be an indication of a clear predominance of the Ci


regioisomer of 6a in the solid state. Unfortunately we did
not succeed in growing single crystals of tris(urea) 6a suita-
ble for X-ray determination. Efforts are currently underway
in our laboratories to investigate this phenomenon in more
depth.


Conclusion


Tris(2-ureidobenzyl)amines 3 proved to be avid self-assem-
blers in spite of their inherent flexibility, since they form di-
meric aggregates both in the solid state and solution in a va-
riety of noncompetitive solvents. Evidence for these dimeric
species, which are capped, capsule-like aggregates in which
the six hydrogen-bonded urea functionalities form a belt
around the equator of the molecule, was provided by a com-
bination of several techniques (X-ray analysis, NMR and IR
spectroscopy, and ESI-MS). Association constants and ther-
modynamic parameters for the dimerization processes of se-
lected tris(ureas) reveal that they are enthalpically driven al-
though the size of the terminal substituent is decisive in the
stability of the dimeric species. Tris(2-ureidobenzyl)amines 3
also present a high degree of narcissistic self-sorting as
shown by the investigation of heterodimerization processes.
Finally, the assembly of desymmetrized tris(ureas) 6 afford-
ed modest regioselectivities which depend on the electronic
nature of the terminal substituent at the ureido functionali-
ty.


Experimental Section


Single-crystal X-ray analysis of 3d : Crystallographic measurements were
carried out at 100 K. The structure was solved by using SHELXS-97[25]


and developed via alternating least-squares cycles and difference Fourier
synthesis (SHELXL-97[25]) with the aid of the program XSeed.[26] Inspec-
tion of the difference Fourier map revealed the presence of a highly dis-
ordered molecule of CH2Cl2 occupying a total of 2315 ä3 per unit cell.
This was treated by using the SQUEEZE procedure.[27]


General : 1H and 13C NMR spectra were measured on a Bruker AC 200
(1H: 200 MHz, 13C: 50 MHz), Varian Unity-300 (1H: 300 MHz, 13C:
75 MHz), or Bruker Advance 400 (1H: 401 MHz, 13C: 101 MHz) spectro-
photometer with TMS (d=0.00 ppm) or the solvent residual peak as in-
ternal standards. IR spectra were recorded on an FTIR Nicolet


Impact 400 infrared spectrophotometer, and melting points were taken
on a Reichert apparatus and are uncorrected.


S,S-Dimethyl dithiocarbonate (DMDTC) was prepared according to a re-
ported procedure.[28]


CAUTION : Azido compounds may represent an explosion hazard when
concentrated under vacuum or stored neat. A safety shield and appropri-
ate handling procedures are recommended.


General procedure for the synthesis of tris(2-aminobenzyl)amines 2 :


Method A : The corresponding tris(azide) 1[2b] (2.03 mmol) was dissolved
in freshly distilled Et2O (10 mL) and slowly added to a suspension of
LiAlH4 (0.23 g, 6.09 mmol) in the same solvent (30 mL) at 0 8C under N2.
The mixture was stirred at this temperature for 0.5 h, warmed to 20 8C,
and stirred for 4 h more. The reaction mixture was then cooled to 0 8C
and treated with 10% aqueous NaOH (5 mL). After filtration over a pad
of Celite, the ethereal phase was separated and the aqueous phase was
extracted with CH2Cl2 (3î10 mL). The combined extracts were dried
over MgSO4, the solvent was evaporated (30 8C/75 Torr), and the residue
was purified by silica gel chromatography.


Method B : PMe3 in THF (1.0m, 7.24 mL, 7.24 mmol) was slowly added at
0 8C to a solution of the corresponding tris(azide) 1 (2.14 mmol) in fresh-
ly distilled THF (30 mL) under N2. The reaction mixture was then stirred
at this temperature until the band corresponding to the azide functionali-
ty (around 2100 cm�1) disappeared from its IR spectrum (20 min approxi-
mately). At this time a white precipitate corresponding to the phospha-
zene was apparent in the mixture. THF (80 mL) and H2O (15 mL) were
then added and the reaction mixture was stirred at 20 8C for 18 h. After
removal of the organic solvent (30 8C/75 Torr), H2O (50 mL) was added
and the aqueous phase was extracted with CH2Cl2 (3î30 mL). The com-
bined extracts were dried over MgSO4, the solvent was evaporated
(30 8C/75 Torr), and the residue was purified by silica gel chromatogra-
phy.


Tris(2-aminobenzyl)amine (2a): The title compound was prepared ac-
cording to methods A and B in 75% and 90% yield, respectively. Purifi-
cation by silica gel chromatography, eluted first with 5:1 Et2O/hexanes
and subsequently with Et2O (Rf=0.46 in 5:1 Et2O/hexanes) afforded 2a
as colorless prisms (an analytical sample was obtained by recrystallization
from 1:4 CH2Cl2/Et2O). M.p. 195±206 8C; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d=3.46 (s, 6H), 3.85 (s, 6H), 6.56 (dd, 3J(H,H)=8.4 Hz,
4J(H,H)=1.1 Hz, 3H), 6.67 (td, 3J(H,H)=7.3 Hz, 4J(H,H)=0.8 Hz, 3H),
7.03±7.11 ppm (m, 6H); 13C NMR (50 MHz, CDCl3, 25 8C): d=57.1 (t),
115.5 (d), 117.8 (d), 121.8 (s), 128.9 (d), 132.0 (d), 145.6 ppm (s); IR
(Nujol): ñ=3463 (NH), 3428 (NH), 3350 cm�1 (NH); MS (70 eV, EI): m/z
(%): 332 (4) [M+], 106 (100); elemental analysis calcd (%) for C21H24N4


(332.5): C 75.87, H 7.28, N 16.85; found: C 75.42, H 7.39; N 16.94.


Tris(2-amino-5-methylbenzyl)amine (2b): The title compound was pre-
pared in 73% yield according to method A. Purification by silica gel
chromatography, eluted first with 5:1 Et2O/hexanes and subsequently
with Et2O (Rf=0.41 in 5:1 Et2O/hexanes), afforded 2b as colorless
prisms (an analytical sample was obtained by recrystallization from 2:1
CH2Cl2/Et2O). M.p. 230±236 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=2.20 (s, 9H), 3.41 (s, 6H), 3.80 (s, 6H), 6.46 (d, 3J(H,H)=
8.5 Hz, 3H), 6.84±6.87 ppm (m, 6H); 13C NMR (50 MHz, CDCl3, 25 8C):
d=20.4 (q), 57.1 (t), 115.7 (d), 122.1 (s), 126.8 (s), 129.4 (d), 132.6 (d),
143.1 ppm (s); IR (Nujol): ñ=3461 (NH), 3367 cm�1 (NH); MS (70 eV,
EI): m/z (%): 374 (20) [M+], 120 (100); elemental analysis calcd (%) for
C24H30N4 (374.5): C 76.97, H 8.07, N 14.96; found: C 76.75, H 8.35, N
15.13.


General procedure for the synthesis of tris(ureas) 3a±f : The correspond-
ing tris(amine) 2 (0.30 mmol) was dissolved in dry CH2Cl2 (5 mL) and
the isocyanate (0.90 mmol) was added under N2. After stirring at 20 8C
for 18 h the solvent was removed (30 8C/75 Torr) and Et2O (5 mL) was
added. The white solid was filtered and dried under vacuum. Further pu-
rification was conducted by recrystallization from the appropriate mix-
ture of solvents.


Tris{2-[N’-(4-methylphenyl)ureido]benzyl}amine (3a): The title com-
pound was prepared in 87% yield according to the general procedure to
afford 3a as colorless prisms (an analytical sample was obtained by re-
crystallization from 1:1 CHCl3/Et2O). M.p. 234±236 8C; 1H NMR
(300 MHz, [D6]DMSO, 25 8C, TMS, only monomer was observed): d=


2.23 (s, 9H), 3.64 (s, 6H), 7.01±7.06 (m, 9H), 7.16 (td, 3J(H,H)=7.5 Hz,
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4J(H,H)=0.9 Hz, 3H), 7.31 (d, 3J(H,H)=8.1 Hz, 6H), 7.56±7.59 (m, 6H),
7.90 (s, 3H), 8.66 ppm (s, 3H); 1H NMR (300 MHz, CDCl3, 25 8C, TMS,
only dimer was observed): d=1.87 (s, 18H), 3.09 (d, 2J(H,H)=14.7 Hz,
6H), 3.22 (d, 2J(H,H)=14.7 Hz, 6H), 6.17 (d, 3J(H,H)=8.4 Hz, 12H),
6.40 (d, 3J(H,H)=8.4 Hz, 12H), 7.07 (d, 3J(H,H)=7.8 Hz, 6H), 7.19 (t,
3J(H,H)=7.4 Hz, 6H), 7.28 (t, 3J(H,H)=7.4 Hz, 6H), 7.41 (s, 6H), 7.63
(d, 3J(H,H)=7.5 Hz, 6H), 7.94 ppm (s, 6H); 13C NMR (50 MHz,
[D6]DMSO, 25 8C): d=20.3 (q), 54.4 (t), 118.3 (2îd), 123.7 (d), 123.8 (d),
127.1 (d), 128.6 (d), 129.1 (2îd), 130.0 (s), 130.6 (s), 137.0 (s), 137.1 (s),
153.1 ppm (s); 13C NMR (75 MHz, CDCl3, 25 8C): d=20.3 (q), 53.4 (t),
117.9 (2îd), 126.2 (d), 126.5 (d), 128.3 (d), 128.6 (d), 128.9 (2îd), 131.3
(s), 134.7 (s), 135.4 (s), 136.5 (s), 155.9 ppm (s); IR (Nujol): ñ=3322
(NH), 1655 cm�1 (C=O); IR (CHCl3, 13.7 mm): ñ=3317 (NH), 1658 cm�1


(C=O); MS (FAB+): m/z (%): 754 (45) [M++Na], 732 (42) [M++1], 239
(95), 132 (61); elemental analysis calcd (%) for C45H45N7O3 (731.9): C
73.85, H 6.20, N 13.40; found: C 73.83, H 6.37, N 13.53.


Tris{5-methyl-2-[N’-(4-methylphenyl)ureido]benzyl}amine (3b): The title
compound was prepared in 87% yield according to the general proce-
dure to afford 3b as colorless prisms. M.p. 270±272 8C; 1H NMR
(300 MHz, [D6]DMSO, 25 8C, TMS, only monomer was observed): d=


2.10 (s, 9H), 2.21 (s, 9H), 3.58 (s, 6H), 6.90 (dd, 3J(H,H)=8.1 Hz,
4J(H,H)=1.8 Hz, 3H), 7.02 (d, 3J(H,H)=8.3 Hz, 6H), 7.12 (s, 3H), 7.28
(d, 3J(H,H)=8.3 Hz, 6H), 7.33 (d, 3J(H,H)=8.1 Hz, 3H), 7.87 (s, 3H),
8.59 ppm (s, 3H); 1H NMR (300 MHz, CDCl3, 25 8C, TMS, a 82:18 mix-
ture of dimer and monomer was observed): d(dimer)=1.89 (s, 18H), 2.47
(s, 18H), 3.00 (d, 2J(H,H)=14.5 Hz, 6H), 3.16 (d, 2J(H,H)=14.5 Hz,
6H), 6.20 (d, 3J(H,H)=8.3 Hz, 12H), 6.38 (d, 3J(H,H)=8.3 Hz, 12H),
6.93 (d, 3J(H,H)=7.7 Hz, 6H), 7.00 (d, 3J(H,H)=7.7 Hz, 6H), 7.36 (s,
6H), 7.42 (s, 6H), 7.86 ppm (s, 6H); d(monomer)=2.27 (s, 18H), 3.49 (s,
6H), 6.77 (s, 3H), 7.13 ppm (d, 3J(H,H)=8.1 Hz, 6H), the rest of the sig-
nals are overlapped with those corresponding to the dimer; 13C NMR
(50 MHz, [D6]DMSO, 25 8C): d=20.3 (2îq), 55.0 (t), 118.4 (2îd), 123.9
(d), 127.8 (d), 129.0 (2îd), 129.9 (s), 130.2 (d), 130.4 (s), 132.5 (s), 134.7
(s), 137.2 (s), 153.4 ppm (s); 13C NMR (75 MHz, CDCl3, 25 8C, only dimer
was observed since the signals for the monomer were too weak): d=20.2
(q), 21.5 (q), 53.2 (t), 118.0 (2îd), 127.1 (d), 128.4 (d), 128.6 (2îd), 129.0
(d), 131.1 (s), 132.1 (s), 135.3 (s), 135.5 (s), 136.3 (s), 156.0 ppm (s); IR
(Nujol): ñ=3318 (NH), 1660 cm�1 (C=O); elemental analysis calcd (%)
for C48H51N7O3 (774.0): C 74.49, H 6.64, N 12.67; found: C 74.41, H 6.75,
N 12.74.


Tris{2-[N’-(4-butylphenyl)ureido]benzyl}amine (3c): The title compound
was prepared in 77% yield according to the general procedure to afford
3c as colorless prisms (an analytical sample was obtained by recrystalliza-
tion from 1:1 CHCl3/Et2O). M.p. 227±231 8C; 1H NMR (300 MHz,
[D6]DMSO, 25 8C, TMS, only monomer was observed): d=0.89 (t,
3J(H,H)=7.2 Hz, 9H), 1.29 (m, 3J(H,H)=7.3 Hz, 6H), 1.51 (m,
3J(H,H)=7.5 Hz, 6H), 2.50 (t, 3J(H,H)=7.7 Hz, 6H), 3.64 (s, 6H), 7.01±
7.06 (m, 9H), 7.16 (t, 3J(H,H)=7.4 Hz, 3H), 7.31 (d, 3J(H,H)=8.7 Hz,
6H), 7.55±7.58 (m, 6H), 7.90 (s, 3H), 8.66 ppm (s, 3H); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS, only dimer was observed): d=0.90±0.95
(m, 18H), 1.17±1.22 (m, 24H), 2.13 (t, 3J(H,H)=7.2 Hz, 12H), 3.11 (d,
2J(H,H)=15.0 Hz, 6H), 3.22 (d, 2J(H,H)=15.0 Hz, 6H), 6.17 (d,
3J(H,H)=8.4 Hz, 12H), 6.41 (d, 3J(H,H)=8.4 Hz, 12H), 7.13 (dd,
3J(H,H)=7.7 Hz, 4J(H,H)=1.4 Hz, 6H), 7.20 (td, 3J(H,H)=7.4 Hz,
4J(H,H)=1.3 Hz, 6H), 7.26 (td, 3J(H,H)=7.4 Hz, 4J(H,H)=1.7 Hz, 6H),
7.37 (s, 6H), 7.64 (d, 3J(H,H)=7.5 Hz, 6H), 8.05 ppm (s, 6H); 13C NMR
(75 MHz, [D6]DMSO, 25 8C): d=13.8 (q), 21.7 (t), 33.2 (t), 34.1 (t), 54.4
(t), 118.3 (2îd), 123.7(d), 123.9 (d), 127.1 (d), 128.4 (2îd), 128.7 (d),
130.0 (s), 135.6 (s), 137.1 (s), 137.3 (s), 153.1 ppm (s); 13C NMR (50 MHz,
CDCl3, 25 8C): d=14.1 (q), 22.4 (t), 33.6 (t), 34.6 (t), 53.2 (t), 117.7 (2î
d), 126.58 (d), 126.63 (d), 127.9 (d), 128.2 (2îd), 128.9 (d), 134.6 (s),
135.5 (s), 136.4 (s), 136.6 (s), 155.9 ppm (s); IR (Nujol): ñ=3317 (NH),
1658 cm�1 (C=O); MS (FAB+): m/z (%): 858 (35) [M++1], 281 (100); el-
emental analysis calcd (%) for C54H63N7O3 (858.1): C 75.58, H 7.40, N
11.43; found: C 75.39, H 7.64, N 11.56.


Tris{5-methyl-2-[N’-(4-butylphenyl)ureido]benzyl}amine (3d): The title
compound was prepared in 77% yield according to the general proce-
dure to afford 3d as colorless prisms (an analytical sample was obtained
by recrystallization from 1:2 CHCl3/Et2O). M.p. 252±254 8C; 1H NMR
(300 MHz, [D6]DMSO, 25 8C, TMS, only monomer was observed): d=


0.89 (t, 3J(H,H)=7.4 Hz, 9H), 1.28 (m, 3J(H,H)=7.4 Hz, 6H), 1.51 (m,


3J(H,H)=7.5 Hz, 6H), 2.10 (s, 9H), 2.49 (t, 3J(H,H)=7.4 Hz, 6H), 3.59
(s, 6H), 6.90 (d, 3J(H,H)=8.1 Hz, 3H), 7.02 (d, 3J(H,H)=8.7 Hz, 6H),
7.11 (s, 3H), 7.28±7.33 (m, 9H), 7.87 (s, 3H), 8.59 ppm (s, 3H); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS, only dimer was observed): d=0.90±0.95
(m, 18H), 1.23±1.24 (m, 24H), 2.15 (m, 12H), 2.44 (s, 18H), 3.04 (d,
2J(H,H)=14.9 Hz, 6H), 3.16 (d, 2J(H,H)=14.9 Hz, 6H), 6.24 (d,
3J(H,H)=8.4 Hz, 12H), 6.42 (d, 3J(H,H)=8.4 Hz, 12H), 7.00 (s, 12H),
7.29 (s, 6H), 7.43 (s, 6H), 8.03 ppm (s, 6H); 13C NMR (50 MHz,
[D6]DMSO, 25 8C): d=13.8 (q), 20.5 (q), 21.7 (t), 33.3 (t), 34.2 (t), 55.3
(t), 118.5 (2îd), 124.1(d), 127.9 (d), 128.4 (2îd), 130.1 (s), 130.4 (d),
132.6 (s), 134.7 (s), 135.6 (s), 137.5 (s), 153.5 ppm (s); 13C NMR (50 MHz,
CDCl3, 25 8C): d=14.0 (q), 21.6 (q), 22.4 (t), 33.4 (t), 34.5 (t), 53.1 (t),
117.7 (2îd), 127.3 (d), 127.9 (2îd), 128.5 (d), 128.6 (d), 132.1 (s), 135.5
(s), 135.7 (s), 136.1 (s), 136.4 (s), 156.0 ppm (s); IR (Nujol): ñ=3352
(NH), 3291 (NH), 1661 cm�1 (C=O); MS (FAB+): m/z (%): 900 (19) [M+


+1], 295 (100), 219 (30); elemental analysis calcd (%) for C57H69N7O3


(900.2): C 76.05, H 7.73, N 10.89; found: C 75.76, H 7.93, N 11.04.


Tris{2-[N’-(4-methoxyphenyl)ureido]benzyl}amine (3e): The title com-
pound was prepared in 86% yield according to the general procedure to
afford 3e as colorless prisms. M.p. 221±222 8C; 1H NMR (200 MHz,
[D6]DMSO, 25 8C, TMS, only monomer was observed): d=3.63 (s, 6H),
3.70 (s, 9H), 6.84 (d, 3J(H,H)=8.8 Hz, 6H), 7.02 (t, 3J(H,H)=7.3 Hz,
3H), 7.16 (t, 3J(H,H)=7.3 Hz, 3H), 7.32 (d, 3J(H,H)=8.8 Hz, 6H), 7.53±
7.59 (m, 6H), 7.89 (s, 3H), 8.61 ppm (s, 3H); 1H NMR (300 MHz, CDCl3,
25 8C, TMS, an 83:17 mixture of dimer and monomer was observed):
d(dimer)=3.12 (d, 2J(H,H)=14.7 Hz, 6H), 3.25 (d, 2J(H,H)=14.7 Hz,
6H), 3.47 (s, 18H), 6.15±6.24 (m, 24H), 7.10 (d, 3J(H,H)=7.8 Hz, 6H),
7.20 (td, 3J(H,H)=7.8 Hz, 4J(H,H)=1.2 Hz, 6H), 7.26±7.33 (m, 6H), 7.39
(s, 6H), 7.66 (d, 3J(H,H)=7.2 Hz, 6H), 7.90 ppm (s, 6H); d(monomer)=
3.58 (s, 6H), 3.76 (s, 9H), 6.77 ppm (d, 3J(H,H)=9.0 Hz, 6H), the rest of
the signals are overlapped with those corresponding to the dimer;
13C NMR (50 MHz, [D6]DMSO, 25 8C): d=54.3 (t), 55.1 (q), 113.9 (2îd),
120.0 (2îd), 123.5 (d), 123.7 (d), 127.1 (d), 128.7 (d), 129.8 (s), 132.7 (s),
137.7 (s), 153.2 (s), 154.4 ppm (s); 13C NMR (75 MHz, CDCl3, 25 8C, only
dimer was observed since the signals for the monomer were too weak):
d=53.4 (t), 55.2 (q), 113.6 (2îd), 119.2 (2îd), 126.6 (d), 126.7 (d), 128.2
(d), 128.5 (d), 131.2 (s), 134.8 (s), 136.4 (s), 155.8 (s), 155.9 ppm (s); IR
(Nujol): ñ=3320 (NH), 1657 cm�1 (C=O); elemental analysis calcd (%)
for C45H45N7O6 (779.9): C 69.30, H 5.82, N 12.57; found: C 68.91, H 5.88,
N 12.56.


Tris(2-{N’-[4-(trifluoromethyl)phenyl]ureido}benzyl)amine (3 f): The title
compound was prepared in 89% yield according to the general proce-
dure to afford 3 f as colorless prisms. M.p. 258±260 8C; 1H NMR
(300 MHz, [D6]DMSO, 25 8C, TMS, only monomer was observed): d=


3.63 (s, 6H), 7.05 (t, 3J(H,H)=7.5 Hz, 3H), 7.15 (t, 3J(H,H)=7.7 Hz,
3H), 7.52 (d, 3J(H,H)=7.5 Hz, 3H), 7.56±7.62 (m, 15H), 8.09 (s, 3H),
9.18 ppm (s, 3H); 1H NMR (300 MHz, C2D2Cl4, 25 8C, TMS, only dimer
was observed): d=2.93 (d, 2J(H,H)=14.7 Hz, 6H), 3.15 (d, 2J(H,H)=
14.7 Hz, 6H), 6.28 (d, 3J(H,H)=8.4 Hz, 12H), 6.83 (d, 3J(H,H)=8.4 Hz,
12H), 7.16 (d, 3J(H,H)=7.2 Hz, 6H), 7.30 (t, 3J(H,H)=7.5 Hz, 6H), 7.38
(t, 3J(H,H)=7.2 Hz, 6H), 7.57±7.60 (m, 12H), 8.11 ppm (s, 6H);
13C NMR (75 MHz, [D6]DMSO, 25 8C): d=54.3 (t), 117.8 (2îd), 121.7 (q,
2J(C,F)=31.8 Hz), 124.3 (d), 124.4 (d), 124.5 (q, 1J(C,F)=269.5 Hz),
126.0 (2îd), 127.2 (d), 128.8 (d), 130.8 (s), 136.5 (s), 143.5 (s), 152.9 ppm
(s); 13C NMR (75 MHz, C2D2Cl4, 25 8C): d=53.0 (t), 117.2 (2îd), 123.5
(q, 1J(C,F)=269.5 Hz), 123.9 (q, 2J(C,F)=32.8 Hz), 125.5 (2îd), 127.4
(2îd), 127.8 (d), 128.6 (d), 133.2 (s), 135.3 (s), 140.4 (s), 155.3 ppm (s);
IR (Nujol): ñ=3331 (NH), 1667 cm�1 (C=O); elemental analysis calcd
(%) for C45H36F9N7O3 (893.8): C 60.47, H 4.06, N 10.97; found: C 60.20,
H 4.13, N 10.94.


General procedure for the synthesis of tris(ureas) 3g±k : The correspond-
ing tris(amine) 2 (0.30 mmol) was dissolved in dry CHCl3 (5 mL) and the
isocyanate (0.90 mmol) was added under N2. After stirring at reflux for
18 h the solvent was removed (30 8C/75 Torr) and Et2O (5 mL) was
added. The white solid was filtered and dried under vacuum. Further pu-
rification was conducted by recrystallization from the appropriate mix-
ture of solvents (except for 3j).


Tris{2-[N’-(benzyl)ureido]benzyl}amine (3g): The title compound was
prepared in 81% yield according to the general procedure to afford 3g
as colorless prisms (an analytical sample was obtained by recrystallization
from 1:3 CHCl3/Et2O). M.p. 205±207 8C; 1H NMR (200 MHz, [D6]DMSO,
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25 8C, TMS, only monomer was observed): d=3.53 (s, 6H), 4.25 (d,
3J(H,H)=5.7 Hz, 6H), 6.77 (t, 3J(H,H)=5.7 Hz, 3H), 6.98 (t, 3J(H,H)=
7.3 Hz, 3H), 7.15 (t, 3J(H,H)=7.7 Hz, 3H), 7.23±7.36 (m, 15H), 7.46 (d,
3J(H,H)=7.3 Hz, 3H), 7.60 (d, 3J(H,H)=7.9 Hz, 3H), 7.87 ppm (s, 3H);
1H NMR (300 MHz, CDCl3, 25 8C, TMS, 84:16 mixture of dimer and
monomer was observed): d(dimer)=2.60 (dd, 2J(H,H)=15.4 Hz,
3J(H,H)=3.0 Hz, 6H), 3.78 (d, 2J(H,H)=15.8 Hz, 6H), 3.94 (d,
2J(H,H)=15.8 Hz, 6H), 4.12 (dd, 2J(H,H)=15.4 Hz, 3J(H,H)=9.1 Hz,
6H), 6.05 (dd, 3J(H,H)=9.1 Hz, 3J(H,H)=3.0 Hz, 6H), 7.03 (dd,
3J(H,H)=7.4 Hz, 4J(H,H)=1.5 Hz, 12H), 7.15±7.39 (m, 36H), 7.64 (s,
6H), 8.18 ppm (d, 3J(H,H)=7.8 Hz, 6H); d(monomer)=3.50 (s, 6H),
4.26 (d, 3J(H,H)=5.8 Hz, 6H), 5.12 (t, 3J(H,H)=5.8 Hz, 3H), 6.31 ppm
(s, 3H), the rest of the signals are overlapped with those corresponding
to the dimer; 13C NMR (75 MHz, [D6]DMSO, 25 8C): d=43.0 (t), 54.3 (t),
122.85 (d), 122.91 (d), 126.7 (d), 127.07 (d), 127.13 (2îd), 128.2 (2îd),
128.8 (d+ s), 137.9 (s), 140.1 (s), 155.5 ppm (s); 13C NMR (75 MHz,
CDCl3, 25 8C): d(dimer)=42.8 (t), 53.8 (t), 126.6 (d), 126.79 (d), 126.80
(d), 127.0 (2îd), 127.2 (d), 128.2 (2îd), 129.0 (d), 135.1 (s), 136.2 (s),
139.3 (s), 158.2 ppm (s); d(monomer)=44.2 (t), 56.5 (t), 122.3 (d), 123.2
(d), 125.8 (s), 127.3 (d), 128.0 (2îd), 128.5 (2îd), 129.4 (d), 132.3 (d),
137.8 (s), 138.8 (s), 155.0 ppm (s); IR (Nujol): ñ=3334 (NH), 3265 (NH),
1643 cm�1 (C=O); IR (CHCl3, 16.4 mm): ñ=3327 (NH), 1647 cm�1 (C=
O); MS (FAB+): m/z (%): 732 (25) [M++1], 731 (49) [M+], 220 (100),
132 (41); elemental analysis calcd (%) for C45H45N7O3 (731.9): C 73.85, H
6.20, N 13.40; found: C 73.65, H 6.30, N 13.49.


Tris{5-methyl-2-[N’-(benzyl)ureido]benzyl}amine (3h): The title com-
pound was prepared in 91% yield according to the general procedure to
afford 3h as colorless prisms (an analytical sample was obtained by re-
crystallization from 1:3 CHCl3/Et2O). M.p. 219±222 8C; 1H NMR
(300 MHz, [D6]DMSO, 25 8C, TMS, only monomer was observed): d=


2.18 (s, 9H), 3.49 (s, 6H), 4.22 (d, 3J(H,H)=6.0 Hz, 6H), 6.60 (t,
3J(H,H)=6.0 Hz, 3H), 6.93 (d, 3J(H,H)=8.1 Hz, 3H), 7.07 (d, 3J(H,H)=
1.2 Hz, 3H), 7.22±7.31 (m, 15H), 7.39 (d, 3J(H,H)=8.4 Hz, 3H),
7.79 ppm (s, 3H); 1H NMR (300 MHz, CDCl3, 25 8C, TMS, a 70:30 mix-
ture of dimer and monomer was observed): d(dimer)=2.44 (s, 18H), 2.54
(dd, 2J(H,H)=15.5 Hz, 3J(H,H)=3.4 Hz, 6H), 3.66 (d, 2J(H,H)=15.6 Hz,
6H), 3.89 (d, 2J(H,H)=15.6 Hz, 6H), 4.15 (dd, 2J(H,H)=15.5 Hz,
3J(H,H)=9.4 Hz, 6H), 6.02 (dd, 3J(H,H)=9.4 Hz, 3J(H,H)=3.4 Hz, 6H),
6.92±7.03 (m, 18H), 7.11±7.34 (m, 24H), 7.61 (s, 6H), 7.92 ppm (s, 6H);
d(monomer)=2.19 (s, 9H), 3.44 (s, 6H), 4.24 (d, 3J(H,H)=5.8 Hz, 6H),
5.01 (t, 3J(H,H)=5.8 Hz, 3H), 6.22 (s, 3H), 6.76 (dd, 3J(H,H)=8.3 Hz,
4J(H,H)=1.8 Hz, 3H), 7.52 ppm (d, 3J(H,H)=8.3 Hz, 3H), the rest of
the signals are overlapped with those corresponding to the dimer;
13C NMR (75 MHz, [D6]DMSO, 25 8C): d=20.4 (q), 43.0 (t), 54.7 (t),
123.2 (d), 126.6 (d), 127.1 (2îd), 127.9 (d), 128.1 (2îd), 128.9 (s), 130.5
(d), 131.8 (s), 135.4 (s), 140.1 (s), 155.8 ppm (s); 13C NMR (75 MHz,
CDCl3, 25 8C): d(dimer)=21.7 (q), 42.7 (t), 53.9 (t), 126.7 (3îd), 127.0
(d), 127.8 (d), 128.2 (2îd), 128.8 (d), 133.5 (s), 135.0 (s), 135.9 (s), 139.5
(s), 158.3 ppm (s); d(monomer)=20.6 (q), 44.1 (t), 56.5 (t), 122.2 (d),
125.8 (d), 127.2 (d), 128.0 (2îd), 128.5 (2îd), 129.9 (d), 132.7 (s), 132.8
(s), 135.2 (s), 139.0 (s), 155.0 ppm (s); IR (Nujol): ñ=3338 (NH), 3252
(NH), 1650 (C=O), 1645 cm�1 (C=O); MS (FAB+): m/z (%): 774 (17)
[M++1], 773 (29) [M+], 233 (51), 123 (100); elemental analysis calcd
(%) for C48H51N7O3 (774.0): C 74.49, H 6.64, N 12.67; found: C 74.20, H
7.03, N 12.67.


Tris{2-[N’-(2-propenyl)ureido]benzyl}amine (3 i): The title compound was
prepared in 58% yield according to the general procedure to afford 3 i as
colorless prisms. M.p. 249±252 8C; 1H NMR (200 MHz, [D6]DMSO, 25 8C,
TMS, only monomer was observed): d=3.53 (s, 6H), 3.69 (t, 3J(H,H)=
5.3 Hz, 6H), 5.07 (dd, 3J(H,H)=10.3 Hz, 2J(H,H)=1.6 Hz, 3H), 5.16 (dd,
3J(H,H)=17.4 Hz, 2J(H,H)=1.6 Hz, 3H), 5.84 (ddt, 3J(H,H)=17.4 Hz,
3J(H,H)=10.3 Hz, 3J(H,H)=5.3 Hz, 3H), 6.40 (t, 3J(H,H)=5.3 Hz, 3H),
7.02 (t, 3J(H,H)=7.1 Hz, 3H), 7.18 (t, 3J(H,H)=7.3 Hz, 3H), 7.47 (d,
3J(H,H)=6.8 Hz, 3H), 7.58 (d, 3J(H,H)=7.7 Hz, 3H), 7.78 ppm (s, 3H);
1H NMR (300 MHz, C2D2Cl4, 25 8C, TMS, a 77:23 mixture of dimer and
monomer was observed): d(dimer)=2.17±2.23 (m, 6H), 3.32±3.36 (m,
6H), 3.56 (d, 2J(H,H)=15.8 Hz, 6H), 3.73 (d, 2J(H,H)=15.8 Hz, 6H),
4.80 (d, 3J(H,H)=10.2 Hz, 6H), 4.90 (d, 3J(H,H)=17.1 Hz, 6H), 5.30±
5.43 (m, 6H), 5.53 (dd, 3J(H,H)=8.1 Hz, 3J(H,H)=3.6 Hz, 6H), 7.29±
7.35 (m, 18H), 7.43 (s, 6H), 8.04 ppm (d, 3J(H,H)=7.2 Hz, 6H); d(mono-
mer)=3.53 (s, 6H), 3.88 (t, 3J(H,H)=5.0 Hz, 6H), 5.12±5.19 (m, 9H),


5.79 (ddt, 3J(H,H)=17.1 Hz, 3J(H,H)=10.2 Hz, 3J(H,H)=5.0 Hz, 6H),
6.35 (s, 3H), 7.07 (t, 3J(H,H)=7.5 Hz, 3H), 7.73 ppm (d, 3J(H,H)=
7.5 Hz, 3H), the rest of the signals are overlapped with those correspond-
ing to the dimer; 13C NMR (50 MHz, [D6]DMSO, 25 8C): d=41.7 (t), 54.3
(t), 114.8 (t), 123.0 (2îd), 127.1 (d), 128.7 (d), 128.9 (s), 136.1 (d), 137.8
(s), 155.3 ppm (s); 13C NMR (75 MHz, CDCl3, 25 8C): d(dimer)=41.6 (t),
53.5 (t), 115.2 (t), 126.46 (d), 126.50 (d), 126.8 (d), 128.5 (d), 134.7 (s),
134.8 (d), 135.6 (s), 157.7 ppm (s); d(monomer)=42.3(t), 56.2 (t), 115.8
(t), 122.7 (d), 123.4 (d), 126.4 (s), 129.1 (d), 132.2 (d), 134.6 (d), 137.5 (s),
154.9 ppm (s); IR (Nujol): ñ=3357 (NH), 3248 (NH), 1651 (C=O),
1643 cm�1 (C=O); elemental analysis calcd (%) for C33H39N7O3 (581.7):
C 68.14, H 6.76, N 16.86; found: C 67.74, H 6.69, N 17.11.


Tris{5-methyl-2-[N’-(propyl)ureido]benzyl}amine (3 j): The title com-
pound was prepared according to the above general procedure. However,
after removal of the solvent from the reaction mixture, the crude product
was purified by silica gel chromatography eluting with 1:2 AcOEt/hex-
anes (Rf=0.18) to afford 3 j in 80% yield. An analytical sample (colorless
prisms) was obtained by recrystallization from 1:3 CHCl3/Et2O. M.p. 234±
236 8C; 1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS, only monomer was
observed): d=0.84 (t, 3J(H,H)=7.5 Hz, 9H), 1.40 (m, 3J(H,H)=7.1 Hz,
6H), 2.21 (s, 9H), 2.95 (q, 3J(H,H)=6.2 Hz, 6H), 3.43 (s, 6H), 6.07 (t,
3J(H,H)=5.4 Hz, 3H), 6.97 (d, 3J(H,H)=8.3 Hz, 3H), 7.05 (s, 3H), 7.37
(d, 3J(H,H)=8.3 Hz, 3H), 7.49 ppm (s, 3H); 1H NMR (300 MHz, CDCl3,
25 8C, TMS, 80:20 mixture of dimer and monomer was observed):
d(dimer)=0.66 (t, 3J(H,H)=7.4 Hz, 18H), 1.01±1.14 (m, 12H), 1.39±1.51
(m, 6H), 2.38 (s, 18H), 2.76±2.88 (m, 6H), 3.47 (d, 2J(H,H)=15.9 Hz,
6H), 3.68 (d, 2J(H,H)=15.9 Hz, 6H), 5.47 (dd, 3J(H,H)=9.0 Hz,
3J(H,H)=2.7 Hz, 6H), 7.06 (d, 3J(H,H)=8.1 Hz, 6H), 7.20 (d, 3J(H,H)=
8.1 Hz, 6H), 7.38 (s, 6H), 7.77 ppm (s, 6H); d(monomer)=0.90 (t,
3J(H,H)=7.5 Hz, 9H), 2.29 (s, 9H), 3.06 (m, 6H), 4.76 (t, 3J(H,H)=
6.2 Hz, 3H), 6.22 (s, 3H), 7.82 ppm (d, 3J(H,H)=8.1 Hz, 3H), the rest of
the signals are overlapped with those corresponding to the dimer;
13C NMR (75 MHz, [D6]DMSO, 25 8C): d=11.3 (q), 20.4 (q), 22.8 (t),
41.1 (t), 55.1 (t), 123.3 (d), 128.0 (d), 128.7 (s), 130.9 (d), 131.6 (s), 135.6
(s), 155.8 ppm (s); 13C NMR (75 MHz, CDCl3, 25 8C): d(dimer)=11.2 (q),
21.5 (q), 23.7 (t), 41.0 (t), 53.7 (t), 126.9 (d), 127.4 (d), 128.6 (d), 133.5
(s), 135.1 (s), 135.7 (s), 158.2 ppm (s); d(monomer)=11.3 (q), 20.6 (q),
23.1 (t), 42.0 (t), 56.7 (t), 121.7 (d), 125.3 (s), 129.9 (d), 132.5 (s), 132.9
(d), 135.4 (s), 155.2 ppm (s); IR (Nujol): ñ=3357 (NH), 3258 (NH),
1645 cm�1 (C=O); elemental analysis calcd (%) for C36H51N7O3 (629.9):
C 68.65, H 8.16, N 15.57; found: C 68.58, H 8.42, N 15.58.


Tris{5-methyl-2-[N’-(1-phenylethyl)ureido]benzyl}amine (3k): The title
compound was prepared in 62% yield according to the general proce-
dure to afford 3k as colorless prisms (an analytical sample was obtained
by recrystallization from 1:1 CH2Cl2/Et2O). M.p. 235±238 8C; [a]25D =


�32.96 (c=0.2 in CHCl3) for the reaction with (S)-a-methylbenzyl isocy-
anate; 1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS, only monomer was
observed): d=1.27 (d, 3J(H,H)=6.8 Hz, 9H), 2.22 (s, 9H), 3.14 (d,
2J(H,H)=12.8 Hz, 3H), 3.73 (d, 2J(H,H)=12.8 Hz, 3H), 4.72 (m,
3J(H,H)=6.8 Hz, 3H), 6.53 (d, 3J(H,H)=6.8 Hz, 3H), 6.92 (d, 3J(H,H)=
8.1 Hz, 3H), 7.10 (s, 3H), 7.17±7.22 (m, 9H), 7.25±7.30 (m, 9H),
7.47 ppm (s, 3H); 1H NMR (300 MHz, CDCl3, 25 8C, TMS, only mono-
mer was observed): d=1.35 (d, 3J(H,H)=4.5 Hz, 9H), 2.22 (s, 9H), 3.37
(br s, 6H), 4.73 (br s, 3H), 5.34 (br s, 3H), 6.47 (br s, 3H), 6.84 (d,
3J(H,H)=7.8 Hz, 3H), 6.95 (s, 3H), 7.20±7.29 (m, 15H), 7.39 ppm (br s,
3H); 13C NMR (75 MHz, [D6]DMSO, 25 8C): d=20.4 (q), 22.9 (q), 49.0
(d), 55.6 (t), 123.7 (d), 125.6 (2îd), 126.4 (d), 128.1 (2îd), 128.2 (d),
128.6 (s), 131.3 (d), 131.7 (s), 135.4 (s), 145.3 (s), 155.1 ppm (s); IR
(Nujol): ñ=3406 (NH), 3333 (NH), 3221 (NH), 1699 (C=O), 1647 cm�1


(C=O); elemental analysis calcd (%) for C51H57N7O3 (816.1): C 75.06, H
7.04, N 12.02; found: C 74.83, H 6.99, N 12.11.


Tris{5-methyl-2-[N’-(1-methylethyl)ureido]benzyl}amine (3 l): A mixture
of tris(amine) 2b (0.10 g, 0.27 mmol) and isopropyl isocyanate (0.14 g,
1.60 mmol) was dissolved in dry DMF (10 mL) under N2 and stirred at
80 8C for 18 h. After cooling, the reaction mixture was poured in H2O
(20 mL) and extracted with CH2Cl2 (3î10 mL). The combined organic
extracts were washed with H2O (3î20 mL) and dried over MgSO4. The
solvent was then removed (30 8C/75 Torr) and the crude product was pu-
rified by silica gel chromatography eluting with 1:1 AcOEt/hexanes (Rf=


0.41) to afford 3 l in 64% yield. An analytical sample (colorless prisms)
was obtained by recrystallization from 1:3 CHCl3/Et2O. M.p. 228±229 8C;
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1H NMR (300 MHz, [D6]DMSO, 25 8C, TMS, only monomer was ob-
served): d=1.04 (d, 3J(H,H)=6.3 Hz, 18H), 2.22 (s, 9H), 3.40 (s, 6H),
3.68 (m, 3J(H,H)=6.7 Hz, 3H), 5.97 (d, 3J(H,H)=7.5 Hz, 3H), 7.00 (d,
3J(H,H)=8.1 Hz, 3H), 7.06 (s, 3H), 7.29 (s, 3H), 7.38 ppm (d, 3J(H,H)=
8.1 Hz, 3H); 1H NMR (300 MHz, CDCl3, 25 8C, TMS, only monomer was
observed): d=1.13 (d, 3J(H,H)=6.6 Hz, 18H), 2.28 (s, 9H), 3.43 (s, 6H),
3.86 (m, 3J(H,H)=6.7 Hz, 3H), 4.76 (d, 3J(H,H)=7.2 Hz, 3H), 6.36 (s,
3H), 6.99 (s, 3H), 7.08 (d, 3J(H,H)=8.1 Hz, 3H), 7.84 ppm (d, 3J(H,H)=
8.1 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25 8C): d=20.6 (q), 22.8 (2îq),
42.2 (d), 56.9 (t), 122.1 (d), 125.2 (s), 129.8 (d), 132.3 (s), 132.8 (d), 135.2
(s), 154.4 ppm (s); IR (Nujol): ñ=3384 (NH), 3375 (NH), 3265 (NH),
1699 (C=O), 1660 cm�1 (C=O); elemental analysis calcd (%) for
C36H51N7O3 (629.9): C 68.65, H 8.16, N 15.57; found: C 68.39, H 8.30, N
15.71.


Tris{2-[N’-(2,6-dimethylphenyl)ureido]benzyl}amine (3m): A mixture of
tris(2-aminobenzyl)amine (2a) (0.13 g, 0.39 mmol) and 2,6-dimethylphen-
yl isocyanate (0.17 g, 1.18 mmol) was dissolved in dry DMF (15 mL)
under N2 and stirred at 80 8C for 10 h. After cooling, the reaction mixture
was poured in H2O (40 mL) and the white solid was filtered, washed with
H2O and subsequently with Et2O to afford 3m as colorless prisms in
77% yield. M.p. 246±248 8C; 1H NMR (300 MHz, [D6]DMSO, 25 8C,
TMS, only monomer was observed): d=2.22 (s, 18H), 3.67 (s, 6H), 7.06
(m, 12H), 7.20 (t, 3J(H,H)=7.5 Hz, 3H), 7.54 (m, 3H), 7.64 (d,
3J(H,H)=8.1 Hz, 3H), 7.89 (s, 3H), 8.16 ppm (s, 3H); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS, only monomer was observed): d=2.09 (s,
18H), 3.64 (s, 6H), 6.24 (br s, 3H), 7.01±7.15 (m, 15H), 7.22±7.25 (m,
6H), 7.62 ppm (br s, 3H); 13C NMR (75 MHz, [D6]DMSO, 25 8C): d=18.2
(2îq), 54.2 (t), 123.2 (d), 123.4 (d), 126.0 (d), 127.0 (d), 127.7 (2îd),
128.4 (d), 129.5 (s), 135.3 (s), 135.6 (2îs), 137.7 (s), 153.6 ppm (s); IR
(Nujol): ñ=3273 (NH), 1634 cm�1 (C=O); MS (FAB+): m/z (%): 774
(30) [M++1], 253 (100), 132 (29); elemental analysis calcd (%) for
C48H51N7O3 (774.0): C 74.49, H 6.64, N 12.67; found: C 74.19, H 6.95, N
12.57.


Tris[2-(methylthiocarbonylamino)benzyl]amine (4): nBuLi (1.6m, 3.5 mL,
5.41 mmol) in hexane was added to a solution of tris(2-aminobenzyl)a-
mine (2a) (0.30 g, 0.90 mmol) and hexamethyldisilazane (0.44 g,
2.71 mmol) in THF (10 mL) at �78 8C under N2. The solution was stirred
at �78 8C for 0.5 h, followed by addition of a solution of DMDTC
(0.33 g, 2.71 mmol) in THF (5 mL). The solution was then allowed to
react at 20 8C for 6 h. The reaction was quenched by pouring into ice±
water. The crude product was extracted with CH2Cl2 (3î10 mL), washed
with brine (3î10 mL), and dried over MgSO4. After removal of the sol-
vent (30 8C/75 Torr), Et2O (15 mL) was added and the white solid was fil-
tered and dried under vacuum to afford 4 in 99% yield as colorless
prisms. M.p. 152±154 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d=


2.33 (s, 9H), 3.49 (s, 6H), 7.08±7.33 (m, 9H), 7.81±7.87 ppm (m, 6H);
13C NMR (50 MHz, CDCl3, 25 8C): d=12.8 (q), 57.2 (t), 124.1 (d), 125.3
(d), 127.7 (s), 129.0 (d), 131.5 (d), 136.5 (s), 167.4 ppm (s); IR (Nujol):
ñ=3285 (NH), 1658 cm�1 (C=O); MS (FAB+): m/z (%): 555 (20) [M+


+1], 507 (37), 132 (100).


Tris[2-(N’-methylureido)benzyl]amine (3n): MeNH2 (3.26 mmol, 0.31 g,
33 wt% in EtOH) was added to a solution of the tris(thiocarbamate) 4 in
hot MeOH (25 mL) and the reaction mixture was stirred at reflux for
15 h. After removal of the solvent (30 8C/75 Torr) Et2O (5 mL) was
added. The white solid was filtered, washed with MeOH (3î2 mL), and
dried under vacuum to afford 3n as colorless prisms in 78% yield. M.p.
266±268 8C; 1H NMR (401 MHz, [D6]DMSO, 25 8C, TMS, only monomer
was observed): d=2.58 (d, 3J(H,H)=4.5 Hz, 9H), 3.48 (s, 6H), 6.13 (q,
3J(H,H)=4.5 Hz, 3H), 7.00 (td, 3J(H,H)=7.5 Hz, 4J(H,H)=1.0 Hz, 3H),
7.16 (td, 3J(H,H)=7.7 Hz, 4J(H,H)=1.1 Hz, 3H), 7.40 (dd, 3J(H,H)=
7.1 Hz, 4J(H,H)=0.9 Hz, 3H), 7.51 (dd, 3J(H,H)=8.0 Hz, 4J(H,H)=
0.7 Hz, 3H), 7.72 ppm (s, 3H); 1H NMR (401 MHz, C2D2Cl4, 25 8C, TMS,
only dimer was observed): d=1.85 (d, 3J(H,H)=4.5 Hz, 18H), 3.50 (d,
2J(H,H)=15.8 Hz, 6H), 3.68 (d, 2J(H,H)=15.8 Hz, 6H), 5.33 (q,
3J(H,H)=4.5 Hz, 6H), 7.25±7.29 (m, 18H), 7.43 (s, 6H), 7.98±8.00 ppm
(m, 6H); 13C NMR (101 MHz, [D6]DMSO, 25 8C): d=26.3 (q), 54.3 (t),
123.0 (d), 123.3 (d), 127.1 (d), 129.2 (d), 129.3 (s), 138.0 (s), 156.2 ppm
(s); 13C NMR (101 MHz, C2D2Cl4, 25 8C): d=26.2 (q), 53.4 (t), 126.4 (d),
126.5 (d), 126.7 (d), 128.6 (d), 134.7 (s), 135.5 (s), 158.3 ppm (s); IR
(Nujol): ñ=3379 (NH), 3252 (NH), 1646 cm�1 (C=O); MS (FAB+): m/z
(%): 504 (20) [M++1], 163 (83); elemental analysis calcd (%) for


C27H33N7O3 (503.6): C 64.40, H 6.60, N 19.47; found: C 64.08, H 6.43, N
19.81.


2-Nitrobenzyl iodide : NaI (0.44 g, 2.90 mmol) was added to a solution of
2-nitrobenzyl chloride (0.25 g, 1.45 mmol) in dry acetone (5 mL) and the
reaction mixture was stirred at 20 8C for 20 h. The solid was then filtered
and washed with cold acetone (5î5 mL). The filtrate was collected, the
solvent removed (30 8C/75 Torr), and the residue purified by silica gel
chromatography eluting with 1:9 AcOEt/hexanes (Rf=0.49) to afford the
title compound as yellow prisms in 96% yield. M.p. 74±75 8C (lit. : 73±
75 8C);[29] 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=4.79 (s, 2H), 7.41±
7.59 (m, 3H), 8.03 ppm (d, 3J(H,H)=7.8 Hz, 1H); IR (Nujol): ñ=1520
(NO2), 1340 (NO2), 1171, 793, 759, 696 cm�1.


Bis(2-nitrobenzyl)(2-azidobenzyl)amine (7): 2-Azidobenzylamine (1.60 g,
10.8 mmol) and 2-nitrobenzyl iodide (5.68 g, 21.6 mmol) in dry acetoni-
trile (2 and 5 mL, respectively) were added to a suspension of Na2CO3


(6.58 g, 62.1 mmol) in the same solvent (10 mL) and the reaction mixture
was stirred at reflux for 24 h. After cooling, the inorganic salts were fil-
tered and washed with cold acetonitrile (5î5 mL). The filtrate was col-
lected, the solvent removed (30 8C/75 Torr), and the residue was purified
by silica gel chromatography eluting with 1:9 AcOEt/hexanes (Rf=0.21)
to afford 7 as a yellow oil in 91% yield. 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d=3.55 (s, 2H), 3.91 (s, 4H), 7.04±7.11 (m, 2H), 7.22±7.37
(m, 4H), 7.51 (td, 3J(H,H)=7.5 Hz, 4J(H,H)=1.3 Hz, 2H), 7.65 (dd,
3J(H,H)=7.7 Hz, 4J(H,H)=1.1 Hz, 2H), 7.78 ppm (dd, 3J(H,H)=8.0 Hz,
4J(H,H)=1.3 Hz, 2H); 13C NMR (50 MHz, CDCl3, 25 8C): d=54.2 (t),
55.6 (2î t), 118.1 (d), 124.3 (2îd), 124.6 (d), 127.9 (2îd), 128.6 (s), 128.9
(d), 131.0 (2îd), 131.4 (d), 132.6 (2îd), 134.1 (2îs), 138.9 (s), 149.6 ppm
(2îs); IR (neat): ñ=2131 (N3), 1531 (NO2), 1522, 1342 cm�1 (NO2); MS
(70 eV, EI): m/z (%): 420 (40) [M++2], 419 (43) [M++1], 418 (11) [M+],
286 (66), 105 (100); elemental analysis calcd (%) for C21H18N6O4 (418.4):
C 60.28, H 4.34, N 20.09; found: C 60.01, H 4.50, N 20.45.


Bis(2-nitrobenzyl)(2-aminobenzyl)amine (8): PMe3 in toluene (1.0m,
11.7 mL, 11.7 mmol) was slowly added at 0 8C to a solution of 7 (4.10 g,
9.8 mmol) in freshly distilled THF (30 mL) under N2. The reaction mix-
ture was then stirred at this temperature for 20±30 min. H2O (15 mL)
was added and the reaction mixture was stirred at 20 8C for a further
20 h. After removal of the organic solvent (30 8C/75 Torr), H2O (40 mL)
was added and the aqueous phase was extracted with CH2Cl2 (3î20 mL).
The combined extracts were dried over MgSO4, the solvent evaporated
(30 8C/75 Torr), and the residue purified by silica gel chromatography
eluting with 1:4 AcOEt/hexanes (Rf=0.16) to afford 8 (67±90% yield) as
yellow prisms (an analytical sample was obtained by recrystallization
from 1:4 CHCl3/Et2O). M.p. 96±99 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d=3.55 (s, 2H), 3.85 (s, 4H), 4.13 (s, 2H), 6.53±6.65 (m, 2H),
6.98±7.06 (m, 2H), 7.22±7.31 (m, 2H), 7.37±7.48 (m, 4H), 7.66 ppm (dd,
3J(H,H)=8.1 Hz, 4J(H,H)=1.0 Hz, 2H); 13C NMR (50 MHz, CDCl3,
25 8C): d=56.3 (2ît), 59.4 (t), 115.6 (d), 117.8 (d), 121.4 (s), 124.2 (2îd),
128.2 (2îd), 128.9 (d), 131.2 (d), 132.0 (2îd), 132.6 (2îd), 133.4 (2îs),
146.5 (s), 149.7 ppm (2îs); IR (Nujol): ñ=3486 (NH), 3390 (NH), 1623,
1522 (NO2), 1340 cm�1 (NO2); MS (70 eV, EI): m/z (%): 393 (42) [M+


+1], 375 (39), 286 (47), 257 (82), 120 (100); HRMS (EI): m/z : calcd for
C21H20N4O4: 392.148455, found 392.148647.


Bis(2-nitrobenzyl){2-[N’-(4-butylphenyl)ureido]benzyl}amine (9a): 4-Bu-
tylphenyl isocyanate (0.22 g, 1.3 mmol) was added to a solution of 8
(0.50 g, 1.3 mmol) in dry CH2Cl2 (35 mL) under N2. After stirring at 20 8C
for 24 h the solvent was removed (30 8C/75 Torr) and the residue was pu-
rified by silica gel chromatography eluting with 1:4 AcOEt/hexanes (Rf=


0.21) to afford 9a (98% yield) as yellow prisms (an analytical sample
was obtained by recrystallization from 1:3 CHCl3/Et2O). M.p. 68±70 8C;
1H NMR (401 MHz, CDCl3, 25 8C, TMS): d=0.93 (t, 3J(H,H)=7.3 Hz,
3H), 1.36 (m, 3J(H,H)=7.4 Hz, 2H), 1.56±1.63 (m, 2H), 2.59 (t,
3J(H,H)=7.7 Hz, 2H), 3.74 (s, 2H), 3.94 (s, 4H), 6.90 (td, 3J(H,H)=
7.4 Hz, 4J(H,H)=0.9 Hz, 1H), 7.10±7.24 (m, 8H), 7.38 (td, 3J(H,H)=
7.5 Hz, 4J(H,H)=1.1 Hz, 2H), 7.52 (d, 3J(H,H)=8.4 Hz, 2H), 7.60 (dd,
3J(H,H)=8.1 Hz, 4J(H,H)=1.0 Hz, 2H), 7.72 (s, 1H), 7.83 (s, 1H),
8.00 ppm (d, 3J(H,H)=8.1 Hz, 1H); 13C NMR (101 MHz, CDCl3, 25 8C):
d=14.0 (q), 22.4 (t), 33.9 (t), 35.1 (t), 57.6 (2ît), 61.4 (t), 119.3 (2îd),
121.6 (d), 122.6 (d), 124.5 (2îd), 125.1 (s), 128.4 (2îd), 128.9 (2îd),
129.1 (d), 131.0 (d), 132.1 (2îd), 133.4 (2îd), 133.5 (2îs), 137.0 (s),
137.4 (s), 138.7 (s), 148.8 (2îs), 152.7 ppm (s); IR (Nujol): ñ=3384
(NH), 1702 (C=O), 1593, 1528 (NO2), 1345 cm�1 (NO2); MS (FAB+): m/z
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(%): 568 (65) [M+ +1], 567 (11) [M+], 281 (92), 279 (42), 106 (100); ele-
mental analysis calcd (%) for C32H33N5O5 (567.7): C 67.71, H 5.86, N
12.34; found: C 67.36, H 5.90, N 12.41.


Bis(2-nitrobenzyl){2-[N’-(4-methoxyphenyl)ureido]benzyl}amine (9b): 4-
Methoxyphenyl isocyanate (0.19 g, 1.3 mmol) was added to a solution of
8 (0.50 g, 1.3 mmol) in dry CH2Cl2 (35 mL) under N2. After stirring at
20 8C for 24 h the solvent was removed (30 8C/75 Torr) and the residue
was purified by silica gel chromatography eluting first with 3:7 and subse-
quently with 1:1 AcOEt/hexanes (Rf=0.24 in 3:7 AcOEt/hexanes) to
afford 9b (98% yield) as colorless prisms (an analytical sample was ob-
tained by recrystallization from 1:3 CH2Cl2/Et2O). M.p. 170±172 8C;
1H NMR (300 MHz, [D6]DMSO, 25 8C): d=3.62 (s, 2H), 3.70 (s, 3H),
3.86 (s, 4H), 6.87 (d, 3J(H,H)=9.3 Hz, 2H), 7.03 (t, 3J(H,H)=7.2 Hz,
1H), 7.18 (t, 3J(H,H)=7.2 Hz, 1H), 7.35±7.44 (m, 5H), 7.55±7.62 (m,
3H), 7.75 (d, 3J(H,H)=7.5 Hz, 2H), 7.83 (d, 3J(H,H)=7.8 Hz, 2H), 7.92
(s, 1H), 8.62 ppm (s, 1H); 13C NMR (75 MHz, [D6]DMSO, 25 8C): d=


54.5 (2ît), 54.8 (t), 55.1 (q), 114.0 (2îd), 120.1 (2îd), 123.1 (d), 123.4
(d), 124.1 (2îd), 127.3 (d), 128.3 (2îd), 129.0 (d), 129.2 (s), 130.6 (2îd),
132.8 (s), 132.9 (2îd+2îs), 137.5 (s), 149.1 (2îs), 153.0 (s), 154.5 ppm
(s); IR (Nujol): ñ=3386 (NH), 3329 (NH), 1706 (C=O), 1651, 1531
(NO2), 1349 cm�1 (NO2); MS (FAB+): m/z (%): 542 (100) [M++1], 407
(41), 255 (92), 132 (82); elemental analysis calcd (%) for C29H27N5O6


(541.6): C 64.32, H 5.03, N 12.93; found: C 64.29, H 4.91, N 12.99.


Bis(2-aminobenzyl){2-[N’-(4-butylphenyl)ureido]benzyl}amine (10a):
PtO2 (0.28 g, 1.2 mmol) was added to a solution of 9a (0.59 g, 1.0 mmol)
in freshly distilled THF (35 mL) and the reaction mixture was stirred at
20 8C for 22 h under H2. After filtration over a pad of Celite, the solvent
was removed (30 8C/75 Torr) and Et2O (5 mL) was added. The white
solid was filtered, dried under vacuum, and purified by silica gel chroma-
tography eluting with 1:3 AcOEt/hexanes (Rf=0.46) to afford 10a (74%
yield) as colorless prisms (an analytical sample was obtained by recrystal-
lization from 1:3 CHCl3/Et2O). M.p. 94±96 8C; 1H NMR (401 MHz,
CDCl3, 25 8C, TMS): d=0.93 (t, 3J(H,H)=7.3 Hz, 3H), 1.36 (m,
3J(H,H)=7.4 Hz, 2H), 1.55±1.63 (m, 2H), 2.58 (t, 3J(H,H)=7.7 Hz, 2H),
3.45 (s, 4H), 3.55 (s, 2H), 3.88 (s, 4H), 6.66 (d, 3J(H,H)=7.8 Hz, 2H),
6.76 (t, 3J(H,H)=7.3 Hz, 2H), 6.94 (t, 3J(H,H)=7.1 Hz, 1H), 7.08±7.17
(m, 7H), 7.25±7.28 (m, 1H), 7.39 (d, 3J(H,H)=8.3 Hz, 2H), 8.19 (d,
3J(H,H)=8.1 Hz, 1H), 8.31 (s, 1H), 8.62 ppm (s, 1H); 13C NMR
(101 MHz, CDCl3, 25 8C): d=14.1 (q), 22.4 (t), 33.9 (t), 35.1 (t), 57.0 (2î
t), 58.4 (t), 116.8 (2îd), 119.39 (2îd), 119.43 (2îd), 120.7 (d), 122.1 (2î
s), 122.2 (d), 124.9 (s), 128.9 (2îd), 129.0 (d), 129.5 (2îd), 131.1 (d),
132.5 (2îd), 137.1 (s), 137.3 (s), 138.4 (s), 144.4 (2îs), 152.9 ppm (s); IR
(Nujol): ñ=3375 (NH), 3318 (NH), 3252 (NH), 1692 cm�1 (C=O); MS
(FAB+): m/z (%): 508 (14) [M++1], 403 (10), 279 (16), 106 (100); ele-
mental analysis calcd (%) for C32H37N5O (507.7): C 75.71, H 7.35, N
13.79; found: C 75.34, H 7.57, N 13.83.


Bis(2-aminobenzyl){2-[N’-(4-methoxyphenyl)ureido]benzyl}amine (10b):
PtO2 (0.29 g, 1.3 mmol) was added to a solution of 9b (0.58 g, 1.1 mmol)
in freshly distilled THF (35 mL) and the reaction mixture was stirred at
20 8C for 18 h under H2. After filtration over a pad of Celite, the solvent
was removed (30 8C/75 Torr) and Et2O (5 mL) was added. The white
solid was filtered, dried under vacuum, and purified by silica gel chroma-
tography eluting first with 1:3 and subsequently with 1:1 AcOEt/hexanes
(Rf=0.21 in 1:3 AcOEt/hexanes) to afford 10b (84% yield) as colorless
prisms (an analytical sample was obtained by recrystallization from 1:1
CHCl3/Et2O). M.p. 199±201 8C; 1H NMR (401 MHz, CDCl3, 25 8C, TMS):
d=3.47 (s, 4H), 3.57 (s, 2H), 3.80 (s, 3H), 3.87 (s, 4H), 6.66 (d,
3J(H,H)=7.7 Hz, 2H), 6.76 (td, 3J(H,H)=7.4 Hz, 4J(H,H)=1.0 Hz, 2H),
6.88 (d, 3J(H,H)=9.0 Hz, 2H), 6.95 (td, 3J(H,H)=7.4 Hz, 4J(H,H)=
1.1 Hz, 1H), 7.08±7.12 (m, 4H), 7.17 (dd, 3J(H,H)=7.5 Hz, 4J(H,H)=
1.3 Hz, 1H), 7.25±7.29 (m, 1H), 7.37 (d, 3J(H,H)=9.0 Hz, 2H), 8.17 (dd,
3J(H,H)=8.2 Hz, 4J(H,H)=0.8 Hz, 1H), 8.26 (s, 1H), 8.40 ppm (s, 1H);
13C NMR (101 MHz, CDCl3, 25 8C): d=55.6 (q), 57.0 (2ît), 58.4 (t),
114.3 (2îd), 116.8 (2îd), 119.5 (2îd), 120.8 (d), 121.4 (2îd), 122.16
(2îs), 122.24 (d), 125.0 (s), 129.0 (d), 129.5 (2îd), 131.1 (d), 132.56 (s),
132.57 (2îd), 138.5 (s), 144.5 (2îs), 153.1 (s), 155.5 ppm (s); IR (Nujol):
ñ=3379 (NH), 3306 (NH), 3272 (NH), 1688 cm�1 (C=O); MS (FAB+):
m/z (%): 482 (31) [M++1], 375 (16), 253 (23), 106 (100); elemental anal-
ysis calcd (%) for C29H31N5O2 (481.6): C 72.33, H 6.49, N 14.54; found: C
72.35, H 6.10, N 14.68.


Bis(2-{N’-[4-(trifluoromethyl)phenyl]ureido}benzyl){2-[N’-(4-butylphenyl)-
ureido]benzyl}amine (6a): 4-Trifluoromethylphenyl isocyanate (0.09 g,
0.48 mmol) was added to a solution of 10a (0.12 g, 0.24 mmol) in dry
CH2Cl2 (8 mL) under N2. After stirring at 20 8C for 16 h the solvent was
removed (30 8C/75 Torr) and Et2O (5 mL) was added. The white solid
was filtered and dried under vacuum to afford 6a (43% yield) as color-
less prisms (an analytical sample was obtained by recrystallization from
1:3 CHCl3/n-pentane). M.p. 243±247 8C; 1H NMR (200 MHz, [D6]DMSO,
25 8C): d=0.83 (t, 3J(H,H)=7.1 Hz, 3H), 1.23 (m, 3J(H,H)=7.2 Hz, 2H),
1.46 (m, 3J(H,H)=7.1 Hz, 2H), 2.45 (m, 2H), 3.60 (s, 6H), 6.98±7.16 (m,
8H), 7.28 (d, 3J(H,H)=8.0 Hz, 2H), 7.52±7.56 (m, 14H), 7.92 (s, 1H),
8.04 (s, 2H), 8.64 (s, 1H), 9.15 ppm (s, 2H); 13C NMR (50 MHz,
[D6]DMSO, 25 8C): d=13.8, 21.7, 33.3, 34.2, 54.3, 117.8, 118.4, 121.7 (2î
q, 2J(C,F)=31.9 Hz), 123.9, 124.2, 124.3, 124.6 (2îq, 1J(C,F)=270.8 Hz),
126.1 (4îdq, 3J(C,F)=3.7 Hz), 127.2, 128.5, 128.7, 130.3, 130.6, 135.7,
136.6, 137.0, 137.3, 143.5, 152.8, 153.3 ppm (four signals are overlapped);
19F NMR (188 MHz, [D6]DMSO, 25 8C): d=�59.6 ppm; IR (Nujol): ñ=
3331 (NH), 1667 cm�1 (C=O); MS (FAB+): m/z (%): 882 (53) [M+ +1],
293 (48), 281 (34), 132 (100); elemental analysis calcd (%) for
C48H45F6N7O3 (881.9): C 65.37, H 5.14, N 11.12; found: C 64.97, H 5.51,
N 10.97.


Bis{2-[N’-(4-fluorophenyl)ureido]benzyl}{2-[N’-(4-butylphenyl)ureido]-
benzyl}amine (6b): 4-Fluorophenyl isocyanate (0.07 g, 0.48 mmol) was
added to a solution of 10a (0.12 g, 0.24 mmol) in dry CH2Cl2 (8 mL)
under N2. After stirring at 20 8C for 16 h the solvent was removed (30 8C/
75 Torr) and Et2O (5 mL) was added. The white solid was filtered and
dried under vacuum to afford 6b (90% yield) as colorless prisms (an ana-
lytical sample was obtained by recrystallization from 1:1 CHCl3/Et2O).
M.p. 229±231 8C; 1H NMR (200 MHz, [D6]DMSO, 25 8C): d=0.84 (t,
3J(H,H)=7.1 Hz, 3H), 1.24 (m, 3J(H,H)=7.2 Hz, 2H), 1.47 (m,
3J(H,H)=7.3 Hz, 2H), 2.45 (t, 3J(H,H)=7.2 Hz, 2H), 3.61 (s, 6H), 7.00±
7.16 (m, 12H), 7.30 (d, 3J(H,H)=8.2 Hz, 2H), 7.37±7.44 (m, 4H), 7.51±
7.55 (m, 6H), 7.92 (s, 3H), 8.66 (s, 1H), 8.80 ppm (s, 2H); 13C NMR
(50 MHz, [D6]DMSO, 25 8C): d=13.8, 21.7, 33.3, 34.2, 54.4, 115.3 (4îdd,
2J(C,F)=22.2 Hz), 118.3, 119.9 (4îdd, 3J(C,F)=7.7 Hz), 123.8, 123.9,
124.0, 127.1, 128.5, 128.6, 130.1, 130.2, 135.7, 136.1 (2îd, 4J(C,F)=
2.3 Hz), 136.9, 137.1, 137.4, 153.15, 153.17, 157.3 ppm (2îd, 1J(C,F)=
238.1 Hz) (four signals are overlapped); 19F NMR (188 MHz, [D6]DMSO,
25 8C): d=�121.8 ppm; IR (Nujol): ñ=3320 (NH), 1654 cm�1 (C=O);
MS (FAB+): m/z (%): 782 (16) [M++1], 243 (17); elemental analysis
calcd (%) for C46H45F2N7O3 (781.9): C 70.66, H 5.80, N 12.54; found: C
70.27, H 6.20, N 12.58.


Bis(2-{N’-[4-(trifluoromethyl)phenyl]ureido}benzyl){2-[N’-(4-methoxy-
phenyl)ureido]benzyl}amine (6c): 4-Trifluoromethylphenyl isocyanate
(0.09 g. 0.50 mmol) was added to a solution of 10b (0.12 g; 0.25 mmol) in
dry CH2Cl2 (15 mL) under N2. After stirring at 20 8C for 16 h the solvent
was removed (30 8C/75 Torr) and Et2O (5 mL) was added. The white
solid was filtered and dried under vacuum to afford 6c (44% yield) as
colorless prisms (an analytical sample was obtained by recrystallization
from 1:3 CHCl3/Et2O). M.p. 227±232 8C; 1H NMR (300 MHz, [D6]DMSO,
25 8C): d=3.66 (s, 6H), 3.69 (s, 3H), 6.85 (d, 3J(H,H)=8.7 Hz, 2H), 7.00±
7.20 (m, 6H), 7.35 (d, 3J(H,H)=8.7 Hz, 2H), 7.54±7.65 (m, 14H), 7.94 (s,
1H), 8.10 (s, 2H), 8.63 (s, 1H), 9.21 ppm (s, 2H); 13C NMR (75 MHz,
[D6]DMSO, 25 8C): d=54.5, 54.6, 55.2, 114.0, 117.9, 120.3, 121.8 (2îq,
2J(C,F)=32.0 Hz), 123.9, 124.3, 124.5, 124.6 (2îq, 1J(C,F)=271.0 Hz),
126.0 (4îdq, 3J(C,F)=3.0 Hz), 127.3, 129.25, 129.34, 130.5, 130.8, 132.7,
136.7, 137.2, 143.5, 153.0, 153.7, 154.6 ppm (two signals are overlapped);
19F NMR (188 MHz, [D6]DMSO, 25 8C): d=�59.8 ppm; IR (Nujol): ñ=
3327 (NH), 1666 cm�1 (C=O); MS (FAB+): m/z (%): 856 (46) [M++1],
293 (52), 255 (46), 131 (100); elemental analysis calcd (%) for
C45H39F6N7O4 (855.8): C 63.15, H 4.59, N 11.46; found: C 62.77, H 4.89,
N 11.45.


Bis{2-[N’-(4-fluorophenyl)ureido]benzyl}{2-[N’-(4-methoxyphenyl)urei-
do]benzyl}amine (6d): 4-Fluorophenyl isocyanate (0.07 g, 0.50 mmol) was
added to a solution of 10b (0.12 g, 0.25 mmol) in dry CH2Cl2 (8 mL)
under N2. After stirring at 20 8C for 18h the solvent was removed (30 8C/
75 Torr) and Et2O (5 mL) was added. The white solid was filtered and
dried under vacuum to afford 6d (91% yield) as colorless prisms. M.p.
246±254 8C; 1H NMR (401 MHz, [D6]DMSO, 25 8C): d=3.60 (s, 6H), 3.69
(s, 3H), 6.82 (d, 3J(H,H)=9.1Hz, 2H), 6.97±7.16 (m, 10H), 7.30 (d,
3J(H,H)=9.0Hz, 2H), 7.38±7.41 (m, 4H), 7.48±7.51 (m, 6H), 7.85 (s,
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1H), 7.90 (s, 2H), 8.55 (s, 1H), 8.76 ppm (s, 2H); 13C NMR (101 MHz,
[D6]DMSO, 25 8C): d=54.5, 54.6, 55.2, 114.0, 115.2 (4îdd, 2J(C,F)=
22.2Hz), 120.0 (4îdd, 3J(C,F)=7.6Hz), 120.2, 123.8, 124.0, 124.2, 124.3,
127.2, 129.2, 130.2, 130.4, 132.7, 136.1 (2îd, 4J(C,F)=2.1Hz), 137.0,
137.2, 153.3, 153.5, 154.5, 157.3 ppm (2îd, 1J(C,F)=238.1Hz) (two sig-
nals are overlapped); 19F NMR (188 MHz, [D6]DMSO, 25 8C): d=


�121.1 ppm; IR (Nujol): ñ=3321 (NH), 1657 cm�1 (C=O); MS (FAB+):
m/z (%): 756 (10) [M++1], 255 (37), 243 (53), 132 (100); elemental anal-
ysis calcd (%) for C43H39F2N7O4î0.5H2O (784.8): C 67.53, H 5.27, N
12.82; found: C 66.98, H 5.42, N 12.69.
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Synthesis and Characterization of Dendritic Multichromophores Based on
Rylene Dyes for Vectorial Transduction of Excitation Energy


Tanja Weil, Erik Reuther, Cornelia Beer, and Klaus M¸llen*[a]


Introduction


In recent years different attempts towards the synthesis of
organic,[1±3] supramolecular,[4] polymeric,[5] and dendritic[6]


multichromophores have been reported. Among other rea-
sons, these molecules have been of special interest for the
investigation of interactions between chromophores and
have been considered to be promising model compounds for
multichromophore arrays and potential light-harvesting sys-
tems. In this context, the importance of dendrimers as
model compounds for biopolymers such as proteins has
been especially emphasized, which is due to their combina-
tion of high molecular weight and structural perfection
(monodispersity).[6] Furthermore, dendrimers can be grown
from a focal point and offer the unique possibility that func-
tional groups can be introduced at three different posi-
tions[7]: The center,[8] the scaffold,[4,9,10] and the periph-
ery.[11, 12] This holds especially true for so-called rigid den-
drimers, in which the branches show no backfolding[13,14] and
the topology of the functionality is retained even in solution.
Important examples of dendritic multichromophores bearing
different types of chromophores have been reported by


Moore et al. ,[15±17] Frÿchet et al. ,[18±20] Aida et al. ,[21] and Bal-
zani et al.[10a,b] Moore et al. reported phenylacetylene den-
drimers with a central perylene dye and a scaffold consisting
of ethynyl groups with different conjugation lengths. Most
of the other groups used an aryl ether scaffold introduced
by Frÿchet et al.[22, 23] These dendrimers have been decorated
with two kinds of coumarin dyes or porphyrins. In all cases,
efficient energy transfer was observed,[24] and for the phenyl-
acetylene dendrimers an energy gradient from the periphery
towards the center has been proven.[16] However, the investi-
gation of chromophore interactions in these dendrimers is
often very complicated due to the flexible nature of the den-
dritic branches of most dendrimers and the low photostabili-
ty and fluorescence quantum yields of the chosen chromo-
phores.[24,25] Collective effects, quite well-known in biological
systems, have been demonstrated in rigid polyphenylene
dendrimers functionalized with very photostable perylene-
monoimide chromophores at the periphery, for which an in-
vestigation at the single-molecule level could be achieved.[26]


Here, we present a new approach towards the synthesis of
dendritic multichromophores in which the topology of the
chromophores within the dendrimer is well defined due to a
polyphenylene scaffold which serves as a stiff matrix. Since
rylene dyes survive a temperature of 200 8C[27±29] and have
excellent photostability, high extinction coefficients, and a
fluorescence quantum yield of approximately one,[30] we
were able to design an outstanding multichromophoric array
by using a thermally and chemically stable polyphenylene
dendrimer. For the buildup of multichromophores in which
efficient energy transfer over long distances can take place,


[a] Dr. T. Weil, Dr. E. Reuther, C. Beer, Prof. Dr. K. M¸llen
Max-Planck-Institute for Polymer Research
Ackermannweg 10
55128 Mainz (Germany)
Fax: (+49) 6131-379100
E-mail : muellen@mpip-mainz.mpg.de


Abstract: The synthesis of dendritic
multichromophores based on a rigid
polyphenylene scaffold is presented.
Different rylene chromophores are in-
corporated into the core, the branches,
and the surface of the dendrimer. In
this way, two generations of dendritic
dyads consisting of a terrylenediimide
core, a stiff polyphenylene scaffold,
and a perylenemonoimide periphery
were obtained. Furthermore, the first


synthetic approach to a dendritic triad
is introduced. The outer sphere of this
macromolecule is formed by naphtha-
lenemonoimide chromophores, whereas
perylenemonoimide groups are located
in the dendritic scaffold, and the terry-


lenediimide chromophore serves as a
core molecule. This multichromophore
absorbs over the whole range of the
visible spectrum and shows well-sepa-
rated absorption envelopes. In the
course of dendrimer synthesis new at-
tempts towards a straightforward func-
tionalization strategy for rylene dyes
are also presented.


Keywords: chromophores ¥
cycloaddition ¥ dendrimers ¥ energy
transfer ¥ rylene dyes
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the optical properties of the individual chromophores and
their spatial arrangement are crucial.[31] Nature has brought
this principle to perfection, as can be seen from the crystal
structure of the light-harvesting antenna complex (LH2) of
the purple bacterium Rhodopseudomonas acidophila.[32] In a
photosynthetic system light is collected by the antenna
system and transferred to the reaction center. Therefore,
chromophores absorbing short wavelengths are located at
the outside and transfer their energy to longer-wavelength-
absorbing acceptor chromophores. In this way, energy trans-
fer is achieved over large distances. These very efficient sys-
tems inspired us to synthesize globular polyphenylene den-
drimers bearing a long-wavelength-absorbing terrylenedii-
mide (TDI) chromophore (Figure 1 a) in the center and
shorter-wavelength-absorbing perylenemonoimide (PMI)
chromophores (Figure 1 a) at the periphery. The spatial ar-
rangement of PMI chromophores at the periphery and a
TDI chromophore in the center was chosen with a view to
the formation of an energy gradient from the periphery to-
wards the center of the dendrimer.[35] The synthesis of a bi-
chromophore as well as a dendrimer allowing very efficient
energy transfer between perylene and terrylene chromo-
phores has already been demonstrated in the literature,
albeit based on a different structural concept to that pre-
sented here.[33,34]


Furthermore, the synthesis of the first dendritic triad con-
sisting of terrylenetetracarboxdiimide, perylenedicarboxmo-
noimide, and naphthalenedicarboxmonoimide (NMI, Fig-
ure 1 a) chromophores is presented in detail.[35] Figure 1 b
outlines the synthetic concept: A depicts a dendritic multi-
chromophore consisting of one type of chromophore (e.g.,
PMI), whereas B and C represent two molecular dyads with
increasing interchromophore distance, and D stands for an
NMI-PMI-TDI-containing molecular triad. To contribute to
the clarity of the molecular structure, the notation ™dyad∫
(Figure 1 b, B and C) is used in the following for dendritic
multichromophores bearing two, and ™triad∫ for the respec-
tive multichromophores bearing three different types of
chromophores (Figure 1 b, D).


Results and Discussion


We have already described the synthesis of polyphenylene
dendrimers decorated with PMI chromophores.[34,36] Fluores-
cent first-generation polyphenylene dendrimers (4,
Scheme 1) were obtained by Diels±Alder cycloaddition of a
tetraphenylcyclopentadienone carrying one PMI chromo-
phore 2 with a tetrahedral core molecule 1 bearing free eth-
ynyl groups. This reaction proceeds at 170 8C in o-xylene
with extrusion of CO. For the convergent buildup of second-


generation polyphenylene den-
drimer 5 a functionalized poly-
phenylene dendrimer branch 3
(dendron) is required (Sche-
me 1).[34,37, 40a]


Here we describe the spatial-
ly defined introduction of chro-
mophores into the center (Fig-
ure 2 a), the scaffold (Fig-
ure 2 b), and at the surface (Fig-
ure 2 c) of the dendrimer. For
this purpose, the synthesis of a
chromophore core building
block and cyclopentadienone
branching and terminating
agents functionalized with dif-
ferent chromophores are cru-
cial. In our case, a core building
block bears more than one free
ethynyl group, and this allows
regular dendrimer growth by re-
action with cyclopentadienones
(Figure 2 a). Branching agents
allow the introduction of func-
tionalities within the dendritic
scaffold and therefore bear at
least one ethynyl group as well
as the functional group, for ex-
ample, a chromophore (Fig-
ure 2 b, 12 in Figure 4), whereas
terminating agents are cyclo-
pentadienones lacking ethynyl
groups (Figure 2 c). After cyclo-


Figure 1. a) Chemical structures of unsubstituted rylenediimide chromophores: naphthalenedicarboximide
(NMI), perylenedicarboximide (PMI), and terrylenetetracarboxdiimide (TDI); b) Sketch of the herein-report-
ed synthetic approach. A represents a multichromophore carrying PMI substituents at the surface; B and C
correspond to two molecular dyads, and D stands for an NMI-PMI-TDI triad.
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addition with a terminating re-
agent further dendritic growth
is no longer possible.


First, the synthesis of a TDI
core molecule bearing free eth-
ynyl groups is presented. This
synthetic approach requires the
introduction of bromine sub-
stituents in the so-called bay
region of the TDI chromophore
(Figure 1 a), which has not been
described before. Furthermore,
tetraphenylcyclopentadienones
and polyphenylene dendrons
functionalized with PMI and
NMI dyes must be synthesized
which will serve as terminating
reagents for the introduction of
chromophores exclusively in
the outer sphere. Therefore, the
synthesis of a dendritic triad re-
quires a cyclopentadienone
branching agent bearing a chro-
mophore and a protected eth-
ynyl group.


Synthesis of the terrylenetetra-
carboxdiimide core : As core
molecule we chose a terrylene-
tetracarboxdiimide chromo-
phore (TDI, 6) because its ab-
sorption maximum is located at
longer wavelength in the visible
spectrum.[38,39] The synthesis of
6 was first published by us,[38]


and a recent improvement to
this synthetic approach has
made larger quantities availa-
ble.[40b] However, the functional-
ization of 6 has not been descri-
bed before. Tetrabromoterryle-
netetracarboxdiimide chromo-
phore 7 was prepared by bromi-
nation of 6 with five equivalents
of bromine in boiling trichloro-
methane (Scheme 2). Monitor-
ing of the reaction by TLC or
FD mass spectrometry is indis-
pensable to avoid overbromina-
tion after extended reaction
times. Purification was achieved
by column chromatography
with trichloromethane as eluent
(Rf=0.9). Sometimes, a further
chromatographic step using tol-
uene was required (Rf=0.15)
which gave pure 7 as a blue
solid in 75 % yield. The intro-
duction of substituents in the


Scheme 1. Schematic overview of Diels±Alder cycloaddition of a tetraphenyltetraethynylmethane core 1 with
a tetraphenylcyclopentadienone building block 2 or a dendrimer branch 3 decorated with PMI chromophores
leading to first- and second-generation polyphenylene dendrimers 4 and 5, respectively.[34, 40a]


Figure 2. Introduction of functional groups at different locations of a polyphenylene dendrimer: core molecule
(a), branching agent (b), and terminating agent (c).
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bay region of TDI chromophore 6 reduces the planarity of
the aromatic terrylene chromophore and results in a signifi-
cantly higher solubility of 7 in organic solvents such as di-
chloromethane, toluene, and THF. Consequently, purifica-
tion and characterization are facilitated. In the next step, we
achieved complete exchange of the four bromine groups of
7 by 4-iodophenol (10 equiv) in moderate yields (55 %). The
reaction proceeded with eight equivalents of K2CO3 in N-
methylpyrrolidone at 90 8C over 12 h. The crude mixture
was poured into 2n HCl, and a blue precipitate was formed.
After filtration the product mixture was washed twice with
water/dichloromethane and purified by column chromatog-
raphy with dichloromethane as eluent (Rf=0.86). Thus, 8
was obtained in 55 % yield.


Compound 8 was treated with triisopropylsilylacetylene
(TiPS-acetylene) at room temperature over 20 h to give the
corresponding TDI chromophore 9 carrying four triisopro-
pylsilylethynyl groups in a procedure first reported by Sono-
gashira et al.[41] In some cases a mixture of tri- and tetrasub-
stituted derivatives was obtained even after extended reac-
tion times and with an excess of the acetylene component.


However, the byproduct could easily be separated by
column chromatography with dichloromethane/petroleum
ether (1/1, Rf(product)=0.95, Rf(by-product)=0.81), which
gave 9 in 60 % yield. Cleavage of the four triisopropylsilyl
protecting groups of 9 with one equivalent of Bu4NF¥3 H2O
was complete after 3 min in freshly distilled THF. There-
after, the reaction was quenched with water and washed
with water and dichloromethane. Longer reaction times led
to a drastically reduced yield of 10, and monitoring of
he reaction by TLC (dichloromethane) is therefore indis-
pensable. After column chromatography with dichloro-
methane the desired TDI core molecule 10 was obtained
in 91 % yield as a dark blue solid. This core molecule
possesses four ethynyl groups which can be subjected
to Diels±Alder cycloaddition with tetraphenylcyclopentadie-
nones to give a polyphenylene dendrimer with a TDI
core.


Figure 3 shows the 1H NMR spectrum of 10. The assign-
ment of the signals was based on H,H COSY and NOE ex-
periments. The singlet at 9.30 ppm with a relative intensity
of 4 H corresponds to H-1 of the bay region of the TDI


Scheme 2. Introduction of functional groups into the bay region of the TDI chromophore 6. i) 5 equiv Br2, chloroform, 75 %; ii) 15 equiv 4-iodophenol
(18), 7.5 equiv K2CO3, N-methylpyrrolidone, 12 h, 90 8C, 55%; iii) 5 equiv triisopropylsilylacetylene, 0.4 equiv copper(i) iodide, 0.4 equiv PPh3, 0.2 equiv
[Pd(PPh2)Cl2], THF/triethylamine (3/1), 60%; iv) 1 equiv tetrabutylammonium fluoride, THF, 3 min, 91%.
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chromophore, and the four protons located near the imide
structure H-2 are observed at 8.23 ppm.


Synthesis of the dendritic scaffold : The PMI dye shown in
Figure 1 a has absorption maxima which are hypsochromical-


ly shifted relative to TDI.
Therefore, PMI chromophores
should be positioned in the
dendritic scaffold or at the pe-
riphery, where they can pass on
energy after excitation from the
surface toward the TDI center.
For the preparation of a den-
dritic triad, the NMI chromo-
phore, which absorbs and emits
at shorter wavelength than PMI
and TDI, must be located ex-
clusively at the periphery to
generate an energy gradient be-
tween the periphery and the
center. With regard to the char-
acteristic spectral features of
these chromophores, the follow-
ing chromophore-labeled cyclo-
pentadienone building blocks
are required for the synthesis of
dendritic dyads and triads
(Scheme 3): A cyclopentadie-
none-based terminating agent
11 bearing a single PMI chro-
mophore and a polyphenylene


dendron 14 carrying two PMI chromophores, which will
allow the synthesis of first- and second-generation dyads
with varying PMI±TDI distances.


The synthesis of a dendritic triad requires a branching
agent, namely, 12 bearing a PMI chromophore and an addi-


Figure 3. 500 MHz 1H NMR spectrum of 10 in [D8]THF at 298 K.


Scheme 3. Tetraphenylcyclopentadienone-based building blocks for introduction of chromophores into the dendritic scaffold and at the periphery. Com-
pound 11 serves as a terminating agent for introduction of PMI chromophores at the periphery, 12 is a building block for introduction of PMI chromo-
phores into the dendritic scaffold, and 13 and 14 are terminating building block for buildup of second-generation dendrimers bearing NMI or PMI chro-
mophores.
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tional triisopropylsilyl-protected ethynyl unit which leads to
further dendrimer growth. The NMI-substituted dendron 13
can also serve as terminating agent.


The synthesis of cyclopentadienones and dendrons carry-
ing one PMI dye has already briefly been discussed in the
literature.[34] The key building block is the boronic ester of a
PMI chromophore (15), which is accessible by palladium-
catalyzed coupling of commercially available bispinacolato-
diboron and the corresponding bromo-substituted chromo-
phore[42] in a modification of the Suzuki procedure[43]


(Scheme 4).
This mild procedure particularly tolerates already existing


functional groups such as esters, ketones, and cyano or nitro
substituents, in contrast to conventional methods involving
lithiation reactions. The reaction proceeded in high yield in
dioxane and potassium acetate at 80 8C with exclusion of
light. In some cases homocoupling of two PMI chromo-
phores can occur. However, by-products were separated by
column chromatography with dichloromethane. Compound
15 was then treated with bromo-substituted tetraphenylcy-
clopentadienone 16 or 17 in a palladium-catalyzed coupling
reaction under Suzuki conditions[44, 45] (Scheme 4). By using
a 1.5-fold excess of 15, catalytic amounts of [Pd(PPh3)4], and
caustic conditions (2n K2CO3) in a two-phase system (tolu-
ene/ethanol) at 85 8C, both 11 and 12 were obtained in a
single reaction step. Purification by column chromatography
with dichloromethane gave the cyclopentadienones 11 and
12 in 51 and 59 % yield, respectively. A further chromatog-
raphy step with dichloromethane/petroleum ether (1.5/1)
was sometimes necessary to achieve sufficient purity. The
synthesis of a cyclopentadienone branching agent such as 17


has not been described before. We achieved the synthesis of
17 in six steps and high yield (Scheme 5).


1-Bromo-4-iodobenzene (18) underwent selective cou-
pling with trimethylsilylacetylene (TMS-acetylene) at room
temperature in toluene/triethylamine (1/3) according to a lit-
erature procedure.[46] Thereafter, Sonogashira coupling of 19
with TiPS-acetylene proceeded under the same reaction
conditions but at a temperature above 70 8C to give 20 in
95 % yield. Compound 20 bears two different ethynyl pro-
tecting groups, whereby only the TMS group is sensitive to
caustic conditions. Thus, 20 could selectively be deprotected
by using 1m potassium hydroxide in THF, as already descri-
bed.[46] Compound 21 could be subjected to a further Sono-
gashira coupling with 1-bromo-4-iodobenzene to give diphe-
nylacetylene 22. After purification by column chromatogra-
phy with petroleum ether as eluent 22 was obtained as a col-
orless solid in 81 % yield. The next reaction step involved
the oxidation of 22 with I2 in DMSO at 190 8C over 12 h.
This reaction proceeded in high yield, whereupon benzil de-
rivative 23 was isolated as a bright yellow solid. The last
step was based on a Knoevenagel condensation of 23 with
1.1 equivalents of 1,3-diphenylacetone (24) and tetrabutyl-
amonium hydroxide in ethanol at 80 8C (15 min).[47] After
cooling, a dark precipitate was formed, which was collected
by filtration, washed with a small amount of cold ethanol,
and purified by column chromatography with dichlorome-
thane/petroleum ether (1/1) to give 17 as a dark purple solid
in 78 % yield. A key feature is that the bromo substituent of
17 allows a wide variety of functional groups to be intro-
duced by palladium-catalyzed coupling with, for example,
boronic acid, as was shown above (Scheme 4).


An important compound for
the preparation of polypheny-
lene dendrons was 4,4’-diethy-
nylbenzil (25), whose synthesis
was previously published by
our group.[34,37] Compound 25
was treated with an excess of 3-
(4-bromophenyl)-2,4,5-triphen-
ylcyclopentadienone (16) in a
Diels±Alder cycloaddition in
refluxing o-xylene (Scheme 6).
Hereby, benzil 26 was formed
as a pale yellow amorphous
powder in high yield (97 %).
Purification was achieved by
column chromatography or
simple precipitation from meth-
anol. The latter method re-
duced the overall yield by
about 10 %. Subsequent Knoe-
venagel condensation of 26
with 1,3-diphenylacetone (24)
in toluene in the presence of
tetrabutylammonium hydroxide
at 100 8C (50 min) gave the cor-
responding dendron 27 in 63 %
yield.Scheme 4. Functionalization of cyclopentadienone building blocks with PMI chromophores. i) 0.8 equiv 17,


K2CO3, toluene/ethanol, 12 h, 80 8C, 59 %; ii) 0.8 equiv 16, K2CO3, toluene/ethanol, 12 h, 80 8C, 51%.
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Finally, the introduction of the chromophore units was
achieved by Suzuki coupling of 27 and a 1.5-fold excess of
the appropriate chromophore 15 or 28 with catalytic
amounts of [Pd(PPh3)4] under caustic conditions (2n
K2CO3), as described before (Scheme 7). After column chro-
matography with dichloromethane the twofold PMI- and
NMI-substituted dendrons 13 and 14, respectively, were iso-
lated in moderate yields (42±43 %) as a dark red (PMI com-
pound) and brownish solids (NMI dendron).


Synthesis of multichromophores : In the last step, TDI core
10 was treated with five equivalents of PMI-cyclopentadie-
none building block 11 in o-xylene at 170 8C (Scheme 8).
After 12 h the crude product was purified by column chro-
matography with dichloromethane to give first-generation
multichromophore 29 bearing four PMI substituents at the
periphery. Second-generation multichromophore 30 was ob-
tained by reaction of TDI core 10 with 10 equivalents of


PMI-substituted dendron 14 in
o-xylene at 170 8C over three
days. Compound 30 was puri-
fied by column chromatography
with acetone. After separation
of the starting material, 30 was
eluted with THF. Pure dyad 30
was obtained as a purple solid
in 83 % yield. For the synthesis
of the triad 32 a multistep reac-
tion was necessary. First TDI
core 10 was treated with five
equivalents of PMI-labeled
branching agent 12 at 170 8C
over 12 h. Thereafter, the crude
product was separated by
column chromatography with
dichloromethane to give 31 a in
90 % yield. Compound 31 a has
nearly the same chemical struc-
ture as 29, the only difference
being four TiPS-protected eth-
ynyl groups at the periphery of
the dendrimer. These protecting
groups could be cleaved by ap-
plying one equivalent of tetra-
butylammonium fluoride in
THF. After four minutes, the
reaction was quenched by
adding water, and the whole re-
action mixture was washed with
water and dichloromethane.
Pure 31 b was obtained in
nearly quantitative yield after
filtration through a short pad of
silica gel with dichloromethane
as solvent. This first-generation
polyphenylene dendrimer bear-
ing two different types of chro-
mophores can now undergo a
further reaction with dendron


13 carrying two NMI substituents. This reaction proceeded
in a o-xylene/diphenyl ether (1/1) at 195 8C over three days.
Workup again required column chromatography, with ace-
tone as an eluent. In this way, the multichromophore 32 was
obtained as a dark purple solid in 63 % yield.


Typical MALDI-TOF mass spectra are shown in Figure 4.
The MALDI-TOF spectra of 30 and 32 (matrix: dithranol,
addition of silver triflate; Figure 4) show only one peak at
m/z 9703 and m/z 12 165, respectively, in accordance with
the molecular mass of the [M+Ag]+ cluster. The perfect
agreement between the calculated and experimentally deter-
mined m/z ratios for different generations of dendrimers
confirms their monodispersity.


Figure 5 shows the 1H NMR spectrum of 29. Well-separat-
ed and assignable signals are obtained for the aliphatic CH
and (CH3)2 groups of PMI and the TDI core molecule, the
aromatic protons of the bay region of the PMI and TDI
chromophores, and the H-4 protons of the pentaphenyl


Scheme 5. Synthesis of a building block for the introduction of functionalities into the dendritic scaffold.
i) 1.25 equiv trimethylsilylacetylene, 0.1 equiv triphenylphosphane, 0.1 equiv copper(i) iodide, 0.05 equiv
[PdCl2(PPh3)2] toluene/triethylamine (1/3), 12 h, RT, 89 %; ii) 1.25 equiv triisopropylsilylacetylene, 0.1 equiv tri-
phenylphosphane, 0.1 equiv cooper(i) iodide, 0.05 equiv [PdCl2(PPh3)2], toluene/triethylamine (1/3), 12 h,
80 8C, 95 %; iii) 2n potassium hydroxide, ethanol, 3 h, RT, 84%; iv) 1.25 equiv 4-bromoiodobenzene, 0.1 equiv
triphenylphosphane, 0.1 equiv cooper(i)iodide, 0.05 equiv [PdCl2(PPh3)2] catalyst, toluene/triethylamine (1/3),
12 h, RT, 81 %; v) iodine, DMSO, 190 8C, 12 h, 84%; vi) 1 equiv 24, tetrabutylammonium hydroxide, toluene,
15 min, 90 8C, 78%.


Scheme 6. Synthesis of a polyphenylene dendron carrying two bromo substituents. i) 3 equiv 16, o-xylene, 12 h,
170 8C, 97%; ii) 1.1 equiv 24, tetrabutylammonium hydroxide, toluene, 50 min, 90 8C, 63%.
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groups of the dendrimer branches. The signals of the other
aromatic protons of the chromophores and the polypheny-
lene dendrons can not be distinguished due to strong over-
lap. The number of aromatic signals is higher for high-gener-
ation dendrimers, and unstructured signals are obtained in
the aromatic region between d=6.6 and 7.4 ppm.


This is also true of the 1H NMR spectrum of 32
(Figure 6). Here, the aforementioned characteristic signals
of protons in the bay region of
the PMI and TDI chromo-
phores are still clearly assigna-
ble. Furthermore, additional
signal groups at d=7.87 and
7.79 ppm are detected, which
could correspond to the protons
of the NMI chromophores or to
the protons of the pentaphenyl
groups of the dendrimer
branches. Although the dendrit-
ic triad 32 contains over 500
protons, characteristic signals of
different chromophore substitu-
ents are still evident.


Isolation of chromophore sites
at the periphery : Figure 7


shows the absorption spectra of dyads 29 and 30, TDI chro-
mophore 10, and a series of polyphenylene dendrimers car-
rying a one, four (4, TdPMI4, Scheme 1) and eight PMI
chromophores (5, TdPMI8, Scheme 1) at the periphery,
whose synthesis has already been described by us.[34]


TdPMI4 absorbs at 502 (e=119 200) and 526 nm (e=
119 200m�1 cm�1), whereas TDI chromophore 10 absorbs at
667 nm (e=87 125m�1 cm�1, Table 1). The dyad 29 displays


Scheme 7. Functionalization of a polyphenylene dendron with PMI and NMI substituents. i) 3 equiv 28, K2CO3, toluene/ethanol, 12 h, 80 8C, 43 %; ii) 3 e-
quiv 15, K2CO3, toluene/ethanol, 12 h, 80 8C, 42%.


Table 1. lmax [nm] and e [m�1 cm�1] of dendrimers 29, 30, 34, 32, and the TDI core 10 in toluene.


Compound Absorption Emission
lmax [nm] (e [m�1 cm�1]) lmax [nm]


NMI PMI TDI


TdG1PMI1 501 (42 200) 553 (PMI)[b,d]


527 (41 400)
4 ± 502 (119 200) ± 556 (PMI)[b,d]


TdG1PMI4 526 (119 200)
5 - 501 (218 300) ± 557 (PMI)[b,d]


TdG2PMI8 525 (216 500)
10 ± ± 667 698 (TDI)[c]


(87 125)
29 ± 501 (118 200) 675 559w (PMI)[b]


526 (111 350) (85 671) 701s (TDI)
30 ± 500 (227 270) 674 557w (PMI)[b]


524 (222 680) (89 990) 702s (TDI)
32 370 (178 854) 501 (134 576) 676 432w (NMI)[a]


526 (136 565) (98 462)


[a] lexc at 370 nm. [b] lexc=488 nm. [c] lexc=675 nm. [d] Fluorescence quantum yield of 0.98 in toluene.
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absorption maxima at 501 (e=118 200), 526 (e=11 350), and
675 nm (e=85 671m�1 cm�1), corresponding to the absorp-
tion of the PMI and the TDI units. Consequently, the ab-
sorption spectra of 29 and 30 can be approximated as a su-
perposition of the spectra of the constituent moieties.


A direct correlation exists between the number of chro-
mophores and the extinction coefficients at the absorption
maximum (inset to Figure 7). This behavior can be attribut-
ed to the absence of intramolecular chromophore interac-


tions in the ground state and indicates that the chromo-
phores are spatially well isolated at the surface of the den-
drimer.


This observation was also supported by investigating the
three-dimensional structures of 29, 30, and 32. Figure 8
shows the minimized structure[51] of 30 with views of the
imide structure (middle) and bay region (right) of the cen-
tral TDI chromophore. It is evident that the terminal PMI
chromophores are located exclusively at the periphery, spa-


Scheme 8. Synthetic approach to dendritic dyads and triads. Synthesis of the dendritic dyads 29, 30, 34, and the triad 32. i) 5 equiv 11, o-xylene, 12 h,
170 8C, 92%; ii) 10 equiv 14, o-xylene, three days, 170 8C, 83 %; iii) a) 5 equiv 12, o-xylene, 12 h, 170 8C, 90%; b) 1 equiv nBu4N¥3 H2O, THF, 4 min, 88%;
iv) 16 equiv 13, o-xylene/diphenyl ether (1/1), three days, 195 8C, 63 %.
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tially well-isolated from each other. Furthermore, it was re-
ported previously that the dynamics of peripheral groups in
high-generation polyphenylene dendrimers are strongly re-
duced due to the formation of a dense shell of phenyl rings
at the outer sphere of the dendrimer.[52] Therefore, the prob-
ability that two chromophores come close enough to form
excimerlike species is low. Consequently, even for polyphe-
nylene dendrimers carrying a high number of terminal chro-
mophores, nearly quantitative fluorescence quantum yields
have been determined (Table 1), which makes these mole-
cules highly fluorescent ™superchromophores∫.


Vectorial energy transfer : The
synthesis of multichromophores
containing different types of
chromophores enables the in-
vestigation of energy transfer
processes between these chro-
mophores. After exciting the
PMI chromophores of dyad 29
at 488 nm a strong emission at
701 nm occurs (Figure 9), which
is due to efficient energy trans-
fer from the PMI chromo-
phores towards the TDI center.
The emission maxima of the
dyads 29 and 30 are given in
Table 1. This energy transfer
proceeds by the Fˆrster mecha-
nism[48, 49] and has already been
investigated in solution[35] and
at the single-molecule level.[50]


Triad 32 bears a TDI chro-
mophore in the center, four
PMI chromophores in the scaf-
fold, and eight NMI chromo-
phores at the periphery. The ab-
sorption spectrum of 32 was
discussed before[35] and it was
pointed out that this multichro-
mophore absorbs over the
whole visible spectrum with
well-separated absorption enve-
lopes. This fact is of special im-
portance with regard to selec-
tive excitation of different chro-
mophore units of the multichro-
mophore. It was shown that ex-
citation of the NMI
chromophores at the periphery
of the dendrimer results in
weak emissions of the NMI and
PMI groups but in strong emis-
sion from the TDI core[35]


(Figure 9).
This behavior has been at-


tributed to efficient vectorial
energy transfer from the NMI
donor chromophores at the pe-
riphery via the PMI chromo-


phores in the scaffold towards the TDI center of 32. For vec-
torial transduction of excitation energy, formation of an
energy gradient is required, which has been achieved by spa-
tial localization of the chromophore units by using a poly-
phenylene dendrimer scaffold as a stiff matrix.


The great importance of the PMI chromophores in the
dendritic scaffold for energy transfer becomes obvious when
the emission spectrum of an NMI chromophore is compared
with the absorption spectrum of a TDI chromophore, since
both spectra reveal only a small spectral overlap. However,
an efficient energy transfer according to the Fˆrster mecha-


Figure 4. a) MALDI-TOF mass spectrum of second-generation polyphenylene dyad 30 in the presence of
silver triflate (m/z 9703 [M+Ag]+ ; calcd for 30 : 9594). b) MALDI-TOF mass spectrum of triad 32 in the pres-
ence of silver triflate (m/z 12165 [M+Ag]+ ; calcd for 32 : 12053).
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nism[49, 50] requires a sufficient
spectral overlap of the constitu-
ent chromophores. Therefore,
the PMI chromophores in the
dendritic scaffold play an essen-
tial role in transferring excita-
tion energy from the NMI
donors towards the TDI accept-
or. In this way, it is a key fea-
ture that the well-separated pe-
ripheral chromophores allow
the transfer of excitation
energy to the center without
sustaining losses due to the for-
mation of excimers.


Conclusion and Outlook


We have presented a new syn-
thetic approach to dendritic
multichromophores containing
up to three different rylene
chromophores at distinct posi-
tions within the dendrimer. A
key step was the development
of new building blocks which
open up the unique possibility
to incorporate functionalities in
the center, scaffold, and periph-
ery of the dendrimer. In this
way, the herein-reported build-
ing-block chemistry allows the
synthesis of a large variety of
different multichromophores in
which the number of chromo-
phores and the interchromo-
phore distances can easily be
changed. To realize this con-
cept, two different dyads 29 and
30 containing a TDI core and a
PMI periphery were prepared.
With regard to synthesis the
dendritic triad 32 consisting of
NMI chromophores at the pe-
riphery, PMI chromophores
within the dendritic scaffold,
and a TDI chromophore at the
center is the first example of a
dendrimer bearing three differ-
ent types of chromophores. As
a special feature, the chromo-
phores with different absorp-
tion and emission wavelengths
are localized precisely and form
an energy gradient from the pe-
riphery towards the center. The
occurrence of energy transfer
was shown for the dyads and


Figure 5. 500 MHz 1H NMR spectrum of 29 in [D8]THF at 298 K.


Figure 6. 500 MHz 1H NMR spectrum of triad 32 in [D8]THF at 298 K.
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for the triad. In case of the den-
dritic triad, vectorial energy
transfer proceeds stepwise from
the chromophores at the pe-
riphery over the functionalized
scaffold towards the center.
Time-resolved fluorescence
spectroscopy measurements,
which are currently underway,
will provide deeper insight into
the energy-transfer processes
taking place in such a complex
but still highly ordered macro-
molecule as the herein-present-
ed triad.


The chief merits of these new
dendrimers are high spatial res-
olution of different types of
chromophores by a stiff back-
bone which, due to its structure,
isolates the chromophores and
does not participate in energy
transfer. Due to the high photo-
chemical stability of the chro-
mophore units, the dendritic
dyads and triad reported herein
can be used for single-molecule
spectroscopy, which could give
new insight into interactions of
chromophores in close proximi-
ty and defined environment.
Thus, these novel dendrimers


Figure 7. Absorption spectra of a series of polyphenylene dendrimers based on a tetrahedral core bearing one
(TdG1PMI1), four (4, TdG1PMI4), and eight (5, TdG2PMI8) PMI chromophores at the periphery, as well as of
the TDI core 10 and the dyads 29 (dashed line) and 30 (dotted line) in toluene. Inset: Number of PMI chro-
mophores of the dendrimer versus the extinction coefficient at the first absorption maximum of the PMI unit
and correlation function with correlation factor.


Figure 8. Left: 2D structure of 30. Middle: 3D structure of 30 with view over a) the imide structure and b) the bay-region of the central TDI-chromo-
phore.[51]
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are attractive candidates for a better understanding of pho-
tophysical processes such as those observed in natural multi-
chromophore arrays. Since the dendritic triad absorbs light
energy over the whole visible spectrum, this compound is
currently being investigated with a view to its suitability for
the development of novel emissive layers for the design of
photonic devices.


Experimental Section


General : The solvents used were of commercial grade; THF was dried
over potassium; toluene was distilled from sodium. 1H NMR and
13C NMR spectra were recorded on a Bruker DRX 500 (500 and
125 MHz, respectively) or Bruker AMX 300 (300 and 75 MHz, respec-
tively). Mass spectra were recorded on a Bruker MALDI-TOF spectrom-
eter. UV/Vis data were obtained on a Perkin-Elmer Lambda 9, and fluo-
rescence spectra were measured on a SPEX Fluorolog 2 Type 212 spec-
trometer. [Pd(PPh3)4] and [PdCl2(dppf)]¥CH2Cl2 (dppf=1,1’-bis(diphenyl-
phosphanyl)ferrocene) catalysts were purchased from ABCR.


N,N’-Bis(2,6-diisopropylphenyl)-1,6,9,13-tetrabromoterrylen-3,4:11,12-tet-
racarbooxdiimide (7): N,N’-Bis(2,6-diisopropylphenyl)terrylen-3,4:11,12-
tertacarboxdiimide (6, 834 mg, 1 mmol) was dissolved in chloroform
(50 mL). Then bromine (5 mmol) was added and the reaction mixture
was heated to reflux for 12 h with exclusion of light. Thereafter, the mix-
ture was flushed with nitrogen to remove remaining bromine, and the
solvent was evaporated under vacuum. Column chromatography on silica
gel with dichloromethane as eluent afforded 7 (900 mg, 75%) as a blue
solid, m.p. >300 8C; MS (FD, 8 kV): m/z (%): 1145.3 [M]+ ; 1H NMR
(500 MHz, CDCl3): d=9.52 (s, 2H), 8.92 (s, 2H), 7.44 (t, 3J(H,H)=
7.78 Hz, 2H), 7.29 (d, 3J(H,H)=7.94 Hz, 4 H), 2.70 (m, 4H), 1.16 ppm


(d, 3J(H,H)=6.71 Hz, 24H); 13C NMR
(67 MHz, CD2Cl2): d=161.4, 144.93,
137.7, 137.4, 133.5, 129.6, 129.4, 128.4,
128.3, 127.1, 126.12, 123.3, 120.9, 119.7,
28.8, 23.5 ppm; IR (KBr pellet): ñ=


2963, 2927, 2867, 1711 (C=O), 1672
(C=O), 1583, 1465, 1389, 1347, 1308,
1236, 1172, 1198, 846, 810 cm�1; UV/
Vis (CHCl3): lmax (e)=656 (93 325),
605 (46 773), 559 nm (15 848m�1 cm�1);
Elemental analysis (%) calcd for
C58H42N2O4Br4: C, 60.55; H, 3.68; N,
2.43; Found: C, 60.52; H, 3.69; N, 2.44.


8: Compound 7 (224 mg, 0.195 mmol),
4-iodophenol (644 mg, 2.925 mmol),
and K2CO3 (202 mg, 1.46 mmol) were
heated in N-methylpyrrolidone
(34 mL) at 90 8C under argon for 17 h.
After cooling to room temperature the
reaction mixture was poured into HCl
(2n, 100 mL). The crude solid was sep-
arated under vacuum, dissolved in di-
chloromethane, and dried over
MgSO4. Column chromatography on
silica gel with dichloromethane as
eluent gave 8 (182 mg, yield: 55%) as
a blue solid, m.p. >300 8C; MS (FD,
8 kV): m/z (%): 1707 [M]+ , 853 [M]2+ ,
(calcd for C82H58I4N2O8: 1707.00);
1H NMR (500 MHz, C2D2Cl4, 363 K):
d=9.29 (s, 4 H), 8.18 (s, 4 H), 7.66 (d,
3J(H,H)=8.85 Hz, 8H), 7.37 (t,
3J(H,H)=7.65 Hz, 2H), 7.21 (d,
3J(H,H)=7.65 Hz, 4H), 6.91 (d,
3J(H,H)=8.85 Hz, 8H), 2.58 (sept.,
3J(H,H)=6.7 Hz, 4H), 1.15 (s, 84H),
1.05 (d, 3J(H,H)=6.75 Hz, 24H);
13C NMR (75 MHz, C2D2Cl4, 363 K):


d=161.4, 154.7, 153.1, 144.9, 138.8, 138.6, 137.7, 137.4, 133.5, 130.4, 129.9,
129.6, 128.5, 128.3, 127.9, 127.1, 126.1, 125.4, 123.3, 122.5, 121.7, 120.4,
119.7, 28.3, 23.1 ppm; IR (KBr pellet): ñ=3052, 3023, 2962, 2869, 1702,
1664, 1590, 1498, 1357, 1243, 1176, 1072, 840, 811, 754, 700 cm�1; Elemen-
tal analysis (%) calcd for C82H58I4N2O8: C, 57.70; H, 3.42; N, 1.64;
Found: C, 57.61; H, 3.36; N, 1.62.


9 : Compound 8 (181 mg, 0.106 mmol), triisopropylsilylacetylene
(0.12 mL, 0.530 mmol), copper(i) iodide (8.1 mg, 0.0424 mmol), triphenyl-
phosphane (11 mg, 0.0424 mmol), and [PdCl2(PPh3)2] (15 mg,
0.0212 mmol) were dissolved in dry THF (7 mL) and dry triethylamine
(2.3 mL) at RT under argon with exclusion of light. After 24 h, the
reaction mixture was poured into a solution consisting of distilled
water (50 mL) and hydrochloric acid (25 mL, 2n) and stirred for a few
minutes. Then, the mixture was extracted several times with dichloro-
methane and then with a saturated solution of ammonium chloride.
The organic phases were washed with distilled water, dried over MgSO4,
and purified by column chromatography with dichloromethane/petrole-
um ether as eluent (1/1, Rf=0.94). Mixed fractions were separated by
further column chromatography with petroleum ether/dichloromethane
(1.5/1, Rf=0.32) to afford 9 (115 mg, 60 %) as a blue solid, m.p. >300 8C;
MS (FD, 8 kV) m/z (%): 1925 [M]+ , 962 [M]2+ (calcd for
C126H142N2O8Si4: 1925); 1H NMR (300 MHz, CD2Cl2): d=9.31 (s, 4H),
8.22 (s, 4H), 7.44 (d, 3J(H,H)=8.55 Hz, 8 H), 7.40 (t, 3J(H,H)=7.95 Hz,
2H), 7.23 (d, 3J(H,H)=7.95 Hz, 4H), 7.03 (d, 3J(H,H)=9.2 Hz, 8H),
2.61 (sept., 3J(H,H)=6.7 Hz, 4H), 1.15 (s, 84H), 1.04 (d, 3J(H,H)=
6.7 Hz, 24 H); 13C NMR (75 MHz, [D2]CD2Cl2): d=163.00 (q, C=O),
156.34 (q), 153.61 (q), 146.11(q), 134.25 (t), 131.25 (q), 131.02 (q),
129.59 (t), 129.43 (q), 129.06 (t), 128.87 (q), 126.97 (q), 124.95 (t), 124.15
(t), 123.91 (q), 122.62 (q), 118.7 (t), 118.23 (q), 107.79 (q, C ethynyl),
90.96 (CH ethynyl), 29.17 (t, CHCH3), 23.78 (t, CHCH3), 17.57 (CH
TiPS), 12.44 (CH3-TiPS); Elemental analysis (%) calcd for
C126H142N2O8Si4: C, 78.62; H, 7.44; N, 1.46; Found: C, 78.73; H, 7.39; N,
1.44.


Figure 9. Emission spectra of dyad 29 (lexc=488 nm, dashed line) and triad 32 (lexc=370 nm, straight line) in
toluene, and chemical structure of the chromophore units at their emission area (D marks the positions at
which the polyphenylene dendrons are attached to the chromophore).
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10 : Compound 9 (211 mg, 0.191 mmol) was dissolved in freshly distilled
THF (12 mL) and flushed with argon for 10 min. Then, a solution of
Bu4NF¥3H2O (60 mg, 0.191 mmol) in dry THF (2 mL) was added. The re-
action mixture immediately turned dark, and the progress of the reaction
was monitored by TLC with petroleum ether/dichloromethane (1/1, Rf=


0.71). After 4 min the reaction was finished, and distilled water (20 mL)
was added. Then the crude mixture was extracted with dichloromethane
and washed with water. The organic phases were dried over MgSO4, and
the solvent was evaporated under reduced pressure. Column chromatog-
raphy with dichloromethane/petroleum ether (1/1) gave 9 (226 mg, 91%)
as a dark blue solid, m.p. >300 8C; MS (FD, 8 kV): m/z=1299 [M]+


(calcd for C90H62N2O8=1299 g/mol); 1H NMR (500 MHz, CD2Cl2): d=


9.30 (s, 4H), 8.23 (s, 4H), 7.44 (d, 3J(H,H)=8.55 Hz, 8H), 7.40 (t,
3J(H,H)=7.95 Hz, 2H), 7.24 (d, 3J(H,H)=7.95 Hz, 4H), 7.03 (d,
3J(H,H)=9.2 Hz, 8 H), 3.04 (s, 4 H), 2.62 (sept., 3J(H,H)=6.7 Hz, 4H),
1.04 (d, 3J(H,H)=6.7 Hz, 24H); 13C NMR (75 MHz, CD2Cl2): d=163.00
(q, C=O), 156.34 (q), 153.61 (q), 146.11(q), 134.25 (t), 131.25 (q), 131.02
(q), 129.59 (t), 129.43 (q), 129.06 (t), 128.87 (q), 126.97 (q), 124.95 (t),
124.15 (t), 123.91 (q), 122.62 (q), 118.7 (t), 118.23 (q), 82.70 (q, C ethyn-
yl), 77.28 (CH ethynyl), 29.17 (t, CHCH3), 23.78 (t, CHCH3); UV/Vis
(CHCl3): lmax (e)=665 nm (88 865m�1 cm�1); IR (KBr pellet): ñ=2921
(s), 2850 (s), 1702, 1660, 1589, 1504, 1463, 1328, 1278, 1207 cm�1; Elemen-
tal analysis (%) calcd for C90H62N2O8: C, 83.19; H, 4.81; N, 2.16; Found:
C, 83.01; H, 4.78; N, 2.13.


12 : Compound 17 (1 g, 1.44 mmol) and 15 (0.450 g, 1.81 mmol) were dis-
solved in toluene (82.5 mL). Ethanol (6.05 mL) and a solution of K2CO3


(9.75 g) in water (32 mL) were added, and the mixture was flushed with
argon. [Pd(PPh3)4] catalyst (84 mg, 0.073 mmol) was added, and the reac-
tion mixture stirred at 80 8C for 12 h. The resulting solution was washed
three times with distilled water and dichloromethane. The organic phases
were separated and dried over MgSO4. The crude product was purified
by chromatography with dichloromethane (Rf=0.77). Mixed fractions
were purified by column chromatography with dichloromethane/petrole-
um ether (1.5/1, Rf=0.2) to give 17 (3.35 g, 59 %) as a red solid; m.p. >


300 8C; MS (FD, 8 kV): m/z (%): 1044 (100) [M]+ (calcd for
C74H65NO3Si: 1044.43); 1H NMR (250 MHz, [D8]THF, 289 K): d=8.59±
8.52 (m, 6H), 7.93 (d, 3J(H,H)=8.37 Hz, 1 H), 7.63 (m, 2H), 7.45±7.04
(m, 21H), 2.80 (sept., 5H), 1.14 ppm (br, 30 H); 13C NMR (75 MHz,
[D8]THF, 289 K): d=200.13 (q, C=O), 164.60 (q, C=O), 154.99 (q),
154.54 (q), 147.15 (q), 143.56 (q), 141.44 (q), 138.63 (q), 138.38 (q),
135.00 (q), 134.99 (q), 133.62 (q), 133.03 (q), 132.74 (t), 132.26 (q), 132.10
(q), 131.67 (q), 131.38 (t), 131.05 (q), 130.88 (t), 130.13, 129.9, 129.82,
129.65, 129.48, 129.12 (t), 129.06 (t), 128.65 (t), 128.24 (q), 128.11 (q),
127.10 (q), 126.93 (q), 125.33 (q), 124.92 (t), 124.77 (q), 124.60 (t), 122.64
(q), 122.58(q), 122.88 (t), 121.72 (t), 108.44 (q), 92.56 (q), 30.92 (t,
CH(CH3)2), 24.49 (t, CH(CH3)2), 19.36 (t, SiCH(CH3)2), 12.56 ppm (t,
SiCH(CH3)2); IR (KBr pellet): ñ=3056, 2961, 2928, 2867, 1701, 1661,
1592, 1574, 1443, 1358, 1293, 1245, 1197, 1178, 911, 834, 811, 752, 725,
706, 693 cm�1; UV/Vis (CHCl3): lmax (e)=250 (56 400), 482 (43 000),
505 nm (42 000m�1 cm�1); elemental analysis (%) calcd for C74H65NO3Si:
C 85.10, H 6.27, N 1.34; found: C 84.83, H 6.45, N 1.33.


13 : Compounds 27 (1 g, 0.767 mmol) and 28 (1.26 g, 2.61 mmol) were dis-
solved in toluene (31 mL). Ethanol (6 mL) and a solution of K2CO3


(5.1 g) in H2O (15 mL) were added, and the mixture was flushed with
argon. [Pd(PPh3)4] catalyst (100 mg, 0.0865 mmol) was added, and the re-
action mixture stirred at 80 8C for 12 h. The resulting solution was
washed three times with distilled water and dichloromethane. Then, the
organic phases were separated and dried over MgSO4. The crude product
was purified by chromatography with dichloromethane (Rf=0.50). Mixed
fractions were purified thereafter by column chromatography with di-
chloromethane/petroleum ether (1.5/1, Rf=0.12) to give 13 (612 mg,
43%) as a brownish yellow solid; m.p. >300 8C; MS (FD, 8 kV): m/z :
1856 [M]+ (calcd for C137H102N2O5=1856.35); 1H NMR (300 MHz,
CD2Cl2, 298 K): d=8.63±8.57 (m, 4H), 7.93±7.91 (m, 1H), 7.86±7.83 (m,
1H), 7.74±7.59 (m, 6H), 7.50±7.46 (m, 2H), 7.35±6.89 (m, 60H), 6.72±
6.69 (m, 4 H), 2.73 (sept., J=6.7 Hz, 4 H), 1.11 ppm (d, J(H,H)=6.7 Hz,
24H); 13C NMR (75 MHz, CD2Cl2, 298 K): d=200.39 (q, C=O), 164.56,
154.47, 147.47, 143.71, 142.51, 142.45, 142.27, 142.01, 141.66, 141.43,
141.22, 141.09, 136.45, 136.21, 133.33, 132.91, 132.28, 132.17, 131.63,
131.30, 130.86, 130.55, 130.35, 129.96, 129.75, 129.51, 129.19, 128.93,
128.77, 128.10, 127.92, 127.62, 127.13, 126.94, 126.85, 126.35, 125.93,


124.46, 123.59, 123.47, 123.71, 121.99, 29.56, 24.04 ppm; elemental analy-
sis (%) calcd for C137H102N2O5: C 88.64, H 5.54, N 1.51; found: C 88.19,
H 5.38, N 1.43.


14 : Compound 27 (1.89 g, 1.4 mmol) and 15 (3 g) were dissolved in tolu-
ene (59 mL). Ethanol (11 mL) and a solution K2CO3 (9.65 g) in water
(28 mL) were added, and the mixture was flushed with argon.
[Pd(PPh3)4] catalyst (167 mg, 0.14 mmol) was added, and the reaction
mixture stirred at 80 8C for 24 h. The resulting solution was washed three
times with water and dichloromethane. The organic phases were separat-
ed and dried over MgSO4. The crude product was purified by chromatog-
raphy with dichloromethane to afford 14 (1.24 g, 42%) as a red solid;
m.p. >300 8C; MS (FD, 8 kV): m/z (%): 2104 (87) [M]+ , 1052 (13) [M]2+


(calcd for C157H110N2O5: 2104.64); 1H NMR (250 MHz, [D8]THF): d=


8.56±8.54 (m, 12H), 7.62±6.71 (m, 72 H), 2.78 (sept., 4H, CHCH3),
1.12 ppm (d, 3J(H,H)=6.48 Hz, 24H, CHCH3); 13C NMR (75 MHz,
[D8]THF): d=200.18 (q, C=O), 164.60, 154.95, 147.13, 143.07, 142.96,
142.39, 142.32, 141.95, 141.75, 141.43, 141.21, 141.06, 138.68, 138.52,
138.25, 133.9, 132.88, 132.62, 132.38, 131.69, 131.28, 131.26, 131.11, 130.74,
130.58, 130.28, 129.96, 129.75, 129.51, 129.19, 128.93, 128.77, 128.10,
127.92, 127.62, 127.13, 126.91, 126.63, 126.41, 125.18, 124.82, 124.58,
122.54, 122.41, 121.72, 121.50, 30.27, 24.57 ppm; IR (KBr pellet): ñ=


3063, 2963, 2868, 1698, 1659, 1593, 1570, 1505, 1467, 1449, 1403, 1360,
1329, 1294,1247, 1201, 1170, 1164, 1135, 1034, 946, 906, 875, 854, 844, 813,
753, 713, 703, 689, 658, 645 cm�1; UV/Vis (CHCl3): lmax (e)=482 (43 000),
505 nm (42 000m�1 cm�1); elemental analysis (%) calcd for C157H110N2O5:
C 89.60, H 5.27, N 1.33; found: C 89.14, H 5.23, N 1.31.


N-(2,6-Diisopropylphenyl)-9-(4,4,5,5-teramethyl-1,3,2-dioxaborolan-2-yl)-
perylene-3,4-dicarboximide (15): A mixture of N-(2,6-diisopropylphenyl)-
9-bromoperylene-3,4-dicarboximide (1.1 g, 0.2 mmol), bis(pinacolato)di-
boron (558 mg, 2.5 mmol), and potassium acetate (588 mg, 5.3 mol) was
dissolved in dioxane (20 mL) under an argon atmosphere.
[PdCl2(dppf)]¥CH2Cl2 catalyst (44 mg, 0.1 mmol) was added, and the re-
sulting mixture stirred for 16 h at 70 8C. Then the product mixture was
washed with distilled water and dichloromethane. The dichloromethane
layer was separated, dried over MgSO4, and the crude product purified
by column chromatography with dichloromethane to afford 15 (0.9 g,
75%) as a red solid, m.p. >200 8C; MS (FD, 8 kV): m/z (%): 607.4 (100)
[M]+ ; 1H NMR (250 MHz, CD2Cl2, 25 8C): d=8.86 (d, J=8.25 Hz, 1H),
8.62 (dd, 2H), 8.43 (m, 4 H), 8.16 (d, J3(H,H)=7.57 Hz, 1 H), 7.63 (t,
7.59 Hz, 1H), 7.50 (t, 7.74 Hz, 1 H), 7.35 (d, 3J(H,H)=7.58 Hz, 2H), 2.79
(h, 2H), 1.46 (s, 12H), 1.15 ppm (d, 12 H); 13C NMR (62.5 MHz, CD2Cl2,
25 8C): d=165.85, 165.80, 147.94, 139.57, 138.93, 137.83, 133.59, 133.46,
133.39, 133.17, 132.13, 131.07, 130.55, 129.31, 128.73, 128.50, 125.80,
125.46, 124.60, 123.02, 122.56, 122.47, 122.04, 86.09, 30.69, 26.60, 25.56,
25.53 ppm; UV/Vis (CHCl3): lmax (e)=241 (28 159), 265 (30 569), 485
(36 712), 515 nm (36 897m�1 cm�1); IR (KBr pellet): ñ=2970, 2862, 1708,
1667, 1594, 1512, 1470, 1429 1367, 1336, 1243, 1144, 1113, 963, 865, 818,
762 cm�1; elemental analysis (%) calcd for C40H38NO4B: C 79.08, H 6.30,
N 2.31; found: C 78.53, H 6.91, N 2.25.


3-(4-Bromophenyl)-2,5-diphenyl-[4-(triisopropylsilylethynyl)phenyl]cy-
clopenta-2,4-dien-1-one (17): 4,4’-Bis(triisopropylsilylethynyl)benzil (23,
4.92 g, 23.4 mmol) and 1,3-diphenylacetone (24, 10 g, 21.3 mmol) were
heated in tert-butyl alcohol (30 mL) at 80 8C. Tetrabutylammonium hy-
droxide (10.11 mL) in methanol (0.8m) was added, and the reaction mix-
ture was stirred for 15 min at 90 8C. The reaction mixture was washed
three times with water and dichloromethane, and the organic phases
were separated and dried over MgSO4. The crude product was purified
by column chromatography with dichloromethane/petroleum ether (1/1)
to give 17 as a brown powder (2.1 g, 78 %); m.p. 100±115 8C (decomp);
MS (FD, 8 kV): m/z (%): 643 (100) [M]+ (calcd for C40H39BrOSi:
643.75); 1H NMR (300 MHz, [D8]THF, 298 K): d=7.40 (d, 3J(H,H)=
8.37 Hz, 2H), 7.31 (d, 3J(H,H)=8.76 Hz, 2 H), 7.23±7.19 (m, 10H), 6.95
(d, 3J(H,H)=8.4 Hz, 2 H), 6.89 (d, 3J(H,H)=8.4 Hz, 2H), 1.15 ppm (m,
21H, Halkyl) ; 13C NMR (75 MHz, [D8]THF, 298 K): d=199.59, 153.94,
153.79, 134.33, 133.26, 132.51, 132.29, 132.13, 131.66, 131.64, 131.03,
130.99, 130.40, 128.79, 128.34, 126.78, 124.47, 123.61, 108.01, 92.28, 19.05,
12.24 ppm; elemental analysis (%) calcd for C40H39BrOSi: C 74.63, H
6.11; found: C 74.65, H 6.21.


4-(Bromophenylethynyl)trimethylsilane (19): 4-Bromoiodobenzene (18,
50 g, 0.1767 mol), trimethylsilylacetylene (34.88 mL, 0.246 mol), copper(i)
iodide (4.5 g, 0.0237 mol), triphenylphosphane (3.6 g, 0.0137 mol), and
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[PdCl2(PPh3)2] catalyst (5 g, 0.007 mol) were dissolved in dry toluene
(270 mL) and dry triethylamine (450 mL) under argon at room tempera-
ture with exclusion of light. After 24 h, the reaction mixture was poured
into a solution of distilled water (50 mL) and hydrochloric acid (25 mL,
2n) and stirred for a few minutes. The mixture was extracted several
times with dichloromethane and then with a saturated solution of ammo-
nium chloride. The organic phases were washed with distilled water,
dried over MgSO4, and purified by column chromatography with petrole-
um ether to afford 19 (40 g, 89%) as a colorless oil ; MS (FD, 8 kV): m/z
(%): 253 (100) [M]+ (calcd for C11H13BrSi: 253.22); 1H NMR (300 MHz,
CDCl3, 298 K): d=7.44 (d, J(H,H), 8.45 Hz, 2H), 7.33 (d, J(H,H)=8.49,
2H), 0.05 ppm (s, 9 H); 13C NMR (75 MHz, CDCl3, 298 K): d=133.55,
131.65, 123.17, 104.04, 95.59, 78.37 (CBr), 0.08 ppm; IR (film): ñ=3267,
2976, 1902, 1584, 1484, 1069, 821 cm�1.


1-(Triisopropylsilanylethynyl)-4-trimethylsilanylethynylbenzene (20):
Compound 19 (45 g, 0.1772 mol), triisopropylsilylacetylene (32 g,
0.1772 mol), copper(i) iodide (4.5 g, 0.0237 mol), triphenylphosphane
(3.5 g, 0.0134 mol), and [PdCl2(PPh3)2] (5 g, 0.007 mol) were dissolved in
toluene (270 mL) and triethylamine (450 mL) according to the procedure
for the synthesis of 19. After column chromatography with petroleum
ether 20 (60.1 g, 95%) was isolated as a colorless oil. MS (FD, 8 kV): m/z
(%): 354 (100) [M]+ (calcd for C22H340Si2: 354.69); 1H NMR (300 MHz,
CDCl3, 298 K): d=7.39 (s, 4 H), 1.12 (m, 21H), 0.25 ppm (s, 9H);
13C NMR (75 MHz, CDCl3, 298 K): d=131.86, 131.76, 123.59, 122.99,
106.61, 104.67, 96.16, 92.81, 18.71, 11.33, 0.04 ppm; IR (film): ñ=


2159 cm�1 (m, C�C).


(4-Ethynylphenylethynyl)triisopropylsilylsilane (21): Compound 20 (60 g,
0.169 mol) was dissolved in THF (500 mL). Then ethanol (500 mL) and
sodium hydroxide (6.77 g) dissolved in water (170 mL, 1m) were added,
and the reaction mixture was stirred for 2 h at 80 8C under argon. Then
the mixture was extracted several times with dichloromethane, and the
organic phases were washed with distilled water and dried over MgSO4.
After filtration and evaporation of the solvent, 21 (40 g, 84 %) was ob-
tained as a colorless solid; m.p. 43±45 8C; MS (FD, 8 kV): m/z : 282 [M]+


(calcd for C19H26Si: 282.51); 1H NMR (300 MHz, CDCl3, 298 K): d=7.40
(s, 4H), 3.13 (s, 1H), 1.19±1.07 ppm (m, 21H); 13C NMR (75 MHz,
CDCl3, 298 K): d=131.76, 131.67, 123.46, 121.99, 106.28, 93.39, 83.17,
78.93, 18.7, 11.34 ppm; IR (KBr pellet): ñ3295, 2960, 2899, 2159, 1495,
1403, 1251, 1222, 1103, 1018, 839, 760, 732, 700, 628 cm�1; elemental anal-
ysis (%) calcd for C19H26Si: C 80.78, H 9.28; found: C 80.71, H 9.24.


[4-(4-Bromophenylethynyl)phenylethynyl]triisopropylsilane (22): Com-
pound 21 (40 g, 0.1418 mol), 4-bromiodobenzene (18, 40 g, 0.1418 mol),
copper(i) iodide (2.68 g, 0.0141 mol), triphenylphosphane (3.695 g, 0.0141
mol), and [PdCl2(PPh3)2] (5.14 g, 0.007 mol) were dissolved in toluene
(600 mL) and triethylamine (800 mL) according to the procedure for the
synthesis of 19. After column chromatography with petroleum ether, 22
(50.5 g, 81 %) was isolated as a colorless solid; MS (FD, 8 kV): m/z (%):
437 (100) [M]+ (calcd for C25H29BrSi: 437.5); 1H NMR (300 MHz,
CDCl3, 298 K): d=7.68 (d, 3J(H,H)=8.3 Hz, 2H), 7.45 (s, 4 H), 7.23 (d,
3J(H,H)=8.3 Hz, 2H), 1.04 ppm (m, 21H); 13C NMR (75 MHz, CDCl3,
298 K): d=137.16, 133.98, 131.98, 131.49, 123.21, 122.95, 122.58, 104.60,
98.31, 96.58 (CBr), 90.49, 90.40, 19.8, 12.4 ppm; IR (KBr pellet): ñ=2284
(w, C�C), 2162 cm�1 (m, C�CSi); elemental analysis (%) calcd for
C25H29BrSi: C 68.64, H 6.68; found: C 68.57, H 6.66.


26 : Diethynylbenzil (25, 1.7 g, 6.58 mmol) and 3-(4-bromo-phenyl)-2,4,5-
triphenylcyclopentadienone (16, 7.3 g, 15 mmol) were dissolved in o-
xylene (100 mL) and heated for 12 h at 170 8C under inert conditions.
After cooling to RT the crude product was dissolved in the minimum
amount of dichloromethane and added slowly to methanol (700 mL). The
resulting precipitate was collected by filtration under vacuum, redissolved
in dichloromethane and reprecipitated by addition to methanol. This pro-
cedure was repeated until a bright yellow solid was obtained. To increase
the overall yield, the filtrates were collected, the solvent was evaporated,
and the crude product was purified by column chromatography with di-
chloromethane/petroleum ether (1/2, Rf=0.16). 26 (7.2 g, 97 %) was iso-
lated as a bright yellow solid, m.p. >300 8C; MS (FD, 8 kV): m/z : 1129
[M]+ (calcd for C47H48Br2O2: 1129.01); 1H NMR (300 MHz, [D8]THF,
298 K): d=7.73 (d, 3J(H,H)=8.4 Hz, 4H); 7.34 (s, 1 H); 7.55 (s, 1H); 7.32
(d, 3J(H,H)=8.4 Hz, 4H); 7.14±6.70 ppm (m, 38H, Harom); 13C NMR
(75 MHz, [D8]THF, 298 K): d=194.51 (C=O), 149.62 (q), 143.89 (q),
142.62 (q), 142.53 (q), 142.41 (q), 142.15 (q), 141.49 (q), 141.08 (q),


140.87 (q), 140.74 (q), 140.69 (q), 140.61 (q), 140.48 (q), 140.37 (q),
140.23 (q), 134.46 (t), 132.58 (t), 132.44 (q), 132.38 (q), 131.65 (t), 131.27
(t), 131.00 (t), 130.97 (t), 130.27 (t), 128.89 (t), 128.74 (t), 128.46 (t),
128.29 (t), 128.26 (t), 127.96 (t), 127.71 (q), 127.54 (q), 127.41 (q), 127.19
(q), 127.10 (q), 126.83 (q), 120.99 (q), 120.72 ppm (q); elemental analysis
(%) calcd for C47H48Br2O2: C 78.73, H 4.29; found: C 78.13, H 4.26.


27: Compound 26 (3.5 g, 3.1 mmol) and diphenylacetone (24, 0.717 g,
3.41 mmol) were dissolved in toluene (100 mL) under inert conditions.
The reaction mixture was heated to 90 8C, then tetrabutylammonium hy-
droxide (2.1 mL, 0.8m) was added slowly by syringe, and the reaction
mixture stirred for 40 min at 90 8C. FD mass spectrometry was used to
monitor the reaction. Then, water was carefully added to the hot reaction
mixture. After cooling to room temperature, the reaction mixture was
washed several times with water and dichloromethane. The organic
phases were collected, dried over MgSO4, and the solvent evaporated.
Column chromatography with CH2Cl2/petroleum ether (1/3, Rf=0.29)
gave 27 (2.53 g, 63%) as a brown solid; m.p. >300 8C; MS (FD, 8 kV):
m/z (%): 1303 (68) [M]+ ; 651 (32) [M]2+ (calcd for C89H58Br2O:
1303.26); 1H NMR (300 MHz, CD2Cl2, 298 K): d=7.53 (s, 2 H), 7.26±7.17
(m, 20H, Harom), 7.08 (d, 2 H, 3J(H,H)=8.4 Hz), 7.04±6.7 (m, 32H, Harom),
6.67 ppm (d, 3J(H,H)=8.4 Hz, 2 H); 13C NMR (75 MHz, CD2Cl2, 298 K):
d=200.34, 154.44, 142.43, 142.38, 142.04, 141.95, 141.80, 141.38, 141.18,
141.01, 140.81, 140.44, 140.12, 139.95, 139.80, 139.60, 138.70, 133.58,
133.52, 131.87, 131.78, 131.73, 131.38, 131.31, 131.23, 130.51, 130.39,
130.28, 130.11, 129.77, 129.27, 128.35, 128.15, 127.98, 127.71, 127.43,
127.22, 127.16, 126.92, 126.78, 126.43, 126.26, 126.01, 125.71, 120.14,
119.86 ppm; elemental analysis (%) calcd for C89H58Br2O: C 82.02, H
4.49; found: C 82.29, H 4.73.


N-(2,6-Diisopropylphenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-1,8-naphthalenedicarboximide (28): N-(2,6-Diisopropylphenyl)-4-
bromo-1,8-naphthalenedicarboximide (1 g, 2.3 mmol), bis(pinacolato)di-
boron (700 mg, 2.7 mmol), [PdCl2(dppf)]¥CH2Cl2 (131 mg, 0.16 mmol),
and potassium acetate (270 mg, 2.75 mmol) were dissolved in toluene
(150 mL) under argon. The reaction mixture was stirred for 48 h at 60 8C.
Then the solvent was evaporated under vacuum while keeping the tem-
perature of the reaction mixture below 60 8C. Then the crude product
was purified by column chromatography with dichloromethane/pentane
(4/1) to afford 28 (533 mg, 48%) as a light yellow solid; MS (FD, 8 kV):
m/z (%): 483.1 (100) [M]+ ; 1H NMR (500 MHz, CDCl3): d=9.18 (d,
3J(H,H)=8.16, 1 H), 8.63 (m, 2H), 8.35 (d, 3J(H,H)=7.22, 1 H), 7.84 (t,
J=7.86, 1 H), 7.48 (t, J=7.86, 1 H), 7.31 (d, 3J(H,H)=7.53, 2 H), 2.72 (m,
2H), 1.44 (s, 12H), 1.14 ppm (d, 3J(H,H)=6.59, 12H); 13C NMR
(125 MHz, C2D2Cl4, 90 8C): d=163.96, 145.67, 135.35, 134.99, 133.97,
131.13, 131.00, 130.83, 129.68, 128.93, 128.15, 126.77, 126.67, 124.33,
123.58, 122.26, 84.29, 28.66, 24.39 ppm; IR (KBr): ñ=2964, 2930, 2869,
1711, 1671, 1590, 1469, 1434, 1360, 1239, 1193, 839, 786, 705 cm�1; UV/Vis
(CHCl3): lmax (e)=257 (17 446), 356 (10 347), 370 nm (8665m�1 cm�1); ele-
mental analysis (%) calcd for C30H34BNO4: C 74.54, H 7.09, N 2.90;
found: C 74.73, H 7.15, N 2.82.


29 : Compounds 10 (40 mg, 0.031 mmol) and 11 (150 mg, 0.174 mmol)
were heated in o-xylene (2 mL) under inert conditions for 12 h at 170 8C.
Then, the solvent was evaporated under vacuum, and the crude product
purified by column chromatography on silica gel by first eluting with di-
chloromethane until red fractions were no longer collected. Then acetone
was used as an eluent (Rf(29)<0.1). Finally, the product was eluted with
THF to give 29 (132 mg, 92%) as a violet solid; m.p. >300 8C; MALDI-
TOF MS: m/z : 4641 [M]+ (calcd for C338H242N6O16: 4643); 1H NMR
(500 MHz, [D8]THF, 298 K): d=9.51 (s, 4H), 8.55 (m, 24H), 8.24 (s, 4 H,
H), 7.71 (s, 4H), 7.60±6.91 (m, 122 H), 2.80 (m, 12H), 1.14 ppm (m,
72H); 13C NMR (125 MHz, [D8]THF, 298 K): d=164.61 (q), 163.81 (q),
156.09 (q), 155.61 (q), 147.13 (q), 144.19 (q), 142.83 (q), 142.71 (q),
142.61 (q), 142.52 (q), 142.36 (q), 142.29 (q), 142.22 (q), 141.58 (q),
141.44 (q), 141.13 (q), 140.81 (q), 140.65 (q), 140.40 (q), 140.17 (q),
139.61 (q), 138.74 (q), 138.68 (q), 138.49 (q), 133.93 (q), 133.29 (t), 132.97
(t), 132.80 (t), 132.62 (t), 131.93 (t), 131.23 (t), 131.07 (t), 130.54 (q),
130.25 (t), 129.95 (t), 129.69 (t), 129.66 (t), 129.47 (q), 128.93 (t), 128.47
(t), 128.21 (t), 128.06 (q), 127.69 (t), 127.20 (t), 126.65 (q), 125.21 (t),
124.80 (t), 124.59 (t), 123.85 (q), 122.48 (q), 122.35 (q), 121.65 (t), 121.45
(t), 121.26 (q), 120.99 (q), 120.03 (t), 30.24 (t, CH(CH3)2), 24.73 ppm (t,
CH(CH3)2); UV/Vis (CHCl3): lmax (e)=509 (135 016), 526 (133 404),
675 nm (85 635m�1 cm�1); IR (KBr pellet): ñ=700, 754, 811, 840, 931,
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1074, 1176, 1357, 1498, 1590, 1664, 1702, 2869, 2962, 3025, 3054 cm�1; ele-
mental analysis (%) calcd for C338H242N6O16: C 87.42, H 5.25, N 1.81;
found: C 87.33, H 5.14, N 1.79.


30 : Compounds 10 (30 mg, 0.023 mmol) and 14 (389 mg, 0.185 mmol)
were dissolved in o-xylene (3 mL) and diphenyl ether (3 mL) and heated
under inert conditions for 48 h at 190 8C. After the mixture had been al-
lowed to cool, the crude product was dissolved in dichloromethane and
precipitated in methanol (50 mL). The precipitate was filtered, dried, and
purified by column chromatography with dichloromethane and then with
acetone, as for 29. By using THF as eluent, 30 (183 mg, 83 %) was isolat-
ed as a violet solid, m.p. >300 8C; MALDI-TOF MS: m/z : 9703
[M+Ag]+ (calcd for C714H502N10O24=9594.01); 1H NMR (500 MHz,
C2D2Cl4, 353 K): d=9.39 (s, 4H), 8.55±8.52 (m, 48 H), 8.18 (s, 4 H), 7.54±
7.57 (m, 306 H), 2.69 (m, 20H), 1.11 ppm (d, 3J(H,H)=6.1 Hz, 120 H);
13C NMR (500 MHz, [D2]C2H2Cl4, 353 K): d=164.03 (C=O), 146.06 (q),
143.84 (q, br), 142.16 (q), 142.05 (q), 141.70 (q), 141.54 (q), 141.11 (q),
140.93 (q), 140.82 (q), 140.70 (q), 140.42 (q), 140.21 (q), 139.94 (q),
139.69 (q), 138.58 (q), 137.94 (q), 136.99 (q), 136.71 (q), 133.11 (q),
132.07 (t, br), 131.69 (q), 131.36 (t), 130.78 (q), 130.38 (q), 130.24 (t),
130.23 (t), 129.57 (q), 129.35 (t), 128.69 (t), 128.52 (q, br), 128.38 (t),
128.14 (t), 128.07 (t), 127.87 (t), 127.19 (t), 127.10 (t), 126.88 (t), 126.51
(t), 125.85 (t), 124.11 (t), 123.66 (t), 121.38 (q), 121.25 (q), 120.60 (t),
120.34 (t), 29.70 (t, CHCH3), 24.22 ppm (t, CHCH3); UV/Vis (CHCl3):
lmax (e)=509 (258 150), 526 (251 611), 675 nm (85 413m�1 cm�1); IR (KBr
pellet): ñ=700, 754, 811, 840, 931, 1074, 1176, 1357, 1498, 1590, 1664,
1702, 2869, 2962, 3025, 3054 cm�1; elemental analysis (%) calcd for
C714H502N10O24: C 89.28, H 5.27, N 1.46; found: C 88.73, H 5.02, N 1.35.


31a : Compounds 10 (40 mg, 0.031 mmol) and 12 (150 mg, 0.174 mmol)
were dissolved in o-xylene (2 mL) under inert conditions and heated for
12 h at 170 8C. After the mixture had been allowed to cool, the crude
product was dissolved in dichloromethane and precipitated in methanol
(50 mL). The precipitate was collected by filtration, dried, and purified
by column chromatography with dichloromethane and then with acetone
as described above for 29. By using THF as eluent, 31 a (159 mg, 90%)
was isolated as a violet solid; m.p. >300 8C; MALDI-TOF MS: m/z :
5365 [M]+ (calcd for C381H318N6O16Si4: 5365.20); 1H NMR (500 MHz,
[D8]THF, 298 K): d=9.51 (s, 4H), 8.54 (br m, 24H), 8.23 (s, 4H), 7.71 (s,
2H), 7.69 (s, 2H), 7.60±6.91 (m, 118 H), 2.80 (m, 12H), 1.16 (m, 72H),
1.05 ppm (d, 3J=6.7 Hz, 84 H); 13C NMR (125 MHz, [D8]THF, 298 K):
d=164.61 (q), 163.81 (q), 156.09 (q), 155.61 (q), 147.13 (q), 144.19 (q),
142.83 (q), 142.71 (q), 142.61 (q), 142.52 (q), 142.36 (q), 142.29 (q),
142.22 (q), 141.58 (q), 141.44 (q), 141.13 (q), 140.81 (q), 140.65 (q),
140.40 (q), 140.17 (q), 139.61 (q), 138.74 (q), 138.68 (q), 138.49 (q),
133.93 (q), 133.29 (t), 132.97 (t), 132.80 (t), 132.62 (t), 131.93 (t), 131.23
(t), 131.07 (t), 130.54 (q), 130.25 (t), 129.95 (t), 129.69 (t), 129.66 (t),
129.47 (q), 128.93 (t), 128.47 (t), 128.21 (t), 128.06 (q), 127.69 (t), 127.20
(t), 126.65 (q), 125.21 (t), 124.80 (t), 124.59 (t), 123.85 (q), 122.48 (q),
122.35 (q), 121.65 (t), 121.45 (t), 121.26 (q), 120.99 (q), 120.03 (t), 84.81
(q, C ethynyl), 79.15 (CH ethynyl), 78.97 (CH ethynyl), 30.20 (t,
CH(CH3)2), 24.68 (t, CH(CH3)2), 24.61 (t, CH(CH3)2), 18.57 (CH TiPS),
13.79 ppm (CH3 TiPS); IR (KBr pellet): ñ=700, 754, 811, 840, 931, 1074,
1176, 1357, 1498, 1590, 1664, 1702, 2869, 2962, 3025, 3054 cm�1; elemental
analysis (%) calcd for C382H322N6O16Si4: C 85.52, H 6.05, N 1.57; found: C
84.98, H 5.83, N 1.45.


31b : Compound 31a (180 mg, 0.0335 mmol) was dissolved in freshly dis-
tilled THF (8 mL) and flushed with argon for 10 min. Then Bu4NF¥3H2O
(14 mg, 0.0436 mmol) in THF (2 mL) was added by syringe. The reaction
mixture immediately turned dark, and the progress of the reaction was
monitored by TLC with petroleum ether/dichloromethane (1/1). After
5 min, the reaction was finished, and distilled water (20 mL) was added.
Then the crude product was extracted with dichloromethane and washed
with water. The organic phases were dried over MgSO4 and the solvent
was evaporated under reduced pressure. Column chromatography with
dichloromethane/petroleum ether (1/1) and then with THF gave 31 a
(140 mg, 88%) as a blue solid, m.p. >300 8C; MALDI-TOF MS: m/z :
4738 [M]+ (calcd for C364H242N6O16: 4739.82); 1H NMR (500 MHz,
[D8]THF, 298 K): d=9.50 (s, 4H), 8.54 (br m, 24H), 8.23 (s, 4H), 7.71 (s,
2H), 7.69 (s, 2 H), 7.60±6.91 (m, 118 H), 3.48 (s, 2H), 3.44 (s, 2 H), 2.80
(m, 12 H), 1.16 ppm (m, 72H); 13C NMR: (125 MHz, [D8]THF, 298 K):
d=164.61 (q), 163.81 (q), 156.09 (q), 155.61 (q), 147.13 (q), 144.19 (q),
142.83 (q), 142.71 (q), 142.61 (q), 142.52 (q), 142.36 (q), 142.29 (q),


142.22 (q), 141.58 (q), 141.44 (q), 141.13 (q), 140.81 (q), 140.65 (q),
140.40 (q), 140.17 (q), 139.61 (q), 138.74 (q), 138.68 (q), 138.49 (q),
133.93 (q), 133.29 (t), 132.97 (t), 132.80 (t), 132.62 (t), 131.93 (t), 131.23
(t), 131.07 (t), 130.54 (q), 130.25 (t), 129.95 (t), 129.69 (t), 129.66 (t),
129.47 (q), 128.93 (t), 128.47 (t), 128.21 (t), 128.06 (q), 127.69 (t), 127.20
(t), 126.65 (q), 125.21 (t), 124.80 (t), 124.59 (t), 123.85 (q), 122.48 (q),
122.35 (q), 121.65 (t), 121.45 (t), 121.26 (q), 120.99 (q), 120.03 (t), 84.81
(q, C ethynyl), 79.15 (CH ethynyl), 78.97 (CH ethynyl), 30.20 (t,
CH(CH3)2), 24.68 (t, CH(CH3)2), 24.61 (t, CH(CH3)2) ppm; IR (KBr
pellet): ñ=2921 (s), 2850 (s), 1702, 1660, 1589, 1504, 1463, 1328, 1278,
1207 cm�1; elemental analysis (%) calcd for C364H242N6O16: C 87.68, H
5.15, N 1.77; found: C 87.51, H 5.11, N 1.76.


32 : Compounds 31b (30 mg, 0.0063 mmol) and 13 (187 mg, 0.101 mmol)
were dissolved in o-xylene (3 mL) and diphenyl ether (3 mL) and heated
under inert conditions for 3±4 days at 190 8C. After the mixture had been
allowed to cool, the crude product was dissolved in dichloromethane and
precipitated in methanol. The precipitate was filtered, dried, and purified
by column chromatography with dichloromethane and then with acetone,
as described above for 29. By using THF as eluent, 32 (48 mg, 63%) was
isolated as a dark solid, m.p. >300 8C; MALDI-TOF MS: m/z : 12 165
[M+Ag]+ (calcd for C42H40Si: 12053); 1H NMR (500 MHz, [D8]THF,
298 K): d=9.53 (s, 4H), 8.68±8.55 (m, 40H), 8.23 (s, 4H), 7.87 (m, 8H)*,
7.79 (m, 8 H)*, 7.68±6.52 (m, 390 H), 2.75 (m, 28 H), 1.10 ppm (m, 168 H);
13C NMR (125 MHz, [D8]THF, 324 K): d=164.93 (C=O), 164.72 (C=O),
164.64 (C=O), 163.82 (q), 156.24 (q), 156.17 (q), 155.55 (q), 148.19 (q),
148.12 (q), 144.49 (q), 143.28 (q), 143.13 (q), 143.02 (q), 142.93 (q),
142.87 (q), 142.80 (q), 142,78 (q), 142.72 (q), 142.68 (q), 142.58 (q),
142.49 (q), 142.34 (q), 142.29 (q), 142.11 (q), 141.89 (q), 141.79 (q),
141.52 (q), 141.44 (q), 141.38 (q), 141.32 (q), 141.09 (q), 140.86 (q),
140.61 (q), 140.51 (q), 140.41 (q), 140.15 (q), 140.09 (q), 139.74 (q,
broad), 138.77 (q), 138.64 (q), 138.38 (q), 137.52 (q), 137.25 (q), 134.10
(q), 133.65 (q), 133.56 (q), 133.10 (t), 132.88 (t), 132.68 (t), 132.36 (t),
132.10 (t), 131.83 (t), 131.70 (t), 131.19 (t), 131.06 (t), 130.85 (q), 130.73
(q), 130.63 (q), 130.40 (t), 130.22 (q), 130.11 (q), 129.95 (t), 129.60,
129.49, 129.19 (t), 128.78 (t), 128.68 (t), 128.55, 128.45, 128.38, 128.20,
128.09 (t, br), 127.81 (t, br), 127.52 (q), 127.39 (q), 127. 30 (q), 126.84,
126.54, 125.17, 124.78, 124 59 (t), 124.48 (t), 123.91, 123.34 (q), 123.31 (q),
122.69 (q, br), 122.63 (q), 122.58 (q), 121.76, 121.59, 121.51 (q), 120.03 (q,
br), 30.29 (t, CH(CH3)2), 24.66 (t, CH(CH3)2), 24.56 (t, CH(CH3)2),
24.48 ppm (t, br, CH(CH3)2); UV/Vis (CHCl3): lmax (e)=371 (182 163)
509 (138 112), 527 (141 218), 677 nm (98 578m�1 cm�1); IR (KBr pellet):
ñ=700, 754, 811, 840, 931, 1074, 1176, 1357, 1498, 1590, 1664, 1702, 2869,
2962, 3025, 3054 cm�1; elemental analysis (%) calcd for C890H650N14O32: C
88.69, H 5.44, N 1.63; found: C 87.97, H 5.24, N 1.51. * Signals not re-
solved.
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Self-Assembly of Normal Alkanes on the Au (111) Surfaces


Hai-Ming Zhang, Zhao-Xiong Xie,* Bing-Wei Mao, and Xin Xu*[a]


Introduction


Self-assembled monolayers (SAMs) at the interfaces be-
tween a metal and an organic solution have attracted wide-
spread interest, because of the importance for potential ap-
plications in many fields such as lubrication, sensors, corro-
sion protection, and chemical reactions. Although a well-or-
dered molecular layer on a single-crystal surface can provide
a template in molecular level engineering,[1] fundamental
problems such as the origin of the self-assembly phenomena
should be understood before this technique can be applied
in the fields of nanotechnology.


As a representative class of physisorbed systems, self-as-
sembly of normal alkanes (n-alkanes, CnH2n+2) on solid sur-
faces has been studied intensively by means of low energy
electron diffraction (LEED), infrared spectroscopy (IR),
scanning tunneling microscopy (STM), and molecular dy-
namics simulation.[2±13] STM studies have provided unprece-


dented structural details about physisorbed alkanes. Earlier
studies are mainly focused on the self-assembly of alkanes
on highly oriented pyrolytic graphite (HOPG) surfaces.[7±9]


STM studies of alkanes self-assembly on metal surfaces
have appeared only recently.[14±22] Uosaki et al. first reported
the formation of self-organized n-alkanes on Au (111) surfa-
ces in neat liquid by in situ STM.[14,15] It was further under-
stood that gold reconstruction plays a critical role in the for-
mation of well-ordered structures, as reported in our previ-
ous paper.[16] Very recently it was reported by He et al. , that
the electrochemical potential induced self-assembly of hexa-
decane on Au(111) in the aqueous solution, by using elec-
trochemical scanning tunneling microscopy.[23] Although the
self-assembly of n-alkanes on Au (111) surfaces has been ex-
plored by several groups, so far, there is no systematic inter-
pretation on this phenomenon; this might be due to insuffi-
cient experimental data, especially for the structures of alka-
nes with different chain lengths.


In this paper, we present systematic studies of the self-as-
sembly of n-alkanes, CnH2n+2, n from 14 to 38. Despite earli-
er studies, which concluded some n-alkanes (n from 18 to
26) can not form well-ordered structures on Au (111) surfa-
ces,[17,21, 22] we have successfully observed SAM formations of
these alkanes. Based on our systematic high-resolution STM
images, the self-assembly phenomena of n-alkanes on the
Au(111) surfaces are discussed, and shed new light on mono-
layer formation.


[a] H.-M. Zhang, Prof. Dr. Z.-X. Xie, Prof. Dr. B.-W. Mao,
Prof. Dr. X. Xu
State Key Laboratory of Physical Chemistry
of Solid Surfaces, Department of Chemistry
Xiamen University, Xiamen 361005 (China)
Fax: (+86)592-218-3047
E-mail : zxxie@xmu.edu.cn


xinxu@xmu.edu.cn.


Abstract: The self-assembled monolay-
ers (SAMs) of normal alkanes
(n�CnH2n+2) with different carbon
chain lengths (n=14±38) in the interfa-
ces between alkane solutions (or liq-
uids), and the reconstructed Au (111)
surfaces have been systematically stud-
ied by means of scanning tunneling mi-
croscopy (STM). In contrast to previ-
ous studies, which concluded that some
n-alkanes (n=18±26) can not form
well-ordered structures on Au (111)
surfaces, we observed SAM formations
for all these n-alkanes without any ex-
ceptions. We find that gold reconstruc-


tion plays a critical role in the SAM
formation. The alkane monolayers
adopt a lamellar structure in which the
alkane molecules are packed side-by-
side, to form commensurate structures
with respect to the reconstructed Au
(111) surfaces. The carbon skeletons
are found to lie flat on the surfaces,
which is consistent with the infrared
spectroscopic studies. Interestingly, we


find that two-dimensional chiral lamel-
lar structures form for alkanes with an
even carbon number due to the specific
packing of alkane molecules in a tilted
lamella. Furthermore, we find that the
orientation of alkane molecules devi-
ates from the exact [011≈] direction, be-
cause of the intermolecular interactions
among the terminal methyl groups of
neighboring lamellae; this results in
differences of molecular orientation
between mirror structures of adjacent
zigzag alkane lamellae. Structural
models have been proposed, that shed
new light on monolayer formation.


Keywords: alkanes ¥ gold ¥
physisorption ¥ scanning probe
microscopy ¥ self-assembly
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Experimental Section


Reconstructed Au (111) surfaces of a single-crystalline bead fixed on a
Au sheet were prepared by the Clavilier×s method,[24] followed by careful
annealing in a hydrogen flame. Saturated solutions of n-alkanes from n-
eicosane (nC20H42) to n-octacosane (nC28H58), and n-triacontane
(nC30H62), n-tritriacontane (nC33H68), n-hexatriacontane (nC36H74). Also,
n-octatriacontane (nC38H78) in n-tetradecane (nC14H30) (99%, Alfa) were
used, while for n-tetradecane (nC14H30), n-hexadecane (nC16H34, 98%
Sigma) we used neat liquids, and for n-octadecane (nC18H38) we used a
50% solution from the solvent of n-tetradecane (nC14H30). After putting
an alkane solution or an alkane neat liquid on the freshly annealed Au
(111) surface, a mechanically sharpened Pt/Ir tip was immersed in for
STM observation (Nanoscope IIIa, Digital Instrument) at room tempera-
ture (25 8C). To obtain good images for n-tetradecane (nC14H30), the
STM observations were carried out at 20 8C. Typical imaging conditions
included a bias voltage of 100 mV, and a tunneling current of 1.5 nA.


Results and Discussion


Self-assembly of n-alkanes at the interfaces between alkane
liquids/solutions, and reconstructed Au (111) surfaces from
nC14H30 to nC38H78 : The STM studies for the self-assembly
phenomena of n-alkanes (nCnH2n+2) at the interfaces be-
tween alkane solution and reconstructed Au(111) surfaces
have been reported by several groups.[14±22] Both alkanes
with odd n and even n (hereafter, odd alkanes and even al-
kanes, respectively) have been studied.[14±22] Some earlier
studies concluded that no ordered monolayer can be formed
with n from 18 to 26.[17,21,22]


Figure 1 shows typical STM images of n-alkane monolay-
ers on the reconstructed Au(111) surfaces. Figure 1b, c, e, f,
and h show images for the even alkanes from n=18 to 26.
The STM images of nC14H30 (Figure 1a and nCnH2n+2 (n=
28, 30, 38 in i, j, and l), respectively) are shown as represen-
tative images for n<18 and n>26 for the even alkanes. For
the odd alkanes, the STM images for the self-assembled
monolayers of nC21H43, nC25H52, and nC33H68 are presented
as examples (see Figure 1d, g, and k. As can be clearly seen
from Figure 1, superimposed lamellar structures are formed
on the reconstructed Au(111) surfaces, in which the typical
reconstruction ridges can be well identified. Every lamella is
composed of close-packed rods. The length of each rod is
very consistent to the length of an alkane molecule. Each
rod in the lamellae is then considered as an individual
alkane molecule. Furthermore, no ordered alkane monolay-
er can be observed on the unreconstructed Au(111) surfaces
at the same condition, as pointed out in our previous
paper.[16] Thus we conclude that self-assembly of n-alkanes
(nCnH2n+2, n=14±38) can be formed on the reconstructed
Au(111) surfaces with no exception.


Marchenko and Cousty proposed a model, in which the
carbon skeleton plane of an alkane was assumed to be per-
pendicular to Au(111).[17] They deduced that the geometric
mismatch between the periodicity of gold (interatomic dis-
tance 0.288 nm neglecting the reconstruction of gold), and
the two-neighboring CH2 groups (0.251 nm) causes oscilla-
tion of adsorption energy with an increase in carbon chain
number. They then concluded that no ordered molecular
structure could be detected from nC18H38 to nC26H54.


[17,21, 22]


We believe that alkanes adsorb on the Au(111) surfaces
with their skeleton planes being parallel to Au(111). The
structures of the monolayers are determined by the competi-
tion between the adsorbate±substrate interaction, and the
adsorbate±adsorbate interaction. The gold reconstruction
plays a critical role in the formation of the well-ordered
structures. A detailed discussion follows below.


Influence of gold reconstruction ridges on the packing of
alkane molecules : Models for the reconstructed Au(111)
surfaces are schematically illustrated in Figure 2. Figure 2a
shows a uniaxial (straight) reconstructed surface, in which
the lattice shortening occurs along the [11≈0] direction, such
that 23 Au atoms are packed in the space of 22 original Au
atoms. Notice that the contraction of the surface atoms is
anisotropic. Thus the periodicity of the reconstructed Au lat-
tice remains the same value of 0.5 nm as that in the unrec-
onstructed Au(111) along the direction of [112≈], and the pe-
riodicity is reduced to 0.48 nm along the direction of [2≈11]
or [12≈1]. In this model, the gold reconstruction ridges are
along the [112≈] direction. The reconstructed Au(111) surfa-
ces may exhibit a herringbond arrangement of (or V-
shaped) ridges, as shown in Figure 2b. In this herringbond-
like reconstructed surface, there exist two kinds of straight
reconstructed domains that differ by 1208.


The well-identified gold reconstruction ridges in each
STM image can be used to locate the arrangements of the
alkane molecules. The long axes of alkane molecules are
always measured to be around 308 with respect to the
Au(111) reconstruction ridges. Here, we did not find the
long axes of alkane molecules to be perpendicular to the
Au(111) reconstruction ridges at room temperature (25 8C).
Therefore, we deduce that the long axes of alkane molecules
are along the [011≈] or [1≈01] direction of the Au (111) sub-
strate, and the long axes of alkane molecules will not locate
along the [11≈0] direction; although the [11≈0] direction is
equivalent to the [011≈] or [1≈01] direction if the reconstruc-
tion is neglected (c.f. Figure 2). By measuring the intermo-
lecular distances of alkane molecules along the [112] direc-
tion, we find that all the distances are close to the value of
0.48 nm. One must recall that alkane molecules adopt the
intermolecular distance of 0.48 nm in their bulk crystals, and
the periodicity of the reconstructed Au(111) along the direc-
tion of [2≈11] or [12≈1] is again 0.48 nm, therefore we infer
that the self-assembled alkane monolayers are commensu-
rate with the reconstructed Au(111) surfaces, such that both
adsorbate±adsorbate interactions, and adsorbate±substrate
interactions are optimized.[25]


On the unreconstructed Au(111) surfaces or along the di-
rection perpendicular to the gold reconstructed ridges, that
is, along the [11≈0] direction in our model, the optimized ad-
sorbate±adsorbate interactions and adsorbate±substrate in-
teractions can not be reached. This is consistent with the
fact that no well-ordered structure on the unreconstructed
Au (111) surfaces can be observed, and alkane molecules do
not preferentially orientate along the direction perpendicu-
lar to the gold reconstructed ridges at room temperature.
However, in a very recent paper,[23] well-organized struc-
tures of alkanes on the unreconstructed Au (111) surfaces
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have been successfully obtained in aqueous solution under
potential control by using electrochemical STM. Therefore,
assisted by an external force, such as the electric field, such
an unstable monolayer structure can be stabilized.


Surface corrugation further reduces the possibility for al-
kanes to adsorb along the [11≈0] direction. Wˆll et al.
showed that the fcc (face cubic center) and hcp (hexagonal
closed packing) stacking regions are connected by partial
Shockley dislocations with Burgers vector 1


6(1,1,�2).[26] The
displacement of the atoms from the straight line drawn


along the [11≈0] direction can be up to 0.7 ä, which makes it
unfeasible for alkanes to adsorb along this direction.


In our pervious paper,[16,20] it was found that there is a
slight difference in the orientation of the molecular axis be-
tween two sides of the elbow position of the herringbone re-
construction ridges. By checking all available STM images,
we conclude that such slightly different orientations of
alkane molecules in different sides of the herringbone elbow
position exist in all alkane monolayers. Figure 3 shows ex-
amples of such phenomena for different alkanes, in which


Figure 1. STM images of self-assembled n-alkanes (from nC14H30 to nC38H62) on the reconstructed Au (111) surfaces. Images from b) to h) exhibit the
well-ordered structures of n-alkanes for n from 18 to 26, which were previously concluded as −absence of structure×.[17] Images a), i), j), and l) are from
nC14H30, nC28H52, nC30H62 and nC38H78, respectively, and show the representative alkanes for n<18 and n>26 with even n. Images d), g), and k) are rep-
resentative for odd n with n=21, 25, 33, respectively. Arrows on images label the [011≈] direction on Au(111) surfaces (c.f. Figure 2). All images are of
20 nmî20 nm at the tunneling condition of Vb=0.1 V, It=1.5 nA.
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the orientation of alkane molecules are marked on the fig-
ures with dashed and solid lines in the different sides of the
elbow position of the herringbone reconstruction ridges. The
deviation angles are measured around 28±38.


As pointed out in our previous paper,[16,20] the structures
of the alkane monolayers are perturbed by the herringbone
reconstruction ridges underneath them. The model in Fig-
ure 2b clearly shows that there is a slightly different orienta-
tion of the gold troughs along the approximate [011≈] direc-
tion on both sides of the reconstructed ridges. This deviation
results from the different transition structures from the fcc
position to the hcp position, and from hcp to fcc positions.
The theoretical average deviation angle is about 2.68. By
considering the structures of the Au (111) reconstructed sur-
faces, it is reasonable to deduce that the alkane molecules
adsorb along the gold troughs, in which each alkane mole-
cule interacts with two neighboring rows of gold atoms


along the [011≈] direction, such that a commensurate struc-
ture is developed between an alkane monolayer and the
gold reconstructed surface. Therefore, the small deviation in
gold rows results in a small orientation difference of the ad-
sorbed alkane molecules.


Two kinds of lamellar structures can be identified from
the STM images of the self-assembled alkane monolayers
(Figure 1). The long axes of the alkane molecules can be
either perpendicular or tilted to the lamellar boundaries. To
simplify the description of these two kinds of lamellar struc-
tures, we will call the former perpendicular lamellae, and
the latter tilted lamellae. For the monolayers of odd alkanes,
only perpendicular lamellae are observed, while for the
monolayers of even alkanes, both perpendicular and tilted
lamellae can be observed (See Figure 1). The lamellar struc-
tures are found to be sensitive to the length of the carbon
chain for the even alkanes. At room temperature (25 8C),
the long axes of alkane molecules are always found to be
tilted to the lamellar boundary if n<22. Perpendicular la-
mellae appear in the self-assembled monolayer of n-doco-
sane (nC22H46) at room temperature, although tilted lamel-
lae dominate as shown in Figure 4a. Tilted and perpendicu-
lar lamellae coexist in the monolayers even for alkane n�
22, while the percentage of the perpendicular lamellae in-
crease as n increases. In fact, in the monolayer of n-octatria-
contane (nC38H78), very few tilted lamellae can be found on
the herringbone-like gold surfaces, as shown in Figure 4b.


We emphasize that the observed lamellar structures
should be attributed to a combined effect of the adsorbate±


Figure 2. The schematic models of the reconstructed Au (111) surfaces.
a) The uniaxial reconstructed surface. The lattice shortening occurs along
the [011≈] direction where 23 Au atoms are packed in a space of the
22 original Au atoms. b) The reconstruction with herringbond-like (V-
shape) ridges. The solid and dashed lines show the slight difference of
the gold troughs between the different sides of the V-shape ridges along
the about [011≈] direction.


Figure 3. STM images of the self-assembled monolayers formed by a) nC14H30, b) nC20H42 and c) nC26H54. The solid and dash lines show the slight differ-
ence in the orientation of the molecular axes between two sides of the elbow position of the herringbone reconstruction ridges. The deviation angles are
around 28±38.


Figure 4. a) STM image of nC22H46 at room temperature, showing the co-
existence of tilted lamellae and perpendicular lamellae. b) STM image of
nC38H78 at room temperature, in which few tilted lamellae can be found.
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adsorbate interactions and the adsorbate±substrate interac-
tions. Based on the adsorbate±adsorbate interactions, to
form a close packed structure, Uosaki and co-workers
showed that odd alkanes adopt the perpendicular lamellar
structure regardless of the carbon number, while both per-
pendicular and tilted lamellae are possible for even alka-
nes.[15] They concluded that this odd/even effect arises from
the difference in the symmetry of the molecule, which is de-
termined by the direction of the terminal methyl groups. For
odd alkanes, Uosaki et al. inferred that the stability of the
alkane monolayer is enhanced by the adsorbate±substrate
interaction when a perpendicular lamellar structure is adopt-
ed, in this way; the alkane monolayer possesses a common
symmetric axis with the gold substrate.[15] For even alkanes,
our previous calculations based on the molecular mechanism
suggested that tilted lamellae (with the neighboring alkane
molecule shifting in one repeated unit of methylene group)
have a slight energetic preference if the adsorbate±substrate
interactions are neglected.[19]


We postulate that the adsorbate±substrate interactions
strongly influence the lamellar structures of the even alka-
nes. A strong adsorbate±substrate interaction favors the per-
pendicular lamellae, while a tilted lamella is preferable if
the adsorbate±substrate interaction is weak. This hypothesis
is supported by the fact that perpendicular lamellae were
always observed on HOPG,[7±9] and only tilted lamellae were
detected on the basal plane of MoS2 plane,[10,11,27] while the
heat of adsorption for n-dotriacontane (nC32H66) on MoS2


was measured to be approximately 1=3 of the value obtained
on graphite.[28] We deduce that the alkane±gold interaction
is in between the alkane–-HOPG, and the alkane±MoS2 in-
teractions is such that both perpendicular and tilted lamellae
are observed for 38>n�22 at room temperature. The
alkane±gold interaction increases with an increase in carbon
chain length, hence the perpendicular lamellae dominate for
n�38, whereas the tilted lamellae prevail for n<22.


Helium atom reflectivity has been used to study the ad-
sorption of a series of n-alkanes on Au(111) surfaces.[29] For
n-alkanes up to C12H26, it was found that the adsorption
energy increases linearly with the chain length by
6.2 kJmol�1 per additional methylene unit (n=6), while
there is a 19.0 kJmol�1 zero offset arising in part from differ-
ences between the methyl and methylene subunits.[30] Based
on the bond additive model,[29] we deduce that the adsorp-
tion energy is around 155.4 kJmol�1 for C22H46 on Au(111).
This may be compared to the measured desorption barrier
of 166.2 kJmol�1 for C22H46 adsorbed on HOPG,[30] which
lends support to the idea that the alkane±gold interaction
would be weaker than the alkane±HOPG interaction.


Molecular packing in the lamellae of alkane monolayer :
Vacuum±deposited films of nC44H90 on a Au(111) surface
have been investigated by infrared reflection absorption
spectroscopy. A flat-on structure was found to be formed by
molecules in an all-trans conformation with the carbon skel-
eton parallel to the surface for the first monolayer physisor-
bed on the surface.[4] Early LEED studies of light alkanes
(C3-C8) on Pt(111) and Ag(111) surfaces advocate the same
flat-on structure. High-resolution STM images may not


show every methylene group of an alkane molecule. For ex-
ample, Cousty and Marchenko showed that the STM image
of a nC16H34 molecule corresponds to 8 bumps when adsor-
bed on gold, and thus concluded that carbon skeletons of
the adsorbed alkanes are perpendicular to Au(111).[22]


To resolve this controversy, various kinds of tunneling
conditions are applied. Figure 5 shows the STM images of


nC28H58, in which bright spots with half of the carbon
number were observed. With the constant height mode, we
recorded both −retrace× (tip scanning from right to left) and
−trace× (tip scanning from left to right) images at the same
area, as shown in Figure 5a and b, respectively. Interestingly,
we find that brighter spots appear in the left side of the
alkane molecules when the STM tip is scanned from left to
right, while the right side of the molecules become brighter
when the tip is scanned from right to left. These results
strongly suggest that these STM images do not directly re-
flect the surface relief, since such bright spots with n/2 do
not correspond to a vertical adsorption mode of CnH2n+2 on
the surfaces. Instead, the observation that left or right
carbon atoms light up in−trace× or−retrace× images implies
that the alkanes adopt a parallel adsorption mode on the
surfaces. Figure 6a shows the STM image of nC28H58 with
constant current mode. Again, bright spots with half the
number of carbon atoms were imaged. However, by only ad-
justing the long axes of the alkane molecules to be vertical
to the STM tip scanning direction, the atomic resolution
zigzag methylene groups on the alkane molecules were ob-
served, as shown in Figure 6b. In other words, we find that
full carbon atoms can be imaged only when the STM tip
scanning direction is perpendicular to the long axes of the
alkane molecules,otherwise only half of carbon atoms can
be imaged. The scanning-direction dependence of the STM
images is very reproducible, and appears on all the alkanes.
Figure 6c shows another example, in which the zigzag meth-
ylene groups for nC22H46 all show up by adjusting the mole-
cules perpendicular to the scanning direction. Therefore, we
conclude that alkanes adopt a flat-on structure when adsor-
bed on gold surfaces; this is in agreement with the infrared
spectroscopy results,[4] and the LEED results.[2,3]


Marchenko and Cousty emphasized the importance of the
geometric mismatch between the periodicity of gold (intera-
tomic distance 0.288 nm neglecting the reconstruction of
gold), and the two neighboring CH2 groups (0.251 nm).[17]


They concluded that it is this mismatch that causes the oscil-
lation of the adsorption energy with carbon chain number,


Figure 5. STM images of nC28H58 recorded in the same area with tip di-
rection from right to left (retrace a) and left to right (trace b). Scanning
size: 10 nmî7 nm; constant height mode.
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such that, no ordered molecular-structure could be detected
from nC18H38 to nC26H54.


[17,21,22] The experimental results
from helium atom indicate that this mismatch is not so im-
portant as it would be expected. Otherwise, no linear de-
pendence of the adsorption energy on the carbon chain
length could be observed. In fact, this linear dependence is
a clear indication that alkanes adsorb on the Au(111) surfa-
ces with their skeleton planes being parallel to Au(111),
since a perpendicular adsorption geometry would lead to an
odd/even chain length effect with the methylene group
being arranged in the high and low positions above the sur-
face.[29]


Since alkanes bind to the surfaces in a flat and all-trans
conformation, close-packing models of the monolayers can
be depicted.[15,19] Figure 7a shows the side-by-side packing
with a perpendicular boundary. However, two kinds of tilted
lamellar structures are possible as shown in Figure 7b and c,
which correspond to the neighboring alkane molecules that
shift towards the left and right direction, respectively. These


two different types of packing result in the different connec-
tion among the terminal methyl groups in the nearest neigh-
boring domains of alkane lamellae. Carefully comparing the
schematic packing models to the high-resolution image in
Figure 6b, we find that the alkane lamellae adopt the pack-
ing structure of Figure 7b. Hence, it is interesting to see that
the alkane packing structure becomes chiral on the surface,
and we consider the type of packing in Figure 7b to be the
unique packing structure in the alkane monolayer on the
Au(111) surface.


As described in our previous paper,[20] even alkane mole-
cules like nC36H74 form zigzag lamellar rows. Figure 8 pres-
ents examples of the zigzag lamellar rows with other alkane
molecules such as nC14H30, nC20H42, nC26H54, and nC28H58.
Careful inspection of the STM images reveals that the direc-
tion of the molecular axis turns at an angle a as the direc-
tion of the lamellar row changes. For nC14H30, Uosaki et al.
reported a to be about 128±158.[15] We checked all the
alkane lamellae and the measured angles are summarized in


Figure 6. Tip scanning direction dependence of STM images, showing the different appearance of two atomic resolution images with different scanning
direction. a) STM image of C28H58 acquired with the tip scanning direction nonperpendicular to the molecular axes of alkanes (scan size: 5 nmî5 nm).
b) STM image of C28H58 with the tip scanning direction perpendicular to the molecular axes of alkanes (scan size: 6 nmî6 nm). c) STM image of C22H46


with the tip scanning direction perpendicular to the molecular axes of alkanes (scan size: 6 nmî6 nm).


Figure 7. Schematic two-dimensional packing models of even alkanes.
a) A perpendicular packing model; b) and c) Two possible tilted packing
models.


Figure 8. STM images of some even alkanes a) C14H30, b) C20H42,
c) C26H54 and d) C28H58, which shows the orientation difference in the ad-
jacent domains of alkane lamellae. All images are of 25 nmî25 nm.
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Table 1. From the data listed in Table 1, it is obvious that
angle a decreases with an increase in carbon chain length.


The STM images reveal that the transition points of the
zigzag lamellae are located in a line, which is perpendicular
to the direction of gold elbows, as illustrated by the dotted
lines in Figure 8. The dotted line bisects angle a formed by
alkane molecules represented by two solid lines on both
sides of a lamellar elbow. Notice that for a perpendicular la-
mella, the long axes of the alkane molecules are parallel to
the dotted line, such that orientation change of half a is ex-
perienced when the direction of the lamellar row changes
from a tilted lamella to a perpendicular one. Figure 8d pres-
ents such an example, in which tilted and perpendicular la-
mellae coexist for nC28H58. Therefore, we measured that the
molecular orientation changes by ~7.08 between two tilted
lamellae, and ~3.58 between a tilted lamella and a perpen-
dicular lamella.


The direction of gold elbows is along the [112≈] direction,
the dotted line perpendicular to [112≈] is thus along the [011≈]
direction (c.f. Figure 2). The observation that the long axes
of the alkane molecules would intersect with the dotted line
shows that the alkane molecules in a tilted lamella deviate,
to a certain extent, from the [011≈] direction, whereas the
alkane molecules in a perpendicular lamella adsorb along
the [011≈] direction. Longer chain alkanes form perpendicu-
lar lamellae on the reconstructed Au(111) surfaces. As the
carbon chain becomes shorter, the alkane±gold interaction
becomes weaker. Hence, there is a chance that alkanes con-
fined within the gold troughs migrate along the [011≈] direc-
tion before becoming desorbed from the surfaces in the case
of the alkane±gold interactions become even weaker. This
may lead to the formation of a tilted lamella. When the la-
mellae is tilted, the interaction between the terminal methyl
groups of the neighboring lamellae is operative. We infer
that it is this interaction that makes the alkane molecules
deviate from the [011≈] direction.


Based on this assumption, we establish a model for the
tilted coterminous lamellae as shown in Figure 9. Although
alkane molecules are confined in the gold troughs along the
[011≈] direction, each molecule turns by a certain angle in
order to let the terminal methyl group locate in an opti-
mized position. It is thus anticipated that longer chain alka-
nes only need to turn a smaller angle than shorter alkanes
in order to find the optimal positions for the terminal
methyl groups. This correlates well with the observation that
angle a decreases with an increase in the number of carbon
atoms in the tilted alkane monolayer. According to the sche-
matic model proposed in Figure 9, the calculated values of


angle a are also listed in Table 1, and are compared with the
measured values. Apparently, the agreement between the
calculated values and the measured ones is satisfactory,
which lends strong support to our model.


There is a dispute on the intermolecular spacing within a
lamella. Uosaki et al. reported 0.43 nm for nC12H26 and
nC16H34, while Cousty et al. reported 0.5�0.05 nm for a
normal alkane.[22] We advocate 0.48 nm as such a commen-
surate structure between the alkane monolayer and the re-
constructed Au(111) surface is achieved. This is true for odd
alkanes and even alkanes of high carbon number (n�38),
since these alkanes adopt a perpendicular lamellar structure.
For even alkane of low carbon number (n<38), the tilted la-
mellar structure gradually prevails. As alkanes in a tilted la-
mella deviate from the exact [011≈] direction, the intermolec-
ular spacing should be shorter than 0.48 nm. In practice, it is
nontrivial to make an accurate measurement of the intermo-
lecular spacing. The model shown in Figure 9 can be used to
deduce the theoretical value of the intermolecular spacing
for nCnH2n+2 in the tilted lamellae. The obtained data for
nCnH2n+2 (14�N�28) are listed in the third row of Table 1.
We calculated the intermolecular spacing, which changed
from 0.45 nm to 0.47 nm as n changed from 14 to 38. In fact,
in the STM image with both perpendicular and tilted lamel-
lae, such as the monolayer of nC28H58 (Figure 8d), intermo-
lecular spacing in the tilted lamellae is slightly smaller than
that of the perpendicular lamellae. Assuming the intermo-
lecular spacing in the perpendicular lamellae to be 0.48 nm,
the intermolecular spacing in the tilted lamellae is calibrated
to 0.465 nm in Figure 8d; this is in turn is good agreement to
the calculated value.


As discussed above, the packing of the alkanes results in a
two-dimensional chiral structure in the tilted alkane lamel-
lae. There should be an equivalent packing structure on the


Table 1. Summary of structural details of the tilted alkane monolayer lamellae on Au (111) surfaces. a is the angle difference of alkane orientation in
the two different tilted lamellar domains as shown in the schematic model of Figure 10.


Normal alkanes Angle a Calculated Intermolecular distance [nm]
Calculated [8] Measured [8]


C14H30 13.7 13±14 0.447
C18H38 11.0 10±11 0.454
C20H42 10 9±10 0.456
C22H46 9.1 8±9 0.459
C24H50 8.4 8±9 0.460
C26H54 7.8 7±8 0.462
C28H58 7.3 6±7 0.463


Figure 9. Schematic model of possible arrangement of alkanes on
Au(111) surfaces in the coterminous tilted lamellar domains. Each mole-
cule turns a certain angle, but is still confined in the gold trough along
the [011≈] direction.
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gold surface, which leads to its mirror structure. While the
structure and its mirror structure coexist on the surface,
zigzag lamellae form, as shown in the proposed model in
Figure 9. The angle a is formed due to alkane molecules in
both structures deviating in the opposite direction of the
gold troughs. From the high resolution STM image shown in
Figure 10, the mirror lamellar structures are confirmed.


Conclusion


We performed a systematic STM study on the self-assem-
bled monolayers of alkane molecules with different carbon
chain lengths (from C14H30 to C38H78) on reconstructed
Au(111) surfaces. Despite the fact earlier studies concluded
that some n-alkanes (from n=18 to n=26) cannot form
well-ordered structures on Au (111) surfaces,[17, 21,22] we suc-
cessfully observed well-ordered monolayers of these alkanes.
We propose a structural model for the packing of alkane
molecules on reconstructed Au (111) surfaces, which suc-
cessfully explains the experimental observations. Our main
conclusions are:


1) Alkanes lie flat on gold surfaces. The gold reconstruction
plays a critical role in the formation of the well-ordered
monolayers. The self-assembled structures of normal al-
kanes are commensurate with the reconstructed Au
(111) surfaces, in which alkane molecules pack side-by-
side with alkanes adsorbed in the gold troughs along the
[011≈] direction.


2) At room temperature (25 8C), tilted lamellae form if n<
22, tilted and perpendicular lamellae coexist for 36�n�
22, and perpendicular lamellae prevail for n�38. The
observed lamellar structures are determined by a com-
bined effect of the adsorbate±adsorbate interactions and
the adsorbate±substrate interactions. A strong adsor-
bate±substrate interaction favors the perpendicular la-
mellae, while a tilted lamella is preferable if the adsor-
bate±substrate interaction is weak.


3) In the tilted lamellae, the interactions between the ter-
minal methyl groups of the neighboring lamellae make
the alkane molecules deviate from the [011≈] direction,
which in turn, leads to an intermolecular spacing smaller
than the commensurate periodicity 0.48 nm. The devia-
tion angle a decreases with an increase in the carbon
number.


4) A two-dimensional chiral structure forms in the tilted
alkane-lamellae, which results in the angle difference of
molecular orientation in the zigzag alkane lamellae.
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Figure 10. STM image of atomic resolution for nC28H58 at the boundary
of two tilted lamellar domains, showing the mirror structures.
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Oxasmaragdyrin±Ferrocene and Oxacorrole±Ferrocene Conjugates:
Synthesis, Structure, and Nonlinear Optical Properties


Sundararaman Venkatraman,[a] Rajeev Kumar,[a] Jeyaraman Sankar,[a]


Tavarekere K. Chandrashekar,*[a] Kaladevi Sendhil,[b] C. Vijayan,[b]


Alexandra Kelling,[c] and Mathias O. Senge[c]


Introduction


Research on the development of molecule-based electronic
devices has gained momentum in recent years.[1] Discrete
molecular conjugates are created by a covalent linkage of
either a redox-active or a photoactive moiety to macrocycles
having strong p-electron conjugation. Such conjugates are
expected to show strong electronic interactions between the
molecular components.[2] Specifically, the ferrocenyl groups


have been used as redox-active groups with many macrocy-
cles containing conjugated p electrons, for example with
porphyrins to synthesize porphyrin±ferrocene conjugates.[3]


The linkage between the porphyrin macrocycle and the fer-
rocenyl moiety plays an important role in inducing electron-
ic interactions. There are many reports of one or more fer-
rocenyl moieties being linked to a porphyrin macrocycle
through various spacer groups.[4] In such molecules the
strength of electronic interaction depends on the nature of
the spacer group, its length and its orientation. In most cases
the spacer group has been observed to hinder the electronic
contact, leading to weak communication between the molec-
ular components. Therefore, for effective electronic commu-
nication, direct covalent linkage of the ferrocenyl groups
with the porphyrin p system is a necessary requirement.
There are a few reports in the literature[5] of ferrocenyl


groups being covalently linked directly to a porphyrin p


system, without any spacer. Hendrickson and Wollmann[6]


were the first to synthesize a porphyrin±ferrocene conjugate
by refluxing pyrrole and ferrocene carboxaldehyde in pro-
pionic acid. However, the formation of atropisomers hin-
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Abstract: Ferrocenyl macrocyclic con-
jugates involving 22p oxasmaragdyrins
and 18p oxacorroles have been synthe-
sized and characterized. The direct co-
valent linkage of the ferrocenyl moiety
to the meso position of the macrocycle
is achieved by simple oxidative cou-
pling of appropriate precursors with
trifluoroacetic acid as catalyst. The
electronic coupling between the ferro-
cenyl moiety and the macrocyclic p


system is apparent from: a) the red
shifts (293±718 cm�1) of the Soret and
Q-bands in the electronic absorption
spectra of ferrocenyl conjugates; b) the
shift of oxidation potentials (50±
130 mV) of both the ferrocene and the
corrole rings to the positive potentials;


and c) considerable shortening of the
C�C bond which connects the ferro-
cene and the meso-carbon atom of the
macrocycle. The single-crystal X-ray
structure of oxasmaragdyrin±ferrocene
conjugate 9 reveals the planarity of the
22p skeleton with very small deviations
of the meso-carbon atoms. The meso-
ferrocenyl substituent has a small dihe-
dral angle of 388, making way for
mixing of the molecular orbitals of the
ferrocene and the macrocycle. Howev-


er, the other two meso substituents are
almost perpendicular to the mean
plane, defined by the three meso
carbon atoms. Classical C�H¥¥¥O and
nonclassical C�H¥¥¥p interactions lead
to a two-dimensional supramolecular
network. Ferrocene±smaragdyrin con-
jugate 9 bonds to a chloride ion in the
protonated form and a rhodium(i) ion
in the free base form. Nonlinear optical
measurements reveal a larger nonlinear
refractive index (�5.83î10�8 cm2W�1)
and figure of merit (2.28î
10�8 cm3W�1) for the rhodium smarag-
dyrin±ferrocene conjugate 19 than for
the others, suggesting its possible appli-
cation in optical devices.


Keywords: conjugation ¥ ferrocenyl
conjugates ¥ iron ¥ nonlinear optics ¥
porphyrinoids ¥ supramolecular
chemistry
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dered the isolation of pure components. Later, Burrell, Offi-
cer and co-workers[5c] reported the synthesis and electro-
chemical properties of bis(ferrocenyl) porphyrin, in which
two ferrocene groups, which are trans to each other, are
linked to the porphyrin p system at the meso positions. This
system shows strong electronic coupling between the por-
phyrin ring and the ferrocenyl groups. Kim and co-work-
ers[5d] successfully synthesized mono-meso-substituted ferro-
cenyl porphyrin; they observed the presence of a p interac-
tion between the porphyrin and ferrocene through 1H NMR
and electrochemical studies. Recently we were successful in
synthesizing meso-ferrocenyl porphyrins containing one,
two, three, and four ferrocenyl groups covalently linked to
porphyrin meso-carbon atoms.[7] Electronic absorption and
electrochemical studies on these systems suggest the pres-
ence of strong electronic communication between the ferro-
cenyl moiety and the porphyrin p system.
To the best of our knowledge, there are no reports in the


literature on covalent linkage of ferrocenyl groups with
either expanded or contracted porphyrins. Syntheses of ex-
panded and contracted porphyrin±ferrocene conjugates are
important in furthering the understanding of electronic com-
munications between the macrocyclic p system and ferro-
cene. Herein we report such syntheses, as well as the charac-
terization and spectroscopic, electrochemical, and nonlinear
optical properties of expanded and contracted porphyrin±
ferrocene conjugates. Specifically, we have chosen 22p oxas-
maragdyrin 1 and 18p oxacorrole 2 as examples of expanded
and contracted porphyrins, respectively, onto which to link
covalently a ferrocenyl group at the meso-carbon bridge.


Electronic absorption studies on these systems reveal
shifts in both the Soret and the Q-band absorption, to the
order of 300±700 cm�1 relative to macrocycles without a fer-
rocenyl moiety, suggesting the presence of electronic com-
munication. Single-crystal X-ray studies of the ferrocenyl±
smaragdyrin conjugate 9 (see Figure 6) suggest almost per-
pendicular orientation of the ferrocenyl groups with respect
to the smaragdyrin mean plane defined by the three meso-
carbon atoms. Nonlinear optical properties of ferrocene±cor-
role and ferrocene±smaragdyrin conjugates studied by the
Z-scan technique reveal a larger n2 and figure of merit
(FOM) value for rhodium smaragdyrin 19 (see Scheme 2),
suggesting its possible application in optical devices. The
electrochemical studies reveal a more positive oxidation po-


tential for ferrocene in the conjugates than for free ferro-
cene.


Results and Discussion


Syntheses : The earlier synthesis of porphyrin±ferrocene con-
jugates in the literature is based on the classical condensa-
tion reaction of ferrocene carboxaldehyde with either pyr-
role or dipyrromethane, followed by oxidation with chlora-
nil. The formation of atropisomers by this method leads to
separation problems,[6] to avoid which we have used a strat-
egy by which the ferrocenyl moiety is covalently linked to
one of the precursors and then the ferrocenyl precursor is
used for the further condensation/coupling reactions. This
will fix the orientation of the ferrocene group so that in the
final product the possibility of formation of different atrop-
isomers can be avoided. Specifically, we have synthesized
ferrocenyl dipyrromethane by reaction of pyrrole and ferro-
cene carboxaldehyde using 0.01 equivalents of trifluoroace-
tic acid (TFA) as catalyst. This ferrocenyl dipyrromethane 3
was found to be stable, and thus amenable to complete spec-
tral and X-ray crystallographic characterization. The struc-
ture of 3 (Figure 1) clearly reveals the orientation of the fer-


rocene group with respect to the dipyrromethane unit.
There are no significant changes in the bond lengths of the
ferrocene groups upon linkage to the dipyrromethane unit.
The length of the C�C bond which connects the ferrocene
group to the meso-carbon atom of dipyrromethane,
C110�C19, is 1.56 ä. The torsion angles N11-C11-C19-C110
and N12-C15-C19-C110 are �64.48 and 176.68, respectively.
After we had obtained the required ferrocenyl dipyrrome-


thane 3, the standard acid-catalyzed ™[3+2]∫ oxidative cou-
pling methodology, which we had used earlier,[8] was fol-
lowed to synthesize the ferrocenyl oxasmaragdyrins, in
which two direct pyrrole±pyrrole bonds can be generated in


Figure 1. Single-crystal X-ray structure of 3.
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a single step. Thus, a coupling reaction between 3 and vari-
ous para-substituted 5,10-diphenyl-16-oxatripyrranes 4±8
with 0.1 equivalents of TFA gave meso-ferrocenyl oxasmar-
agdyrins 9±13 as major products in �20% yield and the
ring-contracted corroles 14±18 as a minor product
(Scheme 1). The formation of corrole is attributable to the
susceptibility to acid-catalyzed rearrangements of the dipyr-


romethane, which is known to
undergo fragmentation; the
fragmented products recombine
to give corrole.[9]


Both corroles and smaragdyr-
ins were found to be stable as
free bases in the solid and solu-
tion phases. The rhodium com-
plex 19 was synthesized by the
reaction of a solution of free
base 9 in dichloromethane with
di-m-chlorobis[dicarbonylrho-
dium(i)] in the presence of
sodium acetate. Monohydro-
chloride salt 20 was obtained by
reaction of a solution of free
base 9 in dichloromethane with
HCl solution (10%). This also
was quite stable (Scheme 2).


Spectral characterization : The
FAB-mass spectra display mo-
lecular ion peaks at m/z 761
(100%) for 9 and 695 (80%)


for 14, confirming the proposed composition. The corre-
sponding rhodium complex 19 exhibits peaks at m/z 918
(70%; see Supporting Information). The chloride complex
of ferrocenyl smaragdyrin 20 shows a molecular ion peak at
m/z 761 (100%), corresponding to loss of chloride ion under
the FAB-mass conditions. Furthermore the presence of car-
bonyl groups in the rhodium complex was confirmed by IR


spectroscopy, which displays
peaks at 2072 and 2007 cm�1


for 19. These frequencies com-
pare well with those for rhodi-
um±carbonyl complexes report-
ed.[10]


1H NMR spectroscopy : The
1H NMR spectra of ferrocenyl
oxasmaragdyrins 9±13 were
well resolved in free base form
and all the assignments were
based on the correlations ob-
served in the 2D COSY spec-
trum. For example, assignments
for the well-resolved peaks in
the 1H NMR spectrum of 13 are
marked in Figure 2: the bipyr-
role protons (b, b’; c, c’; d, d’; e,
e’) resonate as four well-re-
solved doublets in the d = 8±
10 ppm region. The outer bipyr-
role protons (b’, e’; c’, d’) are
closer to the ring current of fer-
rocene and the meso-phenyl
groups than the other set of bi-Scheme 1. Synthesis of meso-ferrocenyl oxacorroles and oxasmaragdyrins.


Scheme 2. Synthesis of rhodium and chloride complexes of meso-ferrocenyl oxasmaragdyrin.
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pyrrolic protons (b, e; c, d) and hence they are slightly
shielded. The b-CH protons of the furan ring (a, a’) appear
as a sharp singlet at d = 8.36 ppm. There are three sets of
protons for the meso-ferrocenyl group. The protons present
next to the carbon atom at the meso position (f, f’) resonate
at d = 5.66 ppm and the other two protons (g, g’) resonate
at d = 4.79 ppm; the other cyclopentadienyl ring protons
resonate as a singlet at d = 4.24 ppm. The equivalence of
the bipyrrole protons (b’, e’; b, e; c, d; c’, d’) in the 1H NMR
spectrum suggest that the three �NH protons exchange sites
between the four bipyrrole nitrogen centers, indicating that
the molecule adopts a symmetric conformation in solution
with respect to the mirror plane passing through the me-
thine bridge connecting ferrocene and the furan oxygen
atom. This is possible only if there is a rapid tautomerism
between the inner �NH protons. To arrest this tautomerism
the 1H NMR spectrum was recorded at lower temperatures.
Up to 233 K no peak was observed in the shielded region,
suggesting the presence of rapid tautomerism even at low
temperatures. However, at 233 K a sharp peak was observed
at d = �2.33 ppm with an integration corresponding to two
protons (see the Supporting Information). This suggests that
at 233 K, from among three�NH protons, the two in one bi-
pyrrole ring system are localized and the third one, in the
other bipyrrole ring, is still exchanging sites with the two
pyrrole nitrogen atoms of the bipyrrole ring system. Intro-
duction of RhI to ferrocenyl smaragdyrin conjugate 9 gives
the corresponding rhodium complex 19, in which rhodium is


bound in an h2 fashion to only two of the four core nitrogen
atoms and the other two coordination sites are occupied by
the ancillary carbonyl ligands. In this bonding mode, the two
inner �NH protons on the bipyrrole unit are not exchangea-
ble. Thus, as expected in 19, these inner �NH signals are
seen at d = �1.43 ppm, not only confirming the rhodium
coordination but also revealing the arrest of NH tautomer-
ism upon metal coordination. The bipyrrole protons (d, d’; c,
c’) experience a small upfield shift (0.27±0.31), while the bi-
pyrrole protons (b, b’; e, e’) are not affected by the metal co-
ordination. This observation further confirms our earlier
findings that the RhI prefers to bond to the bipyrrolic rings
with one amino and one imino nitrogen.[10a]


The 1H NMR spectra of ferrocenyl oxacorroles 14±18 are
not as simple as those of ferrocenyl oxasmaragdyrins. b-CH
protons of each pyrrole and furan resonate as distinct sig-
nals, which reflect the lower symmetry of the molecule. The
furan protons (a, a’), two bipyrrolic protons (b, b’; d, d’), and
pyrrole protons (c, c’) each resonate as doublets in the aro-
matic region (d = 8.2±9.6 ppm) for 14. Characteristic sets of
cross peaks resulting from the coupling of furan (a, a’), pyr-
role (c, c’), and bipyrrole (b, b’; d, d’) have been established
from the assignments based on correlations in 2D COSY
(Figure 3). The ortho- and meta-hydrogen atoms present in
the meso-phenyl groups appear as two sets of resonances,
and in turn show the correlations of i, i’; k, k’ with h, h’ and
j, j’ protons as indicated.
In the shielded region a sharp peak at d = �1.42 ppm


corresponding to an integration of two protons was ob-
served at 298 K for 14. This observation suggests the equiva-
lence of both �NH protons. Upon protonation with TFA, at
273 K (Figure 4) there are three distinct signals in the region
d = �1.5 to �3.5 ppm corresponding to three �NH protons.
This is expected, because it is well known that upon proto-
nation due to the steric crowding, the corrole core becomes
ruffled to avoid steric repulsion between the protons inside
the core.[11] Furthermore, of the three signals, the peak at d
= �1.7 ppm was found to be much sharper than the other
two. This observation we attribute to the possible weak hy-
drogen bonding interaction of the �NH proton with the
furan oxygen atom present in the same plane.[5d]


Electronic absorption spectra : Typical electronic absorption
spectra observed for oxasmaragdyrin±ferrocene and oxacor-
role±ferrocene conjugates 9 and 14 are shown in Figure 5. In
both the cases a strong Soret-type band in the region 400±
500 nm and weak Q-bands in the region 500±800 nm confirm
the porphyrinic nature. The UV/Vis data (Table 1)demon-
strate that:


a) The e values of the ferrocenyl conjugates are more than
50% lower than those of 1 or 2, suggesting a strong elec-
tronic interaction between the ferrocene and the macro-
cyclic p system. This drastic decrease in the e value is
the result of extensive mixing of both the ferrocene mo-
lecular orbitals and the molecular orbitals of either the
smaragdyrin or the corrole ring. A similar observation
was made by Burrell and co-workers[5c] for bis(ferrocen-
yl) porphyrin systems.


Figure 2. 1H NMR spectrum of 13 at room temperature in CDCl3. The as-
signments are marked on the basis of correlations observed in 1H±1H
COSY.
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b) The ferrocene substitution results in a bathochromic
shift of both the Soret and the Q-bands in the ferrocene
conjugates relative to 1 or 2. The magnitude of the Q-
band shifts is higher (401±763 cm�1) than those for the


Soret band (293±302 cm�1)
and is similar to that ob-
served for the meso-ferro-
cenyl porphyrins.[7]


c) Metalation of 9 with rhodi-
um results in a considerable
red shift in both Soret and
Q-bands relative to the cor-
responding free base form.


Taken together these obser-
vations collectively give strong
evidence for the presence of
electronic interaction between
the ferrocene moiety and the
porphyrin p system in ferrocen-
yl conjugates.


Crystallographic characteriza-
tion : The single-crystal X-ray
structure of smaragdyrin±ferro-
cene conjugate 9 is shown in
Figure 6. One molecule of
methanol is trapped inside the
cavity. The important crystallo-
graphic parameters are listed in
Table 2. The side view of the
structure indicates small devia-
tions from planarity (Fig-
ure 6b). The deviations of the
heterocyclic rings from the
mean smaragdyrin plane (de-
fined by the three meso-carbon
atoms C1, C6, and C15 which
form the plane) are: for the


furan, 13.78 ; for the pyrrole N1 ring 18.18 ; for the pyrrole
N2 ring, 8.528 ; for the pyrrole N3 ring, 14.98 ; for the pyrrole
N4 ring, 21.428. These deviations are similar to that ob-
served for 2, suggesting that there is not much structural de-


Figure 3. 1H±1H COSY spectrum of 14 in CDCl3 at room temperature. The observed correlations are marked.


Figure 4. Chemical shift dependence of inner NH protons on temperature
and concentration of TFA for 14. The volume of TFA added and the
temperature are indicated. Figure 5. Electronic absorption spectra of 9 (a) (1.65î10�6m) and 14


(c) (2.52î10�6m) in dichloromethane.
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viation upon ferrocene substitution.[8] The dihedral angle
(388) between the smaragdyrin plane and the cyclopenta-
dienyl ring of ferrocene is much smaller than that reported
for mono(meso-ferrocenyl) porphyrin by Kim and co-work-


ers,[5d] due to the absence of any of the b-pyrrole substitu-
ents present in Kim×s system. This small dihedral angle
makes possible a weak p overlap between the cyclopenta-
dienyl ring and the smaragdyrin skeleton. This possibility is
further reflected in the bond distances observed. The C�C
bond (C15�C38) connecting the ferrocenyl ring to the meso-
carbon atom is 1.473 ä long. The corresponding bond length
(C19�C110) in the ferrocenyl dipyrromethane 3 is 1.516 ä.
Furthermore the C�C bond lengths of the remaining two
meso-phenyl substituents (C1�C24; C6�C31) are 1.505 ä


Table 1. UV/Vis absorption data for ferrocene±corrole and ferrocene±smaragdyrin conjugates in the Soret and Q-band region in dichloromethane
(�10�6m).
Compound lmax [nm] (eî10


�4 [mol�1dm3cm�1])
Soret Q-bands


2 443 (33.0) 552 (2.0) 591 (1.4) 633 (1.0) 696 (1.4)
9 449 (18.1) [302][a] 567 (1.4) [479][a] 607 (1.4) [446][a] 653 (1.3) [484][a] 716 (2.0) [401][a]


10 449 (14.9) [302][a] 570 (1.3) [573][a] 604 (1.2) [364][a] 651 (1.0) [438][a] 714 (1.5) [363][a]


11 449 (17.8) [302][a] 570 (1.5) [572][a] 603 (1.4) [337][a] 649 (1.3) [389][a] 714 (1.9) [363][a]


12 449 (14.8) [302][a] 567 (1.9) [480][a] 607 (1.7) [446][a] 649 (1.5) [389][a] 716 (2.6) [401][a]


13 449 (13.1) [302][a] 567 (0.9) [480][a] 606 (0.9) [420][a] 650 (0.8) [414][a] 715 (0.1) [382][a]


1 411 (27.0) 497 (1.6) 528 (1.6) 583 (0.7) 632 (0.4)
14 416 (9.2) [293][a] ± 511 (1.1) [630][a] ± 664 (1.4) [763][a]


15 417 (7.1) [351][a] ± 510 (0.7) [668][a] ± 662 (1.0) [718][a]


16 416 (8.8) [293][a] ± 512 (0.9) [592][a] ± 662 (1.2) [718][a]


17 416 (7.9) [293][a] ± 509 (1.0) [707][a] ± 662 (0.9) [718][a]


18 415 (7.7) [235][a] ± 508 (0.7) [746][a] ± 659 (1.0) [648][a]


[a] Shift [cm�1] with respect to meso aryl analogues.


Figure 6. Single-crystal X-ray structure of 9 with one trapped methanol
molecule: a) top view; b) side view (meso-phenyl rings are omitted for
clarity).


Table 2. Crystallographic data for ferrocenyl dipyrromethane and ferro-
cene±smaragdyrin conjugate.


Crystallographic
data


3 9


solvent for crys-
tallization


CH2Cl2 CH2Cl2/MeOH


empirical formula C38H36Fe2N4 C48H40FeN4O4


T [K] 293(2) 210
crystal system monoclinic triclinic
space group P21/n P1≈


V [ä3] 3097(2) 1872.9(4)
a [ä3] 15.576(5) 9.9376(11)
b [ä3] 7.774(5) 12.6375(14)
c [ä3] 25.722(5) 15.927(2)
a [8] 90.000(5) 74.305(9)
b [8] 96.017(5) 76.565(9)
g [8] 90.000(5) 86.639(9)
Z 4 2
1calcd [Mgm


�3] 1.408 1.406
measured reflec-
tions


5651 35256


unique reflections 5449 6579
R(in) 0.0218 0.0502
F(000) 1360 828
limiting indices �18�h�18, 0�k�9,


�30� l�0
�11�h�11, �15�k�15,
�18� l�18


GoF (F2) 0.989 0.901
final R indices
[I>2s(I)]
R1 0.0356 0.0384
wR2 0.1084 0.0896
R indices (all
data)
R1 0.0457 0.0628
wR2 0.1159 0.0954
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and 1.50 ä, respectively. Thus,
the significant reduction in the
bond length of C15�C38 for 9
clearly suggests the presence of
electronic coupling between the
ferrocenyl moiety and the smar-
agdyrin p system. This C�C
bond length, 1.473 ä, falls
within the range of the distan-
ces observed for other ferro-
cene±porphyrin conjugate sys-
tems (1.47±1.49 ä), where
strong p electronic communica-
tions are seen.[5c] The dihedral
angles, 64.28 and 61.18, of the
two remaining meso-phenyl
substituents with the mean
smaragdyrin plane suggest that
no effective p overlap exists be-
tween the macrocyclic p system
with the phenyl rings and hence
the C�C bond lengths remain
unaltered. The aromatic nature
of the 22p oxasmaragdyrin is
further confirmed by the Cb�Cb


bond lengths of the heterocyclic
rings. For example, the Cb


�Cb


bond length in the furan ring is
1.347 ä, whereas the Ca


�Cb bond length is 1.409 ä. This
agrees well with data for expanded porphyrins reported in
the literature.[12]


Another important observation on the crystal structure of
9 is that one methanol solvent molecule is trapped inside
the cavity of the macrocycle. The solvent methanol is held
by two hydrogen-bonding interactions between the metha-
nol oxygen and the hydrogen atoms attached to the pyrrole
N2 and N1 rings (O4¥¥¥H202, 2.149 ä, 162.28 ; O4¥¥¥H101,
2.213 ä, 160.48). Furthermore, the hydroxyl hydrogen atom
of the trapped solvent (methanol) is involved in the hydro-
gen-bonding interaction with the oxygen atom of the para-
methoxyphenyl substituent of the neighbouring smaragdyrin
skeleton (O3¥¥¥H411, 2.370 ä, 141.98). In addition, there is
another strong hydrogen-bonding interaction involving the
C�H of the meso-phenyl substituents and the pyrrole p


cloud of dipyrromethane containing the ferrocene unit, lead-
ing to C�H¥¥¥p interactions. This process extends further in
other directions, leading to a two-dimensional layer struc-
ture (Figure 7). The metric parameters for C�H¥¥¥p interac-
tions are: C25�H25¥¥¥p centroid, 2.741 ä, 135.18 ;
C33�H33¥¥¥p centroid, 2.642 ä, 141.88.


Electrochemical studies : The redox behavior of various fer-
rocene±oxacorrole conjugates was monitored by cyclic vol-
tammetric studies using 0.1m TBAPF6 (tetra-n-butylammo-
nium hexafluorophosphate) as the supporting electrolyte in
CH2Cl2, in the potential range �1.8±1.8 V versus Ag/AgCl.
A typical cyclic voltammogram overlaid with a differential
pulse voltammogram of 14, scanned towards the positive po-
tential, is shown in Figure 8. Table 3 shows the half-wave re-


duction potentials along with free ferrocene and oxacorrole
1. Dredox, calculated from the difference between the first ox-
idation potential and the first reduction potential, indicates
significant decreases relative to 1 (2.18 V). This observation
suggests a decrease in the HOMO±LUMO gap in ferrocenyl
corrole conjugates relative to 1, which is consistent with the
red shifts of the Soret and the Q-bands in the electronic ab-
sorption spectrum. In general ferrocene±corrole conjugates
show three quasi-reversible oxidations (DEp = 70±130 mV),
of which one is based on the ferrocene and the other two on
the corrole rings. That the ferrocenyl oxidation is 50 mV
more positive than that of free ferrocene indicates the effect
of ferrocenyl substitution in ferrocenyl conjugates. This ob-
servation contrasts with those for mono- and bis(meso-ferro-


Figure 7. A view of the two-dimensional array formed by 9. The secondary interactions are shown by broken
lines. Non-interacting hydrogen atoms and ferrocenyl units are omitted for clarity; pyrrole rings involved in
C�H¥¥¥p interactions have been shaded.


Figure 8. Cyclic voltammograms (c) and differential pulse voltammo-
grams (a) of 14 in dichloromethane containing 0.1m TBAPF6 recorded
at 100 mVs�1 scan speed.
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cenyl) porphyrins,[5c,d] where the electron-rich b pyrrole sub-
stituents make the porphyrin ring electron-releasing and
thus oxidation becomes easier. In the present case, the ab-
sence of b-substituents probably makes the corrole moiety
electron-deficient and hence the potentials are shifted to the
more positive side as expected. On the other hand, the cor-
role-based oxidations and reductions show the opposite
trend. Corrole ring oxidations show a positive shift (60±
130 mV), while the corrole ring reduction potentials are
shifted in the negative direction (140±380 mV) relative to 1
upon ferrocenyl substitution. The shift of oxidation poten-
tials to the more positive side is due to a combination of the
electronic coupling between the corrole p system and the
ferrocene moiety, with the nonplanarity of the corrole
ring.[13] The less negative ring reduction potentials are con-
sistent with the electron deficiency of the corrole ring in the
ferrocenyl conjugates relative to oxacorrole 1.


Nonlinear optical studies : Figure 9 shows the typical refrac-
tive Z-scan trace for 19. The open squares indicate the ex-
perimentally obtained data and the broken line was generat-


ed theoretically using the Z-scan theory[14] for a nonlinear
phase shift of less than p. The values of the nonlinear refrac-
tive index n2 calculated using the Sheik-Bahae formalism


[14]


and the figure of merit (FOM) for the four samples are
tabulated in Table 4. All the samples show a Z-scan trace in-
dicative of a defocusing material with a negative nonlinear
refractive index. There was no contribution to the nonlinear
absorption by the samples at this input power level, as can
be deduced from the symmetry of the Z-scan traces; this
was confirmed by an open Z-scan experiment which re-


turned a negative result. Since
all the compounds have nega-
tive n2 values and the probing
source is a continuous-wave
laser, the origin of the nonli-
nearity is predominantly ther-
mal. From the table, the n2
value, which is a measure of the
nonlinear response exhibited by
the molecule, decreases on
going from ferrocene±oxasmar-


agdyrin to ferrocene±oxacorrole conjugates. The higher
value observed for smaragdyrin is attributed to a larger p


electron conjugation (22p) for smaragdyrin relative to cor-
role (18p).


A good material for optical devices should absorb least
from the input source and exhibit as high a nonlinear re-
sponse as possible. The FOM, defined as the ratio n2/a, was
calculated for all four compounds. The FOM values also
show a decrease on going from smaragdyrin to corrole. Ma-
terials with larger FOM values are known to be more suita-
ble for device applications, since they combine a larger non-
linearity with a low linear absorption coefficient; therefore
the loss during operation of an optical device based on such
compounds will be minimal. In the compounds studied here,
the rhodium complex of smaragdyrin 19 stands out, with
larger FOM values, than the others.


Conclusion


Successful synthesis of ferrocenyl conjugates with one ex-
panded porphyrin and one contracted porphyrin is achieved
by employing ™[3+2]∫ acid-catalyzed oxidative coupling of
appropriate precursors. The direct covalent linkage of the
ferrocenyl moiety to the meso-carbon atom of the macrocy-
cle leads to strong electronic communication between the
ferrocenyl moiety and the macrocycle p system, as observed
from spectroscopic and electrochemical measurements. The
single-crystal X-ray structure of 9 confirms the proposed
structure. The secondary interaction involving C�H¥¥¥O and
C�H¥¥¥p in the crystal packing leads to a two-dimensional
supramolecular network in the solid state. Preliminary non-
linear optical measurements reveal decent values of n2 and
FOM for the rhodium±smaragdyrin conjugate 19, giving
promise for its application in optical devices. Detailed stud-
ies in this direction are under way in our laboratory.


Table 3. Electrochemical data for ferrocene±corrole conjugates, free ferrocene and meso aryl oxacorrole.


Compound Corrole ring Corrole ring Ferrocenyl ring
E1/2


red(1) [V] E1/2
red(2) [V] E1/2


ox(1) [V] E1/2
ox(2) [V] Dredox


[a] E1/2
ox [V]


Ferrocene ± ± ± ± ± 0.37
1 �1.46 ± 0.72 ± 2.18 ±


16 �1.08 �1.41 0.81 1.09 1.89 0.42
17 �1.08 �1.41 0.79 1.09 1.87 0.42
18 �1.21 �1.49 0.85 1.19 2.06 0.42
14 �1.32 �1.58 0.78 0.99 2.10 0.42


[a] Calculated from difference between E1/2
ox(1) and E1/2


red(1).


Figure 9. Closed Z-scan trace of 19 in dichloromethane (�10�4m) under
continuous-wave laser illumination. Open squares represent experimental
data and the broken line is generated theoretically.


Table 4. Linear absorption coefficient, nonlinear refractive index and
FOM data obtained from Z-scan technique.


Compound a [cm�1] n2î10
8 [cm2W�1] FOMî108 [cm3W�1]


19 2.56 �5.83 2.28
20 2.77 �4.61 1.66
9 2.64 �2.77 1.05


14 2.31 �0.43 0.19
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Experimental Section


Instrumentation : Electronic spectra were recorded on a Perkin-Elmer
Lambda 20 UV/Vis spectrophotometer. Proton NMR spectra in CDCl3
were obtained on a 400 MHz JEOL spectrometer, and FAB-MS spectra
on a JEOL-SX-120/DA6000 spectrometer.


X-ray crystallographic studies : The crystals were immersed in hydrocar-
bon oil (Paraton N), and a single crystal was selected, mounted on a glass
fibre and placed in the low-temperature N2 stream.


[15] Intensity data were
collected at 210 K with a Stoe IPDS2 system utilizing MoKa radiation (l
= 0.71073 ä). The intensities were corrected for Lorentz and polariza-
tion effects. The structure was solved by direct methods using the
SHELXTL PLUS program system[16a] and refined against jF2 j with the
program XL-97 using all the data.[16b] Non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were located in
difference maps and refined using a ridging model.


CCDC-219937 (for 3) and CCDC-219938 (for 9) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Centre, 12 Union Road, Cambridge
CB21EZ, UK; Fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


Nonlinear optical studies : Nonlinear optical studies were done for 9, 14,
19, and 20 by the well-known Z-scan technique developed by Sheik-
Bahae et al.[14] The nonlinear refractive index (n2) was determined from a
closed Z-scan experiment, in which the He±Ne laser (TEM00 output;
power 20 mW) was focused to a spot of radius 7.5 mm by a lens of focal
length 75 mm, and a photodetector fitted with an aperture of radius
0.6 mm was used to collect the output from the exit plane of the sample.
The intensity at the focus of the lens was �1.6î108 Wm�2. It was ensur-
ed that the thickness of the sample was well within the Rayleigh limit of
the Gaussian input beam. The sample was moved along the beam direc-
tion in the focal region in millimetre steps with the help of a micro-con-
trolled stepper motor. The photodetector output was fed into a computer.
All four samples were prepared at concentrations of �10�4m in dichloro-
methane to ensure uniformity of measurement and ease of comparison.
The solvent was found to have a negligible effect on the n2 value at this
power level and wavelength. The linear optical absorption coefficient of
all the samples was maintained at �2±3 cm�1 to ensure the same level of
absorption and nonresonant interaction.


Chemicals : All NMR solvents were used as received. Solvents such as di-
chloromethane, tetrahydrofuran and n-hexane were purified and distilled
by standard procedures. TBAPF6 from Fluka was used as the supporting
electrolyte for cyclic volatammetric studies. 2,5-Bis(phenylhydroxyme-
thyl)furan and 16-oxatripyrranes 4±8 were prepared according to the
published procedure[17] and stored under an inert atmosphere at �10 8C.
Syntheses


meso-Ferrocenyl dipyrromethane (3): A mixture of pyrrole (6.48 mL,
93 mmol) and ferrocene carboxaldehyde (0.5 g, 2.3 mmol) was degassed
by bubbling argon for 10 min. Trifluoroacetic acid (0.036 mL, 0.23 mmol)
was added and the mixture was stirred for 30 min at room temperature.
It was diluted with CH2Cl2 (100 mL), and then washed with 0.1m NaOH,
then with water. The organic layer was dried over anhydrous sodium sul-
fate. The solvent was removed under reduced pressure and the unreacted
pyrrole was removed by vacuum distillation at room temperature. The re-
sulting viscous, dark yellow liquid was purified by column chromatogra-
phy (silica gel (100±200 mesh), ethyl acetate/petroleum ether (7:93)).
After the initial tailing material, a pale yellow solid 3 was identified as
meso-ferrocenyl dipyrromethane. Yield 47%; EI: m/z (%): 330 (95)
[M+1]+ ; 1H NMR (400 MHz, CDCl3, 25 8C): d = 4.09 (s, 7H), 4.19 (s,
2H), 5.2 (s, 1H), 6.00 (m, 2H), 6.13 (m, 2H), 6.65 (s, 2H), 7.93 ppm (br s,
2H); elemental analysis: calcd (%) for C19H17FeN2: C 69.32, H 5.21, N
8.51; found: C 69.66, H 6.01, N 8.76.


5,10-(p-Methoxydiphenyl)-19-ferrocenyl-25-oxasmaragdyrin (9) and 5,10-
(p-methoxydiphenyl)-15-ferrocenyl-21-oxacorrole (14): The 16-oxatripyr-
rane 4 (0.642 g, 1.46 mmol) and ferrocenyl dipyrromethane (3, 0.485 g,
1.46 mmol) were dissolved in dry dichloromethane (600 mL) and stirred
under a nitrogen atmosphere for 5 min. TFA (0.011 mL, 0.146 mmol) was
added and the stirring continued for further 90 min. Chloranil (1.077 g,
4.38 mmol) was added and the reaction mixture was exposed to air and


refluxed for a further 90 min. The solvent was evaporated in vacuo. The
residue was purified by chromatography on a basic alumina column. The
brown fraction, which eluted with petroleum ether/dichloromethane
(10:90), was identified as mono-oxacorrole 14 (0.020 g, 3%), which de-
composes above 280 8C. The second green band, eluted with dichlorome-
thane/ethyl acetate (85:15), gave 9 (0.17 g, 20%), which decomposes
above 300 8C.


9 : FAB-MS: m/z (%): 761 (100%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.67 (d, J = 4.4 Hz, 2H), 9.30 (d, J = 4.4 Hz, 2H),
9.23 (d, J = 4.4 Hz, 2H), 8.58 (s, 2H), 8.28 (d, J = 4.4 Hz, 2H), 8.01 (d,
J = 8.4 Hz, 4H), 7.24 (d, J = 8.4 Hz, 4H), 5.65 (s, 2H), 4.83 (s, 2H),
4.26 (s, 5H), 4.00 ppm (s, 6H); elemental analysis: calcd (%) for
C47H36FeN4O3: C 74.21, H 4.77, N 7.37; found: C 74.58, H 4.02, N 7.99.


14 : FAB-MS: m/z (%): 697 (80%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.65 (d, J = 4.0 Hz, 1H), 9.40 (d, J = 4.0 Hz, 1H),
8.90±9.00 (m, 3H), 8.65 (d, J = 5.1 Hz, 1H), 8.45 (d, J = 4.0 Hz, 1H),
8.30 (d, J = 4.4 Hz, 1H), 8.20 (d, J = 8.0 Hz, 2H), 8.0 (d, J = 8.0 Hz,
2H), 7.34 (m, 4H), 5.75 (s, 2H), 4.82 (s, 2H), 4.3 (s, 5H), 4.10 (s, 6H),
�1.42 ppm (br s, NH); elemental analysis: calcd (%) for C43H33FeN3O3: C
74.03, H 4.78, N 6.02; found: C 74.18, H 5.04, N 6.32.


The above procedure was followed by using the respective oxatripyrranes
5±8 with 3 to obtain other ferrocene±oxacorrole and ferrocene±oxasmar-
agdyrin conjugates.


10 : FAB-MS: m/z (%): 729 (100%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.66 (d, J = 4.0 Hz, 2H), 9.27 (d, J = 4.0 Hz, 2H),
9.21 (d, J = 4.0 Hz, 2H), 8.56 (s, 2H), 8.25 (d, J = 4.0 Hz, 2H), 7.97 (d,
J = 8.4 Hz, 4H), 7.52 (d, J = 8.4 Hz, 4H), 5.68 (s, 2H), 4.83 (s, 2H),
4.27 (s, 5H), 2.64 ppm (s, 6H); elemental analysis: calcd (%) for
C47H36FeN4O: C 77.47, H 4.98, N 7.69; found: C 77.03, H 5.10, N 7.49.


11: FAB-MS: m/z (%): 785 (100%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.66 (d, J = 4.0 Hz, 2H), 9.29 (d, J = 4.0 Hz, 2H),
9.22 (d, J = 4.0 Hz, 2H), 8.58 (s, 2H), 8.28 (d, J = 4.0 Hz, 2H), 8.01 (d,
J = 8.4 Hz, 4H), 7.56 (d, J = 8.4 Hz, 4H), 5.68 (s, 2H), 4.82 (s, 2H),
4.27 (s, 5H), 3.20 (m, 2H), 1.49 (m, 6H), 1.47 ppm (m, 6H); elemental
analysis: calcd (%) for C51H44FeN4O: C 78.05, H 5.65, N 7.14; found: C
79.20, H 5.99, N 6.25.


12 : FAB-MS: m/z (%): 813 (100%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.72 (d, J = 3.6 Hz, 2H), 9.45 (d, J = 3.6 Hz, 2H),
9.34 (d, J = 3.6 Hz, 2H), 8.64 (s, 2H), 8.33 (d, J = 3.6 Hz, 2H), 8.10 (d,
J = 7.6 Hz, 4H), 7.77 (d, J = 7.6 Hz, 4H), 5.74 (s, 2H), 4.88 (s, 2H),
4.33 (s, 5H), 1.61 ppm (s, 18H); elemental analysis: calcd (%) for
C53H48FeN4O: C 78.32, H 5.95, N 6.89; found: C 76.58, H 4.92, N 7.09.


13 : FAB-MS: m/z (%): 785 (100%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.63 (d, J = 4.4 Hz, 2H), 9.25 (d, J = 4.0 Hz, 2H),
9.18 (d, J = 4.4 Hz, 2H), 8.36 (s, 2H), 8.15 (d, J = 4.0 Hz, 2H), 7.16 (s,
4H), 5.66 (s, 2H), 4.79 (s, 2H), 4.24 (s, 5H), 2.55 (s, 6H), 1.85 (s, 12H),
�2.43 ppm (br s, NH); elemental analysis: calcd (%) for C51H44FeN4O: C
78.05, H 5.65, N 7.14; found: C 78.08, H 5.94, N 7.99.


15 : FAB-MS: m/z (%): 664 (90%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.56 (d, J = 4.6 Hz, 1H), 9.33 (d, J = 4.4 Hz, 1H),
8.89 (d, J = 5.1 Hz, 1H), 8.86 (m, 2H), 8.58 (d, J = 5.1 Hz, 1H), 8.38 (d,
J = 4.1 Hz, 1H), 8.22 (d, J = 4.6 Hz, 1H), 8.05 (d, J = 8.0 Hz, 2H), 7.90
(d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.46 (d, J = 8.0 Hz, 2H),
5.55 (s, 2H), 4.74 (s, 2H), 4.22 (s, 5H), 2.61 (s, 3H), 2.58 (s, 3H),
�1.50 ppm (br s, NH); elemental analysis: calcd (%) for C43H33FeN3O: C
77.59, H 4.78, N 6.31; found: C 77.28, H 4.62, N 6.44.


16 : FAB-MS: m/z (%): 720 (100%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.56 (d, J = 4.4 Hz, 1H), 9.33 (d, J = 4.0 Hz, 1H),
8.93 (d, J = 5.2 Hz, 1H), 8.86 (m, 2H), 8.61 (d, J = 5.2 Hz, 1H), 8.41 (d,
J = 4.2 Hz, 1H), 8.22 (d, J = 4.4 Hz, 1H), 8.11 (d, J = 8.0 Hz, 2H), 7.95
(d, J = 8.0 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H),
5.56 (s, 2H), 4.75 (s, 2H), 4.23 (s, 5H), 4.15 (s, 2H), 1.48 (s, 3H), 1.46 (s,
3H), 1.45 (s, 3H), 1.43 (s, 3H) �1.50 ppm (br s, NH); elemental analysis:
calcd (%) for C47H41FeN3O: C 78.22, H 6.01, N 5.82; found: C 78.29, H
5.92, N 5.64.


17: FAB-MS: m/z (%): 748 (100%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.58 (d, J = 4.8 Hz, 1H), 9.33 (d, J = 4.8 Hz, 1H),
8.94 (d, J = 5.2 Hz, 1H), 8.86 (m, 2H), 8.61 (d, J = 5.2 Hz, 1H), 8.43 (d,
J = 4.2 Hz, 1H), 8.23 (d, J = 4.8 Hz, 1H), 8.12 (d, J = 8.4 Hz, 2H), 7.96
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(d, J = 8.4 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H),
5.56 (s, 2H), 4.75 (s, 2H), 4.33 (s, 5H), 1.18 (s, 18H), �1.50 ppm (br s,
NH); elemental analysis: calcd (%) for C49H45FeN3O: C 78.49, H 6.32, N
5.60; found: C 78.28, H 6.42, N 5.81.


18 : FAB-MS: m/z (%): 720 (60%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.50 (d, J = 4.4 Hz, 1H), 9.37 (d, J = 4.4 Hz, 1H),
8.85 (d, J = 4.4 Hz, 1H), 8.81 (m, 2H), 8.46 (d, J = 4.4 Hz, 1H), 8.35 (d,
J = 5.2 Hz, 1H), 8.15 (d, J = 4.4 Hz, 1H), 7.47(s, 1H), 7.45 (s, 1H), 7.28
(s, 2H), 5.56 (s, 2H), 4.74 (s, 2H), 4.20 (s, 5H), 2.52 (s, 3H), 2.51 (s, 3H),
1.82 (s, 6H), 1.77 (s, 6H), �1.50 ppm (br s, NH); elemental analysis:
calcd (%) for C47H41FeN3O: C 77.94, H 6.01, N 5.35; found: C 78.08, H
6.42, N 5.30.


[5,10-(p-Methoxydiphenyl)-19-ferrocenyl-25-oxasmaragdyrinato]dicarbo-
nylrhodium(i) (19): Oxasmaragdyrin 9 (0.030 g, 0.04 mmol) was dissolved
in alcohol-free dichloromethane (50 mL). Anhydrous sodium acetate
(0.053 g, 0.40 mmol) was added to the solution, followed by di-m-chloro-
bis[dicarbonylrhodium(i)] (0.023 g, 0.06 mmol), and the mixture was stir-
red under reflux for 2 h. The solvent was evaporated, then chromato-
graphed on a silica gel column with dichloromethane solution. Removal
of the solvent gave a purple solid (0.035 g, 98%), which was recrystal-
lized from a dichloromethane/n-heptane mixture.


19 : FAB-MS: m/z (%): 918 (70%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.35 (m, 4H), 8.96 (d, J = 4.4 Hz, 2H), 8.67 (s, 2H),
8.37 (d, J = 4.4 Hz, 2H), 8.11 (d, J = 8.28 Hz, 4H), 7.97 (d, J =


8.28 Hz, 4H), 5.58 (s, 2H), 4.80 (s, 2H), 4.52 (s, 5H), 4.05 (s, 6H),
�1.43 ppm (s, NH); UV/Vis (CH2Cl2): lmax (eî10


�4) (mol�1dm3cm�1) =


461 (15.6), 491 (0.5), 589 (1.4), 629 (1.3), 653 (1.3), 719 nm (2.6) (2.14î
10�6m); IR (KBr): ñ = 2007, 2072 cm�1 (C=O).


5,10-(p-Methoxydiphenyl)-19-ferrocenyl-25-oxa-smaragdyrin, hydrochlo-
ride salt (20): Oxasmaragdyrin 9 (0.030 g, 0.039 mmol) was dissolved in
dichloromethane (20 mL). The solution was worked up in a separating
funnel with 10% HCl solution (20 mL). The organic layer was separated
quickly, and dried over MgSO4. Evaporation of solvent yielded a brown-
green solid (0.027 g, 90%). This was further recrystallized from dichloro-
methane and n-heptane.


20 : FAB-MS: m/z (%): 761 (100%) [M+]; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d = 9.73 (d, J = 4.4 Hz, 2H), 9.38 (d, J = 3.6 Hz, 2H),
9.33 (d, J = 4.4 Hz, 2H), 9.00 (s, 2H), 8.40 (d, J = 3.6 Hz, 2H), 8.25 (d,
J = 8.4 Hz, 4H), 8.13 (d, J = 8.4 Hz, 4H), 5.89 (s, 2H), 5.00 (s, 2H),
4.35 (s, 5H), 4.07 (s, 6H), �1.43 (br s, NH), �1.33 (br s, NH), �0.32 (br s,
NH), �0.15 ppm (br s, NH); UV/Vis (CH2Cl2): lmax (eî10�4)
(mol�1dm3cm�1) = 457 (7.3), 624 (0.4), 659 (0.8), 765 nm (2.3) (2.15î
10�6m).
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Synthesis and Conformational Analysis of Novel N(OCH3)-linked
Disaccharide Analogues


Francesco Peri,*[a] JesÇs Jimÿnez±Barbero,[b] VÌctor GarcÌa±Aparicio,[b]


Igor Tvarosœka,[c] and Francesco Nicotra[a]


Introduction


The specific molecular recognition by protein receptors of
oligosaccharides covalently attached to lipids and proteins
at cell surfaces plays a key role in a number of physiological
and pathological events such as cell adhesion, inflammation,
metastasis, and embryonic development.[1] It is therefore not
surprising that a large effort has recently been focused on
the design of organic molecules that mimic the active con-
formation of a carbohydrate ligand, thus reproducing its bio-
logical function.


Two main strategies have been explored in the construc-
tion of oligosaccharide mimics: the substitution of the O-
glycosidic bond with non-natural linkages or the replace-
ment of the entire glycosidic scaffold with a new, non-carbo-
hydrate framework bearing the required functional groups
in the same spatial orientation as the parent sugar structure.
The former type of mimics would ideally have increased re-
sistance to enzymatic hydrolysis and chemical degradation,
while conserving the global geometry of the native oligosac-
charide.


Carbon-linked oligosaccharides are an interesting class of
mimics in which a methylene group substitutes the intergly-
cosidic oxygen. The conformational properties of C-glyco-
sides have been debated.[2] Since the substitution of intergly-
cosydic oxygen atom by the methylene group evidently re-
sults in a change in both the size and the electronic proper-
ties of the glycosidic linkages, the flexibility and the energy
barriers to rotation around the inter-residual linkages are
expected to change to some extent.[3] Interestingly, the con-
formation of C- and O-lactoses bound respectively to
bovine heart galectin-1[4] and peanut lectin[5] were found to
be virtually identical, while different conformers of the dis-
accharide and its C-analogue are selected and recognized by
the galactose-binding protein ricin-B[2a] and by an Escheri-
chia coli b-galactosidase.[6]
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Abstract: N(OMe)-linked disaccharide
analogues, isosteric to the correspond-
ing natural disaccharides, have been
synthesized by chemoselective assem-
bly of unprotected natural monosac-
charides with methyl 6-deoxy-6-me-
thoxyamino-a-d-glucopyranoside in an
aqueous environment. The coupling re-
actions were found to be chemo- and
stereoselective affording b-(1!6) dis-
accharide mimics when using Glc and
GlcNAc; in the case of Gal, the b-
anomer was prevalent (b :a=7:1). An
iterative method for the synthesis of


linear N(OMe) oligosaccharide ana-
logues was demonstrated, based on the
use of an unprotected monosaccharide
building block in which an oxime func-
tionality at C-6 is converted during the
synthesis into the corresponding me-
thoxyamino group. The conformational
analysis of these compounds was car-
ried out by using NMR spectroscopy,


ab initio, molecular mechanics, and
molecular dynamics methods. Opti-
mized geometries and energies of four-
teen conformers for each compound
have been calculated at the B3LYP/6-
31G* level. Predicted conformational
equilibria were compared with the re-
sults based on NMR experiments and
good agreement was found. It appears
that N(OMe)-linked disaccharide ana-
logues exhibit a slightly different con-
formational behavior to their parent
natural disaccharides.


Keywords: carbohydrates ¥ confor-
mation analysis ¥ glycosylation ¥
NMR spectroscopy
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Another class of mimics, the S-linked oligosaccharides,[7]


have several advantages over their C-linked counterparts:
they are generally easier to prepare and have an interglyco-
sidic sulfur atom that may act as a hydrogen bond acceptor
which, as in the natural substrate, could play an important
role in the binding of the ligand. These hydrolytically inert
substrate analogues have been used to investigate binding
and recognition events with glycosidases.[8] The S-linkage
provides a high degree of flexibility between glycosyl units
and S-glycosides in solution possess more low-energy con-
formers than their O-linked parent saccharides.


Finally, oligosaccharide mimics have been prepared that
contain a nitrogen atom at the interglycosidic linkage[9] as
well as carbopeptoids[10] or carbonucleotoids[11] in which the
O-glycosidic bond has been replaced by a more rigid car-
boxyamide or phosphoramidite bond.


From a methodological point of view, the synthesis of oli-
gosaccharides and their analogues is laborious and challeng-
ing, requiring extensive use of orthogonal protecting groups
and strictly anhydrous conditions in the glycosylation reac-
tion; for these reasons it is still far from routine, both in sol-
ution[12] and in the solid phase.[13] Synthetic strategies based
on the formation of a peptide-like interglycosidic bond (car-
bopeptoids)[10] or based on the principle of chemoselective
ligation[14] provide a powerful tool for the convergent prepa-
ration of oligosaccharide mimics. In particular, sugars bear-
ing an aminooxy group at the anomeric position have been
reacted with ketones present in a second sugar for the syn-
thesis of complex O-glycosylated peptides.[15] It is also possi-
ble to link a peptide bearing an aminooxy function to the
anomeric center of a free aldose in a chemoselective way,
that is, without use of protecting groups.[16] It is well known
that when using a reacting unit bearing a ™primary∫
�O�NH2 group, an open-chain
sugar oxime is obtained,[17] but
it has also been observed that
the cyclic form of the sugar is
restored when a peptide with a
™secondary∫ hydroxylamino
group (R�O�NH�R’) is
used.[18] By following this last
approach, if R and R’ were
sugar units, it would be possi-
ble in principle to obtain disac-
charides and, more generally,
oligosaccharide mimics by
working in water and avoiding
the use of any activation and
protection strategy. These mimics, however, differ from the
natural product by the fact that two atoms (�O�N�) substi-
tute the interglycosidic oxygen atom and they are therefore
™non-isosteric∫ analogues.


Herein we present the synthesis and conformational anal-
ysis of a novel type of disaccharide mimic in which two
monosaccharide residues are linked through a b-(1!6)-me-
thoxyamino interglycosidic linkage.


Results


Synthesis of methoxyamino disaccharide mimics : A sche-
matic representation of the synthesized disaccharide mimics
is shown in Scheme 1. The b-(1!6)-methoxyamino intergly-


cosidic bond allows one to exploit the chemoselective liga-
tion procedure and afford isosteric analogues.[19] Disacchar-
ide 1 is an isosteric mimic of the natural disaccharide gentio-
biose (7) and 3 a mimic of allolactose (8). Compounds 1±6
have been assembled by chemoselective condensation of an
unprotected monosaccharide bearing a methoxyamino
group at C-6 and unprotected natural aldoses. The mecha-
nism that we propose for the coupling reaction consists of
the formation of an intermediate oxyiminium ion by reac-
tion of the N,O-disubstituted hydroxylamine group with the
aldehyde of the open-chain sugar (Scheme 2).[18]


Monosaccharide 13, which has a methoxyamino group at
C-6, was prepared according to the synthetic route depicted
in Scheme 3.


Methyl 2,3,4-tri-O-acetyl-a-d-glucopyranoside (9) was oxi-
dized at C-6 (Dess±Martin periodinane, CH2Cl2) to afford
aldehyde 10 that was converted into the corresponding O-
methyloxime 11 by treatment with O-methylhydroxylamine
hydrochloride in pyridine. Zemplÿn de-O-acetylation with
sodium methylate in methanol gave compound 12 which
was reduced with NaCNBH3 in glacial acetic acid to afford
methyl 6-deoxy-6-methoxyamino-a-d-glucopyranoside (13).


Scheme 1. Amino(methoxy) disaccharide mimics 1±6 and their parent O-
linked natural disaccharides gentiobiose (7) and allolactose (8).


Scheme 2. Stereoselective formation of b-N(OMe)-linked glycosides via an intermediate oxyiminium ion.


¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1433 ± 14441434


FULL PAPER



www.chemeurj.org





Compound 13 was condensed with d-glucose, d-galactose,
and N-acetylglucosamine to afford disaccharide analogues 1,
3, and 5, respectively, which were then fully acetylated
(Ac2O, pyridine, and 4-(dimethylamino)pyridine (DMAP))
leading to compounds 2, 4, and 6 (Scheme 4).


The coupling reactions proceeded at room temperature in
12±24 h, and were carried out either in aqueous N,N-dime-
thylformamide (DMF)/sodium acetate buffer (pH�4.5),
water/acetic acid (1:1 v/v), or acetic acid/DMF (1:2) solvent
mixtures. Reactions were never complete and after several
hours a steady state was reached with a more or less con-
stant ratio between reactants and products. Unreacted mon-
osaccharides were recovered at the end of each reaction and
recycled.


The b-disaccharide mimics 1 and 5, which contain d-glu-
cose and N-acetylglucosamine, respectively, were obtained
with complete stereoselectivity. The 1H NMR analysis of the
d-galactose derivative 3 revealed the presence of a small
amount of the a form (b :a=7:1, as calculated from the inte-
gration ratio of the anomeric protons). Reaction of mannose
with 13 gave a mixture of disaccharides in low yield (20 %),
the NMR analysis of which showed the presence of the pyr-
anose (a+b) and furanose (a+b) forms.


The preference for the b anomer in the case of glucose,
galactose, and N-acetylglucosamine can be explained in
terms of stabilization of the b conformation of the oxyimini-
um intermediate (Scheme 2) through the reverse anomeric
effect that is particularly relevant when a positively charged
nitrogen atom is linked to the anomeric position.[20]


Iterative synthesis of methoxyamino trisaccharide mimetics :
We investigated the possibility of using our chemoselective
approach iteratively for the synthesis of linear oligosacchar-
ide mimetics linked through a b-(1!6)-methoxyamino
bond. To accomplish this task, we designed the monosac-
charide 16 that has the two complementary functionalities
required for chemoselective ligation, namely, the aldehyde
and the aminomethoxy group, the latter being masked as an
O-methyloxime.


The readily available compound 16 was coupled with 13
to afford the disaccharide 17 (Scheme 5). Reduction of the
oxime group of 17 with NaCNBH3 gave the disaccharide 18,


which has a methoxyamino group at C-6’. Chemoselective
coupling with another monosaccharide, followed by treat-
ment with Ac2O, pyridine, and DMAP, afforded the perace-
tylated trisaccharide mimic 19, which can be reduced and
submitted to further elongation.


Conformational analysis : The conformational study of the
disaccharide mimics with free hydroxyls and their acetylated
analogues (1±6) was performed in solution. The protocol
used is based on a combination of theoretical methods with
ab initio and molecular mechanics and dynamics calcula-
tions, supported by experimental NMR data. Similar ap-
proaches have been demonstrated to be particularly useful


Scheme 3. a) Dess±Martin periodinane, CH2Cl2 (95 %); b) MeONH2¥HCl,
pyridine (75 %); c) MeONa, MeOH (98 %); d) NaCNBH3, glacial AcOH
(86 %).


Scheme 4. a) d-Glucose, DMF/AcOH (2:1) (82 %); b) d-galactose, DMF/
AcOH (2:1) (75 %); c) N-acetylglucosamine, DMF/AcOH (2:1) (80 %);
d) Ac2O, pyridine, DMAP.


Scheme 5. a) Dess±Martin periodinane, CH2Cl2; b) MeONH2¥HCl, pyri-
dine (75 % over two steps); c) MeONa, MeOH (98 %); d) 13, DMF/
AcOH (2:1) (72 %); e) NaCNBH3, glacial AcOH (75 %); f) 16, DMF/
H2O/AcOH (2:2:1) (43 %); g) Ac2O, pyridine, DMAP.
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to deduce the conformational properties of other glycomi-
metics,[21] and also to sample the differences with respect to
the natural analogues, gentiobiose (7) and allolactose (8). It
has to be emphasized that these glycomimetics show a par-
ticular arrangement at the pseudoglycosidic linkage, since
the nitrogen atom (which mimics the natural glycosidic
oxygen) bears an additional electronegative substituent. In
this context, six different staggered arrangements at angle F


(defined as shown below) may take place, as depicted in
Scheme 6, which also considers the two possible configura-
tions at the nitrogen atom.


Ab initio based computational analysis :


Potential energy surfaces : The available conformational
space was monitored by means of a series of two-dimension-
al (F, Y) potential energy surfaces, each one corresponding
to the one of three different starting values of w, namely
w=�608, w=608, and w=1808 (see Experimental Section).
Figure 1 represents the B3LYP/6-31G* conformational
energy maps of the gg, gt, and tg rotamers for the disacchar-
ide analogue 5 calculated as a function of the torsion angles
F and Y. Several energy minimum domains were found on
each of these maps. For example, in the case of the gg ro-
tamer (Figure 1 a), four distinct low-energy regions with (F,
Y) values close to (408, 1008), (608, 3008), (2208, 808), and
(3008, 2108), respectively, were identified. It can be seen
from these three maps in Figure 1 that for the rotation
about the C1�O1 linkage they all have three low-energy re-
gions centered about F=408, F=2408, and F=3008. Three
low-energy regions were found in the direction of the Y


angle for the gg and gt rotamers. In the case of the tg rotam-
er (Figure 1 c), the region centered about Y=608 disap-
peared and only two regions centered around Y=1508 and
Y=3008 were found in the Y direction. Geometries from
these regions were used as the initial geometry for further
optimizations of 1, 3, 5, and the parent natural disaccharide
methyl a-d-gentiobioside (7a) allowing the torsion angles F


and Y to relax also. These optimizations yielded 14 local
minima for each disaccharide analogue. The minima are


named by a three-letter code according to the conformation
around the C5±C6 linkage (GG, GT, or TG) and the
number of the minimum, for example, GT1 represents the
number 1 minimum (F=�72.28, Y=�154.38) of the gt ro-
tamer (w=58.88).


Structure and energetics of conformers : The relative ener-
gies of the 14 minima calculated at the 6-31G* level for all
methyl disaccharides in the gas phase and aqueous solution
are reported in Tables 1S±4S (see Supporting Information)
together with the values of F, Y, and w torsional angles. The
relevant proton±proton distances of these minima, calculat-
ed at the B3LYP/6-31G* level, are listed in Tables 5S±8S
(see Supporting Information). As can be seen from Ta-
bles 1S±4S, four of the 14 calculated minima belong to the
gg rotamer and each of the gt and tg rotamers contains five
minima. Inspection of the calculated structures revealed that
the counterclockwise orientation of hydroxyl groups is pre-
ferred in both monosaccharide residues. It is well known
that the cooperative effect of hydrogen bonds in these ar-
rangements favors corresponding conformations of glucopyr-
anose and galactopyranose in the gas phase.[22] It is evident
that the preferred conformations around C1’�X1’ bond
(angle F) between the parent disaccharide and its mimics
differ, �gauche for 7 versus +gauche for 1, 3, and 5. The
lowest-energy conformers of three N(OMe)-linked ana-
logues 1, 3, and 5 lay in the low-energy domain located at
F=608, Y=1008, whereas for the parent molecule 7a the
lowest-energy minima are at F=�718, Y=�1528 (�gauche
region) and at F=�698, Y=�908 (�gauche region), respec-
tively. In the case of the angle Y, two preferred orientations,
namely, +gauche and trans, were detected in the low-energy
minima for all compounds.


The gg, gt, and tg rotamer populations calculated from the
energy values together with the available experimental data
are compared in Table 1. For 1, 5, and 7, we found that in


the gas phase at the 6-31G* level, the gt rotamer is the dom-
inant species and that the stability of the hydroxymethyl ro-
tamers is in the order gt@gg� tg with the presence of the gt
rotamer higher than 60 %. This implies that the presence of
the NHAc substituent at C2’ does not significantly influence
the conformational equilibrium around the (1!6) linkage.
The conformational preferences around the C5’�C6’ bond of
the galactopyranose moiety in 3 displays similar behavior to
the parent disaccharide 7a and in a comparison to the Glc-
type fragments of 1 and 5 shows a smaller dominance of the
gt rotamer. In spite of differences in the rotamer popula-


Scheme 6. Possible rotamers around F of compounds 1±6. The different
stereochemistries of the substituents at the nitrogen atom are also depict-
ed.


Table 1. Rotamer populations of compounds 1, 3, 5, and 7a estimated
from energies calculated at the B3LYP/6-31G* level.


1 3 5 7a Exp.(7a)


GG 7.7 31.4 9.6 35.1 34
GT 84.9 68.6 77.4 62.1 66
TG 7.4 0.0 13.0 2.8 0
hFi 27 �145 30 �145 �72
hYi 78 107 83 �153 �120
hwi 100 137 109 149 -143
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tions, the calculated average values of the torsional angles F
and Y in the gas phase are very similar for all three
N(OMe)-linked analogues, with hFi in the range 27±638 and
hYi in the range 100±1408, respectively. The conformational
preference around the C1’�N linkage in 1, 3, and 5 (F�
+608) corresponds to the gauche orientation with respect to
the C1’�O5’ and C1’�C2’ linkages and significantly differs
from the ™usual∫ conformation (F��60 8) predicted by the
combination of steric and stereoelectronic interaction, the
exo-anomeric effect,[23] for b-linked oligosaccharides. How-
ever, this preference is not entirely surprising, since the simi-
lar behavior was already observed in modeling studies on
amino derivatives with S-configuration and probably reflects


steric interactions of the N-substituent.[24] In our compounds
such a substituent is the electronegative OMe group. It ap-
pears that for the calculated lowest-energy conformers (Ta-
bles 1S±4S), the oxygen atom of the OMe moiety is in the
gauche orientation (structures IIIa and IIb in Scheme 6)
with respect to the ring oxygen. This suggests that two ster-
eoelectronic effects influence the orientation about the
C1’�N1’ bond, namely the exo-anomeric effect through the
O5’�C1’�N1�C6 sequence and the gauche effect through
the O5’�C1’�N1�O sequence. It is noteworthy that an anal-
ogous conformation about F with the torsional angle of
F=55.98 was found in the crystal structure of methyl C-gen-
tiobioside.[25] This +gauche-type conformation has also been


Figure 1. Relaxed conformational energy maps of compound 5 calculated at the B3LYP/6-31G* level as a function of the torsional angles F and Y, with
the torsional angle w in gg (a), gt (b), and tg (c) orientation. The symbols indicate local minima.
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detected by NMR spectroscopy for C-lactose as the one
bound by the active site of the enzyme E. coli b-galactosi-
dase.[6] It appears from our experimental data (see NMR
spectroscopy section below) that solvent does not influence
equilibrium in 1, 3, and 5. Therefore, we did not calculate
solvent effects for these compounds.


Conformational preferences around the C5�C6 bond in
the parent disaccharide methyl gentiobioside (7a) display
similar behavior to the N(OMe)-linked analogues. The gt ro-
tamer is the preferred rotamer in the gas phase and the pop-
ulation distribution of gg, gt, and tg rotamers was calculated
to be 35:62:3. Comparison of conformational behavior cal-
culated by this B3LYP/6-31G* method for 1, 5, and 7a show
that the effect of substitution of O1’ by the N(OMe) group,
going from 7 to 1 and 5, results in a different flexibility of 1
and 5 compared to 7a and a shift of the rotamer equilibrium
towards the gt rotamer, which is the dominant rotamer in
the N(OMe)-linked analogues 1 and 5. It is evident that cal-
culated conformational equilibrium around glycosidic link-
ages C1’�O1’ and O1’�C6 in 7a differ from those found for
1 and 5. For 7a, the average values of hFi=�1458 and
hYi=�1538 were calculated. The most significant difference
is found for the orientation around C1�O1: hFi=�gauche
for 7a versus hFi=++gauche for 1 and 5.


The conformational characteristics of gentiobiose (7) have
been the subject of several experimental and modeling stud-
ies. The crystal structure of gentiobiose[26] is characterized
by the following torsional angles: F=�58.58 ; Y=�155.28,
w=�60.88, and F=�58.38 ; Y=�156.38, w=�61.58, indi-
cating that the conformation about w corresponds to the gg
rotamer and the orientation about F is in the expected posi-
tion based on the exo-anomeric effect. From the calculated
minima, the GG3 minimum characterized by the torsional
angles F=�65.68 ; Y=�146.98 and w=�62.48 and with the
energy 1.38 kcal mol�1 above the lowest minimum GT2 is
close to the crystal structure conformation. NMR solution
data imply conformational flexibility of gentiobiose in solu-
tion reflected in a conformational equilibrium of several
conformers about F, Y, and w. The analysis of the experi-
mental information from proton±proton and carbon±proton
vicinal coupling constants and proton±proton cross-relaxa-
tion rates yielded to the presence of two major rotamers gg
and gt about the C5�C6 bond, characterized by w=�68.98
�6.38 and w=79.0�3.48, with the estimated populations of
34�6 % and 66�6 %, respectively. The calculated ratio
gg :gt :tg=35:62:3 and the calculated average torsional angles
hwGGi=�708 and hwGTi=878 are in excellent agreement
with these estimates. In another experimental study,[27] the
ensemble average values of vicinal heteronuclear proto-
n±carbon coupling constants 3JC,H(F)=2.68�0.06 Hz and
3JC,H(Y)=2.36�0.06 Hz were measured across the glycosi-
dic linkage for gentiobiose. These values are compatible
with the virtual conformation of gentiobiose characterized
by the torsional angles hFi=�1458 and hYi=�1538, respec-
tively. All this suggests that conformational equilibrium in 7a
is reasonably well represented by the calculated conformers.


Molecular mechanics and dynamics calculations : Qualitative
molecular mechanics calculations were performed by using


the MM2* force field with the GB/SA solvation model. The
corresponding results are given in the Supporting Informa-
tion. A representation of the corresponding low-energy
minima is given in Figure 2, while the key geometric fea-
tures that may be correlated with the NMR data are given
in Table 2.


NMR spectroscopy: The predictions of the ab initio and
force field calculations were checked by using NMR spec-
troscopy. The chemical shifts in D2O and [D6]acetone of
compounds 1±5 are listed in Table 9S in the Supporting In-
formation. The assignment of the resonances was made


Figure 2. Stereoviews of the global and local minima of compounds 1±5
according to MM3* calculations. A) Conformer C (gt rotamer for w


angle) for compound 1; B) conformer C (gg rotamer for w angle) for
compound 1; C) conformer B for 1; D) conformer A for 1; E) confor-
mer D for 1; F) conformer C for compound 3 ; G) conformer C for com-
pound 5. See Table 1 for the F and Y torsions of the different conform-
ers.
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through a combination of COSY, TOCSY, 1D and 2D-
NOESY/ROESY, and HSQC experiments (Figure 3 and
Supporting Information).


The J values for the ring protons indicate that all the pyr-
anose rings adopt the usual 4C1 chair, independently of the
size of the molecule and the nature of the glycosidic linkage.
Although this is the usual situation, in some cases alterna-
tive chair conformations have been described for some C-
glycosyl compounds.[28] The observed values (one small and
one large) for the C5�C6 lateral chains that form part of the
(1!6) linkage are in agreement with an equilibrium be-
tween the gg and a second conformer, which appeared to be
the gt one (see Supporting Information for the detailed pro-
cedure of assignment).


The coupling values are given in Table 2, together with
the deduced relative populations of conformers around the
w angle, calculated by applying the generalized Karplus
equation proposed by Haasnoot et al.[29] to the geometries
of the basic gg and gt rotamers. The obtained data are in
agreement with a major presence (ca. 70 %) of gt rotamers,
in contrast with the observations for the natural compounds,
gentiobiose and allolactose, for which a 34:66 equilibrium
has been deduced.[30] In addition, the experimental observa-
tions indicate that the MM2* calculations slightly overesti-
mate the experimental predominance of gt rotamers (experi-


mental 70 %, MM2 90 %). The ab initio results are in good
agreement with the observations, as they predict populations
of the gt rotamer in the 70±85 % interval. Since the stereo-
lectronic effects strongly affect the conformation, different
chemical surroundings in the vicinity of w should influence
the conformational populations.[31] It is therefore not unex-
pected that the MM2 modeling data do not strictly repro-
duce the distribution of rotamers around w in compounds
1±5 and that their actual relative populations differ from
those reported for the natural compounds 7 and 8.[30a]


NOESY and ROESY experiments (Figure 3) were also
carried out to deduce the relevant conformational informa-
tion of 1±5 around F and Y. The intensities of the observed
NOEs compared to those estimated by the MM2* molecular
mechanics and dynamics calculations, calculated according
to a full relaxation matrix approach, are also gathered in
Table 2. The observed NOE cross peaks were indeed very
similar for all the compounds independent of the substitu-
tion and solvent used. The analysis of the conformational
behavior of 1±5 was also facilitated by the stereospecific as-
signment of the C-6 protons. In fact, for all compounds in
D2O or [D6]acetone, strong NOEs were observed in all
cases between H-1’ and H-6proR, that is, the same methyl-
ene that is close to its intraresidue H-4. Therefore, the pres-
ence of this strong NOE for 1±6, as shown in Table 2, pro-


Table 2. Expected distances estimated from the molecular mechanics (MM) and molecular dynamics simulations (MD) for the low-energy conformers
for compounds 1±6.[a]


Single conformers (F/Y) according to MM2* calculations and
their relative population [%]


Average distances
from MM and MD


Observed NOEs in comparison to those
estimated from the calculations according to


a full matrix relaxation approach


Confomer [F/Y] C (54/�162) B (54/�60) A (54/74) D(180/�162)
!
Pop 82±99 0±1 1±18 <0.5
!
Proton pair Distances from MM MM MD NOEs


from
MM3 [%]


NOEs
from
MD [%]


Obs.
NOE
intensity


H1’± 2.2 2.9 3.6 3.7 2.3 2.3 7.4 7.4 strong
H1’±H6S 3.1 3.6 2.2 3.7 3.0 2.9 1.2 1.2 medium


weak
H2’±H6S 4.4 4.8 4.9 2.0 4.3 4.4 0.2 0.2 very


weak
H1’±H5 4.5 2.7 3.2 4.8 4.2 4.3 0.3 0.3 weak
H1’±Me 3.2/4.3 3.2/4.3 3.2/4.3 3.2/4.3 3.6 0.3 0.3 very


weak
H2’±Me 3.0/4.7 3.0/4.7 3.0/4.7 3.0/4.7 4.2 1.3 1.3 very


weak
H1’±H1 6.1 3.0 6.4 6.6 6.0 6.0 0.1 0.1 very


weak
Coupling
constants


Conformer
gg


Conformer
gt


Exp (1) Exp (2) Exp (3) Exp (4) Exp (5) Exp (7a)


H5/H6proS 2.9 2.5 2.6 2.7 2.8 2.7 2.8 2.0
H5/H6proR 1.2 10.7 8.3 8.0 7.8 8.0 7.6 6.0
gg [%] 100 0 25 29 30 29 33 66
gt [%] 0 100 75 71 70 71 67 34


[a] The key distances and NOEs are given in bold. Ensembled average distances together with the calculated NOEs according to a full-matrix relaxation
approach in comparison with the intensities of the observed NOEs are also given. Two figures are given for H1’±Me and H2’±Me, indicating the two pos-
sible orientations of the OMe group at the nitrogen atom. The gt conformer was always more stable than the gg one, with relative populations greater
than 9:1 in favor of gt. The ranges in populations correspond to those obtained for the different compounds. In addition, the expected J values (Hz) for
the basic conformations around angle w for 1±5, deduced by applying the generalized Karplus equation proposed by Altona to the geometries provided
by MM3 molecular mechanics calculations, are also given. The estimated populations for the different compounds are also given in comparison to those
reported for gentiobiose (7a).
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vides evidence for the predominance of conformers with a
C-type (F�gauche/Yanti) orientation around the glycosidic
linkages.


Nevertheless, additional cross peaks that correspond to
the presence of the other conformers are also observed. For
instance, the presence of very weak H1’±H1 in 2, weak H1’±


Figure 3. 1H NMR 1D- and 2D-NOESY and T-ROESY data for 1±5 at 500 MHz and 300 K in D2O (1,3) or (CD3)2CO (2, 4, 5). Key cross peaks are indi-
cated. A) 1D-NOESY spectrum obtained after inversion of H-1’ of 1. B) 1D-NOESY spectrum obtained after inversion of H-1’ of 2. C) 1D-NOESY
spectrum obtained after inversion of H-1’ of 3. D) Trace of the 2D-T-ROESY spectrum at the frequency of H-1’ of 4. E) Trace of the 2D-T-ROESY spec-
trum at the frequency of H-1’ of 5. F) 1D-NOESY spectrum obtained after inversion of H-6proR of 3. G) 2D-T-ROESY spectrum for 3.
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H5 in 1±5, and medium weak H1’±H-6proS in 1±5 indicate
the additional participation of conformers A and B. Even
the minor presence (<5 %) of conformers with a (F+gau-
che/Yanti) orientation (D-type) is evidenced by the presence
of a very weak, but detectable, H2’±H-6proS NOE. The ab-
sence of the H2’±H6proR NOE cross peak in all cases also
indicates the absence of the GG4, GT5, and TG4 geome-
tries. No major orientation of the OMe group at the nitro-
gen atom could be deduced, since both the H1’±Me and
H2’±Me NOEs were equally weak in all compounds and sol-
vents. Nevertheless, the magnitudes of the observed NOEs
are in agreement with a major participation (>80 %) of
anti-Y conformers, with contributions around 5±10 % of the
Y+ and Y� conformers.


The agreement between the theoretical NOEs obtained
from the full matrix relaxation analysis from the MM2* mo-
lecular mechanics and dynamics calculations and the ob-
served experimental NOEs is more than satisfactory.


Therefore, after considering the J and NOE information,
it may be considered that compounds 1±5 present a confor-
mational averaging around F, Y, and w glycosidic linkages
with participation of several conformers in the conforma-
tional equilibrium with fairly small energy barriers among
them, which somehow resembles that evidenced for the nat-
urally occurring gentiobiose and allolactose, although with
different populations in equilibrium, especially around w


torsion angle.[30]


Conclusion


We have demonstrated that b-(1!6)N(OMe)-linked disac-
charides can be prepared by using a chemoselective ap-
proach from unprotected precursors. Yields and stereoselec-
tivity were high in the case of compounds 1, 3, and 5. This
method has also been applied to the iterative preparation of
a trisaccharide analogue in solution. The combination of
molecular mechanics calculations and NMR experiments
permits us to conclude that compounds 1±5, which have an
N(OMe) group at the pseudoglycosidic position, have con-
formational behavior similar to their natural counterparts,
gentiobiose and allolactose (7 and 8). It seems that the dif-
ference of C�N versus C�O distances, together with the var-
iation of bond angles (C-N-C versus C-C-C) is at the origin
of this slightly different behavior. Regarding the w angle, it
has been reported that the conformational equilibrium be-
tween gg and gt rotamers in 7 is strongly biased by solvation
effects.[30] Since the stereoelectronic effects for the natural
compounds and the N(OMe)-linked analogues must obvi-
ously be rather different at this torsion angle, these proper-
ties must be at the origin of the observed conformational
differences. Indeed, the ab initio calculations performed at
the B3LYP/6-31G* level of theory reproduce the conforma-
tional behavior of 1±5 in solution reasonably well. Neverthe-
less, all the conformations sampled by the natural com-
pounds are also accessible for these glycomimetics. On the
other hand, the estimation of relatively low energy barriers
between the different conformational regions of these ana-
logues, indicate that conformers different to the major one


existing in solution may be bound by the binding site of pro-
teins without major energy conflicts.


Experimental Section


General methods : All solvents were dried over molecular sieves (Fluka)
for at least 24 h prior to use. When dry conditions were required, the re-
actions were performed under an argon atmosphere. Thin-layer chroma-
tography (TLC) was performed on silica gel 60F254 plates (Merck) with
detection with UV light when possible, or charring with a solution con-
taining concentrated H2SO4/EtOH/H2O (5:45:45) followed by heating at
180 8C. Column flash chromatography was performed on silica gel 230±
400 mesh (Merck). The boiling range of petroleum ether used as eluent
in column chromatography is 40±60 8C. Usual workup refers to dilution
with an organic solvent, washing with water to neutrality (pH test paper),
drying with Na2SO4, filtration, and evaporation under reduced pressure.
Routine 1H and 13C NMR spectra were recorded at 400 MHz on a Varian
Mercury instrument with CDCl3 as solvent at 300 K unless otherwise
stated. Chemical shifts are reported in ppm downfield from TMS as an
internal standard. Aromatic signals and methyl signals of peracetylated
sugars are omitted in 1H spectra; carbonyl and methyl carbons of perace-
tylated sugars are omitted in 13C spectra. Mass spectra were recorded on
a MALDI2 Kompakt Kratos instrument with gentisic acid (DHB) as
matrix. Optical rotations were measured at ambient temperature (22�
2 8C) on a Perkin±Elmer 241 polarimeter.


Model and computational procedures : The relative orientation of two
contiguous (1!6)-linked monosaccharide residues is described by the
three torsion angles F, Y, and w, where F=V(O5�C1�X�C6); Y=


V(C1�X�C6�C5); w=V(X�C6�C5�O5), in 1±6, X represents N and in
7 and O1’ in 8, respectively. Available conformational space was moni-
tored by means of a series of two-dimensional (F, Y) potential energy
surfaces, each one corresponding to one of three different starting values
of w, namely w=�608, w=608, and w=180 8. These w values character-
ize the gauche±gauche (gg), gauche±trans (gt), and trans±gauche (tg) ro-
tamers around the C5�C6 linkage, respectively. Torsional angles F and Y


were varied by 308 increments, within the 0±3608 range. During the
optimization, all geometrical parameters including w were optimized.
The calculations were carried out by using the Jaguar program.[32]


Optimization of the geometry was performed by using the B3 LYP
density functional method[33] with the 6-31G* basis set. The geometries
of all local minima identified on the maps were then fully optimized
with no constraints on the F, Y, and w torsion angles. The single-point
energy of all minima determined at the B3LYP/6-31G* level were
calculated by using the B3LYP/6-311++G** basis set. The effect of sol-
vent on conformational equilibrium has been investigated by using a
procedure implemented in the Jaguar program at the B3LYP/6-31G*
level.


NMR spectroscopy : 500 MHz 1H NMR spectra were recorded at 300 K
in D2O (1, 3) or [D6]acetone (2, 4, 5b) on a Bruker DRX 500 spectrome-
ter. Concentrations of approximately 3 mm were used. Chemical shifts are
reported in ppm, using external tetramethylsilane (TMS) or 2,2-dimethyl-
2-silapentane-5-sulfonate sodium salt (DSS, 0 ppm) as reference. The
2D-TOCSY experiment (70-ms mixing time) was performed with a
data matrix of 256 î 2 K to digitize a spectral width of 3000 Hz. Four
scans were used per increment with a relaxation delay of 2 s. 2D-NOESY
(300, 400, and 500 ms) and 2D-T-ROESY experiments (300 and 400 ms)
used the standard sequences. One-dimensional-selective NOE spectra
were acquired by using the double-echo sequence proposed by Shaka
and coworkers[34] at five different mixing times (200, 400, 600, 800, and
1000 ms). NOESY back calculations were performed as described. All
the theoretical NOE calculations were automatically performed by a
home-made program, which is available from the authors upon re-
quest.[35]


Methyl 2,3,4-tri-O-acetyl-a-d-gluco-hexodialdo-1,5-pyranoside-6-O-meth-
yloxime (11): Dess±Martin periodinane (2.98 g, 7.03 mmol) was added to
a solution of 9 (1.5 g, 4.69 mmol) in dry dichloromethane (20 mL) under
an argon atmosphere. The solution was stirred for 1 h. After dilution
with dichloromethane (30 mL), a saturated solution of sodium bicarbon-
ate and sodium thiosulfate (40 mL) was added and the mixture was vigo-
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rously stirred for 10 min. After usual workup compound 10 was recov-
ered as a colorless oil (1.42 g, 95%) and used without further purification
in the following reaction step. O-Methylhydroxylamine hydrochloride
(587 mg, 7.03 mmol) was added to a solution of 10 in dry pyridine
(15 mL) and the mixture was stirred for 1 h. The solvent was then evapo-
rated and chromatography of the residue on silica gel with petroleum
ether/ethyl acetate (60:40) gave 11 (1.16 g, 75 %). [a]D=++33.6 (c=1 in
methanol); 1H NMR: d=7.23 (d, 1H, J5,6=7.1 Hz; H-6), 5.51 (t, 1 H,
J2,3=J3,4=10.1 Hz; H-3), 5.02 (t, 1H, J3,4=J4,5=10.1 Hz; H-4), 4.94 (d,
1H, J1,2=3.6 Hz; H-1), 4.86 (dd, 1 H, J1,2 3.6 Hz, J2,3=10.2 Hz; H-2), 4.30
(dd, 1 H, J5,6=7.1 Hz, J4,5=10.1 Hz; H-5), 3.82 (s, 3H; N�OCH3),
3.41 ppm (s, 3H; OCH3); 13C NMR: d=145.7, 97.06, 71.16, 70.30, 69.62,
67.61, 62.40, 56.05 ppm; MALDI-MS: m/z : 371.7 [M+H+Na]+ , 387.8
[M+H+K]+ ; elemental analysis calcd (%) for C14H21NO9: C 48.41, H
6.09, N 4.03; found: C 48.78, H 5.87, N 4.40.


Methyl a-d-gluco-hexodialdo-1,5-pyranoside-6-O-methyloxime (12): A
catalytic amount of metallic Na was added to a solution of 11 (1.0 g,
2.88 mmol) in dry methanol (30 mL) under an argon atmosphere and the
mixture was stirred for 4 h. Amberlite IRA-120 H+ resin was then added
until a neutral pH was reached. The mixture was then filtered to remove
resin and concentrated to dryness to afford pure compound 12 (623 mg,
98%). [a]D=++23.6 (c=1 in methanol); 1H NMR: d=7.39 (d, 1 H, J5,6=


6.1 Hz; H-6), 4.77 (d, 1H, J1,2=3.6 Hz; H-1), 4.13 (dd, 1 H, J5,6=6.1 Hz,
J4,5=9.8 Hz; H-5), 3.88 (s, 3H; N�OCH3), 3.77 (t, 1H, J2,3=J3,4=9.2 Hz;
H-3), 3.55 (dd, 1H, J1,2=3.6 Hz, J2,3=9.2 Hz; H-2), 3.51 (t, 1 H, J3,4=


J4,5=9.5 Hz; H-4), 3.43 ppm (s, 3 H; OCH3); 13C NMR: d=147.96, 99.81,
73.63, 72.35, 71.78, 69.41, 62.26, 55.91 ppm; MALDI-MS: m/z : 244.2
[M+Na]+ , 259.9 [M+K]+ ; elemental analysis calcd (%) for C8H15NO6: C
43.44, H 6.83, N 6.33; found: C 43.58, H 6.41, N 6.05.


Methyl 6-deoxy-6-methoxyamino-a-d-glucopyranoside (13): NaCNBH3


(154 mg, 2.44 mmol) was added to a solution of 12 (360 mg, 1.63 mmol)
in glacial AcOH (10 mL) under an argon atmosphere. The mixture was
stirred for 1 h, and the solvent was then evaporated in vacuo. The residue
was purified by chromatography on silica gel with ethyl acetate/methanol
(90:10) to give 13 (313 mg, 86%). [a]D=++25.5 (c=1 in methanol);
1H NMR (CD3OD): d=4.88 (br s, 1 H; NH), 4.66 (d, 1H, J1,2=3.7 Hz; H-
1), 3.76 (m, 1 H; H-5), 3.59 (t, 1H, J2,3=J3,4=9.4 Hz; H-3), 3.51 (s, 3H;
N�OCH3), 3.41 (s, 3H; OCH3), 3.39 (dd, 1H; H-6b), 3.36 (dd, 1 H, J1,2=


3.7 Hz, J2,3=9.4 Hz; H-2), 3.13 (dd, 1H, J3,4=8.8 Hz, J4,5=9.8 Hz; H-4),
2.82 ppm (dd, 1 H, J5,6a=8.6 Hz, J6a,6b=13.4 Hz; H-6a); 13C NMR
(CD3OD): d=102.3, 76.4, 75.6, 74.9, 69.8, 62.5, 56.9, 55.0 ppm; MALDI-
MS: m/z : 246.5 [M+Na]+ , 262.6 [M+K]+ ; elemental analysis calcd (%)
for C8H17NO6: C 43.04, H 7.68, N 6.27; found: C 42.68, H 7.44, N 6.90.


Standard procedure for disaccharide formation : Reducing sugars
(0.54 mmol) were added to a solution of 13 (100 mg, 0.45 mmol) in the
appropriate solvent mixture (5 mL), and the mixture was stirred for 24 h.
The solvents were then evaporated in vacuo and chromatography of the
residue on silica gel gave pure disaccharides. To obtain peracetylated dis-
accharides, compounds 1, 3, and 5 (100 mg) were dissolved in Ac2O/pyri-
dine (1:2, 5 mL) and a catalytic amount of N,N-dimethylaminopyridine
was added. The mixture was stirred 4 h and then diluted with methanol
to destroy the excess of Ac2O, solvents were evaporated in vacuo and
chromatography of the residue on silica gel afforded peracetylated disac-
charides.


Methyl 6-deoxy-6-methoxyamino-6-N-(b-d-glucopyranosyl)-a-d-glucopyr-
anoside (1): Standard procedure for disaccharide formation was used:
Compound 13 (100 mg, 0.45 mmol) was treated with d-glucose (97 mg,
0.54 mmol) in a mixture DMF/0.1m aqueous sodium acetate buffer
pH 4.5 (1:1) as solvent. Column chromatography of the reaction crude
with AcOEt/MeOH/water (70:20:10) afforded 1 (140 mg, 82 %). [a]D=


+63.6 (c=1.5 in H2O); 1H NMR (500 MHz, D2O): d=4.78 (d, 1 H, J1,2=


4.1 Hz; H-1), 4.15 (d, 1H, J1’,2’=9.3 Hz; H-1’), 3.89 (dd, 1H, J5’,6’b=


5.1 Hz, J6’a,6’b=12.4 Hz; H-6’b), 3.81 (dd, 1 H, J2,3=9.7 Hz, J3,4=8.9 Hz;
H-3), 3.72 (dd, 1H, J5’,6’a=2.6 Hz, J6’a,6’b=12.4 Hz; H-6’a), 3.65 (m, 1H;
H-5), 3.55 (dd, 1H, J1,2=4.1 Hz, J2,3=9.7 Hz; H-2), 3.55 (t, 1 H, J2’,3’=


J3’,4’=9.3 Hz; H-3’), 3.51 (dd, 1 H, J6a,6b=14.7 Hz; H-6b), 3.50 (t, 1 H,
J1’,2’=J2’,3’=9.3 Hz; H-2’), 3.49 (s, 3H; N�OCH3), 3.46 (s, 3 H; OCH3),
3.40 (ddd, 1 H, J5’,6’a=2.6 Hz, J5’,6’b=5.1 Hz, J4’,5’=9.7 Hz; H-5’), 3.37 (dd,
1H, J3’,4’=9.3 Hz, J4’,5’=9.7 Hz; H-4’), 3.31 (t, 1H, J3,4=J4,5 9.6 Hz; H-4),
3.01 ppm (dd, 1 H, J5,6a 8.2 Hz, J6a,6b 14.7 Hz; H-6a); 13C NMR: d=99.8,
93.6, 77.6, 77.3, 72.9, 71.9, 71.2, 70.06, 70.05, 69.6, 62.6, 61.1, 56.4,


55.3 ppm; MALDI-MS: m/z : 408.8 [M+Na]+, 424.4 [M+K]+ ; elemental
analysis calcd (%) for C14H27NO11: C 43.63, H 7.06, N 3.63; found: C
44.51, H 6.88, N 3.77.


Methyl 2,3,4-tri-O-acetyl-6-deoxy-6-methoxyamino-6-N-(2’,3’,4’,6’-tetra-
O-acetyl-b-d-glucopyranosyl)-a-d-glucopyranoside (2): [a]D=++69.4 (c=
0.7 in chloroform); 1H NMR (500 MHz, [D6]acetone): d=5.45 (t, 1 H,
J2,3=J3,4=9.8 Hz; H-3), 5.28 (t, 1H, J2’,3’=J3’,4’=9.3 Hz; H-3’), 5.16 (t, 1 H,
J1’,2’=J2’,3’=9.8 Hz; H-2’), 4.99 (dd, 1H, J3’,4’=9.3 Hz , J4’,5’=9.5 Hz; H-4’),
4.95 (d, 1H, J1,2=5.0 Hz; H-1), 4.89 (t, 1 H, J3,4=J4,5=9.8 Hz; H-4), 4.84
(dd, 1 H, J1,2=5.0 Hz, J2,3=9.8 Hz; H-2), 4.59 (d, 1H, J1’,2’=9.0 Hz; H-1’),
4.26 (dd, 1H, J5’,6’b=5.1 Hz, J6’a,6’b=12.2 Hz; H-6’b), 4.12 (dd, 1H, J5’,6’a=


2.4 Hz, J6’a,6’b=12.2 Hz; H-6’a), 4.01 (m, 1 H; H-5), 3.85 (ddd, 1 H, J5’,6’a=


2.4 Hz, J5’,6’b=5.1, J4’,5’=9.5 Hz; H-5’), 3.45 (s, 3 H; N�OCH3), 3.44 (s,
3H; OCH3), 3.21 (dd, 1 H, J5,6b=8.1 Hz, J6a,6b=14.6 Hz; H-6b), 3.11 ppm
(dd, 1H, J5,6a=2.2 Hz, J6a,6b=14.6 Hz; H-6a); 13C NMR: d=96.8, 92.4,
74.5, 73.9, 71.1, 70.8, 70.3, 69.0, 68.8, 68.6, 62.5, 62.0, 55.8, 53.9 ppm;
MALDI-MS: m/z : 703.0 [M+H+Na]+ , 718.9 [M+H+K]+ ; elemental
analysis calcd (%) for C28H41NO18: C 49.48, H 6.08, N 2.06; found: C
50.15, H 6.78, N 2.71.


Methyl 6-deoxy-6-methoxyamino-6-N-(b-d-galactopyranosyl)-a-d-gluco-
pyranoside (3): Standard procedure for disaccharide formation was used:
Compound 13 (100 mg, 0.45 mmol) was treated with d-galactose (97 mg,
0.54 mmol) in a mixture DMF/AcOH (2:1) as solvent. Column chroma-
tography of reaction crude with AcOEt/MeOH/water (70:20:10) afforded
a mixture of a- and b-disaccharides (148 mg, 85%) (b/a ratio of about 7
as determined by the integration of H-1’ protons in 1H NMR). Further
chromatographic purification of the mixture with the same eluent afford-
ed pure 3 (128 mg, 75 %). [a]D=++74.7 (c=1 in H2O); 1H NMR
(500 MHz, D2O): d=4.75 (d, 1H, J1,2=3.8 Hz; H-1), 4.05 (d, 1H, J1’,2’=


9.1 Hz; H-1’), 3.89 (dd, 1H, J3’,4’=3.4 Hz , J4’,5’=0.6 Hz; H-4’), 3.76 (dd,
1H, J3,4=8.2 Hz, J2,3=9.7 Hz; H-3), 3.75 (m, 1H; H-5’), 3.74 (m, 1 H; H-
6’b), 3.70 (m, 1 H; H-5), 3.69 (m, 1H; H-6’a), 3.68 (dd, 1H, J3’,4’=3.4 Hz,
J2’,3’=9.4 Hz ; H-3’), 3.58 (t, 1H, J1’,2’=J2’,3’=9.4 Hz; H-2’), 3.52 (dd, 1 H,
J1,2=3.8 Hz, J2,3=9.7 Hz; H-2), 3.49 (dd, 1H, J5,6b=3.7 Hz, J6a,6b=


14.4 Hz; H-6b), 3.48 (s, 3H; N�OCH3), 3.45 (s, 3 H; OCH3), 3.30 (dd,
1H, J3,4=8.2 Hz, J4,5=9.7 Hz; H-4), 3.02 ppm (dd, 1 H, J5,6a=6.7 Hz,
J6a,6b=14.4 Hz; H-6a); MALDI-MS: m/z : 408.4 [M+Na]+, 424.6 [M+K]+


; elemental analysis calcd (%) for: C 43.63, H 7.06, N 3.63; found: C
43.97, H 7.45, N 3.12.


Methyl 2,3,4-tri-O-acetyl-6-deoxy-6-methoxyamino-6-N-(2’,3’,4’,6’-tetra-
O-acetyl-b-d-galactopyranosyl)-a-d-glucopyranoside (4): [a]D=++68.6
(c=0.7 in chloroform); 1H NMR (500 MHz, [D6]acetone): d=5.47 (t,
1H, J2,3=J3,4=9.8 Hz; H-3), 5.39 (dd, 1H, J3’,4’=3.1 Hz , J4’,5’=1.1 Hz; H-
4’), 5.29 (dd, 1H, J1’,2’=9.5 Hz, J2’,3’=9.9 Hz; H-2’), 5.18 (dd, 1H, J3’,4’=


3.1 Hz, J2’,3’=9.9 Hz; H-3’), 4.97 (d, 1 H, J1,2=5.0 Hz; H-1), 4.86 (dd, 1H,
J1,2=5.0 Hz, J2,3=9.7 Hz; H-2), 4.86 (t, 1H, J3,4=J4,5=9.8 Hz; H-4), 4.58
(d, 1 H, J1’,2’=9.5 Hz; H-1’), 4.19 (m, 1 H; H-6’b), 4.15 (m, 1 H; H-6’a),
4.02 (m, 1H; H-5), 3.85 (dt, 1H, J4’,5’=1.1 Hz, J5’,6’a=J5’,6’b=7.0 Hz; H-5’),
3.49 (s, 3H; OCH3), 3.48 (s, 3 H; N�OCH3), 3.19 (dd, 1H, J5,6b=8.3 Hz,
J6a,6b=14.8 Hz; H-6b), 3.10 ppm (dd, 1H, J5,6a=2.2 Hz, J6a,6b=14.8 Hz; H-
6a); 13C NMR: d=96.8, 92.8, 72.6, 72.5, 71.1, 70.8, 70.3, 69.1, 67.4, 66.3,
62.0, 61.5, 55.8, 54.0 ppm; MALDI-MS: m/z : 702.8 [M+Na]+ , 718.2
[M+K]+ ; elemental analysis calcd (%) for C28H41NO18 C 49.48, H 6.08, N
2.06; found: C 48.85, H 6.33, N 1.91.


Methyl 6-deoxy-6-methoxyamino-6-N-(2-acetamido-2-deoxy-b-d-gluco-
pyranosyl)-a-d-glucopyranoside (5): Standard procedure for disaccharide
formation was used: Compound 13 (100 mg, 0.45 mmol) was reacted with
d-N-acetylglucosamine (120 mg, 0.54 mmol) in a mixture DMF/AcOH/
water (2:2:1). Column chromatography of reaction crude with AcOEt/
MeOH/water (70:20:10) afforded 5 (184 mg, 80%). [a]D=++64.8 (c=0.5
in H2O); 1H NMR (D2O): d=4.62 (d, 1 H, J1,2=3.7 Hz; H-1), 4.09 (d,
1H, J1’,2’=9.3 Hz; H-1’), 3.71 (br t, 1 H, J1’,2’=J2’,3’=9.3 Hz; H-2’), 3.70 (m,
1H; H-6’a), 3.61 (m, 1H; H-5), 3.54 (dd, 1 H, J5’,6’b=4.8 Hz, J6’a,6’b=


12.7 Hz; H-6’b), 3.46 (t, 1 H, J2,3=J3,4=8.9 Hz; H-3), 3.34 (dd, 1 H, J1,2=


3.7 Hz, J2,3=8.9 Hz; H-2), 3.36 (m, 1H; H-6b), 3.35±3.21 (m, 3 H; H-3’,
H-4’, H-5’), 3.35 (s, 3H; N�OCH3), 3.26 (s, 3 H; OCH3), 3.21 (t, 1 H,
J3,4=J4,5=9.0 Hz; H-4), 2.82 ppm (dd, 1H, J5,6a=8.4 Hz, J6a,6b=14.6 Hz;
H-6a); 13C NMR (D2O): d=173.8,?99.5, 92.2, 77.7, 75.8, 73.1, 72.1, 71.3,
70.4, 69.8, 61.7, 61.1, 55.9, 52.8 ppm; MALDI-MS: m/z : 449.7 [M+Na]+ ,
465.6 [M+K]+ ; elemental analysis calcd (%) for C16H30N2O11: C 45.07, H
7.09, N 6.57; found: C 46.21, H 6.98, N 7.07.
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Methyl 2,3,4-tri-O-acetyl-6-deoxy-6-methoxyamino-6-N-(3’,4’,6’-tetra-O-
acetyl-2-acetamido-2-deoxy-b-d-glucopyranosyl)-a-d-glucopyranoside (6):
[a]D=++68.4 (c=0.5 in chloroform); 1H NMR (500 MHz, [D6]acetone):
d=5.47 (t, 1H, J2,3=J3,4=9.9 Hz; H-3), 5.25 (dd, 1 H, J2’,3’=9.0 Hz, J3’,4’=


9.3 Hz; H-3’), 4.96 (dd, 1H, J3’,4’=9.3 Hz , J4’,5’=9.6 Hz; H-4’), 4.92 (d,
1H, J1,2=5.1 Hz; H-1), 4.83 (dd, 1H, J1,2=5.1 Hz, J2,3=9.9 Hz; H-2), 4.81
(t, 1H, J3,4=J4,5=9.9 Hz; H-4), 4.53 (d, 1H, J1’,2’=9.0 Hz; H-1’), 4.25 (m,
1H; H-6’b), 4.16 (dd, 1 H, J1’,2’=9.0 Hz, J2’,3’=10.1 Hz; H-2’), 4.11 (m,
1H; H-6’a), 4.02 (m, 1 H; H-5), 3.78 (m, 1 H; H-5’), 3.52 (s, 3 H; OCH3),
3.49 (s, 3H; N�OCH3), 3.20 (m, 1H; H-6b), 3.14 ppm (m, 1 H; H-6a);
13C NMR: d=96.98, 94.22, 75.07, 74.11, 71.19, 70.52, 70.46, 68.73, 68.16,
62.75, 56.03, 51.27, 23.69 ppm; MALDI-MS: m/z : 701.4 [M+Na]+, 717.6
[M+K]+ ; elemental analysis calcd (%) for C28H42N2O17: C 49.56, H 6.24,
N 4.13; found: C 50.65, H 6.43, N 4.86.


2,3,4-Tri-O-acetyl a-d-gluco-hexodialdo-1,5-pyranose-6-O-methyloxime
(15): Compound 15 was obtained from 14 (100 mg, 0.29 mmol) through
Dess±Martin oxidation in dry CH2Cl2 followed by reaction with O-
methyl hydroxylamine hydrochloride in pyridine as described for the syn-
thesis of compound 11. Intermediate aldehyde at C-6 was not purified
and final column chromatography with ethyl acetate/petroleum ether
(1:1) afforded pure 15 (81 mg, 75%). [a]D=++64.8 (c=0.5 in chloroform);
1H NMR d=7.07 (d, 1H, J5,6=6.8 Hz, H-6), 6.25 (d, 1H, J1,2=3.0 Hz;
H-1), 5.45 (t, 1 H, J2,3=J3,4=9.9 Hz; H-3), 4.86 (t, 1 H, J3,4=J4,5=9.6 Hz;
H-4), 4.86 (m, 1 H; H-2), 4.38 (m, 1H; H-5), 3.76 ppm (s, 3H; N�OCH3);
13C NMR: d=141.7, 90.8, 72.2, 71.0, 68.8, 66.6, 63.5, 54.9 ppm; MALDI-
MS: m/z : 398.0 [M+Na]+ , 414.0 [M+K]+ ; elemental analysis calcd (%)
for C 48.00, H 5.64, N 3.73; found: C 49.11, H 5.17, N 4.32.


a- and b-d-gluco-hexodialdo-1,5-pyranose-6-O-methyloxime (16): Deace-
tylation of 15 (100 mg, 0.27 mmol) with MeONa in MeOH was carried
out according to the procedure described for the preparation of 12. Com-
pound 16 was recovered as a 1:1 mixture of a and b anomers (55 mg,
98%). MALDI-MS: m/z : 230.4 [M+Na]+ , 246.8 [M+K]+ ; elemental
analysis calcd (%) for C7H13NO6: C 40.58, H 6.32, N 6.76; found: C
40.32, H 5.98, N 6.09.


Methyl 6-deoxy-6-methoxyamino-6-N-(b-d-gluco-hexodialdo-1,5-pyrano-
side-6-O-methyloxime)-a-d-glucopyranoside (17): Compound 16 (45 mg,
0.22 mmol) was added to a solution of 13 (50 mg, 0.22 mmol) in DMF/
AcOH (2:1, 3 mL) and the mixture was stirred 6 h. Solvents were evapo-
rated in vacuo and column chromatography of the residue with AcOEt/
MeOH/water (60:40:1) afforded pure 17 (74 mg, 82%). [a]D=++25.5 (c=
0.5 in methanol); 1H NMR (CD3OD): d=7.28 (d, 1H, J6’,5’=7.2 Hz; H-
6’), 4.65 (d, 1H, J1,2=3.7 Hz; H-1), 4.16 (d, 1 H, J1’,2’=9.0 Hz; H-1’), 3.84
(s, 3 H; N�OCH3), 3.75 (m, 1H; H-5), 3.74 (m, 1 H; H-5’), 3.62 (s, 3 H;
N�OCH3), 3.61 (t, 1 H, J2,3=J3,4=8.9 Hz; H-3), 3.52 (t, 1H, J1’,2’=J2’,3’=


9.0 Hz; H-2’), 3.44 (s, 3 H; OCH3), 3.44±3.36 (m, 4 H; H-6a, H-3’, H-2, H-
4’), 3.19 (dd, 1 H, J3,4=8.9 Hz, J4,5=9.6 Hz; H-4), 3.05 ppm (dd, 1 H,
J5,6a=7.3 Hz, J6a,6b=14.3 Hz; H-6b); 13C NMR (CD3OD): d=147.6, 100.4,
94.3, 77.7, 75.7, 73.7, 73.0, 72.3, 71.9, 70.4, 70.3, 61.3, 61.0, 55.4, 55.3 ppm;
MALDI-MS: m/z : 435.8 [M+Na]+ , 451.4 [M+K]+ ; elemental analysis
calcd (%) for C15H28N2O11: C 43.69, H 6.84, N 6.79; found: C 44.12, H
6.11, N 6.77.


Methyl 6-deoxy-6-methoxyamino-6-N-(6-deoxy-6-methoxyamino-b-d-glu-
copyranosyl)-a-d-glucopyranoside (18): NaCNBH3 (15 mg, 0.24 mmol)
was added to a solution of 17 (50 mg, 0.12 mmol) in glacial AcOH
(5 mL), and the mixture was stirred for 40 min. Solvents were evaporated
in vacuo and column chromatography of the residue with AcOEt/MeOH/
water (70:30:1) afforded pure 18 (26 mg, 53%). [a]D=++31.2 (c=0.5 in
H2O); 1H NMR (CD3OD): d=4.64 (d, 1H, J1,2=3.8 Hz; H-1), 3.91 (m,
2H), 3.80 (m, 1 H), 3.76 (m, 1H; H-5), 3.61 (m, 1H), 3.60 (t, 1 H, J2,3=


J3,4=9.0 Hz; H-3), 3.57 (s, 3 H; N�OCH3), 3.52 (s, 3H; N�OCH3), 3.45 (s,
3H; OCH3), 3.39 (dd, 1H, J1,2=3.8 Hz, J2,3=9.7 Hz; H-2), 3.23 (m, 2 H;
H-6’a, H-5’), 3.19 (dd, 1H, J3,4=9.0 Hz, J4,5=9.7 Hz; H-4), 3.00 (dd, 1 H,
J5,6’b=5.2 Hz, J6’a,6’b=13.2 Hz; H-6’b), 2.90 (dd, 1H, J5,6a=7.1 Hz, J6a,6b=


13.0 Hz; H-6a), 2.84 ppm (dd, 1H, J5,6a=8.0 Hz, J6a,6b=13.2 Hz; H-6a);
13C NMR (CD3OD): d=100.3, 74.8, 73.7, 74.0, 72.3, 70.9, 70.7, 69.4, 67.8,
62.3, 60.2, 60.0, 55.5, 55.2 ppm; MALDI-MS: m/z : 437.2 [M+Na]+ , 453.7
[M+K]+ ; elemental analysis calcd (%) for C15H30N2O11: C 43.47, H 7.30,
N 6.76; found: C 43.02, H 6.98, N 6.17.


Trisaccharide 19 : Compound 16 (27 mg, 0.13 mmol) was added to a solu-
tion of 18 (36 mg, 0.087 mmol) in DMF/AcOH (1:1, 2 mL). The mixture


was stirred for 12 h, after which the solvents were evaporated in vacuo.
The solid residue was then dissolved in acetic anhydride/pyridine (1:2,
3 mL). The mixture was stirred for 2 h and then concentrated. Chroma-
tography of the residue with petroleum ether/AcOEt (4:3) afforded pure
19 (41 mg, 47%). [a]D=++78.8 (c=0.6 in chloroform); 1H NMR: d=7.16
(d, 1 H, J5’’,6’’=7.1 Hz; H-6’’), 5.09 (m, 1H; H-5), 5.01 (t, 1H, J1’,2’=J2’,3’=


9.3 Hz; H-2’), 5.40±4.80 (m, 9H; H-2’’, H-3’’, H-4’’, H-3’, H-4’, H-1, H-2,
H-3, H-4), 4.22 (d, 1H, J1’’,2’’=9.3 Hz; H-1’’), 4.20 (d, 1H, J1’,2’=9.3 Hz;
H-1’), 4.01 (m, 2 H; H-5’, H-5’’), 3.76 (s, 3 H; NOCH3), 3.41 (s, 3 H;
NOCH3), 3.38 (s, 3H; NOCH3), 3.35 (s, 3 H; OCH3), 3.20 (dd, 1H, J5,6b=


2.5 Hz, J6a,6b=14.6 Hz; H-6b), 2.92 (dd, 1 H, J5,6b=8.6 Hz, J6a,6b=14.6 Hz;
H-6a), 2.82 (m, 1H; H-6’a), 2.72 ppm (dd, 1H, J5,6’b=7.3 Hz, J6’a,6’b=


14.1 Hz, H-6’b); 13C NMR: d=145.4, 96.85, 96.79, 92.6, 74.1, 73.5, 71.2,
71.1, 70.8, 70.5, 70.06, 70.00, 69.6, 69.3, 69.1, 67.4, 63.3, 62.3, 60.7, 60.6,
56.06, 56.03 ppm; MALDI-MS: m/z : 1005.4 [M+Na]+ , 1020.8 [M+K]+ ;
elemental analysis calcd (%) for C40H59N3O25: C 48.93, H 6.06, N 4.28;
found: C 49.22, H 6.61, N 5.28.
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Diaroyl(methanato)boron Difluoride Compounds as Medium-Sensitive Two-
Photon Fluorescent Probes


Emmanuelle Cognÿ-Laage,[a] Jean-FranÁois Allemand,*[a, b] Odile Ruel,[a]


Jean-Bernard Baudin,[a] Vincent Croquette,[b] Mireille Blanchard-Desce,[c] and
Ludovic Jullien*[a]


Introduction


Extrinsic fluorophores are increasingly used as reporter mol-
ecules for labeling, for probing environments, for evaluating
intramolecular distances or molecular motions, and so
forth.[1] Relatively small molecules exhibiting large fluores-
cence quantum yields are always sought after for such appli-
cations. In addition, other features have to be considered in
answer to specific questions. A high sensitivity of the photo-
physical features to the surrounding medium is favored to


evaluate the polarity or the viscosity of molecular environ-
ments. For fluorescence-depolarization experiments, fluoro-
phores with well-defined electronic-transition dipoles in a
molecular frame are preferred. Despite extensive studies,
few series of molecules satisfy these criteria, as revealed by
the catalog contents of the main purchasers of fluorescent
molecular probes; therefore, searching for new series of fluo-
rescent species is still an important issue. In fact, the lack of
appropriate fluorescent labels or probes that cover the
whole UV/Vis-wavelength range is regarded as critical for
the development of promising experiments that rely on the
observation of singly fluorescent molecules.[2] Finally, the
growing interest in fluorescence imaging based on two-
photon excitation[3,4] requires the identification of fluoro-
phores exhibiting large cross sections for multiple-photon
absorptions.[5,6]


In relation to the preceding paragraph, one of the most
recently developed fluorescent chromophores is 4,4-di-
fluoro-4-bora-3a-azonia-4a-aza-s-indacene (BODIPY)
(Scheme 1).[7±11] BODIPY-based fluorophores exhibit spec-
tral features that make them especially attractive when the
excitation is performed in the 500±600 nm range, thus pro-
ducing a fluorescence emission at 500±650 nm. Their molar
absorption coefficient is very high (e>8î104


m
�1 cm�1)


along with their fluorescence quantum yield (fF) that is
close to one, even in water. For imaging, such properties are
well suited for fluorescence microscopy relying on one-
photon excitation, in which they compete with most fluores-
cein and rhodamine derivatives. In contrast, BODIPY-based
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Abstract: This paper evaluates the use
of diaroyl(methanato)boron difluoride
compounds for designing efficient fluo-
rescent probes through two-photon ab-
sorption. Three different pathways al-
lowing for the syntheses of symmetrical
and dissymmetrical molecules are re-
ported. The stable diaroyl(methanato)-
boron difluoride derivatives can be
easily obtained in good yields. They ex-


hibit a large one-photon absorption
that is easily tuned in the near-UV
range. Their strong fluorescence emis-
sion covers the whole visible domain.
In addition to these attractive linear


properties, several diaroyl(methanato)-
boron difluoride derivatives possess
significant cross sections for two-
photon absorption. The derived struc-
ture±property relationships are promis-
ing for designing new generations of
molecules relying on the diaroyl(me-
thanato)boron difluoride backbone.


Keywords: boron ¥ fluorescent
probes ¥ structure±activity relation-
ships ¥ two-photon absorption
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fluorophores are less satisfactory when two-photon excita-
tion is used. For instance, the two-photon fluorescence ab-
sorption (TPA) cross section (d) of the disodium salt of 4,4-
difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-inda-
cene-2,6-disulfonic acid is about two and ten times lower
than the TPE cross sections of fluorescein and rhodamine B,
respectively.[12]


Aiming at keeping the satisfactory aspects of the
BODIPY chromophores while improving their features
toward two-photon absorption, we became interested in a
series of diaroyl(methanato)boron difluoride compounds
(Ar1Ar2BF2 1±9), with structures related to BODIPY
(Scheme 1). b-Diketone±boron difluoride complexes have
been known for more than 75 years;[13] nevertheless, the di-
aroyl series remains largely unexplored, excepting the inves-
tigations performed on the parent compound of this series,


dibenzoyl(methanato)boron difluoride (9), whose emis-
sion[14,15] and reactivity[16] of the singlet excited state have
been investigated. Some related compounds were reported
to exhibit attractive absorption and emission features, such
as large molar absorption coefficients, or large fluorescence
quantum yields.[17±20] In particular, the range of absorption
wavelengths (ca. 350±500 nm) is especially suitable for two-
photon excitation with femtosecond Ti±sapphire pulsed
lasers that can be tuned between 700 and 1100 nm.


The present paper is organized as follows: We first de-
scribe three different synthetic pathways to access the di-
aroyl(methanato)boron difluoride derivatives 1±9. Some
photophysical properties of these compounds are then re-
ported and discussed (one- and two-photon absorption,
steady-state fluorescence emission). In view of the possible
use of Ar1Ar2BF2 compounds as labels, we also examined
both the dependence of the emission features upon the envi-
ronment and the chemical stability of the present fluores-
cent molecules.


Results and Discussion


Synthesis : To derive structure±property relationships, we
synthesized eight compounds differing in 1) the aryl back-
bones: phenyl (Phe), biphenyl (Bi), and naphthalene (Na),
2) the aromatic substituents: H, or methoxy (MeO), and 3)
their symmetry (Ar1=Ar2 or Ar1¼6 Ar2). The diaroyl(metha-
nato)boron difluoride compounds (Ar1Ar2BF2 1±9) were
easily obtained in good yields from the reaction of boron tri-
fluoride/diethyl ether (BF3/Et2O) with the corresponding
1,3-diketones (Ar1Ar2) in benzene or dichloromethane
(Scheme 2).[21] The Ar1Ar2 derivatives were synthesized by
three different pathways (Scheme 2).


Diketones BiBi, BiNa, MeOBiPhe, MeOPhePhe, NaNa,
and NaPhe were prepared in three steps according to path-
way A. In the first step, the ethyl aroyl acetates 1A-Ar1


(1= step 1, A=pathway A, Ar1=Bi or Na) were obtained
from condensation of the dianion of monoethyl malonate
with aroyl chloride.[22] The monoanions from the 1A-Ar1


species were then condensed with the appropriate aroyl
chloride to yield 2A-BiBi, 2A-BiNa, 2A-MeOBiPhe, 2A-
MeOPhePhe, 2A-NaNa, and 2A-NaPhe.[23] Finally, the 2A-
Ar1Ar2 compounds were decarboxylated in the presence of
sodium chloride in DMSO to yield the desired diketones.[24]


BiPhe was synthesized in three steps (pathway B). The
condensation of 4-acetylbiphenyl with benzaldehyde first
provided the chalcone 1-biphenyl-4’-yl-3-phenylprop-2-
enone 1B-BiPhe.[25] This compound was subsequently bro-
minated[26] to yield 2B-BiPhe, which finally gave BiPhe after
elimination under basic conditions.[27] Lastly, MeOPheMeO-
Phe was directly obtained in one step from acylation of eth-
enyl acetate by 4-methoxybenzoyl chloride (pathway C).[28]


Chemical stability against hydrolysis : During experiments
performed in our laboratory, some BODIPY derivatives
were prone to color fading in the presence of water. For ex-
ample, during preparation of egg lecithin vesicles by deter-
gent removal, the signal arising from a BODIPY-labeled


Abstract in French: Cet article ÿvalue l×intÿrÜt de complexes
difluoroboroniques de diaroyl-b-dicÿtones dans l×ÿlaboration
de sondes fluorescentes aprõs excitation ‡ deux photons. Trois
diffÿrentes voies de synthõse de dÿrivÿs symÿtriques et di-
symÿtriques sont dÿcrites. Elles permettent d×obtenir de gran-
des quantitÿs de complexes avec de bons rendements. Ces
composÿs prÿsentent une absorption intense ‡ un photon, ac-
cordable dans le proche UV. Leur forte ÿmission de fluores-
cence couvre la gamme du visible. En sus de ces intÿressantes
propriÿtÿs linÿaires, certains des complexes difluoroboroni-
ques de diaroyl-b-dicÿtones synthÿtisÿs possõdent une impor-
tante section efficace d×absorption ‡ deux photons. Les rela-
tions structure-propriÿtÿs obtenues permettent d×envisager le
dÿveloppement de molÿcules performantes construites ‡
partir du squelette ÿtudiÿ.


Scheme 1. Generic structures of the BODIPY and the diaroyl(methana-
to)boron difluoride Ar1Ar2BF2 compounds prepared during this study.
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lipid essentially disappeared in
less than 12 h, even when pro-
tected from light with alumin-
ium foil. This behavior proba-
bly originates from slow hydro-
lysis of the boron difluoride
bridge. In view of the structural
similarity between the
BODIPY dyes and the present
Ar1Ar2BF2 series, we investigat-
ed the stability of the series to-
wards water hydrolysis. In view
of the poor water solubility of
the presently synthesized
Ar1Ar2BF2 compounds, we con-
sidered incorporating some of
them into micelles that are
known to remain quite permeable to water molecules, while
solubilizing hydrophobic molecules. Compounds 4 and 7
were dissolved in an aqueous solution of a-d-octylglucopy-
ranoside (OG 25mm), which forms micelles above 23mm at
room temperature,[29,30] to yield dye solutions (80mm). The
resistance to hydrolysis was evaluated by following the fluo-
rescence emission (vide infra) as a function of time at room
temperature. In fact, no significant drop of the signal was
noticed over a few days, so it was concluded that Ar1Ar2BF2


compounds are rather stable. The better resistance to hy-
drolysis of the present series could be related to the greater
affinity of boron to oxygen, compared with nitrogen.[31,32]


Linear absorption and emission properties : Derivatives 1±9
exhibit a strong one-photon absorption (e>50000m�1 cm�1)
in the 350±450 nm range (Figure 1 and Table 1). The corre-
sponding band is rather narrow (50±75 nm at half-width).
This band was interpreted as corresponding to a p!p* tran-
sition in the parent compound 9.[14, 33] As anticipated, the


maximum one-photon absorption (lmax) is redshifted when
the conjugation path length is increased. Linear dependence
of the absorption on concentration without any spectrum al-
teration was observed in dichloromethane in the 1±20mm
range, suggesting that only monomeric species are present
in this concentration range, as reported for 9.[15] We investi-
gated the solvatochromism of some Ar1Ar2BF2 derivatives
by recording the UV/Vis absorption spectra in several sol-
vents (Table 2 and Figure 2a and b). The correlation be-
tween the transition energy associated with light absorption
and the empirical parameter ET(30) (representing solvent
polarity)[34] is displayed in Figure 2a for 3, 8, and 9. It is rea-
sonably linear except for a few deviating points originating
from the solvent dependence of the largest vibronic band
used to determine the absorption maximum. The observed
slopes are negative (positive solvatochromism). In the ab-
sence of any evidence suggesting the formation of aggre-
gates (except for 4 and 7 in cyclohexane), this result was in-
terpreted as revealing an increase of molecular-dipole


Scheme 2. Pathways for syntheses of the target compounds Ar1Ar2BF2 1±9.


Table 1. Single-photon absorption maxima (lmax), steady-state fluorescence emission maxima (lem), molar ab-
sorption coefficients for single-photon absorption (e(lmax)�5% [mm�1 cm�1]), fluorescence quantum yields
(fF�5 [%]), Stokes shift values (Dn), two-photon excitation spectra maxima (l2


max), two-photon excitation
cross sections (dmax�20% in GM; 1GM=10�50 cm4 s(photon�molecule)�1) for the Ar1Ar2BF2 derivatives in
dichloromethane at 298 K.


Ar1Ar2 lmax e(lmax) lem fF Dn l2
max dmax


[nm] [mm�1 cm�1] [nm] [%] [cm�1] [nm] [GM]


1 411 75000 458 50 2500 795 30
2 416 45000 473 35 2900 745 60
3 394 61000 450 70 3160 775 30
4 410 59000 540 75 5900 835 200
5 410 89000 436 85 1050 785 20
6 396 62000 431 85 2050 787 25
7 420 47000 476 40 2800 775 85
8 398 40000 482 35 4380 805 30
9 364 46000 395 20 2150 ±[a] <5


[a] The signal remained in the 2–3 GM range between 700 nm and 750 nm.
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Figure 1. Single-photon absorption (molar absorption coefficient e in m
�1 cm�1, solid line), steady-state fluorescence emission (fluorescence emission in-


tensity IF in arbitrary units, dotted line), and two-photon excitation spectra (clouds of points) of a)±h) 1±8, respectively, in dichloromethane at 298 K.
Spectra a)±h) all have the same scale unless stated otherwise.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1445 ± 14551448


FULL PAPER L. Jullien, J.-F. Allemand et al.



www.chemeurj.org





moment upon light absorption. These observations are in ac-
cordance with the donor±acceptor structure of the
Ar1Ar2BF2 molecules. In fact, 9 possesses a ground dipole
moment of 6.7 debye;[21] the BF2 moiety has a withdrawal
effect, whereas the aromatic rings act as donating groups.


Compounds 1±9 are strongly fluorescent in the 400±
550 nm range in dichloromethane at 298 K (Figure 1 and
Table 1). The fluorescence quantum yields are good-to-ex-
cellent for the most conjugated molecules (0.35<fF<0.85).


As observed for one-photon absorption, fluorescence
emission becomes redshifted when the solvent polarity is in-
creased, consistent with an increase of dipole moment upon
excitation (Table 2). In addition, a more pronounced solva-
tochromism is observed for the emission than for the ab-
sorption, as revealed by an increase of the Stokes shift with
increasing polarity for the derivatives bearing the most do-
nating groups (Table 2). The large Stokes shift values can be
related to a major reorganization of the solvent shell during
the excitation lifetime. Interestingly, 4 exhibits both the
larger Stokes shift values (220 cm�1 in cyclohexane,
5900 cm�1 in dichloromethane, 7400 cm�1 in DMSO), as well
as the most definite fluorescence solvatochromism (Fig-
ure 2b). This behavior can be attributed to a large nuclear
reorganization after excitation prior to emission, in addition
to a significant electronic redistribution occurring upon exci-
tation. Within this framework, the more pronounced fea-
tures of 4 can be tentatively interpreted as resulting from
the larger donor character of the methoxybiphenyl moiety,
leading to a larger excited-state dipole.[35]


The sensitivity of the fluorescence maxima to the solvent
polarity makes such compounds attractive as polarity
probes. From this point of view, the fluorescence characteris-
tics of 4 suggest that a-d-octylglucopyranoside (OG) acts as
a medium of intermediate polarity between dichlorome-
thane and dimethylsulfoxide (Tables 1 and 2). In fact, al-
though being structurally related to cyclohexane, the micel-
lar core is strongly permeable to polar water molecules. In
addition to the shift of the emission band, the solvent was
found to exert a significant influence on the fluorescence
quantum yield, hence supporting the view of Ar1Ar2BF2


molecules as polarity reporters.
The fluorescence quantum yields were highest in dichloro-


methane and considerably decreased in polar media, such as
DMSO (Tables 1 and 2). The fluorescence quantum yields
in OG micelles are difficult to evaluate owing to light scat-
tering precluding the evaluation of sample absorbances;
nevertheless, the crude estimates derived suggest the corre-
sponding quantum yields are intermediary between apolar
and polar media. A possible explanation to account for such
sensitivity to polarity relies on the presence of two excited


Table 2. Solvatochromism of some Ar1Ar2BF2 derivatives. UV/Vis single-photon absorption and emission features under different conditions. Maxima of
absorption lmax [nm], molar absorption coefficients e(lmax)�5% [mm�1 cm�1], steady-state fluorescence emission lem [nm], and fluorescence quantum
yields fF�5 [%]. Also see Table 1.


Ar1Ar2 Acetone, 42.2[a] Acetonitrile, 45.6[a] Cyclohexane, 30.9[a] DMSO, 45.1[a] Ethanol, 51.9[a] OG micelles


3 385/51000/451/50 385/60000/468/65 375/52000/408/15 406/60000/469/1 378/45000/454/40 ±
4 ± ± 394/±[b]/432/±[b] 420/56000/610/15 ± ±[c]/±[c]/566/40[d]


7 ± ± 409/±[b]/420/±[b] ± ± ±[c]/±[c]/510/50[d]


8 397/41000/501/50 370/38000/523/50 395/39000/407/35 373/38000/502/30 406/41000/530/1
9 364/46000/394/10 364/45000/402/10 359/43000/407/5 371/46000/405/1 371/46000/405/<1


[a] ET(30) values from ref. [34]. [b] The Ar1Ar2 compounds were sometimes insoluble or only partially soluble in cyclohexane. In the latter case, only
lmax and lem are indicated. [c] The light scattering induced by the presence of the OG micelles prevented extraction of reliable data from the absorption
spectrum. [d] The fluorescence quantum yields of 4 and 7 in OG micelles were crudely evaluated using Equation (1) under the assumption that the absor-
bances of the micellar solutions at the excitation wavelength were identical to the corresponding CH2Cl2 solutions at the same concentration.


Figure 2. a) Dependence of the transition energies associated with the
processes of absorption (DEabs=hc/labs, filled markers) and emission
(DEem=hc/lem, empty markers) on the empirical parameter ET(30) repre-
senting solvent polarity[34] for 3 (circles), 8 (squares), and 9 (diamonds);
b) single-photon absorption (molar absorption coefficient e in m


�1 cm�1,
filled markers) and steady-state fluorescence emission (fluorescence
emission intensity IF in arbitrary units, empty markers) of 4 in cyclohex-
ane (diamonds), dichloromethane (squares), DMSO (circles), and OG
micelles (crosses) at 298 K.
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states whose energy would be solvent dependent: a non-
fluorescent excited state arising from a n!p* transition,
and a fluorescent excited state arising from p!p*. Such an
explanation was already proposed in closely related series,
to discuss the relationships between molecular conformation
and photophysical features.[36]


As a partial conclusion, the linear properties of the pres-
ent Ar1Ar2BF2 series satisfactorily compare with the corre-
sponding existing fluorescent series such as stilbene, couma-
rin, or pyrene derivatives, which exhibit comparable photo-
physical features.


Two-photon absorption properties : In contrast to single-
photon absorption, two-photon absorption is a nonlinear op-
tical process causing a molecule to simultaneously absorb
two photons to access an excited state. As a consequence,
the two-photon absorption is related quadratically to light
intensity. Provided that satisfactory chromophores will be
available, the favorable features of two-photon absorption
are anticipated to be useful for application in various
fields, such as two-photon fluorescence microscopy,[3,37,38]


two-photon-induced biological caging investigations,[39, 40]


and optical limiting.[41±46] Despite work already reported
dealing with the same issue, there is still a need to ac-
cumulate experimental data to derive relevant structure±
property relationships for optimizing two-photon absorp-
tion.[46±58]


Two-photon excitation spectra of 1±9 were recorded in di-
chloromethane at 298 K with a home-built set up relying on
the design of Webb et al.[60] (see Figures 1S±3S in the Sup-
porting Information and Experimental Section). Figure 1a±h
displays the spectra (for 1±8) together with the correspond-
ing single-photon absorption and fluorescence emission
spectra. The quadratic dependence of two-photon-excited
fluorescence of the compounds listed in this paper was
checked at several wavelengths (see Figure 3S in the Sup-
porting Information for a typical example); it revealed satis-
factory behavior over the 20±200 mW range. The position of
the two-photon absorption maximum (lð2Þmax) and the peak
two-photon absorptivity maximum (dmax) are summarized in
Table 1. The observed values of lð2Þmax satisfactorily compare
with twice the corresponding values of lmax; this suggests
that the same excited states are reached regardless of the
excitation mode. Such an observation goes against the be-
havior of symmetrical molecules, such as fluorescein, but is
in line with other reports making use of a comparable tech-
nique on unsymmetrical donor±acceptor compounds. For in-
stance, coumarin 307 is reported to exhibit lð2Þmax=800 nm in
methanol[12] and lmax=395 nm in ethanol.[61] In the present
series, the dmax range from 20 to 200 GM (1 GM=


10�50 cm4 s (photon�molecule)�1).
The effectiveness of electron-donating substituents on the


aryl group to increase the two-photon fluorescence absorp-
tivity (dmax), is supported by the trend observed in both
series of 1) dissymmetrically substituted molecules: 6 (25)
versus 9 (<5) and 4 (200) versus 3 (30) and 2) symmetrically
substituted molecules: 5 (20) versus 9 (<5). Thus, much
lower TPA values are observed in the absence of donating
substituents on the aryl moieties, suggesting that the dipolar


contribution is a dominant effect, as observed in other
push±pull systems.[47,54,55] We observe that the substituent
effect is much more pronounced in the case of the elongated
derivative 4, leading to an increase of nearly one order of
magnitude in the TPA response. This effect can be tentative-
ly attributed to a synergetical effect between donating sub-
stituent and conjugated linker length, as observed for optical
nonlinearities of push±pull derivatives.[62]


The nature and length of the aryl moieties also influences
the TPA response. Increasing its donating strength or its size
leads to an increase of the TPA response, as indicated by
the comparison of 1) symmetrical molecules in the series 9
(<5), 1 (30), and 7 (85) and 2) dissymmetrical molecules in
the series 9 (<5), 3 (30), and 8 (30), as well as in the series
6 (25) and 4 (200). It should be stressed that the length
effect is much more pronounced in the case of a dissymmet-
rical compound with a donating substituent, leading again to
an order of magnitude increase of the TPA cross section.
We conclude from this observation that the distinctly larger
TPA characteristics of 4, among the nine related derivatives,
could be related to the major electronic redistribution occur-
ring upon excitation (vide supra), supporting the role of the
dominant dipolar contribution. In contrast, the present in-
vestigation suggests that symmetrization of the structure
does not bring any distinct advantage. In fact, dmax values
are identical for the couples (1,3) and (5,6).


Conclusion


We have prepared a series of novel fluorophores of definite
interest for various applications in biological imaging (TPEF
microscopy, microenvironment probes). Their absorption
and emission properties have been investigated, demonstrat-
ing that these molecules can be used as sensitive fluorescent
probes of micropolarity. These new fluorochromes combine
large fluorescence quantum yields and enhanced chemical
stability against hydrolysis in aqueous environment, as com-
pared to the most popular BODIPY probes. Their TPA
cross-section action has been determined using an original
experimental protocol. Structure±property relationships
have been derived providing evidence that their TPA cross
sections can be significantly enhanced in elongated dissym-
metrical derivatives bearing an electron-donating group.
These combined features of the new series of fluorophores
provide an interesting route towards optimized TPA fluoro-
phores/probes for various applications.


Experimental Section


General procedures : Anhydrous solvents were freshly distilled before
use. Column chromatography (CC): silica gel 60 (0.040±0.063 mm) Merck
or silica gel SDS. Analytical: TLC: silica gel plates (Merck), detection by
UV (254 nm); melting point: B¸chi 510; 1H NMR spectra: AM-250
Bruker, chemical shifts in ppm related to the protonated solvent as inter-
nal reference (1H: CHCl3 in CDCl3, 7.27 ppm, CHD2SOCD3 in
CD3SOCD3, 2.49 ppm; 13C: 13CDCl3 in CDCl3, 76.9 ppm, 13CD3SOCD3 in
CD3SOCD3, 39.6 ppm); coupling constants (J) in Hz; mass spectrometry
(chemical ionization with NH3) was performed at the Service de Spectro-
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mÿtrie de masse de l×ENS; microanalyses were obtained from the Ser-
vice de Microanalyses de l×Universitÿ Pierre et Marie Curie, Paris. Acyl
chlorides were prepared from the corresponding acids by reaction with
thionyl chloride.[65] Compound 9 was synthesized according to the pres-
ently reported procedure starting from the commercially available b-di-
ketone PhePhe.


Syntheses of the diketones Ar1Ar2 along pathway A


Ethyl 3-(biphenyl-4’-yl)-3-oxo propionate (1A-Bi): Butyllithium in hexane
(1m, 16 mL) was added dropwise to a cooled (�78 8C) solution of mono-
ethyl malonate (1.32 g, 10 mmol; 2 equiv) in THF (40 mL) with a crystal
of 2,2’-bipyridine as indicator.[22] The solution was allowed to warm to
�5 8C and stirred for 15 min. After cooling (�70 8C), biphenyl-4-carbonyl
chloride (1.08 g, 5 mmol) in THF (5 mL) was slowly added. The cooling
bath was removed and the mixture was stirred for 1 h. The mixture was
poured into diethyl ether (35 mL) and hydrochloric acid (15 mL, 1m).
The organic phase was separated and washed with saturated sodium hy-
drogencarbonate, then dried over magnesium sulfate. After filtration and
evaporation, the crude product was purified by CC (cyclohexane/di-
chloromethane (C6H12/CH2Cl2), gradient 40:60 to 0:100) to yield 1A-Bi
as a white powder (942 mg, 70%). M.p. 76 8C; 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d=1.27 (t, 3J(H,H)=7.2 Hz, 3H), 4.02 (s, 2H), 4.23
(q, 3J(H,H)=7.2 Hz, 2H), 7.32±7.52 (m, 3H), 7.54±7.74 (m, 4H), 7.97±
8.07 ppm (m, 2H); 13C NMR (63 MHz, CDCl3, 25 8C, TMS) (CE: enol-
ester tautomer; CK: keto-ester tautomer): d=14.1, 14.3, 46.0 (CK), 60.3,
61.5, 87.3 (CE), 126.5, 127.1, 127.2, 127.3, 127.4, 127.9, 128.4, 128.9, 129.0,
129.1, 132.3, 134.8, 139.6, 140.1, 144.0, 146.4, 167.5, 171.1, 173.2,
192.1 ppm; MS (CI, NH3): m/z (%): 286 (24) [M++18], 269 (100) [M+


+1], 197 (40).


Ethyl naphthalene-2-carbonyl acetate (1A-Na):[66] Same procedure as for
1A-Bi, but with naphthalene-2-carbonyl chloride (952.5 mg, 5 mmol). Pu-
rified by CC (C6H12/CH2Cl2, 50:50 to 0:100). 1A-Na obtained as a white
powder (930 mg, 76%). 1H NMR (250 MHz, CDCl3, 25 8C, TMS) (HE:
enol-ester tautomer; HK: keto-ester tautomer): d=1.27 (t, 3J(H,H)=
7.15 Hz, 3HK), 1.36 (t, 3J(H,H)=7.15 Hz, 3HE), 4.13 (s, 2HK), 4.24 (q,
3J(H,H)=7.15 Hz, 2HK), 4.30 (q, 3J(H,H)=7.15 Hz, 2HE), 5.82 (s,
1HE), 7.48±7.70 (m, 2HK+2HE), 7.74±8.07 (m, 4HK+4HE), 8.37 (br s,
1HE), 8.47 (br s, 1HK), 12.69 ppm (s, 1HE); 13C NMR (63 MHz, CDCl3,
25 8C, TMS) (CE: enol-ester tautomer; CK: keto-ester tautomer): d=


14.2, 14.4, 46.1 (CK), 60.4, 61.5, 87.9 (CE), 122.6, 123.9, 126.7 (2C), 126.8,
127.0, 127.6, 127.7, 127.9, 128.3, 128.7, 128.9, 129.1, 129.7, 130.6, 132.5,
132.7, 133.5, 134.7, 135.7, 167.7, 171.3, 173.3, 192.5 ppm.


Ethyl benzoylnaphthoyl acetate (2A-NaPhe): A solution of ethyl benzoyl
acetate (960 mg, 5 mmol) dissolved in THF (2 mL) was added dropwise
to a suspension of sodium hydride (220 mg, 5.5 mmol) in THF (3 mL),
under an atmosphere of nitrogen at 0 8C.[23] The mixture was stirred until
the hydrogen evolution ceased (10 min). Naphthalene carbonyl chloride
(952 mg, 5 mmol) in THF (5 mL) was then added and the stirring contin-
ued at RT for 16 h. THF was evaporated and the mixture was hydrolyzed
with sulfuric acid (2m, 10 mL). The residue was extracted three times
with CH2Cl2 and the organic phase was washed with water. After drying
(magnesium sulfate), the solvent was evaporated and the crude residue
was washed several times with cyclohexane/diethyl ether (50:50, 3 mL) to
yield 2A-NaPhe as a white powder (986 mg, 58%). M.p. 121 8C; 1H
NMR (250 MHz, CDCl3, 25 8C, TMS): d=1.24 (t, 3J(H,H)=7.1 Hz, 3H),
4.31 (q, 3J(H,H)=7.1 Hz, 2H), 6.36 (s, 1H), 7.4±7.52 (m, 2H), 7.52±7.68
(m, 3H), 7.82±8.04 (m, 6H), 8.44 ppm (br s, 1H); 13C NMR (63 MHz,
CDCl3, 25 8C, TMS): d=14.0, 62.5, 64.5, 123.9, 127.2, 127.9, 128.7, 129.0,
129.2, 129.8, 130.7, 132.5, 133.1, 134.1, 135.7, 136.0, 165.9, 190.7,
190.9 ppm; MS (DEI): m/z (%): 346 (3) [M+], 300 (14), 155 (100), 127
(38), 105 (45), 77 (14); elemental analysis calcd (%) for C22H18O4 (346):
C 76.28, H 5.24; found: C 76.33, H 5.14.


Ethyl di(biphenyl-4-carbonyl) acetate (2A-BiBi): Same procedure as for
2A-NaPhe, but with ethyl biphenyl-4-carbonyl acetate (804 mg, 3 mmol),
sodium hydride (132 mg, 3.3 mmol), biphenyl-4-carbonyl chloride
(650 mg, 3 mmol). Compound 2A-BiBi was obtained as colorless crystals
after recrystallization in ethanol (1.27 g, 94%). M.p. 163 8C; 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d=1.28 (t, 3J(H,H)=7.1 Hz, 3H), 4.33
(q, 3J(H,H)=7.1 Hz, 2H), 6.24 (s, 1H), 7.37±7.53 (m, 6H), 7.58±7.67 (m,
4H), 7.67±7.74 (m, 4H), 7.98±8.07 ppm (m, 4H); 13C NMR (63 MHz,
CDCl3, 25 8C, TMS): d=14.0, 62.5, 64.6, 127.3, 127.6, 128.5, 129.0, 129.3,


134.3, 139.6, 146.8, 165.8, 190.5 ppm; MS (CI, NH3): m/z (%): 466 (8)
[M++18], 449 (37) [M++1], 377 (100), 269 (78), 198 (28); elemental
analysis calcd (%) for C30H24O4 (448): C 80.34, H 5.54; found: C 78.06, H
5.55.


Ethyl 3-(2-naphthyl)-3-oxo-2-(biphenyl-4-carbonyl) propionate (2A-
BiNa): Same method as for 2A-NaPhe, but using ethyl naphthalene-2-
carbonyl acetate (795 mg, 3.28 mmol), and biphenyl-4-carbonyl chloride
(710 mg, 3.28 mmol). Compound 2A-BiNa was obtained as colorless
crystals after recrystallization in ethanol (478 mg, 35%). M.p. 154 8C; 1H
NMR (250 MHz, CDCl3, 25 8C, TMS): d=1.27 (t, 3J(H,H)=7.1 Hz, 3H),
4.33 (q, 3J(H,H)=7.1 Hz, 2H), 6.38 (s, 1H), 7.37±7.74 (m, 9H), 7.84±8.04
(m, 6H), 8.47 ppm (br s, 1H); 13C NMR (63 MHz, CDCl3, 25 8C, TMS):
d=14.0, 62.5, 64.6, 123.9, 127.1, 127.3, 127.6, 127.8, 128.5, 129.0, 129.1,
129.3, 129.8, 130.7, 132.4, 133.0, 134.3, 135.9, 139.5, 146.7, 165.8, 190.3,
190.6 ppm; MS (CI, NH3): m/z (%): 440 (33) [M++18], 424 (34) [M+


+2], 423 (100) [M++1]; elemental analysis calcd (%) for C28H22O4 (422):
C 79.60, H 5.25; found: C 79.59, H 5.23.


Ethyl 3-(4’-methoxybiphenylyl)-3-oxo-2-benzoyl propionate (2A-MeOBi-
Phe): Same method as for 2A-NaPhe, but with ethyl benzoyl acetate
(960 mg, 5 mmol), 4’-methoxybiphenylcarbonyl chloride (1.23 g, 5 mmol)
to yield 2A-MeOBiPhe as white crystals after washing several times with
C6H12/Et2O (50:50) and after recrystallization in ethanol (1.105 g, 54%).
M.p. 135 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=1.26 (t,
3J(H,H)=7.1 Hz, 3H), 3.87 (s, 3H), 4.25 (q, 3J(H,H)=7,1 Hz, 2H), 6.22
(s, 1H), 6.98±7.03 (m, 2H), 7.43±7.70 (m, 7H), 7.90±8.02 ppm (m, 4H);
13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=14.0, 55.4, 62.4, 64.4, 114.5,
126.9, 128.4, 128.6, 130.0, 129.3, 131.8, 133.6, 134.0, 135.6, 146.3, 160.1,
165.8, 190.1, 190.7 ppm; MS (CI, NH3): m/z (%): 420 (25) [M++18], 403
(71) [M++1], 331 (100), 299 (41); elemental analysis calcd (%) for
C25H22O5 (402): C 74.61, H 5.51; found: C 74.08, H 5.54.


Ethyl benzoyl-4-methoxybenzoyl acetate (2A-MeOPhePhe): Same
method as for 2A-NaPhe, but with ethyl benzoyl acetate (960 mg,
5 mmol) and 4-methoxybenzoyl chloride (853 mg, 5 mmol). Compound
2A-MeOPhePhe was obtained as white crystals after recrystallization in
ethanol (1.25 g, 76%). M.p. 104 8C; 1H NMR (250 MHz, CDCl3, 25 8C,
TMS): d=1.25 (t, 3J(H,H)=7.1 Hz, 3H), 3.87 (s, 3H), 4.29 (q, 3J(H,H)=
7.1 Hz, 2H), 6.14 (s, 1H), 6.88±6.99 (m, 2H), 7.43±7.53 (m, 2H), 7.56±
7.65 (m, 1H), 7.87±7.96 ppm (m, 4H); 13C NMR (63 MHz, CDCl3, 25 8C,
TMS): d=14.0, 55.6, 62.4, 64.4, 114.2, 128.8, 128.9, 131.1, 133.9, 135.7,
164.2, 165.9, 189.0, 190.7 ppm; MS (CI, NH3): m/z (%): 344 (42) [M+


+18], 327 (100) [M++1], 279 (51); elemental analysis calcd (%) for
C19H18O5 (326): C 69.92, H 5.56; found: C 69.78, H 5.57.


Ethyl di(naphthalene-2-carbonyl) acetate (2A-NaNa): Same method as
for 2A-NaPhe, but with ethyl naphthalene-2-carbonyl acetate (930 mg,
3.84 mmol) and naphthalene-2-carbonyl chloride (731.5 mg, 3.84 mmol).
Compound 2A-NaNa was obtained as a white powder after washing sev-
eral times with C6H12/Et2O 50:50 (1.02 g, 67%). M.p. 150 8C; 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d=1.26 (t, 3J(H,H)=7.12 Hz, 3H), 4.33
(q, 3J(H,H)=7.12 Hz, 2H), 6.50 (s, 1H), 7.49±7.69 (m, 4H), 7.81±8.07 (m,
8H), 8.48 ppm (br s, 2H); 13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=
14.0, 62.5, 64.7, 123.9, 127.1, 127.8, 129.0, 129.1, 129.8, 130.7, 132.5, 133.1,
135.9, 165.9, 190.6 ppm; MS (CI, NH3): m/z (%): 414 (3) [M++18], 397
(11) [M++1], 260 (60), 243 (100); elemental analysis calcd (%) for
C26H20O4 (396): C 78.77, H 5.085; found: C 78.74; H 5.19.


1-(2-Naphthyl)-3-phenylpropane-1,3-dione (NaPhe): A solution of ethyl
benzoylnaphthoyl acetate (692 mg, 2 mmol), water (72 mg, 4 mmol;
2 equiv) and sodium chloride (120 mg, 2.2 mmol; 1.1 equiv) in DMSO
(2 mL) was heated at 140 8C until the release of carbon dioxide ceased.[24]


After cooling to room temperature, water was added and the mixture
was extracted with ethyl acetate and cyclohexane (1:1). The organic
phase was washed three times with water, then dried over magnesium
sulfate. After filtration and evaporation of the solvent, NaPhe was ob-
tained as a white solid after recrystallization in ethanol (510 mg, 93%).
M.p. 98 8C (ref. [67] 99 8C); 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=
4.77 (s, 2H), 7.45±7.65 (m, 5H), 7.87±8.11 (m, 6H), 8.55 ppm (br s, 1H);
13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=93.5, 123.2, 126.8, 127.2,
127.8, 128.1, 128.3, 128.5, 128.7, 129.4, 132.5, 132.75, 132.8, 135.3, 135.6,
185.5, 185.8 ppm.


1,3-Di(biphenyl-4-yl)propane-1,3-dione (BiBi): Same method as for
NaPhe, but with ethyl di(biphenyl-4-carbonyl) acetate (248 mg,


Chem. Eur. J. 2004, 10, 1445 ± 1455 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1451


Fluorescent Probes 1445 ± 1455



www.chemeurj.org





0.55 mmol). Compound BiBi was obtained as pale yellow plates (172 mg,
83%). M.p. 220 8C (ref. [68] 218±220 8C); 1H NMR (250 MHz, CDCl3,
25 8C, TMS):d=6.95 (s, 1H), 7.37±7.54 (m, 6H), 7.57±7.82 (m, 8H), 8.04±
8.13 (m, 4H), 14.58±14.76 ppm (m, 1H); 13C NMR (63 MHz, CDCl3,
25 8C, TMS): d=93.2, 127.3, 127.4, 127.8, 128.2, 129.0, 134.4, 140.0, 145.3,
185.3 ppm.


1-(Biphenyl-4’-yl)-3-(2-naphthyl)propane-1,3-dione (BiNa): Same method
as for NaPhe, but with ethyl 3-(2-naphthyl)-3-oxo-2-(biphenyl-4-carbon-
yl) propionate (336 mg, 0.8 mmol). Compound BiNa was obtained as col-
orless crystals after recrystallization in ethanol (140 mg, 50%). 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d=7.06 (s, 1H), 7.37±7.72 (m, 7H), 7.75
(d, 3J(H,H)=8.4 Hz, 2H), 7.86±8.10 (m, 4H), 8.13 (d, 3J(H,H)=8.4 Hz,
2H), 8.57 (br s, 1H), 14.60 ppm (br s, 1H); 13C NMR (63 MHz, CDCl3,
25 8C, TMS): d=64.7, 123.9, 127.1, 127.3, 127.6, 127.9, 128.5, 129.0, 129.1,
129.3, 129.8, 130.7, 132.5, 133.1, 134.4, 136.0, 139.6, 146.7, 165.8, 190.3,
190.6 ppm.


(4’-Methoxybiphenylyl)-3-phenylpropane-1,3-dione (MeOBiPhe): Same
method as for NaPhe, but with ethyl benzoyl-4-methoxybenzoyl acetate
(1.08 g, 2.7 mmol). Compound MeOBiPhe was obtained as pale yellow
crystals after recrystallization in ethanol (515 mg, 57%). M.p. 176 8C; 1H
NMR (250 MHz, CDCl3, 25 8C, TMS): d=3.87 (s, 3H), 6.90 (s, 1H),
6.98±7.06 (m, 2H), 7.44±7.66 (m, 5H), 7.65±7.72 (m, 2H), 7.97±8.09 ppm
(m, 4H); 13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=55.4, 93.0, 114.4,
126.7, 127.2, 127.8, 128.3, 128.7, 132.3, 132.4, 133.6, 135.7, 144.8, 159.9,
185.4, 185.5 ppm; MS (CI, NH3): m/z (%): 348 (2) [M++18], 331 (100)
[M++1]; elemental analysis calcd (%) for C22H18O3 (330): C 79.98, H
5.49; found: C 79.82, H 5.69.


1-(4-Methoxyphenyl)-3-phenylpropane-1,3-dione (MeOPhePhe): Same
method as for NaPhe, but with ethyl benzoyl 4-methoxybenzoyl acetate
(654 mg, 2 mmol). Compound MeOPhePhe was obtained as colorless
crystals after recrystallization in ethanol (393 mg, 77%). M.p. 137 8C; 1H
NMR (250 MHz, CDCl3, 25 8C, TMS): d=3.89 (s, 3H), 6.80 (s, 1H),
6.95±7.04 (m, 2H), 7.43±7.60 (m, 3H), 7.94±8.06 ppm (m, 4H); 13C NMR
(63 MHz, CDCl3, 25 8C, TMS): d=55.5, 92.4, 114.0, 127.0, 128.2, 128.6,
129.3, 132.1, 135.6, 163.3, 184.0, 186.2 ppm; MS (CI, NH3): m/z (%): 272
(21) [M++18], 256 (37) [M++2], 255 (100) [M++1]; elemental analysis
calcd (%) for C16H14O3 (254): C 75.57, H 5.55; found: C 75.56, H 5.65.


1,3-Di(2-naphthyl)propane-1,3-dione (NaNa): Same method as for
NaPhe, but with ethyl di(naphthalene-2-carbonyl) acetate (792 mg,
2 mmol). Compound NaNa was obtained as colorless crystals after recrys-
tallization in ethanol (501 mg, 77%). M.p. 171 8C (ref. [69] 172 8C); 1H
NMR (250 MHz, CDCl3, 25 8C, TMS): d=7.16 (s, 1H), 7.51±7.68 (m,
4H), 7.84±8.20 (m, 8H), 8.60 (br s, 2H), 14.58 ppm (br s, 1H); 13C NMR
(63 MHz, CDCl3, 25 8C, TMS): d=93.6, 123.3, 126.6, 127.6, 128.2, 128.4,
128.5, 129.4, 132.8, 132.9, 135.4, 185.6 ppm.


Syntheses of the diketones Ar1Ar2 along pathway B


1-Biphenyl-4’-yl-3-phenylprop-2-enone (1B-BiPhe):[25] Sodium hydroxide
(5m, 4 mL) was slowly added to a heated (50 8C) solution of benzalde-
hyde (1.06 g, 10 mmol) and 4-acetylbiphenyl (1.96 g, 10 mmol) in ethanol
(50 mL) and THF (10 mL). The mixture was stirred for 20 h at room tem-
perature. After evaporation of the solvents, the residue was extracted
with CH2Cl2. The organic phase was washed several times with water and
was dried (magnesium sulfate). After filtration and evaporation of the
solvent, 1B-BiPhe was obtained as a white solid (2.67 g, 94%) that was
used without further purification for the following step. 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d=7.35±7.53 (m, 6H), 7.60 (d,
3J(H,H)=15.7 Hz, 1H), 7.58±7.78 (m, 6H), 7.86 (d, 3J(H,H)=15.7 Hz,
1H), 8.06±8.17 ppm (m, 2H).


1-(Biphenyl-4-yl)-2,3-dibromo-3-phenylpropanone (2B-BiPhe): An excess
of bromine (0.75 mL, 20 mmol) in CH2Cl2 (7.5 mL) was slowly added at
RT to a solution of 1B-BiPhe (2.67 g, 9.4 mmol) in CH2Cl2 (30 mL).[26]


The mixture was stirred for 80 min. After evaporation of the solvent, 2B-
BiPhe was obtained as a white solid (4.17 g) that was used without fur-
ther purification for the following step. 1H NMR (250 MHz, CDCl3,
25 8C, TMS): d=5.67 (d, 3J(H,H)=11.3 Hz, 1H), 5.88 (d, 3J(H,H)=
11.3 Hz, 1H), 7.34±7.64 (m, 8H), 7.60±7.70 (m, 2H), 7.72±7.82 (m, 2H),
8.12±8.23 ppm (m, 2H).


1-(Biphenyl-4-yl)-3-phenylpropane-1,3-dione (BiPhe): Sodium methylate
(460 mg, 18.8 mmol; 2 equiv) in methanol (6 mL) was added to a suspen-
sion of 2B-BiPhe (4.17 g, 9.4 mmol) in methanol (30 mL).[27] After being


under reflux for 2 h, concentrated hydrochloric acid (0.5 mL) was added
to the mixture. Reflux was continued for 5 min and water (5 mL) was
added. After evaporation of the solvent, the crude residue was purified
by CC (C6H12/CH2Cl2 75:25 to 30:70) to yield BiPhe as a white solid
(620 mg, 21%). M.p. 111 8C (ref. [69] 112 8C); 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d=6.91 (s, 1H), 7.37±7.63 (m, 8H), 7.60±7.70 (m,
2H), 7.68±7.78 (m, 4H), 7.93±8.12 (m, 4H), 14.73 ppm (br s, 1H); 13C
NMR (63 MHz, CDCl3, 25 8C, TMS): d=93.1, 127.0, 127.15, 127.2,
127.25, 127.3, 127.7, 128.1, 128.2, 128.7, 128.9, 128.95, 130.1, 132.4, 134.3,
135.6, 139.9, 145.2, 145.6, 185.3, 185.7 ppm.


Syntheses of the diketones Ar1Ar2 along pathway C


1,3-Di(4-methoxyphenyl)propane-1,3-dione (MeOPheMeOPhe):[28] A sus-
pension of 4-methoxybenzoyl chloride (1.67 g, 9.8 mmol) and aluminium
chloride (1.4 g, 10.25 mmol) in tetrachloroethane (5 mL) was stirred at
55 8C for 2 h. Then, ethenyl acetate (430 mg, 5 mmol) was added and the
mixture was further stirred at 55 8C for 20 h. After cooling to room tem-
perature, hydrochloric acid (2m, 2 mL) and water (20 mL) were succes-
sively added. After extraction with ethyl acetate, the organic phase was
washed with sodium hydrogencarbonate and water. After drying (magne-
sium sulfate) and filtration, the organic solvent was evaporated to yield
MeOPheMeOPhe as pale yellow crystals after recrystallization in ethanol
(357 mg, 25%). M.p. 114 8C (ref. [28] 116±117 8C); 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d=3.89 (s, 6H), 6.74 (s, 1H), 6.93±7.02 (m, 4H),
7.92±8.01 ppm (m, 4H); 13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=


55.5, 91.5, 114.0, 128.2, 129.1, 131.4, 163.0, 184.6 ppm.


Syntheses of the Ar1Ar2BF2 compounds


Compound 1: A solution of BiBi (276 mg, 0.73 mmol) and BF3/Et2O
(0.14 mL, 1.1 mmol) in benzene (2 mL) was heated to reflux for 1 h.[21]


After evaporation of the solvent, 1 was obtained as yellow crystals after
recrystallization in benzene (230 mg, 74%). M.p. >290 8C; 1H NMR
(250 MHz, CDCl3, 25 8C, TMS): d=7.28 (s, 1H), 7.40±7.57 (m, 6H), 7.66±
7.72 (m, 4H), 7.76±7.84 (m, 4H), 8.21±8.31 ppm (m, 4H); 13C NMR
(63 MHz, CDCl3, 25 8C, TMS): d=93.3, 127.4, 127.8, 128.9, 129.1, 129.6,
130.8, 139.2, 148.1, 182.4 ppm; 19F NMR (235 MHz, CDCl3, 25 8C, CFCl3):
d=�140.24 (75%), �140.17 ppm (25%); MS (CI, NH3): m/z (%): 442
(100) [M++18], 405 (18), 361 (5); elemental analysis calcd (%) for
C27H19BF2O2 (424): C 76.44, H 4.51; found: C 76.45, H 4.51.


Compound 2 : Same procedure as for 1, but with BiNa (140 mg,
0.4 mmol) and BF3/Et2O (0.05 mL, 1.1 mmol). 2 was obtained as yellow
crystals after recrystallization in benzene (113 mg, 71%). M.p. 258 8C; 1H
NMR (250 MHz, CDCl3, 25 8C, TMS): d=7.39 (s, 1H), 7.43±7.57 (m,
3H), 7.57±7.64 (m, 4H), 7.82 (d, 3J(H,H)=8.5 Hz, 2H), 7.91±7.92 (m,
1H), 7.92±8.04 (m, 1H), 8.03±8.09 (m, 1H), 8.10±8.17 (m, 1H), 8.30 (d,
3J(H,H)=8.5 Hz, 2H), 8.81 ppm (br s, 1H); 13C NMR (100 MHz, CDCl3,
25 8C, TMS): d=93.6, 123.5, 127.3, 127.4, 127.7, 127.9, 128.9, 129.1, 129.1,
129.6, 129.8, 130.0, 130.65, 131.6, 132.5, 136.5, 139.5, 148.0, 182.4,
182.6 ppm; 19F NMR (235 MHz, CDCl3, 25 8C, CFCl3): d=�140.185
(75%), �140.12 ppm (25%); MS (CI, NH3): m/z (%): 416 (100) [M+


+18], 379 (23), 351 (1), 335 (1); elemental analysis calcd (%) for
C25H17BF2O2 (398): C 75.40, H 4.30; found: C 75.20, H 4.31.


Compound 3 : Same method as for 1, but with BiPhe (620 mg, 2.1 mmol)
and BF3/Et2O (0.27 mL, 2.1 mmol) in CH2Cl2 (20 mL). 3 was obtained as
orange crystals after recrystallization in benzene (556 mg, 76%). M.p.
228 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=7.25 (s, 1H), 7.40±
7.63 (m, 5H), 7.63±7.77 (m, 3H), 7.77±7.83 (m, 2H), 8.13±8.21 (m, 2H),
8.21±8.28 ppm (m, 2H); 13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=


93.3, 127.3, 127.7, 128.9, 129.1, 129.2, 129.6, 130.5, 132.0, 135.2, 139.1,
148.1, 182.7, 182.9 ppm; 19F NMR (235 MHz, CDCl3, 25 8C, CFCl3): d=
�140.20 (75%), �140.14 ppm (25%); MS (CI, NH3): m/z (%): 366 (100)
[M++18], 329 (8), 300 (8), 285 (7); elemental analysis calcd (%) for
C21H15BF2O2 (348): C 72.45, H 4.34; found: C 72.36, H 4.40.


Compound 4 : Same method as for 1, but with MeOBiPhe (330 mg,
1 mmol) and BF3/Et2O (0.14 mL, 1.1 mmol). 4 was obtained as a yellow
powder after recrystallization in benzene (160 mg, 42%). M.p. 245 8C; 1H
NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d=3.81 (s, 3H), 7.01±7.12 (m,
2H), 7.59±7.72 (m, 2H), 7.77±7.88 (m, 3H), 7.90±8.01 (m,2H), 7.97 (s,
1H), 8.33±8.49 ppm (m, 4H); 13C NMR (63 MHz, [D6]DMSO, 25 8C,
TMS): d=55.7, 94.7, 115.0, 127.0, 129.0, 129.6, 129.8, 130.6, 130.7, 131.8,
136.1, 147.2, 160.6, 182.2, 182.4 ppm; 19F NMR (235 MHz, CDCl3
(CFCl3), 25 8C, CFCl3): d=�140.25 (67%), �140.19 ppm (33%); MS (CI,
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NH3): m/z (%): 396 (100) [M++18], 359 (9), 331 (8); elemental analysis
calcd (%) for C22H17BF2O3 (378): C 68.87, H 4.53; found: C 69.73, H
4.70.


Compound 5 : Same method as for 1, but with MeOPheMeOPhe
(284 mg, 1 mmol) and BF3/Et2O (0.14 mL, 1.1 mmol). 5 was obtained as
yellow crystals after recrystallization in benzene (283 mg, 85%). M.p.
236 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS): d=3.93 (s, 6H), 6.97±
7.06 (m, 4H), 7.02 (s, 1H), 8.10±8.19 ppm (m, 4H); 13C NMR (63 MHz,
CDCl3, 25 8C, TMS): d=55.8, 91.5, 114.6, 124.6, 131.3, 165.3, 180.9 ppm;
19F NMR (235 MHz, CDCl3, 25 8C, CFCl3): d=�141.53 (75%),
�141.47 ppm (25%); MS (CI, NH3): m/z (%): 350 (92) [M++18], 313
(100), 269 (1); elemental analysis calcd (%) for C17H15BF2O4 (332): C
61.48, H 4.55; found: C 61.62, H 4.63.


Compound 6 : Same method as for 1, but with MeOPhePhe (254 mg,
1 mmol) and BF3/Et2O (0.14 mL, 1.1 mmol). 6 was obtained as yellow
crystals after recrystallization in benzene (125 mg, 41%). M.p. 216 8C; 1H
NMR (250 MHz, CDCl3, 25 8C, TMS): d=3.94 (s, 3H), 7.00±7.09 (m,
2H), 7.11 (s, 1H), 7.51±7,61 (m, 2H), 7.65±7.73 (m, 1H), 8.09±8.21 ppm
(m, 4H); 13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=55.8, 92.5, 114.7,
124.2, 128.6, 129.1, 131.7, 132.4, 134.7, 165.8, 181.6, 182.4 ppm; 19F NMR
(235 MHz, CDCl3, 25 8C, CFCl3): d=�140.84 (75%), �140.78 ppm
(25%); MS (CI, NH3): m/z (%): 320 (58) [M++18], 283 (18), 166 (100);
elemental analysis calcd (%) for C16H13BF2O3 (302): C 63.62, H 4.34;
found: C 63.71, H 4.31.


Compound 7: Same method as for 1, but with NaNa (324 mg, 1 mmol)
and BF3/Et2O (0.14 mL, 1.1 mmol). 7 was obtained as a yellow powder
after recrystallization in benzene (264 mg, 71%). M.p. >276 8C; 1H
NMR (250 MHz, [D6]DMSO, 25 8C, TMS): d=7.73±7.97 (m, 4H), 8.18±
8.26 (m, 2H), 8.27±8.43 (m, 4H), 8.37 (s, 1H), 8.49±8.58 (m, 2H),
9.30 ppm (br s, 2H); 13C NMR (63 MHz, [D6]DMSO, 25 8C, TMS): d=


95.2, 123.9, 127.6, 127.9, 128.7, 129.1, 130.1, 130.2, 132.1, 132.2, 136.2,
182.1 ppm; 19F NMR (235 MHz, CDCl3 (CFCl3), 25 8C, CFCl3): d=


�143.32 (75%), �143.30 ppm (25%); MS (CI, NH3): m/z (%): 390 (100)
[M++18], 353 (9), 309 (9); elemental analysis calcd (%) for C23H15BF2O2


(372): C 74.22, H 4.06; found: C 74.26, H 4.01.


Compound 8 : Same method as for 1, but with NaPhe (274 mg, 1 mmol)
and BF3/Et2O (0.14 mL, 1.1 mmol). 8 was obtained as a yellow powder
(261 mg, 81%). M.p. 229 8C; 1H NMR (250 MHz, CDCl3, 25 8C, TMS):
d=7.34 (s, 1H), 7.48±7.75 (m, 5H), 7.85±8.14 (m, 4H), 8.14±8.22 (m,
2H), 8.76 ppm (br s, 1H); 13C NMR (63 MHz, CDCl3, 25 8C, TMS): d=
93.7, 123.4, 127.5, 127.9, 128.9, 129.1, 129.2, 129.8, 130.0, 131.6, 132.0,
132.5, 135.2, 136.5, 182.9 ppm; 19F NMR (235 MHz, CDCl3, 25 8C, CFCl3):
d=�140.03 (75%), �139.98 ppm (25%); MS (CI, NH3): m/z (%): 340
(100) [M++18], 303 (12), 275 (45), 259 (63); elemental analysis calcd
(%) for C19H13BF2O2 (322): C 70.85, H 4.07; found: C 70.72, H 4.10.


UV/Vis spectroscopic measurements : All experiments were performed at
293 K in spectroscopic grade solvents. UV/Vis absorption spectra were
recorded on a Kontron Uvikon-930 spectrophotometer. Molar absorption
coefficients were extracted, while checking the validity of the Beer±Lam-
bert law. Corrected fluorescence spectra were obtained from a Photon
Technology International LPS 220 spectrofluorimeter. The concentrations
of solutions for fluorescence measurements were adjusted so that the ab-
sorption was below 0.15 at the excitation wavelength. The overall fluores-
cence quantum yields fF were calculated from the relation shown in
Equation (1):


�F ¼ �ref
ArefðlexcÞ
AðlexcÞ


D
Dref


�
n
nref


�2


ð1Þ


in which the subscript ref stands for standard samples, A(lexc) is the ab-
sorbance at the excitation wavelength, D is the integrated emission spec-
trum, and n is the refractive index for the solvent. The uncertainty in the
experimental value of fF was estimated to be �10%. The standard fluo-
rophore for the quantum yield measurements was quinine sulfate in 0.1m
H2SO4 with fS=0.50.[70]


Samples for solvatochromism and stability studies were prepared in the
following manner: Fixed volumes of a stock solution of dye in dichloro-
methane were transferred into pyrex hemolysis tubes. The volatile sol-
vent was evaporated under a fume hood for one whole night or under


vacuum for one hour. For solvatochromism investigations, the appropri-
ate amount of desired spectroscopic grade solvent (Aldrich, except for
the CH2Cl2 which was freshly home-distilled over calcium hydride) was
added to each tube and the mixture was sonicated. For experiments in-
volving micelles, b-octylglucopyranoside was added to stock solutions of
dye before evaporation of dichloromethane. Transparent micellar solu-
tions were obtained after addition of ultra-pure water and brief sonica-
tion (final concentration in detergent 25mm).


Measurements of the cross sections for two-photon absorption


Method : In the absence of photobleaching, the photon flux F(t) emitted
under two-photon excitation is proportional to the fluorophore concen-
tration c (assumed to be homogeneous and stationary) and to the square
of the incoming power I( r!,t) [Eq. (2)]:


FðtÞ ¼ 1
2
a�Fdc


Z
v


I2ð r!; tÞdV ð2Þ


in which fF is the fluorescence quantum yield (assumed to remain identi-
cal to the value determined by the study of the linear photophysical
properties), d is the two-photon absorption cross section to be measured
(in cm4s (photon�molecule)�1) and a is the set-up detection efficiency.
During an acquisition, the amount of fluorescence detected is shown by
using Equation (3):


hFðtÞi ¼ 1
2
a�FdchP2ðtÞi


Z
v


Sð r!ÞdV ð3Þ


in which S( r!) is the temporal distribution of the incident light and P(t)
is the instantaneous photon flux for the sample (photons�1).


The signal detected is proportional to hP2(t)i, whereas most detectors are
sensitive to hP(t)i2. An accurate measurement of d thus requires the de-
termination of the temporal structure of the excitation beam and its
second-order temporal coherence: g(2)= hP2(t)i/hP(t)i2. This is usually
achieved by calibration at each wavelength by using a known standard,
such as fluorescein or rhodamine, which causes heavy and repetitive ma-
nipulations. An alternative elegant method has been described by Xu
et al.[60] By adding a Michelson interferometer to the laser path, the usual
set up is transformed into an autocorrelator, using the fluorescent sample
as the quadratic medium (Figure 1Sa and 1Sb in the Supporting Informa-
tion). The major interest of this set-up configuration is evidently to get
rid of the otherwise necessary determination of the pulse temporal shape,
for this information is now intrinsically contained in the interference pat-
tern. The only unknown quantity remaining is the a factor that may be
determined by calibration at one single wavelength. In the interference
conditions it was then shown that [Eq. (4)]:


d ¼


� RT
�T


FðtÞdt
�
�2TF1


2acA�F


� Rþ1


�1
PðtÞdt


�2 ð4Þ


in which T is the integration time (2T larger than the interference pat-
tern width). A=


R
v


S2( r!)dV�2.55/l when overfilling the back-aperture


of the focusing lens (in the case of a plane wave truncated by an aper-
ture, giving an Airy diffraction pattern). F¥ is the mean fluorescence
signal without any interference; it is then simply twice the fluorescence
generated by one pulse from one of the Michelson paths. It was also
shown that the ratio between the fluorescence maximum and F¥ must
be 8:1, which is also a probe for the quadratic dependence on the excita-
tion power.


Set up and data treatment : The experiments were performed at room
temperature in spectroscopic grade dichloromethane at 10�4


m. Freshly
prepared solutions were sealed in square capillary tubes (1 mmî1 mm;
VitroCom, USA), kept at +5 8C, and away from light afterwards.
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The scheme of the home-made experimental set up was inspired from
ref. [60] (Figure 1Sa and 1Sb in the Supporting Information). The excita-
tion source was a pulsed Ti±sapphire laser (mira - Coherent, USA)
pumped at 532 nm by a Nd-YVO4 laser (Verdi - Coherent, USA). This
femtosecond laser delivered pulses in the near-infrared region from 690
to 1000 nm.


The Michelson interferometer consisted of a beamsplitter (BS) and two
corner-cubes (Figure 1Sb). One corner-cube (CC1) was fixed on the dia-
phragm of a loudspeaker powered by a low-frequency generator. A con-
tinuous He-Ne laser was also included in the interferometer to calibrate
the diaphragm displacement. The resulting interference pattern was re-
corded at the end of the Michelson interferometer on a photodiode
(PD1). Typical pulse widths at the sample were less than 200 fs.


After a beam-expander 6î (BE, Melles Griot), the IR laser beam over-
filled the back aperture of the lens (Nikon, 20î , N.A. 0.35), which colli-
mates it onto the sample. A lens focused most of the excitation beam on
a second photodiode (PD2; the fraction collected remains unchanged
with wavelength). A long-pass dichroic filter (DC, Chroma, USA) sepa-
rated the fluorescence in the visible range from the excitation light. After
a set of short-pass filters (from Melles Griot or OmegaOptics), the re-
maining IR background (from elastic or inelastic scattering) was totally
removed and the pure fluorescence emission was divided by a beam-split-
ter to be detected on two photomultiplier tubes (PMT1, R1527P, and
PMT2, RC135 - Hamamatsu, Japan). PMT2 is a photon-counting tube,
but its minimal integration delay is limited to 10 ms, hence requiring the
auxiliary use of PMT1 with a faster rate cut energy-dependent signal. The
signals of the two photodiodes and the fluorescence in energy and in
photon counts from the two PMTs were thus recorded as functions of
time on a PC, thanks to the acquisition card PCI-DAS1602/16 (Comput-
erBoards, USA), with a maximum acquisition rate of 200 kHz. The sig-
nals were then corrected by the sensitivities of the detectors given by the
manufacturers. For PD2, the excitation wavelength was first determined
by the following method: both interference signals from the two photodi-
odes were treated by the Hilbert transform (HT) method. The phase of
the HT was integrated as a function of time, and the slope was propor-
tional to the interference spatial frequencies, that is, to the wavelength.
The ratio of the slopes for the excitation IR to the He-Ne then gave the
ratio between the wavelengths; the signal of the He-Ne on PD2 was used
as the reference wavelength (lHe-Ne=632.8 nm). With this determination
of the excitation wavelength, we then referred to the constructor sensitiv-
ity charts to extract the required correction factor. For the two PMs, the
correction was taken at the maximum emission, determined by fluorime-
try (vide supra). We also checked that the correction was modified within
the experimental uncertainty when integrating it on the whole emission
spectrum.


The value of d was computed according to Equation (4), directly from
the input signals: PD2 leads to hP(t)i, PM1 and PM2 supply F(t) and F¥


(Figure 2S in the Supporting Information). To optimize its determination,
the acquisition is triggered on the GBF signal, and the final value of d


was averaged over 15 to 20 successive acquisitions. The whole spectrum
was obtained for steps in the wavelength between 5 and 10 nm, which
corresponds to the width of the excitation wavelength distribution. It is
then calibrated on one wavelength by comparison to fluorescein, whose
TPA cross sections have been tabulated.[71] The accuracy of the measure-
ments were first validated with rhodamine, whose spectrum was consis-
tent with the one published.[12] The method was then applied to the
newly synthesized chromophores.
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Diorganotin(iv) Derivatives of Substituted Benzohydroxamic Acids with
High Antitumor Activity


Qingshan Li,*[a, b] M. Fµtima C. Guedes da Silva,[a, c] and Armando J. L. Pombeiro*[a]


Introduction


Diorganotin(iv) complexes are potential antitumor agents
mainly active against P388 lymphocytic leukemia and other
tumors[1±3] and the NCI has tested about 2000 tin-based com-
pounds, the largest number ever tested among metal com-
plexes.[4] The first active complexes were designed to emu-


late the cisplatin framework[1±5] and their disadvantages are
well recognized.[2,5,6] A large number of organotin(iv) deriv-
atives with bidentate O-donor ligands,[7±15] including N-sub-
stituted hydroxamic acids, has been prepared and some of
them possess strong antitumor activity against the MCF-7
mammary tumors and WiDr colon tumors.[1,6,16] However,
they are inactive against most other tumors.
Hydroxamic acids are strong bidentate O-donors with bio-


activity.[17,18] Benzohydroxamic acid is a typical case, being a
nucleoside reductase inhibitor and thus exhibiting antitumor
activity to some extent.[18] One of us initiated a study of the
interactions between diorganotin(iv) acceptors and benzohy-
droxamic acid and its derivatives[19,20] with the hope that a
synergic effect would occur. It was found that most of these
complexes showed promising in vitro activity against a
series of human tumor cell lines, a few of them exhibited
modest in vivo activity against gastrointestinal tumors,[21]


and the diethyltin(iv) and dibutyltin(iv) complexes of benzo-
hydroxamic acid are the lead compounds.[19,21] Herein, we
use two arylhydroxamic acids, HL1 (X = Cl) and HL2 (X =


OCH3), as ligands in tin(iv) complexes to investigate the
electronic influence of the X substituent on their antitumor
activities. The preparation of [R2SnL2] (R = Me, Et, nBu,
Ph; L = L1 or L2), [R2Sn(L1)(L2)] and [Cl2SnL2], and a
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Abstract: A series of diorganotin(iv)
and dichlorotin(iv) derivatives of 4-X-
benzohydroxamic acids, [HL1 (X = Cl)
or HL2 (X = OCH3)] formulated as
[R2SnL2] (R = Me, Et, nBu, Ph or Cl;
L = L1 or L2), along with their corre-
sponding mixed-ligand complexes
[R2Sn(L1)(L2)] have been prepared and
characterized by FT-IR, 1H, 13C, and
119Sn NMR spectroscopy, mass spec-
trometry, elemental analysis, and melt-
ing points. In addition, single-crystal X-
ray diffraction analyses were carried
out for [Me2SnL2] (L = L1 or L2),
which show coordination structures in-
termediate between distorted octahe-
dra and bicapped tetrahedra. The hy-


droxamate ligands are asymmetrically
coordinated by the oxygen atoms, the
carbonyl oxygen atom is further away
from the metal center than the other
oxygen atom. The complexes are stable
monomeric species; most of them are
soluble not only in chlorohydrocarbon
solvents, but also in alcohols and hy-
droalcoholic solutions. In polar sol-
vents, the mixed-ligand complexes
gradually decompose into the corre-


sponding single-ligand complex cou-
ples. The complexes exhibit in vitro an-
titumor activities (against a series of
human tumor cell lines) which, in some
cases, are identical to, or even higher
than, that of cisplatin. For the dialkyl-
tin complexes, the activity increases
with the length of the carbon chain of
the alkyl ligand and is higher in the
case of the chloro-substituted benzohy-
droxamato ligand. The [nBu2Sn(L1)2]
complex displays a high in vivo activity
against H22 liver and BGC-823 gastric
tumors, and has a relatively low toxici-
ty.


Keywords: antitumor agents ¥ hy-
droxamate ligands ¥ organotin
complexes ¥ structure±activity
relationships ¥ tin ¥ X-ray diffraction
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study of the spectroscopic and crystal structural features are
reported, as well as their in vitro and in vivo antitumor ac-
tivities and preliminary structure±activity relationships.


The in vitro activity against various tumors was recog-
nized for some other dialkyltin(iv) complexes with diacyl or
monoacyl heterocyclic derivatives of hydroxamic acids,[22]


and for some triorganotin(iv) compounds with coordinated
basic forms of terebic, benzoic, or salicylic acids.[23] Howev-
er, these dialkyltin complexes were not fully structurally
characterized, no X-ray analysis was performed, and no in
vivo activity was reported.


Results and Discussion


Syntheses : The compounds [R2Sn(L1)2] (R = Me (1), Et
(2), nBu (3), or Ph (4)) and [R2Sn(L2)2] (R = Me (5), Et
(6), nBu (7), or Ph (8)) have been prepared by reaction of
the appropriate [R2SnCl2] with HL1 or HL2, in the presence
of a base (KOH) and in undried methanol, at room temper-
ature [Eq. (1)]. [R2Sn(L1)(L2)] (R = Me (9), Et (10), nBu
(11) or Ph (12)) were obtained similarly from stoichiometric
amounts of both HL1 and HL2. This synthetic method is
more convenient then that applied[10,22] to the preparation of
other dialkyltin(iv) complexes which uses tin oxide com-
pounds as starting materials in solvent-refluxing conditions.
The chloro derivatives [Cl2SnL2] (L = L1 (13) and L2 (14))
have been synthesized by refluxing a CH2Cl2 solution of
[SnCl4] and the appropriate HL. Related dichloro complexes
with other hydroxamates have been reported by others.[24]


½R2SnCl2� þ 2HLþ 2KOHMeOH
���!½R2SnL2� þ 2KClþ 2H2O


ðHL ¼ HL1 or HL2; R ¼ Me; Et; nBu or PhÞ
ð1Þ


The complexes were isolated as white solids (40±70%
yields). With the exception of 13 and 14, which are not
stable to moisture, all the complexes are stable in air, insolu-
ble in water, and soluble in chloroform, acetone, DMSO
and hydroalcoholic solutions. In polar solvents, the mixed-
ligand complexes [R2Sn(L1)(L2)] 9±12 gradually decompose,
as inferred from IR and NMR spectroscopy, to their corre-
sponding single-ligand complexes [R2Sn(L1)2] and
[R2Sn(L2)2], which, in some cases, were separated in the
pure form by slow evaporation of chloroform solutions of
the mixed-ligand compounds. All the complexes were char-
acterized by IR, 1H, 13C, and 119Sn NMR spectroscopy, mass
spectrometry, elemental analysis, and melting point determi-


nation, as well as single-crystal X-ray diffraction analysis in
the case of [Me2SnL2] (L = L1 (1) and L2 (5)).


Spectroscopic and mass spectra data : Comparison of the IR
spectra of the complexes with those of the free ligands
shows the disappearance of the broad band (intramolecular
O�H¥¥¥O stretch) at about 2700 cm�1, as a result of the loss
of the OH proton in the CO�NHOH group upon coordina-
tion. The shift towards lower frequencies of the highest
n(C=O) from about 1680 cm�1 in the free ligand to about
1600 cm�1 in the complexes indicates that the ligand coordi-
nates through this oxygen. n(N�H) bands at about
3200 cm�1 and the shift towards higher frequencies of n(N�
O) exclude coordination through the N atom.[25] Therefore,
the IR spectra indicate coordination via both O atoms of
the CONHO� group.
In the 535±400 cm�1 region, the two (or more) strong ab-


sorptions of the diorganotin(iv) complexes are assigned to
n(Sn�O).[26±29] The presence of more than one Sn�O band,
which is more obvious for the mixed-ligand complexes, re-
flects different Sn�O bond lengths, as proved by the X-ray
analysis. The dichlorotin derivatives 13 and 14 exhibit n(Sn�
O) bands (	550±490 cm�1) shifted to higher frequencies, re-
flecting the different effects of the chloro and the organo li-
gands.[29] Generally, a powerful electron-withdrawing group,
such as Cl, increases the strength of the Sn�O bonds.[30,31]


n(Sn�Cl) for 13 and 14 are at about 310±370 cm�1 and their
multiplicity can arise from cis and trans isomers.[29]


The mass spectra clearly show the respective molecular
ions [M]+ and fragments formed upon sequential loss of li-
gands. For the dichloro complexes, [SnL3]


+ peaks were also
detected under FAB conditions. The 1H, 13C, and 119Sn NMR
spectra show all the expected signals, with some evident co-
ordination shifts. The 2J(Sn,H) and 1J(Sn,C) values, 72.3 and
686 Hz, respectively, which could be measured for complex
5 (the lower stability or solubility of the other organotin
complexes precluded their measurement) are adequate for
hexacoordinated tin(iv) compounds[32] and the value of the
q(C�Sn�C) angle estimated from the Lockhart and Man-
ders Equation (2)[33] (1378) indicates quite a distorted trans
configuration that has been confirmed by X-ray diffraction
(see below). In the 119Sn NMR spectra, the d(119Sn) values
also fall in the range typical for hexacoordinated tin(iv)
complexes.[34] There is only a single resonance for the
[R2SnL2] complexes, thus excluding the presence of isomers;
however, solutions of the mixed-ligand complexes 11 and 12
exhibit two resonances as a consequence of decomposition
and/or the presence of isomers.


qðC�Sn�CÞ ¼ ½1JðSn;CÞ þ 875�=11:4 ð2Þ


X-ray diffraction analyses : The molecular structures of
the complexes [Me2SnL2] (L = L1 (1) and L2 = (5)] were
authenticated by single-crystal X-ray diffraction analyses.
Crystallographic data are given as Supporting Information.
Molecular structures with their respective numbering
schemes are shown in Figure 1 and Figure 2, and selected
bond lengths and angles are given in Table 1. The coordina-
tion polyhedron consists of four O atoms from two chelating
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hydroxamates and two C atoms
of the methyl groups. The C-
Sn-C angles of 142.7(2) (1) and
140.8(2)8 (5) are much smaller
than the value expected for a
regular octahedron. The struc-
tures are intermediate be-
tween a distorted octahedron
and a bicapped tetrahedron.
Another important distortion is
caused by the asymmetric Sn�O
bond lengths, since two of the
Sn�O bonds are short (2.090(3) and 2.088(2) (1) or 2.108(4)
and 2.067(4) (5) ä), defining a small O-Sn-O angle (76.43(9)
(1) or 75.56(13)8 (5)), while the other two are longer
(2.330(2) and 2.597(2) (1) or 2.491(4) and 2.407(4) ä (5)),
defining an angle of about 1438 (average). The methyl


groups are accommodated towards the side of the latter Sn�
O bonds. Asymmetric chelation of hydroxamate-type li-
gands has been observed in other tin(iv) complex-
es.[4b,7,8,14,15, 29,34, 35] The endocyclic C�O and N�C bond
lengths are indicative of a significant electronic delocaliza-
tion. The least-square plane of the four oxygen atoms in
each molecule is such that all of the O atoms are within a
standard deviation of 0.053 (1) or 0.083 ä (5). The tin atoms
lie in each of these planes. Both hydroxamate ligands in
each molecule are planar, the chelate rings are described by
the planes containing the O-N-C-O moieties (all atoms
within a standard deviation of 0.0010 or 0.0039 (1) and
0.0016 and 0.0057 ä (5)); the tin atoms are slightly outside
these planes (by 0.1104(66) or 1.1632(51) (1) and 0.5830(79)
or 0.5451(73) ä (5), respectively). In each molecule, the two
planes define angles of 44.47 (15)8 (1) and 35.45(26)8 (5).


Antitumor activities in vitro and in vivo: The in vitro antitu-
mor activity has been tested on various human tumor cell
lines [immature granulocyte leukemia (HL-60), naso-
pharyngeal carcinoma (KB), hepatocellular carcinoma (Bel-
7402) and ovarian carcinoma (Hela)] and on mouse tumor
cell lines (lymphocyte carcinomas (B and T)). The selected
results obtained for the dose level of 10.0 mm are given in
Table 2, whereas the complete listing for the three tested
levels (0.1, 1.0, and 10.0 mm) are given in the Supporting In-
formation, together with a summary of the screening data
for the antitumor activity of all the complexes. The follow-
ing structure±activity relationships could be recognized:
1) with regard to the R group: the activity decreases in the
order nBu>Ph, Et>Me; 2) with regard to the X substituent
of the hydroxamate aromatic ring: for the dibutyl and di-
ethyl tin(iv) derivatives, the activity tends to decrease as the
electron-acceptor character of X decreases, that is, from the
electron-withdrawing Cl substituent to the electron-donating
OCH3 group, whereas the opposite is observed for the di-
phenyl tin(iv) complexes. Hence, the antitumor activity can
be determined by a delicate balance of electronic effects of
the ligands; however, the best combination is provided by
the dibutyltin(iv) (R = nBu) complex with the chloro-sub-


stituted (X = Cl) hydroxamate ligand, namely
[nBu2Sn(L1)2] (3), which is more active than ™cisplatin∫, the
clinically widely used drug. Complex 3 was then selected for
in vivo tests (administered orally) against the mouse H22
liver tumor and BGC-823 gastric tumor (Table 3). The ob-


Figure 1. Molecular structure of [(CH3)2Sn{ONC(O)C6H4Cl-4}2] (1).


Figure 2. Molecular structure of [(CH3)2Sn{ONC(O)C6H4OCH3±4}2] (5).


Table 1. Selected bond lengths [ä] and angles [8] for 1 and 5.


1 5


Sn1�O1 2.090(2) Sn1�O1 2.108(4)
Sn1�O2 2.088(2) Sn1�O2 2.067(4)
Sn1�O3 2.597(2) Sn1�O3 2.491(4)
Sn1�O4 2.330(2) Sn1�O4 2.407(4)
Sn1�C1A 2.101(4) Sn1�C1A 2.114(6)
Sn1�C1B 2.098(4) Sn1�C1B 2.095(5)
O1�N1 1.381(5) O1�N1 1.369(5)
O2�N2 1.384(4) O2�N2 1.383(5)
O3�C1 1.254(4) O3�C1 1.266(6)
O4�C2 1.254(4) O4�C2 1.251(6)
N1�C1 1.312(4) N1�C1 1.322(6)
N2�C2 1.304(5) N2�C2 1.315(6)
O1-Sn1-O2 76.43(9) O1-Sn1-O2 75.56(13)
O1-Sn1-O3 67.64(8) O1-Sn1-O3 69.99(12)
O1-Sn1-O4 148.78(8) O1-Sn1-O4 147.02(12)
O2-Sn1-O3 143.99(8) O2-Sn1-O3 144.86(13)
O2-Sn1-O4 72.82 (9) O2-Sn1-O4 71.82(13)
O3-Sn1-O4 143.17(8) O3-Sn1-O4 142.96(11)
C1A-Sn1-C1B 142.7(2) C1A-Sn1-C1B 140.8(2)


Table 2. Inhibition [%] of diorganotin(iv) complexes [dose level of 10.00 mm] against human and mouse tumor
cell lines.


Complex Leukem. Nasophar. Hepatocel. Ovarian Lymph. Lymph.
HL-60 carcinoma KB carcinoma Bel-7402 carcinoma Hela carcinomaB carcinomaT


1 27.6 16.8 11.9 ± 25.4 38.6
2 69.2 88.6 63.4 66.8 73.9 69.9
3 85.1 98.5 97.2 96.2 84.8 72.2
4 27.5 39.9 14.6 16.2 6.4 ±
6 55.0 78.3 22.2 45.4 70.4 67.0
7 80.7 100.0 70.5 77.5 48.7 ±
8 67.0 86.7 84.2 84.3 68.5 ±
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served in vivo activities are close to those of ™carboplatin∫
in the case of the liver tumor, whereas the gastric tumor
complex 3 exhibits an activity close to that of cyclophospha-
mide.
The acute toxicity tests of those organotin complexes


reveal LD50 values (drug dose leading to the death of 50%
of the tested animals) higher than 400 mgkg�1, that is, well
above those of ™cisplatin∫, which indicates a lower toxicity
of the former complexes.


Conclusion


In this work we have prepared and fully characterized a
series of diorgano- and dichlorotin complexes with substitut-
ed benzohydroxamic acids and found that they exhibit nota-
ble in vitro and in vivo antitumor activities (the latter
against liver and gastric tumors), with a relatively low toxici-
ty. The study also shows that the activity is dependent on
the length of the carbon chain of the alkyl ligand and on the
electronic properties of the substituent of the benzohydroxa-
mato ring, increasing with the length of the carbon chain
and with the electron-withdrawing ability of the substituent
for the dialkyltin complexes, although for the diphenyltin
complexes the reverse electronic effect appears to hold.
The X-ray analysis of two members of the series provided


additional information about the structure of this type of
complexes (intermediate between distorted octahedron and
bicapped tetrahedron) and the coordination mode of the ar-
ylhydroxamate ligands.
Hence, the obtained results allow the recognition of pre-


liminary structure±activity relationships (although it shows
that generalizations have to be taken rather cautiously) and
provide some foundation for further design and structure
optimization of diorganotin(iv) complexes in the search for
a suitable candidate for clinical usage.


Experimental Section


The tin(iv) and diorganotin(iv) hal-
ides were purchased from Alfa and
Aldrich, and the methylbenzoate de-
rivatives were obtained from Al-
drich. They were used as received.
The other chemicals are of analytical
grade. The substituted benzohy-
droxamic acids, HL1 and HL2, were
prepared according to a known[36]


general procedure. The samples for
microanalyses were dried to constant
weight in a vacuum (20 8C, 	0.1
Torr). The IR spectra were recorded
with a Bio-Rad FT-IR instrument in
KBr plates. 1H, 13C, and 119Sn NMR
spectra were recorded on a VXR-
300 Varian spectrometer at room
temperature (300.0 MHz for 1H,
75.5 MHz for 13C and 111.9 MHz for
119Sn). Mass spectra were performed
on a Trio 2000VG spectrometer con-


nected to a Carlo Erba GC system. The positive-ion FAB spectra were
obtained by bombarding 3-nitrobenzyl alcohol (NOBA) matrices of the
samples with 8 keV xenon atoms. Melting points were measured on a
Leica Galen III Electrothermal instrument. Elemental analyses were per-
formed at the Analytical Laboratory of the Institute Superior Tÿcnico.


Syntheses of the complexes


Bis(4-X-benzohydroxamato)dimethyltin(iv), [R2SnL2] (L = L1: R = Me
(1), Et (2), nBu (3), or Ph (4); L = L2: R = Me (5), Et (6), nBu (7) or
Ph (8)]: The appropriate [R2SnCl2] (1.0 mmol) complex was added to an
undried methanolic solution (20 mL) of the aryl hydroxamic acid HL
(0.344 g (HL1) or 0.336 g (HL2), 2.0 mmol) and KOH (0.112 g, 2.0 mmol).
The solution was stirred under N2 at room temperature overnight. Water
(20 mL) was added leading to the formation of a white precipitate of
[R2SnL2], which was separated by filtration, washed with water and cold
methanol, recrystallized from ethanol (3, 5 or 7), ethanol/chloroform (1,
4 or 8) or chloroform/pentane (2 or 6), and dried in vacuo to constant
weight (40±70% yield).


[Me2Sn{ONHC(O)C6H4Cl-4}2] (1): White; m.p. 205±206 8C; IR (KBr): ñ
= 3205 s (N�H); 1557 s and 1601 s (CO)/(NC); 910 s (N-O); 471 m,
488 m and 534 m (Sn�O); 578 s (Sn�C) cm�1; 1H NMR ([D6]DMSO): d
= 12.93 (br s, 2H, NH�O), 7.71 [brd, 3J(H,H) = 7.5 Hz, 4H, H(2)], 7.50
[br, 4H, H(3)], 0.45 ppm (br s, 6H, CH3, R-Sn); 13C{1H} NMR
([D6]DMSO): d = 162.95 (CO), 139.30 [C(4)], 131.31 [C(1)], 129.28
[C(3)], 128.15 [C(2)], 7.48 ppm (CH3, R-Sn); 119Sn NMR ([D6]DMSO): d
= �446.4 ppm; FAB+-MS: m/z : 490 [M]+ , 475 [M�R]+ , 320 [M�L]+ ,
305 [M�R�L]+ , 150 [M�2L]+ , 135 [M�R�2L]+ , 120 (Sn+); elemental
analysis calcd (%) for H16C16N2O4Cl2Sn: C 39.22, H 3.27, N 5.72; found:
C 38.93, H 3.22, N 5.14.


[Et2Sn{ONHC(O)C6H4Cl-4}2] (2): White; m.p.>300 8C; IR (KBr): ñ =


3258 s (N�H); 1535 s, 1559 m and 1605 s (CO)/(NC); 909 s (N�O); 496 m
and 537 s (Sn�O); 583 w (Sn�C) cm�1; 1H NMR ([D1]CDCl3): d = 7.51
[br, 4H, H(2)], 7.19 [br, 4H, H(3)], 1.54 (br, 4H, CH2, R�Sn), 1.21 ppm
(br, 6H, CH3, R�Sn); 13C{1H} NMR ([D1]CDCl3): d = 161.30 (CO),
136.18 [C(4)], 128.03 [C(3)], 127.40 [C(2)], 18.73 (CH2, R�Sn), 9.02 ppm
(CH3, R�Sn); 119Sn NMR ([D1]CDCl3): d = �441.4 ppm; elemental anal-
ysis calcd (%) for H20C18N2O4Cl2Sn: C 41.73, H 3.90, N 5.41; found: C
41.56, H 3.88, N 5.29.


[nBu2Sn{ONHC(O)C6H4Cl-4}2] (3): White; m.p. 189±191 8C; IR (KBr): ñ
= 3188 vs (N�H); 1534 m, 1557 s and 1594 vs (CO)/(NC); 913 s (N�O);
421 m and 527 s (Sn�O); 551 m and 572 w (Sn�C) cm�1; 1H NMR
([D6]DMSO): d = 13.2 (br, N�H), 7.33 [brd, 3J(H,H) = 6.7 Hz, 4H,
H(2)], 7.09 [br, 2H, H(3)], 6.94 [brd, 3J(H,H) = 6.6 Hz, 2H, H(3)], 1.17
(tbr, 3J(H,H) 	9 Hz, 4H, CH2, R�Sn), 0.98±0.85 (brmπ 8H, CH2, R�
Sn), 0.41 ppm (q, due to two overlapping triplets at d = 0.42 and
0.40 ppm, 3J(H,H) = 7.5 Hz, 6H, CH3, R�Sn); 13C{1H} NMR
([D1]CDCl3): d = 162.93 (CO); 138.49 [C(4)], 131.36, 131.35, 129.20,
128.32 and 127.78 (Carom); 26.83, 26.38, 26.10 (CH2, R�Sn); 13.60 ppm


Table 3. In vivo antitumor activity.[a]


Compound Dosage Mouse weight [g] Tumor Inhibition[b] P
or group [mgkg�1] initial final weight [g] [%]


against mouse H22 liver tumor
3 20 19.2
0.7 23.8
4.8 0.50
0.14 63.5 <0.001


10 19.3
1.2 22.6
1.6 0.77
0.11 43.8 <0.01
5 19.2
1.0 26.7
3.0 1.23
0.12 10.2 >0.05


carboplatin[c] 20 19.4
1.0 23.0
2.4 0.34
0.15 75.2 <0.001
control group[d] ± 19.3
0.9 28.5
4.3 1.37
0.25 ± ±


against mouse BGC-823 gastric tumor
3 15 20.4
2.2 23.9
4.5 0.38
0.09 61.6 <0.001


10 19.9
1.1 24.5
1.5 0.59
0.25 40.4 <0.01
5 20.1
1.0 27.6
2.8 0.95
2.60 10.2 0.05


cyclophosphamide[c] 80 20.2
1.2 24.5
2.2 0.29
0.14 70.2 <0.001
control group[d] ± 20.4
1.6 28.7
2.0 0.99
0.19 ± ±


[a] Starting number = final number of mice = 10, except for the control group with 20 mice. All the com-
pounds were administered orally, with the exception of ™carboplatin∫ which was injected subcutaneously.
[b] (Inhibited tumor weight)/(tumor weight) [%]. [c] Included for comparative purposes. [d] Without any drug
administration.
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(CH3, R�Sn); 119Sn NMR ([D1]CDCl3): d = �443.6 ppm; FAB+-MS: m/
z : 574 [M]+ , 517 [M�R]+ , 404 [M�L]+ , 347 [M�R�L]+ , 234 [M�2L]+ ,
177 [M�R�2L]+ , 120 (Sn+); elemental analysis calcd (%) for
H28C22N2O4Cl2Sn: C 46.02, H 4.92, N 4.88; found: C 46.83, H 4.95, N
4.79.


[Ph2Sn{ONHC(O)C6H4Cl-4}2] (4): White; m.p. 235±237 8C; IR (KBr): ñ
= 3189 s (N�H); 1523 m, 1561 m, 1596 w and 1647 m (CO)/(NC); 914 s
(N�O); 536 m and 446 m (Sn�O); 557 w and 571 w (Sn�C) cm�1; 1H
NMR ([D1]CDCl3): d = 12.92 (br s, 2H, NH�O); 7.84±7.17 ppm (m,
18H, Harom);


13C{1H} NMR ([D1]CDCl3): d = 160.33 (CO); 135.08
[C(4)], 131.17±126.80 ppm (Carom);


119Sn NMR ([D1]CDCl3): d =


�442.0 ppm; elemental analysis calcd (%) for H20C26N2O4Cl2Sn: C 50.85,
H 3.29, N 4.55; found: C 50.65, H 3.51, N 4.38.


[Me2Sn{ONHC(O)C6H4OMe-4}2] (5): White; m.p. 219±223 8C (decomp.);
IR (KBr): ñ = 3210 s (N�H); 1500 s, 1561 s and 1604 s (CO)/(NC); 914 s
(N�O); 484 m and 511 s (Sn�O); 570 w and 617 s (Sn�C) cm�1; 1H NMR
([D6]DMSO): d = 12.63 (br s, 2H, NH�O); 7.64 [d, 3J(H,H) = 8.7 Hz,
4H, H(2)]; 6.95 [d, 3J(H,H) = 8.7 Hz, 4H, H(3)]; 3.76 (s, 3H, OCH3);
3.34 (s, 3H, OCH3); 0.26 ppm (s + d, 2J(Sn,H) = 72.3 Hz, 6H, CH3, R�
Sn); 13C{1H} NMR ([D6]DMSO): d = 161.42 [C(4)]; 161.01 (CO); 127.78
[C(2)]; 122.02 [C(1)]; 113.88 [C(3)]; 55.32 (OCH3); 6.23 ppm (CH3,
1J(Sn,C) = 686 Hz, R�Sn); 119Sn NMR ([D1]CDCl3): d = �488.3 ppm;
FAB+-MS: m/z : 482 [M]+ , 467 [M�R]+, 315 [M�L]+ , 301 [M�R�L]+ ,
150 [M�2L]+ , 135 [M�R�2L]+ , 120 (Sn+); elemental analysis calcd
(%) for H22C18N2O6Sn: C 44.93, H 4.62, N 5.82; found: C 44.80, H 4.86,
N 5.72.


[Et2Sn{ONHC(O)C6H4OMe-4}2] (6): White; m.p. 189±190 8C; IR (KBr):
ñ = 3206 s (N�H); 1500 s, 1555 s, 1564 s and 1608 s (CO)/(NC); 917 m
(N�O); 403 m and 519 s (Sn�O)]; 554 m (Sn�C) cm�1; 1H NMR
([D6]DMSO): 8.05 [d,


3J(H,H) = 8.7 Hz, 2H, H(2)]; 7.79 [d, 3J(H,H) =


8.7 Hz, 2H, H(2)]; 6.89 [d, 3J(H,H) = 8.7 Hz, 2H, H(3)]; 6.85 [d,
3J(H,H) = 8.7 Hz, 2H, H(3)]; 3.87 (s, 3H, OCH3); 3.76 (s, 3H, OCH3);
1.68 (q + dq, 3J(H,H) = 7.9 Hz, 2J(Sn,H) = 72.6 Hz, 4H, CH2, R-Sn),
1.33 ppm (t, 3J(H,H) = 7.9 Hz, 4H, CH3, R-Sn); 13C{1H} NMR
([D1]CDCl3): d = 162.58 [C(4)]; 162.30 (CO); 128.55 [C(2)], 120.23
[C(1)], 113.87 [C(3)]; 55.20 (OCH3); 20.30 (CH2, R�Sn); 9.68 ppm (CH3,
R�Sn); 119Sn NMR ([D1]CDCl3): d = �443.6 ppm; elemental analysis
calcd (%) for H26C20N2O6Sn: C 47.17, H 5.16, N 5.50; found: C 47.27, H
5.30, N 5.67.


[nBu2Sn{ONHC(O)C6H4OMe-4}2] (7): White; m.p. 110±113 8C; IR
(KBr): ñ = 3202 s (N�H); 1565 m and 1607 s (CO)/(NC); 916 s (N�O);
449 m and 524 w (Sn�O)]; 567 w (Sn�C) cm�1; 1H NMR ([D1]CDCl3): d
= 12.22 (br s, 1H, NH�O), 7.77 [br, 4H, H(2)]; 6.74 [br, 4H, H(3)]; 3.68
(br, 6H, OCH3 and 2H, CH2); 1.67 (brm, 10H, CH2, R�Sn), 0.87 ppm
(br, 6H, CH3, R�Sn); 13C{1H} NMR ([D1]CDCl3): d = 173.54 [C(4)],
162.31 (CO), 132.19 [C(2)], 128.51 [C(1)], 113.89 [C(3)], 55.18 (OCH3);
27.19, 26.33, 25.96 (CH2, R�Sn); 13.55 ppm (CH3, R�Sn); 119Sn NMR
([D1]CDCl3): d = �356.7 ppm; elemental analysis calcd (%) for
H34C24N2O6Sn: C 50.99, H 6.07, N 4.96; found: C 51.22, H 6.24, N 4.78.


[Ph2Sn{ONHC(O)C6H4OMe-4}2] (8): White; m.p. 209±212 8C (decomp.);
IR (KBr): ñ = 3206 s (N�H); 1531 m, 1566 m and 1607 s (CO)/(NC);
917 s, (N�O); 521 m (Sn�O); 554 m (Sn�C) cm�1; 1H NMR
([D6]DMSO): d = 12.69 (br s, 2H, NH�O), 7.02±6.10 (m, 18H, Harom),
2.96 and 2.94 ppm (s, 6H, OCH3);


13C{1H} NMR ([D1]CDCl3): d =


162.78 [C(4)]; 162.26 (CO), 135.89±128.47, 119.79±113.15 (Carom),
55.21 ppm (OCH3);


119Sn NMR ([D1]CDCl3): d = �488.3 ppm; elemental
analysis calcd (%) for H26C28N4O6Sn: C 55.56, H 4.34, N 4.63; found: C
55.86, H 4.56, N 4.59.


Mixed-ligand diorganotin(iv) complexes, [R2Sn(L1)(L2)] (R = Me (9), Et
(10), nBu (11) or Ph (12): The appropriate [R2SnCl2] complex (1 mmol)
was added to an undried methanolic solution (20 mL) of HL1 (0.172 g,
1 mmol) and HL2 (0.168 g, 1 mmol), with KOH (0.112 g, 2 mmol). The
clear reaction solution was stirred overnight at room temperature under
N2. Addition of water (15 mL) led to the immediate formation of a white
precipitate of [R2Sn(L1)(L2)], which was separated by filtration, washed
with water and cold methanol, recrystallized from ethanol-dichlorome-
thane, and dried to constant weight.


[Me2Sn{ONHC(O)C6H4Cl-4}{ONHC(O)C6H4OMe-4}] (9): White; m.p.
195±197 8C; IR (KBr): ñ = 3208 s (N�H); 1559 s and 1599 vs (CO)/
(NC); 912 s (N�O); 424 w, 485 m and 527 m (Sn�O); 575 w and 619 s


(Sn�C) cm�1; 1H NMR ([D1]CDCl3): d = 7.88±6.75 (m, 8H, Harom); 3.74
(br s, 3H, OCH3), 0.93 ppm (s + d, 6H, R�Sn; 2J(Sn,H) = 86.4 Hz);
13C{1H} NMR ([D1]CDCl3): d = 172.42 [C(4), L2], 163.41 and 162.41
(CO, L1 and L2); 138.29 [C(4), L1], 131.30, 128.86, 128.23, 127.88 (Carom),
114.07 [C(3), L2], 55.33 (OCH3), 30.92 ppm (CH3, R�Sn); 119Sn NMR
([D1]CDCl3): d = �312.4 ppm; elemental analysis calcd (%) for
H19C17N2O5ClSn: C 42.05, H 3.95, N 5.77; found: C 42.38, H 4.02, N 5.51.


[Et2Sn{ONHC(O)C6H4Cl-4}{ONHC(O)C6H4OMe-4}] (10): White; m.p.
253±255 8C; IR (KBr): ñ = 3246 s (N�H); 1526 m, 1568 s, 1598 s and
1607 vs (CO)/(NC); 916 vs (N�O); 415 w, 465 m and 530 s (Sn�O); 572 s
(Sn�C) cm�1; 1H NMR ([D6]DMSO): d = 12.94 (br, NH); 7.31±7.28 (m,
4H, Harom), 7.04±6.91 (m, 2H, Harom), 6.61±6.53 (m, 2H, Harom), 3.36 (s,
3H, OCH3), 1.14 (brq,


3J(H,H) = 7.50 Hz, 2H, CH2, R�Sn), 0.92±0.85
(m, 5H, CH2+CH3, R�Sn) and 0.397 ppm (t, 3J(H,H) = 7.50 Hz, 3H,
CH3, R�Sn); 13C{1H} NMR ([D1]CDCl3): d = 173.10 (CO, L2), 162.74
(CO, L1), 160.77 [C(1), L2], 135.61 [C(1), L1], 132.41 [C(4), L1], 130.19
[C(3), L1], 128.32 [C(3), L2], 127.63 [C(2), L1], 55.40 (OCH3), 18.54 (CH2,
R�Sn), 5.51 ppm (CH3, R�Sn); 119Sn NMR ([D1]CDCl3): d =


�580.5 ppm; elemental analysis calcd (%) for H23C19N2O5ClSn: C 44.43,
H 4.52, N 5.46; found: C 44.31, H 4.69, N 5.47.


[nBu2Sn{ONHC(O)C6H4Cl-4}{ONHC(O)C6H4OMe-4}] (11): White; m.p.
196±200 8C (decomp.); IR (KBr): ñ = 3211 s (N�H); 1528 s, 1596 vs and
1605 s (CO)/(NC), 917 s (N�O), 414 w, 460 m and 537 s (Sn�O), 570 s
and 619 m (Sn�C) cm�1; 1H NMR ([D1]CDCl3): d = 12.00 (br, NH-O),
7.71±6.45 (m, 8H, Harom), 1.73±0.89 ppm (m, 18H, R-Sn); 13C{1H} NMR
([D1]CDCl3): d = 162.63 and 161.68 [CO or C(4) L1]; 138.14, 131.40,
128.49, 128.07, 113.90 (Carom) 55.33 (OCH3); 27.16±25.92 (CH2, R�Sn),
13.57 ppm (CH3, R�Sn); 119Sn NMR ([D1]CDCl3): d = �355.1 and
�514.1 ppm (relative intensities, 1:1.6) (see text); elemental analysis
calcd (%) for H31C23N2O5ClSn: C 48.49, H 5.44, N 4.92; found: C 48.13,
H 5.48, N 4.76.


[Ph2Sn{ONHC(O)C6H4Cl-4}{ONHC(O)C6H4OMe-4}] (12): White; m.p.
195±197 8C; IR (KBr): ñ = 1528 m, 1574 m, 1598 s and 1601 s (CO)/
(NC); 911 m (N-O), 448 s, 500 m and 523 s (Sn�O), 557 m (Sn�C) cm�1;
1H NMR ([D1]CDCl3): d = 8.80±6.45 (m, 18H, Harom), 3.61 ppm (s, 3H,
OCH3);


13C{1H} NMR ([D1]CDCl3): d = 167.94, 162.42 and 162.08 [CO
and C(4)], 135.50, 128.37, 113.95 (Carom); 55.39 ppm (OCH3);


119Sn NMR
([D1]CDCl3): d = �345.0 and �578.1 ppm (relative intensities, 5:1) (see
text); elemental analysis calcd (%) for H23C27N2O5ClSn: C 53.20, H 3.81,
N 4.60; found: C 54.01, H 3.90, N 5.42.


Bis(4-X-benzohydroxamato)dichlorotin(iv), [Cl2SnL2] , L = L1 (13) or L2


(14): Tin tetrachloride (2.60 g, 1 mmol) was added to a solution of HL
[0.344 g (HL1) or 0.336 g (HL2), 2 mmol] in dichloromethane (25 mL).
The reaction mixture was refluxed overnight. The hot solution was fil-
tered and a white crystalline precipitate of [Cl2SnL2] was formed slowly
from the filtered solution left at room temperature. The solid was sepa-
rated by filtration and dried to constant weight.


[Cl2Sn{ONHC(O)C6H4Cl-4}2] (13): White; m.p. 246 8C (decomp); IR
(KBr): ñ = 3242 s (N�H); 1517 s, 1569 m and 1599 vs (CO)/(NC); 917 s
(N�O), 581 m and 615 m (Sn�C), 490 m and 546 m (Sn�O); 314 s, 340 s
and 368 m (Sn-Cl) cm�1; 1H NMR ([D1]CDCl3): d = 12.39 (br s, 2H,
NH�O); 7.03±6.8 ppm (m, 8H, Harom);


13C{1H} NMR ([D6]DMSO): d =


160.34 (CO); 137.83 [C(4)], 129.23 [C(1)], 128.38 [C(3)], 125.20 ppm
[C(2)]; 119Sn NMR ([D1]CDCl3): d = �422.1 ppm; FAB+-MS: m/z : 530
[M]+ , 290 [M�2Cl�L]+ , 495 [M�Cl]+ , 629 [M�2Cl+L]+ ; elemental
analysis calcd (%) for H10C14N2O2Cl3Sn: C 31.68, H 1.90, N 5.28; found:
C 31.75, H 1.85, N 5.10.


[Cl2Sn{ONHC(O)C6H4OMe-4}2] (14): White; m.p. 210 8C (decomp.); IR
(KBr): ñ = 1599 s and 1604 s (CO)/(NC), 912 s (N�O), 579 m and 625 s
(Sn�C), 491 w and 552 m (Sn�O); 328 s, 334 s and 352 s (Sn�Cl) cm�1; 1H
NMR ([D6]DMSO): d = 14.22 (br, 2H, NH), 7.78 [br, 4H, H(2)], 6.98
[br, 4H, H(3)], 3.79 (br, 3H, OCH3), 3.18 ppm (br, 3H, OCH3);


13C{1H}
NMR ([D1]CDCl3): d = 161.13 [C(4)], 159.18 (CO), 126.77 [C(2)],
116.79 [C(1)], 112.83 and 112.35 [C(3)], 53.99 and 53.49 ppm (OCH3);
119Sn NMR ([D1]CDCl3): d = �530.1 ppm; FAB+-MS: m/z : 522 [M]+ ,
286 [M�2Cl�L]+ , 487 [M�Cl]+ , 618 [M�2Cl+L]+ ; elemental analysis
calcd (%) for H10C14N2O2Cl2Sn: C 36.84, H 3.10, N 5.37; found: C 36.96,
H 3.15, N 5.28.


X-ray crystallography of complexes 1 and 5 : Diffraction measurements
were carried out at room temperature on an Enraf-Nonius MACH3 dif-
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fractometer, with a graphite monochromator and MoKa radiation (l =


0.71073 ä). Cell dimensions were obtained from centered reflections
with q values ranging from 8 to 128. Data were collected with q values
between 2 and 258 (1) or 1.8 and 258 (5). Range of hkl : h = �11 to 11, k
= �24 to 24, l = 0 to 11 (1); h = �9 to 9, k = �13 to 14, l = 0 to 15
(5). The intensities of 6962 (1) and 4024 (5) reflections were observed
and a total of 3335 (1) and 3837 (5) (Rint = 0.029 and 0.014, respectively)
unique reflections were used for structure solution and refinement. Struc-
tures were solved by direct methods by with the SHELXS-97 package.[37]


The structure refinements were carried out with SHELXL-97.[38] All hy-
drogens were inserted in calculated positions. Least-square refinements
with anisotropic thermal motion parameters for all the non-hydrogen
atoms and isotropic for the remaining atoms gave R1 = 0.0294 (1) or
0.0311 (5) [I>2s(I); R1 = 0.0902 (1) or 0.0929 (5) (all data)]. The maxi-
mum and minimum peaks in the final difference electron density map
are of 1.07 and �0.86 (1) or 1.04 and �0.83 eä�3 (5) located in the imme-
diate vicinity of the tin atom.


CCDC-213290 and CCDC-213291 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.uk).


Antitumor activity in vitro : The antitumor activity against tumor cell
lines was assayed by the MTT method[39] in the State Key Laboratory of
Natural and Mimic Drugs, Beijing Medical University (China). The cell
lines, human immature granulocyte leukemia (HL-60), human hepatocel-
lular carcinoma (Bel-7402), human nasopharyngeal carcinoma (KB), and
human ovarian carcinoma (Hela) along with mouse lymphocyte carcino-
mas (B and T) were used for screening. Aliquots of log-phase cells were
incubated for 72 h at 37 8C with three dose levels (0.1, 1.0, and 10.0 mm)
of each diorganotin(iv) compounds in triplicate. 50 mL of 0.1% MTT was
added to each well. After 4 h incubation, the culture medium was re-
moved, and the blue formazan in the cells was dissolved with 2-propanol
by vigorous shaking. The optical density of each well was measured at
570 nm. The antitumor activity was determined by expressing the mean
optical densities for drug-treated cells at each concentration as a percent-
age of those for untreated cells. The dose causing 50% inhibition of cell
growth (IC50) was determined from the curve of inhibiting percentage
versus dose.


Antitumor activity in vivo: Compound [nBu2Sn(L1)2] (3) was suspended
in 0.5% sodium carboxymethyl cellulose before use and was adminis-
tered orally. For the in vivo tests against H22 liver cancer and gastric car-
cinoma BGC-823 (in nude mice), the positive contrast drug was cyclo-
phosphamide (CTX, purchased from Shanghai Hualian Pharmaceutical
Factory, lots: 20010328 or 200107, respectively). The ICR strain mice
(grade second, 18±22 g, male and female in equal numbers) were pur-
chased from Beijing Veilitong Experimental Animal Technology Corpo-
ration (License number: SCXK 11-00-0008) and raised in the animal
center of Beijing University People×s hospital (GRADE SPF) (License
number: SYXK 11-00-0001). The H22 liver cancer was cultured from
generation to generation in the mice×s abdominal cavity in the Chinese
laboratory.


1) Ninety mice were randomly divided into nine groups of ten mice
each. A suspension of 3 with drug dosage of 20, 10, and 5 mgkg�1


weight was administered orally, once a day, to six experimental
groups and the experiments lasted for four days. In the positive
group, carboplatin with the 20 mgkg�1 dosage was injected subcuta-
neously, once a day, during four days. In the two negative (control)
groups the same volume of water was administered orally. All mice
were killed on the eighth day. The body and neoplasm weights were
measured and the percentage of the inhibited cancer was estimated.
All data were analyzed by the t test.


2) In the nude mice experiments, human gastric carcinoma cells (BGC-
823) cultured from generation to generation in the Chinese laborato-
ry were inoculated subcutaneously in the nude mice×s right armpit
(1î107 mL�1, 0.2 mL for each mouse). When the cancer lump could
be touched at the place of inoculation, all mice were divided into
three groups and then a suspension of 3 in the dosage of 15, 10 and
5 mgkg�1 weight was administered orally.
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Mechanism of the Reaction of the [W3S4H3(dmpe)3]
+ Cluster with Acids:


Evidence for the Acid-Promoted Substitution of Coordinated Hydrides and
the Effect of the Attacking Species on the Kinetics of Protonation of the
Metal-Hydride Bonds


Manuel G. Basallote,*[a] Marta Feliz,[b] M. JesÇs Fernµndez-Trujillo,[a] Rosa Llusar,*[b]


Vicent S. Safont,[b] and Santiago Uriel[c]


Introduction


The chemistry of cuboidal metal clusters containing M4Q4


cores (M=metal; Q=O, S, Se) and their incomplete M3Q4


analogues has been a subject of interest over the last 20
years.[1] In addition to the Fe complexes, which are of partic-
ular relevance in bioinorganic chemistry, compounds con-
taining Mo and W are useful molecular models in industrial
hydrodesulfurization (HDS) catalysis.[2] Cubane-type transi-
tion metal sulfides and selenides are also a promising family


of non-linear optical materials.[3,4] In the case of the incom-
plete M3S4 clusters, the Mo and W compounds are among
the most studied, probably because of the easy preparation
and stability of the [M3Q4(H2O)9]


4+ (M=Mo, W; Q=O, S,
Se) aqua complexes.[1] Kinetic studies have revealed that a
pH increase causes acceleration of the substitution reactions
in these aqua complexes because of the formation of more
labile conjugate±base hydroxocomplexes.[1,5,6] However,
little is known about the properties of related hydride-con-
taining clusters, except for the preparation of the
[W3S4H3(diphosphine)3]


+ complexes (diphosphine=dmpe,
depe, dppe) and their reactivity with benzoyl chloride that
results in the formal substitution of H� by X� .[7] We have re-
cently observed that [W3S4H3(dmpe)3]


+ (1) reacts with HX
(X=Cl, Br) under mild conditions in a variety of solvents
(acetonitrile, acetone and mixtures of these solvents with
water) to also form the corresponding [W3S4X3(dmpe)3]


+ (2)
halide complexes [Eq. (1)], whereas no reaction of 1 with an
excess of halide salts is observed by NMR after several days.


½W3S4H3ðdmpeÞ3�þþ3HX ! ½W3S4X3ðdmpeÞ3�þþ3H2 ð1Þ


These observations indicate that protons play an impor-
tant role in the process and prompted us to carry out a ki-
netic study of these reactions. The study of the kinetics of
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Abstract: The cluster
[W3S4H3(dmpe)3]


+ (1) (dmpe=1,2-bis-
(dimethylphosphino)ethane) reacts
with HX (X=Cl, Br) to form the cor-
responding [W3S4X3(dmpe)3]


+ (2) com-
plexes, but no reaction is observed
when 1 is treated with an excess of
halide salts. Kinetic studies indicate
that the hydride 1 reacts with HX in
MeCN and MeCN±H2O mixtures to
form 2 in three kinetically distinguisha-
ble steps. In the initial step, the W�H


bonds are attacked by the acid to form
an unstable dihydrogen species that re-
leases H2 and yields a coordinatively
unsaturated intermediate. This inter-
mediate adds a solvent molecule
(second step) and then replaces the co-
ordinated solvent with X� (third step).


The kinetic results show that the first
step is faster with HCl than with solvat-
ed H+. This indicates that the rate of
protonation of this metal hydride is de-
termined not only by reorganization of
the electron density at the M�H bonds
but also by breakage of the H�X or
H+�solvent bonds. It also indicates that
the latter process can be more impor-
tant in determining the rate of protona-
tion.


Keywords: cluster compounds ¥
hydrides ¥ kinetics ¥ proton
transfer ¥ reaction mechanisms
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proton transfer to hydride complexes is a field of current in-
terest and, to our knowledge, the results presented herein
constitute the first report on the kinetics of proton transfer
to a polynuclear metal hydride. In addition, the stability of 1
in water has also, for the first time, allowed kinetic informa-
tion to be obtained about the relative rates of attack by the
hydrated proton and undissociated HX molecules.


Results and Discussion


Kinetics of reaction of [W3S4H3(dmpe)3]
+ with acids : The ki-


netics of Equation (1) was initially studied in water±acetoni-
trile mixtures (volume ratio 3:1). Stopped-flow experiments
using a diode-array detector revealed complicated spectral
changes over time that indicate polyphasic kinetics of reac-
tion. A satisfactory analysis of the data could be achieved
by considering three consecutive kinetic steps with forma-
tion of two detectable reaction intermediates, (I1) and (I2),
whose UV/Vis spectra are given in Figure 1. The final spec-
trum displays the band typical of the [W3S4X3(dmpe)3]


+


complexes, although the intensity of this band changes with
the acid concentration, thus showing that the last kinetic
step occurs under conditions of reversible equilibrium.


The rate constants corresponding to the initial step (k1obs)
change linearly with the acid concentration; the values are
independent of the nature of the acid and remain unaffected
by addition of an excess of X� (Figure 2). The value derived
for the second-order rate constant (k1) from analysis of the
whole set of data for different acids in H2O/MeCN (3:1) is
(1.07�0.02)î102 m�1 s�1 at 25 8C. In contrast, the rate con-
stants for the second and third steps are independent of the
nature and the concentration of both the acid and the X�


ion (k2=0.29�0.02 s�1 and k3=0.019�0.004 s�1 at 25 8C).


The reaction of 1 with HNO3 shows a first step with kinet-
ics similar to that observed with HCl and HBr, but no spec-
tral changes attributable to the k2 and k3 steps are observed.
For this acid, following the initial step, there are slower and
irreproducible absorbance changes that last for hours and
lead to a reaction product with spectral characteristics that
are very different from those of the remaining complexes
studied in the present work (Data for the slow by-product:
signals at d=55.3 and 27.1 ppm in the 31P NMR spectrum,
no signals for coordinated hydrides in the 1H NMR spec-
trum, shoulder at 450 nm in the UV/Vis spectrum). These
spectral changes hinder the possible observation of steps
corresponding to the k2 and k3 steps mentioned above. How-
ever, separate experiments showed that freshly prepared sol-
utions of 1 and HNO3 react with an excess of KCl to yield
[W3S4Cl3(dmpe)3]


+ in a single kinetic step. The rate constant
(kobs=0.017�0.004 s�1 (25 8C)) for this reaction is similar to
that of k3 in the reaction with HCl, indicating that inter-
mediate I2 is also formed in the reaction with HNO3. In con-
trast, no reaction with KCl is observed when the solutions
of 1 and HNO3 have been stored for hours, thus showing the
slower formation of secondary products that are unreactive
towards halide.


Abstract in Spanish: El cluster [W3S4H3(dmpe)3]
+ (1)


(dmpe=1,2-bis(dimetillfosfino)etano) reacciona con los
µcidos HX (X=Cl, Br) para formar los correspondientes
complejos [W3S4X3(dmpe)3]


+ (2), pero no se observa reac-
ciÛn cuando se trata 1 con un exceso de sal. Los estudios ci-
nÿticos realizados indican que el hidruro 1 reacciona con
HX en MeCN y mezclas MeCN�H2O para formar 2 en tres
etapas cinÿticamente distinguibles: en la etapa inicial se pro-
duce el ataque del µcido a los enlaces W�H para formar un
complejo de dihidrÛgeno inestable que libera H2 y forma un
intermedio coordinativamente insaturado que adiciona una
molÿcula de disolvente (segunda etapa) y luego reemplaza el
disolvente coordinado por el aniÛn X� (tercera etapa). Los
resultados cinÿticos muestran que la primera etapa es mµs
rµpida con la molÿcula de HCl que con el H+ solvatado, lo
que indica que la velocidad de protonaciÛn de este hidruro
metµlico estµ determinada no solo por la reorganizaciÛn de
la densidad electrÛnica sobre los enlaces M�H, sino tambiÿn
por la rotura de los enlaces H�X o H+-disolvente, y que este
Çltimo proceso puede llegar a ser el mµs importante a la hora
de determinar la velocidad del proceso de protonaciÛn.


Figure 1. UV spectra of complex 1 and the intermediates formed in its re-
action with HBr, as calculated from analysis of the spectral changes with
time.


Figure 2. Plot of the observed rate constant for the first step in the reac-
tion of [W3S4H3(dmpe)3]


+ with acids in acetonitrile±water (1:3 v/v) mix-
tures (25 8C, 0.50m KNO3). The plot includes data for the reaction with
HCl (circles), HBr (triangles), HNO3 (squares) and HCl in the presence
of added KCl (diamonds). The solid line corresponds to the overall fit of
the whole set of data.
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Additional kinetic experiments were carried out in neat
acetonitrile and in different acetonitrile±water mixtures. In
some cases, three kinetic steps similar to those noted above
could be resolved and the values of the rate constants are
included in Table 1. However, reliable values of k2 could not
be obtained under certain conditions, mainly because the
values of the observed rate constant for the first step
become smaller and close to k2. In acetonitrile±water mix-
tures, the values of k1 only show small changes with the
water content. Extrapolation of the data to neat water
(0.05m Bu4NBF4 ionic strength) leads to a value close to
40 m


�1 s�1 for the reaction of 1 with H(H2O)n
+ (The identity


of protonated water in MeCN has been shown to be a mix-
ture of [H(H2O)n]


+ species with n=1±4).[8]


In neat acetonitrile, k1 is strongly dependent on the
nature of the acid (Figure 3). For HBr, the process is too
fast to give reliable kinetic data, whereas for HCl and HBF4


quite different rate constants are obtained. The similar k1


values for HCl and DCl indicate that the kinetic isotope
effect is negligible. In the presence of added Cl� , the values
of k1 for HCl show a clear deceleration (Figure 3), which in-
dicates that the species reacting with 1 in this step is the
HCl molecule. Actually, the data obtained with Cl� in
excess can be explained by considering the homoconjugation
equilibrium [Eq. (2)], which has a Kh value (1.14î102) close
to that reported in the literature (1.58î102).[9]


HClþCl� Ð HCl�2 ; Kh ð2Þ


As the HBF4 molecule is not stable and the formation of
ion pairs is not favored in acetonitrile solution,[10,11] it ap-
pears reasonable to assume that the attacking species in this
case is the acetonitrile-solvated proton (H+


MeCN). In this
case, the anion of the acid has a low coordinating ability; a
species of the type [W3S4(BF4)3(dmpe)3]


+ is thus not expect-
ed to be formed and the reaction thus stops with formation
of the I2 intermediate. At the HBF4 concentrations used in
the kinetic experiments the values of k1obs are in the range
0.2±1.5 s�1 and the values of k2 are not well defined, so only


k1 is included in Table 1. Al-
though NMR experiments
showed the formation of
[W3S4F3(dmpe)3]


+ (two doublets
at d=13.5 and 10.3 ppm in the
phosphorus spectrum with
JP,F=57 Hz and 92 Hz, respec-
tively; one double doublet at
d=�203.0 ppm in the fluorine
spectrum with the same cou-
pling constants) by abstraction
of fluoride from the anion, this
process occurs much more
slowly than that of the stopped-
flow measurements and does
not cause any interference in
the kinetic experiments.


The nature of the reaction intermediates : With kinetic stud-
ies of reaction (1) completed, our efforts were directed
toward determining the nature of the reaction intermediates.
Although none of the intermediates could be isolated and
structurally characterized, the nature of I2 could be clearly
established as [W3S4(H2O)3(dmpe)3]


4+ when there was water
in the reaction medium. Thus, its spectrum in Figure 1 coin-
cides with that obtained by treatment of a solution of the
[W3S4(OH)3(dmpe)3](PF6) complex (3-PF6), whose structure
is described below, with HNO3. The changes observed in the
electronic spectrum of the latter complex after successive
additions of KOH and HNO3 are reversible and indicate the
operation of the equilibrium represented in Equation (3).
Moreover, kinetic experiments showed that 3 reacts with


Table 1. Kinetic data for the reaction of [W3S4H3(dmpe)3]PF6 with acids in acetonitrile±water mixtures at
25.0 8C.[a]


% water in solvent Ionic strength Acid k1 [m
�1 s�1] k2 [s


�1] k3 [s
�1]


75 0.5m (KNO3) HCl 1.03(1)î102 0.28(1) 0.020(4)
HCl(added Cl�)[b] 1.12(4)î102 0.28(2) 0.021(2)


HBr 1.13(4)î102 0.31(3) 0.017(4)
HNO3 0.97(2)î102 [c] [c]


overall[d] 1.07(2)î102 0.29(3) 0.019(4)
75 0.05m (Bu4NBF4) HCl 42(1) [e] 0.009(1)
50 HCl 43(2) [e] 0.016(2)
25 HCl 52(2) [e] 0.026(3)
0[f] 0.05m (Bu4NBF4) HCl 3.41(9)î103 0.18(3) 0.012(1)


HCl (added Cl�)[g] 1.04(2)î103 [e] 0.010(2)
DCl 3.51(7)î103 0.17(3) 0.011(2)
HBF4 2.53(6)î102 [e] [h]


[a] The figures in parenthesis represent the standard deviation in the last significant digit. [b] Experiments in
the presence of 0.27m KCl with the ionic strength adjusted to 0.5m with KNO3. [c] Following the initial step,
the reaction with HNO3 leads to the slow formation of secondary products (see text). [d] Data corresponding
to the overall fit of the data with all the acids in 0.5m KNO3; [e] No reliable values of the rate constant could
be derived for this step. [f] Data in anhydrous acetonitrile. [g] Experiments in 0.05m Bu4NCl. [h] Following the
initial steps there are very slow absorbance changes that lead to [W3S4F3(dmpe)3]


+ (see text).


Figure 3. Plot of the observed rate constant for the first step in the reac-
tion of [W3S4H3(dmpe)3]


+ with acids in neat acetonitrile (25 8C, 0.05m
Bu4NBF4). The plot includes data for the reaction with HCl (circles),
DCl (triangles), HBF4 (squares) and HCl in the presence of added
Bu4NCl (diamonds). The solid lines correspond to the fit of each set of
data.
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HCl in MeCN-H2O (1:3) solutions in a single kinetic step,
with kobs being independent of the acid concentration and
having a value (0.017�0.003 s�1 at 25 8C) similar to that of
k3 under the same conditions.


½W3S4ðOHÞ3ðdmpeÞ3�þþ3HþÐ½W3S4ðH2OÞ3ðdmpeÞ3�4þ ð3Þ


Additional evidence favoring the formulation of I2 as a
triaqua complex in equilibrium with the corresponding trihy-
droxo complex was provided by NMR experiments. The
phosphorus spectrum of a solution of 1 in [D6]acetone con-
taining an excess of HNO3 displays two signals (d=9.8 and
�0.5 ppm) within the range observed for other
[W3S4X3(dmpe)3]


+ complexes (X=H, Cl, Br). These signals
can be assigned to intermediate I2 as, on addition of KBr,
they disappear while signals of the [W3S4Br3(dmpe)3]


+ com-
plex appear. On the other hand, complex 3 shows two sig-
nals at d=10.1 and �5.3 ppm in [D6]acetone solution, thus
showing that I2 is not the trihydroxo complex. However,
while the signal at d=10.1 ppm is little affected by the addi-
tion of aliquots of an aqueous HNO3 solution, the chemical
shift for the other signal changes significantly up to about
+2 ppm. As shown in Figure 4, these changes can be re-
versed by the addition of KOH, which indicates again the


operation of the equilibrium in Equation (3). Thus, the I2 in-
termediate observed during the course of the reaction of 1
with acids can be considered to be [W3S4(H2O)3(dmpe)3]


4+


in equilibrium with the corresponding trihydroxo complex,
the relative amounts of both species depending on the
actual concentration of acid. As the spectrum of intermedi-
ate I2 in neat MeCN is very similar to that observed in the
presence of water, it appears reasonable to consider that the
intermediate formed under these conditions is
[W3S4(MeCN)3(dmpe)3]


4+ and that the last step in the mech-
anism of reaction (1) consists of the substitution of coordi-
nated solvent by the X� ion.


However, the most interesting fact in the mechanism of
reaction (1) resides in the nature of intermediate I1, for
which the electronic spectrum is independent of the nature
of both the acid and the solvent. As kinetic data indicate
that I1 is formed by reaction of 1 with acid, reasonable possi-
bilities for H+ (or HX) attack include direct attack at the
W�H bonds and labilisation of the coordinated hydrides by
protonation of the m2- or m3-S


2� bridges. Theoretical calcula-
tions were carried out to discriminate between these possi-
bilities. The results showed that protonation at the W�H
bond is favored by 11.89 kcalmol�1 with respect to protona-
tion at m2-S


2� and by 31.42 kcalmol�1 with respect to proto-
nation at m3-S


2�. The optimized geometry of the resulting
product (Figure 5) clearly differs from that of a classical di-
hydride and it is best described as a dihydrogen complex


with a short H�H distance (0.78 ä). Although there is no
previous report of WIV dihydrogen complexes, their forma-
tion as transient species has previously been proposed.[12]


To confirm the nature of this intermediate, the early
stages of reaction (1) were monitored by using low tempera-
ture NMR spectroscopy. For this purpose, the reaction with
HBF4 was initially selected because at short reaction times it
stops with the formation of the I2 intermediate. When the
reaction with this acid is carried out in CD3CN at 0 8C, the
NMR spectra show the sequential formation of three prod-
ucts containing two, one, and zero W�H bonds, but no
signal for coordinated H2 is observed. For the intermediate
with two W�H bonds: dH=�0.19 ppm (2JH,P=49 and 31 Hz)
and �0.22 ppm (2JH-P=46 and 30 Hz), dP=12.8, 10.6, 7.3,
1.6, �1.7 and �11.4 ppm; for the intermediate with a single
W�H bond: dH=�0.02 ppm (2JH,P=49 and 30 Hz), dP=11.8,
10.6, 9.4, 6.6, �0.5 and �3.3 ppm; for the third intermediate
there are no hydride signals and dP=7.5 and �2.2 ppm. The
actual values of the chemical shifts are temperature-depend-
ent; when the temperature is changed, changes of up to
0.15 ppm in the 1H spectra and 1.5 ppm in the 31P spectra
are observed for both the starting complex and the inter-
mediates. Importantly, the phosphorus spectra for the inter-
mediates containing two or one W�H bonds show six signals
as a consequence of the symmetry decrease caused by reac-


Figure 4. Plot of the changes with the concentration of added HNO3 and
KOH to a solution of complex 3-PF6 in [D6]acetone at 25 8C. As the acid
and base were added in aqueous solution, the differences between the
chemical shifts observed in the first and last spectra are most likely
caused by a change in the composition of the solvent.


Figure 5. Optimized geometry for the intermediate resulting from H+


attack to one of the W�H bonds in the [W3S4H3(PH3)6]
+ model complex.
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tion at only one or two metal centers. When the reaction at
the three metal centers is completed, the symmetry is recov-
ered and only two signals are observed in the phosphorus
spectra.


These results can be interpreted by considering that each
kinetic step in the stopped-flow experiments corresponds to
a different chemical process that occurs sequentially at the
three metal centers, with statistically controlled kinetics. It
can easily be demonstrated[13] that, if the metal centers
behave as independent chromophores and the rate constants
are statistically controlled (3:2:1 ratio in the present case),
the kinetic traces can be fitted by a single exponential with
an apparent rate constant that corresponds to that of the
slowest step, that is, to the reaction at the third metal
center. Statistically controlled kinetics has previously been
reported for several reactions of polynuclear metal com-
plexes,[14] including some reports by the group of Sykes on
substitution reactions in incomplete M3Q4 clusters.[1,5,6, 15]


According to this interpretation, under the experimental
conditions of the NMR experiments, only the three forms
corresponding to intermediate I2 are formed in the reaction
with HBF4. This conclusion was confirmed by NMR experi-
ments using a deficit of HBF4, which showed the exclusive
formation of the I2 intermediate with two W�H bonds.
When HBF4 is replaced by HCl, the spectra (CD3CN, 0 8C,
deficit of acid) of the first intermediate [dH=�0.10 ppm
(2JH,P=48 and 32 Hz) and �0.42 ppm (2JH,P=44 and 28 Hz),
dP=12.8, 9.8, 4.7, �0.1, �3.6 and �10.1 ppm] are slightly dif-
ferent and favor its formulation as [W3S4H2Cl(dmpe)3]


+.
These results indicate that, at 0 8C and using a deficit of
acid, the relative rates of the different kinetic steps change
with respect to those observed in the stopped-flow experi-
ments at 25 8C, and the first step becomes rate-determining.
For this reason, only the product corresponding to the oc-
currence of the three consecutive steps at a single metal
center is observed.


In new attempts to detect the dihydrogen intermediate
suggested by the theoretical calculations, the reaction with a
deficit of HBF4 was examined at �70 8C in [D6]acetone. In
this case, two distinct intermediates containing two W�H
bonds were detected (dH=�0.21 ppm with 2JH,P=40 and
32 Hz, and �0.70 ppm with 2JH,P=52 and 28 Hz for one of
the intermediates, and dH=�0.23 ppm with 2JH,P=44 and
32 Hz, and �0.59 ppm with 2JH,P=44 and 28 Hz for the
other one), but again no signal assignable to a dihydrogen
complex could be observed. If one of the intermediates (I2)
is considered to contain coordinated solvent at the coordina-
tion site originally occupied by H� in one of the metal cen-
ters, the problem is to determine the nature of the ligand oc-
cupying that coordination site in the other intermediate.
Multiple NMR experiments using different acids, solvents,
and temperatures were unsuccessful in detecting any dihy-
drogen signal, so we decided to look for an alternative ex-
planation. We carried out theoretical calculations to deter-
mine the energy difference between the dihydrogen struc-
ture in Figure 5 and the product resulting from H2 dissocia-
tion. The results indicate that the process [Eq. (4)] only re-
quires 1.8 kcalmol�1, so it would be driven under the
experimental conditions by the favorable entropy change.


According to this result, intermediate I1 would be a coordi-
natively unsaturated complex containing a vacant coordina-
tion site at the position originally occupied by the hydride.
(There would, actually, be three I1 intermediates formed
with statistically controlled kinetics and corresponding to re-
action at one, two or three metal centers).


½W3S4H2ðH2ÞðdmpeÞ3�2þ ! ½W3S4H2ðdmpeÞ3�2þþH2 ð4Þ


The crystal structure of the [W3S4(OH)3(dmpe)3]-
(BPh4)¥CH2Cl2 complex : The structure of [W3S4(OH)3-
(dmpe)3](BPh4)¥CH2Cl2 was determined by single-crystal
X-ray diffraction experiments. The main features of the
structure are similar to those reported for other M3Q4 com-
pounds with incomplete cuboidal type geometries. A draw-
ing of the cation 3 together with the atom-numbering
scheme is shown in Figure 6. With space group P1≈ and one
entire molecule per asymmetric unit, there is not crystallo-


graphic symmetry imposed on the cation; however, the mol-
ecule has an effective C3 symmetry. Table 2 contains a list of
the most important averaged bond lengths together with
those reported for the cations [W3S4Cl3(dmpe)3]


+ and
[W3S4H3(dmpe)3]


+ for comparative purposes.[7] The chloride
derivative has been chosen instead of the [W3S4Br3(dmpe)3]


+


precursor because substitution of Br by Cl does not affect
the metal±metal, metal±sulfur and metal±phosphorus distan-
ces and the quality of the structural parameters reported for
the chloride cluster is much higher.


The metal±metal distances in Table 2 are consistent with a
metal oxidation state of iv and with the substitution of the
halide ion coordinated to the metal by a hydroxy group. The
metal�oxygen bond length of 2.100(6) agrees with this for-
mulation. Similar distances have been observed for the


Figure 6. ORTEP representation of [W3S4(OH)3(dmpe)3]
+ (50% proba-


bility ellipsoids) with atom numbering scheme.
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oxygen atoms in the alkoxo groups attached to molybdenum
in the [Mo3S4(tdci)3]


4+ complex (tdci=1,3,5-tris(dimethyla-
mino)-cis-inositol), with an average Mo�O value of 2.087 ä,
compared with M�H2O distances in [M3S4(PPh3)3Cl4(H2O)2]
of about 2.25 ä for M=W and 2.27 ä for M=Mo.[16±18]


The replacement of a halide by an hydroxy group is also
reflected in the metal±bridging chalcogenide distances. The
differences in the M±m2-Q distances, attributed to the larger
trans-effect of the phosphine versus the halide or hydroxide,
in [W3S4Cl3(dmpe)3]


+ and [W3Se4Br3(dmpe)3]
+, are 0.04 ä


compared with the 0.012 ä observed for 3. Substitution of a
hydroxy group by hydrogen lengthens the W�m2-S distance
roughly trans to that position by about 0.01 ä and shortens
by the W�m2-S distance trans to the phosphorus atom by
about 0.01 ä.


The mechanism of reaction of the [W3S4H3(dmpe)3]
+ cluster


with acids : The whole set of experimental findings in the
present paper can be rationalized according to the mecha-
nism in Equations (5)±(8), where, for simplicity, only reac-
tion at one of the metal centers is considered. A complete
description of the mechanism is more complicated but can
be easily obtained from these equations by simply consider-
ing that each step actually includes three steps, correspond-
ing to the sequential reaction at the three metal centers.
Moreover, because of the statistically controlled kinetics,
the rate constants for the different steps can also be easily
derived from the experimental values by considering that
they are in a 3:2:1 ratio. As the values derived from the ex-
perimental kinetic traces correspond to the slowest one,[13]


the rate constants for reaction at the first metal center are 3
k1, 3 k2, and 3 k3, as indicated in Equations (5)±(8).


½W3S4H3ðdmpeÞ3�þþHX!½W3S4H2ðH2ÞðdmpeÞ3�2þþX�; 3 k1 ð5Þ


½W3S4H2ðH2ÞðdmpeÞ3�2þ ! ½W3S4H2ðdmpeÞ3�2þþH2; fast ð6Þ


½W3S4H2ðdmpeÞ3�2þþsolv ! ½W3S4H2ðsolvÞðdmpeÞ3�2þ; 3 k2 ð7Þ


½W3S4H2ðsolvÞðdmpeÞ3�2þþX� ! ½W3S4H2XðdmpeÞ3�þ; 3k3 ð8Þ


The initial attack [Eq. (5)] occurs with formation of an un-
stable dihydrogen complex that rapidly dissociates H2


[Eq. (6)] to form a coordinatively unsaturated intermediate
I1. The process represented in Equation (5) could actually
be more complicated as it can occur through the formation
of W�H¥¥¥H�X dihydrogen-bonded intermediates. In fact,


several examples of this type of
adduct have been reported in
recent years as intermediates in
proton-transfer processes.[19]


Once the I1 intermediate has
been formed, the reaction con-
tinues with solvent addition to
the vacant coordination site
[Eq. (7)] to form intermediate
I2, which substitutes the anion
of the acid for the coordinated
solvent in the last step


[Eq. (8)]. As the last step is a simple substitution reaction,
according to the Eigen±Wilkins mechanism a saturation be-
havior is expected for the k3obs values. In the present case,
the rate constants for substitutions of coordinated solvent in
intermediate I2 by Cl� and Br� are independent of [X�], and
only lead to the value of the limiting rate constant. In con-
trast, substitutions in related [M3Q4(H2O)9]


4+ complexes
usually exhibit a first-order dependence on [X�],[1,5,6] al-
though the concentrations of the entering ligand usually em-
ployed in those studies are much smaller than those in the
present work. Unfortunately, in the present system, kinetic
data for this substitution process could not be obtained at
lower concentrations of X� , as the third step in the reaction
of 1 with acids occurs under conditions of reversible equili-
brium and the formation of the [W3S4X3(dmpe)3]


+ species
requires high concentrations of the anion.


A somewhat confusing conclusion of the proposed mecha-
nism is that addition of a solvent molecule to the vacant co-
ordination site [Eq. (7)] is a relatively slow process (k2=


0.17±0.31 s�1). Nevertheless, there are previous reports of
additions to coordinatively unsaturated complexes occurring
at similar rates.[20,21] In those cases, the low reaction rates
have been interpreted by considering a stabilization of the
unsaturated complex, either by formation of agostic
bonds[20] or by an increased s-donation from the ancillary
phosphine ligands.[21] To check the latter possibility, we car-
ried out a comparative study of the bond lengths in the opti-
mized geometries of the model complex [W3S4H3(PH3)6]


+


and the analogous compound [W3S4H2(PH3)6]
+2, which has a


vacant coordination site at one of the W atoms. The results
showed that the major change corresponds to the distance
between the unsaturated metal center and the m2-S


2� trans
to the hydride, which is 0.093ä shorter in the complex with
the vacant site. Other changes in the bond lengths are con-
siderably smaller and can hardly be invoked to explain a sta-
bilization of the unsaturated complex. The whole set of
theoretical calculations therefore suggest that intermediate
I1 most probably contains a vacant coordination site (result-
ing from H2 dissociation) and that this structure is stabilized
by an increase in electron donation from the sulfide trans to
the vacant site. This stabilization would lead to a higher
energy barrier for solvent addition and, hence, conversion to
I2 would be a relatively slow process detectable in the kinet-
ic experiments.


According to the mechanism in Equations (5)±(8), the
acid-promoted substitution of H� in the incomplete cube 1
[Eq. (1)] is a consequence of consecutive protonation and


Table 2. Selected averaged bond lengths [ä] for trinuclear clusters with [W3S4] units.
[a]


Length [ä] [W3S4Cl3(dmpe)3]
+[7] [W3S4H3(dmpe)3]


+[7] [W3S4(OH)3(dmpe)3]
+


M�M 2.755(1) 2.751[4] 2.769[10]
M�m3-S(1) 2.382(5) 2.354[2] 2.385[11]
M�m-S(2)[b] 2.288(5) 2.341[4] 2.331[4]
M�m-S(2)[c] 2.327(3) 2.329[8] 2.343[10]
M�m-S(2)av 2.308[14] 2.335[9] 2.337[8]
M�OH (or Cl) 2.488(4) ± 2.100[6]
M�P(1) 2.520(4) 2.476[9] 2.513[18]
M�P(2) 2.595(3) 2.516[5] 2.589[12]


[a] Standard deviations for averaged values are given in square brackets. [b] Mo�m-Q distance trans to Mo�X
bond. [c] Mo�m-Q distance trans to Mo�P(2) bond.
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H2-elimination processes. The present results provide, for
the first time, kinetic support to the possibility of acid-accel-
erated substitutions in W-S cubes. This behavior would be
very different from that previously observed for substitu-
tions in the related aqua complexes, for which substitutions
become faster with decreasing acidity, due to the formation
of more labile hydroxo complexes.[1,5,6] Although a first-
order term in [H+] has been observed for the formation of
[Mo3Q4(H2O)9]


4+ by abstraction of Q from
[Mo3Q7(H2O)6]


4+, no acceleration with increasing [H+] is ob-
served for substitution of coordinated water in the latter
complexes.[6] In contrast, the existence of acid-catalyzed sub-
stitutions in analogous Fe clusters is well illustrated.[22]


There is, however, a major difference between the clusters
of both metal ions with respect to the mechanism of the
acid-promoted acceleration: whereas in the Fe complexes it
is caused by labilization of the departing ligand (induced by
protonation of the bridging sulfides), the acceleration ob-
served in 1 is caused by protonation at metal�hydride
bonds.


It is also important to note that the rate of acid attack at
the M�H bonds strongly depends on the nature of the at-
tacking species. This is also of relevance for the protonation
of other metal hydrides, including those leading to the for-
mation of stable dihydrogen complexes. Although this de-
pendence has previously been demonstrated for the reaction
of other hydride complexes with HX molecules in tetrahy-
drofuran solution,[10,23±25] the present results extend this con-
clusion to other solvents and allows, for the first time, com-
parison of the relative rates of protonation with HX mole-
cules and the solvated proton. According to the data in
Table 1, the rate of protonation follows the order HX >


H+
MeCN > H+


H2O, that is, attack by the HCl molecule is
faster than attack by the solvated proton, with the slowest
reaction being observed for the hydrated proton. This result
contrasts with the ideas derived from the behavior of classi-
cal acids and bases in aqueous solution, for which the rate
of proton transfer increases with the difference in acidity be-
tween the reagents,[23,26] the fastest protonation of a base
corresponding to reaction with the strongest acid, that is, the
solvated proton. The reversed ordering observed for proto-
nation of 1 is thus unexpected and confirms previous sugges-
tions that the acid±base behavior of the metal hydrides can
not be easily extrapolated from that of classical acids and
bases in aqueous solution.[27] The reason for this singular be-
havior resides in the fact that protonation of a coordinated
hydride occurs through transition states with M�H¥¥¥¥H�X
(or M�H¥¥¥H+


solv) links and reorganization of the electron
density at both the M�H and the H�X(or H+±solvent)
bonds contribute to the rate of reaction. The present results
indicate that, at least in some cases, the breaking of the H+±
solvent bonds can represent the most important contribution
to the activation barrier of the protonation process.


Experimental Section


Materials : The molecular triangular clusters [W3S4H3(dmpe)3](PF6) and
[W3S4Br3(dmpe)3](PF6) were prepared according to literature meth-


ods.[7,28] Other reactants were obtained from commercial sources and
used as received. Solvents for synthesis were dried and degassed by stan-
dard methods before use.


Physical measurements : Elemental analyses were carried out with a C. E.
analyzer, model EA 1108. IR spectra were recorded on a Perkin Elmer
System 2000 FT-IR using KBr pellets. Electrospray mass spectra were re-
corded on a Micromass Quattro LC instrument using nitrogen as the
drying and nebulising gas. NMR experiments were performed on Jeol
EX400, Bruker Avance 600 and Varian Unity 400 spectrometers. For
monitoring of the protonation reaction at low temperatures, the samples
were placed in tubes provided with screw-cap septa and cooled inside the
magnet at the desired temperature, prior to addition of the acid solutions.
For the experiments in CD3CN and acetone-d6, the solutions of HCl and
HBr were generated from MeOH and ClSiMe3 or BrSiMe3.


Kinetic experiments : The experiments were carried out at 25.0 8C using
an Applied Photophysics SX17-MV stopped-flow spectrophotometer pro-
vided with a diode-array detector. In all cases, solutions of the starting
complex in the desired solvent were mixed, in the instrument, with solu-
tions of the acid in the same solvent. Both solutions contained the
amount of salt required to maintain a constant ionic strength. The con-
centration of acid was determined in each case by titration with a previ-
ously standardized KOH solution; for the acid solutions in MeCN, titra-
tion was carried out after diluting an aliquot (1±5 mL) with water
(50 mL). For the kinetic experiments in neat MeCN, and for the NMR
experiments in the same solvent and [D6]acetone, HCl was generated by
reaction of ClSiMe3 with MeOH and DCl was generated by reaction of
ClSiMe3 with MeOD. HBr was generated in a similar fashion from
BrSiMe3. Most kinetic experiments were carried out using the diode-
array detector and the results were analyzed with the GLINT program.[29]


In some cases, the experiments were carried out at a single wavelength
and the kinetic traces were analyzed with the standard software of the
stopped-flow instrument.


Theoretical calculations : Calculations were performed on a model
W3S4H3(PH3)6


+ complex with the Becke hybrid density functional
(B3LYP)[30,31] method using the Gaussian 98 program.[32] B3LYP has been
used in conjunction with the double-z pseudo-orbital basis set LanL2DZ,
in which the metal atoms are represented by the relativistic effective core
LanL2 potential of Los Alamos.[33]


Synthesis of [W3S4(OH)3(dmpe)3](PF6) (3-PF6): A blue solution of
[W3S4Br3(dmpe)3](PF6) (200 mg, 0.132 mmol) in CH3CN/H2O (1:1,
120 mL) was treated dropwise with 0.1m NaOH (10 mL, 1 mmol) and the
mixture was stirred at room temperature for 4 h. After removing some of
the solvent (ca. 60 mL) under reduced pressure, the desired product was
extracted with CH2Cl2 (60 mL î 3) and the resulting pink organic solu-
tion was dried with MgSO4, filtered, and concentrated under reduced
pressure. Addition of diethyl ether to the above solution precipitated the
desired product, which was then separated from the solution by filtration.
The solid was dried to give [W3S4(OH)3(dmpe)3](PF6) as an air-stable
pink product (yield 105 mg; 60%). Elemental analysis calcd for
W3S4P7C18H51O3F6: S 9.67, C 16.30, H 3.88; found: S 9.81, C 16.72, H
3.79; 31P{1H} NMR (CD3CN): d=�144.2 (septet, 1P, 1J(31P,19F)=
704.0 Hz), �5.62 (s, 3P, 1J(31P,


183W)=169.2 Hz), 9.47 (s, 3P, 1J(31P,183W)=
204.0 Hz); IR (KBr): ñ1417 (s, P-CH2), 1300(m), 1287 (m, P-CH3), 1136
(m, CH3), 993 (w), 950 (s, CH3), 939 (s), 898 (s, CH3), 840 (s, P-F), 808
(m), 752 (m, CH2), 714 (m, CH2), 652 (m), 557 (s, P-F), 495 (s, W-O), 433
(m, W-m3-S), 338 cm�1 (m); UV/Vis (CH3CN): l=517 (b), 317 (b),
260 nm (sh); electrospray-MS (CH3CN, 75 V, m/z): 1181 ([M+]), 1163
([M+�H2O]), 1031 ([M+�dmpe]), 1013 ([M+�dmpe�H2O]).


X-ray data collection and structure refinement : Suitable crystals for X-
ray studies of the tetraphenylborate salts of 3 were grown by slow diffu-
sion of diethyl ether into a sample solution in CH2Cl2. Replacement of
the PF6


� ion was carried out by addition of an excess of Na(BPh4) to
methanol solutions of 3-PF6, resulting in precipitation of the desired tet-
raphenylborate salts of the trinuclear cation 3. The crystals are air-stable
and were mounted on the tip of a glass fibre with the use of epoxy
cement. X-ray diffraction experiments were carried out on a Bruker
SMART CCD diffractometer using MoKa radiation (l=0.71073 ä). The
data were collected with a frame width of 0.38 in W and a counting time
of 25 s per frame at a crystal±detector distance of 4 cm. SAINT software
was used for integration of intensity reflections and scaling and SADABS
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software was used for absorption correction.[34, 35] Final cell parameters
were obtained by global refinement of 907 reflections for 3-BPh4¥CH2Cl2
obtained from integration of all the frames data. The crystal parameters
and basic information relating to data collection and structure refinement
are summarized in Table 3.


The structures were solved by direct methods and refined by the full-
matrix method based on F2 using the SHELXTL software package.[36]


The non-hydrogen atoms were refined anisotropically; the positions of all
hydrogen atoms were generated geometrically, assigned isotropic thermal
parameters and allowed to ride on their respective parent carbon atoms.
The final difference Fourier map in the structure of 3-BPh4¥CH2Cl2
showed the presence of one molecule of CH2Cl2 which was refined as a
rigid group.


CCDC-215667 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or deposit@ccdc.cam.ac.uk).
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DFT Description of the Electronic Structure and Spectromagnetic Properties
of Strongly Correlated Electronic Systems: NiII, CuII and ZnII o-Dioxolene
Complexes


Alessandro Bencini,* Chiara Carbonera,* and Federico Totti*[a]


Introduction


Density functional theory (DFT) has been widely used in
the last few years to calculate structural and spectromagnet-
ic properties of a large range of substances, from isolated
molecules to extended solids.[1] The success of DFT lies in
its ability to handle systems that reach real chemical com-
plexity with a low CPU cost/accuracy ratio. The use of the
generalized gradient approximation (GGA)[2] and the adia-
batic connection formula (ACF)[3] significantly improved the
quality of the results and led to better agreement with ex-
periment. Much attention was devoted to the study of mag-
netic interactions in molecular magnets, a field in which an
accurate treatment of the electron correlation is required
and where modelling of the external ligands can produce in-
correct absolute values of the exchange coupling constants.[4]


Among the paramagnetic systems synthesized so far and
studied as building blocks for molecular magnetic materi-
als,[5,6] complexes of polyoxolene radical ligands and transi-
tion metal ions occupy a special place, since they show rich
chemistry associated with their redox properties together
with magnetic activity.[7] The o-dioxolene ligands in particu-
lar can exist in the three redox forms quinone (Q), semiqui-
nonato anion (SQ�) and catecholato dianion (CAT2�), and


their complexes with Mn and Co can exhibit different
ground states depending on environmental conditions such
as pressure and temperature. This phenomenon, which re-
sembles the well-known spin equilibrium observed in a
number of transition metal complexes, is generically called
valence tautomerism.[8] In a localized description of the
chemical bond, the variation of the ground state in these
complexes can be seen as an interconversion between two
localized electronic structures that can be described, for ex-
ample, as [MII(SQ)]+ and [MIII(CAT)]+ . Studying the elec-
tronic structure of these systems is therefore rather complex.
Indeed, in addition to the formal assignment of the oxida-
tion states, the equilibrium between high- and low-spin
forms of the metal ions and the exchange interactions be-
tween the unpaired electron on SQ� and those on the metal
ions must be correctly described. It is therefore not surpris-
ing that these systems show unusual physical and chemical
properties. It was shown experimentally that the formal oxi-
dation states of the complexes can be reasonably established
by examining the C�O and C�C bond lengths of the o-diox-
olene ligands, which are strongly dependent on the formal
charge of the ligands.[8,9] Typical values are dCO=1.35 ä and
dCC=1.39±1.40 ä for CAT2� species, dCO=1.29±1.30 ä and
dCC=1.44 ä for SQ� species, and dCO=1.23 ä and dCC=


1.49±1.50 ä for Q species. Assignment of the formal oxida-
tion states by using the above empirical rules greatly helps
in understanding the overall properties of these substances,
but a more exact approach is required to achieve a quantita-
tive description of their chemical and physical properties,
and to predict new physical and chemical behaviours.


[a] Prof. A. Bencini, Dr. C. Carbonera, Dr. F. Totti
Dipartimento di Chimica, via della Lastruccia 3
Universit‡ di Firenze, Sesto Fiorentino (FI) (Italy)
Fax: (+39)055 4573372
E-mail : alessandro.bencini@unifi.it


Abstract: The spectroscopic and mag-
netic properties of dioxolene com-
plexes of zinc, copper and nickel
were studied by DFT calculations
on model complexes of formulas
[(NH3)4M


II(SQ)]+ (M=Zn, Ni; SQ=


semiquinonato) and [(NH3)2CuII(SQ)]+.
Standard approaches such as time-de-
pendent DFT (TDDFT), the Slater
transition state (STS), and broken sym-
metry (BS) were found to be unable to


completely account for the physical
properties of the systems, and complete
active space-configuration interaction
(CAS-CI) calculations based on the
Kohn±Sham (KS) orbitals was applied.


The CAS-CI energies, properly correct-
ed with multireference perturbation
theory (MR-PT), were found to be in
good agreement with experimental
data. We present here a calculation
protocol that has a low CPU cost/accu-
racy ratio and seems to be very promis-
ing for interpreting the properties of
strongly correlated electronic systems
in complexes of real chemical size.
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Density functional theory[10] has been recently applied
with some success to calculate several aspects of the chemis-
try and physics of metal o-dioxolene complexes, and particu-
larly the reproduction of the magnetic properties of a
number of systems showed that the method is appropriate
to describe the ground and the next excited state of these
systems.[11] However, a deeper characterization of their
properties requires knowledge of the energies and geome-
tries of higher excited states. A DFT description of the ex-
cited states of [CoII(SQ)2(phen)], particularly those respon-
sible for valence tautomerism, has been published,[11a] and
more recently we applied DFT to describe the electronic
structure of simpler CoII semiquinonato complex.[12] Al-
though some important information has been obtained on
these systems, some discrepancy with experimental data was
found, and a deeper investigation is needed. The main draw-
back of DFT in describing the electronic states of metal
semiquinonato complexes is due to the single-determinant
(SD) picture, which can be inadequate for nearly degenerate
electronic states. The electronic structure of these systems is
indeed characterized by a manifold of low-energy electronic
states, which can be thermally populated and, in an ap-
proach by wavefunction theory, should be described by mul-
tireference (MR) wavefunctions such as those obtained by
complete-active-space (CAS) configuration interaction (CI)
self-consistent field (SCF) calculations. LaBute et al.[13] re-
cently corrected the results of DFT calculations on cobalt
valence tautomers using a variational configuration interac-
tion approach based on a model Hamiltonian. General ap-
proaches to combine multideterminant wavefunctions with
DFT are currently under development,[14] and recently
PBour[15] corrected the Kohn±Sham (KS) wavefunctions
with CI and thus obtained a significant improvement over
the HF results in a number of systems. Although the direct
correction of KS wavefunctions with CI can lead to some
overestimation of the electron correlation, the procedure
can be applied in a straightforward way with available com-
puter code, and the results obtained by Bour prompted us
to investigate the application of this procedure to metal±se-
miquinonato systems.


Here we apply the MR-CI/KS formalism to calculate the
electronic structure, magnetic properties and electronic
spectra of a series of MII o-dioxolene model complexes of
formulas [(NH3)4M


II(SQ)]+ (M=Zn, Ni; SQ= semiquinona-
to) and [(NH3)2CuII(SQ)]+ . Ammonia molecules were used
to mimic the effect of the more complex nitrogen ligands
(usually CTH=dl-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraa-
zacyclotetradecane), which are present in the real com-
pounds. The complexes studied here are not expected to un-
dergo valence tautomerism, since the excited MIII±catechola-
to forms should lie at energies higher than the thermal
quantum at room temperature because of their redox poten-
tials. However, complexes of formulas [(CTH)MII(SQ)]+


have been widely characterized[7,11f, 16] by magnetic and spec-
troscopic techniques, as well as by X-ray diffraction, and
offer numerous experimental data that can be used to test
the MR-CI/KS approach. These systems therefore seem well
suited as tests for calculations aimed at establishing a gener-
al procedure to be applied to systems of chemical dimen-


sions. In the following, we compare MR-CI/KS with other
standard DFT procedures to calculate the magnetic proper-
ties and electronic spectra of the model complexes
[(NH3)4M


II(SQ)]+ and [(NH3)2CuII(SQ)]+ and test the accu-
racy of the methods on the available experimental data for
the real parent complexes.


Methods of Calculation


DFT calculations were performed with Slater-type orbitals (STO) using
the Amsterdam Density Functional program package (ADF2002),[17] and
with Gaussian-type orbitals (GTO) using the General Atomic and Mo-
lecular Electronic Structure System (GAMESS)[18] and the NWChem[19]


program packages on the model complexes of formulas [(NH3)4M(SQ)]+


(M=Zn, Ni) and [(NH3)2Cu(SQ)]+ shown in Figure 1. C2v symmetry was
assigned to all the complexes. STOs were used in the form of double-z
orbitals for the core electrons, and triple-z orbitals for the valence elec-
trons plus one polarization function for all the metals; double-z orbitals
plus one polarization function were applied to all the other atoms, except
hydrogen atoms, for which no polarization was added. Coefficients and
exponents of the basis functions were taken from the standard database
of ADF2002. Metal electrons up to the 2p shell were kept frozen. For all
the other non-hydrogen atoms the 1s shell electrons were frozen. GTO
calculations were performed with the all-electron basis sets developed by
Ahlrichs et al.[20] as obtained from the Extensible Computational Chemis-
try Environment Basis Set Database.[21] Triple-z functions were used for
the metal atoms and double-z functions were applied to all the other
atoms.


Geometry optimizations : The geometries of the model complexes were
optimized with ADF by using the Vosko±Wilks±Nusair formula (ver-
sion V)[22] for the local density approximation (LDA) part of the ex-
change-correlation functional and the nonlocal (GGA) corrections of
Becke[23] and Perdew[24] to the exchange and correlation part of the func-
tional, respectively. This functional is indicated by the abbreviation BP
below. The Broyden±Fletcher±Goldfarb±Shanno (BFGS) Hessian update
was used throughout, and default criteria of convergence on energy, dis-
placements and gradients were applied. Optimizations were always per-
formed on the highest spin state of each system, since it can be meaning-
fully described by a single Slater determinant. Dihedral angles between
the hydrogen atoms of the NH3 ligands were fixed to impose a local C3
axis around the M�N bond.


Magnetic properties : The exchange coupling constant J between the
metal ion and the semiquinonato radical was calculated by using the
broken symmetry formalism (BS), as described at length in the litera-
ture.[25] In this approach J is obtained from two independent SCF calcula-
tions: the first on the highest spin state of the system (the ferromagnetic
state, F), and the second on the antiferromagnetic state (AF), in which
the metal ion is in its internal highest spin state with a electrons, and the
electron on the SQ� radical has spin b. The exchange coupling constant
of the spin Hamiltonian[26]H=JSM¥SSQ can be calculated from the ener-
gies of these two single determinants, E(F) and E(AF) according to
Equation (1), where SM is the total spin on the metal centre and SSQ=1/2.


J ¼ EðFÞ�EðAFÞ
2 SMSSQ


ð1Þ


This equation results from the projection of the AF state, which is not an
eigenfunction of S2, onto the pure spin state corresponding to the antifer-
romagnetic alignment of the magnetic electrons. The use of Equation (1)
most often leads to an overestimation of the calculated J value with re-
spect to the experimental values, and sometimes the AF (or BS) state
was instead considered as a pure spin state.[27] For two S=1/2 spins, this
approach means that the factor of 2 in the denominator is omitted. Both
approaches are considered in this paper.


Modelling the external CTH ligand with NH3, although justified, since in
both cases the bonding atoms are tertiary nitrogen atoms, and already
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practiced in the literature,[11d, 28] can alter the absolute value of the calcu-
lated J and prevents their quantitative agreement with the experimental
data.[29] Furthermore, small deviations of bond lengths and angles from
the real values can affect the actual value of J, and the agreement with
the experimental data presented in this paper can therefore be consid-
ered good when the sign and the order of magnitude of J is reproduced.


Other excited states : Energies of excited states were calculated in more
general ways by using DFT based methods and MR-CI/KS calculations.


The Slater transition state[30] (STS) procedure was applied to calculate
the energy of excited states having the same spin multiplicity as the
ground state that originate from one-electron excitations from the
ground-state single Slater determinant. All these calculations were per-
formed with ADF.


The reference configurations of the MR-CI/KS approach were chosen
within a complete active space (CAS), and we also refer to these calcula-
tions as CAS-CI calculations. The states obtained from the CAS-CI were
the zeroth-order states of a second-order perturbation approach. MR-CI/
KS calculations[31] were performed with GAMESS using as reference
space the KS orbitals obtained from DFT/restricted open shell (DFT/
RO) calculations with the B3LYP hybrid functional,[32] as described in
more detail below. The results of the CAS-CI calculations were corrected
for dynamic correlation effects by using the multireference second-order
perturbation theory[33] (MR-PT), as implemented in GAMESS, with the
multireference quasidegenerate perturbation theory approach[34] (MC-
QDPT) applied to a single zeroth order state at the time. Intruder states
were eliminated by using an energy denominator shift[35] in the perturba-
tion expression of d=0.0011 a.u. for all the states.


Time-dependent DFT[36] (TDDFT) in the Tamm±Dancoff approxima-
tion,[37] as implemented in NWChem, was also applied. Oscillator
strengths of the allowed transitions were calculated from CAS-CI and
TDDFT calculations.


UV/Vis spectra were calculated using the results of MR-PT calculations
by broadening each absorption transition at w0 with a Gaussian function
according to Equation (2), where fw0


is the oscillator strength, and ww0
the


bandwidth.


gðwÞ ¼ fw0


ww0


ffiffiffi
2
p


r
e�2ðw�w0Þ2=W2


w0 ð2Þ


The bandwidths were arbitrarily chosen to mimic the features of the ex-
perimental spectra.


Details of the calculations : All calculations were performed on an eight-
node AMD Athlon 2000 double-processor cluster. The most expensive
calculations (MR-PT) were performed on four processors using 320 MB
RAM on each node with 60 min (average) total CPU time.


Results and Discussion


The geometries of the model complexes [(NH3)4M
II(SQ)]+


(M=Zn, Ni) and [(NH3)2CuII(SQ)]+ calculated with ADF/
BP are shown in Figure 1, together with relevant geometri-
cal parameters. The calculations were performed on the
highest spin state of each molecule, namely, S=1/2 for
[(NH3)4Zn(SQ)]+ , S=1 for [(NH3)2Cu(SQ)]+ and S=3/2
for [(NH3)4Ni(SQ)]+ . These spin states were found to be the
ground spin states of each system, in agreement with the ob-
served magnetic properties of the analogous real complexes.
The C�O and C�C bond lengths are close to those experi-
mentally observed for semiquinonato species and allow the
assignment of a 2+ formal charge to the metal centres. The
bond lengths around the metal atoms compare favourably
with those reported in the literature,[7,38] except for the
Ni�O bonds, which are somewhat shorter than the experi-


mental values (2.06±2.08 ä).[11f] The charge and spin densi-
ties calculated by Mulliken population analysis are reported
in Table 1. The spin densities are quite well localized onto
the [M(NH3)n] and SQ fragments: 0.17 and 0.30 electrons


are transferred from the metal to the semiquinonato ligand
in the Ni and Cu complexes, respectively. These findings
suggest that the usual spin Hamiltonian approach, which is
based on a localized picture of the spin of the unpaired elec-
trons, can be a valid tool for rationalizing the magnetic
properties in these systems.


Figure 1. Optimized structures of model complexes [(NH3)4M(SQ)]+


(M=Zn, Ni; SQ= semiquinonato) and [(NH3)2Cu(SQ)]+ . The relevant
geometrical parameters are shown.


Table 1. Charges and spin densities calculated[a] for [(NH3)4Zn(SQ)]+ ,
[(NH3)4Ni(SQ)]+ and [(NH3)2Cu(SQ)]+ .


Atoms Charge Spin density


Zn 0.66 �0.01
(NH3)4 0.89 0.02
SQ �0.55 0.99
Ni 0.58 1.47
(NH3)4 0.92 0.37
SQ �0.50 1.17
Cu 0.84 0.52
(NH3)2 0.48 0.18
SQ �0.32 1.30


[a] Results of ADF/BP calculations. Atomic contribution were added to
form the relevant fragments.
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The compositions of the SOMOs and of two of the lower
unoccupied orbitals for the three complexes are shown in
Figure 2 as isosurface plots of the relevant wavefunctions
with y=�0.05 a.u. An MO localized on the ammonia mole-
cules was found to be the LUMO in all complexes and is


not shown. The 4b1 and 4a2 orbitals shown in Figure 2 are
therefore the LUMO+1 and LUMO+2 orbitals.


For the zinc(ii) complex, the orbitals shown in Figure 2
closely resemble those calculated in the HOMO-LUMO
region for the SQ� radical anion by DFT calculations on the
free radical using the same atomic coordinates as found in
[(NH3)4Zn(SQ)]+ . The electronic structure of the semiqui-
nonato radical anion has already been studied in some
detail[39] and will not be described here. The 3d orbitals in
the zinc(ii) complex lie quite low in energy and are doubly
occupied. It is evident that charge transfer from the metal to
the HOMO 3b1 orbital, which can be described as ZnIII±
CAT states, are expected to be high in energy.


The contribution of the 3d orbitals to the magnetic and
redox properties of the complexes becomes more important
in the copper(ii) and nickel(ii) complexes, for which the 1b2


and 2a2 orbitals, mainly centred on the metal ion, enter the
SOMO region, as shown in Figure 2. In the copper(ii) com-
plex the magnetic orbitals are 1b2 and 3b1. Charge-transfer
states originating from electron transfer between these two


orbitals are expected to be the low-lying CuIII±CAT (1b0
2


3b2
1) and CuI±Q (1b2


2 3b0
1) configurations, while the singlet


(1A2) and triplet (3A2) states, arising from the ground (1b1
2


3b1
1) configuration, give rise to the magnetic properties of


the complex. A more complicated magnetic and redox be-
haviour is expected for the nickel(ii) complex. From the
ground (3b1


1 1b1
2 2a1


1) configuration one quartet (4A2) and
two doublet (2A2) states arise, which are responsible for the
magnetic properties. Charge-transfer between the ground
configuration give rise to NiIII±Cat [2B22 (3b0


1 1b1
2 2a2


1)] and
[2A12 (3b0


1 1b2
2 2a1


1)], and NiI±Q [2B22 (3b2
1 1b1


2 2a0
1) and


2A12 (3b2
1 1b0


2 2a1
1)] states. Other configurations arising from


excitations from lower lying states are also possible, and it is
evident that, since many states have the same spin and
space symmetry, only methods allowing for static electron
correlation effects, that is, for multideterminant states, can
be appropriate for describing the electronic structure of the
nickel(ii) complex.


Multiplet structure of [(NH3)4Zn
II(SQ)]+ and SQ� : To apply


MR methods, an appropriate interaction space (complete
active space) must be chosen. A minimum active space
would be that formed by the 3d metal orbitals and the 3b1


orbital of the semiquinonato anion, as already chosen by
La Bute et al.[13] in a different context. However, this active
space cannot account for the UV spectrum of the zinc(ii)
complex, for example, whose interpretation requires at least
that all low-lying states of SQ� lie in the active space, ac-
cording to the assignment by Dei et al.[40] In order to have a
™spectroscopic∫ active space we added to the minimum
active space the highest energy KS MOs of SQ� to yield a
13-orbital active space. The orbitals forming this complete
active space (CAS) used for the CAS-CI/KS calculations on
[(NH3)4Zn(SQ)]+ are shown in Figure 3 as an isosurface
plot with y=�0.05 a.u. together with their symmetry labels
and numbering. In the calculations on the other metal com-
plexes we used the same numbering of the energy levels in
order to quickly compare transitions arising from homolo-
gous orbitals between different metal complexes. The CAS
include two s-like (1b2, 2a1) and three p-like (1a1, 1b1, 1a2)
3d metal orbitals; all the p-type MOs of the semiquinonato
ligand with relevant contributions from the oxygen atoms at
higher energies (2a2, 2b1, 3a2, 3b1); the two low-lying empty
orbitals of SQ� (4b1, 4a2); and the two highest occupied s-
type orbitals of SQ� (2b2, 3a1) that have the appropriate
symmetry to interact with 3ds atomic orbitals.


We tested the quality of the active space by calculating
the electronic excitations in the zinc(ii) complex and in the
free semiquinonato ligand. The results of the calculations
are reported in Tables 2 and 3. In Figure 4 the calculated
spectra are compared with the UV/Vis electronic spec-
trum[40] of [Zn(SS-CTH)(DTBSQ)]PF6 (SS-CTH= (S,S)-
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane;
DTBSQ=anion of 3,5-di-tert-butylbenzo-o-semiquinone).
The spectra were obtained by plotting the transition ener-
gies obtained by MR-PT calculations with oscillator
strengths calculated on the CAS-CI zeroth order states ac-
cording to the procedure described in the Methods of Calcu-
lation. The reference space for the calculations on the zinc


Figure 2. Isosurface plots (y=�0.05 a.u.) of the SOMOs and of two of
the unoccupied orbitals (4b1 and 4a2) for [(NH3)4M(SQ)]+ (M=Zn, Ni)
and [(NH3)2Cu(SQ)]+ .
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complex contains 21 active electrons, CAS(13/21), and that
for the SQ� radical is CAS(8/11). Electronic transitions to
B2-symmetry states are forbidden in C2v, but can appear as
extra bands in the experimental spectra due to the lower
symmetry of the complexes. The intensities of these transi-
tions, as well as those of the transitions to A1 states, which
were calculated with zero oscillator strengths, are expected
to be low, and these transitions should appear as shoulders
on the main absorptions. The
overall agreement between the
calculated spectrum for the zinc
complex and the experimental
one is apparent.


For comparison, we also cal-
culated the transition energies
of the SQ� ligand with other
theoretical methods (Table 3).
The first correction to the ener-
gies of the CAS-CI states was
obtained by allowing configura-
tion interaction with all 48 vir-
tual orbitals (FOCI calcula-
tions). We thus introduce into
our states all the dynamical cor-
relation effects coming from
the virtual orbitals. Two DFT
approaches, namely, STS and
TDDFT, were also applied. Dy-


Figure 3. CAS used for MR-CI/KS calculations on [(NH3)4Zn(SQ)]+ . Iso-
surface plot of the relevant wavefunctions with y=�0.05 a.u. The same
symmetry labels and numbering scheme was used in the CAS-CI calcula-
tions on all the other model systems.


Table 2. Calculated electronic transitions [cm�1] for [Zn(NH3)4(SQ)]+.


Transition CAS[a] MR-PT Transition[b]


2B1!2A2 18330 (2.8) 14061 3a2!3b1
2A1 26731 (0.0) 15746 3a1!3b1
2B2 32988 16966 2b2!3b1
2B1 37700 (2.6) 27345 2b1!3b1


[c]


2A2 41843 (8.6) 29812 3b1!4a2
2A2 49934 (22.7) 32366 2a2!3b1
2B1 46647 (15.3) 33208 3b1!4b1


[c]


2B2 63042 42624 3a1!4a2
2A1 68067 (0.4) 45970 3a2!4a2
2B1 69564 (8.9) 45977 1b2!3a2
2A1 70030 (0.0) 47093 2b2!4a2
2A2 65150 (7.5) 47101 3a2!4b1
2B2 72115 52137 2b2!4b1


[a] Transition energies from configuration interaction on the CAS(13/21)
reference space. Transitions 2B1!2B2 are symmetry forbidden. Oscillator
strength (length form [a.u.î100]) in parentheses. [b] Main one-electron
excitation from the reference state. [c] The 2B1 states from the SOMO±
LUMO (3b1!4b1) and (2b1!3b1) transitions are strongly admixed by
configuration interaction. The calculated coefficients in the CI expan-
sions are: 0.74(2b1!3b1)+0.52(3b1!4b1) and 0.44(2b1!3b1)�0.72(3b1!
4b1) for the transitions at 27345 and 33208 cm�1, respectively. SOMO±
LUMO transition is in boldface.


Figure 4. a) UV/Vis electronic spectrum of [Zn(SS-CTH)(DTBSQ)]PF6


(SS-CTH= (S,S)-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetrade-
cane; DTBSQ=anion of 3,5-di-tert-butylbenzo-o-sequinone). b) Spec-
trum of [(NH3)4Zn(SQ)]+ calculated with MR-PT/KS. c) Spectrum of the
SQ� radical anion calculated with MR-PT/KS.


Table 3. Comparison between calculated electronic transitions [cm�1] for SQ� with different theoretical meth-
ods.


Transition CAS[a] FOCI[b] MR-PT Transition[c] STS TDDFT[d]


2B1!2A1 16906 (0.0) 15105 (0.0) 9886
3a1!3b1 9810 11516 (0.0)
2B2 21159 18597 12612 2b2!3b1 13726 15370
2A2 19873(4.2) 18971(3.4) 16290 3a2!3b1 15536 20765 (2.6)
2B1 32433 (3.6) 30833 (3.5) 25982 3b1!4b1 27870 32318 (2.6)
2A2 35111(11.8) 32252(8.6) 26420 3b1!4a2 29142 34335 (4.3)
2B1 46939 (13.3) 42685 (8.3) 31650 2b1!3b1 34068 40001 (6.2)
2A2 43732 (13.3) 39987 (9.1) 31626 2a2!3b1 33109 40667 (18)
2A1 47350 (0.1) 44174 (0.0) 33273 3a1!4b1 36042 37396 (0.0)
2B2 48500 44962 34981 3a1!4a2 37409 39377
2B2 50383 46903 35033 2b2!4b1 40881 42472
2A1 52295 (0.1) 48281 (0.0) 36639 2b2!4a2 41785 45331 (0.0)


[a] Transition energies from configuration interaction on the CAS(8/11) reference space. Transitions 2B1!2B2


are symmetry-forbidden. Oscillator strength (length form [a.u.î100]) in parentheses. [b] Transition energies
calculated with FOCI calculations on the CAS(8/11) reference space. All 49 virtual orbitals were included in
the calculations. Oscillator strength (length form [a.u.î100]) in parentheses. [c] Main one-electron excitations
from the reference state. [d] Orbitals up to 2b1 were kept frozen. Oscillator strength (a.u.î100) in parentheses.
SOMO±LUMO transition is in boldface.
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namical electron correlation has a large effect on the calcu-
lated transition energies. The FOCI results are intermediate
between the CAS-CI and MR-PT ones, and the MR-PT en-
ergies are always the lowest. Transition energies calculated
with the STS procedure are in nice agreement with the MR-
PT results, while higher energies are calculated with
TDDFT. The absorption spectrum of SQ� consists of three
bands: that of lowest energy is a p*!SOMO (3a2!3b1)
transition, the central band contains the SOMO!LUMO
(3b1!4b1) and SOMO!LUMO+1 (3b1!4a2) transitions,
and the third band is formed by the 2a2!3b1 and 2b1!3b1


transitions. The 2B1 states formed by the Slater determinants
with 3b1!4b1 and 2b1!3b1 excitations are mixed by config-
uration interaction. The mixing becomes more relevant in
the zinc complex, where it is close to 50% (see Table 2),
and causes a splitting of these transitions larger than that
calculated for the free SQ� radical anion. The SOMO!
LUMO transitions calculated within the STS formalism and
by TDDFT for the ZnII complex were 32153 and
36915 cm�1, respectively. The STS result is closer to the
MR-PT value than the TDDFT result, as already found for
SQ� . The deviations of both STS and TDDFT from the
MR-PT values increase with increasing energy of the transi-
tions. The higher energy states are, on average, more affect-
ed by CI mixing than the lower energy ones.


From Table 2 it can be seen that no charge-transfer state
that can be assigned to CAT±ZnIII species is calculated at
energies below 50000 cm�1.


Multiplet structure of [(NH3)2Cu
II(SQ)]+ : According to the


energy levels shown in Figure 2, the ground state of
[(NH3)2CuII(SQ)]+ arises from the (1b1


2 3b1
1) configuration


and can be either 3A2 or 1A2. The magnetic properties of the
complex are tuned by the energy separation between these
two states. Application of the BS approach by using Equa-
tion (1) yields 3A2 as the ground state and J=�774 cm�1 [41]


(ADF/BP) and �909 cm�1 (NWChem/B3LYP). CAS-CI and
MR-PT calculations on CAS(13/20) gave J=�665 and
�384 cm�1, respectively. The J values calculated with DFT/
BS are closer to the MR-PT value if the factor of two in
Equation (1) is omitted, as was already suggested.[27] In this
case one obtains J=�387 (ADF/BP) and �454 cm�1


(NWChem/B3LYP). A number of dioxolene copper(ii) com-
plexes have been studied and showed a large ferromagnetic
interaction between CuII and the SQ� radical anion.[6b,9,42] In
the complex [Cu{NH(py)2}(DTBSQ)]ClO4


[43] (NH(py)2=di-
2-pyridylamine; DTBSQ=anion of 3,5-di-tert-butylbenzo-o-
sequinone) the CuII ion is four-coordinate in a roughly
square-planar environment, and the measured J value is
�220 cm�1. This is reasonably close to the value calculated
with MR-PT.


Calculations of excited triplet states relevant to the inter-
pretation of the UV/Vis spectra were performed by means
of CAS-CI calculations on the lowest 50 excited states. The
zeroth-order energies of the states with nonzero oscillator
strengths at the CAS-CI level were then corrected with MR-
PT, and the results of the calculations are reported in
Table 4. The calculated low-energy bands are in nice agree-
ment with those reported[44] at 12400 and 25600 cm�1 for


[Cu{NH(py)2}(DTBSQ)](ClO4), and also with the transitions
observed in the five-coordinate complex[42a] [Cu-
(Me3[12]N3)(DTBSQ)]ClO4 (17500 cm�1, 23300 cm�1,
26900 cm�1, 33200 cm�1; Me3[12]N3=2,4,4-trimethyl-1,5,9-
triazacyclododec-1-ene). The transitions at 18170 and
27540 cm�1 have pronounced 3d metal character and are as-
signed as d±d transitions in Table 4. The 3B1 state that origi-
nates from the 1a2!3b1 excitation from the ground Slater
determinant (30147 cm�1) can be assigned as the first triplet
excited state corresponding to a CAT/hs-CuIII species (hs=
high-spin configuration). Excited states with large charge
transfer from the radical ligand to the metal center and vice
versa can be obtained from the state configurations (1b0


2


3b2
1) and (1b2


2 3b0
1), which originate from 1A1 states that cor-


respond to the ground states of CuI±Q and CuIII±CAT spe-
cies, respectively. Their energies at the MR-PT level are
7163 and 13615 cm�1 relative to the 3A2 ground state.


Multiplet structure of [(NH3)4NiII(SQ)]+ : Up to 20 states
with different spin multiplicity and/or space symmetry can
arise from the ground state configuration (3b1


1b22a1)
3 of


[(NH3)4NiII(SQ)]+ ; they are listed in Table 5, where their
description in terms of localized electrons is also given. In
this case the CAS is formed by 13 orbitals and 19 active
electrons [CAS(13/19)]. The first two 2A2 states can be de-
signated as the antiferromagnetic state of the couple SQ/hs-


Table 4. Calculated electronic transitions [cm�1] for [Cu(NH3)2(SQ)]+.


Transition CAS[a] MR-PT Transition[b]


3A2!3B1 16280 (1.32) 10645 3a2!3b1
3B1 14630 (0.39) 18170 2a1!2b2
3B1 40078 (0.04) 25792 2a2!3b1
3B1 42027 (3.91) 26205 3b1!4a2
3A2 33130 (3.69) 27236 2b1!3b1
3B1 55940 (5.01) 27540 3a1!2b2
3A2 46891 (7.08) 28494 3b1!4b1
3B1 50566 (17.85) 29048 1b2!3b1
3B1 46228 (0.66) 30147 1a2!3b1
3A2 57847(16.96) 33100 1b2!2b2
3A2 43401(0.19) 33436 3a1!3b1
3A2 49495(2.62) 44105 1b1!3b1


[a] Transition energies from configuration interaction on the CAS(13/20)
reference space. Transitions 2A2!2A1 are symmetry-forbidden. Oscilla-
tor strength (length form [a.u.î100]) in parentheses. [b] Main one-elec-
tron excitations. d±d transitions are in italics. SOMO±LUMO transitions
are in boldface.


Table 5. Electronic states arising from the ground configuration of
[Ni(NH3)4(SQ)]+ .


System[a] Configuration State


SQ/hs-NiII (3b1
1 1b1


2 2a1
1)


4A2


(3bb
1 1ba


2 2aa
1)


2A2


SQ/ls-NiII (3ba
1 1ba


2 2ab
1)


2A2


(3b1
1 1b0


2 2a2
1)


2B1


(3b1
1 1b2


2 2a0
1)


2B1


CAT/NiIII (3b2
1 1b1


2 2a0
1)


2B2


(3b2
1 1b0


2 2a1
1)


2A1


Q/NiI (3b0
1 1b2


2 2a1
1)


2A1


(3b0
1 1b1


2 2a2
1)


2B2


[a] The chemical system is described in a localized-electrons picture. hs/
ls=high-/low-spin configuration of the metal ion.


Chem. Eur. J. 2004, 10, 1472 ± 1480 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 1477


DFT study on o-Dioxolene Complexes 1472 ± 1480



www.chemeurj.org





NiII and one state of the SQ/ls-NiII system, respectively.
Since states with the same spin and space symmetry can be
strongly mixed by CI, the above ™chemical∫ classification is
only loosely correct. Nevertheless, this classification is
widely used by chemists to identify the so-called valence
tautomers, and we continue to use it in the text. A number
of states arising from excitation of the inner electrons and
from excitation of the valence electrons to virtual states are
also possible. It is evident how the multiplet structure of this
system becomes complicated. Therefore, we will not attempt
to describe the whole multiplet structure of the
[Ni(NH3)4(SQ)]+ cation, and we limit the calculations to the
description of the states relevant to the interpretation of the
electronic spectrum of the [Ni(NH3)4(SQ)]+ cation and of
the lower lying doublet states listed in Table 6, which can be
important for understanding the photochemical properties
of the system.[45]


The ground state of the system, 4A2, agrees with the ferro-
magnetic interaction between SQ� and NiII experimentally
observed in the real systems.[7] The nearest doublet state
was calculated to be the 2A2 state arising from the SQ/hs-
NiII system. Its MR-PT energy of 357 cm�1 relative to the
ground state can be compared with that obtained by using
the spin Hamiltonian DE=E(S=3/2) - �E(S=1/2)=3J/2,
which yields J=�238 cm�1. This value agrees with the ferro-
magnetism observed in the [Ni(CTH)(DBSQ)]+ and
[Ni(CTH)(PhenSQ)]+ cations, and compares well with the
values calculated for these complexes at the DFT/B3LYP
level, that is, �356 and �285 cm�1.[11f] The J values calculat-
ed from Equation (1) are �637 (ADF/BP) and �468 cm�1


(NWChem/B3LYP). Without application of the spin projec-
tion, the calculated J values are �424 (ADF/BP) and
�312 cm�1 (NWChem/B3LYP). The latter value agrees well
with that calculated by the MR-PT approach. The compari-
son of the J values calculated for our model system with
those calculated for two chemical systems, that is, �312 cm�1


versus �356 and �285 cm�1, shows that the modelling intro-
duced in the present paper does not significantly alter the
value of the exchange coupling constant.


The next excited doublet state was found at 8940 cm�1


from the ground state, and it will not be thermally populat-
ed at room temperature. Using the Slater determinant with
the largest coefficient in the CAS-CI zeroth-order state, that
is 0.653, this state is labelled SQ/ls-NiII. Its one-electron pic-
ture differs from that expected from the ground state config-
uration of Table 5 due to relevant effects of electron±elec-
tron interactions. However an excited 2B1 state was calculat-
ed at 16515 cm�1, as a linear combination of the Slater de-


terminants arising from the configurations (3b1
1 1b2


0 2a2
1) and


(3b1
1 1b2


2 2a0
1) with coefficients of 0.673 and 0.641, respective-


ly. Similar considerations can be drawn for the other excited
states.


Many excited states with S=3/2 arise from a CAS(13/19).
To interpret the electronic absorption spectra of the SQ/NiII


system we adopted the same protocol as for the CuII system,
that is, we calculate a large number of quartet states at the
CAS-CI level, and we correct with MR-PT only those states
which have transitions moments significantly different from
zero. The results of these calculations for states lying below
about 55000 cm�1 are summarized in Table 7. The assign-
ment of the transitions to one-electron excitations is some-
what arbitrary, since in many cases the excited states are
strongly mixed by configuration interaction. Indeed, for
most of the highest energy transitions, an assignment was
not possible. The states classified as MLCT correspond, in
chemical language, to excited CAT/hs-NiIII states.


Conclusion


The combined use of DFT and MR-PT theory allowed us to
calculate the spectromagnetic properties of a series of
model complexes of Zn, Cu and Ni with a paramagnetic
semiquinonato ligand, with reasonably good agreement with
experimental findings and a reasonably low CPU cost/accu-
racy ratio. The KS orbitals obtained from restricted open-
shell DFT/B3LYP calculations were used as basis for the


Table 6. The lowest lying doublet states of [Ni(NH3)4(SQ)]+ calculated
with MR-PT.


State Energy [cm�1][a] Description
2A2 357 SQ/hs-NiII AF
2B2 8940 (1ba


1 3bb
1 1ba


2 2a2
1) SQ/ls-NiII


2B2 11011 (3b2
1 1b1


2 2a0
1) CAT/NiIII


2A1 12868 (3aa
2 3bb


1 1ba
2 2a2


1) Q/NiI


[a] Energy difference from the 4A2 ground state.


Table 7. Calculated electronic transitions [cm�1] for [Ni(NH3)4(SQ)]+ .


Transition MR-PT[a] Transition[b] Exptl[c]


4A2!4B2 9251 (0.01) 1b1!2a1
4B1 13004 (2.80) 3a!3b1 11400 12950
4B1 15181 (0.01) 3a1!1b2
4A2 18967 (4.8) 1b1!3b1 MLCT
4A2 20933 (0.01) 3a1!2a1 19200 21200
4B1 21816 (1.60) 3b1!4a2
4B2 22913 (0.01) 1b1!2a1
4A2 24925 (1.80) 2b1!3b1
4B1 26551 (22.7) 2a2!3b1 24760
4B1 28092 (0.17) M
4A2 28892 (13.89) 3b1!4b1 29700 32380
4B1 32010 (0.25) 1a2!3b1 MLCT
4A2 33447 (0.04) M
4A2 34507 (0.02) 3a1!2a1
4B2 34708 (0.02) 3a2 !1b2 LMCT
4A2 37295 (0.31) M
4B1 38973 (0.19) M
4A2 38976 (0.02) M
4B1 39465 (0.01) M
4A2 40775 (0.06) 3a2!4a2
4B1 47457 (0.73) M
4B2 55495 (2.86) M


[a] Transitions 2A2!2A1 are symmetry-forbidden. Oscillator strength
(length form [a.u.î100]) in parentheses taken from CAS-CI(13/19) calcu-
lations. [b] Main one-electron excitations from the reference configura-
tion. d±d transitions are in italics. SOMO±LUMO transitions are in bold-
face. MLCT=metal-to-ligand charge transfer. LMCT= ligand-to-metal
charge transfer. M=multiple transitions. [c] Data taken from the spectra
of [Ni(SS-CTH)(TCSQ)]ClO4 (left) and [Ni(SS-CTH)(DTBSQ)]PF6


(right) from ref. [40] Only the most intense transitions are reported.
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CAS, and the success of the calculations can be related to
the ability of DFT to account for a large part of the dynamic
correlation effects, which yields wavefunctions that repre-
sent the ground state of the system better than their Har-
tree±Fock counterparts. Correlation interactions on the ref-
erence CAS and MR-PT theory are apparently good
enough to account for almost all of the static correlation.


Standard DFT techniques (BS, STS) gave results compa-
rable to the MR-PT approach for the calculation of the J
values, but larger differences in the electronic spectra were
obtained. The STS procedure gave better energies than
TDDFT in the cases we examined. Another result of some
importance in magnetochemistry that resulted from our cal-
culations is that the J values calculated without using the
spin projection of the BS state are closer to the values calcu-
lated with the MR-PT theory when the B3LYP functional is
applied. This result supports the procedure sometimes used
in the literature, that is, to omit this spin projection.


Further calculations are still required to more completely
validate the present approach in the study of the physico-
chemical properties of metal dioxolene complexes. In partic-
ular the choice of the basis states for the CAS has to be in-
vestigated by performing calculation with unrestricted wave-
functions and, consequently, unrestricted natural orbitals
(UNO).


With the present model we have calculated the complex
electronic structure of simple chemical models. Application
of this model to the calculation of complex electronic struc-
tures of molecular systems of chemical complexity is a
future challenge.


Some important predictions can be made from our pres-
ent results. In the copper and nickel systems we calculated
excited states with spin multiplicities different from that of
the ground state at relatively low energies, namely, Q/CuI


and CAT/NiIII at 7163 and 11011 cm�1, respectively. Since
these energies are Frank±Condon energies they represent an
upper limit to the energies of the states when geometrical
relaxation is allowed for. Note, for example, that CuI prefers
pseudotetrahedral coordination, and structural variations
are important in stabilizing the various oxidation states.[8a]


These states, even if not available to valence tautomerism
because they are higher in energy than the thermal quan-
tum, could be populated by photoexcitation with laser
pumps and could give rise to long-lived excited species, and
to peculiar photochemical properties.


Calculations on more complex systems, namely complexes
of Co, Fe and Mn, are planned, as well as the use of DFT to
optimize the geometrical structures of the excited states in
order to go beyond the Frank±Condon approximation.
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Heck Coupling Reaction of Iodobenzene and Styrene Using Supercritical
Water in the Absence of a Catalyst


Rong Zhang,[a, c] Osamu Sato,[a, b] Fengyu Zhao,[a, b] Masahiro Sato,[a] and
Yutaka Ikushima*[a, b]


Introduction


Among the various ways known to synthesize arylated ole-
fins, the Heck coupling reaction is one of the most useful
methods owing to its tolerance of a wide variety of function-
al groups.[1] This powerful carbon±carbon bond forming
process has been practiced on an industrial scale for the pro-
duction of compounds such as the anti-inflammatory drug
Neproxen and the most common UV-B sunscreen agent
octyl methoxycinnamate.[2] Heck reactions are most fre-
quently performed in polar aprotic s-donor-type solvents
such as acetonitrile, dimethyl sulphoxide, or dimethylaceta-
mide in the presence of homogenous or heterogeneous cata-
lysts. Although soluble palladium complexes can promote


this reaction in high reactivity and high selectivity, homoge-
neous catalysts generally present problems in the separation,
recovery and regeneration of the catalysts. The problems
could, in principal, be minimized by using heterogeneous
catalysts. However, such heterogeneous systems show quite
slight activities compared with homogeneous catalysts owing
to the paucity of activated sites resulting from the presence
of a phase boundary. Much effort has so far been put into
the development of new, more active, and more stable cata-
lysts.[3±5] In addition, the use of halogenated aromatic com-
pounds requires the use of stoichiometric amounts of base,
which leads to the formation of large quantities of halide
salt by-products, especially in large-scale processes. To cir-
cumvent these problems, aromatic carboxylic acid anhy-
drides and esters have been used by de Vries and co-work-
ers[6] and Goossen et al.[7] respectively. Considering the envi-
ronment, safety and economics, efforts are being directed
toward decreasing the usage of organic solvents in chemical
laboratories and industrial processes.[8] Recently, environ-
mentally benign approaches to the Heck reaction have been
developed, such as the application of water,[9±11] as well as
supercritical CO2


[12,13] and ionic liquids as solvent media.[14]


From the viewpoint of sustainable development, supercrit-
ical water (scH2O) should be a more useful replacement for
organic solvents for the following reasons. First, water is a
cheap, safe, and environmentally benign solvent compared
with organic solvents. A new application of water as the re-
action medium will not only reduce the use of harmful or-
ganic solvents, but will also be regarded as an important re-
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Abstract: Heck coupling reaction of io-
dobenzene and styrene proceeds rapid-
ly and selectively in supercritical water
even without any catalyst in the pres-
ence of base. Both the choice of base
and the reaction conditions had a sig-
nificant effect on the conversion and
the selectivity of the coupling products.
The addition of a relatively mild base
such as potassium acetate facilitated
the cross-coupling reaction, while the


hydrolysis of phenyl halide was favored
in the presence of a strong base. The
conversion and the yields of coupling
products increased with increasing tem-
perature, reaching a maximum at
650 K near the critical temperature of
water, and then decreased as the tem-


perature was further increased. Water
density had a significant influence on
the reaction rate, showing nearly 30%
augmentation with a slight increase in
density from 0.45 to 0.56 gcm�3, but
had less effect on the product selectivi-
ty. Two possibilities of the role of water
responsible for the noncatalytic Heck
coupling reaction in supercritical water,
that is, ion and water-catalyzed mecha-
nisms have been considered.


Keywords: green chemistry ¥ Heck
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search topic in green chemistry.[15] Second, water has unique
physical and chemical properties, and its physicochemical
properties can be influenced greatly with pressure and tem-
perature. For example, the static dielectric constant of water
is 78.5 at 298 K, and dramatically decreases to about 6.0 at
the critical point (647.1 K and 22.1 MPa).[16] As a result,
nonpolar organic compounds are very soluble or miscible in
scH2O. By utilizing these properties it would be possible to
realize reactivities that cannot
be attained in organic solvents.
This nature along with high dif-
fusivity and low viscosity is ex-
pected to function as an ideal
alternative for apolar organic
solvents.[16,17] Experimental re-
sults of Diels±Alder reactions,
hydrolysis of ester and nitriles
in scH2O have been reported.[18]


More recently, Sasaki et al.[19] discovered that intramolecular
dehydration between 1-hexyl alcohol and acetamide occur
in scH2O without catalyst. scH2O is thus expected to play an
important role according to each reaction, and could pro-
vide new reaction pathway.
The Heck arylation of alkenes has been carried out in hot


compressed water (533 K) and also in scH2O (673 K) in the
presence of Pd catalysts.[20±23] In the case of the Pd-catalyzed
reaction of iodobenzene and styrene, the yield of coupling
products was less than 25% and the catalysts were deacti-
vated rapidly. Further, the influence of water on the selectiv-
ity and the reaction mechanism has scarcely been elucidat-
ed. We have demonstrated a remarkable stimulation of rear-
rangement or disproportionation using scH2O even in the
absence of any acid or base catalysts.[24,25] The structural and
electronic properties of water close to above the critical
point have been analyzed by first principles molecular dy-
namics,[26] in situ IR[25] and Raman[27] spectroscopic measure-
ments. Close at the critical point, where the density is very
low, small clusters, mainly monomer, dimers and trimers, are
predominant, but the clusters exhibit no hydrogen-bonding
network. The significant reduction of the strength of hydro-
gen bonding in H2O peculiar near the critical point would
lead to the activation of protons or H3O


+ or OH� ions. This
might be responsible for the acid and base difunctionality of
scH2O. Hence, we attempted to conduct a noncatalytic ary-
lation of styrene using scH2O,
in which the effects of base,
temperature, water density, and
reactor material on the conver-
sion and product selectivity
were investigated in detail.


Results and Discussion


Effect of base : We found for
the first time that the coupling
of styrene and iodobenzene can
be promoted even in the ab-
sence of any catalysts in scH2O,


in which several alkylarenes, such as stilbene 1 and 1,1-di-
phenylethylene 2 were formed as shown in Scheme 1, be-
sides hydrogen iodide. In addition to the expected coupling
reaction, we observed the hydrogenation of 1!bibenzyl 4
and 2!1,1-diphenylethane 5, and also the hydrogenation of
styrene to ethyl benzene. We observed a high conversion of
styrene, but ethyl benzene and a tarry polymeric material
(styrene oligomers) were the main products.


In this system, the presence of base, which is necessary to
bind the hydrogen halide formed during C�C bond cou-
pling, and the choice of base can have a crucial effect on the
rate and the product distribution of the Heck reaction.[3]


Thus, the effect of base on the Heck reaction in scH2O was
investigated. Experiments were carried out in the presence
of N(Et)3, NaOAc, KOAc, K3PO4, K2CO3, Na2CO3,
NaHCO3, or NaOH base. The results are shown in Table 1.
The kind of base has a strong influence on both the conver-
sion and the selectivity in scH2O. That is, KOAc base was
the most effective for synthesizing coupling compounds such
as stilbene 1. The conversion of iodobenzene and styrene
reached over 70%. High regioselectivity (>95:5) towards
the internal olefin 1 was observed with only a small amount
of terminal olefin 2, and the yield of double arylated Heck
coupling compound, 1,1,2-triphenylethylene 3 was less than
3%. The yield of stilbene was 55.6% and the ratio of trans-
to cis-stilbene (E :Z in Table 1) was approximately 81:19. In
addition, white crystals of trans-stilbene can be easily sepa-
rated from the reaction system.
Similarly to the case without base addition, in the pres-


ence of N(Et)3 base, high conversion of styrene was ob-
tained; however, the yield of stilbene 1 was low and ethyl
benzene and the hydrogenated products (4 and 5) were ob-
tained in about 10.5 and 6.8% yields, respectively. When a
strong base such as NaOH was used, the conversion of iodo-


Scheme 1. Heck reaction of styrene and iodobenzene.


Table 1. Effect of base on reaction of styrene and iodobenzene.[a]


Base Conversion [%] Yield [%] E :Z
styrene iodobenzene 1 2 3 6 7


±[b] 100.0 39.7 5.0 0 0
(3.3) (1.3)[d] (1.8) 0 0 ±


N(Et)3
[c] 94.1 45.1 13.9 (5.0) 0 (1.8) 0 0 0 ±


KOAc 72.5 77.5 55.6 2.3 3.0 0 0 81:19
NaOAC 65.4 65.6 43.8 1.9 2.0 6.3 0 81:19
K3PO4 60.4 77.2 42.2 1.8 1.4 25.7 1.9 81:19
Na2CO3 64.6 100.0 27.8 1.2 0.5 44.3 5.2 83:17
K2CO3 39.0 93.1 10.7 0.5 0.1 58.2 7.7 81:19
NaHCO3 55.2 95.0 10.2 0.4 0.1 52.8 4.1 83:17
NaOH 41.4 100.0 7.7 0.3 0 59.4 11.5 80:20


[a] 650 K and water density 0.51 gcm�3. [b] Ethylbenzene 10.2%. [c] Ethylbenzene 10.5%. [d] The numbers in
the parentheses are yields of corresponding hydrogenated products.
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benzene was high and phenol was the main product. Other
bases, such as K3PO4, K2CO3, Na2CO3, and NaHCO3, gave
results in-between potassium acetate and sodium hydroxide.
Unlike the Heck reactions in organic solvent with cata-
lysts,[3] the nature of base had no influence on the regiose-
lectivity of the double bond, but there was a slight different
in the E :Z selectivity. Moreover, homocoupling of iodoben-
zene to biphenyl has not been observed in scH2O regardless
of the base used.
It is noteworthy that in the absence of base or presence of


the N(Et)3 base, the hydrogenation of styrene and the cou-
pling products took place to a large extent. It would be pre-
dicted that the hydrogenation would be caused by the result-
ing hydrogen iodide, because the hydrogenation of styrene
to ethyl benzene in scH2O was shown to proceed only when
hydrogen iodide is present. On the other hand, in the ab-
sence of hydrogen iodide the formation of a small amount
of 1-phenylethyl alcohol from styrene in scH2O was con-
firmed, and so that the hydrogen for the hydrogenation can
only be donated from scH2O itself.


Effect of temperature and water density : Figure 1 shows the
temperature dependence of the conversion and the yield of
stilbene in the presence of KOAc. One can see an interest-
ing temperature dependence in which both the conversion
and the yield increased, reaching a maximum conversion
and yield at 650 K near the critical temperature of water,
and then decreased as the temperature further increased. It
was found that higher temperatures favored the formation
of gaseous products, resulting in the low yield of stilbene.
Furthermore, the E :Z ratio was approximately 81:19 regard-
less of the temperature.


The effect of water density on the conversion of styrene is
shown in Figure 2. The reaction seems to be significantly ac-
celerated by water density, especially showing nearly 30%
augmentation with a slight increase in density from 0.45 to
0.56 gcm�3. The E :Z ratio remained almost unaltered, rang-
ing from 80:20 to 82:18. The yield of the terminal olefin 2
decreased slightly with increasing density, while that of
double arylated product 3 increased with pressure (see
Figure 3).
A significant part of the effect of pressure on the reaction


rate in scH2O could be assignable to the thermodynamic
pressure effect. For a simple bimolecular reaction, the ther-


modynamic pressure effect on the rate constant at a given
temperature can be obtained as:[16]


ð@ln k=@ PÞT ¼ �V �=RT


where k is the bimolecular rate constant, V� is the reaction
activation volume, R is the gas constant, and P and T are
the pressure and the temperature, respectively. Processes ac-
companied by a decrease in partial molar volume such as a
C�C bond formation, in which the distance between two
carbon atoms decreases from the van der Waals distance to
the bonding distance, are known to be accelerated by pres-
sure and the equilibrium should be shifted toward the side
of products. In most liquid solutions, the values of activation
volume are typically in the range of �30 to 30 cm3mol�1.[28]


Thus, pressure changes in the kilobar range are required to
achieve large variations in rate constant. For example, the
coupling of iodobenzene with ethyl acrylate hardly occurred
at 298 K and atmospheric pressure, but the conversion
reached nearly 100% at 1 GPa.[29] Moreover, for the palladi-
um catalyzed cross-coupling of iodobenzene with 2,3-dihy-
drofuran, very high pressures amounting to 8 kbar has been
reported to increase the turnover number in organic solvent


Figure 1. Influence of temperature on the conversion and the yield of stil-
bene at 25 MPa in the presence of KOAc conversion yield.


Figure 2. Effect of water density on the conversion of styrene at 650 K in
the presence of KOAc conversion.


Figure 3. Yields of coupling products under different water densities at
650 K in the presence of KOAc; product 1: stilbene, product 2 : 1,1-diphe-
nylethylene, product 3 : 1,1,2-triphenylethylene.
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systems, owing to an improved lifetime of the catalysts.[30, 31]


Unlike the Heck reaction in normal organic solutions, small
pressure changes can make substantial variations in the rate
constant in supercritical fluids because the absolute value of
activation volume is in the orders of liters per mol.[16] As a
result, for the Heck coupling reaction in scH2O, increasing
the pressure from 20.3 to 32.1 MPa would elicit 40% aug-
mentation in the conversion.
The E :Z ratio was independent of the density, which sug-


gests that there is no large difference in partial molar
volume between the two transition states. The slight de-
crease in the selectivity to terminal olefin might be due to
that the transition state of internal olefin having a relatively
larger dipole moment than that of terminal olefin. There-
fore, the internal olefin transition state would interact more
strongly with the solvent and be favored as the solvent den-
sity increased.


Effect of reactor material : We had conducted the scH2O re-
action under certain conditions using iron-base stainless
steel (SUS 316) and nickel-base alloy (Inconel 625) reactors
with the same volume. The conversion and the yields of cou-
pling products are shown in Table 2. For both reactors, the
conversion of styrene reached 70%, while the yield of stil-
bene was 49.3 and 55.6%, respectively. Moreover, there was
no discernible difference between the two reactors with re-
spect to the selectivity to the coupling products. High regio-
selectivity towards the internal olefins 1 was observed and
the ratio of trans- to cis-stilbene was approximately 81:19.
Thus, the effect of the reactor wall is considered to be negli-
gible. Furthermore, after extracting the products, both or-
ganic and water phases were analyzed by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES). The
concentrations of nickel, iron, chromium, and molybdenum
in both phases were lower than the identification limitation.
Hence, the possibility of catalytic effect of metal content of
the reaction solution was also excluded.


The role of water : Two possibilities for the role of water re-
sponsible for the noncatalytic Heck coupling in scH2O, that
is, ion and water-catalyzed mechanisms have been consid-
ered. First the supposition implicit in this ion mechanism is
that ionic species such as proton, H3O


+ , and hydroxide ion
originated from water molecules can be activated under su-
percritical state and promote the coupling reaction. Our
IR[25] and Raman[27] measurements of the hydrogen bonding
of sub- and supercritical water suggest that the tetrahedral
configurations disappear near the critical point, where the
monomer or dimer or trimer structures are predominant.
This result was further supported by a recent first-principle
molecular dynamics study.[26] The ion product (Kw) monot-


onically decreases with increasing temperature above 573 K
at 25 MPa,[32] and so the proton or hydroxide ion (OH�)
concentration anticipated from the Kw concept is not so high
near the critical temperature at 25 MPa. However, in scH2O
the OH� or proton adjacent to substrate molecules cannot
migrate throughout the hydrogen-bond network near the
critical point. At least ten water molecules are considered to
be required for appreciable interaction between the hydro-
gen-bonding network and proton.[33] Moreover, the local
proton and OH� concentrations would be high when the
transferring ions cannot escape. An increase in local proton
or hydroxide ion concentration around substrate molecules
might induce the enhancement in the rate of reaction.
Hence the OH� or proton species could react spontaneously
with substrate molecules to form a transient intermediate
owing to the lower activation energies for bond cleavage
and formation. For the coupling reaction between styrene
and phenyl halide in scH2O, it was proposed that the OH�


removes the b-H of styrene, giving a carbanion. Then the
nucleophilic carbanion attacks iodobenzene at the electro-
philic carbon, resulting in the formation of coupling prod-
ucts.
The second possibility is the direct participation of water


molecules through a transition state involving one or two
water molecules as shown in Scheme 2.


In the above water-catalyzed model, water molecules
make a hydrogen-bond ring network with the substrate mol-
ecules, and then play a role of a catalyst transferring a
proton along the locally formed hydrogen-bond network.
Stilbene would be formed via a six-membered or eight-
membered ring transition state, which greatly lowers the
energy for bond cleavage and formation. A similar water-
catalyzed mechanism has been proposed for the conversion
of 2-nitroaniline to benzofurazan[34] and the decarboxylation
of acetic acid derivatives[35] in subcritical water. Moreover,
the role of water in the intermolecular hydrogen transfer
has been supported by quantum chemistry calculations. In
general, water molecules make the geometry of the transi-
tion state species less strained, thereby facilitating the for-
mation and cleavage of bonds that lead to the products.
Specifically, for the dehydrogenation reaction of ethanol
to acetaldehyde, the inclusion of two water molecules in
the transition state reduces the activation barrier by
~34 kcalmol�1 and increases the rate constant by nine
orders of magnitude,[36] compared with those in the absence
of water. Water also facilitates the decomposition of formic
acid[37,38] and the aldol condensation of an aldehyde (formal-
dehyde or acetaldehyde) with vinyl alcohol.[39] Thus, it was


Table 2. Results of Heck coupling reaction using different reactors.[a]


Reactor Conversion [%] Yield [%] E :Z
styrene iodobenzene 1 2 3


SUS 316 71.3 67.8 49.3 2.1 2.5 81:19
Inconel 625 72.5 77.5 55.6 2.3 3.0 81:19


[a] 650 K, 25 MPa, in the presence of KOAc.


Scheme 2. Formation of stilbene via a transition state involving two water
molecules.
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postulated that stilbene might be formed through a water-
bridged transition state.
It was further confirmed that phenol is obtained over


50% yield by hydrolysis of iodobenzene in scH2O. As for
the formation of phenol, hydrolysis of chlorobenzene in
NaOH solution under high temperatures (633±663 K) and
high pressures (28±30 MPa) has been used commercially for
the production of phenol.
From the above results, it may be concluded that four


competitive reaction processes take place in scH2O: hydro-
genation, polymerization of styrene, coupling reaction of
styrene with iodobenzene, and hydrolysis of iodobenzene to
phenol. The selectivity would be controlled by the ionic be-
havior of water. The hydrogen halide formed during the re-
action facilitated the polymerization of styrene besides the
hydrogenation of both styrene and the coupling products.
The presence of a base was a key factor for the unusual se-
lectivity to stilbene in scH2O. The cation of the base might
promote the removal of iodine via an intermediate com-
posed of an ion±dipole bond between cation and iodine. The
addition of a relatively mild base, such as NaOAc and
KOAc, could scavenge the hydrogen halide and promote
the cross-coupling reaction. When a strong base is use, the
concentration of OH� was high, thus the hydrolysis of iodo-
benzene was favored.


Conclusion


The Heck coupling of styrene with iodobenzene occurred in
scH2O with high regioselectivity even in the absence of cata-
lyst. Both the choice of base and the reaction conditions had
a significant effect on the conversion and the product selec-
tivity. High yields of coupling products were obtained in the
presence of mild bases such as KOAc or NaOAc. The con-
version and the yields of coupling products increased with
increasing temperature, reaching a maximum at 650 K near
the critical temperature of water, and then decreased as the
temperature was further increased. Water density had a sig-
nificant influence on the reaction rate, showing nearly 30%
augmentation with an increase in density from 0.45 to
0.56 gcm�3, but had minor effect on the products selectivity.
Supercritical water might promote the Heck coupling reac-
tion either through an ion reaction process or by taking part
in the formation of cyclic transition state involving one or
two water molecules.


Experimental Section


All reactants and solvents were obtained from Wako pure or Aldrich and
were used as-received without further purification. Triply distilled high-
purity water was used for all experiments and deoxygenated by N2 gas
prior to use.


The experiments were performed by using an Inconnel 625 batch reactor
system with an internal volume of 10.2 cm3. A predetermined amount of
substrates and base (1.0 mmol each) and water were loaded into the reac-
tor under argon atmosphere. The reactor vessel was immersed and vigo-
rously shaken in a molten salt bath. The heat-up time to raise the reactor
temperature from 293 K to the reaction temperature was within 30 s and


the temperature was controlled within �2 K. After the desired reaction
time of 10 min had elapsed, the reactor was removed from the molten
salt bath and rapidly quenched in an ice/water bath. All of the products
were extracted with dichloromethane and identified by GC-MS and pure
compounds, and routine quantitative analysis was done using a 30 m DB-
WAX capillary column on a HP-6890 gas chromatograph equipped with
a FID detector, with response factors determined from the analysis of
standard compounds. The product yield was calculated based on styrene.
Each data point was measured at least two times and the errors in the
conversion and yields were less than 5%. The thermodynamic and trans-
port properties of the system at various conditions were determined
using steam table.[40]
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Ginkgolides and Glycine Receptors: A Structure±Activity Relationship Study


Stanislav Jaracz,[a] Koji Nakanishi,*[a] Anders A. Jensen,[b] and Kristian Str˘mgaard*[b]


Introduction


The Ginkgo biloba tree is among the oldest living plants
and is thus referred to as a ™living fossil∫. It is admired for
its unique beauty, especially its leaves, which have been ex-
emplified by a poem by Johann Wolfgang von Goethe from
1815.[1] The Ginkgo tree has a long history of use in tradi-
tional Chinese medicine, but it was not until the 1960s that a
standardized extract of G. biloba leaves, EGb761, was intro-
duced into the European markets.[2] Today the G. biloba ex-
tract is one of the most popular botanical medicines world-
wide.
Numerous beneficial effects of EGb761 have been postu-


lated including improving peripheral vascular function, in-
hibition of thrombosis and embolism, neuroprotection in
Alzheimer×s disease and cognitive disorders, anti-inflamma-
tory and antiproliferative activities, as well as antioxidant
activities.[3] EGb761 is a complex mixture of compounds,
the main ingredients being flavonoids and terpene trilac-
tones (ginkgolides and bilobalide) that comprise 24 and 6%,
respectively, of the total extract.[4,5] It has been proposed


that the flavonoids act as antioxidants, while the terpene tri-
lactones are involved in anti-inflammation and prevention
of blood clotting associated with the antagonistic activity at
the platelet-activating factor (PAF) receptor.[6] However, the
neuroprotective effects of EGb761 have so far not been as-
sociated with specific components of the extract.[7,8]


The terpene trilactones, ginkgolides (Figure 1) and biloba-
lide, are unique components of EGb761, the structures of
which were elucidated in 1967.[9±15] The ginkgolides are diter-
pene trilactones with a cage-like skeleton consisting of six
five-membered rings, that is, a spiro[4.4]nonane carbocyclic
ring, three lactones, and a tetrahydrofuran moiety. Terpene
trilactones from G. biloba are also among the very few natu-
ral products containing a tBu group.


In contrast to many studies on the neuroprotective effects
of EGb761, the ginkgolides have not been extensively stud-
ied, partly due to limited availability of pure ginkgolides.
The discovery in 1985 that ginkgolideB (GB, 2) was a
potent antagonist of the PAF receptor (PAFR)[16,17] led to
extensive structure±activity relationship (SAR) studies on
this receptor.[18±28] However, the significance of these effects
in relation to the neuroprotective effects of EGb761 is not
clear yet.[29]
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Abstract: Ginkgolides from the Ginkgo
biloba tree are diterpenes with a cage
structure consisting of six five-mem-
bered rings and a unique tBu group.
They exert a variety of biological prop-
erties. In addition to being antagonists
of the platelet activating factor recep-
tor (PAFR), it has recently been shown
that native ginkgolides are potent and
selective antagonists of the inhibitory


glycine receptor. Forty new ginkgolide
derivatives have been prepared in good
to high yields on milligram scales and
investigated for their antagonistic prop-
erties at homomeric a1 glycine recep-


tors, thus providing the first structure±
activity relationship study of ginkgo-
lides at glycine receptors. A high-
throughput screening assay showed
that native ginkgolide C was the most
potent ligand, and that manipulation of
any of the hydroxyl groups led to loss
of activity at a1 glycine receptors.


Keywords: inhibitors ¥ medicinal
chemistry ¥ natural products ¥
rearrangement ¥ terpenoids


Figure 1. Ginkgolides A, B, C, J, and M.
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The first indication of a direct interaction of ginkgolides
with important targets in the brain was discovered when
ginkgolides were shown to be potent and highly selective
antagonists of the inhibitory glycine receptor (GlyR).[30±32]


The GlyR is a ligand-gated ion channel found primarily in
the spinal cord and brain stem but also in higher brain re-
gions such as the hippocampus and developing cortex, which
consists of a1±a4 and b subunits.[33] Only a few ligands for
GlyRs have been available, the classical example being the
convulsant strychnine, a competitive antagonist. However,
since the neuropharmacology and functional importance of
GlyRs in higher brain regions is not well characterized,[34]


new potent and selective ligands are needed for further in-
vestigations of the GlyR.
The aim of this study was to prepare various ether-, ester-


and carbamoyl-derivatives of ginkgolide C by selective deri-
vatization of the hydroxyl groups. In the following we de-
scribe the synthesis of forty derivatives of ginkgolide C. The
ginkgolide derivatives thus prepared were then evaluated
for their antagonistic activity of the GlyR by means of a
fluorescence-based high-throughput screening assay.


Results and Discussion


In the present study ginkgolide C (GC, 3) was chosen as the
starting material because it carries the most hydroxyl groups
of the ginkgolides, thus providing possibilities for more di-
verse library. Secondly, GC (3), together with GB (2), is the
most potent GlyR antagonist amongst the native ginkgo-
lides.[31] Inspection of the structure reveals three secondary
and one tertiary hydroxyl groups, which exhibit different re-
activities and can therefore be functionalized selectively. In
general, 10-OH is the most reactive for alkylation and ester-
ification.[35] However, acid-catalyzed esterification,[36] reac-
tion of GC (3) with alkyl and aryl sulfonyl halides in the
presence of pyridine[37,38] as well as silylation[39] takes place
at 7-OH; a selective silylation at 1-OH in the presence of
imidazole has also been described.[40]


The use of solid-phase synthesis (SPS) for the preparation
of ginkgolide derivatives appeared to be particularly attrac-
tive, as the presence of multiple hydroxyl groups provides
several options for connecting points. Hence various strat-
egies were investigated, including silicon,[41,42] sulfonyl,[43]


Wang,[44,45] and Rink amide[46] linkers. Interestingly, none of
the solid-phase methods studied was superior to the tradi-
tional solution-phase chemistry. The initial problem associat-
ed with solid-phase synthesis was the difficulty of attaching
ginkgolide C to the solid-phase due to a steric hindrance
and small reactivity of the ginkgolide hydroxyl groups. After
overcoming this obstacle with silyl linkers, bulkiness of the
silyl linker hampered further derivatization in some cases
whereas smaller linkers suffered from instability as evi-
denced by leaching. Selectivity of reactions on the solid-
phase was also significantly decreased; the products cleaved
from the resin were obtained in low yields with low purity.
The most promising approach appeared to be the attach-
ment of GC (3) via a 10-benzyloxy group to Wang resin; in
this case the final cleavage from the support took place sev-


eral atoms away from the ginkgolide itself (Figure 2). Al-
though many hydroxyl group esterifications were performed
on this system, it was concluded that reactivity and selectivi-
ty were both lower as compared with the same reactions in
solution-phase; namely, the cleaved products were mixtures
of the starting materials, desired products and over-esteri-
fied products. Hence, the solid-phase approach was aban-
doned and preparation of a ginkgolide library was per-
formed via a similar approach but in solution.


In the first step, GC (3) was selectively alkylated at 10-
OH with various benzyl-derived halides under mild reaction
conditions to form 6, 7, and 8 in 94±97% yield
(Scheme 1).[23,38] Hydrogen bonding between 1-OH and 10-
OH as described by Corey[35] is responsible for enhanced re-
activity of these hydroxyl groups. Thus, reaction with alkyl
bromides in DMF with K2CO3 as a base yields mixture of
10-O and 1-O monoalkylates, generally within less than 2 h.
Further alkylation does not occur even after several days of
stirring. The 10-OH/1-OH selectivity seems to be influenced
by the size of the incoming alkyl group. While benzyl-de-
rived halides provide GC benzyl ethers in the ratio of 10:1
to 15:1, methyl iodide yields methyl ethers under identical
conditions with only 1.7:1 selectivity.[39] Furthermore, mix-
tures of the monoalkyl ethers could not be separated by
silica gel chromatography; attempts to separate them by re-
crystallization also failed.
In the next step, position 7 was derivatized by esterifica-


tion in the presence of pyridine. Thus, a series of GC-7-ben-
zoates 9, 10 and 11 were prepared in 79±92% yield
(Scheme 1). However, the use of H¸nig×s base (iPr2EtN) in-
stead of pyridine led to translactonization of ring E and for-
mation of esters 12 and 13 at position 6. This remarkable
difference in the reaction pattern is due to the higher basici-
ty of H¸nig×s base. The translactonized anion intermediate
is then stabilized by hydrogen bonding with 3-OH as report-
ed previously (Figure 3).[36] Thus, iso-GC-6-benzoates 12 and
13 were synthesized in 75±77% yield. Iso-GC-1,6-bisben-
zoate 14 was also prepared from 6 in 64% yield by increas-
ing the amount of benzoylation reagent and prolonging the
reaction time. Interestingly, the same reaction conditions ap-
plied to 13 provided only trace amounts of the correspond-
ing iso-GC-1,6-bisbenzoate. Acetylation of 6 and 7 with
acetic anhydride and H¸nig×s base led to bisacetates 15 and
16, respectively, in about 80% yield (Scheme 2).
Very few reports are available on the selective derivatiza-


tion of the 1-OH in GC. Although a selective silylation of 1-
OH has been carried out by Weinges[40] the mechanism and


Figure 2. Ginkgolide C attached to Wang resin via 10-benzyloxy group.
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scope of this reaction are not clear. We found that selective
derivatization of 1-OH can be achieved by acyl migration
from 6-O (iso-GC derivatives) via a six-membered cycle in-
termediate (Scheme 3). Thus heating of iso-GC-6-benzoates
12 and 13 at 100 8C in DMF in the presence of a tertiary


amine provided GC-1-ben-
zoates 17 and 18, respectively,
in 78±80% yield (Scheme 1).
The driving force for this rear-
rangement is the lower thermo-
dynamic stability of iso-GC
skeleton than the original GC.
Namely, the six-membered lac-
tone ring E in iso-GC adopts a
boat conformation. In addition,
the bulky tBu group in iso-GC
suffers from diaxial steric inter-
action with 6-H. The tertiary 3-
OH remained untouched as at-
tempts to derivatization under
more drastic esterification con-
ditions led to elimination prod-
ucts.
All of the above reactions re-


quired protection of 10-OH. In
order to evaluate the effect of 10-OH substitution for GlyR
inhibition, deprotection was necessary. This was readily ac-
complished by oxidative removal of the p-methoxybenzyl
(PMB) group in derivatives 10, 13, and 18. The reaction was
facilitated by treatment with cerium(iv) ammonium nitrate
to obtain 19, 20, and 21 in 68±81% yield (Figure 4). Howev-
er, the milder oxidation reagent dichlorodicyano quinone
(DDQ) failed.


Introduction of carbamate moieties into the various hy-
droxyl groups of ginkgolides was investigated next. Carba-
mates are versatile sources of additional interactions such as
hydrogen bonding, hydrophobic interaction and steric repul-
sion. This could yield important information for SAR stud-
ies. Carbamates at 7-O were efficiently prepared from 10-


benzyloxy-GC (6) in two steps
(Scheme 4). Reaction with p-ni-
trophenylchloroformate and
pyridine in CH2Cl2 gave 22 in
61% yield. Active carbonate 22
was further reacted with vari-
ous aliphatic amines in THF to
yield carbamates 23±26 in 81±
92% yield (Table 1). Again, a
remarkable difference was ob-
served when H¸nig×s base was
used instead of pyridine


Scheme 1. Synthesis of ginkgolide C benzoates. a) K2CO3, DMF; b) BzCl (3 equiv), pyridine, CH2Cl2; c) Bz2O
(3 equiv), iPr2EtN, CH2Cl2; d) iPr2EtN, DMF, 100 8C; e) Bz2O (6 equiv), iPr2EtN, CH2Cl2; PMB = p-methoxy-
benzyl.


Scheme 2. Synthesis of 10-alkoxy-iso-GC-1,6-bisacetates. a) Ac2O
(10 equiv), iPr2EtN, CH2Cl2.


Scheme 3. Suggested mechanism of acyl migration from 6-O to 1-O with consequent translactonization of
ring E.


Figure 3. Stabilization of 6-O anion in translactonized GC as generated
by iPr2EtN.


Figure 4. Benzoates of ginkgolide C.
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(Scheme 5). It is plausible that a highly reactive iso-GC
6-(p-nitrophenyl)carbonate is formed first, which reacts fur-
ther with 1-OH as in the case of the migration of benzoate
in 17. The product of this reaction, however, is cyclic car-
bonate 27 with a carbonyl bridging 1-O and 6-O (Scheme 5).
This active carbonate was unstable and hydrolyzed easily
even on silica gel to form 6. Treatment of 27 with various
aliphatic amines in THF provided facile opening of the car-
bonate cycle to form carbamates at 1-O with consequent
translactonization of ring E into the native form, 28±31. All
three reactions were finally performed in one pot to obtain
the desired 1-O derivatives in 50±78% overall yield from 6
after a single column chromatography (Table 1). Even bulky
amines such as tert-butyl amine reacted to completion in
both cases forming 24 and 29, ginkgolides with two tBu
groups. The corresponding sets of carbamates 33±36 (7-O)
(Scheme 4) and 38±41 (1-O) (Scheme 5) were also prepared
from 7. Removal of the PMB group from 33±36 and 38±41
afforded the non-aromatic ginkgolide carbamates 42±49
(Table 2) in 60±86% yield.


Biological activity: The ginkgolide derivatives were investi-
gated in their abilities to antagonize glycine-induced re-


sponses from homomeric a1 GlyRs. In brief, homomeric a1
GlyR was stably expressed in HEK293 cells and a fluores-


cence-based membrane-poten-
tial kit was used to detect re-
ceptor activity.[47] The de-
crease in glycine response was
measured by pre-incubation of
the test compound prior to ad-
dition of 100mm glycine. GC
(3) was used as the reference
compound. At a concentration
of 10 mm GC (3) the response
induced by glycine was inhib-
ited by 97%. Due to the rela-
tively low potency of all deriv-
atives, they were investigated
at concentrations of 100 mm
for determination of the % in-
hibition (Tables 1±4). Howev-
er, the fact that the parent
compound GC (3) was found
to be more potent than its de-
rivatives showed the signifi-
cant role played by the hy-
droxyl groups in GlyR interac-
tion. Thus, in the discussion
below it should be noted that
the relative differences be-


Scheme 4. Synthesis of 7-O carbamates from 10-alkoxy-GC. a) ClCOOC6H4NO2, pyridine, CH2Cl2; b) NHR
1R2, THF; PMB = p-methoxybenzyl.


Table 1. Chemical yields and biological activities of C-7 and C-1 carbamates of 10-alkoxy-GC.


Compound R R1 R2 Yield [%] Inhibition[a] [%]


23 Bn H CONHMe 88[b] NI
24 Bn H CONHtBu 88[b] 29
25 Bn H CONC4H8O 92[b] NI
26 Bn H CONC5H10 81[b] NI
28 Bn CONHMe H 64[c] NI
29 Bn CONHtBu H 59[c] 42
30 Bn CONC4H8O H 78[c] NI
31 Bn CONC5H10 H 50[c] 31
33 PMB H CONHMe 74[d] NI
34 PMB H CONHtBu 77[d] 39
35 PMB H CONC4H8O 90[d] NI
36 PMB H CONC5H10 86[d] 29
38 PMB CONHMe H 67[e] NI
39 PMB CONHtBu H 60[e] 33
40 PMB CONC4H8O H 75[e] NI
41 PMB CONC5H10 H 53[e] NI


[a] Inhibition of 100mm glycine-induced response by 100mm of test compound; % inhibition was calculated as:
(Responseglycine�Responsetest cmpd+glycine)/Responseglycine. Values are means of three independent experiments
performed in duplicate. [b] From 22. [c] From 6. [d] From 32. [e] From 7. NI=no inhibition, i.e., inhibition
below 20%. PMB=p-methoxybenzyl.


Table 2. Chemical yields and biological activities of 7-O and 1-O carba-
mates of ginkgolide C.


Compound R1 R2 Yield [%] Inhibition[b] [%]


42 H CONHMe 69 NI
43 H CONHtBu 80 NI
44 H CONC4H8O 60 44
45 H CONC5H10 64 34
46 CONHMe H 86 76
47 CONHtBu H 84 71
48 CONC4H8O H 80 NI
49 CONC5H10 H 79 33


[a] (NH4)2Ce(NO3)6, MeCN/H2O/CHCl3. [b] Inhibition of 100mm glycine-
induced response by 100mm of test compound;%-inhibition was calculat-
ed as: (Responseglycine�Responsetest cmpd+glycine)/Responseglycine. Values are
means of three independent experiments performed in duplicate. NI=no
inhibition, i.e., inhibition below 20%. PMB=p-methoxybenzyl.
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tween these derivatives are only minor since all compounds
are only weak antagonists of the GlyR.
Ginkgolide derivatives with carbamates in position 1 or 7,


and a benzyl or PMB group in the 10-position were either
inactive or only moderately active at the concentrations
tested (Table 1). Interestingly, all derivatives with moderate
activity contained a tBu carbamate, and the presence of this
group, rather than the position seems to be of importance
for biological activity in this set of derivatives. For the corre-
sponding carbamates without the benzyl or PMB group it
appears that both the position and the nature of the sub-
stituent are of importance (Table 2): Compounds 46 and 47
show approximately 70% inhibition of the glycine respons-
es, whereas other derivatives are either inactive or only
moderately active. It is interesting to compare the activities
of 46 with those of 28 and 38, the only difference being the
benzyl or PMB substitution at 10-OH. This indicates that
10-OH substitution is detrimental for activity towards
GlyRs. Moreover, the activities of 46 and 47 compared with
those of 42 and 43 show that substitution at 1-OH is prefer-
red over 7-OH, while comparison with 48 and 49 indicates
that there may be a limitation to the size of the substituent
that is tolerated.
The benzylated or benzoylated derivatives of ginkgolide C


showed a certain degree of variation in activities (Table 3).
The most potent derivatives were those with only one
benzyl substituent at 10-OH, such as compounds 6, 7 and 8.
Particularly compound 8 with a 2-picolyl substituent exhibit-
ed 75% inhibition. Addition of benzoyl groups does not im-
prove activity, while the presence of only one benzoyl
group, such as 19 and 21 leads to a complete loss in activity.
Finally, a range of iso-ginkgolide derivatives was investigat-
ed, with some showing reasonable potencies (Table 4). Par-
ticularly compound 12, with a 90% inhibition in glycine re-
sponses is the most potent of the 40 derivatives. On the
other hand, it is still considerably less potent than GC (3), a
30 mm concentration of 12 giving only a 39% inhibition.


Conclusion


We have shown that ginkgolide C in solution can be selec-
tively transformed into various derivatives via rearrange-
ment and migration. Particularly, a selective method for sub-
stitution at 1-OH has been found. Since hydroxyl groups
that are unchanged in the product, for example, 3-OH and
7-OH, participate during the reaction process, their protec-
tion would presumably hamper the entire reaction. The role
of 7-OH in the substitution of 1-OH described here is cru-
cial. We have also investigated a solid-phase approach for
preparation of a ginkgolide library. Ginkgolide C was suc-
cessfully attached to solid-phase but the derivatization reac-
tions on the resin were much less efficient as compared to
solution-phase reactions. Particularly, selectivity was greatly
diminished.
The synthesized ginkgolide derivatives were investigated


as GlyR antagonists using a high-throughput screening


Scheme 5. Synthesis of 1-O carbamates from 10-alkoxy-GC; suggested
mechanism. a) ClCOOC6H4NO2, iPrEt2N, CH2Cl2; b) NHR


1R2, CH2Cl2/
THF; PMB = p-methoxybenzyl.


Table 3. Biological activities of ginkgolide C derivatives.


Compound R R1 R2 Inhibition[a] [%]


6 Bn H H 59
9 Bn H Bz 45
17 Bn Bz H 60
7 PMB H H 52
8 2-picolyl H H 75
10 PMB H Bz 35
18 PMB Bz H NI
11 2-picolyl H Bz 51
19 H H Bz NI
21 H Bz H NI


[a] Inhibition of 100mm glycine-induced response by 100mm of
test compound; % inhibition was calculated as: (Responseglycine�Respon-
setest cmpd+glycine)/Responseglycine. Values are means of three independent ex-
periments performed in duplicate. NI=no inhibition, i.e., inhibition
below 20%. PMB=p-methoxybenzyl.


Table 4. Biological activities of iso-ginkgolide C derivatives.


compound R R1 R2 Inhibition[a] [%]


12 Bn H Bz 90
15 Bn Ac Ac 21
16 PMB Ac Ac 36
14 Bn Bz Bz 42
13 PMB H Bz 49
20 H H Bz 63


[a] Inhibition of 100mm glycine-induced response by 100mm of
test compound;%-inhibition was calculated as: (Responseglycine�Respon-
setest cmpd+glycine)/Responseglycine. Values are means of three independent ex-
periments performed in duplicate.
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assay. In general, the ginkgolide derivatives prepared were
less potent than the parent compound (3), and in many
cases the derivatives were totally devoid of activity. These
results indicate that substitutions of the hydroxyl groups in
ginkgolides are not beneficial for antagonistic activity at
GlyR, and clearly other means of improving the activity of
the parent compounds will be required. In addition, these
results show that the structure±activity relationships differ
significantly from those observed with PAFR, as best exem-
plified by the iso-ginkgolide derivatives. When tested against
PAFR, iso-GC acetates were devoid of activity;[36] however,
in the present studies, although much less potent than the
parent compound (3), the iso-ginkgolide derivative 12 was
the most potent of the compounds tested.
Previous studies have indicated that ginkgolides might an-


tagonize GlyRs by binding to an intra-ion channel site,[31]


thus acting as a plug in the ion channel of the GlyR. More-
over, it has been suggested that the conformation of the
ginkgolide is very important for antagonistic activity.[32] This
study suggests that the hydroxyl groups are critical for the
GlyR inhibition.


Experimental Section


Materials and methods : All reactions were performed under argon at
ambient temperature in dry solvents and yields refer to isolated products,
unless otherwise stated. Ginkgolide C (3) originated from early structural
studies,[9±13] and was recrystallized from ethanol/water and dried in desic-
cator. All other reagents were purchased and used as received. Polystyr-
ene resin, Wang resin and bromopolystyrene resin were obtained from
Advanced ChemTech, DES resin and sulfonyl chloride resin were ob-
tained from Aldrich, Tentagel resin was purchased from Rapp-Polymere
GmbH, T¸bingen (Germany). Reactions were monitored by analytical
TLC with silica gel 60 F254 and spots were visualized by heating and UV
light (254 nm). Flash chromatography was performed using silica gel
(230±400 mesh).
1H NMR and 13C NMR spectra were recorded with Bruker (300, 400 or
500 MHz) spectrometers. The chemical shifts are expressed in ppm (d)
downfield from tetramethylsilane (in CDCl3) or calibrated according to
residual solvent peak as an internal standard (MeOD, d 3.30). Assign-
ment of peaks was achieved using 2D methods (COSY), by comparison
with published data where available and comparison with 1H NMR spec-
tra of parent ginkgolides. In certain cases, HSQC was used instead of
13C NMR. High-resolution mass spectra (HRMS) were measured on
JEOL JMS-HX110/100A HF mass spectrometer under FAB conditions
with NBA as the matrix. In general, all ginkgolide derivatives decom-
posed above 250 8C.


10-Benzyloxy-GC (6): Synthesis and analytical data as previously descri-
bed.[38]


10-(4-Methoxy-benzyloxy)-GC (7): Powdered K2CO3 (315 mg, 2.28 mmol,
5 equiv) and 4-methoxybenzyl chloride (620 mL, 4.56 mmol, 10 equiv)
were added to a solution of GC (3) (201 mg, 0.456 mmol) in DMF
(2.28 mL). The mixture was stirred at 60 8C for 3 h and then stirred at
room temperature for 5 h. The solution was concentrated under reduced
pressure, an aq. phosphate buffer (pH 2±3, 10 mL) was added and the re-
sulting solution was extracted with EtOAc (3î) and dried with MgSO4.
The crude product was purified by flash chromatography (40±100%
EtOAc/hexanes) to obtain 7 as a white powder (240 mg, 94%). 1H NMR
(300 MHz, CDCl3): d=7.35±7.27 (m, 2HAR), 6.99±6.89 (m, 2HAR), 5.98
(s, 1H, 12-H), 5.41 (d, J=9.2 Hz, 1H, benzylic), 5.12 (d, J=4.4 Hz, 1H,
6-H), 4.92 (s, 1H, 10-H), 4.57 (d, J=9.2 Hz, 1H, benzylic), 4.52 (d, J=
7.9 Hz, 1H, 2-H), 4.21 (dd, J=3.4, 7.9 Hz, 1H, 1-H), 4.13 (m, 1H, 7-H),
3.83 (s, 3H, OMe), 3.05 (q, J=7.1 Hz, 1H, 14-H), 2.88 (d, J=3.4 Hz, 1H,
1-OH), 2.75 (s, 1H, 3-OH), 2.12 (d, J=11.5 Hz, 1H, 7-OH), 1.69 (d, J=


12.4 Hz, 1H, 8-H), 1.30 (d, J=7.0 Hz, 3H, 16-CH3), 1.23 (s, 9H, tBu);
13C NMR (100 MHz, CDCl3): d=175.83, 171.03, 170.90, 160.56, 130.65,
126.36, 114.73, 110.13, 98.49, 90.70, 83.47, 79.33, 75.59, 75.31, 73.79, 67.08,
64.03, 55.31, 50.38, 41.65, 32.19, 29.08, 7.23; HRMS (FAB): m/z : calcd for
C28H32O12: 560.1894; found: 560.1866 [M]


+ .


10-(2-Pyridinyl-methoxy)-GC (8): A mixture of 2-picolylchloride hydro-
chloride (401.4 mg, 2.45 mmol, 6 equiv) and EtOAc was washed with sat.
aq. NaHCO3 (2î), brine. The organic phase was subsequently dried with
MgSO4. After filtration and removal of EtOAc, free 2-picolyl chloride
was added to a solution of GC (3) (179.6 mg, 0.408 mmol, 1 equiv) in
DMF (2.04 mL) and powdered K2CO3 (338 mg, 2.45 mmol, 6 equiv) was
added. The mixture was briefly heated to about 60 8C and then stirred at
room temperature for 15 h. The solution was concentrated under reduced
pressure, an aq. phosphate buffer (pH 2±3, 10 mL) was added and result-
ing solution was extracted with EtOAc (3î) and dried with MgSO4. The
crude product was purified by flash chromatography (50±100% EtOAc/
hexanes) to obtain 8 as a white powder (211.2 mg, 97%). 1H NMR
(400 MHz, CDCl3): d=8.54 (d, J=4.9 Hz, 1HAR), 8.20 (d, J=4.1 Hz, 1H,
1-OH), 7.79±7.71 (m, 1HAR), 7.35±7.28 (m, 1HAR), 7.19±7.11 (m, 1HAR),
6.00 (s, 1H, 12-H), 5.67 (d, J=13.0 Hz, 1H, benzylic), 5.43 (d, J=4.3 Hz,
1H, 6-H), 4.96 (s, 1H, 10-H), 4.82 (d, J=13.0 Hz, 1H, benzylic), 4.66 (d,
J=7.6 Hz, 1H, 2-H), 4.47±4.38 (m, 1H, 1-H), 4.27±4.17 (m, 1H, 7-H),
3.10 (s, 1H, 3-OH), 3.08 (q, J=7.0 Hz, 1H, 14-H), 2.32 (d, J=11.3 Hz,
1H, 7-OH), 1.73 (d, J=12.4 Hz, 1H, 8-H), 1.30 (d, J=7.0 Hz, 3H, 16-
CH3), 1.18 (s, 9H, tBu);


13C NMR (100 MHz, CDCl3): d=175.79, 171.45,
170.96, 154.52, 148.74, 137.41, 123.29, 120.37, 109.99, 98.74, 92.61, 83.06,
80.14, 75.36, 74.89, 73.81, 70.67, 67.62, 64.70, 50.55, 41.74, 32.27, 29.12,
7.33; HRMS (FAB): m/z : calcd for C26H30O11N: 532.1819; found:
532.1844 [M+H]+ .


10-Benzyloxy-GC-7-benzoate (9): Benzoyl chloride (25 mL, 0.216 mmol,
5 equiv) was added to a solution of 6 (22.9 mg, 0.043 mmol) in CH2Cl2
(0.9 mL) and pyridine (0.15 mL, 1.85 mmol, 43 equiv). The mixture was
stirred for 7 h and then quenched with aq. HCl (1 mL, 1m), extracted
with EtOAc (3î) and dried with MgSO4. The crude product was purified
by flash chromatography (30±50% EtOAc/hexanes) to obtain 9 as a
white powder (21.6 mg, 79%). 1H NMR (400 MHz, CDCl3): d=8.12±8.05
(m, 2HAR), 7.68±7.58 (m, 1HAR), 7.53±7.40 (m, 7HAR), 6.08 (s, 1H, 12-H),
5.50 (dd, J=12.9, 4.3 Hz, 1H, 7-H), 5.48 (d, J=9.4 Hz, 1H, benzylic),
5.41 (d, J=4.3 Hz, 1H, 6-H), 5.02 (s, 1H, 10-H), 4.76 (d, J=9.4 Hz, 1H,
benzylic), 4.51 (d, J=7.9 Hz, 1H, 2-H), 4.26 (dd, J=7.9, 3.2 Hz, 1H, 1-
H), 3.07 (q, J=7.0 Hz, 1H, 14-H), 2.86 (d, J=3.2 Hz, 1H, 1-OH), 2.9±2.7
(br s, 1H, 3-OH), 2.25 (d, J=12.9 Hz, 1H, 8-H), 1.31 (d, J=7.0 Hz, 3H,
16-CH3), 1.20 (s, 9H, tBu);


13C NMR (100 MHz, CDCl3): d=175.13,
170.97, 170.50, 164.84, 134.12, 133.95, 130.06, 129.85, 129.57, 128.80,
128.74, 128.60, 109.86, 98.34, 90.53, 83.41, 76.88, 75.39, 74.15, 74.01, 73.93,
67.83, 64.03, 48.60, 41.57, 32.13, 29.36, 7.26; HRMS (FAB): m/z : calcd for
C34H35O12: 635.2129; found: 635.2156 [M+H]+ .


10-(4-Methoxy-benzyloxy)-GC-7-benzoate (10): The compound was syn-
thesized from 7 according to the procedure for 9. Product was obtained
as a white solid (92%). 1H NMR (300 MHz, CDCl3): d=8.13±8.03 (m,
2HAR), 7.69±7.58 (m, 1HAR), 7.54±7.44 (m, 2HAR), 7.44±7.34 (m, 2HAR),
7.03±6.94 (m, 2HAR), 6.07 (s, 1H, 12-H), 5.48 (dd, J=12.8, 4.3 Hz, 1H, 7-
H), 5.40 (d, J=9.3 Hz, 1H, benzylic), 5.40 (d, J=4.3 Hz, 1H, 6-H), 4.99
(s, 1H, 10-H), 4.70 (d, J=9.3 Hz, 1H, benzylic), 4.50 (d, J=7.9 Hz, 1H,
2-H), 4.25 (dd, J=7.9, 3.4 Hz, 1H, 1-H), 3.84 (s, 3H, OMe), 3.06 (q, J=
7.0 Hz, 1H, 14-H), 2.92 (d, J=3.4 Hz, 1H, 1-OH), 2.90 (s, 1H, 3-OH),
2.24 (d, J=12.8 Hz, 1H, 8-H), 1.31 (d, J=7.0 Hz, 3H, 16-CH3), 1.20 (s,
9H, tBu); 13C NMR (75 MHz, CDCl3): d=175.28, 171.00, 170.65, 164.84,
160.61, 133.94, 130.57, 130.05, 128.73, 128.59, 126.18, 114.82, 109.87, 98.31,
90.54, 83.41, 76.84, 75.05, 73.97, 73.94, 73.70, 67.81, 64.01, 55.33, 48.57,
41.61, 32.10, 29.34, 7.28; HRMS (FAB): m/z : calcd for C35H36O13:
664.2156; found: 664.2129 [M]+ .


10-(2-Pyridinyl-methoxy)-GC-7-benzoate (11): The compound was syn-
thesized from 8 according to the procedure for 9. Product was obtained
as a white solid (85%). 1H NMR (400 MHz, CDCl3): d=8.58 (d, J=
5.0 Hz, 1H, 6-py), 8.42 (br s, 1H, 1-OH), 8.08±8.00 (m, 2HAR), 7.79±7.71
(m, 1H, 4-py), 7.65±7.56 (m, 1HAR), 7.51±7.42 (m, 2HAR), 7.35±7.28 (m,
1H, 5-py), 7.15 (d, J=7.9 Hz, 1H, 3-py), 6.08 (s, 1H, 12-H), 5.75 (d, J=
4.4 Hz, 1H, 6-H), 5.68 (d, J=13.1 Hz, 1H, benzylic), 5.48 (dd, J=12.8,
4.4 Hz, 1H, 7-H), 5.03 (s, 1H, 10-H), 4.89 (d, J=13.1 Hz, 1H, benzylic),
4.64 (d, J=7.5 Hz, 1H, 2-H), 4.48 (brd, J=7.5 Hz, 1H, 1-H), 3.09 (q, J=
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7.0 Hz, 1H, 14-H), 2.88 (br s, 1H, 3-OH), 2.28 (d, J=12.8 Hz, 1H, 8-H),
1.31 (d, J=7.0 Hz, 3H, 16-CH3), 1.18 (s, 9H, tBu);


13C NMR (100 MHz,
CDCl3): d=175.63, 171.53, 170.71, 164.87, 154.47, 148.85, 137.37, 133.78,
130.00, 128.84, 128.67, 123.28, 120.22, 109.94, 98.68, 92.62, 83.04, 77.53,
74.93, 74.35, 73.84, 70.65, 68.43, 64.61, 48.89, 41.76, 32.24, 29.39, 7.34;
HRMS (FAB): m/z : calcd for C33H34O12N: 636.2081; found: 636.2058
[M+H]+ .


10-Benzyloxy-isoGC-6-benzoate (12): Benzoic anhydride (23 mg,
0.102 mmol, 3 equiv) was added to a solution of 6 (18.0 mg, 0.034 mmol)
in CH2Cl2 (0.87 mL) and iPr2EtN (0.145 mL, 0.829 mmol, 24 equiv). The
mixture was stirred for 11 h and then quenched with phosphate buffer
(pH ~2±3, 1 mL) washed with brine. The organic phase was subsequently
dried with MgSO4. The crude product was purified by flash chromatogra-
phy (30±50% EtOAc/hexanes) to obtain 12 as a white powder (16.6 mg,
77%). 1H NMR (400 MHz, CDCl3): d=8.15±8.09 (m, 2HAR), 7.66±7.56
(m, 1HAR), 7.52±7.38 (m, 7HAR), 5.75 (s, 1H, 12-H), 5.48 (d, J=9.5 Hz,
1H, benzylic), 5.44 (d, J=4.0 Hz, 1H, 6-H), 5.17 (s, 1H, 10-H), 5.06 (d,
J=3.9 Hz, 1H, 7-H), 4.91 (d, J=7.7 Hz, 1H, 2-H), 4.83 (d, J=9.5 Hz,
1H, benzylic), 4.28 (dd, J=7.6, 2.3 Hz, 1H, 1-H), 3.83 (s, 1H, 3-OH),
3.22 (q, J=7.1 Hz, 1H, 14-H), 3.22 (d, J=2.4 Hz, 1H, 1-OH), 2.30 (s,
1H, 8-H), 1.35 (d, J=7.1 Hz, 3H, 16-CH3), 1.25 (s, 9H, tBu);


13C NMR
(100 MHz, CDCl3): d=176.38, 170.70, 166.56, 165.09, 134.18, 133.65,
130.19, 129.90, 129.46, 129.23, 128.80, 127.82, 110.02, 95.53, 91.96, 84.07,
78.81, 75.21, 74.29, 73.11, 69.90, 67.73, 62.86, 61.78, 41.47, 33.74, 29.71,
6.99; HRMS (FAB): m/z : calcd for C34H35O12: 635.2129; found: 635.2097
[M+H]+ .


10-(4-Methoxy-benzyloxy)-isoGC-6-benzoate (13): The compound was
synthesized from 7 according to the procedure for 12. Product was ob-
tained as a white solid (75%). 1H NMR (400 MHz, CDCl3): d=8.15±8.08
(m, 2HAR), 7.62±7.55 (m, 1HAR), 7.48±7.39 (m, 2HAR), 7.38±7.30 (m,
2HAR), 6.96±6.88 (m, 2HAR), 5.74 (s, 1H, 12-H), 5.42 (d, J=4.0 Hz, 1H,
6-H), 5.40 (d, J=9.4 Hz, 1H, benzylic), 5.16 (s, 1H, 10-H), 5.06 (d, J=
4.0 Hz, 1H, 7-H), 4.91 (d, J=7.7 Hz, 1H, 2-H), 4.76 (d, J=9.4 Hz, 1H,
benzylic), 4.27 (dd, J=7.7, 2.6 Hz, 1H, 1-H), 3.84 (s, 1H, 3-OH), 3.79 (s,
3H, OMe), 3.30 (d, J=2.7 Hz, 1H, 1-OH), 3.22 (q, J=7.1 Hz, 1H, 14-H),
2.30 (s, 1H, 8-H), 1.35 (d, J=7.1 Hz, 3H, 16-CH3), 1.25 (s, 9H, tBu);
13C NMR (75 MHz, CDCl3): d=176.40, 170.84, 166.61, 165.11, 160.71,
134.17, 130.98, 130.23, 128.80, 127.88, 125.78, 114.76, 110.06, 95.51, 91.98,
84.11, 78.86, 74.94, 73.86, 73.12, 69.96, 67.76, 62.91, 61.79, 55.31, 41.49,
33.76, 29.39, 6.99; HRMS (FAB): m/z : calcd for C35H36O13: 664.2156;
found: 664.2165 [M]+ .


10-Benzyloxy-isoGC-1,6-bisbenzoate (14): Benzoic anhydride (19.9 mg,
0.090 mmol, 6 equiv) was added to a solution of 6 (9.3 mg, 0.015 mmol)
in CH2Cl2 (0.38 mL) and iPr2EtN (63 mL, 0.36 mmol, 24 equiv). The mix-
ture was stirred for 20 h and then quenched with aq. HCl (1 mL, 1m),
washed with brine. The organic phase was subsequently dried with
MgSO4. The crude product was purified by flash chromatography (30±
50% EtOAc/1% AcOH/hexanes) to obtain 14 as a white powder
(7.1 mg, 64%). 1H NMR (400 MHz, CDCl3): d=8.25±8.18 (m, 2HAR),
7.66±7.58 (m, 3HAR), 7.52±7.37 (m, 3HAR), 7.21±7.13 (m, 2HAR), 7.11±
7.03 (m, 2HAR), 7.02±6.95 (m, 3HAR), 6.02 (d, J=5.1 Hz, 1H, 1-H), 5.79
(d, J=4.0 Hz, 1H, 6-H), 5.69 (s, 1H, 12-H), 5.03 (d, J=4.0 Hz, 1H, 7-H),
5.01 (s, 1H, 10-H), 4.88 (d, J=5.1 Hz, 1H, 2-H), 4.86 (s, 2H, benzylic),
3.66 (s, 1H, 3-OH), 3.41 (q, J=7.3 Hz, 1H, 14-H), 2.25 (s, 1H, 8-H), 1.39
(d, J=7.3 Hz, 3H, 16-CH3), 1.08 (s, 9H, tBu); 13C NMR (75 MHz,
CDCl3): d=175.91, 170.05, 166.74, 165.61, 163.78, 134.37, 133.92, 133.08,
130.21, 129.58, 129.22, 128.98, 128.91, 128.62, 128.29, 128.25, 127.96,
109.00, 96.69, 92.51, 84.72, 79.05, 74.05, 73.78, 72.94, 71.02, 67.11, 64.01,
61.61, 41.42, 33.73, 29.21, 8.60; HRMS (FAB): m/z : calcd for C41H39O13:
739.2391; found: 739.2381 [M+H]+ .


10-Benzyloxy-isoGC-1,6-bisacetate (15): Acetic anhydride (15 mL,
0.16 mmol, 10 equiv) was added to a solution of 6 (8.5 mg, 0.016 mmol)
in CH2Cl2 (0.15 mL) and iPr2EtN (28 mL, 0.16 mmol, 10 equiv). Mixture
was stirred for 12 h and then quenched with aq. HCl (1 mL, 1m), extract-
ed with EtOAc (3î). The organic phase was subsequently dried with
MgSO4. The crude product was purified by flash chromatography (40±
50% EtOAc/hexanes) to obtain 15 as a white powder (8.0 mg, 81%).
1H NMR (300 MHz, CDCl3): d=7.43±7.38 (m, 5HAR), 5.66 (d, J=3.7 Hz,
1H, 1-H), 5.63 (s, 1H, 12-H), 5.51 (d, J=4.1 Hz, 1H, 6-H), 5.30 (d, J=
10.6 Hz, 1H, benzylic), 5.01 (s, 1H, 10-H), 4.83 (d, J=4.1 Hz, 1H, 7-H),
4.72 (d, J=10.6 Hz, 1H, benzylic), 4.48 (d, J=3.7 Hz, 1H, 2-H), 3.31 (q,


J=7.5 Hz, 1H, 14-H), 3.30 (s, 1H, 3-OH), 2.20 (s, 1H, 8-H), 2.12 (s, 3H,
Ac), 1.31 (d, J=7.5 Hz, 3H, 16-CH3), 1.30 (s, 3H, Ac), 1.19 (s, 9H, tBu);
13C NMR (75 MHz, CDCl3): d=175.87, 170.07, 168.74, 167.87, 166.51,
135.22, 128.93, 128.76 (2 C), 108.60, 97.31, 92.04, 84.47, 78.99, 74.98,
74.25, 73.29, 70.13, 67.20, 63.67, 61.55, 41.21, 33.63, 29.26, 20.59, 19.52,
9.56; HRMS (FAB): m/z : calcd for C31H35O13: 615.2078; found: 615.2083
[M+H]+ .


10-(4-Methoxy-benzyloxy)-isoGC-1,6-bisacetate (16): The compound was
synthesized from 7 according to the procedure for 15. Product was ob-
tained as a white solid (79%). 1H NMR (400 MHz, CDCl3): d=7.31±7.24
(m, 2HAR), 6.93±6.86 (m, 2HAR), 5.64 (d, J=3.8 Hz, 1H, 1-H), 5.63 (s,
1H, 12-H), 5.45 (d, J=4.1 Hz, 1H, 6-H), 5.18 (d, J=10.4 Hz, 1H, benzyl-
ic), 5.00 (s, 1H, 10-H), 4.82 (d, J=4.1 Hz, 1H, 7-H), 4.69 (d, J=10.4 Hz,
1H, benzylic), 4.50 (d, J=3.8 Hz, 1H, 2-H), 3.81 (s, 3H, OMe), 3.34 (s,
1H, 3-OH), 3.30 (q, J=7.5 Hz, 1H, 14-H), 2.20 (s, 1H, 8-H), 2.12 (s, 3H,
Ac), 1.39 (s, 3H, Ac), 1.30 (d, J=7.5 Hz, 3H, 16-CH3), 1.17 (s, 9H, tBu);
13C NMR (100 MHz, CDCl3): d=175.34, 169.65, 168.21, 167.33, 165.97,
159.46, 130.36, 126.79, 113.65, 108.29, 96.83, 91.75, 84.15, 78.70, 74.18,
73.84, 72.62, 69.90, 66.87, 63.41, 61.28, 55.17, 41.08, 33.52, 29.27, 20.53,
19.62, 9.40; HSQC correlation spectra measured; HRMS (FAB): m/z :
calcd for C32H36O14: 644.2105; found: 644.2082 [M]


+ .


10-Benzyloxy-GC-1-benzoate (17): iPr2EtN (50 mL, 0.29 mmol, 12 equiv)
was added to a solution of 12 (15.6 mg, 0.025 mmol) in DMF (0.40 mL)
and mixture was stirred for 3 h at 100 8C. Solvent was removed under re-
duced pressure, a residue was treated with phosphate buffer (pH 2±3,
1 mL), then extracted with EtOAc (3î) and combined organic layers
were dried with MgSO4. The crude product was purified by flash chroma-
tography (30±50% EtOAc/hexanes) to obtain 17 as a white solid
(12.2 mg, 78%). 1H NMR (400 MHz, CDCl3): d=7.64±7.59 (m, 2HAR),
7.51±7.45 (m, 1HAR), 7.31±7.25 (m, 2HAR), 6.98±6.91 (m, 2HAR), 6.88±
6.83 (m, 3HAR), 6.03 (s, 1H, 12-H), 5.89 (d, J=6.1 Hz, 1H, 1-H), 5.46 (d,
J=4.4 Hz, 1H, 6-H), 5.17 (d, J=11.0 Hz, 1H, benzylic), 4.85 (s, 1H, 10-
H), 4.70 (d, J=6.1 Hz, 1H, 2-H), 4.56 (d, J=10.9 Hz, 1H, benzylic),
4.42±4.33 (m, 1H, 7-H), 3.28 (q, J=7.2 Hz, 1H, 14-H), 3.4±2.9 (br s, 1H,
3-OH), 2.65±2.3 (br s, 1H, 7-OH), 1.76 (d, J=12.3 Hz, 1H, 8-H), 1.33 (d,
J=7.2 Hz, 3H, 16-CH3), 1.15 (s, 9H, tBu);


13C NMR (100 MHz, CDCl3):
d=174.91, 170.70, 170.25, 163.47, 134.66, 133.23, 129.56, 128.70, 128.34,
128.24, 128.11, 128.02, 109.34, 99.62, 92.14, 84.27, 80.32, 75.64, 75.25,
74.30, 73.55, 66.47, 65.09, 50.57, 41.20, 32.34, 29.13, 7.94; HRMS (FAB):
m/z : calcd for C34H35O12: 635.2129; found: 635.2148 [M+H]+ .


10-(4-Methoxy-benzyloxy)-GC-1-benzoate (18): The compound was syn-
thesized from 13 according to the procedure for 17. Product was obtained
as a white solid (80%). 1H NMR (400 MHz, CDCl3): d=7.64±7.58 (m,
2HAR), 7.52±7.45 (m, 1HAR), 7.32±7.25 (m, 2HAR), 6.91±6.85 (m, 2HAR),
6.39±6.33 (m, 2HAR), 6.02 (s, 1H, 12-H), 5.84 (d, J=6.2 Hz, 1H, 1-H),
5.44 (d, J=4.4 Hz, 1H, 6-H), 5.10 (d, J=10.5 Hz, 1H, benzylic), 4.83 (s,
1H, 10-H), 4.68 (d, J=6.2 Hz, 1H, 2-H), 4.47 (d, J=10.5 Hz, 1H, benzyl-
ic), 4.42±4.33 (m, 1H, 7-H), 3.60 (s, 3H, OMe), 3.28 (q, J=7.1 Hz, 1H,
14-H), 3.09 (s, 1H, 3-OH), 2.37 (d, J=12.0 Hz, 1H, 7-OH), 1.74 (d, J=
12.3 Hz, 1H, 8-H), 1.33 (d, J=7.1 Hz, 3H, 16-CH3), 1.18 (s, 9H, tBu);
13C NMR (125 MHz, CDCl3): d=174.72, 170.67, 170.31, 163.43, 159.24,
133.01, 129.88, 129.57, 128.71, 128.18, 126.84, 113.44, 109.33, 99.43, 92.11,
84.25, 80.32, 75.62, 74.99, 74.24, 73.31, 66.39, 65.09, 54.81, 50.65, 41.17,
32.34, 29.17, 7.85; HRMS (FAB): m/z : calcd for C35H36O13: 664.2156;
found: 664.2170 [M]+ .


GC-7-Benzoate (19): An aq. solution of (NH4)2Ce(NO3)6 (14.7 mL,
24 mmol, 2 equiv, 1.63m) was added to a solution of 10 (8.0 mg,
12.0 mmol) in acetonitrile (150 mL) and CHCl3 (49 mL). The mixture was
stirred for 14 h, volatiles were removed under reduced pressure and resi-
due was purified by flash chromatography (30±100% EtOAc/1% AcOH/
hexanes) to obtain 19 as a white powder (4.4 mg, 68%). 1H NMR
(400 MHz, CD3OD): d=8.11±8.05 (m, 2HAR), 7.70±7.62 (m, 1HAR), 7.57±
7.49 (m, 2HAR), 6.20 (s, 1H, 12-H), 5.54±5.46 (m, 2H, 6-H and 7-H), 5.19
(s, 1H, 10-H), 4.57 (d, J=7.6 Hz, 1H, 2-H), 4.22 (d, J=7.6 Hz, 1H, 1-H),
3.02 (q, J=7.1 Hz, 1H, 14-H), 2.29±2.22 (m, 1H, 8-H), 1.23 (d, J=7.1 Hz,
3H, 16-CH3), 1.18 (s, 9H, tBu); HSQC correlation spectra measured;
HRMS (FAB): m/z : calcd for C27H28O12Na: 567.1478; found: 567.1472
[M+Na]+ .


IsoGC-6-benzoate (20): An aq. solution of (NH4)2Ce(NO3)6 (6.2 mL,
10 mmol, 2 equiv, 1.63m) was added to a solution of 13 (3.3 mg, 5.0 mmol)
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in acetonitrile (63 mL) and CHCl3 (20 mL). The mixture was stirred for
3 h, volatiles were removed under reduced pressure and residue was puri-
fied by flash chromatography (30±70% EtOAc/1% AcOH/hexanes) to
obtain 20 as a white powder (2.2 mg, 81%). 1H NMR (400 MHz, CDCl3):
d=8.18±8.11 (m, 2HAR), 7.63±7.55 (m, 1HAR), 7.48±7.40 (m, 2HAR), 5.75
(s, 1H, 12-H), 5.64 (d, J=3.9 Hz, 1H, 6-H), 5.30 (s, 1H, 10-H), 5.06 (d,
J=3.9 Hz, 1H, 7-H), 5.00 (d, J=7.7 Hz, 1H, 2-H), 4.26 (d, J=7.7 Hz,
1H, 1-H), 3.78 (s, 1H, 3-OH), 3.40 (q, J=7.1 Hz, 1H, 14-H), 2.29 (s, 1H,
8-H), 1.37 (d, J=7.1 Hz, 3H, 16-CH3), 1.26 (s, 9H, tBu); HSQC correla-
tion spectra measured; HRMS (FAB): m/z : calcd for C27H29O12:
545.1659; found: 545.1666 [M+H]+ .


GC-1-Benzoate (21): An aq. solution of (NH4)2Ce(NO3)6 (9.8 mL,
16 mmol, 2 equiv, 1.63m) was added to a solution of 18 (5.3 mg, 8.0 mmol)
in acetonitrile (100 mL) and CHCl3 (32 mL). The mixture was stirred for
1.5 h, aq. solution of (NH4)2Ce(NO3)6 (4.9 mL, 8 mmol, 1 equiv, 1.63m)
was added and mixture was further stirred for 12 h. Volatiles were re-
moved under reduced pressure and residue was purified by flash chroma-
tography (40±70% EtOAc/hexanes) to obtain 21 as a white powder
(2.6 mg, 60%). 1H NMR (300 MHz, CDCl3): d=7.98±7.90 (m, 2HAR),
7.67±7.58 (m, 1HAR), 7.51±7.41 (m, 2HAR), 6.05 (s, 1H, 12-H), 5.77 (d,
J=6.8 Hz, 1H, 1-H), 5.47 (d, J=4.3 Hz, 1H, 6-H), 5.09 (d, J=1.9 Hz,
1H, 10-H), 4.77 (d, J=6.8 Hz, 1H, 2-H), 4.40±4.28 (m, 1H, 7-H), 3.56 (d,
J=1.9 Hz, 1H, 10-OH), 3.22 (q, J=7.1 Hz, 1H, 14-H), 2.86 (s, 1H, 3-
OH), 2.25 (d, J=11.7 Hz, 1H, 7-OH), 1.75 (d, J=12.3 Hz, 1H, 8-H), 1.33
(d, J=7.1 Hz, 3H, 16-CH3), 1.19 (s, 9H, tBu); HSQC correlation spectra
measured; HRMS (FAB): m/z : calcd for C27H29O12: 545.1659; found:
545.1641 [M+H]+ .


7-(4-Nitro-phenoxycarbonyloxy)-10-Benzyloxy-GC (22): A solution of p-
nitrophenyl chloroformate (39.6 mg, 0.195 mmol, 3 equiv) in CH2Cl2
(0.3 mL) was added to a solution of 6 (34.7 mg, 0.065 mmol) in CH2Cl2
(0.82 mL) and pyridine (187 mL, 2.31 mmol, 35 equiv). The mixture was
stirred for 50 min and then quenched with aq. HCl (2 mL, 1m), extracted
with EtOAc (3î). The combined organic layers were subsequently dried
with MgSO4. The crude product was recrystallized from CHCl3 to obtain
22 as a white crystals (27.8 mg, 61%). 1H NMR (300 MHz, CDCl3): d=
8.36±8.27 (m, 2HAR), 7.50±7.32 (m, 7HAR), 6.07 (s, 1H, 12-H), 5.47 (d,
J=9.4 Hz, 1H, benzylic), 5.47 (d, J=4.3 Hz, 1H, 6-H), 5.08 (dd, J=12.8,
4.3 Hz, 1H, 7-H), 4.99 (s, 1H, 10-H), 4.72 (d, J=9.4 Hz, 1H, benzylic),
4.51 (d, J=7.8 Hz, 1H, 2-H), 4.25 (dd, J=7.8, 3.5 Hz, 1H, 1-H), 3.05 (q,
J=7.0 Hz, 1H, 14-H), 2.88 (br s, 1H, 3-OH), 2.79 (d, J=3.5 Hz, 1H, 1-
OH), 2.18 (d, J=12.8 Hz, 1H, 8-H), 1.32 (d, J=7.0 Hz, 3H, 16-CH3),
1.23 (s, 9H, tBu).


7-Methylcarbamoyloxy-10-benzyloxy-GC (23): MeNH2 in THF (14 mL,
28 mmol, 3 equiv, 2m) was added to a solution of 22 (6.4 mg, 9.3 mmol) in
THF (0.17 mL). The mixture was stirred for 25 min and then quenched
with sat. aq. NH4Cl, extracted with EtOAc (3î) and dried with MgSO4.
The crude product was purified by flash chromatography (40±50%
EtOAc/hexanes) to obtain 23 as a white solid (4.8 mg, 88%). 1H NMR
(400 MHz, CDCl3): d=7.50±7.37 (m, 5HAR), 6.02 (s, 1H, 12-H), 5.44 (d,
J=9.4 Hz, 1H, benzylic), 5.28 (d, J=4.4 Hz, 1H, 6-H), 5.21 (dd, J=12.8,
4.4 Hz, 1H, 7-H), 4.96 (s, 1H, 10-H), 4.84 (brq, J ~4.8 Hz, 1H, -NH-),
4.73 (d, J=9.4 Hz, 1H, benzylic), 4.49 (d, J=7.8 Hz, 1H, 2-H), 4.21 (dd,
J=7.8, 3.4 Hz, 1H, 1-H), 3.03 (q, J=7.0 Hz, 1H, 14-H), 2.92 (s, 1H, 3-
OH), 2.86 (d, J=4.9 Hz, 3H, CH3), 2.80 (d, J=3.4 Hz, 1H, 1-OH), 2.00
(d, J=12.8 Hz, 1H, 8-H), 1.30 (d, J=7.0 Hz, 3H, 16-CH3), 1.16 (s, 9H,
tBu); 13C NMR (75 MHz, CDCl3): d=175.17, 171.04, 170.59, 154.68,
134.15, 129.78, 129.53, 128.82, 109.92, 98.37, 90.61, 83.41, 77.30, 75.36,
74.20, 74.10, 74.02, 67.65, 63.90, 48.50, 41.58, 32.12, 29.31, 27.72, 7.25;
HRMS (FAB): m/z : calcd for C29H34O12N: 588.2081; found: 588.2069
[M+H]+ .


7-tert-Butylcarbamoyloxy-10-benzyloxy-GC (24): tBuNH2 (3.4 mL,
32 mmol, 4 equiv) was added to a solution of 22 (5.5 mg, 7.9 mmol) in
THF (0.16 mL). The mixture was stirred for 40 min and then quenched
with aq. HCl (1 mL, 1m), extracted with EtOAc (3î) and dried with
MgSO4. The crude product was purified by flash chromatography (30±
50% EtOAc/hexanes) to obtain 24 as a white solid (4.4 mg, 88%). The
product was further purified by reverse-phase HPLC. 1H NMR
(500 MHz, CDCl3): d=7.48±7.38 (m, 5HAR), 6.02 (s, 1H, 12-H), 5.43 (d,
J=9.5 Hz, 1H, benzylic), 5.28 (d, J=4.2 Hz, 1H, 6-H), 5.18 (dd, J=12.5,
4.2 Hz, 1H, 7-H), 4.96 (s, 1H, 10-H), 4.79 (s, 1H, -NH-), 4.75 (d, J=
9.5 Hz, 1H, benzylic), 4.50 (d, J=7.8 Hz, 1H, 2-H), 4.21 (dd, J=7.9,


3.4 Hz, 1H, 1-H), 3.04 (q, J=7.0 Hz, 1H, 14-H), 2.81 (d, J=3.4 Hz, 1H,
1-OH), 2.69 (s, 1H, 3-OH), 1.98 (d, J=12.8 Hz, 1H, 8-H), 1.35 (s, 9H,
tBu), 1.30 (d, J=7.0 Hz, 3H, 16-CH3), 1.15 (s, 9H, tBu); 13C NMR
(125 MHz, CDCl3): d=175.08, 171.09, 170.62, 152.11, 134.16, 129.73,
129.50, 128.85, 109.97, 98.34, 90.56, 83.43, 77.56, 75.39, 74.10, 74.07, 73.38,
67.65, 63.95, 50.93, 48.65, 41.53, 32.10, 29.33, 28.82, 7.21; HSQC correla-
tion spectra measured; HRMS (FAB): m/z : calcd for C32H39O12NNa:
652.2370; found: 652.2368 [M+Na]+ .


7-(Morpholine-4-carbonyloxy)-10-benzyloxy-GC (25): Morpholine (2 mL,
23 mmol, 3 equiv) was added to a solution of 22 (5.2 mg, 7.5 mmol) in
THF (0.15 mL). The mixture was stirred for 25 min and then quenched
with aq. HCl (1 mL, 1m), extracted with EtOAc (3î) and dried with
MgSO4. The crude product was purified by flash chromatography (40±
50% EtOAc/hexanes) to obtain 25 as a white solid (6.0 mg, 92%).
1H NMR (400 MHz, CDCl3): d=7.49±7.38 (m, 5HAR), 6.03 (s, 1H, 12-H),
5.44 (d, J=9.4 Hz, 1H, benzylic), 5.32±5.23 (m, 2H, 6-H and 7-H), 4.97
(s, 1H, 10-H), 4.74 (d, J=9.4 Hz, 1H, benzylic), 4.48 (d, J=7.8 Hz, 1H,
2-H), 4.22 (dd, J=7.8, 3.5 Hz, 1H, 1-H), 3.77±3.33 (m, 8H, morph.), 3.04
(q, J=7.0 Hz, 1H, 14-H), 2.93 (s, 1H, 3-OH), 2.80 (d, J=3.5 Hz, 1H, 1-
OH), 2.09±2.00 (m, 1H, 8-H), 1.30 (d, J=7.0 Hz, 3H, 16-CH3), 1.17 (s,
9H, tBu); 13C NMR (100 MHz, CDCl3): d=175.16, 171.02, 170.53,
152.99,134.10, 129.78, 129.51, 128.80, 109.88, 98.39, 90.58, 83.40, 77.14,
75.30, 74.68, 74.06, 73.97, 67.56, 66.59 (morph.), 66.48 (morph.), 63.94,
48.62, 44.48 (morph.), 44.21 (morph.), 41.57, 32.13, 29.31, 7.27; HRMS
(FAB): m/z : calcd for C32H38O13N: 644.2343; found: 644.2333 [M+H]+ .


7-(Piperidine-carbonyloxy)-10-benzyloxy-GC (26): Piperidine (2.1 mL,
22 mmol, 3 equiv) was added to a solution of 22 (5.0 mg, 7.2 mmol) in
THF (0.15 mL). The mixture was stirred for 30 min and then quenched
with aq. HCl (1 mL, 1m), extracted with EtOAc (3î) and dried with
MgSO4. The crude product was purified by flash chromatography (30±
40% EtOAc/hexanes) to obtain 26 as a white solid (3.8 mg, 81%).
1H NMR (300 MHz, CDCl3): d=7.50±7.37 (m, 5HAR), 6.03 (s, 1H, 12-H),
5.43 (d, J=9.4 Hz, 1H, benzylic), 5.32±5.23 (m, 2H, 6-H and 7-H), 4.97
(s, 1H, 10-H), 4.74 (d, J=9.4 Hz, 1H, benzylic), 4.48 (d, J=7.8 Hz, 1H,
2-H), 4.21 (dd, J=7.8, 3.4 Hz, 1H, 1-H), 3.57±3.33 (m, 4H, piper.), 3.04
(q, J=7.0 Hz, 1H, 14-H), 2.79 (d, J=3.4 Hz, 1H, 1-OH), 2.78 (s, 1H, 3-
OH), 2.10±1.99 (m, 1H, 8-H), 1.71±1.40 (m, 6H, piper.), 1.30 (d, J=
7.0 Hz, 3H, 16-CH3), 1.17 (s, 9H, tBu);


13C NMR (75 MHz, CDCl3): d=
175.14, 171.12, 170.63, 152.94, 134.13, 129.73, 129.50, 128.80, 109.93, 98.37,
90.58, 83.39, 77.23, 75.33, 74.37, 74.04, 74.01, 67.57, 63.97, 48.66, 45.20
(piper.), 41.56, 32.12, 29.31, 25.89 (piper.), 25.55 (piper.), 24.22 (piper.),
7.25; HRMS (FAB): m/z : calcd for C33H40O12N: 642.2551; found:
642.2579 [M+H]+ .


10-Benzyloxy-isoGC-1,6-carbonate (27): A solution of p-nitrophenyl
chloroformate (11.0 mg, 54.6 mmol, 3 equiv) in CH2Cl2 (50 mL) was added
to a solution of 6 (9.6 mg, 18.2 mmol) in CH2Cl2 (113 mL) and iPr2EtN
(19.1 mL, 0.109 mmol, 6 equiv). The mixture was stirred for 15 min and
then quenched with aq. HCl (1 mL, 1m), extracted with EtOAc (3î) and
dried with MgSO4. The crude product was purified by flash chromatogra-
phy (30±50% EtOAc/hexanes) to obtain 27 as a white solid (9.3 mg,
92%, 82% purity). 1H NMR (300 MHz, CDCl3): d=7.45±7.28 (m,
5HAR), 5.82 (s, 1H), 5.63 (s, 1H), 5.49 (d, J=10.6 Hz, 1H), 5.05 (s, 1H),
4.88 (d, J=4.0 Hz, 1H), 4.79 (d, J=10.6 Hz, 1H), 4.76 (d, J=4.0 Hz,
1H), 4.73 (s, 1H), 3.26 (q, J=7.8 Hz, 1H), 2.96 (s, 1H), 2.28 (s, 1H), 1.35
(d, J=7.8 Hz, 3H), 1.11 (s, 9H, tBu); MS (FAB): m/z : calcd for
C28H29O12: 557.17; found: 557.56 [M+H]+ .


1-Methylcarbamoyloxy-10-benzyloxy-GC (28): A solution of p-nitrophen-
yl chloroformate (10.6 mg, 52.6 mmol, 3 equiv) in CH2Cl2 (50 mL) was
added to a solution of 6 (9.3 mg, 17.6 mmol) in CH2Cl2 (110 mL) and
iPr2EtN (18.4 mL, 0.105 mmol, 6 equiv). The mixture was stirred for
15 min and MeNH2 (2m in THF, 26 mL, 52.6 mmol, 3 equiv) and THF
(80 mL) were added. The mixture was then stirred for additional 25 min
and then quenched with aq. HCl (1 mL, 1m), extracted with EtOAc (3î)
and dried with MgSO4. The crude product was purified by flash chroma-
tography (50±100% EtOAc/hexanes) to obtain 28 as a white solid
(6.6 mg, 64%). 1H NMR (300 MHz, 320 K, CDCl3): d=7.42±7.2 (m,
5HAR), 5.96 (s, 1H, 12-H), 5.55 (d, J=6.0 Hz, 1H, 1-H), 5.39 (d, J=
11.5 Hz, 1H, benzylic), 5.19 (d, J=4.3 Hz, 1H, 6-H), 4.82 (s, 1H, 10-H),
4.64 (brd, J=11.5 Hz, 1H, benzylic), 4.62 (d, J=6.0 Hz, 1H, 2-H), 4.38±
4.25 (m, 1H, 7-H), 4.26 (m, 1H, -NH-), 3.20 (q, J=7.2 Hz, 1H, 14-H),
2.92 (s, 1H, 3-OH), 2.29 (brd, J ~4.1 Hz, 3H, CH3), 2.16 (d, J=11.5 Hz,
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1H, 7-OH), 1.69 (d, J=12.3 Hz, 1H, 8-H), 1.31 (d, J=7.2 Hz, 3H, 16-
CH3), 1.15 (s, 9H, tBu); HSQC correlation spectra was measured;
HRMS (FAB): m/z : calcd for C29H34O12N: 588.2081; found: 588.2103
[M+H]+ .


1-tert-Butylcarbamoyloxy-10-benzyloxy-GC (29): A solution of p-nitro-
phenyl chloroformate (4.2 mg, 21 mmol, 3 equiv) in CH2Cl2 (20 mL) was
added to a solution of 6 (3.7 mg, 7.0 mmol) in CH2Cl2 (50 mL) and
iPr2EtN (7.3 mL, 42 mmol, 6 equiv). The mixture was stirred for 15 min
and tBuNH2 (7.4 mL, 70 mmol, 10 equiv) and THF (40 mL) were added.
The mixture was then stirred for additional 12 h and then quenched with
aq. HCl (1 mL, 1m), extracted with EtOAc (3î) and dried with MgSO4.
The crude product was purified by flash chromatography (40±50%
EtOAc/hexanes) to obtain 29 as a white solid (2.6 mg, 59%). 1H NMR
(300 MHz, CDCl3): d=7.40±7.22 (m, 5HAR), 5.93 (s, 1H, 12-H), 5.55 (d,
J=5.1 Hz, 1H, 1-H), 5.32 (d, J=12.3 Hz, 1H, benzylic), 5.22 (d, J=
4.3 Hz, 1H, 6-H), 4.81 (brd, J=11.5 Hz, 1H, benzylic), 4.79 (s, 1H, 10-
H), 4.67 (d, J=5.1 Hz, 1H, 2-H), 4.53 (br s, 1H, -NH-), 4.36±4.24 (m, 1H,
7-H), 3.21 (q, J=7.3 Hz, 1H, 14-H), 3.17 (br s, 1H, 3-OH), 2.13 (brd, J=
12.0 Hz, 1H, 7-OH), 1.65 (d, J=12.3 Hz, 1H, 8-H), 1.32 (d, J=7.3 Hz,
3H, 16-CH3), 1.12 (s, 9H, tBu), 1.03 (s, 9H, tBu);


13C NMR (100 MHz,
CDCl3): d=174.20, 170.34, 169.47, 151.09, 135.55, 128.12 (2), 127.85,
108.52, 99.96, 91.90, 84.08, 80.10, 75.19, 74.94, 74.61, 66.53, 65.05, 50.75,
50.43, 40.94, 32.16, 28.97, 28.49, 8.57; HRMS (FAB): m/z : calcd for
C32H40O12N: 630.2551; found: 630.2554 [M+H]+ .


1-(Morpholine-4-carbonyloxy)-10-benzyloxy-GC (30): A solution of p-ni-
trophenyl chloroformate (7.2 mg, 36 mmol, 3 equiv) in CH2Cl2 (50 mL)
was added to a solution of 6 (6.3 mg, 12.0 mmol) in CH2Cl2 (60 mL) and
iPr2EtN (12.5 mL, 72 mmol, 6 equiv). The mixture was stirred for 15 min
and morpholine (6.3 mL, 72 mmol, 6 equiv) was added. The mixture was
then stirred for additional 1 h and then quenched with aq. HCl (1 mL,
1m), extracted with EtOAc (3î) and dried with MgSO4. The crude prod-
uct was purified by flash chromatography (50±100% EtOAc/hexanes) to
obtain 30 as a white solid (6.0 mg, 78%). 1H NMR (400 MHz, CDCl3):
d=7.41±7.31 (m, 3HAR), 7.29±7.21 (m, 2HAR), 5.99 (s, 1H, 12-H), 5.60 (d,
J=5.6 Hz, 1H, 1-H), 5.40 (d, J=11.5 Hz, 1H, benzylic), 5.15 (d, J=
4.4 Hz, 1H, 6-H), 4.85 (s, 1H, 10-H), 4.71 (d, J=5.6 Hz, 1H, 2-H), 4.62
(d, J=11.5 Hz, 1H, benzylic), 4.38±4.28 (m, 1H, 7-H), 3.60 (s, 1H, 3-
OH), 3.5±3.2 (m, 6H, morph.), 3.21 (q, J=7.2 Hz, 1H, 14-H), 2.78±2.67
(m, 1H, morph.), 2.50 (d, J=11.7 Hz, 1H, 7-OH), 2.49±2.38 (m, 1H,
morph.), 1.72 (d, J=12.3 Hz, 1H, 8-H), 1.32 (d, J=7.2 Hz, 3H, 16-CH3),
1.18 (s, 9H, tBu); 13C NMR (75 MHz, CDCl3): d=175.04, 170.60, 169.99,
152.15, 136.20, 128.65, 128.42, 127.44, 109.11, 99.90, 92.16, 84.12, 80.21,
75.85, 75.65, 73.24, 66.51, 66.15, 65.87, 65.07, 50.40, 43.73, 43.48, 41.19,
32.40, 29.16, 8.30; HRMS (FAB): m/z : calcd for C32H38O13N: 644.2343;
found: 644.2355 [M+H]+ .


1-(Piperidine-carbonyloxy)-10-benzyloxy-GC (31): A solution of p-nitro-
phenyl chloroformate (13 mg, 64 mmol, 3 equiv) in CH2Cl2 (80 mL) was
added to a solution of 6 (11.3 mg, 21.3 mmol) in CH2Cl2 (112 mL) and
iPr2EtN (22.4 mL, 128 mmol, 6 equiv). The mixture was stirred for 15 min
and piperidine (12.6 mL, 128 mmol, 6 equiv) and THF (80 mL) were
added. The mixture was then stirred for additional 40 min and then
quenched with aq. HCl (1 mL, 1m), extracted with EtOAc (3î) and
dried with MgSO4. The crude product was purified by flash chromatogra-
phy (35±70% EtOAc/hexanes) to obtain 31 as a white solid (6.8 mg,
50%). 1H NMR (400 MHz, CDCl3): d=7.39±7.28 (m, 3HAR), 7.28±7.21
(m, 2HAR), 5.97 (s, 1H, 12-H), 5.57 (d, J=5.3 Hz, 1H, 1-H), 5.38 (d, J=
11.5 Hz, 1H, benzylic), 5.14 (d, J=4.4 Hz, 1H, 6-H), 4.84 (s, 1H, 10-H),
4.72 (d, J=5.3 Hz, 1H, 2-H), 4.65 (d, J=11.5 Hz, 1H, benzylic), 4.37±
4.28 (m, 1H, 7-H), 3.57 (s, 1H, 3-OH), 3.50±3.38 (m, 1H, piper.), 3.35±
3.23 (m, 1H, piper.), 3.22 (q, J=7.3 Hz, 1H, 14-H), 2.60±2.49 (m, 1H,
piper.), 2.47±2.37 (m, 1H, piper.), 2.36 (d, J=12.0 Hz, 1H, 7-OH), 1.70
(d, J=12.3 Hz, 1H, 8-H), 1.61±1.50 (m, 1H, piper.), 1.45±1.25 (m, 5H,
piper.), 1.32 (d, J=7.3 Hz, 3H, 16-CH3), 1.16 (s, 9H, tBu);


13C NMR
(100 MHz, CDCl3): d=175.00, 170.80, 170.02, 152.22, 136.16, 128.54,
128.17, 127.75, 108.98, 100.23, 92.23, 84.26, 80.39, 76.07, 75.64, 75.44,
73.12, 66.80, 65.17, 50.47, 44.64, 44.49, 41.15, 32.38, 29.17, 25.52, 24.96,
23.89, 8.53; HRMS (FAB): m/z : calcd for C33H40O12N: 642.2551; found:
642.2521 [M+H]+ .


7-(4-Nitro-phenoxycarbonyloxy)-10-(4-methoxy-benzyloxy)-GC (32): A
solution of p-nitrophenyl chloroformate (34.2 mg, 0.170 mmol, 2 equiv) in
CH2Cl2 (0.2 mL) was added to a solution of 7 (47.6 mg, 0.085 mmol) in


CH2Cl2 (0.53 mL) and pyridine (121 mL, 1.50 mmol, 18 equiv) at 0 8C. The
mixture was allowed to warm up slowly to room temperature while stir-
ring. After 2.5 h the reaction was quenched with aq. HCl (2 mL, 1m), ex-
tracted with EtOAc (3î) and dried with MgSO4. The crude product was
purified by flash chromatography (30±50% EtOAc/hexanes) to obtain 32
as a white powder (42.6 mg, 69%) and unreacted starting material 7
(9.5 mg, 20%). 1H NMR (400 MHz, CDCl3): d=8.35±8.27 (m, 2HAR),
7.46±7.38 (m, 2HAR), 7.35±7.28 (m, 2HAR), 6.95±6.88 (m, 2HAR), 6.06 (s,
1H, 12-H), 5.45 (d, J=4.3 Hz, 1H, 6-H), 5.38 (d, J=9.3 Hz, 1H, benzyl-
ic), 5.05 (dd, J=12.8, 4.3 Hz, 1H, 7-H), 4.98 (s, 1H, 10-H), 4.66 (d, J=
9.3 Hz, 1H, benzylic), 4.51 (d, J=7.8 Hz, 1H, 2-H), 4.25 (dd, J=7.8,
3.5 Hz, 1H, 1-H), 3.80 (s, 3H, OMe), 3.06 (q, J=7.0 Hz, 1H, 14-H), 3.04
(s, 1H, 3-OH), 2.87 (d, J=3.5 Hz, 1H, 1-OH), 2.17 (d, J=12.8 Hz, 1H, 8-
H), 1.30 (d, J=7.0 Hz, 3H, 16-CH3), 1.22 (s, 9H, tBu); 13C NMR
(100 MHz, CDCl3): d=174.90, 170.11, 170.07, 160.41, 154.72, 150.82,
145.52, 130.36, 125.94, 125.28, 121.48, 114.71, 109.65, 98.23, 90.48, 83.43,
78.17, 75.69, 74.93, 73.90, 73.72, 67.77, 63.85, 55.38, 48.48, 41.70, 32.24,
29.42, 7.46.


7-Methylcarbamoyloxy-10-(4-methoxy-benzyloxy)-GC (33): The com-
pound was synthesized from 32 according to the procedure for 23. Prod-
uct was obtained as a white solid (74%). 1H NMR (500 MHz, CDCl3):
d=7.36 (d, J=8.5 Hz, 2HAR), 6.95 (d, J=8.5 Hz, 2HAR), 6.01 (s, 1H, 12-
H), 5.35 (d, J=9.3 Hz, 1H, benzylic), 5.26 (d, J=4.3 Hz, 1H, 6-H), 5.19
(dd, J=12.8, 4.4 Hz, 1H, 7-H), 4.94 (s, 1H, 10-H), 4.83 (brq, J ~4.8 Hz,
1H, -NH-), 4.67 (d, J=9.3 Hz, 1H, benzylic), 4.49 (d, J=7.8 Hz, 1H, 2-
H), 4.20 (dd, J=7.8, 3.3 Hz, 1H, 1-H), 3.82 (s, 3H, OMe), 3.03 (q, J=
7.0 Hz, 1H, 14-H), 2.90 (s, 1H, 3-OH), 2.89±2.80 (m, 4H, CH3 and 1-
OH), 1.99 (d, J=12.8 Hz, 1H, 8-H), 1.29 (d, J=7.0 Hz, 3H, 16-CH3),
1.15 (s, 9H, tBu); 13C NMR (100 MHz, CDCl3): d=174.69, 170.52, 170.15,
160.10, 154.19, 130.13, 125.81, 114.45, 109.55, 98.01, 90.31, 83.15, 74.78,
73.96, 73.77, 73.40, 67.43, 63.70, 55.14, 48.35, 41.47, 32.01, 29.21, 27.61,
7.24; HRMS (FAB): m/z : calcd for C30H34O13N: 616.2030; found:
616.2056 [M�H]+ .
7-tert-Butylcarbamoyloxy-10-(4-methoxy-benzyloxy)-GC (34): The com-
pound was synthesized from 32 according to the procedure for 24. Prod-
uct was obtained as a white solid (77%). 1H NMR (400 MHz, CDCl3):
d=7.41±7.35 (m, 2HAR), 6.99±6.91 (m, 2HAR), 6.01 (s, 1H, 12-H), 5.34 (d,
J=9.3 Hz, 1H, benzylic), 5.26 (d, J=4.3 Hz, 1H, 6-H), 5.15 (dd, J=12.8,
4.2 Hz, 1H, 7-H), 4.94 (s, 1H, 10-H), 4.81 (s, 1H, -NH-), 4.69 (d, J=
9.3 Hz, 1H, benzylic), 4.50 (d, J=7.9 Hz, 1H, 2-H), 4.20 (dd, J=7.9,
3.4 Hz, 1H, 1-H), 3.82 (s, 3H, OMe), 3.03 (q, J=7.0 Hz, 1H, 14-H), 2.94
(s, 1H, 3-OH), 2.88 (d, J=3.4 Hz, 1H, 1-OH), 1.97 (d, J=12.8 Hz, 1H, 8-
H), 1.35 (s, 9H, tBu), 1.29 (d, J=7.0 Hz, 3H, 16-CH3), 1.15 (s, 9H, tBu);
13C NMR (75 MHz, CDCl3): d=175.29, 171.18, 170.78, 160.56, 152.11,
130.63, 126.24, 114.76, 109.96, 98.34, 90.58, 83.42, 77.55, 75.02, 74.01,
73.62, 73.35, 67.61, 63.90, 55.30, 50.89, 48.60, 41.60, 32.08, 29.31, 28.79,
7.27; HRMS (FAB): m/z : calcd for C33H41O13N: 659.2578; found:
659.2582 [M]+ .


7-(Morpholine-4-carbonyloxy)-10-(4-methoxy-benzyloxy)-GC (35): The
compound was synthesized from 32 according to the procedure for 25.
Product was obtained as a white solid (90%). 1H NMR (300 MHz,
CDCl3): d=7.36 (d, J=8.6 Hz, 2HAR), 6.95 (d, J=8.6 Hz, 2HAR), 6.02 (s,
1H, 12-H), 5.36 (d, J=9.3 Hz, 1H, benzylic), 5.30±5.19 (m, 2H, 6-H and
7-H), 4.95 (s, 1H, 10-H), 4.68 (d, J=9.3 Hz, 1H, benzylic), 4.48 (d, J=
7.8 Hz, 1H, 2-H), 4.21 (d, J=7.8 Hz, 1H, 1-H), 3.82 (s, 3H, OMe), 3.78±
3.33 (m, 8H, morph.), 3.04 (q, J=7.0 Hz, 1H, 14-H), 2.85 (br s, 2H, 3-
OH and 1-OH), 2.09±1.99 (m, 1H, 8-H), 1.30 (d, J=7.0 Hz, 3H, 16-CH3),
1.16 (s, 9H, tBu); 13C NMR (100 MHz, CDCl3): d=174.59, 170.48, 170.08,
160.11, 152.52, 130.13, 125.79, 114.45, 109.53, 98.04, 90.29, 83.15, 76.92,
74.76, 74.47, 73.76, 73.40, 67.38, 66.36 (morph.), 66.29 (morph.), 63.78,
55.14, 48.54, 44.35 (morph.), 44.08 (morph.), 41.45, 32.04, 29.23, 7.24;
HRMS (FAB): m/z : calcd for C33H39O14N: 673.2371; found: 673.2402
[M]+ .


7-(Piperidine-carbonyloxy)-10-(4-methoxy-benzyloxy)-GC (36): The com-
pound was synthesized from 32 according to the procedure for 26. Prod-
uct was obtained as a white solid (86%). 1H NMR (400 MHz, CDCl3):
d=7.36 (d, J=8.7 Hz, 2HAR), 6.94 (d, J=8.7 Hz, 2HAR), 6.01 (s, 1H, 12-
H), 5.35 (d, J=9.3 Hz, 1H, benzylic), 5.29±5.20 (m, 2H, 6-H and 7-H),
4.95 (s, 1H, 10-H), 4.68 (d, J=9.3 Hz, 1H, benzylic), 4.48 (d, J=7.9 Hz,
1H, 2-H), 4.20 (dd, J=7.9, 3.4 Hz, 1H, 1-H), 3.81 (s, 3H, OMe), 3.53±
3.37 (m, 4H, piper.), 3.04 (q, J=7.0 Hz, 1H, 14-H), 2.95 (s, 1H, 3-OH),
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2.86 (d, J=3.4 Hz, 1H, 1-OH), 2.03 (d, J=12.2 Hz, 1H, 8-H), 1.68±1.42
(m, 6H, piper.), 1.30 (d, J=7.0 Hz, 3H, 16-CH3), 1.16 (s, 9H, tBu);
13C NMR (100 MHz, CDCl3): d=174.96, 170.85, 170.47, 160.31, 152.74,
130.39, 126.09, 114.68, 109.85, 98.32, 90.59, 83.39, 77.41, 75.01, 74.44,
74.04, 73.60, 67.62, 64.03, 55.38, 48.80, 45.25 (piper.), 41.74, 32.27, 29.47,
26.07 (piper.), 25.71 (piper.), 24.39 (piper.), 7.51; HRMS (FAB): m/z :
calcd for C34H40O13N: 670.2500; found: 670.2526 [M�H]+ .
1-Methylcarbamoyloxy-10-(4-methoxy-benzyloxy)-GC (38): The com-
pound was synthesized from 7 according to the procedure for 28. Product
was obtained as a white solid (67%). 1H NMR (400 MHz, CDCl3, 330 K):
d=7.25±7.15 (m, 2HAR), 6.90±6.80 (m, 2HAR), 5.94 (s, 1H, 12-H), 5.53 (d,
J=5.7 Hz, 1H, 1-H), 5.24 (d, J=11.1 Hz, 1H, benzylic), 5.18 (d, J=
4.3 Hz, 1H, 6-H), 4.79 (s, 1H, 10-H), 4.69±4.54 (m, 2H, 2-H and benzyl-
ic), 4.39 (br s, 1H, -NH-), 4.32±4.21 (m, 1H, 7-H), 3.80 (s, 3H, OMe),
3.19 (q, J=7.2 Hz, 1H, 14-H), 3.01 (s, 1H, 3-OH), 2.42 (br s, 3H, Me),
2.19 (d, J=10.8 Hz, 1H, 7-OH), 1.68 (d, J=12.3 Hz, 1H, 8-H), 1.30 (d,
J=7.2 Hz, 3H, 16-CH3), 1.13 (s, 9H, tBu);


13C NMR (75 MHz, CD3OD,
320 K): d=177.90, 172.80, 172.52, 161.06, 156.56, 130.42, 114.94, 114.84,
110.68, 102.23, 94.34, 85.44, 81.36, 77.21, 77.03, 76.12, 73.68, 68.12, 66.20,
55.86, 51.35, 42.59, 33.17, 29.63, 27.31, 9.42; HRMS (FAB): m/z : calcd for
C30H34O13N: 616.2030; found: 616.2028 [M�H]+ .
1-tert-Butylcarbamoyloxy-10-(4-methoxy-benzyloxy)-GC (39): The com-
pound was synthesized from 7 according to the procedure for 29. Product
was obtained as a white solid (60%). 1H NMR (400 MHz, CDCl3): d=
7.23 (d, J=8.6 Hz, 2HAR), 6.86 (d, J=8.6 Hz, 2HAR), 5.91 (s, 1H, 12-H),
5.55 (d, J=4.6 Hz, 1H, 1-H), 5.21 (d, J=4.3 Hz, 1H, 6-H), 5.15 (d, J=
11.8 Hz, 1H, benzylic), 4.82 (brd, J=11.8 Hz, 1H, benzylic), 4.75 (s, 1H,
10-H), 4.67 (d, J=5.0 Hz, 1H, 2-H), 4.62 (br s, 1H, -NH-), 4.30±4.19 (m,
1H, 7-H), 3.80 (s, 3H, OMe), 3.23 (br s, 1H, 3-OH), 3.20 (q, J=7.3 Hz,
1H, 14-H), 2.17 (d, J=11.8 Hz, 1H, 7-OH), 1.63 (d, J=12.3 Hz, 1H, 8-
H), 1.32 (d, J=7.3 Hz, 3H, 16-CH3), 1.19 (s, 9H, tBu), 1.01 (s, 9H, tBu);
13C NMR (75 MHz, CDCl3): d=174.94, 171.01, 170.25, 159.72, 151.70,
130.14, 127.77, 113.88, 108.79, 100.34, 92.26, 84.41, 80.41, 75.27, 73.96,
72.16, 66.83, 65.29, 55.31, 50.92, 50.51, 41.06, 32.20, 29.02, 28.72, 8.68;
HRMS (FAB): m/z : calcd for C33H40O13N: 658.2500; found: 658.2516
[M�H]+ .
1-(Morpholine-4-carbonyloxy)-10-(4-methoxy-benzyloxy)-GC (40): The
compound was synthesized from 7 according to the procedure for 30.
Product was obtained as a white solid (75%). 1H NMR (400 MHz,
CDCl3): d=7.20 (d, J=8.5 Hz, 2HAR), 6.88 (d, J=8.5 Hz, 2HAR), 5.97 (s,
1H, 12-H), 5.57 (d, J=5.3 Hz, 1H, 1-H), 5.23 (d, J=11.0 Hz, 1H, benzyl-
ic), 5.11 (d, J=4.3 Hz, 1H, 6-H), 4.82 (s, 1H, 10-H), 4.71 (d, J=5.3 Hz,
1H, 2-H), 4.62 (d, J=11.0 Hz, 1H, benzylic), 4.32±4.21 (m, 1H, 7-H),
3.82 (s, 3H, OMe), 3.57 (s, 1H, 3-OH), 3.54±3.33 (m, 5H, morph.), 3.31±
3.18 (m, 1H, morph.), 3.21 (q, J=7.2 Hz, 1H, 14-H), 2.89±2.66 (m, 2H,
morph.), 2.39 (d, J=11.7 Hz, 1H, 7-OH), 1.69 (d, J=12.3 Hz, 1H, 8-H),
1.32 (d, J=7.2 Hz, 3H, 16-CH3), 1.15 (s, 9H, tBu);


13C NMR (75 MHz,
CDCl3): d=175.06, 170.66, 170.21, 159.75, 152.38, 129.64, 128.01, 113.97,
108.99, 100.08, 92.15, 84.25, 80.20, 76.28, 75.54, 74.97, 72.83, 66.68, 66.21
(morph.), 65.94 (morph.), 65.12, 55.41, 50.41, 43.84 (morph.), 41.16, 32.33,
29.14, 8.49; HRMS (FAB): m/z : calcd for C33H38O14N: 672.2292; found:
672.2307 [M�H]+ .
1-(Piperidine-carbonyloxy)-10-(4-methoxy-benzyloxy)-GC (41): The com-
pound was synthesized from 7 according to the procedure for 31. Product
was obtained as a white solid (53%). 1H NMR (400 MHz, CDCl3): d=
7.20 (d, J=8.6 Hz, 2HAR), 6.87 (d, J=8.6 Hz, 2HAR), 5.95 (s, 1H, 12-H),
5.54 (d, J=5.0 Hz, 1H, 1-H), 5.22 (d, J=11.0 Hz, 1H, benzylic), 5.10 (d,
J=4.4 Hz, 1H, 6-H), 4.80 (s, 1H, 10-H), 4.72 (d, J=5.0 Hz, 1H, 2-H),
4.64 (d, J=11.0 Hz, 1H, benzylic), 4.32±4.22 (m, 1H, 7-H), 3.81 (s, 3H,
OMe), 3.55 (s, 1H, 3-OH), 3.52±3.40 (m, 1H, piper.), 3.32±3.19 (m, 1H,
piper.), 3.22 (q, J=7.3 Hz, 1H, 14-H), 2.77±2.56 (m, 2H, piper.), 2.25 (d,
J=12.0 Hz, 1H, 7-OH), 1.68 (d, J=12.3 Hz, 1H, 8-H), 1.63±1.50 (m, 1H,
piper.), 1.49±1.29 (m, 5H, piper.), 1.32 (d, J=7.3 Hz, 3H, 16-CH3), 1.14
(s, 9H, tBu); 13C NMR (75 MHz, CDCl3): d=174.88, 170.81, 170.20,
159.63, 152.37, 129.89, 128.07, 113.88, 108.86, 100.36, 92.18, 84.36, 80.38,
76.45, 75.56, 74.77, 72.68, 66.95, 65.25, 55.36, 50.53, 44.84 (piper.), 44.62
(piper.), 41.11, 32.31, 29.15, 25.56 (piper.), 25.09 (piper.), 23.98 (piper.),
8.68; HRMS (FAB): m/z : calcd for C34H40O13N: 670.2500; found:
670.2510 [M�H]+ .


7-Methylcarbamoyloxy-GC (42): An aq. solution of (NH4)2Ce(NO3)6
(10.6 mL, 17.3 mmol, 2 equiv, 1.63m) was added to a solution of 33
(5.3 mg, 8.7 mmol) in acetonitrile (108 mL) and CHCl3 (35 mL). The mix-
ture was stirred for 1.5 h, aq. solution of (NH4)2Ce(NO3)6 (5.3 mL,
8.7 mmol, 1 equiv, 1.63m) was added and mixture was further stirred for
12 h. Volatiles were removed under reduced pressure and residue was pu-
rified by flash chromatography (40±99% EtOAc/1% AcOH/hexanes) to
obtain 42 as a white powder (3.0 mg, 69%). 1H NMR (300 MHz, 315 K,
CD3OD): d=6.11 (s, 1H, 12-H), 5.32 (d, J=4.3 Hz, 1H, 6-H), 5.18 (dd,
J=12.8, 4.3 Hz, 1H, 7-H), 5.13 (s, 1H, 10-H), 4.54 (d, J=7.6 Hz, 1H, 2-
H), 4.18 (d, J=7.6 Hz, 1H, 1-H), 3.00 (q, J=7.0 Hz, 1H, 14-H), 2.74 (s,
3H, CH3), 2.00 (d, J=12.9 Hz, 1H, 8-H), 1.22 (d, J=7.0 Hz, 3H, 16-
CH3), 1.14 (s, 9H, tBu); HSQC correlation spectra measured; HRMS
(FAB): m/z : calcd for C22H28O12N: 498.1612; found: 498.1633 [M+H]+ .


7-tert-Butylcarbamoyloxy-GC (43): An aq. solution of (NH4)2Ce(NO3)6
(10.6 mL, 17.3 mmol, 2 equiv, 1.63m) was added to a solution of 34
(5.7 mg, 8.6 mmol) in acetonitrile (108 mL) and CHCl3 (35 mL). The mix-
ture was stirred for 1.5 h, aq. solution of (NH4)2Ce(NO3)6 (5.3 mL,
8.7 mmol, 1 equiv, 1.63m) was added and mixture was further stirred for
12 h. Volatiles were removed under reduced pressure and residue was pu-
rified by flash chromatography (40±70% EtOAc/1% AcOH/hexanes) to
obtain 43 as a white powder (3.7 mg, 80%). 1H NMR (400 MHz, CDCl3):
d=6.01 (br s, 1H, OH), 5.98 (s, 1H, 12-H), 5.42 (br s, 1H, 6-H), 5.16 (dd,
J=12.8, 4.1 Hz, 1H, 7-H), 5.14 (s, 1H, 10-H), 4.96 (s, 1H, -NH-), 4.69 (d,
J=7.9 Hz, 1H, 2-H), 4.32 (brd, J=7.9 Hz, 1H, 1-H), 4.23 (br s, 2H, OH),
3.14 (brq, J=7.1 Hz, 1H, 14-H), 1.98 (d, J=12.8 Hz, 1H, 8-H), 1.31 (s,
9H, tBu), 1.27 (d, J=7.1 Hz, 3H, 16-CH3), 1.10 (s, 9H, tBu); HSQC cor-
relation spectra measured; HRMS (FAB): m/z : calcd for C25H34O12N:
540.2081; found: 540.2098 [M+H]+ .


7-(Morpholine-4-carbonyloxy)-GC (44): An aq. solution of
(NH4)2Ce(NO3)6 (10.6 mL, 17.3 mmol, 2 equiv, 1.63m) was added to a solu-
tion of 35 (5.8 mg, 8.7 mmol) in acetonitrile (108 mL) and CHCl3 (35 mL).
The mixture was stirred for 1.5 h, aq. solution of (NH4)2Ce(NO3)6
(5.3 mL, 8.7 mmol, 1 equiv, 1.63m) was added and mixture was further stir-
red for 12 h. Volatiles were removed under reduced pressure and residue
was purified by flash chromatography (50±99% EtOAc/1% AcOH/hex-
anes) to obtain 44 as a white powder (2.9 mg, 60%). 1H NMR (400 MHz,
CD3OD): d=6.14 (s, 1H, 12-H), 5.34 (d, J=4.4 Hz, 1H, 6-H), 5.24 (dd,
J=12.8, 4.4 Hz, 1H, 7-H), 5.15 (s, 1H, 10-H), 4.54 (d, J=7.6 Hz, 1H, 2-
H), 4.18 (d, J=7.6 Hz, 1H, 1-H), 3.73±3.37 (m, 8H, morph.), 3.00 (q, J=
7.1 Hz, 1H, 14-H), 2.06 (d, J=12.8 Hz, 1H, 8-H), 1.22 (d, J=7.1 Hz, 3H,
16-CH3), 1.15 (s, 9H, tBu); HSQC correlation spectra measured; HRMS
(FAB): m/z : calcd for C25H32O13N: 554.1874; found: 554.1874 [M+H]+ .


7-(Piperidine-carbonyloxy)-GC (45): An aq. solution of (NH4)2Ce(NO3)6
(10.6 mL, 17.3 mmol, 2 equiv, 1.63m) was added to a solution of 36
(5.8 mg, 8.6 mmol) in acetonitrile (108 mL) and CHCl3 (35 mL). The mix-
ture was stirred for 1.5 h, aq. solution of (NH4)2Ce(NO3)6 (5.3 mL,
8.7 mmol, 1 equiv, 1.63m) was added and mixture was further stirred for
12 h. Volatiles were removed under reduced pressure and residue was pu-
rified by flash chromatography (40±70% EtOAc/1% AcOH/hexanes) to
obtain 45 as a white powder (3.0 mg, 64%). 1H NMR (400 MHz, CDCl3):
d=6.21 (br s, 1H, OH), 5.98 (s, 1H, 12-H), 5.41 (br s, 1H, 6-H), 5.25 (dd,
J=12.8, 4.3 Hz, 1H, 7-H), 5.14 (s, 1H, 10-H), 4.68 (d, J=7.9 Hz, 1H, 2-
H), 4.36 (br s, 1H, OH), 4.32 (brd, J=7.9 Hz, 1H, 1-H), 3.55±3.26 (m,
4H, piper.), 3.15 (m, 1H, 14-H), 2.04 (d, J=12.8 Hz, 1H, 8-H), 1.75±1.40
(m, 6H, piper.), 1.26 (d, J=7.0 Hz, 3H, 16-CH3), 1.11 (s, 9H, tBu);
HSQC correlation spectra measured; HRMS (FAB): m/z : calcd for
C26H34O12N: 552.2081; found: 552.2067 [M+H]+ .


1-Methylcarbamoyloxy-GC (46): An aq. solution of (NH4)2Ce(NO3)6
(6.9 mL, 11.2 mmol, 2 equiv, 1.63m) was added to a solution of 38 (3.5 mg,
5.6 mmol) in acetonitrile (70 mL) and CHCl3 (23 mL). The mixture was
stirred for 6.5 h, aq. solution of (NH4)2Ce(NO3)6 (6.9 mL, 11.2 mmol,
2 equiv, 1.63m) was added and mixture was further stirred for 12 h. Vola-
tiles were removed under reduced pressure and residue was purified by
flash chromatography (70±99% EtOAc/1% AcOH/hexanes) to obtain 46
as a white powder (2.4 mg, 86%). 1H NMR (400 MHz, CD3OD): d=6.06
(s, 1H, 12-H), 5.46 (d, J=5.3 Hz, 1H, 1-H), 5.22 (d, J=4.1 Hz, 1H, 6-H),
5.07 (s, 1H, 10-H), 4.66 (d, J=5.5 Hz, 1H, 2-H), 4.31 (dd, J=12.6,
4.1 Hz, 1H, 7-H), 3.10 (q, J=7.2 Hz, 1H, 14-H), 2.83±2.68 (m, 3H, Me),
1.78 (d, J=12.5 Hz, 1H, 8-H), 1.27 (d, J=7.2 Hz, 3H, 16-CH3), 1.22 (s,
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9H, tBu); HSQC correlation spectra measured; HRMS (FAB): m/z :
calcd for C22H28O12N: 498.1612; found: 498.1618 [M+H]+ .


1-tert-Butylcarbamoyloxy-GC (47): An aq. solution of (NH4)2Ce(NO3)6
(6.9 mL, 11.2 mmol, 2 equiv, 1.63m) was added to a solution of 39 (3.7 mg,
5.6 mmol) in acetonitrile (70 mL) and CHCl3 (23 mL). The mixture was
stirred for 6 h, aq. solution of (NH4)2Ce(NO3)6 (6.9 mL, 11.2 mmol,
2 equiv, 1.63m) was added and mixture was further stirred for 12 h. Vola-
tiles were removed under reduced pressure and residue was purified by
flash chromatography (40±70% EtOAc/hexanes) to obtain 47 as a white
powder (2.5 mg, 84%). 1H NMR (400 MHz, CD3OD): d=6.05 (s, 1H, 12-
H), 5.45 (d, J=5.1 Hz, 1H, 1-H), 5.28 (d, J=4.2 Hz, 1H, 6-H), 5.06 (s,
1H, 10-H), 4.64 (d, J=5.1 Hz, 1H, 2-H), 4.33 (dd, J=12.4, 4.2 Hz, 1H, 7-
H), 3.10 (q, J=7.3 Hz, 1H, 14-H), 1.77 (d, J=12.4 Hz, 1H, 8-H), 1.34 (s,
9H, tBu), 1.27 (d, J=7.3 Hz, 3H, 16-CH3), 1.22 (s, 9H, tBu); HSQC cor-
relation spectra measured; HRMS (FAB): m/z : calcd for C25H34O12N:
540.2081; found: 540.2075 [M+H]+ .


1-(Morpholine-4-carbonyloxy)-GC (48): An aq. solution of
(NH4)2Ce(NO3)6 (11.8 mL, 19.2 mmol, 2 equiv, 1.63m) was added to a solu-
tion of 40 (6.5 mg, 9.6 mmol) in acetonitrile (120 mL) and CHCl3 (39 mL).
The mixture was stirred for 6.5 h, aq. solution of (NH4)2Ce(NO3)6
(11.8 mL, 19.2 mmol, 2 equiv, 1.63m) was added and mixture was further
stirred for 12 h. Volatiles were removed under reduced pressure and resi-
due was purified by flash chromatography (70±99% EtOAc/1% AcOH/
hexanes) to obtain 48 as a white powder (4.3 mg, 80%). 1H NMR
(400 MHz, CD3OD): d=6.10 (s, 1H, 12-H), 5.39 (d, J=6.6 Hz, 1H, 1-H),
5.22 (d, J=4.2 Hz, 1H, 6-H), 5.09 (s, 1H, 10-H), 4.74 (d, J=6.6 Hz, 1H,
2-H), 4.28 (dd, J=12.4, 4.2 Hz, 1H, 7-H), 3.76±3.62 (m, 4H, morph.),
3.58±3.38 (m, 4H, morph.), 3.12 (q, J=7.1 Hz, 1H, 14-H), 1.79 (d, J=
12.4 Hz, 1H, 8-H), 1.28 (d, J=7.1 Hz, 3H, 16-CH3), 1.22 (s, 9H, tBu);
HSQC correlation spectra measured; HRMS (FAB): m/z : calcd for
C25H32O13N: 554.1874; found: 554.1874 [M+H]+ .


1-(Piperidine-carbonyloxy)-GC (49): An aq. solution of (NH4)2Ce(NO3)6
(6.9 mL, 11.2 mmol, 2 equiv, 1.63m) was added to a solution of 41 (3.8 mg,
5.6 mmol) in acetonitrile (70 mL) and CHCl3 (23 mL). The mixture was
stirred for 6.5 h, aq. solution of (NH4)2Ce(NO3)6 (6.9 mL, 11.2 mmol,
2 equiv, 1.63m) was added and mixture was further stirred for 12 h. Vola-
tiles were removed under reduced pressure and residue was purified by
flash chromatography (50±100% EtOAc/hexanes) to obtain 49 as a white
powder (2.5 mg, 79%). 1H NMR (400 MHz, CD3OD): d=6.09 (s, 1H, 12-
H), 5.40 (d, J=6.4 Hz, 1H, 1-H), 5.22 (d, J=4.2 Hz, 1H, 6-H), 5.08 (s,
1H, 10-H), 4.71 (d, J=6.4 Hz, 1H, 2-H), 4.32 (dd, J=12.4, 4.2 Hz, 1H, 7-
H), 3.68±3.50 (m, 2H, piper.), 3.46±3.20 (m, 2H, piper.), 3.12 (q, J=
7.2 Hz, 1H, 14-H), 1.79 (d, J=12.4 Hz, 1H, 8-H), 1.75±1.52 (m, 6H,
piper.), 1.28 (d, J=7.2 Hz, 3H, 16-CH3), 1.22 (s, 9H, tBu); HSQC corre-
lation spectra measured; HRMS (FAB): m/z : calcd for C26H34O12N:
552.2081; found: 552.2061 [M+H]+ .


Functional glycine receptor assay : Pharmacological activities of the com-
pounds were evaluated in a FLIPR Membrane Potential Assay (Molecu-
lar Devices, Crawley, UK) using a HEK293 cell line stably expressing the
human homomeric a1 GlyR.[47] Briefly, a1 GlyR-HEK293 cells were split
into poly-d-lysine-coated 96-well black Opti-plates (Packard). 16±24 h
later, the medium was aspirated, and 100 mL KREBS Buffer [140 mm
NaCl/4.7 mm KCl/2.5 mm CaCl2/1.2 mm MgCl2/10 mm HEPES/11 mm d-
glucose, pH 7.4] supplemented with FLIPR Membrane Potential Assay
loading dye and various concentrations of the test compounds was added
to the wells. The plate was incubated at 37 8C in a humidified 5% CO2 in-
cubator for 30 min and assayed in a NOVOstar (BMG Labtechnologies,
Offenburg, Germany) measuring emission at 560 nm caused by excitation
at 530 nm. Fluorescence measurements were performed immediately
before and up to 1 min after addition of glycine (final concentration
100mm) to the wells. The experiments were performed in duplicate at
least three times for each compound. Percentage inhibition was calculat-
ed as: (Responseglycine�Responsetest cmpd+glycine)/Responseglycine. Inhibition
below 20% was characterized as no inhibition (NI).
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Modification of (1R,2S)-1,2-Diphenyl-2-aminoethanol for the Highly
Enantioselective, Asymmetric Alkylation of N-Diphenylphosphinoyl
Arylimines with Dialkylzinc


Hai-Le Zhang,[a] Fan Jiang,[b] Xiao-Mei Zhang,[a] Xin Cui,[a] Liu-Zhu Gong,*[a]


Ai-Qiao Mi,[a] Yao-Zhong Jiang,[a] and Yun-Dong Wu*[b, c]


Introduction


Chiral amines are widely used in the synthesis of natural
products and physiologically active substances, in chiral sep-
aration, and in asymmetric synthesis as chiral auxiliaries.[1,2]


There has been great interest in developing methods for
asymmetric preparation of chiral amines.[3,4] Enantioselec-
tive nucleophilic addition of organometallic reagents to
imines, which is very challenging, has been investigated in
recent years.[4] Asymmetric alkylation of imines with dialkyl-


zinc represents one of the most convenient routes to optical-
ly active amines. Since Soai and co-workers reported on the
MOPEP (an ephedrine derivative)-mediated addition of di-
ethylzinc to diphenylphosphinoylimine, enantioselective al-
kylations of N-diphenylphosphinoyl arylimines with dialkyl-
zinc that employ chiral amino alcohols,[5a±f] chiral oxazoli-
nes,[5g±h] polymeric chiral amino alcohols,[5i±j] and chiral den-
drimers[5k] as ligands have been described. A recent study in
this area focused on the development of chiral complexes
for a catalytic version of the reaction.[6] Many chiral amino
alcohol ligands have been developed for the addition of di-
ethylzinc to diphenylphosphinoylimines, but most of them
are limited to the compounds containing a structurally rigid
backbone.[5e, f] There is a trend in previous reports that struc-
turally constrained chiral b-amino alcohols generally show
much higher enantioselectivities than their structurally flexi-
ble counterparts.[5b±f] However, the synthesis of structurally
rigid and restricted amino alcohols is inconvenient and often
involves a multistep-synthesis.[5e,7] This makes the addition
of diethylzinc to imines for the preparation of chiral amines
too expensive to compete with other families of chiral li-
gands, especially if stoichiometric amounts are needed.
Therefore, the development of easily accessible and eco-
nomical chiral reagents is still worthwhile.


In our laboratory, metal complexes of chiral 1,2-diphenyl-
2-aminoethanol and its derivatives have been developed
with the aim of promoting several reactions that have exhib-
ited high enantioselectivities in most cases.[8] Prompted by
these results and the fact that the size of the substituent
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Abstract: Experimental studies on the
modification of (1R,2S)-1,2-diphenyl-2-
aminoethanol, which is used to pro-
mote the alkylation of N-diphenylphos-
phinoyl benzalimine with diethylzinc,
revealed that N-monosubstituted
amino alcohols exhibited higher enan-
tioselectivities than their N,N-disubsti-
tuted counterparts and imino alcohols.


Application of the optimal chiral
ligand 3c to activate the reaction of N-
diphenylphosphinoyl arylimines with
diethylzinc and dibutylzinc resulted in


excellent enantiomeric selectivities of
up to 98% ee. The origin of the experi-
mentally observed enantioselectivities
was revealed by density functional cal-
culations (B3LYP/6-31G*) on the tran-
sition structures of several model reac-
tions.


Keywords: amino alcohols ¥
asymmetric additions ¥ density
functional calculations ¥ imines ¥ zinc
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bonded to the nitrogen on chiral amino alcohols might play
an important role in influencing enantioselectivity, we envi-
sioned that highly enantioselective ligands for asymmetric
diethylzinc addition to N-diphenylphosphinoylimines might
be obtained by fine-tuning the substituents on the nitrogen
center of chiral 1,2-diphenyl-2-aminoethanol. A preliminary
report on this project has already been presented.[9] Herein
we report the comprehensive investigation of a library of
chiral b-amino alcohols (1±4), which exhibit subtle differen-
ces in their structures and which are derived from chiral 1,2-
diphenyl-2-aminoethanol, for the asymmetric alkylation of
imines with dialkylzinc. We also report a theoretical study
that sheds light on the origin of the observed enantioselec-
tivities (Scheme 1).


Results and Discussion


Preparation of the chiral ligands : The preparation of N,N-
disubstituted amino alcohols 1a±f from chiral 1,2-diphenyl-
2-aminoethanol has already been reported.[8] N,N-Disubsti-
tuted amino alcohols 2 bearing substituted phenyl and N-
monosubstituted amino alcohols 3 were prepared according
to a synthetic route shown in Scheme 2. The condensation


of 1,2-diphenyl-2-aminoethanol with substituted benzalde-
hydes in anhydrous ethanol followed by reduction with
NaBH4 in one pot furnished 3a±k with good-to-high yields.
Compounds 3a±d,g,h, j were treated with HCOOH and
HCHO under refluxing conditions to provide 2a±g in high
yields.


Chiral imines 4a±m were simply prepared by condensa-
tion of 1,2-diphenyl-2-aminoethanol with the corresponding
aldehyde in the presence of anhydrous sodium sulfate. All
these compounds were obtained as fine crystals, and were
identified by NMR and IR spectra.


Asymmetric addition of diethylzinc to N-diphenylphosphi-
noyl benzalimine mediated by N,N-disubstituted amino alco-


hols 1 and 2 : We systematically
examined the effects of sub-
stituents on the enantioselectiv-
ity of the reaction of diethylzinc
with N-diphenylphosphinoyl
benzalimine as a standard sub-
strate in the presence of stoi-
chiometric amounts of N,N-dis-
ubstituted amino alcohols 1 or
2. The size of the substituents
bonded to the nitrogen atom in
ligands 1 was important for ach-
ieving a high enantioselectivity
in the reactions (Table 1). The
ligand (1R,2S)-1a, which is ex-
cellent for enantioselective ad-
dition of diethylzinc to aldehy-
des,[8a] induced the reaction of
5a with Et2Zn in 89% ee
(Table 1, entry 1). A slight im-
provement in the enantioselec-


Scheme 1. Chiral ligands evaluated for this study.


Scheme 2. The preparation of compounds 2 and 3


Table 1. The addition of diethylzinc to N-diphenylphosphinoyl benzali-
mine 5a in the presence of chiral N,N-disubstituted amino alcohols 1 or
2.[a]


Entry Ligand Yield [%][b] ee [%][c] Configuration[d]


1 1a 93 89 R
2 1b 90 94 R
3 1c 72 89 R
4 1d 91 85 R
5 1e 65 80 R
6 1 f 92 40 S
7 2a 94 95 R
8 2b 63 92 R
9 2c 93 84 R


10 2d 35 91 R
11 2e 87 95 R
12 2 f 94 93 R
13 2g 80 93 R


[a] The reaction was carried out at room temperature in the presence of
stoichiometric amounts of amino alcohols for 48 h. [b] Yield of isolated
product based on imine 5a. [c] Determined by HPLC. [d] Determined by
comparison of the retention time with the literature.
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tivity was realized when the reaction was catalyzed by 1b. A
further increase in the steric hindrance of the substituents at
the nitrogen atom in the chiral ligands led to a significant
decrease in the enantioselectivity (Table 1, entries 3±5).
Unlike the reported conformationally restricted amino alco-
hols,[5d±f] the use of the nitrogen-constrained ligand 1e as a
promoter resulted in a dramatic drop in both yield and
enantioselectivity (Table 1, entry 5). This is possibly attribut-
ed to the rigidity of the pyrrolidine ring in the ligands which
made it difficult for the ligand±zinc alkoxide system to coor-
dinate to the substrate. Comparison of entries 2 and 6 in
Table 1, clearly shows that the configuration of the product
depends on the configuration of the carbon atom bonded to
the hydroxy group on the ligands. When the configuration
of this carbon atom was inverted while that of the carbon
atom bonded to the nitrogen atom was retained, as shown
from 1b to 1 f, the configuration of the product was inverted
from R to S. The ligand with the erythro form 1b showed
much better enantioselectivity than that with the threo form
1 f.


Most of the chiral N-methyl-N-aryl amino alcohols 2 gave
good enantioselectivities with up to 95% ee. The aryl sub-
stituents in the ligands had a pronounced effect on the enan-
tioselectivity. The ligands bearing a bulkier R group on the
benzene ring hindered the enantioselectivity. Ligand 2a, in
which the R group was a 4-methoxy group, promoted the re-
action to give the product 6a in 94% yield with 95% ee
(Table 1, entry 7), while 2b containing a bulkier benzyloxy
group resulted in a slightly reduced stereoselectivity of
92% ee (Table 1, entry 8). A further increase in the bulki-
ness of the R group by replacement of the 4-methoxybenzyl
group in 2a with a 2,4,6-trimethylbenzyl group to give 2c
led to a much lower ee of 84% (Table 1, entry 9). Most of
the ligands bearing a halogen on a benzyl group provided
excellent enantioselectivities. High enantioselectivities of
95% and 93% ee were obtained with 2e (R = 3-Cl) and 2 f
(R = 4-Cl), respectively (Table 1, entries 11 and 12). The
ligand 2d (R = 2-Br) also afforded a good enantioselectivi-
ty of 91% ee, but gave the product 6a only in 35% yield
(Table 1, entry 10).


Asymmetric addition of diethylzinc to N-diphenylphosphi-
noyl benzalimine mediated by N-monosubstituted amino al-
cohols 3 : N,N-Disubstituted b-amino alcohols have been
successfully employed for the addition of diethylzinc to car-
bonyl compounds with an extremely high enantioselectivity.
Generally, an N,N-disubstituent on the amino alcohol was
required to obtain high enantioselectivity.[10] Amongst the
approximate 260 individual chiral amino alcohols recently
reviewed by Pu and Yu for diethylzinc addition to alde-
hydes, only a few of the N-monosubstituted amino alcohols
have given more than 90% ee in the addition of diethylzinc
to aldehydes.[11] The use of N-monosubstituted b-amino al-
cohol to promote the addition of diethylzinc to diphenyl-
phosphinoylimines with high enantioselectivities is also
rare.[12] The dramatic dependence of enantioselectivity on
the size of the N-substituent of the ligand 2 prompted us to
screen the N-substituent with N-monosubstituted chiral
amino alcohols 3. It was encouraging that chiral amino alco-


hol 3a, in which a methyl group was removed from the ni-
trogen atom as compared with its N,N-disubstituted ana-
logue 2a, provided an excellent enantioselectivity of
95% ee. This result indicated that N-monosubstituted b-
amino alcohols could also serve as good ligands for the addi-
tion of diethylzinc to imine. Thus we surveyed other N-mon-
osubstituted b-amino alcohols 3b±k for their ability to pro-
mote the above-mentioned reaction. As shown in Table 2,


all of the amino alcohols 3 afforded higher or similar enan-
tioselectivities than the corresponding N,N-disubstituted
compounds 2. Ligands bearing a bulkier R group tended to
induce a higher enantioselectivity, in contrast to the situa-
tion of N,N-disubstituted amino alcohols 2. In particular,
ligand 3c, which contains a 2,4,6-trimethylbenzyl group, gen-
erated the highest enantioselectivity of 97% ee (Table 2,
entry 3). However, ligand 2c only resulted in 84% ee
(Table 1, entry 9). If the R group is a halogen, as in ligands
3d±h, the results also supported the tendency of a larger R
group being beneficial to the enantioselectivity. For instance,
ligand 3d, which bears a Br on the benzyl group, gave an
enantioselectivity of 95% ee (Table 2, entry 5), higher than
those given by 3 f±h in which the R groups were Cl. Howev-
er, the N,N-disubstituted amino alcohols 2d±f, 2e, and 2 f
provided a higher stereochemical outcome than 2d. The
same substituent at a different position on the phenyl did
not change the enantioselectivity. For instance, 3d, which
bears a 2-bromophenyl group, gave an identical enantiose-
lectivity to 3e, which bears a 4-bromophenyl group (Table 2,
entries 5 and 6). Ligands 3 f±h also provided the same enan-
tioselectivity of 94% ee for the reaction (Table 2, entries 7±
9). Amino alcohol 3 i, with two chlorides positioned at C2
and C6 on the phenyl group promoted the reaction with
96% ee (Table 2, entry 10), which is higher than the amino
alcohols (3a,b, 3d±h, 3 j, and 3k) that have a monosubstitut-
ed phenyl group. In the presence of 50 mol% of the best
ligand 3c, high yields of 81% and 93% ee were afforded
(Table 2, entry 4).


Table 2. The addition of diethylzinc to N-diphenylphosphinoyl benzali-
mine (5a) in the presence of the chiral amino alcohols 3.[a]


Entry Ligands R Yield [%][b] ee [%][c]


1 3a 4-MeO 99 95
2 3b 4-BnO 68 95
3 3c 2,4,6-trimethyl 92 97
4 3c 2,4,6-trimethyl 81 93[d]


5 3d 2-Br 99 95
6 3e 4-Br 91 95
7 3 f 2-Cl 90 94
8 3g 3-Cl 78 94
9 3h 4-Cl 99 94


10 3 i 2,6-dichloro 91 96
11 3j 3,4-(OCH2O)- 85 94
12 3k 4-Me 95 95


[a] The reaction was carried out at room temperature in the presence of
stoichiometric amounts of amino alcohols for 48 h, unless specified other-
wise. [b] Yield of isolated product based on imine 5a. [c] Determined on
HPLC, and the absolute configuration is R. [d] The reaction was promot-
ed by 50 mol% of ligand 3c.
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N-monosubstituted b-amino alcohols 3 l±o, which bear
other substituents, such as furyl, 2-naphthyl, isopropanyl,
and a less sterically bulky methyl group, were also examined
(Scheme 3). All these ligands afforded high enantioselectivi-


ties (92±95% ee) and high yields (71±98%). The results fur-
ther indicate that the enantioselectivity is not very sensitive
to the substituent on the nitrogen of the amino alcohol.


Asymmetric addition of diethylzinc to N-diphenylphosphi-
noyl benzalimine mediated by imino alcohols 4 : In our
recent work, we demonstrated that the chiral ligands incor-
porating sp2-hybridized nitrogen with a hydroxy group pro-
moted the addition of diethylzinc to imines with high enan-
tioselectivity.[5g,h] Therefore, we believed that the imino alco-
hols should also be good chiral ligands for the reaction.


Chiral imino alcohols 4 were thus surveyed to promote
the addition of diethylzinc to N-diphenylphosphinoyl benzal-
imine. As shown in Table 3, this family of chiral imino alco-


hols provided high enantioselectivities of up to 95% ee for
the model reaction. Variation in the size of the substituent
on the imino alcohols led to a slight change in the enantiose-
lectivity. The best enantioselectivity was observed with the
optimal ligand 4c (Table 3, entry 3, 95% ee) and the lowest
enantioselectivity was induced by ligand 4m (Table 3,
entry 13, 87% ee).


We found that the imino function of the ligands 4 was
stable to diethylzinc. When the mixture of optical imino al-


cohol 4c and three equivalents of diethylzinc was stirred at
the room temperature for 48 h, compound 7 was not ob-
served (Scheme 4).


Addition of diethylzinc to aro-
matic imines mediated by opti-
mal ligands 2a, 3c, and 4c :
After we finished the systemat-
ic investigation of the relation-
ship between the ligand struc-
ture and the enantioselectivity,
optimal ligands, 2a, 3c, and 4c
were extended to activate the


addition of diethylzinc to other diphenylphosphinoylimines.
The corresponding results are recorded in Table 4. In the
presence of ligand 2a, enantioselectivities of 94±96% were
obtained for all of the imine substrates tested. Imino alcohol


4c also promoted the reaction with high enantioselectivities
of 94±96% ee, but with lower yield (70±81%) in comparison
with its structural analogues 2a (94±98%) and 3c (86±
97%). Basically, the substituents on the substrates had no


Scheme 3. Results observed with N-monosubstituted b-amino alcohols 3 l±o.


Table 3. The addition of diethylzinc to N-diphenylphosphinoyl benzal-
imine 5a in the presence of the chiral imino alcohols 4.[a]


Entry Ligands R Yield [%][b] ee [%][c]


1 4a H 92 91
2 4b 4-MeO 85 92
3 4c 2,4,6-trimethyl 70 95
4 4d 3-Me 78 93
5 4e 3-Cl 74 92
6 4 f 4-Cl 60 90
7 4g 2-Br 65 92
8 4h 3-Br 65 93
9 4 i 4-Br 76 91
10 4j 4-BnO 56 90
11 4k 4-Me2N 68 89
12 4 l 3,4-(OCH2O)- 60 91
13 4m ± 67 87


[a] The reaction was carried out at room temperature in the presence of
stoichiometric amounts of amino alcohols for 48 h. [b] yield of isolated
product based on imine. [c] Determined on HPLC, and the absolute con-
figuration is R.


Scheme 4. The reaction of imino alcohol 4c with three equivalents of di-
ethylzinc.


Table 4. Asymmetric addition of diethylzinc to aromatic N-diphenylphos-
phinoyl imines 5a±e promoted by 2a, 3c, and 4c.[a]


Ar Imine Ligand Yield [%][b] ee [%][c]


Ph 5a 2a 94 95
3c 92 97
3c 97 98[d]


4c 70 95
4-MeOC6H4 5b 2a 82 95


3c 89 97
4c 73 94


3,4-(OCH2O)-C6H3 5c 2a 90 95
3c 92 97
4c 70 95


4-MeC6H4 5d 2a 89 96
3c 95 98
4c 81 96


3-MeC6H4 5e 2a 98 94
3c 86 96
4c 62 94


[a] The reaction was carried out at room temperature in the presence of
stoichiometric amounts of chiral ligands for 48 h. [b] Yield of isolated
product based on imines. [c] Determined on HPLC. [d] The reaction was
performed on the 1 mmol scale.
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obvious effect on the enantioselectivity. Ligand 3c, on aver-
age, gave a slightly higher enantioselectivity than ligands 2a
and 4c. For all of the substrates examined, 3c afforded
enantioselectivities from 96% to 98% ee. Ligand 3c not
only gave the best results reported so far,[13] but it is also the
most easily accessible. It is noteworthy that although stoi-
chiometric amounts of amino alcohol had to be used, the
chiral ligand could be easily recovered by flash chromatog-
raphy.


Asymmetric addition of dibutylzinc to imines in the pres-
ence of ligand 3c : Asymmetric addition of butylmetallics to
imines in the presence of chiral ligands has attracted great
interest owing to chemical challenges and potential applica-
tions.[4b] Tomioka and co-workers were the first to report
that the addition of butyllithium to N-arylimines in the pres-
ence of stoichiometric or substoichiometric amounts of
amino ethers resulted in moderate-to-good enantioselectivi-
ties.[14] Itsuno and co-workers studied the addition of butyl-
lithium to benzaldehyde N-(trimethylsilyl)imine in the pres-
ence of chiral promoters, such as alcohols, diols, and amino
alcohols, to give the enantiomerically enriched primary
amine with high yields and moderate ee values.[15] The use of
both stoichiometric and catalytic amounts of (�)-sparteine
in the addition of butyllithium to N-arylimines resulted in
high yields and high enantioselectivities (<91% ee).[15b,16] In
1992, Soai et al. reported the use of a stoichiometric amount
of (1S,2R)-MOPEP in the addition of dibutylzinc to N-di-
phenylphosphinoyl benzalimine (5a) with a moderate yield
(56%) and a high enantioselectivity (87% ee).[5a] Since
chiral ligand 3c generally exhibited high enantioselectivity
for the addition of diethylzinc to imines, we investigated the
addition of dibutylzinc to N-diphenylphosphinoyl arylimines
in the presence of ligand 3c. As shown in Table 5, excellent


enantioselectivities of 95±97% ee were observed. Compared
with the addition of diethylzinc to imines, this reaction gave
lower yields (50±67%). To the best of our knowledge, these
results represent the highest enantioselectivities for the ad-
dition of a butylmetallic species to imines.


Theoretical modeling of the stereoselectivity: Theoretical
calculations have been carried out to understand the origin
of the observed enantioselectivities. Our study started with a
simplified model. As shown in Scheme 5, the substrate was


reduced to 9 and dimethylzinc was modeled instead of di-
ethylzinc. Our model is similar to that used by Brandt et al.
for the addition of diethylzinc to N-diphenylphosphinoyl ar-
ylimines with cyclic hydroxylamine ligands,[5e] namely, the
hydroxy group of the chiral amino alcohol replaces one of
the alkyl groups of dialkylzinc and the alcoholic oxygen
atom coordinates with another equivalent of dialkylzinc to
form the real reagent.[5e,17] Three chiral reagents (10±12)
were modeled. All calculations were performed with the
Gaussian98 program.[18]


To search for all possible transition structures, a confor-
mational search with the PM3[19] and HF/3-21G methods
was first performed on four possible models (see the Sup-
porting Information) with complex 10. This resulted in
11 unique transition structures. All these transition struc-
tures are given in the Supporting Information. At the HF/3-
21G level, the three most favorable transition structures are
shown in Figure 1. Structure 13 is more stable than 14 and
15 by 2.9 and 4.1 kcalmol�1, respectively. While 13 gives the
R product, 14 and 15 lead to the formation of the S product.


Transition structures 13±15 were further calculated with
the nonlocal density functional method of B3LYP/6-31G*,[20]


which should give more reliable calculation results. Struc-
ture 13 is still the most stable. Structures 14 and 15 become
less stable by 1.8 and 2.2 kcalmol�1, respectively. Thus, the
simple model calculations give results in qualitative agree-
ment with the experimental observations, that is, the R
product is formed preferentially.


All three transition structures have some similar features:
the Me2Zn attacks the C=N bond to form a four-membered-
ring. The other zinc atom coordinates to the oxygen of the
phosphinoyl group so that a six-membered-ring is fused with
the four-membered-ring on one side and with a five-mem-
bered-ring on the other side. In 13, the two methyl groups in
the chiral ligand point upward and away from the POMe2
group, and therefore there is little steric interaction. In 14,
the situation for the three fused rings is similar to that in 13.
Therefore, it does not have ring strain. However, the methyl
group at the C1 position of the chiral amino alcohol points
downward. It is close to one of the methyl groups of the
POMe2. The steric interaction between the two methyl
groups, as shown by arrows in Figure 1, causes a significant
destabilization. In 15, the two methyl groups of the amino
alcohol point away from the POMe2, and therefore, do not


Table 5. The asymmetric addition of dibutylzinc to imines mediated by
chiral amino alcohol 3c.[a]


Ar Imine Yield [%][b] ee [%][c] Configuration[d]


Ph 5a 67 97 R
4-MeOC6H4 5b 50 95 R
3,4-(OCH2O)-C6H3 5c 57 97 R
4-MeC6H4 5d 63 96 R
3-MeC6H4 5e 55 97 R
4-BrC6H4 5 f 59 96 R


[a] The reaction was carried out in the presence of stoichiometric
amounts of 3c. [b] Yield of isolated product. [c] The ee values were deter-
mined on HPLC. [d] Determined by comparison of the retention time
with the literatures.


Scheme 5. Models for the theoretical study
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participate in a steric interaction. However, the fusion of the
three rings is not ideal. As can be seen, the N�P bond has
rotated so that the P�O bond is nearly eclipsed with the
Zn�N bond, which is being formed. In addition, the four-
membered ring is not co-planar. The C-Zn-N-C dihedral
angle is �308. Thus, this transition structure is destabilized
by unfavorable ring strain.


Our next step was to change X from Me to Ph. The calcu-
lations only focused on the three favorable transition struc-
tures. As shown in Figure 1, the geometries of 16, 17, and 18
are quite similar to those of structures 13, 14, and 15, respec-
tively. The energy difference between 16 and 18 is about
1.9 kcalmol�1, similar to that between 13 and 15. However,
structure 17 becomes destabilized, and is calculated to be
about 3.7 kcalmol�1 less stable than 16. This is apparently
caused by the increased steric interaction between the
downward phenyl group of the amino alcohol and the
POMe2 (as indicated by the arrow in 17 (Figure 1)). In the
real substrate, the POMe2 is replaced by POPh2. This should
not affect the relative stabilities between 16 and 18. Howev-
er, 17 is expected to be destabilized even further. Therefore,
17 can be ruled out. We can conclude that the formation of
the R and S products is mainly determined by 16 and 18, re-
spectively. Since 18 is much less stable, it qualitatively ra-
tionalizes the generally high enantioselectivities observed


experimentally for a variety of
chiral amino alcohol ligands. It
should be pointed out that, al-
though we used POMe2 instead
of more sterically bulky OPPh2,
which is present in ligands 1±4,
the predicted stereoselectivity
should not be affected because
the two phenyl groups of the
chiral amino alcohol ligand are
far away from the group. Also
because of this, the model of di-
methylzinc for diethylzinc is
reasonable.


We have also studied the
transition structures with model
ligand 12 to understand the re-
versed stereoselectivity with
ligand 1 f observed experimen-
tally. Again, many transition
structures were explored. The
most stable transition structures
for the formation of the two
enantiomeric products are
given in Figure 2. The most
stable transition structure for
the formation of the R product
is 19. This structure is similar to
structures 15 and 18. Although
the steric interactions involving
the two phenyl groups of the
chiral amino alcohol are avoid-
ed, the structure is destabilized
by unfavorable ring fusion. The


(H3)C-Zn-N-C dihedral angle is about 408 and the Zn-N-P-
O dihedral angle is almost zero. The structure derived from
16 by changing the chirality of the C1 center is calculated to
be less stable by about 3 kcalmol�1 as a result of severe
steric interaction between the phenyl group attached to C1
and the spectator methyl group of the ZnMe2. On the other
hand, the most stable transition structure for the formation
of the S product is 20. This structure is very similar to struc-
ture 17, except that the phenyl group attached to C1 has
now swapped places with the hydrogen atom. Structure 17 is
significantly destabilized by the steric interactions between
the phenyl group and the POMe2, but this steric interaction
is absent in structure 20. Thus, structure 20 is calculated to
be more stable than structure 19 by about 0.6 kcalmol�1.
This result is in good agreement with the experimental ob-
servation with ligand 1 f. That is, ligand 1 f gives rise to an
inversed configuration but low enantioselectivity compared
to its chiral counterpart ligand 1b.


A more detailed modeling of the substituent effect on the
enantioselectivity using the real experimental chiral amino
alcohol ligands would require much more elaborate calcula-
tions. Our calculations of simplified imine substrate, dialkyl-
zinc, and chiral amino alcohol ligands do reveal the essential
factors for the generally high enantioselectivity for the reac-
tions studied experimentally. Our modeling of the chiral


Figure 1. Calculated transition structures for the methylation of 9 by chiral complexes 10 and 11. The calculat-
ed relative energies (B3LYP/6-31G*, kcalmol�1) are given in parentheses.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1481 ± 14921486


FULL PAPER L.-Z. Gong, Y.-D. Wu et al.



www.chemeurj.org





amino alcohol ligands 4 also indicates high enantioselectivity
(see the Supporting Information).


Conclusion


By screening N,N-disubstituted, N-monosubstituted amino
alcohols and imino alcohols for the addition of diethylzinc
to imines, we found that N-monosubstituted amino alcohols
gave slightly higher enantioselectivities than their N,N-dis-
ubstituted counterparts. High enantioselectivities of up to
98% ee for addition of diethylzinc to imines were obtained
with the very easily accessible ligand 3c. So far, the highest
enantioselectivities, ranging from 95% to 97% ee for the ad-
dition of dibutylzinc to imines, were observed with ligand
3c. These results imply that the rigid and restricted structure
of the amino alcohol was not the absolute requirement for
the high enantioselective alkylation of diphenylphosphinoy-
limine with dialkylzinc. Studies on the transition states at
the B3LYP/6-31G* level of theory revealed that the chiral
amino alcohols promoted the reaction via the transition
structure 16. The accurate calculation to understand the re-
versed enantioselectivity with ligand 1 f resulted in a good
agreement with the experimentally observed result. The cal-
culation results indicated that higher enantioselectivity
might also be achieved by the use of simpler chiral ligands
and dimethylzinc.


Experimental Section


General : NMR spectra were recorded on a Brucker-200 or 300 MHz
spectrometer. Elemental analyses were performed on a Carlo Erba-1106
Analyzer. EI mass spectra were recorded on a VG-7010E, and IR spectra
on a NicroLab200SXV. Optical rotation was measured with a PE polar-
meter341. HPLC analysis was performed on Beckman110B chromatog-
raphy with Beckman168 variable wavelength detector. A ChiralpakAD
column was purchased from Daicel Chemical Industries, Ltd. All reac-


tions involving air- and moisture-sen-
sitive compounds were carried out
under a dry argon atmosphere with
standard Schlenk line techniques. Tol-
uene and THF were dried over
sodium/benzophenone. CH2Cl2 was
dried with CaH2. Petroleum ether
(PE) and ethyl acetate for column
chromatography were distilled before
use.


Materials: All starting materials were
purchased from Acros and used di-
rectly.


General experimental for the prepa-
ration of (1R,2S)-N-aryl-1,2-diphenyl-
2-aminoethanol (3a±m) and (1R,2S)-
N-methyl-N-aryl-1,2-diphenyl-2-ami-
noethanol (2a±2g): A solution of
(1R,2S)-1,2-diphenyl-2-aminoethanol
(5 mmol) and the appropriate aryl al-
dehyde (5 mmol) in anhydrous etha-
nol was stirred for 2±12 h at room
temperature, then sodium borohy-
dride (8 mmol) was added. The reac-
tion mixture was stirred for 2 h at
room temperature, quenched with 2m


HCl, and the ethanol was removed by evaporation. The residue was neu-
tralized with aqueous NaOH (0.5m, 20 mL). The mixture was extracted
with CH2Cl2 (3î20 mL), and the combined organic layers were washed
with water (3î). The organic layer was dried over anhydrous sodium sul-
fate and evaporated to dryness under reduced pressure. Purification of
the crude product by chromatography (silica) or by crystallization gave
3a±m.


A mixture of 3 (3 mmol) and methanoic acid (5 mL) was stirred for 0.5 h
at room temperature, and then aqueous formaldehyde (30%, 5 mL) was
added. The mixture was refluxed for 10 h, and the remaining excess
formaldehyde was removed with a rotary evaporator. The resulting resi-
due was dissolved in NaOH (0.5m, 10 mL), extracted with CH2Cl2(3î
15 mL), and the combined organic layers were washed with aqueous satu-
rated NaCl. The organic layer was dried over anhydrous sodium sulfate,
and evaporated to dryness under reduced pressure. Purification of the
crude product by chromatography (silica) or by crystallization gave 2a±g.


(1R,2S)-N-Methyl-N-4’-methoxylbenzyl-1,2-diphenyl-2-aminoethanol
(2a): This compound was obtained as a white solid (0.991 g) in 95%
yield; m.p. 83±84 8C; [a]25D = �68.5 (c = 1.01 in CHCl3);


1H NMR
(200 MHz, CDCl3): d = 2.28 (s, 3H), 2.83±3.02 (br s, 1H), 3.29 (d, J =


13.3 Hz, 1H), 3.59±3.64 (m, 2H), 3.79 (s, 3H), 5.37 (d, J = 5.6 Hz, 1H),
6.77±7.24 ppm (m, 14H); 13C NMR (75 MHz, CDCl3): d = 38.8, 55.2,
58.8, 72.6, 74.4, 113.5, 126.6, 127.1, 127.4, 127.7, 127.8, 129.6, 129.9, 130.8,
135.9, 141.8, 158.6 ppm; IR (Nujol): ñ = 3491, 1611, 1514, 1459, 1251 (C-
O-C), 700 (CH2) cm


�1; MS (CI): m/z (%): 28, 77 [C6H5]
+, 91 [PhCH2]


+,
121 [C8H9O]+, 240 [M+1�PhCH2�OH]+; elemental analysis calcd (%)
for C23H25NO2: C 79.51, H 7.25, N 4.03; found: C 79.50, H 7.11, N 4.10.


(1R,2S)-N-Methyl-N-4’-benzoxylbenzyl-1,2-diphenyl-2-aminoethanol
(2b): This compound was obtained as a white solid (1.143 g) in 90%
yield; m.p. 93±94 8C; [a]25D = �58.0 (c = 1.00 in CHCl3);


1H NMR
(300 MHz, CDCl3): d = 2.30 (s, 3H), 2.90 (br s, 1H), 3.27 (d, J =


13.8 Hz, 1H), 3.63 (m, 2H), 5.07 (s, 2H), 5.39 (d, J = 5.7 Hz, 1H), 6.88±
7.46 ppm (m, 19H); 13C NMR (75 MHz, CDCl3): d = 38.9, 58.8, 70.0,
72.6, 74.5, 114.5, 126.5, 127.0, 127.4, 127.4, 127.7, 127.8, 127.9, 128.5,
129.5, 129.8, 131.2, 135.9, 137.1, 141.7, 157.8 ppm; IR (Nujol): ñ = 3431
(OH), 1511, 1459 (N-CH3), 1237 (C-O-C), 1022 (C-O-C), 704
(CH2) cm


�1; MS (EI): m/z (%): 91, (100) [PhCH2]
+, 316


[M+1�PhCH2�OH]+, 197; elemental analysis calcd (%) for C29H29NO2:
C 82.24, H 6.90, N 3.31; found: C 82.23, H 7.00, N 3.45.


(1R,2S)-N-Methyl-N-2’,4’,6’-trimethylbenzyl-1,2-diphenyl-2-aminoethanol
(2c): This compound was obtained as a white solid (1.002 g) in 93%
yield; m.p. 95±96 8C; [a]25D = �66.7 (c = 1.01 in CHCl3);


1H NMR
(300 MHz, CDCl3): d = 2.17 (s, 9H), 2.29 (s, 3H), 2.83±2.89 (br s, 1H),
3.46±3.57 (m, 2H), 3.71 (d, J = 6.4 Hz, 1H), 5.42 (d, J = 6.4 Hz, 1H),


Figure 2. Calculated most stable transition structures for the formation of the R product 19 and the S product
20 of the addition of ZnMe2 to imine 9 in the presence of a zinc complex of chiral amino alcohol model 12.
The calculated relative energies are given in parentheses.
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6.8 (s, 2H), 7.19±7.36 ppm (m, 10H); 13C NMR (50 MHz, CDCl3): d =


19.9, 20.6, 36.4, 53. 6, 72.5, 76.9, 126.2, 126.8, 127.2, 127.5, 127.9, 128.0,
128.7, 129.4, 131.5, 135.7, 136.0, 137.8, 141.6 ppm; IR (Nujol): ñ = 3532
(OH), 1611, 1455 (N-CH3), 701 (CH2) cm


�1; MS (EI): m/z (%): 77, 91,
133 (100), 252 (36); elemental analysis calcd (%) for C25H29NO: C 83.52,
H 8.13, N 3.90; found: C 83.34, H 7.08, N 3.81.


(1R,2S)-N-Methyl-N-2’-bromobenzyl-1,2-diphenyl-2-aminoethanol (2d):
This compound was obtained as a viscid liquid (1.069 g) in 90% yield;
[a]25D = �33.7 (c = 0.986 in CHCl3);


1H NMR (300 MHz, CDCl3): d=
2.31 (s, 3H), 2.90 (br s, 1H), 3.62±3.66 (m, 2H), 3.71 (d, J = 6.0 Hz, 1H),
5.42 (d, J = 6.0 Hz, 1H), 7.16±7.52 ppm (m, 14H); 13C NMR (75 MHz,
CDCl3): d = 39.1, 58.8, 69.9, 72.8, 75.2, 124.1, 126.6, 126.9, 127.2, 127.3,
127.5, 127.8, 127.9, 128.2, 129.0, 129.6, 130.5, 132.6, 135.9, 138.1,
141.7 ppm; IR (neat): ñ = 3565, 3449 (OH), 1449 (N-CH3), 703
(CH2) cm


�1; MS (EI): m/z (%): 77, 91, 118, 169 (77) [CH2Ph
79Br], 171


(77) [CH2Ph
81Br], 288 (100) [M+1�PhCH2�OH]+, 290 (98); elemental


analysis calcd (%) for C22H22BrNO: C 66.67, H 5.60, N, 3.53; found: C
66.56, H 5.66, N 3.64.


(1R,2S)-N-Methyl-N-3’-chlorobenzyl-1,2-diphenyl-2-aminoethanol (2e):
This compound was obtained as a viscous liquid (0.895 g) in 85% yield;
[a]25D = �135.9 (c = 0.504 in CHCl3);


1H NMR (300 MHz, CDCl3): d =


2.06 (s, 3H), 2.68 (br s, 1H), 3.05 (d, J = 13.8 Hz, 1H), 3.37 (d, J =


13.8 Hz, 1H), 3.46 (d, J = 6.7 Hz, 1H), 5.06 (d, J = 6.7 Hz, 1H), 6.73±
7.18 ppm (m, 14H); 13C NMR (75 MHz, CDCl3): d = 34.8, 55.0, 68.8,
70.5, 122.6, 122.7, 123.1, 123.4, 123.6, 123.9, 124.0, 124.6, 125.4, 125.5,
130.1, 131.6, 137.3, 137.7 ppm; IR (neat): ñ = 3563 (OH), 3446 (OH),
1596, 1450 (N-CH3), 705 (CH2) cm


�1; MS (EI): m/z (%): 42, 77, 91, 105,
118, 125 (100) [CH2Ph


35Cl], 127 (33) [CH2Ph
37Cl], 244 (80)


[M+1�PhCH2�OH]+, 246 (26); elemental analysis calcd (%) for
C22H22ClNO: C 75.09, H 6.30, N, 3.98; found: C 75.06, H 7.48, N 4.13.


(1R,2S)-N-Methyl-N-4’-chlorobenzyl-1,2-diphenyl-2-aminoethanol (2 f):
This compound was obtained as a white solid (0.896 g) in 85% yield;
m.p. 102±103 8C; [a]25D = �65.0 (c = 1.01 in CHCl3);


1H NMR (200 MHz,
CDCl3): d = 2.26 (s, 3H), 3.29 (d, J = 13.7 Hz, 1H), 3.58±3.66 (m, 2H),
5.35 (d, J = 6.30 Hz, 1H), 6.97±7.27 ppm (m, 14H); 13C NMR (75 MHz,
CDCl3): d = 38.7, 58.7, 72.6, 74.3, 126.6, 127.2, 127.6, 127.8, 127.9, 128.3,
129.5, 129.9, 132.5, 135.5, 137.4, 141.8 ppm; IR (Nujol): ñ = 3488 (OH),
1401, 1455 (N-CH3), 703 (CH2) cm


�1; MS (EI): m/z (%): 77, 91, 118, 125
(100) [CH2Ph


35Cl], 127(33) [CH2Ph
37Cl], 244 (80) [M+1�PhCH2�OH]+,


246 (26); elemental analysis calcd (%) for C22H22ClNO: C 75.09, H 6.30,
N, 3.98; found: C 75.08, H 6.29, N 4.04.


(1R,2S)-N-Methyl-N-piperonyl-1,2-diphenyl-2-aminoethanol (2g): This
compound was obtained as a white solid (0.886 g) in 80% yield; m.p.
105±106 8C; [a]25D = �74.5 (c = 0.746 in CHCl3);


1H NMR (300 MHz,
CDCl3): d = 2.30 (s, 3H), 3.26 (d, J = 12.0 Hz, 1H), 3.57±3.67 (m, 2H),
5.40 (s, 1H), 5.95 (s, 2H), 6.70±6.73 (m, 3H) 7.14±7.28 ppm (m, 10H);
13C NMR (75 MHz, CDCl3): d = 38.7, 59.2, 72.7, 74.3, 100.8 (O-C-
O),107.7, 109.0, 121.7, 126.5, 127.2, 127.4, 127.7, 127.8, 129.5, 129.8, 132.8,
135.8, 141.7, 146.4, 147.5 ppm (Ar); IR (Nujol): ñ = 3484 (OH), 1489,
1448, 1450,1459, 1245, 1038, 705 cm�1; MS (EI): m/z (%): 77, 91, 105, 135
(100) [BnOCH2O]+, 254 (39) [M+1�PhCH2�OH]+; elemental analysis
calcd (%) for C23H23NO3: C 76.43, H 6.41, N 3.88; found: C 76.18, H
6.37, N 4.00.


(1R,2S)-N-4’-Methoxylbenzyl-1,2-diphenyl-2-aminoethanol (3a): This
compound was obtained as a white solid (1.249 g) in 75% yield; m.p.
156±158 8C; [a]25D = ++18.9 (c = 1.02 in CHCl3);


1H NMR (300 MHz,
CDCl3): d = 3.26 (d, J = 13.1 Hz, 1H), 3.68 (d, J = 13.1 Hz, 1H), 3.81
(s, 3H), 3.94 (d, J = 5.7 Hz, 1H), 4.87 (d, J = 5.7 Hz, 1H), 6.84 (d, J =


8.7 Hz, 2H), 7.09±7.31 ppm (m, 12H); 13C NMR (75 MHz, DMSO): d =


50.0, 55.3, 67.5, 76.6, 113.8, 126.9, 127.2, 127.3, 127.8, 128.9, 129.2, 132.8,
141.3, 143.6, 158.3 ppm (Ar); IR (Nujol): ñ = 3085, 3028, 1611, 1513,
1452 (O-CH3), 1247 (C-O-C), 699 (CH2) cm


�1; MS (EI): m/z (%): 121
[C8H9O]+, 226 [M+1�PhCH2�OH]+, 334 [M+1]; elemental analysis
calcd (%) for C22H23NO2: C 79.25, H 6.95, N 4.20; found: C 78.95, H
6.88, N 4.46.


(1R,2S)-N-4’-Benzoxylbenzyl-1,2-diphenyl-2-aminoethanol (3b): This
compound was obtained as a white solid (1.452 g) in 71% yield; m.p.
182±183 8C; [a]25D = ++18.3 (c = 0.378 in CHCl3);


1H NMR (300 MHz,
CDCl3): d = 3.53 (d, J = 13.1 Hz, 1H), 3.73 (d, J = 13.1 Hz, 1H), 3.96
(d, J = 5.4 Hz, 1H), 4.97 (s, 1H), 5.03 (s, 2H), 6.91(d, J = 8.7 Hz, 2H),


7.11±7.43 ppm (m, 19H); 13C NMR (75 MHz, DMSO): d = 50.2, 67.8,
70.0, 78.4, 114.6, 115.3, 126.9, 127.2, 127.4, 127.6, 127.7, 127.8, 127.9,
128.2, 128.4, 128.6, 128.7, 128.8, 129.2, 137.3, 140.7, 142.9, 157.5 ppm; IR
(Nujol): ñ = 3082, 3028, 1513, 1611, 1451, 1248 (C-O-C), 1010 (C-O-C),
699 (CH2) cm


�1; MS (CI) m/z (%): 91 [PhCH2]
+, 197 [CH2PhOBn]+, 302


[M+1�PhCH2�OH]+; elemental analysis calcd (%) for C28H27NO2: C
82.12, H 6.65, N 3.42; found: C 82.39, H 6.75, N 3.61.


(1R,2S)-N-2’,4’,6’-Trimethylbenzyl-1,2-diphenyl-2-aminoethanol (3c):
This compound was obtained as a white solid (1.259 g) in 73% yield;
m.p. 124±125 8C; [a]25D = ++9.6 (c = 1.00 in CHCl3);


1H NMR (300 MHz,
CDCl3): d = 2.16 (s, 6H), 2.26 (s, 3H), 3.54 (d, J = 11.6 Hz, 1H), 3.62
(d, J = 11.6 Hz, 1H), 3.98 (d, J = 6.4 Hz, 1H), 4.79 (d, J = 6.4 Hz, 1H),
6.83 (s, 2H), 7.19±7.37 ppm (m, 10H); 13C NMR (75 MHz, DMSO): d =


19.0, 20.8, 45.1, 70.0, 77.1, 127.1, 127.4, 127.9, 128.1, 128.7, 128.8, 133.9,
135.7, 136.7, 142.2, 143.8 ppm; IR (Nujol): ñ = 3395 (OH), 3341, 3061,
3032, 1454, 702 (CH2) cm


�1; MS (EI): m/z (%): 106 [PHCHO]+, 133 [CH2


(2,4,6-trimethyl benzene)], 238 [M+1�PhCH2�OH]+, 346 [M+1]; ele-
mental analysis calcd (%) for C24H27NO: C 83.44, H 7.88, N 4.05; found:
C 83.30, H 7.93, N 4.28.


(1R,2S)-N-2’-Bromobenzyl-1,2-diphenyl-2-aminoethanol (3d): This com-
pound was obtained as a white solid (1.489 g) in 78% yield; m.p. 147±
148 8C; [a]25d = ++27.9 (c = 0.82 in CHCl3);


1H NMR (300 MHz, CDCl3):
d = 3.64 (d, J = 13.6 Hz, 1H), 3.79 (d, J = 13.6 Hz, 1H), 3.89 (d, J =


6.0 Hz, 1H), 4.86 (d, J = 6.0 Hz, 1H), 7.11±7.50 ppm (m, 14H);
13C NMR (75 MHz, DMSO and CDCl3): d = 50.8, 67.9, 76.9, 123.5,
127.0, 127.2, 127.3, 127.6, 127.8, 127.8, 128.8, 128.9, 130.3, 132.5, 139.3,
140.8, 143.0 ppm; IR (Nujol): ñ = 3301, 3189, 3086, 3064, 3030, 1452, 702
(CH2) cm


�1; MS (EI): m/z (%): 77, 91, 118, 169 [CH2Ph
79Br�1], 171


[CH2Ph
81Br�1], 274 [M+1�PhCH2�OH]+, 276; elemental analysis calcd


(%) for C21H20BrNO: C 65.98, H 5.27, N 3.66; found: C 66.08, H 5.27, N
4.01.


(1R,2S)-N-4’-Bromobenzyl-1,2-diphenyl-2-aminoethanol (3e): This com-
pound was obtained as a white solid (1.165 g) in 61% yield; m.p. 179±
180 8C; [a]29D = ++23.5 (c = 0.51 in CHCl3);


1H NMR (300 MHz, CDCl3):
d = 2.06±2.75 (br s, 2H), 3.50 (d, J = 13.2 Hz, 1H), 3.70 (d, J = 13.2 Hz,
1H), 3.90 (d, J = 5.7 Hz, 1H), 4.86 (d, J = 5.4 Hz, 1H), 7.03±7.42 ppm
(m, 14H); 13C NMR (75 MHz, DMSO): d = 54.5, 66.4, 75.0, 117.2, 131.5,
131.9, 132.4, 132.6, 133.0, 133.5, 133.6, 147.5, 154.3 ppm; IR (Nujol): ñ =


3314, 3029 cm�1; MS (EI) m/z (%): 169 [CH2Ph
79Br�1], 171


[CH2Ph
81Br�1], 274 [M+1�PhCH2�OH]+, 276, 277; 362 [M�H2O]; ele-


mental analysis calcd (%) for C21H20BrNO: C 65.98, H 5.27, N 3.66;
found: C 65.83, H 5.24, N 3.66.


(1R,2S)-N-2’-Chlorobenzyl-1,2-diphenyl-2-aminoethanol (3 f): This com-
pound was obtained as a white solid (1.249 g) in 75% yield; m.p. 142±
143 8C; [a]25D = ++21.0 (c = 1.01 in CHCl3);


1H NMR (300 MHz, CDCl3):
d = 3.70 (d, J = 13.7 Hz, 1H), 3.79 (d, J = 13.7 Hz, 1H), 3.90±3.95 (m,
1H), 4.95±5.0 (m, 1H), 7.11±7.32 ppm (m, 14H); 13C NMR (75 MHz,
DMSO and CDCl3): d = 48.1, 67.9, 76.3, 110.3, 113.5, 117.3, 117.6, 118.1,
126.2, 126.8, 127.2, 127.7, 127.9, 128.5, 128.9, 129.1, 129.4, 130.4, 133.0,
143.2 ppm; IR (Nujol): ñ = 3306, 3250, 3182 cm�1; MS (EI): m/z (%):
125 [CH2Ph


35Cl], 127 [CH2Ph
37Cl], 230 [M+1�PhCH2�OH]+, 232, 233,


319 [M�H2O], 321; elemental analysis calcd (%) for C21H20ClNO: C
74.66, H 5.97, N 4.15; found: C 74.47, H 6.08, N 4.53.


(1R,2S)-N-3’-Chlorobenzyl-1,2-diphenyl-2-aminoethanol (3g): This com-
pound was obtained as a white solid (1.146 g) in 68% yield; m.p. 152±
153 8C; [a]25D = ++24.4 (c = 0.814 in CHCl3);


1H NMR (300 MHz,
CDCl3): d = 3.51 (d, J = 13.7 Hz, 1H,), 3.71(d, J = 13.7 Hz, 1H), 3.90
(d, J = 6.0 Hz, 1H), 4.87 (d, J = 6.0 Hz, 1H), 7.04±7.34 ppm (m, 14H);
13C NMR (75 MHz, DMSO and CDCl3): d = 54.9, 72.6, 81.5, 131.1,
131.4, 131.7, 131.9, 132.2, 132.6, 133.5, 134.5, 138.3, 145.3, 147.6,
147.9 ppm; IR (Nujol): ñ = 3317 (OH), 3085, 3030, 1401, 1451, 1426, 703
(CH2) cm


�1; MS (EI): m/z (%): 91, 125 [CH2Ph
35Cl], 127 [CH2Ph


37Cl],
230 [M35+1�PhCH2�OH]+, 232 [M37+1�PhCH2�OH]+, 338 [M+1]; ele-
mental analysis calcd (%) for C21H20ClNO: C 74.66, H 5.97, N 4.15;
found: C 74.54, H 6.02, N 4.43.


(1R,2S)-N-4’-Chlorobenzyl-1,2-diphenyl-2-aminoethanol (3h): This com-
pound was obtained as a white solid (1.095 g) in 65% yield; m.p. 174±
175 8C; [a]25D = ++25.0 (c = 0.79 in CHCl3);


1H NMR (300 MHz, CDCl3):
d = 3.53 (d, J = 13.5 Hz, 1H), 3.76 (d, J = 13.5 Hz, 1H), 3.91 (d, J =


5.7 Hz, 1H), 4.96 (d, J = 3.6 Hz, 1H), 7.10±7.32 ppm (m, 14H);
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13C NMR (75 MHz, DMSO and CDCl3): d = 54.6, 72.5, 81.3, 131.7,
131.9, 131.9, 132.4, 132.5, 132.9, 133.6, 134.4, 136.3, 144.4, 145.5,
147.9 ppm; IR (Nujol): ñ = 3310 (OH), 3085, 3028, 1400, 701
(CH2) cm


�1; MS (EI): m/z (%): 125 [CH2Ph
35Cl], 127 [CH2Ph


37Cl], 230
[M35+1�PhCH2�OH]+, 232 [M37+1�PhCH2�OH]+, 338 [M+1]; elemen-
tal analysis calcd (%) for C21H20ClNO: C 74.66, H 5.97, N 4.15; found: C
74.44, H 6.04, N 4.36.


(1R,2S)-N-2’,6’-Dichlorobenzyl-1,2-diphenyl-2-aminoethanol (3 i): This
compound was obtained as white crystals in 39% yield; m.p. 113±114 8C;
[a]25d = ++13.0 (c = 1.00 in CHCl3);


1H NMR (300 MHz, CDCl3): d =


2.15 (br s, 1H,), 3.13 (br s, 1H), 3.88±4.03 (m, 3H) 4.83 (d, J = 6.0 Hz,
1H), 7.08±7.29 ppm (m, 13H); 13C NMR (75 MHz, DMSO): d = 46.6,
68.3, 126.8, 127.6, 128.0, 128.2, 128.3, 128.9, 135.3, 135.9, 139.1,
140.2 ppm; IR (Nujol): ñ = 3332, 3304 cm�1; MS (CI): m/z (%): 159
[CH2Ph


35Cl35Cl], 161 [CH2Ph
37Cl37Cl], 264 [M35+1�PhCH2�OH]+, 266


[M37+1�PhCH2�OH]+, 355, 371 [M35+1]; elemental analysis calcd (%)
for C21H19Cl2NO: C 67.75, H 5.14, N 3.76; found: C 67.75, H 5.31, N 4.05.


(1R,2S)-N-Piperonyl-1,2-diphenyl-2-aminoethanol (3 j): This compound
was obtained as a white solid; m.p. 134±135 8C; 1H NMR (300 MHz,
CDCl3): d = 3.47 (d, J = 13.2 Hz, 1H), 3.65 (d, J = 13.2 Hz, 1H), 3.94
(d, J = 5.4 Hz, 1H), 4.89 (d, J = 5.7 Hz, 1H), 5.94 (s, 2H), 6.60±
7.31 ppm (m, 13H); 13C NMR (75 MHz, DMSO): d = 50.7, 67.6, 100.8,
107.9,108.6, 121.2, 126.0, 126.7, 126.8, 126.6, 127.8, 127.9, 128.0, 128.2,
128.3, 133.4, 138.7, 140.3, 146.5, 146.5, 147.6 ppm; IR (Nujol): ñ = 3313,
3088, 3027, 1254 (C-O-C), 1042 (C-O-C) cm�1; MS (EI): m/z (%): 135
(100) [BnOCH2O]+, 240 (100) [M+1�PhCH2�OH]+, 241, 348 [M+1];
elemental analysis calcd (%) for C22H21NO3: C 76.06, H 6.09, N 4.03;
found: C 76.06, H 6.39, N 3.90.


(1R,2S)-N-4’-Methylbenzyl-1,2-diphenyl-2-aminoethanol (3k): This com-
pound was obtained as white crystals in 64% yield; m.p.167±168 8C; [a]25D
= ++14.7 (c = 1.03 in CHCl3);


1H NMR (300 MHz, CDCl3): d = 2.33 (s,
3H), 3.54 (d, J = 13.5 Hz, 1H), 3.71 (d, J = 13.5, 1H), 3.96(d, J =


5.4 Hz, 1H) 4.83 (d, J = 5.4 Hz, 1H), 7.07±7.29 ppm (m, 14H); 13C NMR
(75 MHz, DMSO and CDCl3): d = 21.0, 50.5, 67.8, 76.6, 111.2, 115.9,
119.2, 120.2, 120.5, 125.8, 126.9, 127.2, 127.8, 128.0, 128.9, 135.8, 137.7,
141.2, 143.4, 155.5 ppm; IR (Nujol): ñ = 3315, 3059, 3024 cm�1; MS (EI):
m/z (%): 105, 210 [M+1�PhCH2�OH]+, 211 [M+1�PhCH2�OH]+, 318
[M+1]; elemental analysis calcd (%) for C22H23NO: C 82.24, H 7.30, N
4.41; found: C 83.21, H 7.52, N 4.59.


(1R,2S)-N-Furyl-1,2-diphenyl-2-aminoethanol (3 l): This compound was
obtained as white crystals in 73.2% yield; m.p. 133±134 8C; [a]25D =


+32.1 (c = 1.00 in CHCl3);
1H NMR (300 MHz, CDCl3): d = 3.56 (d,


J = 14.6 Hz, 1H), 3.75 (d, J = 14.6 Hz, 1H), 3.92 (d, J = 6.0 Hz, 1H),
4.90 (d, J = 6.0 Hz, 1H), 6.08 (d, J = 3.0 Hz, 1H), 6.29 (dd, J = 2.9,
1.9 Hz, 1H), 7.12±7.34 ppm (m, 11H); 13C NMR (75 MHz, DMSO): d =


43.4, 67.5, 76.5, 106.9, 110.4, 127.1, 127.2, 127.8, 128.9, 140.4, 141.9, 14.9,
154.0 ppm; IR (Nujol): ñ = 3324, 3060, 3030 cm�1; elemental analysis
calcd (%) for C19H19NO2: C 77.79, H 6.53, N 4.77; found: C 77.61, H
6.54, N 4.67.


(1R,2S)-N-a-Naphthyl-1,2-diphenyl-2-aminoethanol (3m): This com-
pound was obtained as a white solid; m.p. 141±142 8C; [a]25D = ++14.3 (c
= 1.00 in CHCl3);


1H NMR (300 MHz, CDCl3): d = 3.99 (d, J =


12.8 Hz, 1H), 4.05 (d, J = 5.9 Hz, 1H), 4.16(d, J = 13.0 Hz, 1H), 4.86
(d, J = 6.0 Hz, 1H), 7.10±7.88 ppm (m, 17H); 13C NMR (75 MHz,
DMSO and CDCl3): d = 49.0, 68.8, 76.6, 124.0, 125.7, 125.9, 126.1, 126.2,
127.1, 127.2, 127.3, 127.6, 127.8, 127.9, 128.7, 129.0, 131.7, 133.6,
136.4 ppm; IR (Nujol): ñ = 3316 (OH), 3170, 3045, 1452, 1416, 710
(CH2) cm


�1; MS (EI): m/z (%): 106, 141, 194, 246 [M+1�PhCH2�OH]+,
354 [M+1]; elemental analysis calcd (%) for C21H20ClNO: C 84.95, H
6.56, N 3.96; found: C 85.05, H 6.50, N 3.87.


General procedure for the preparation of (1R,2S)-N-aryl-1,2-diphenyl-
idene-2-aminoethanol (4a±m): A solution of (1R,2S)-1,2-diphenyl-2-ami-
noethanol (2.35 mmol) and aryl aldehyde (2.50 mmol) in anhydrous etha-
nol (20 mL) was stirred for 2±12 h at room temperature. The solvent was
removed to give the crude product as a white solid that was purified by
crystallization in n-hexane to give 4a±m.


(1R,2S)-N-4’-Methoxylbenzylidene-1,2-diphenyl-2-aminoethanol (4b):
This compound was obtained as white crystals (550 mg) in 68.5% yield;
m.p. 130±131 8C; [a]25D = �27.4 (c = 1.01, CHCl3);


1H NMR (300 MHz,
CDCl3): d = 2.80 (br s, 1H), 3.85 (s, 3H), 4.50 (d, J = 6.0 Hz, 1H), 5.09


(d, J = 6.0 Hz, 1H), 6.92 (d, J = 8.64 Hz, 2H), 7.23±7.40 (m, 10H), 7.68
(d, J = 8.7 Hz, 2H), 8.07 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d =


55.3, 78.2, 80.8, 113.8, 114.3, 127.1, 127.4, 127.5, 127.56, 127.7, 128.0,
128.1, 128.2, 128.4, 129.1, 129.8, 140.3, 140.7, 161.7 ppm; IR (Nujol): ñ =


3389 (OH), 3032 (Ar-C-H), 1644 (Ar-C=N), 1606, 1513, 1455, 1257,
699 cm�1; HRMS calcd for C22H22NO2: 332.1645, found 332.1650.


(1R,2S)-N-2’,4’,6’-Trimethylbenzylidene-1,2-diphenyl-2-aminoethanol
(4c): This compound was obtained as white crystals (682 mg) in 84.6%
yield; m.p. 115 8C; [a]25D = �40.5 (c = 0.50 in CHCl3);


1H NMR
(300 MHz, CDCl3): d = 2.18 (s, 6H), 2.26 (s, 3H), 2.42 (br s, 1H), 4.48
(d, J = 6.9 Hz, 1H), 5.05 (d, J = 6.9 Hz, 1H), 6.82 (s, 2H), 7.27±7.48 (m,
10H), 8.40 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d = 20.5, 21.0,
78.3, 83.2, 127.3, 127.5, 127.6, 128.0, 128.3, 128.3, 129.3, 130.4, 137.7,
138.9, 140.6, 140.8, 162.1 ppm; IR (Nujol): ñ = 3368 (OH), 3306, 3031
(Ar-C-H), 1646 (Ar-C=N) cm�1; MS (EI): m/z (%): 236 (100)
[M�PhCH2


+�H2O], 237 [M+1�PhCH2�H2O]+, 343 [M]+; elemental
analysis calcd (%) for C24H25NO: C 83.93, H 7.34, N 4.08; found: C
83.92, H 7.26, N 4.10.


(1R,2S)-N-3’-Methylbenzylidene-1,2-diphenyl-2-aminoethanol (4d): This
compound was obtained as white crystals in 78.5% yield; m.p. 74 8C;
[a]25D = �22.4 (c = 0.49 in CHCl3);


1H NMR (300 MHz, CDCl3):
d = 2.39 (s, 3H), 2.60 (br s, 1H), 4.50 (d, J = 6.0 Hz, 1H), 5.09 (d,
J = 6.0 Hz, 1H), 7.26±7.39 (m, 12H), 7.48 (d, 1H), 7.56 (s, 1H),
8.08 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d = 21.2, 78.1, 81.0,125.6,
127.1, 127.4, 127.7, 128.1, 128.3, 128.3, 128.6, 131.6, 136.0, 138.1, 140.1,
140.6, 162.0 ppm; IR (Nujol): ñ = 3392 (OH), 3347, 3029 (Ar-C-H),
1647 (Ar-C=N) cm�1; HRMS calcd for C22H22NO: 316.1696, found
316.1693.


(1R,2S)-N-3’-Chlorobenzylidene-1,2-diphenyl-2-aminoethanol (4e): This
compound was obtained as a white solid (684 mg) in 87.3% yield; m.p.
83±84 8C; [a]25D = ++3.4 (c = 1.00 in CHCl3);


1H NMR (300 MHz,
CDCl3): d = 2.18 (br s, 1H), 4.18 (d, J = 6.4 Hz, 1H), 4.76 (d, J =


6.4 Hz, 1H), 6.92±7.12 (m, 11H), 7.22±7.25 (m, 2H), 7.59 (s, 1H),
7.68 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d = 78.1, 81.1, 126.5,
126.6, 127.1, 127.2, 127.4, 127.6, 127.6, 127.7, 127.8, 127.9, 128.3, 128.3,
129.7, 130.6, 134.6, 137.7, 140.4, 140.5, 160.2 ppm; IR (Nujol): ñ = 3440
(OH), 3032 (Ar-C-H),1633 (Ar-C=N) cm�1; HRMS calcd for
C21H19NO35Cl: 336.1150, found 336.1149.


(1R,2S)-N-4’-Chlorobenzylidene-1,2-diphenyl-2-aminoethanol (4 f): This
compound was obtained as a white solid (672 mg) in 81.0% yield; m.p.
91±92 8C; [a]25D = ++8.7 (c = 1.03 in CHCl3);


1H NMR (300 MHz,
CDCl3): d = 2.49 (br s, 1H), 4.49 (d, J = 6.4 Hz, 1H), 5.07 (d, J =


6.4 Hz, 1H), 7.26±7.42 (m, 12H), 7.63 (d, J = 8.3 Hz, 2H), 8.02 ppm (s,
1H); 13C NMR (75 MHz, CDCl3): d = 78.1, 81.1, 126.5, 127.2, 127.4,
127.5, 127.6, 127.7, 127.8, 127.9, 128.3, 128.3, 128.5, 128.7, 129.4, 1340.5,
136.7, 140.1, 140.6, 160.4 ppm; IR (Nujol): ñ = 3382 (OH), 3029 (Ar-C-
H), 1646 (Ar-C=N) cm�1; HRMS calcd for C21H19NO35Cl: 336.1150,
found 336.1154.


(1R,2S)-N-2’-Bromobenzylidene-1,2-diphenyl-2-aminoethanol (4g): This
compound was obtained as white crystals (589 mg) in 63.0% yield; m.p.
133±134 8C; 4g [a]20D = ++ 9.4 (c = 1.00 in CHCl3);


1H NMR (300 MHz,
CDCl3): d = 2.52 (br s, 1H), 4.59 (d, J = 6.3 Hz, 1H), 5.08 (d, J =


6.3 Hz, 1H), 7.24±7.53 (m, 13H), 8.05±8.08 (m, 1H), 8.44 ppm (s, 1H);
13C NMR (75 MHz, CDCl3): d = 78.2, 81.2, 125.1, 127.1, 127.4, 127.4,
127.5, 127.6, 127.6, 127.7, 127.7, 127.9, 128.3, 128.3, 128.9, 131.8, 132.9,
134.4, 140.4, 140.5, 160.8 ppm (C=N); IR (Nujol): ñ = 3386 (OH), 3330,
3031 (Ar-C-H), 1638 (Ar-C=N) cm�1; MS (EI): m/z (%): 77, 89, 91, 165
(79), 169 [CH2Ph


79Br], 171 [CH2Ph
81Br], 193 273 (100)


[M�PhCH2�H2O]+, 274 (55) [M+1�PhCH2�H2O]+ 380 [M]+; elemental
analysis calcd (%) for C21H18BrNO: C 66.33, H 4.77, N 3.68; found: C
66.38, H 4.83, N 3.68.


(1R,2S)-N-3’-Bromobenzylidene-1,2-diphenyl-2-aminoethanol (4h): This
compound was obtained as white crystals (475 mg) in 53.2% yield; m.p.
88 8C; [a]25D = �2.1 (c = 0.99 in CHCl3);


1H NMR (300 MHz, CDCl3): d
= 2.18 (br s, 1H), 4.18 (d, J = 6.4 Hz, 1H), 4.76 (d, J = 6.4 Hz, 1H),
6.92±7.11 (m, 11H), 7.22±7.25 (m, 2H). 7.59 (s, 1H), 7.68 ppm (s, 1H);
13C NMR (75 MHz, CDCl3): d = 78.1, 81.2, 122.7, 127.1, 127.1, 127.6,
127.7, 127.8, 128.3, 130.0, 130.7, 133.6, 138.0, 140.0, 140.5, 160.1 ppm (C=
N); IR (Nujol): ñ = 3468 (OH), 3032 (Ar-C-H), 1631 (Ar-C=N); HRMS
calcd for C21H19NO79Br: 380.0644, found 380.0651.
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(1R,2S)-N-4’-Bromobenzylidene-1,2-diphenyl-2-aminoethanol (4 i): This
compound was obtained as white crystals (641 mg) in 68.5% yield; m.p.
104±105 8C; [a]25D = ++8.2 (c = 1.06 in CHCl3);


1H NMR (300 MHz,
CDCl3): d = 2.49 (br s, 1H), 4.48 (d, J = 6.3 Hz, 1H), 5.06 (d, J =


6.3 Hz, 1H), 7.25±7.58 (m, 14H), 8.00 ppm (s, 1H); 13C NMR (75 MHz,
CDCl3): d = 78.1, 81.1, 125.1, 127.1, 127.5, 127.6, 127.8, 128.3, 129.6,
131.7, 134.9, 140.0, 140.5, 160.5 ppm; IR (Nujol): ñ = 3389 (OH),
3031(Ar-C-H), 1647 (Ar-C=N) cm�1; HRMS calcd for C21H19NO79Br:
380.0644, found 380.0653.


(1R,2S)-N-4’-Benzoxylbenzylidene-1,2-diphenyl-2-aminoethanol (4 j):
This compound was obtained as white crystals (700 mg) in 74.8% yield;
m.p. 109.9 8C; [a]25D = �19.6 (c = 0.50, CHCl3);


1H NMR (300 MHz,
CDCl3): d = 2.48 (br s, 1H), 4.48 (d, J = 6.0 Hz, 1H), 5.07 (d, J =


6.0 Hz, 1H), 5.11(s, 2H), 7.00 (d, J = 8.7 Hz, 2H), 7.25±7.44 (m, 10H),
7.68 (d, J = 8.4 Hz, 2H), 8.06 ppm (s, 1H); 13C NMR (75 MHz, CDCl3):
d = 69.9, 78.2, 80.8, 114.7, 126.9, 127.1, 127.4, 127.4, 127.5, 127.7, 128.1,
128.2, 128.4, 128.6, 129.3, 129.8, 136.5, 140.3, 140.7, 161.0 ppm; IR
(Nujol): ñ = 3378 (OH), 3031(Ar-C-H), 1640 (Ar-C=N) cm�1; HRMS
calcd for C28H26NO2: 408.1958, found 408.1965.


(1R,2S)-N-(4’-N,N-Dimethylbenzylidene)-1,2-diphenyl-2-aminoethanol
(4k): This compound was obtained as pale yellow crystals (670 mg) in
83.0% yield; m.p. 119±120 8C; [a]25D = �79.2 (c = 0.94 in CHCl3);
1H NMR (300 MHz, CDCl3): d = 3.03 (s, 6H), 4.47 (d, J = 5.7 Hz, 1H),
5.07 (d, J = 5.7 Hz, 1H), 6.69 (d, J = 8.7 Hz, 2H), 7.19±7.29 (m, 10H),
7.62 (d, J = 8.7 Hz, 2H), 8.04 ppm (s, 1H); 13C NMR (75 MHz, CDCl3):
d = 40.1, 78.2, 80.5, 111.4, 124.3, 126.9, 127.1, 127.5, 127.6, 127.7, 127.9,
128.0, 128.2, 128.4, 129.7, 140.4, 140.8, 152.1, 161.5 ppm; IR (Nujol): ñ =


3438 (OH), 3029(Ar-C-H), 1646 (Ar-C=N), 1606 cm�1; HRMS calcd for
C23H25N2O: 345.1961, found 345.1950.


(1R,2S)-N-Piperonylidene-1,2-diphenyl-2-aminoethanol (4 l): This com-
pound was obtained as white crystals (520 mg) in 65.5% yield; m.p. 105±
106 8C; [a]25D = �31.4 (c = 1.00 in CHCl3);


1H NMR (300 MHz, CDCl3):
d = 2.26 (br s, 1H), 4.46 (d, J = 6.3 Hz, 1H), 5.05 (d, J = 6.3 Hz, 1H),
6.00 (s, 2H), 6.79 (d, J = 7.8 Hz, 1H), 7.01(d, J = 7.8 Hz, 1H) 7.25±7.41
(m, 11H), 7.97 (s, 1H), 8.03 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d
= 78.2, 80.7, 101.3, 106.5, 107.9, 124.6, 126.9, 127.1, 127.5, 128.1, 128.3,
130.9, 140.3, 140.7, 148.1, 149.9, 160.8 ppm (C=N); IR (Nujol): ñ = 3410
(OH), 3333, 3030(Ar-C-H), 1638 (Ar-C=N) cm�1; HRMS calcd for
C22H20NO3: 346.1438, found 346.1427.


(1R,2S)-N-(a-Naphthylidene)-1,2-diphenyl-2-aminoethanol (4m): This
compound was obtained as a white solid (350 mg) in 42.1% yield; m.p.
108 8C; [a]25D = �9.7 (c = 0.50 in CHCl3);


1H NMR (300 MHz, CDCl3):
d = 2.56 (br s, 1H), 4.62 (d, J = 6.6 Hz, 1H), 5.17 (d, J = 6.6 Hz, 1H),
7.27±7.90 (m, 16H), 8.69 (s, 1H), 8.71 ppm (d, J = 7.3 Hz, 2H);
13C NMR (75 MHz, CDCl3): d = 78.4, 82.6, 124.6, 125.2, 126.0, 127.1,
127.4, 127.5, 127.6, 127.9, 128.4, 128.5, 128.5, 129.4, 131.2, 131.2, 131.5,
133.7, 140.6, 140.9, 162.0 ppm; IR (Nujol): ñ = 3528 (OH), 3458, 3030
(Ar-C-H), 1638 (Ar-C=N) cm�1; HRMS calcd for C25H22NO: 352.1696,
found 352.1691.


Enantioselective addition of diethylzinc to N-diphenylphosphinoyl benza-
limine : Typical experimental procedure for the enantioselective addition
of diethylzinc to N-diphenylphosphinoyl benzalimine (5a, 0.1 mmol) in
the presence of 3c (0.1 mmol): Imine 5a (30.5 mg, 0.1 mmol) and amino
alcohol 3c (34.5 mg, 0.1 mmol) were dissolved in toluene (2 mL) under
argon. To the mixture was added Et2Zn in hexane (1m, 0.5 mL,
0.5 mmol) at room temperature. After the reaction mixture had been stir-
red for 48 h, the reaction was quenched with saturated aqueous ammoni-
um chloride, and the aqueous layer was extracted with CH2Cl2. The com-
bined organic layers were washed with brine, and dried over anhydrous
Na2SO4. After evaporation of the solvent, the residue was purified by
column chromatography (silica gel) to give 6a as a white solid (30.8 mg).
Yield: 92%; [a]15D = ++34.55 (c = 1.01 in acetone); the enantiomeric
excess of 97% with the R isomer as the major product was determined
by HPLC (ChiracelAD column, hexane/propan-2-ol 80:20 ; flow rate
1 mLmin�1; R isomer, tR 8.66 min and S isomer, tR 11.60 min).


Enantioselective addition of diethylzinc to N-diphenylphosphinoyl benzal-
imine (4a, 1 mmol) in the presence of 3c (1 mmol): Imine 5a (305.0 mg,
1 mmol) and amino alcohol 3c (345.1 mg, 1 mmol) were dissolved in tolu-
ene (20 mL) under argon. Et2Zn in hexane (1m, 5 mL, 5 mmol) was
added dropwise to the mixture at 0±5 8C. After the reaction mixture had


been stirred for 48 h at room temperature, the reaction was quenched
with saturated aqueous ammonium chloride, and the aqueous layer was
extracted with CH2Cl2 (3î30 mL). The combined organic layers were
washed with brine, and dried over anhydrous Na2SO4. After evaporation
of the solvent, the residue was purified through column chromatography
on silica gel to give 6a as a white solid (324.8 mg). Yield: 97%; The
enantiomeric excess of 98% with the R isomer as the major product was
determined by HPLC (ChiracelAD column, hexane/propan-2-ol 80:20;
flow rate 1 mLmin�1; R isomer, tR 7.05 min and S isomer, tR 9.28 min).


N-[1-(4-Methoxyphenyl)propyl]-P,P-diphenylphosphinoylamide (6b):
This compound was obtained as a white solid (32.5 mg) in 89% yield;
[a]15D = ++50.0 (c = 0.122 in acetone); the enantiomeric excess of 97%
with the R isomer as the major product was determined by HPLC (Chir-
acelAD column, hexane/propan-2-ol 80:20; flow rate 1 mLmin�1; R
isomer, tR 10.54 min and S isomer, tR 13.15 min).


N-{1-[3,4-(Methylenedioxy)phenyl]propyl}-P,P-diphenylphosphinamide
(6c): This compound was obtained as a white solid (34.7 mg) in 92%
yield; [a]15D = ++58.49 (c = 0.106, acetone); the enantiomeric excess of
97% with the R isomer as the major product was determined by HPLC
(ChiracelAD column, hexane/propan-2-ol 80:20; flow rate 1 mLmin�1; R
isomer, tR 8.32 min and S isomer, tR 13.82 min)


N-[1-(4-Methylphenyl)propyl]-P,P-diphenylphosphinoylamide (6d): This
compound was obtained as a white solid (33.3 mg) in 95% yield; [a]15D =


+47.08 (c = 0.24 in acetone); the enantiomeric excess of 98% with the
R isomer as the major product was determined by HPLC (ChiracelAD
column, hexane/propan-2-ol 92:8; flow rate 1 mLmin�1; R isomer, tR
7.79 min and S isomer, tR 9.44 min)


N-[1-(3-Methylphenyl)propyl]-P,P-diphenylphosphinamide (6e): This
compound was obtained as a white solid (30.1 mg) in 86% yield; [a]15D =


+21.43 (c = 0.154 in acetone); the enantiomeric excess of 96% with the
R isomer as the major product was determined by HPLC (ChiracelAD
column, hexane/propan-2-ol = 90:10; flow rate 1 mLmin�1; R isomer, tR
5.82 min and S isomer, tR 9.59 min)


Enantioselective addition of dibutylzinc to N-diphenylphosphinoyl benzal-
imine (5a, 0.1 mmol) in the presence of 3c (0.1 mmol)


N-(1-Phenylpentyl)-P,P-diphenylphosphinoylamide (8a): This compound
was obtained as a white solid in 67% yield; m.p. 165±166 8C; [a]15D =


+24.74 (c = 0.19 in acetone); 1H NMR (300 MHz, CDCl3): d = 0.80 (t,
J = 6.8 Hz, 3H), 1.07±1.1.24 (m, 4H), 1.83±2.07 (m, 2H), 4.15 (m, 1H),
7.14±7.49 (m, 10H), 7.75±7.88 ppm (m, 5H); 13C NMR (75 MHz, CDCl3):
d = 13.8, 22.3, 28.1, 39.4, 55.8, 126.4, 126.9, 128.1, 128.3, 128.4, 130.9,
131.6, 131.7, 131.8, 132.2, 132.4, 132.5, 143.8 ppm; IR (Nujol): ñ = 3221
(NH), 1183 (P=O) cm�1; MS (EI): m/z (%): 363 [M]+, 305 [M�Bu], 216
[Ph2PONH]+, 201 [Ph2PO]+; elemental analysis calcd (%) for
C23H26NOP: C 76.01, H 7.21, N, 3.85; found: C 75.71, H 7.27, N 3.99. The
enantiomeric excess of 97% with the R isomer as the major product was
determined by HPLC (ChiracelOD column, hexane/propan-2-ol 80:20;
flow rate 1 mLmin�1; R isomer, tR 3.583 min and S isomer, tR 5.169 min).


N-[1-(4-Methoxyphenyl)pentyl]-P,P-diphenylphosphinoylamide (8b):
This compound was obtained as a white solid in 50% yield; m.p. 135±
136 8C; [a]15D = ++40.00 (c = 0.02 in acetone); 1H NMR (300 MHz,
CDCl3): d = 0.80 (t, J = 6.6 Hz, 3H), 1.07±1.21 (m, 4H), 1.78±2.0 (m,
2H), 3.32 (m, 1H), 3.80 (s, 3H), 4.06±4.11 (m, 1H), 6.81±7.47 (m, 10H),
7.73±7.87 ppm (m, 4H); 13C NMR (75 MHz, CDCl3): d = 13.8, 22.3, 28.2,
39.3, 55.1, 55.2, 113.7, 127.5, 128.1, 128.2, 128.4, 131.2, 131.5, 131.5, 131.6,
131.7, 131.8, 132.4, 132.5, 133.0, 134.1, 136.0, 158.4 ppm; IR (Nujol): ñ =


3128(NH), 1189 (P=O) cm�1; MS (EI): m/z (%): 394 [M+1]+, 337
[M+1�Bu], 336 [M�Bu], 319 [M�Bu�16 [Ph2PONH]+, 201 [Ph2PO]+,
192 [M�O]+, 136 [M+1�Ph2PO�Bu]+; elemental analysis calcd (%) for
C24H28NO2P: C 73.26, H 7.17, N 3.56; found: C 73.29, H 7.23, N 3.38 .
The enantiomeric excess of 95% with the R isomer as the major product
was determined by HPLC (ChiracelOD column, hexane/propan-2-ol
80:20; flow rate 1 mLmin�1; R isomer, tR 4.294 min and S isomer, tR
5.534 min).


N-{1-[3,4-(Methylenedioxy)phenyl]pentyl}-P,P-diphenylphosphinamide
(8c): This compound was obtained as a white solid in 57% yield; m.p.
159 8C; [a]15D = ++42.50 (c = 0.12 in acetone); 1H NMR (300 MHz,
CDCl3): d = 0.80 (t, J = 6.0 Hz, 3H), 1.09±1.43 (m, 5H), 1.71±2.00 (m,
2H), 3.17±3.29 (br s, 2H,), 4.06 (m, 1H), 6.55±6.70 (m, 3H), 7.27±
7.87 ppm (m, 10H); 13C NMR (75 MHz, CDCl3): d = 13.8, 22.2, 28.2,
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39.4, 55.6, 100.8, 106.6, 107.9, 119.9, 127.6,128.4, 131.2, 131.6, 131.8, 132.4,
132.5, 132.9, 137.8, 146.3, 147.6 ppm; IR (Nujol): ñ = 3157 (NH), 1249
(C-O-C), 1192 (P=O), 1042 (C-O-C) cm�1; MS (EI): m/z (%): 201 (70)
[Ph2PO]+, 206 (100) [M+1�Ph2PO]+, 350 (65) [M�C4H9], 408 [M+1]; el-
emental analysis calcd (%) for C24H26NO3P: C 70.75, H 6.43, N, 3.44;
found: C 70.51, H 6.50, N 3.78 . The enantiomeric excess of 97% with
the R isomer as the major product was determined by HPLC (Chirace-
lOD column, hexane/propan-2-ol 80:20; flow rate 1 mLmin�1; R isomer,
tR 4.801 min and S isomer, tR 6.389 min).


N-[1-(4-Methylphenyl)pentyl]-P,P-diphenylphosphinoylamide (8d): This
compound was obtained as a white solid in 63% yield; m.p. 146.0±
146.3 8C; [a]15D = ++31.82 (c = 0.132 in acetone); 1H NMR (300 MHz,
CDCl3): d = 0.80 (t, J = 6.5 Hz, 3H), 1.02±1.1.25 (m, 4H), 1.83±1.96 (m,
2H), 2.35 (s, 1H), 4.09±4.14 (1H, m), 7.03±7.49 (10H, m), 7.76±7.90 ppm
(4H, m); 13C NMR (75 MHz, CDCl3): d = 13.8, 21.0, 22.3, 28.2, 39.2,
39.3, 55.6, 126.3, 128.1, 128.2, 128.4, 129.1, 131.1,131.6, 131.8, 132.3, 132.4,
132.6, 132.8, 136.5, 140.8 ppm; IR (Nujol): ñ = 3137(NH), 1191 (P=
O) cm�1; MS (EI): m/z (%): 377 [M]+, 376 [M�1], 321 [M+1�Bu], 320
[M�Bu], 216 [Ph2PONH]+, 201 [Ph2PO]+, 176 [M�Ph2PO]+; elemental
analysis calcd (%) for C24H28NOP: C 76.37, H 7.48, N, 3.71; found: C
76.11, H 7.34, N 3.62. The enantiomeric excess of 95% with the R isomer
as the major product was determined by HPLC (ChiracelOD column,
hexane/propan-2-ol 80:20; flow rate 1 mLmin�1; R isomer, tR 3.627 min
and S isomer, tR 4.665 min).


N-[1-(3-Methylphenyl)pentyl]-P,P-diphenylphosphinoylamide (8e): This
compound was obtained as a white solid in 55% yield; m.p. 149 8C; [a]15D
= ++21.43 (c = 0.154 in acetone); 1H NMR (300 MHz, CDCl3): d = 0.80
(t, J = 6.6 Hz, 3H), 1.08±1.23 (m, 4H), 1.81±1.97 (m, 2H), 2.31 (s, 3H),
4.09±4.11 (m, 1H), 6.90±7.48 (m, 10H), 7.73±7.87 ppm (m, 4H);
13C NMR (75 MHz, CDCl3): d = 13.8, 21.4, 22.3, 28.2, 39.3, 55.8, 123.3,
127.7, 127.7,128.0, 128.2, 128.4, 131.5, 131.7, 131.8, 132.5, 137.9,
143.7 ppm; IR (Nujol): ñ = 3157(NH), 1250, 1193 (P=O) cm�1; MS (EI):
m/z (%): 377 [M]+, 321 [M+1�Bu], 320 [M�Bu], 319 [M�Bu�1], 216
[Ph2PONH]+, 201 [Ph2PO]+, 176 [M�Ph2PO]+; elemental analysis calcd
(%) for C24H28NOP: C 76.37, H 7.48, N, 3.71; found: C 76.24, H 7.50, N
3.68. The enantiomeric excess of 95% with the R isomer as the major
product was determined by HPLC (ChiracelOD column, hexane/propan-
2-ol 80:20; flow rate 1 mLmin�1; R isomer, tR 3.531 min and S isomer, tR
4.604 min).


N-[1-(4-Bromophenyl)pentyl]-P,P-diphenylphosphinoylamide (8 f): This
compound was obtained as a white solid in 59% yield; [a]15D = ++51.79
(c = 0.112 in acetone); 1H NMR (300 MHz, CDCl3): d = 0.81 (t, J =


6.6 Hz, 3H), 1.06±1.1.26 (m, 4H), 1.75±1.94 (m, 2H), 3.21±3.25 (m, 1H),
4.09±4.14 (m, 1H), 7.01±7.47 (m, 10H), 7.74±7.87 ppm (m, 4H);
13C NMR (75 MHz, CDCl3): d = 13.8, 22.3, 28.1, 30.8, 39.2, 55.1, 120.6,
128.1, 128.2, 128.3, 128.4, 130.9, 131.4, 131.6, 131.8, 131.9, 132.3, 132.4,
132.7, 133.7, 142.9 ppm; IR (Nujol): ñ = 3194 (NH), 1183 (P=O) cm�1;
HRMS calcd for C23H25BrNOP: 442.0930, found 442.0953. The enantio-
meric excess of 96% with the R isomer as the major product was deter-
mined by HPLC (ChiracelOD column, hexane/propan-2-ol 80:20; flow
rate 1 mLmin�1; R isomer, tR 3.945 min and S isomer, tR 5.134 min).
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Towards Ordered Architectures: Self-Assembly and Stepwise Procedures to
the Hexameric Metallomacrocycles [Arylbis(terpyridinyl)6Fe


II
6�n-RuII


n]
(n=0,2,3,5)


George R. Newkome,*[a] Tae Joon Cho,[a] Charles N. Moorefield,[a]


Prabhu P. Mohapatra,[a] and Luis A. GodÌnez[b]


Introduction


Construction of highly ordered, regularly repeating molecu-
lar architectures[1] through self-assembly techniques is of in-
terest from a variety of supramolecular perspectives, which
leads to utilitarian applications in molecular electronics,[2,5]


catalysis,[6±11] luminescence,[12±15] advanced drugs,[16±22] unimo-
lecular micelles,[21,23±28] nanoscale structures and devi-
ces,[23,29±32] and crystal engineering.[33±38] Access to such mate-
rials has been greatly facilitated by the arrival of ™modular∫
synthetic methods[39] that allow the preparation of dendritic
(fractal),[40] and other well-defined, specifically hexame-
ric[41±51] constructs.[52±59] Primary focus of this strategy in-
volves the use of similar monomers for the pre-determined
assembly of ™higher-ordered∫ structures that possess greater
utility or differing properties to that of the monomers alone
–a tenant professed by supramolecular chemistry[60] as envi-
sioned by Lehn.[61±65]


Predicated on the stability and ubiquity of benzenoid ar-
chitectures in classical carbon-chemistry, we surmised that


1208 juxtaposed bis(terpyridine) moieties would facilitate
the creation of ™benzenoid-based∫ metallomacrocycles by
the formation of well known pseudo-octahedral, terpyri-
dine±metal±terpyridine [±<M>±] complexes. Development
of the requisite building blocks was facilitated by standard
procedures for terpyridine construction.[66,67]


Results


Recently, we reported an efficient, one-step, irreversible,
high-yield assembly of stable hexagonal metallomacrocycles
(1), based on [±<Ru>±] connectivity.[68±70] (Figure 1). In this
report, we describe the extension of the synthetic procedure
to mixed FeII- and RuII-based metallomacrocycles, which
leads to predictable metal connectivity patterns that can be
analyzed both spectroscopically and electrochemically. Ben-
efits of using iron, as the connective metal center, include a
more simplified synthetic procedure for the formation of the
[±<Fe>±] complexes, without the need for the reduction
step associated with the RuIII to RuII transformation.


We employed the readily available bis(terpyridine) mono-
mers that possess a 1208 angle with respect to the two ligat-
ing moieties for the construction of hexagonal architectures,
that possess different peripheral functional groups based on
3,5-bis(2,2’:6’,2’’-terpyridin-4’-yl)toluene (3), which was pre-
viously reported (Scheme 1).[70] Also, as a prelude to the
preparation of Fe-based hexamers, and for comparative pur-
poses, a known [(tpy)2Fe


II] complex[71] (5) was prepared


[a] G. R. Newkome, T. J. Cho, C. N. Moorefield, P. P. Mohapatra
Departments of Polymer Science and Chemistry
Goodyear Polymer Center, University of Akron
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E-mail : newkome@uakron.edu


[b] L. A. GodÌnez
Centro de InvestigaciÛn y Desarrollo
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Querÿtaro (Mÿxico)


Abstract: Hexameric metallomacrocy-
cles are a new class of ordered rigid-
macromolecules which possess unique
structural, electronic, and physical
characteristics. Directed- and self-as-
sembly methods for the construction of
these stable bis(terpyridine)-based ma-
terials are investigated by using both
FeII and RuII as the coordinating


metals. These heterometallomacrocy-
cles and their homocounterparts are
structurally compared, and their at-
tendant electrochemical properties are


analyzed and evaluated. These studies
demonstrate the potential to create
stable, nanoscale, doughnut-shaped,
molecular assemblies with envisioned
ramifications for energy storage and re-
lease, as well as nanoscale molecular
electronic and magnetic devices.


Keywords: iron ¥ metallomacro-
cycles ¥ ruthenium ¥ self-assembly ¥
terpyridine
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(97%) by using 4-(2,2’:6’,6’’-terpyridin-4’-yl)toluene[72] (4).
This complex exhibited (1H NMR spectroscopy) a downfield
shift for the 3’,5’-tpyH (s; d=9.15, Dd=++0.32), and an up-
field shift of the 6,6’’-tpyH (d; d=7.17, Dd=�1.6) relative
to that of the starting ligand; MS (ESI-MS: 846.4, 351.1;
calcd: 846.8 [M�1PF6]


+ , 351.1 [M�2PF6/z]
+ , z=2) was in


accord with the assigned structure.
The related diamagnetic, hexameric FeII metallomacrocy-


cle (6) was prepared, through self-assembly, (>85%) by re-
acting one equivalent of the corresponding bis(terpyridine)
ligand[70] (3), with one equivalent of FeCl2¥4H2O
(Scheme 1). The spectra (1H NMR) of macrocycle 6 re-
vealed a singlet at d=2.92 ppm for the external (peripheral)
methyl moiety, which suggests the presence of a single ho-
mogenous environment for all such groups; this would be in
contrast to that expected for either linear or polymeric
oligomers, in which more complex patterns would be envi-
sioned. Also present, was a spike at d=8.52 for the 4,6-ArH
as well as notable upfield and downfield shifts for the dou-
blets for 6,6’’-tpyH (d=7.32, Dd=�1.45) and 3’,5’-tpyH
(d=9.48, Dd=++0.65), respectively, relative to correspond-
ing absorptions characterizing the uncomplexed (bis)terpyri-


dine (3). COSY (correlation spectroscopy), NOESY (nucle-
ar overhauser and exchange spectroscopy), and HETCOR
(heteronuclear chemical-shift correlation spectroscopy) ex-
periments were performed on the bis(terpyridine) monomer
3, and the self-assembled metallomacrocycle 6 verifying the
peak assignments and coupling patterns. UV absorption
spectra of macrocycles (6) exhibited a 6.1 (e=1.32î105)
fold increase for measured extinction coefficients (lmax=


576 nm), due to metal-to-ligand charge-transfer (MLCT)
bands,[73] relative to the analogous recorded coefficient for
the Ar±<Fe>±Ar (5 ; Ar=p-tolyl; e=2.1î104).


Access to more complex building blocks prompted the
construction of heteronuclear (mixed FeII and RuII com-
plexes) hexagonal macrocycles through a semi-self-assembly
approach. Reaction of one equivalent of the diamagnetic
bis-complex[70] 7 with one equivalent of FeCl2¥4H2O gave
macrocycle 9 (85%), which exhibited (1H NMR) two dis-


tinct singlets at d=2.89 and
2.85 in a 2:1 ratio for the
methyl groups flanked by either
Ru/Fe or Ru/Ru, respectively;
this was indicative of their para-
type juxtaposition between the
Fe metal centers, as well, the
6,6’’-tpyH and 3’,5’-tpyH ab-
sorptions, which were also ob-
served as two sets of resolved
peaks due to the coordination
spheres [d=7.55, 8H (Ru);
7.27, 4H (Fe) and d=9.27; 8H
(Ru); 9.44, 4H (Fe)]. An addi-
tional supporting resonance
that appeared at d=8.38±8.44
(4,6-ArH) was also observed as
an asymmetric multiplet due to
neighboring Fe and Ru coordi-
nation effects; this is in sharp


contrast to the singlets recorded for the corresponding posi-
tions in the spectra of Fe hexamer 6 and the Ru hexamer
1a.


Construction of the heteronuclear metallocycle 10
(Scheme 2), which possesses alternating Fe and Ru coordi-
nation centers was accomplished by preparation of the mono-
RuII-[bis(diterpiridinyl)] dimer 8 (21%), and reacting it with
a 2:1 ratio of bis(terpyridine) (3) and RuCl3¥H2O under
high-dilution conditions; attempts to increase the yield of
this precursor were unsuccessful, since the macrocyclization
process that afforded the hexamer was competitive with
simple dimer formation. The precursor 8 was purified by
column chromatography (Al2O3), eluting a H2O:MeCN:-
KNO3 (1:7:1) solvent mixture, to afford a pure red solid.
Structural support for the bis(terpyridinyl) dimer (8) includ-
ed (1H NMR spectroscopy) resonances for the 6,6’’-tpyH of
coordinated terpyridine moiety (d=7.48), and the analogous
free-terpyridine protons (d=8.71). Also, resonances attrib-
uted to the 4,6-ArH and 3’,5’-tpyH positions of the singular-
ly coordinated bis(terpyridine) units were observed as ex-
pected [d=7.96 (1H, free), 8.48 (1H, coordinated), 8.95
(2H, free), and 9.15 ppm (2H, coordinated), respectively].


Figure 1. Hexa(RuII) complexes (±<Ru>6±; 1a, 1b).


Scheme 1. a) Synthesis of a bis(terpyridine) monomer 3 : i) 4 equivs 2-acetylpyridine, NaOH, EtOH, 20 h,
25 8C; ii) NH4OAc, AcOH, 4 h, reflux; b) Preparation of hexameric FeII complex (±<Fe>6±; 6) by a one-step
procedure: i) 1 equiv FeCl2¥4H2O, MeOH/THF (4:1), 12 h, reflux; ii) MeOH, NH4PF6; c) Synthesis of a model
terpyridine FeII complex 5 : i) 1 equiv FeCl2¥4H2O, MeOH, 12 h, reflux; ii) MeOH, NH4PF6.
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The ESI-mass spectrum for 8 displayed a dominant molecu-
lar ion peak at m/z=605.0, calcd 604.6 [M�2Cl]+ .


Reaction of one equivalent of FeCl2 with the bis(diterpiri-
dinyl)monoruthenium precursor 8 gave the desired alternat-
ing heteronuclear metallomacrocycle 10 (82%). The alter-
nating architecture of 10 exhibited (1H NMR, Figure 2) sig-


nals for the 6,6’’-tpyH and 3’,5’-tpyH protons that were div-
ided into two sets of peaks d=7.29 (Fe), 7.55 (Ru) and 9.28
(Ru), 9.47 ppm (Fe) all inte-
grating for two hydrogens with
notable upfield (6,6™-tpyH, d=
7.29, Fe, Dd=�1.42) and down-
field (3’,5’-tpyH, d=9.47, Fe,
Dd=++0.52) shifts relative to
that observed for the free ter-
pyridine moieties of 8. Other
characteristic resonances at d=
8.40±8.46, assigned to the 4,6-


ArH, were observed as two
symmetric singlets due to
neighboring Ru and Fe coordi-
nation; this is in contrast to the
corresponding singlets of all Ru
(1a) and Fe (6) hexamers.
Proton data for the heteronu-
clear hexamers 9 and 10 are rel-
ative to that of the Ru (1a) and
Fe (6) hexamers, as shown in
Table 1.


Finally, construction, shown
in Scheme 3, of the heteronu-
clear metallocycle 14, which
possesses one Fe and five Ru
coordination centers was ac-
complished through preparation
of the trisRuII-bis(terpyridine)-
tetramer (11, 14%) by a con-
trolled stepwise assembly pro-
cedure of 8 with two equiva-
lents of RuCl3¥H2O, and an
excess of 3. Structural support


for the bis(terpyridinyl) tetramer (11) included (1H NMR)
two singlets at d=2.89 and 2.75 ppm in a 1:1 ratio for the
methyl groups, and two singlets at d=9.71 and 9.45 ppm in
a 3:1 ratio for the 3’,5’-tpyH positions. The ESI-mass spec-
trum displayed a peak at m/z=876.2, calcd 876 [M�3Cl]+3.
Treatment of precursor 11 with two equivalents of
RuCl3¥3H2O gave the corresponding paramagnetic bis(RuIII)
adduct 12, which when treated with two equivalents of 3
generated intermediate 13 whose spectral composition was
complicated, but possessed terminal terpyridine signals (d=
9.04, 8.95, 8.77, 8.69, 8.33, 7.90, 7.55 ppm). Since it would be
easier to analyze the cyclic hexamer due to the instilled sim-
plicity based on symmetry considerations, treatment of 13
with one equivalent of methanolic FeCl2 gave the desired
heteronuclear metallomacrocycle 14, (85%, overall). Struc-
tural support for the metallomacrocycle 14 included (1H
NMR) two singlets at d=2.92 and 2.89 ppm in a 1:2 ratio
for the methyl groups flanked by either Ru/Fe or Ru/Ru, re-
spectively, also, two singlets at d=9.91 and 9.72 ppm in a 1:5
ratio for the 3’,5’-tpyH positions. The ESI-mass spectrum
displayed a peak at m/z=682.8, calcd 683 [M�6Cl]+6.


Further support for the proposed structures of heteronu-
clear metallomacrocycles 9, 10, and 14 was provided by ob-
servation of their UV absorption spectra (MeCN at 25 8C).
All the macrocycles exhibited two MLCT bands attributed
to the ±<Ru>± and ±<Fe>± complexes at lmax 496 nm (e=


Scheme 2. Di- and mono(RuII) monomers, 7 and 8, for the construction of heteronuclear macrocycles
±<Ru>4±±<Fe>±2 (9), ±<Ru>3±±<Fe>3± (10), respectively: a) i) 1 equiv FeCl2¥4H2O, MeOH, 12 h, reflux;
ii) MeOH, NH4PF6.


Figure 2. Aromatic region of the 1H NMR (750 MHz) for the (±<Ru>±3
±<Fe>±3) hexamer 10 (* denotes a slight impurity).


Table 1. Correlated 1H NMR data for complexes ±<Ru>6± (1a), ±<Fe>6± (6), ±<Ru>4±<Fe>2± (9), Ru> 3


<Fe>2± (10).


Ar2 Ar4,6 3’, 5’ 3, 3’’ 4, 4’’ 5, 5’’ 6, 6’’


1a 8.87, s 8.41, s 9.37, s 8.87, d 8.06, dd 7.31, dd 7.62, d
6 9.00, s 8.52, s 9.48, s 8.78, d 7.98, dd 7.17, dd 7.32, d
9 8.94, s 8.38~8.44, 9.27, s 8.79, m 8.00, m 7.27, m 7.55, d


8.79, s 9.44, s 7.15, dd 7.27, m
10 8.89, s 8.40, s 9.28, s 8.85, d 8.00, dd 7.27, dd 7.55, d


8.46, s 9.47, s 8.78, d 7.95, dd 7.19, dd 7.29, d
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9.9î104, 9 ; 7.44î104, 10 ; 12.4î104, 14) and 576 (e=4.86î
104, 9 ; 5.82î104, 10 ; 2.48î104, 14), respectively. Extinction
coefficients for the Ru-tpy MLCT bands of 9, 10, and 14 ex-
hibited a 3.7, 3, and 5-fold increase for lmax at 496 nm, re-
spectively, relative to the analogous coefficient (e=24800)
for the Ar±<Ru>±Ar complex (Ar=4-tolyl, not shown).
Similarly, extinction coefficients for the Ar±<Fe>±Ar
MLCT bands of 9, 10, and 14 revealed a 2.2-, 2.7-, and 1-
fold increase for lmax at 576 nm, respectively, relative to the
analogous coefficient for Ar±<Fe>±Ar.


An insight into the structural aspects of these stable met-
allohexamers is obtained by cyclic voltammetry (CV) ex-
periments. The mono-(FeII) complex 5 and macrocycle 6
showed, as expected, very similar electrochemical responses.
Figure 3b, for example, shows the voltammetric response of
6, which exhibits two overlapped waves that according to
Chow and co-workers,[74] did not correspond to the reduc-
tion of the terpyridine ligands, but to the sequential monoe-
lectronic reduction of the iron atoms during the cathodic
scan, and their corresponding oxidation processes in the
anodic part of the voltammogram. Although the two waves
were overlapped for the Fe redox processes, the values of
the half-wave potentials for the couples FeII/FeI and FeI/Fe0


could be obtained by using the method of Myers and
Shain.[75,76] The potential values are reported in Table 2, and
revealed that the mono-(FeII) tpy complex was reduced at
potentials about 25 mV more negative than their cyclic
counterpart 6, which suggests that the reduction of the mac-
rocycle required less energy. Since the Fe reduction for both
complexes was directly related to a decrease in the electro-


static interaction that holds the organometallic complexes
together, less energy was required to diminish the electro-
static stability of macrocycle 6 relative to the mono com-


Scheme 3. Construction of the ±<Ru>5±<Fe>± Hexamer 14 : a) 2 equivs RuCl3¥3H2O, EtOH, 12 h, reflux; b) 2 equivs 3, N-ethylmorpholine, MeOH, 12 h,
reflux; c) 1 equiv FeCl2¥4H2O, MeOH, 12 h, 25 8C.


Figure 3. CV responses of approximately 1mm solutions of a) 1a, b) 6,
c) 9, and d) 10 in 0.1m Bu4NBF4 and DMF (ñ=100 mVs�1, 298 K) by
using a graphite-working electrode. All potentials are referenced against
the potential of the ferrocenium/ferrocene couple.
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plex. These results could be explained in terms of the mac-
rocyclic rigidity of 6 which, relative to its smaller mono(Fe)
counterpart, should favor the electrochemical reduction of
the Fe cations.


Electrochemical experiments with the binuclear metallo-
macrocycles 9, 10, and 14 in the same potential region
showed a voltammetric response with characteristics similar
to homo-metallic constructs 6 and 1a. The voltammogram
of 9 (i.e. , Figure 3c) shows two waves, of which the first is
particularly wide. Comparison of this voltammogram with
those of homo-metallic complexes (1a and 6, Figure 3a and
b, respectively) suggested that, since the most positive peak
was actually a combination of three closely-spaced signals
that corresponded to two Fe and one terpyridine related
processes, the second wave should be due to the redox activ-
ity of one of the terpyridine units non-covalently bonded to
the Ru atoms. Peak assignments were further supported by
the voltammetric response of complex 10, which as observed
in Figure 3d, was characterized by two waves that appeared
at roughly the same potentials of those for 9, but displayed
different relative sizes. The shape of the voltammetric re-
sponse of 10 appeared as the sum of those showed by the
homonuclear complexes, and the observed difference in the
relative currents was consistent with the proposed chemical
structures of the heterometallomacrocycles 9 and 10. Thus,
complex 10 has one less Ru atom than 9, and therefore ex-
hibited a smaller relative current in the most negative wave,
which, according to the results obtained for 1a, was a signal
associated with the reduction of one of the terpyridine moi-
eties that surrounds a Ru atom (see Figure 3a). Complemen-
tary to this observation, the most positive wave for 10 clear-
ly showed a larger relative current that was consistent with
the fact that this species had one more Fe atom than com-
plex 9.


Notably, substitution of two and three Ru atoms for Fe
metallic centers changed the structure reduced products in
such a way that, in contrast to 1a, the resulting neutral spe-
cies did not adsorb on the electrode surface (see Fig-
ure 3a).[70] The voltammetric behavior of these complexes
was also explored in the potential region in which the metal-
lic centers were oxidized to the M3+ state. The Ru and Fe
atoms in complexes 1a and 6 showed redox waves at poten-
tials separated by about 140 mV. The corresponding data,
presented in Table 2, further revealed that their half-wave
potential was less positive than those of their smaller


mono(Ru) (0.832 V)[70] and
mono(Fe) counterparts, as well
as, their peak-to-peak separa-
tion, which was larger than the
~60 mV DEp that characterized
the reversible electron-transfer
processes for the mono-
metallic building blocks. These
observations were consistent
with the improved basicity that
the resonant macrocyclic struc-
ture of 1a and 6 supplied to the
terpyridine units,[77] and a small
chemical grouping between the


electroactive centers; this consequently resulted in the
larger peak-to-peak separation.[78] The CV experiments with
the binuclear macrocycles 9 and 10 further confirmed their
proposed chemical structure. The voltammetric response of
these complexes showed two redox waves positioned at the
potentials that characterized the electrochemical signals of
the Ru and Fe metals. Furthermore, the relative currents as-
sociated with these waves clearly indicate that the relative
amounts of Ru and Fe atoms in each complex correspond to
those of their chemical structure. Thus, since 9 exhibited a
larger relative Ru associated current at the more positive
wave, macrocycle 10 showed approximately the same cur-
rent for the Fe and Ru redox processes.


Conclusion


The self-assembly of hexameric architectures, which employ
both ±<Ru>± and ±<Fe>± connectivity, and results in stable
heteronuclear metallomacrocycles has been achieved. Their
stepwise construction permits the specific introduction of
different metal centers, coupled with the ability to tailor the
periphery of the hexamacrocycles; this afforded entry into
novel shape-persistent architectures and cores for dendritic
construction. The reversible redox characteristics of this
family of metallohexamers suggests that they are ideal can-
didates for electron storage. The intra- and intermolecular
electron transfer and related supramolecular properties are
currently being evaluated.


Experimental Section


Materials and methods : Chemicals were purchased from Aldrich and
used without further purification. Thin layer chromatography (TLC) was
conducted on flexible sheets precoated with aluminum oxide IB-F or
silica gel IB2-F (Baker-flex), and visualized by UV light. Column chro-
matography was conducted by using neutral/basic alumina, Brockman
Activity I (60±325 mesh), or silica gel (60±200 mesh) from Fisher Scientif-
ic. Melting points were determined on an Electrothermal 9100 heater. 1H
and 13C NMR spectra were recorded on Bruker DPX250 and Varian
Unity Inova750 spectrometers; all samples were run in CDCl3, except
where noted. IR spectra were recorded on an ATI Matheson Genesis
FTIR spectrophotometer. Absorption spectra were measured in MeCN
solution at 25 8C with a Hewlett±Packard 8452A diode array spectropho-
tometer. Mass spectra were obtained on Bruker Esquire API Electro-
spray Ion-trap mass spectrometer. The electrochemical experiments were


Table 2. Cyclic voltammetry (CV) data for complexes ±<Ru>6± (1a), ±<Fe>± (5), ±<Fe>6± (6), ±<Ru> 4<Fe>2±
(9), ±<Ru> 3<Fe>3± (10), and <Ru> 5<Fe>± (14) in 0.1m Bu4NBF4 and DMF (ñ=100 mVs�1, 298 K).


E1/2(DEp) [V]


FeI/Fe0 FeII/FeI FeIII/FeII RuIII/RuII


5 �1.734 (0.058) �1.594 (0.058) 0.766 (0.058)
6 �1.709 (0.058) �1.569 (0.058) 0.657 (0.083)
9[a] 0.655 (0.081) 0.810 (0.091)
10[a] 0.655 (0.083) 0.808 (0.090)
14[a] 0.654 (0.083) 0.807 (0.090)
1a adsorption, �1.622 (0.075) 0.798 (0.091)


[a] Combination of peaks due to the overlap of the Fe- and Ru-terpyridine responses.
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performed by using a PGZ301 Potentiostat, which was programmed and
controlled by means of a computer loaded with the Voltamaster 4 soft-
ware (Radiometer, Copenhagen). Resistance compensation for all the ex-
periments was automatically computed and corrected by the software in
the ™static automatic∫ mode. All the cyclic voltammetry measurements
were conducted in anhydrous DMF solutions, that contained an electro-
active compound (~1.0mm) and tetrabutylammonium tetrafluoroborate
(Bu4NBF4, 0.1m), as the supporting electrolyte. The electrochemical cell
consisted of a 2.0 mL conical vial fitted with a graphite-working electrode
(previously polished in sequential steps with alumina and diamond pol-
ishing compound on a felt surface), a silver pseudo-reference electrode,
and a platinum wire as a counter electrode (Cypress System, Lawrance,
KS). Dry N2 gas was bubbled carefully through the electroactive solution
for at least 10 minutes before each measurement in order to deoxygenate
the solution. All the potentials reported in this work were measured
against the ferrocene/ferrocenium redox couple.


[Fe(4)2][PF6]2 (5): This compound was prepared in 97% yield by a re-
ported procedure.[71]


[Fe6(3)6][PF6]12 (6): The MeOH solution of 1.0 equiv of FeCl2¥4H2O
(36 mg, 181 mmol, 1 mL) was added to a solution of 3,5-bis(2,2’:6’,2’’-ter-
pyridin-4’-yl)toluene[70] (3 ; 100 mg, 181 mmol) in MeOH/THF (4:1,
20 mL), then the mixed solution was refluxed for 12 h. After cooling, the
resultant deep-purple solution was filtered (celite), and a slight excess of
methanolic NH4PF6 was added to precipitate the complex, which was
column chromatographed (SiO2) by eluting a H2O/MeCN/KNO3 (1:7:1)
solvent mixture. After chromatography, methanolic NH4PF6 was added
to give 6 (86%) as a microcrystalline purple solid: 140 mg; m.p.>400 8C;
Rf=0.6; 1H NMR (CD3CN): d=2.92 (s, 3H; CH3), 7.17 (dd, 4H,
tpyH5,5’’), 7.32 (d, 4H, tpyH6,6’’), 7.98 (dd, 5H; tpyH4,4’’), 8.52 (s, 2H,
ArH4,6), 8.78 (d, 4H; tpyH3,3’’), 9.00 (s, 1H; ArH2), 9.48 ppm (br s, 4H,
tpyH3’,5’); 13C NMR (DMSO): d=22.16 (CH3), 121.32 (tpyC3’), 123.78
(ArC5+ tpyC3), 127.32 (ArC2), 130.35 (tpyC5), 137.05 (ArC4), 138.52
(tpyC4), 140.10 (ArC1), 148.50 (tpyC4’), 152.35 (tpyC6), 157.48 (tpyC2),
159.63 ppm (tpyC2’); IR (KBr):ñ=3411, 3067, 2928, 1701, 1608, 1540,
1473, 1400, 1034, 840, 788 cm�1; UV/Vis (MeCN) lmax (e)=290 (3.21î
105), 322 (2.13î105), 576 nm (1.32î105); elemental analysis calcd for (%)
C222H156N36Fe6P12F72 (5399)+ (12H2O): C 47.44; H 3.20; N 8.97; found: C
46.94, H 3.02, N 8.82.


[Ru(3)2]Cl2 (8): Bis(terpyridine)ligand (3) (200 mg, 360 mmol) was dis-
solved in n-pentanol (600 mL) at 110 8C, then a solution of RuCl3¥3H2O
(74 mg, 360 mmol) in n-pentanol (225 mL) was added drop wise. The mix-
ture was heated for 12 h at 110 8C. After the solvent was removed in
vacuo, a solution of bis(terpyridine) (3) (200 mg, 360 mmol) and N-ethyl-
morpholine (0.1 mL) in MeOH (500 mL) was added, and then refluxed
for another 12 h. After the solvent and volatiles were removed in vacuo,
the residue was column chromatographed (Al2O3) eluting a H2O/MeCN/
KNO3 (1:7:1) solution to give red solid 8 (21%), which was dried: 50 mg;
320 8C; 1H NMR (CD3CN):d=2.70 (s, 3H, CH3), 7.21 (dd, 2H; tpyH5,5’’,
coordinated), 7.48 (m, 4H; tpyH5,5’’, free+ tpyH6,6’’, coordinated), 7.96 (m,
5H; tpyH4,4’’, both+ArH4,6, free), 8.19 (s, 1H; ArH2), 8.48 (s, 1H; ArH4,6,
coordinated), 8.71 (d, 2H; tpyH6,6’’, free), 8.74 (br, 4H; tpyH3,3’’, both),
8.95 (s, 2H; tpyH3’,5’, free), 9.15 ppm (s, 2H, tpyH3’,5’, coordinated); 13C
NMR (CD3CN) d=21.78, 119.73, 122.12, 122.85, 124.79, 125.42, 125.67,
128.38, 130.32, 131.20, 138.38, 138.88, 140.52, 141.46, 148.60, 150.19,
151.30, 153.31, 156.31, 157.04, 159.17 ppm; ESI-MS: m/z : 605.0
([M�2Cl], z=2, calcd 604.6).


[Ru4(3)6Fe2][PF6]12 (9) The MeOH solution of 1.0 equiv of FeCl2¥4H2O
(5.4 mg, 27 mmol, 1 mL) was added to a solution of [Ru2(3)3][Cl]4


[70] (7;
55 mg, 27 mmol) in MeOH (10 mL), then following the above general
procedure, gave precipitate 9 (85%) as a microcrystalline purple solid:
55 mg; m.p. >400 8C; Rf=0.6; 1H NMR (CD3CN): d=2.85 (s, 3H; CH3,
Ru/Ru), 2.89 (s, 6H; CH3, Ru/Fe), 7.15 (dd, 4H; tpyH5,5’’, Fe), 7.27 (m,
12H, tpyH5,5’’, Ru+ tpyH6,6’’, Fe), 7.55 (d, 8H; tpyH6,6’’, Ru), 8.00 (m,
12H; tpyH4,4’’), 8.38±8.44 (m, asymm., 6H; ArH4,6), 8.79 (br, m+ s, 14H;
tpyH3,3’’+ArH2, Ru/Fe), 8.94 (s, 1H; ArH2, Ru/Ru), 9.27 (s, 8H; tpyH3’,5’,
Ru), 9.44 ppm (s, 4H, tpyH3’,5’, Fe); 13C NMR (DMSO): d=21.75 (CH3),
121.89 (tpyC3’), 124.41 (ArC5+ tpyC3, Fe), 125.19 (ArC5+ tpyC3, Ru),
128.04 (ArC2), 130.33 (tpyC5), 137.78 (ArC4), 138.40 (tpyC4, Ru), 139.16
(tpyC4, Fe), 140.31 (ArC1), 147.00 (tpyC4’, Ru), 148.85 (tpyC4’, Fe), 152.36
(tpyC6), 155.41 (tpyC2, Ru), 158.27 (tpyC2, Fe+ tpyC2’, Ru), 160.27 ppm
(tpyC2’, Fe); IR (KBr):ñ=3429, 3071, 2920, 1605, 1538, 1471, 1396, 1302,


1140, 839, 786 cm�1; UV/Vis (MeCN) lmax (e)=290 (3.10î105), 310
(3.10î105), 496 (9.20î104), 576 nm (4.86î104); elemental analysis calcd
(%) for C222H156N36Ru4Fe2P12F72 (5580): C 47.74, H 2.80, N 9.03; found. C
48.01, H 3.16, N 8.72.


[Ru3(3)6Fe3][PF6]12 (10): The MeOH solution of 1.0 equiv of FeCl2¥4H2O
(15.5 mg, 78 mmol, 1 mL) was added to a solution of [Ru(3)2][Cl]2 (8 ;
100 mg, 78 mmol) in MeOH (20 mL), then following the above general
procedure, gave 10 (82%), as a microcrystalline purple solid: 100 mg;
m.p. >400 8C; Rf=0.6; 1H NMR (CD3CN):d=2.86 (s, 3H; CH3), 7.19
(dd, 2H; tpyH5,5’’, Fe), 7.27 (dd, 2H; tpyH5,5’’, Ru), 7.29 (d, 2H; tpyH6,6’’,
Fe), 7.55 (d, 2H; tpyH6,6’’, Ru), 7.95 (dd, 2H; tpyH4,4’’, Fe), 8.00 (dd, 2H;
tpyH4,4’’, Ru), 8.40 (s, 1H; ArH4,6, Ru), 8.46 (s, 1H; ArH4,6, Fe), 8.78 (d,
2H; tpyH3,3’’, Fe), 8.85 (d, 2H; tpyH3,3’’, Ru), 8.89 (s, 1H; ArH2), 9.28 (s,
2H; tpyH3’,5’, Ru), 9.47 ppm (s, 2H; tpyH3’,5’, Fe); 13C NMR (DMSO): d=
21.55 (CH3), 121.75 (tpyC3’), 124.34 (ArC5+ tpyC3, Fe), 125.02 (ArC5+


tpyC3, Ru), 127.93 (ArC2), 130.63 (tpyC5), 137.53 (ArC4), 138.28 (tpyC4,
Ru), 138.95 (tpyC4, Fe), 140.23 (ArC1), 146.83 (tpyC4’, Ru), 148.96
(tpyC4’, Fe), 152.77 (tpyC6), 155.24 (tpyC2, Ru), 158.27 (tpyC2, Fe), 158.08
(tpyC2’, Ru), 160.11 ppm (tpyC2’, Fe); IR (KBr):ñ=3426, 3077, 2921,
1606, 1540, 1471, 1397, 1300, 1140, 840, 787 cm�1; UV/Vis (MeCN) lmax


(e)=290 (2.56î105), 310 (2.49î105), 496 (7.44î104), 576 nm (5.82î104);
elemental analysis calcd (%) for C222H156F72Fe3N36P12Ru3 (5538.17)+
(6H2O): C 47.22, H 2.99, N, 8.93; found: C 47.20, H 2.93, N 8.97.


[Ru3(3)4]Cl6 (11): RuCl3¥3H2O (37 mg, 180 mmol) was added to a solution
of bis(terpyridine)ligand (3) (200 mg, 360 mmol) in MeOH/THF (2:1,
100 mL), then the solution was refluxed for 12 h. After concentration in
vacuo, the residue was column chromatographed (Al2O3) eluting MeOH
to give the product upon solvent removal. The solid was washed with hot
CHCl3, then dried in vacuo to yield 11 (14%), as a red solid: 140 mg;
m.p.>400 8C; 1H NMR (CD3OD): d=2.75 (s, 6H; CH3, coordinated),
2.89 (s, 6H; CH3, free), 7.33±7.38 (dd, 12H; tpyH5,5’’, coordinated), 7.54
(br, 4H; tpyH5,5’’, free), 7.63±7.65 (d, 4H; tpyH6,6’’, coordinated-inside),
7.68±7.69 (d, 8H; tpyH6,6’’, coordinated-outside), 8.06±8.08 (d, 16H;
tpyH4,4’’, both), 8.35 (s, 2H; ArH2, free), 8.47 (s, 2H; ArH4, free), 8.69 (s,
2H; ArH6, free), 8.75 (d, 4H; tpyH3,3’’, free), 8.94 (s, 4H; ArH4,6, coordi-
nated), 9.02±9.04 (d, 4H; tpyH6,6’’, free), 9.20 (s, 2H; ArH2, coordinated),
9.24±9.27 (d, 12H; tpyH3,3’’, coordinated), 9.45 (s, 4H; tpyH3’,5’, free),
9.71 ppm (s, 12H, tpyH3’,5’, coordinated); 13C NMR (CD3OD): d=21.92,
22.03, 120.21, 123.14, 123.32, 123.76, 125.16, 125.94, 126.39, 126.84, 129.15,
129.68, 130.70, 131.68, 139.27, 139.65, 139.82, 141.11, 142.30, 142.48,
149.95, 150.35, 151.34, 153.50, 157.24, 157.64, 159.97, 160.09 ppm. ESI-
MS: m/z : 876.2 ([M�3Cl], z=3; calcd 876).


[Ru5(3)4]Cl12 (12): The tetrameric precursor 11 (30 mg, 10 mmol) was
added to a solution of RuCl3¥3H2O (4 mg, 20 mmol) in EtOH (30 mL),
and the mixture was refluxed for 12 h. After cooling, the dark red solid
was filtered, washed with cold EtOH, and dried in vacuo to yield 14 as a
dark brown solid: yield: 33 mg (98%); m.p. >400 8C; IR (KBr)ñ=3061,
2923, 2866, 1604, 1540, 1469, 1395 cm�1. This material was used without
further purification.


[Ru5Fe(3)6]Cl12 (14): Bis(terpyridine)ligand 3 (12 mg, 20 mmol), was
added to a suspension of bis(RuIII) adduct 12 (33 mg, 10 mmol) in MeOH,
then N-ethylmorpholine (100 mL) was added; the mixture was then re-
fluxed for 12 h. After cooling, the resulting deep red solution was concen-
trated and dialyzed with a 3500 MWCO RC dialysis membrane in 98%
MeOH. After two days, the red solution inside the membrane was evapo-
rated and dried in vacuo to give intermediate 13 (95%) as a red solid
(42 mg); this showed a complex NMR pattern, but indicated the presence
of the terpyridine termini, and thus was used without further characteri-
zation. An MeOH solution of 1.0 equiv of FeCl2¥4H2O (2 mg, 10 mmol,
1 mL) was added to a stirred solution of the linear penta(RuII) complex
13 (42 mg, 10 mmol) in MeOH (20 mL), and was maintained at 25 8C for
12 h. By following the above procedure, 14 (90%) was produced as a red
solid: 36 mg; m.p.> 400 8C; Rf=0.5; 1H NMR (CD3OD): d=2.89 (s,
12H; CH3, Ru/Ru), 2.92 (s, 6H; CH3, Ru/Fe), 7.37 (m, 24H, tpyH5,5’’,
both), 7.68 (br, 24H; tpyH6,6’’, both), 8.10 (br, 24H, tpyH4,4’’, both), 8.48
(s, 8H; ArH4,6, Ru/Ru), 8.53±8.60 (2 s, 4H; ArH4,6, Ru/Fe), 9.25 (d+ s,
30H; tpyH3,3’’+ ArH2, both), 9.72 (s, 20H; tpyH3’,5’, Ru), 9.91 ppm (s,
4H; tpyH3’,5’, Fe); 13C NMR (DMSO): d=22.02 (CH3, Ru/Ru), 30.84
(CH3, Ru/Fe), 123.71 (C3’), 126.80 (ArC5+ tpyC3, Fe), 129.12 (ArC2),
131.62 (tpyC5), 139.64 (ArC4), 139.78 (tpyC4), 142.48 (ArC1), 149.89
(tpyC4’, Ru), 153.42 (tpyC6), 157.20 (tpyC2, Ru), 160.02 (tpyC2’, Ru),
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162.11 (tpyC2, Fe), 165.79 ppm (tpyC2’, Fe); ESI-MS: m/z : 682.8
([M�6Cl], z=6; calcd 683).
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Multistate/Multifunctional Behaviour of 4’-Hydroxy-6-nitroflavylium:
AWrite-Lock/Read/Unlock/Enable-Erase/Erase Cycle Driven by
Light and pH Stimulation


Margarida C. Moncada,[a, b] A. Jorge Parola,[a] Carlos Lodeiro,[a] Fernando Pina,*[a]


Mauro Maestri,[c] and Vincenzo Balzani[c]


Introduction


Great attention is currently devoted to the development of
molecular-level devices.[1±9] Photochromic compounds and
other systems exhibiting multistate/multifunctional behav-
iour have been proposed as switches and memory ele-
ments.[1,10±13]


In the last few years we have carried out a systematic in-
vestigation on the multistate/multifunctional properties of
photochromic flavylium compounds capable of performing
as molecular-level optical memories.[14,15] The complex net-
work of reactions displayed in acidic medium by these com-
pounds is illustrated in Scheme 1 for the case of the 4’-hy-
droxyflavylium species.[16]


This compound can perform a write±lock±read±unlock±
erase process, that is, a cycle (Figure 1a) in which i) a bit of
information is photochemically ™written∫ on a molecule,
ii) ™locked∫ by a chemical input (+I), iii) ™read∫ by light ab-
sorption, iv) ™unlocked∫ by another chemical input (�I),
and v) ™erased∫ by a photon or thermal energy. This occurs
because, i) the Ct form of the 4’-hydroxyflavylium com-
pound can be photochemically converted into its Cc isomer,
which ii) can be transformed by addition of acid into the
stable AH+ species, and iii) is photostable and can thus be
spectroscopically determined by UV/Vis spectroscopy (Fig-
ure 1b). When necessary, the reaction can be reverted:
iv) addition of a base leads AH+ back to Cc, which v) can
be reconverted to Ct by heating or light excitation.
A necessary requirement for performing the above-men-


tioned cycle is the presence of an energy barrier in order to
prevent a fast cis!trans thermal isomerization. The lack of
this barrier would in fact result in the immediate erasing of
the information written by the trans!cis photochemical re-
action.
Previous studies[14,16] have shown that a hydroxyl substitu-


ent in position 7 decreases the isomerization barrier, where-
as a hydroxyl substituent in position 4’ has the opposite
effect. In order to get more insight concerning the role
played by substituents on the performance of this family of
compounds, we have synthesized a flavylium species bearing
an electron withdrawing nitro group in position 6 and a hy-
droxyl unit in position 4’. We have studied the interconver-
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Abstract: We have investigated the
network of reactions observed for the
photochromic 4’-hydroxy-6-nitroflavyli-
um compound in aqueous solutions
upon pH changes (including pH jump
and stopped flow experiments) and
light excitation. The changes observed
in the NMR and UV/Vis spectra al-
lowed identification of ten different
forms in which this compound can be


transformed depending on the experi-
mental conditions. Equilibrium and ki-
netic constants have been determined.
Compared with other members of the


flavylium family, 4’-hydroxy-6-nitrofla-
vylium is characterized by a large cis!
trans isomerization barrier, and a very
efficient hydration reaction. These pe-
culiar features allow writing, reading,
storing and erasing photonic informa-
tion on 4’-hydroxy-6-nitroflavylium by
a novel cyclic process that involves the
following steps: write-lock/read/unlock/
enable-erase/erase.


Keywords: flavylium salts ¥
heterocycles ¥ molecular devices ¥
optical memories ¥ supramolecular
chemistry
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sion reactions among the various forms of the 4’-hydroxy-6-
nitroflavylium compound in acid and basic media upon light
excitation and changes in the pH of the solution (including
pH jumps and stopped flow experiments) and we have
found that it exhibits some peculiar properties. The com-
plete pattern of processes occurring for this compound is
represented in Scheme 2.


Results and Discussion


Acid media : In acid media, flavylium compounds bearing a
hydroxyl in position 4’ can be present in five fundamental
forms (Schemes 1 and 2), namely the flavylium cation AH+ ,
the quinoidal base A formed upon deprotonation of the fla-
vylium cation, the hemiketal species B obtained by hydra-
tion of the flavylium cation, the cis-chalcone form Cc ob-
tained by tautomerisation of the hemiketal, and the trans-
chalcone Ct form resulting from isomerization of the Cc.[16,2]


AHþ Ð AþHþ Ka ð1Þ


AHþ Ð BþHþ Kh ð2Þ


B Ð Cc Kt ð3Þ


Cc Ð Ct Ki ð4Þ


This set of equilibria can be simplified in one single acid±
base equilibrium, Equation (5), if the A, B, Cc, and Ct spe-
cies are represented together as a generic conjugate base
CB, which is in equilibrium with the flavylium cation
AH+ :[14,15,21, 22]


AHþ Ð CBþHþ K0
a ¼ KaþKhþKhKtþKhKtKi ð5Þ


According to Equation (5), AH+ is the stable form for pH
< pK’a and the set of species CB are stable for pH > pK’a,
(however, as we shall see below, in basic medium other
forms can be obtained, see Scheme 2). A useful way to
obtain information on the network of reactions is to perform
pH jump experiments from pH < pK’a to pH > pK’a, and
to monitor the spectral variations that take place as a func-
tion of time.


Figure 1. A write/lock/read/unlock/erase process in a generic photochromic compound (a) and in the 4’-hydroxyflavylium compound (b).


Scheme 1.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1519 ± 15261520


FULL PAPER



www.chemeurj.org





With a few exceptions, and we will see that the 4’-hy-
droxy-6-nitroflavylium compound is indeed one of them, the
kinetic processes that occur upon such pH jumps can be de-
scribed as follows (Scheme 3): 1) a very fast deprotonation
reaction leads to the complete or partial disappearance of
the flavylium cation AH+ with formation of the quinoidal
base A as a transient product; 2) the hemiketal B and cis-
chalcone Cc species (which are in very fast equilibrium) are
formed through the hydration of the flavylium cation as the
rate determining step; when there is a kinetic barrier to the
cis!trans isomerization, a pseudo equilibrium is reached at
this stage; 3) on a longer time scale, the cis!trans isomeri-
zation reaction leads to the thermodynamic equilibrium,
with formation of Ct.


The pH dependent absorption spectra of dark equilibrat-
ed solutions (two months in the dark at room temperature)
in the case of 4’-hydroxy-6-nitroflavylium are displayed in
Figure 2a. Inspection of this Figure shows that on increasing
pH the absorption band of the flavylium cation (lmax=
450 nm) decreases; additionally an absorption band arises
with shape and energy which are characteristic of the chal-
cone.[14,15] A further investigation has shown that at this
stage about 97% of the trans-chalcone form is present.
From the absorbance variation at 450 nm, a value of �0.6
was obtained for the overall pK’a [Eq. (5)]. This value can
be compared with pK’a 1.9 for the parent 4’-hydroxyflavyli-
um cation,[16] showing that the 6-nitro substituent has a con-
siderable destabilization effect on the cationic form with re-


Scheme 2.


Scheme 3.
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spect to the CB species. This behaviour is due to the very ef-
ficient hydration reaction, see below.
The pH dependence of the absorption spectra was also


examined immediately after the preparation of the solutions
(Figure 2b). The flavylium cation absorption decreases again
with increasing pH, but comparison with Figure 2a shows
that Ct, whose absorption is higher than that of Cc below
400 nm,[14±16] is not formed; this indicates the existence of a
cis!trans isomerization barrier at room temperature. This
barrier was determined to be 90.4 kJmol�1, on the basis of a
van×t Hoff plot. Immediately after the pH jump, the flavyli-
um cation is involved in a pseudo-equilibrium with Cc and
eventually B2, an interpretation that was confirmed by
1H NMR spectroscopy, see below.
An interesting feature of the present system (see stopped


flow measurements below) is that no quinoidal base A is
formed, unless the final pH of the jump is higher than 4. In
this case the formation of B2 through the hydration reaction
of AH+ takes place at a pH value lower than the pKa of the
AH+/A acid±base reaction. In other words, the first step
upon a pH jump from very acidic solutions (pH<0) to pH
<4 is no longer the deprotonation, as usually observed for
other flavylium compounds, but the formation of B2 and Cc,
(Scheme 4). The quinoidal base, A, is formed only in less
acidic or basic media and disappears by a new channel,
which corresponds to the attack of OH� to position 2 (or 4)
leading to B2� (or B4�) and Cc, Cc� or Cc2� depending on
pH, see below.


In conclusion, in freshly pre-
pared solutions at pH < 4,
where A and Ct are not pres-
ent, the overall constant, usual-
ly called K^


a, can be written as
K^


a=Kh+KhKt=0.125. On the
contrary, in solutions at the
final equilibrium, where A is
not present, K’a =


Kh+KhKt+KhKtKi = 3.98.
From the difference between
the two equilibrium constants
(K’a and K


^
a), the mole fraction


distribution of Ct at the final
equilibrium, given by the ratio
KhKtKi/K’a=0.97 can be calcu-
lated.[23]


Basic media : We have also studied the behaviour of 4’-hy-
droxy-6-nitroflavylium in basic media. A pH jump from
pH 0.7 to 12 causes the immediate formation of the quinoi-
dal base A (see stopped flow data below). A is then trans-
formed (several days) into an anionic form of cis-chalcone.
Acid titration of the cis-chalcone form obtained immedi-


ately after a pH jump to 12 leads to the spectral changes re-
ported in Figure 3a and c. Identical titrations, Figure 3b and
d, can be carried out on the trans-chalcone species obtained
either several days after a pH jump to 12 or by irradiation
of the cis-chalcone at the same pH, see photochemical ex-
periments. The titration data show that for both cis and
trans isomers, two novel species can be obtained on decreas-
ing pH, leading to the conclusion that at pH 12 the cis and


Figure 2. Absorption spectra of dark equilibrated (a) and immediately prepared (b) aqueous solutions of 4’-hy-
droxy-6-nitroflavylium, 2.0î10�5m, as a function of proton concentration.


Scheme 4.


Figure 3. Absorption spectra of 4.0î10�5m solutions of Cc (a) and Ct (b)
at different pH values; absorbance changes at 354 (*) and 303 nm (*)
for Cc (c) and at 395 (*) and 304 nm (*) for Ct (d).
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trans isomers are present in their dianionic forms. From the
fitting of the plots of Figure 3c and d, the values of the equi-
librium constants for the two consecutive acid dissociation
processes of Cc and Ct can be obtained:


Cc Ð Cc� þHþ pKCc1 ¼ 6:2 ð6Þ


Cc� Ð Cc2� þHþ pKCc2 ¼ 8:1 ð7Þ


Ct Ð Ct� þHþ pKCt1 ¼ 5:7 ð8Þ


Ct� Ð Ct2� þHþ pKCt2 ¼ 8:0 ð9Þ


1H NMR studies : A 1H NMR study was carried out on the
system in order to characterize and confirm the assignment
of species in solution at different pH values. The data are
summarized in Table 1.


Dissolution of 4’-hydroxy-6-
nitroflavylium tetrafluoroborate
in 20% (w/w) DCl (pD �0.80)
gave a single set of peaks that
must be due, under this acid
conditions, to the flavylium
cation, AH+ . The two doublets
at 8.20 and 6.83 ppm, integrat-
ing for two protons each, are assigned to protons H2’+H6’


and H3’+H5’, respectively, by comparison with similar flavy-
lium compounds.[16,23,24] The doublet at 8.72 ppm is assigned
to proton H8 on the basis of the small meta scalar coupling
constant, 4JH5,H7=2.4 Hz. This allows the assignment of the
double doublet peak at 8.50 Hz as proton H7. Irradiation of
this proton allows to assign the doublet at 7.99 ppm to
proton H8. The two remaining doublets at 8.83 and
8.24 ppm must be assigned to ring C protons H4 and H3,
the lower field doublet corresponding to proton H4 by com-
parison with similar flavylium salts.[16,23,24]


On increasing pD in the range �0.80<pD<2.2, a single
set of peaks is maintained with an overall shift of the spec-
trum to higher field values (further increase of pD to values
in the neutral region leads to strong precipitation of a slight-
ly orange solid that prevents NMR spectra to be obtained).
This shift is compatible with the presence of a fast equilibri-
um between AH+ and B2+Cc in the 1H NMR time scale
(ca. 10�2±10�4 s�1), which is in accordance with the high


values of the rate constants for hydration/dehydration and
tautomerization equilibria, observed in stopped flow experi-
ments.
Dissolution of 4’-hydroxy-6-nitroflavylium tetrafluorobo-


rate in basic D2O solutions leads to a single set of peaks
that is assigned to the Cc2� species, since a jump to strongly
acidic solutions, gives the 1H NMR spectrum of AH+ . The
peaks on the spectrum of Cc2� were assigned on the basis of
COSY spectra. Irradiation of a freshly prepared Cc2� solu-
tion at 366 nm, followed by UV/Vis spectroscopy until stabi-
lization, leads to a solution that shows a 1H NMR spectrum
whose peaks can be assigned to Ct2� on the basis of COSY
spectra and by comparison with the spectrum of similar ion-
ized chalcones.[16]


The studies in acid and basic media together with the as-
signment through 1H NMR spectroscopy are summarized in
Table 2 where the main species are characterized by their


absorption maxima and respec-
tive molar absorptivities.


Stopped flow experiments : The
stopped flow analysis of a series
of pH jumps was carried out as
shown in Figure 4. Below pH 4,
the species observable immedi-
ately after the dead time of the
stopped flow apparatus is still
the flavylium cation. In a
second process, which follows a
first-order kinetics, with a rate


constant of 9 s�1, AH+ disappears to give Cc in equilibrium
with B2. On the contrary, a pH jump to 13.2 immediately
leads to the quinoidal base A (see the absorption band at
500 nm) that evolves to the Cc2� species according to a first-
order process with a rate constant of 38 s�1.
The results obtained for the pH jumps to neutral or mod-


erately acidic media can be interpreted considering that the
process with rate constant 9 s�1 should correspond
(Scheme 2) to the hydration reaction (global rate constant
equal to kh+k�h[H


+]).[16,25] The pKa 5.5 of Equation (1) was
also determined from the plot of the pH dependent absorb-
ance (500 nm) of the species A immediately formed upon a
series of pH jumps from pH 0.7 to >4.
After pH jumps at basic pH values, the rate constant of A


disappearance depends linearly on the hydroxyl concentra-
tion (Figure 5); this suggests that the quinoidal base A,
formed during the dead time of the stopped flow apparatus,
undergoes a hydroxyl attack, most probably leading to B2�


and then, depending on pH, to Cc� or Cc2� through a fast
ring opening. The occurrence of the quinoidal base attack


Table 1. 1H NMR chemical shifts d [ppm] and scalar J couplings [Hz] of several forms of 4’-hydroxy-6-nitrofla-
vylium tetrafluoroborate in D2O solutions at T = 301.0	0.5 K.


AH+ [a] Cc2�[b] Ct2�[b,c]


Proton d J d J d J


H2’+H6’ 8.20 9.3 7.55[d] 8.9 7.79 8.9
H3’+H5’ 6.83 9.3 6.26[d] 8.9 6.46 8.9
H3 8.24 9.3 6.36[d] 12.5 7.7[e] [e]


H4 8.83 9.3 6.95[d] 12.5 7.7[e] [e]


H5 8.72 2.4 7.7[e] [e] 8.38 2.8
H7 8.50 9.3, 2.4 7.7[e] [e] 7.86 9.3, 2.8
H8 7.99 9.3 6.25[e] [e] 6.41 9.3


[a] pD=�0.80; [b] pD ~ 12; [c] after irradiatian of Cc2� at 366 nm; [d] tentative assignment; [e] overlapped
peak.


Table 2. Absorption maxima and molar absorptivities of the main species present in aqueous solutions of 4’-
hydroxy-6-nitroflavylium tetrafluoroborate.


AH+ Cc Cc� Cc2� Ct Ct� Ct2�


lmax [nm] 450 308 407 361 314 388 397
e [mol�1dm3cm�1] 28900 13400 13700 20700 23700 20100 28700
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by the hydroxyl group opens a new reaction channel as illus-
trated in Scheme 4 (see also Scheme 2).
In order to get more insight on the system, a freshly pre-


pared solution at pH 0.7 (AH+ form) was submitted to a
pH jump to 3.2, attaining the pseudo equilibrium, and subse-


quently to a pH jump to pH 0. The last step, that leads
again to AH+ formation, was followed by stopped flow
technique, Figure 6. The de-
crease in absorbance (Fig-
ure 6b) at 320 nm shows two
consecutive processes; the
faster one (k>7î102 s�1)
cannot be observed with suffi-
cient accuracy because it is
masked by the dead time of the
apparatus; while the second,
monitored either at 320 nm (de-
crease of Cc absorption) or at
470 nm (increase of AH+ ab-
sorption), follows first-order ki-
netics with rate constant of
65 s�1.
This behaviour can be inter-


preted by considering that, at


pH 3.2, Cc is the main species
and the faster process is the
tautomerization reaction
(global rate=kt+k�t) that leads
to B2 (Scheme 2). The second
and slower process can thus be
identified as the dehydration
reaction that forms the flavyli-
um cation AH+ (global rate=
kh+k�h[H


+]). From the data of
the direct and reverse pH
jumps, it can be obtained kh=
9 s�1 and k�h=65 s


�1.


Photochemistry : Irradiation of
the 4’-hydroxy-6-nitroflavylium
compound at pH 12 (Cc2�


form) was carried out at 366 nm
(see Figure 7). The final photoproduct is Ct2�, since its acidi-
fication leads to Ct.
Irradiation of the Ct isomer in very acidic (4m HCl)


medium leads spectral changes compatible with the forma-
tion of AH+ , with a quantum yield of 0.02. At pH 2.99, a
photostationary state involving the Ct and Cc species is at-
tained with a similar quantum yield (F=0.03). Formation of
AH+ occurs only in very acid media (4m HCl), because of
the extremely low pK^


a of this compound (Figure 8).


Multistate/multifunctional processes : As mentioned in the
Introduction, the 4’-hydroxyflavylium species can perform as
a molecular-level optical memory by a write±lock±read±
unlock±erase cycle (Figure 1b) in which i) a photonic bit of
information is ™written∫ in the photochemical conversion
of Ct into Cc, ii) ™locked∫ into AH+ by an acid input,
iii) ™read∫ in the photostable AH+ species by light absorp-
tion, iv) ™unlocked∫ to Cc by a base input, and v) ™erased∫
by a photon that reconverts Cc into Ct.
Compared with other members of the flavylium family,


this compound is characterized by a large cis!trans isomeri-
zation barrier together with a narrow pH domain of stability
of the AH+ species. This compound performs like an optical
memory by means of a different cyclic process that involves


Figure 4. Spectral variations observed in stopped flow experiments upon pH jumps from pH 0.7 to: a) pH 4,
b) pH 13.2; t [s].


Figure 5. Dependence on the hydroxyl concentration of the first order
rate constant of the process that takes place upon a pH jump from 0.7 to
the basic region.


Figure 6. pH Jump from a pseudo-equilibrated solution at pH 3.2 to pH 0, followed by stopped flow: a) spec-
tral changes î 0.001, & 0.01, & 0.02, * 0.1, * 0.2; b) kinetic plots at 320 and 470 nm.
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the following steps: write-lock/read/unlock/enable-erase/
erase (Scheme 5): i) starting with the Ct form at pH 0, light
excitation causes the isomerization to Cc (write) that spon-
taneously converts (auto-lock) to AH+ because of the acidi-
ty of the solution; ii) AH+ is photostable and can thus be
examined by UV/Vis absorption spectroscopy (read) with-
out being erased; iii) when the information has to be erased,
AH+ can be converted into Cc2� by a pH jump to pH 12
(unlock); iv) Cc2� can then be isomerized by light excitation
to Ct2�, a process (enable-erase) that finally allows forma-
tion of the original Ct species by a pH jump to pH 0 (erase).


Experimental Section


4’-Hydroxy-6-nitroflavylium tetrafluoroborate was prepared by condensa-
tion of 4’-hydroxyacetophenone (0.34 g, 2.5 mmol) and 2-hydroxy-5-nitro-
benzaldehyde (0.42 g, 2.5 mmol), on the basis of a method described by
Katritzky for similar compounds.[26] The reagents were dissolved in acetic
acid (3 mL) and tetrafluoroboric acid (0.6 mL) was added. Acetic anhy-
dride (2.5 mL) was then added, keeping the temperature below 60 8C
(~10 min). The solution was stirred overnight. The orange solid which
precipitated was filtered, washed with ethyl acetate, and dried in vacuum


(0.26 g, 28.5%). It may be recrystallized from acetic acid. Elemental
analysis calcd (%) for C15H10BF4NO4: C 50.74, H 2.84, N 3.94; C 51.46, H
2.81, N 3.71; MS-FAB(+): m/z (%): 269 [M+H](; 1H NMR: see Table 1.


All other chemicals were of analytical grade. All experiments were car-
ried out in aqueous solutions. The pH was adjusted by addition of HCl
and NaOH, or buffer, and was measured in a Metrohm 713 pH meter.


UV/Vis absorption spectra were recorded in a Perkin±Elmer lambda 6 or
Shimadzu UV2501-PC spectrophotometers.


Light excitation was carried out using a medium-pressure mercury arc
lamp, and the excitation bands were isolated with interference filters
(Oriel). The incident light intensity was measured by ferrioxalate actino-
metry.[27] The flash photolysis experiments were performed as previously
described.[28]


The 1H NMR experiments were recorded in a Bruker ARX-400 spec-
trometer operating at 400.13 MHz. The tetrafluoroborate salt of the fla-
vylium was dissolved in D2O, acidified with 20% (w/w) DCl, or basified
with 40% (w/w) NaOD. The reported pD values are direct readings of
the pH meter which can be corrected for the isotope effect through the
equation pD = pH+0.4.[29]


Reaction profiles were collected on a SX 18 MV stopped flow (Applied
Photophysics) spectrophotometer interfaced to a computer for data col-
lection and analysis. The standard flow tube has an observation path
length of 1 cm. The driving ram for the mixing system was operated to
the recommended pressure of 8.5 bar. Under these conditions, the time
required to fill the 1 cm cell was experimentally determined to be
1.35 ms (based on a test reaction).
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Structure and Lithium Dynamics of Li2AuSn2–A Ternary Stannide with
Condensed AuSn4/2 Tetrahedra


Zhiyun Wu,[a] Bernd D. Mosel,[a] Hellmut Eckert,*[a] Rolf-Dieter Hoffmann,[b] and
Rainer Pˆttgen*[b]


Introduction


Intermetallic lithium alloys have become an attractive alter-
native to lithium metal or lithium±carbon intercalates as
anode materials in nonaqueous electrochemical cells. Their
features include relatively high lithium packing densities,
high stabilities and hence, long life cycles.[1±4] In this context
the stannide Li2AuSn,[5] the intermetallic lithium compounds
LiT2X (T= transition metal and X=Group 14 element) with
Heusler-type structure (MnCu2Al type)[6] and a variety of
other intermetallics crystallizing in the CaF2, ZnS, or LiAlSi
structure types are promising candidate materials, and their
implementation in nonaqueous batteries with charge capaci-
ties between 380 and 1400 mAhg�1 has been reported.[7]


Based on the promise of binary Li�Sn- and Li�Sb-based
alloys for such applications, new materials in the ternary sys-
tems lithium/transition metal/tin have been investigated re-
cently with respect to the crystal structures and lithium dy-
namics.[8] While no Li motion could be observed on the
NMR time scale in LiAuSn[11,12] and in a series of com-
pounds having the LiTSn4 composition (T=Ru, Rh, Ir),[9,10]


a reasonable degree of lithium mobility at accessible tem-
peratures was detected recently in the cubic stannide
LiAg2Sn.[13] Here, temperature-dependent 7Li NMR line
shapes indicate motional narrowing above 473 K and an ac-
tivation energy of 33 kJmol�1 for the lithium diffusion.


During our systematic investigations of the lithium/gold/
tin system we discovered the new lithium ion conductor
Li2AuSn2.


[14] In the present contribution we report the de-
tailed structural characterization of this stannide and give
evidence of fast lithium ion motion on the kHz time scale at
temperatures near ambient.


Experimental Section


Synthesis : Starting materials for the preparation of Li2AuSn2 were lithi-
um rods (Merck, >99%), gold wire (Degussa-H¸ls, 11 mm, >99.9%),
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Abstract: The new stannide Li2AuSn2


was prepared by reaction of the ele-
ments in a sealed tantalum tube in a
resistance furnace at 970 K followed by
annealing at 720 K for five days.
Li2AuSn2 was investigated by X-ray dif-
fraction on powders and single crystals
and the structure was refined from
single-crystal data: Z=4, I41/amd, a=
455.60(7), c=1957.4(4) pm, wR2=
0.0681, 278 F2 values, 10 parameters.
The gold atoms display a slightly dis-
torted tetrahedral tin coordination with
Au�Sn distances of 273 pm. These tet-
rahedra are condensed through
common corners leading to the forma-


tion of two-dimensional AuSn4/2 layers.
The latter are connected in the third
dimension through Sn�Sn bonds
(296 pm). The lithium atoms fill dis-
torted hexagonal channels formed by
the three-dimensional [AuSn2] net-
work. Modestly small 7Li Knight shifts
are measured by solid-state NMR spec-
troscopy that are consistent with a
nearly complete state of lithium ioniza-
tion. The noncubic local symmetry at


the tin site is reflected by a nuclear
electric quadrupolar splitting in the
119Sn Mˆssbauer spectra and a small
chemical shift anisotropy evident from
119Sn solid-state NMR spectroscopy.
Variable-temperature static 7Li solid-
state NMR spectra reveal motional
narrowing effects at temperatures
above 200 K, revealing lithium atomic
mobility on the kHz time scale. De-
tailed lineshape as well as temperature-
dependent spin lattice relaxation time
measurements indicate an activation
energy of lithium motion of
27 kJmol�1.


Keywords: alloy electrode ¥
lithium ¥ NMR spectroscopy ¥ solid-
state structures ¥ stannides
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and a tin bar (Heraeus, >99.9%). The lithium rods were cut into smaller
pieces under dry paraffin oil and subsequently washed with n-hexane.
The paraffin oil and n-hexane were dried over sodium wire. The lithium
pieces were kept in Schlenk tubes under argon prior to the reactions.
Argon was purified over a titanium sponge (900 K), silica gel, and molec-
ular sieves. The lithium pieces were mixed with the gold wire and pieces
of the tin bar in the ideal 2:1:2 atomic ratio under flowing argon, and
then sealed in a tantalum ampoule under an argon pressure of about
800 mbar in an arc-melting apparatus.[15] The tantalum tube was subse-
quently enclosed in an evacuated silica tube for oxidation protection, rap-
idly heated to 970 K and held at this temperature for 14 h. The tempera-
ture was then lowered to 720 K over three hours and kept at this temper-
ature for five days. Finally the tube was slowly cooled to room tempera-
ture within the furnace by switching off the power. The sample could be
readily separated from the tube. No reaction with the container material
was observed. The sample is kept in argon-filled Schlenk tubes because it
is slightly sensitive to moist air. The polycrystals and single crystals exhib-
it metallic luster, while powders are dark gray.


Elemental analysis : Polycrystalline pieces of the sample have been ana-
lyzed with a leica 420 I scanning electron microscope. The EDX analyses
were carried out with elemental gold and InAs as standards. The gold/tin
ratio was close to 1:2. No metallic impurities were detected. Another
part of the polycrystalline sample was analyzed by inductively coupled
plasma optic emission spectrometry using a spectro ciros ICP-OES to
get a reliable value for the lithium content. The sample was completely
dissolved in aqua regia. Analyses revealed the composition Li1.94(2)AuSn2.
No tantalum contaminants were observed.


X-ray diffraction : The purity of the sample was checked by a Guinier
powder pattern using CuKa1 radiation and a-quartz (a=491.30, c=
540.46 pm) as an internal standard. The Guinier camera was equipped
with an imaging plate detector (Fujifilm, Basread-1800). To ensure cor-
rect indexing, the observed pattern was compared with a calculated


one[16] based on the positions of the refined structure. The refined lattice
parameters are listed in Table 1.


Small single crystals of Li2AuSn2 were isolated from the bulk sample by
mechanical fragmentation and examined on a Buerger precession camera
equipped with an image plate system (Fujifilm Basread-1800) to get data


both on the symmetry and on the suitability for collecting intensity data.
Single-crystal intensity data were collected at room temperature by use
of a four-circle diffractometer (CAD4) with graphite-monochromatized
MoKa radiation (71.073 pm) and a scintillation counter with pulse height
discrimination. The scans were performed in the w/2q mode. An empiri-
cal absorption correction was applied on the basis of Y-scan data. All rel-
evant crystallographic data and details of the data collection and evalua-
tion are listed in Table 1.


Solid-state spectroscopy : A Ca119mSnO3 source was available for the 119Sn
Mˆssbauer spectroscopic investigation. The sample was placed within a
thin-walled PVC container with a thickness of about 10 mg Sncm�2. A
palladium foil with a thickness of 0.05 mm was used to reduce the tin K
X-rays concurrently emitted by this source. The measurement was con-
ducted in the usual transmission geometry at 78 K. Solid-state 119Sn NMR
spectra were recorded at 149.8 MHz, using a Bruker DSX 400 spectrome-
ter equipped with a 4 mm MAS-NMR probe. Spectra were taken on sam-
ples spinning at a rate of 9 kHz with 908 pulses of 2 ms length, followed
by relaxation delays of 0.5 s. Chemical shifts are reported relative to a
tetraoctyltin standard (d=�6.9 ppm versus tetramethyltin). 7Li NMR
spectra were measured on a Bruker DSX 400 spectrometer, interfaced to
9.4 T and 4.7 T magnets. Data was acquired by using pulse lengths of
1.5 ms and relaxation delays between 10 and 15 s. Room-temperature
magic angle spinning spectra (8 kHz) and static spectra in the tempera-
ture range 180 K <T<485 K were measured in a commercial 4 mm
MAS-NMR probe. Additional experiments were carried out using a
home-built probe operating at 77.7 MHz. Static lineshapes and 7Li spin-
lattice relaxation times (measured by the saturation recovery technique)
were obtained on samples sealed in silica glass containers in the tempera-
ture range 320 K<T<810 K. Chemical shifts are reported with respect
to a 1m LiCl aqueous solution.


Abstract in German: Das neue Stannid Li2AuSn2 wurde
durch eine Reaktion der Elemente in einer geschlossenen
Tantalampulle in einem Widerstandsofen bei 970 K syntheti-
siert und anschlie˚end bei 720 K f¸r f¸nf Tage getempert.
Li2AuSn2 wurde anhand von Rˆntgen-Pulver- und Einkris-
talldaten charakterisiert und die Struktur wurde anhand von
Einkristall-Diffraktometerdaten verfeinert: Z=4; I41/amd;
a=455.60(7); c=1957.4(4) pm; wR2=0.0681; 278 F2-Werte;
10 variable Parameter. Die Goldatome haben eine verzerrt
tetraedrische Zinnkoordination mit Au-Sn Abst‰nden von
273 pm. Diese Tetraeder sind ¸ber gemeinsame Ecken zu
zweidimensionalen AuSn4/2 Schichten verkn¸pft. In der drit-
ten Dimension erfolgt die Verkn¸pfung der Schichten ¸ber
Sn�Sn Bindungen (296 pm Sn�Sn Abstand). Die Lithium-
atome f¸llen leicht verzerrte, hexagonale Kan‰le innerhalb
des dreidimensionalen [AuSn2] Netzwerkes. Die sehr geringe
7Li Knight Verschiebung aus der Festkˆrper NMR-Messung
weist auf eine fast vollst‰ndige Ionisierung des Lithiums hin.
Die nicht-kugelsymmetrische lokale Symmetrie der Zinn-
atome manifestiert sich durch eine Quadrupolaufspaltung im
119Sn Mˆssbauer Spektrum und durch eine kleine Anisotropie
in der chemischen Verschiebung im 119Sn Festkˆrper NMR
Spektrum. Temperaturabh‰ngige 7Li Festkˆrper NMR Spek-
tren zeigen eine Linienverschm‰lerung oberhalb von 200 K,
was auf eine Lithiumbeweglichkeit auf der kHz Zeitskala
hindeutet. Detaillierte Analysen der Linienbreiten und Spin-
Gitter-Relaxationszeitmessungen zeigen eine Aktivierungse-
nergie von 27 kJmol�1 f¸r die Lithiumbeweglichkeit.


Table 1. Crystal data and structure refinement for Li2AuSn2.


empirical formula Li2AuSn2


formula weight [gmol�1] 448.23
unit cell dimensions
a [pm] 455.60(7)
c [pm] 1957.4(4)
V [nm3] 0.4063
Pearson symbol tI20
space group I41/amd
Z 4
1calcd [gcm�3] 7.33
crystal size [mm3] 15î20î20
transmission ratio (maxmin�1) 7.64
absorption coefficient [mm�1] 48.0
F (000) 740
q range for data collection 48 to 358
range in hkl �7, +6, �31� l�1
total no. of reflections 945
independent reflections 278 (Rint=0.1190)
reflections with I>2s(I) 183 (Rsigma=0.0794)
data/parameters 278/10
goodness-of-fit on F2 0.954
final R indices [I>2s(I)] R1=0.0313; wR2=0.0613
R indices (all data) R1=0.0593; wR2=0.0681
extinction coefficient 0.0013(2)
largest diff. peak and hole 4.55 and �2.03 eä�3
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Results and Discussion


Structure refinement : Analysis of the diffraction data re-
vealed the centrosymmetric space group I41/amd. The
atomic positions of the gold and tin atoms were determined
from an interpretation of direct methods with SHELXS-
97.[17] The lithium site was obtained from a difference Fouri-
er synthesis. The structure was refined with SHELXL-97[18]


with anisotropic displacement parameters for the gold and
the tin sites, while lithium was refined isotropically. The oc-
cupancy parameters of gold and tin were refined in a sepa-
rate series of least-squares cycles. Both sites are fully occu-
pied within two standard deviations. In the final cycles, the
ideal occupancies were assumed again. Besides the strongly
scattering gold and tin atoms, it was not possible to refine
reliably the occupancy parameter of lithium from the X-ray
data. We have thus assumed the ideal composition Li2AuSn2


(see ICP analyses). The refinement results are listed in
Table 1, 2, and 3. Further details may be obtained from the


Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (+49)7247-808-666;), e-mail:
crysdata@fiz-karlsruhe.de) on quoting the depository
number CSD-391242.


Crystal chemistry and chemical bonding : Li2AuSn2 crystalli-
zes with a new structure type for intermetallic compounds.
In Figure 1 we present a view of the unit cell. As empha-
sized in the left-hand part of Figure 1, the gold and tin
atoms form a three-dimensional [AuSn2] polyanion in which
the lithium atoms fill distorted hexagonal channels. Within
the polyanion, each gold atom has four nearest tin neighbors
in a slightly distorted tetrahedral coordination at Au�Sn dis-
tances of 273 pm, close to the sum of the covalent radii
(274 pm).[19] In binary AuSn2,


[20] each gold atom has a dis-
torted octahedral tin coordination at Au�Sn distances rang-
ing from 272 to 284 pm.


The AuSn4 tetrahedra are
condensed through common
corners within the ab planes,
leading to a two-dimensional
network (Figure 1). These
layers of AuSn4/2 tetrahedra
are connected by Sn�Sn
bonds in the third dimension.
All tin atoms are within
zigzag chains, and the Sn�Sn
distance of 296 pm lies be-
tween the corresponding
values for a-Sn (4î281 pm)
and b-Sn (4î302 pm; 2î
318 pm).[21] Besides strong co-
valent Au�Sn bonding, we can
assume also strong Sn�Sn
bonding within the network.


The three coordination pol-
yhedra for the Li2AuSn2 struc-
ture are presented in Figure 2.


The lithium atoms have two lithium, three gold, and seven
tin neighbors. The shortest distances occur for the Li�Au


contacts (270 pm), close to the Li�Au distance in LiAu
which has a CsCl-type structure[22] (268 pm), but somewhat
longer than the sum of the covalent radii (257 pm).[19] Even
longer Li�Au distances have been observed in the sulfides


Table 2. Atomic coordinates and anisotropic displacement parameters [pm2] for Li2AuSn2.


Atom Wyckoff x y z U11 U22 U33 Ueq/Uiso
[a]


position


Li 8e 0 1/4 0.551(1) ± ± ± 238(90)
Au 4b 1/2 1/4 1/8 89(3) U11 96(5) 91(3)
Sn 8e 0 1/4 0.04836(5) 83(4) 137(5) 33(7) 84(3)


[a] Ueq is defined as one third of the trace of the orthogonalized Uij tensor. U12=U13=U23=0


Table 3. Interatomic distances [pm] calculated with the powder lattice parameters in the structure of
Li2AuSn2.


Li: 2 Au 270(1) Au: 4 Li 270(1)
1 Sn 295(3) 4 Sn 272.76(6)
2 Sn 299(2) 2 Li 344(3)
2 Li 302(4) Sn 2 Au 272.76(6)
4 Sn 322.19(6) 1 Li 295(3)
1 Au 344(3) 2 Sn 296.2(1)


2 Li 299(2)
4 Li 322.19(6)


Figure 1. Crystal structure of tetragonal Li2AuSn2, space group I41/amd.
Lithium, gold, and tin atoms are drawn as gray, filled, and open circles,
respectively. The three-dimensional [AuSn2] polyanion and the con-
densed AuSn4/2 tetrahedra are highlighted.


Figure 2. Coordination polyhedra in the structure of Li2AuSn2. Lithium,
gold, and tin atoms are drawn as grey, filled, and open circles, respective-
ly. The site symmetries are indicated.
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LiAuS (301 pm) and Li3AuS2 (308 and 328 pm).[23,24] The
Li�Sn distances range from 295 to 322 pm, similar to those
observed in LiRuSn4


[9] and in the complicated structures of
the binary lithium stannides such as Li4.4Sn.[25] Each lithium
atom has two lithium neighbors at a distance of 302 pm,
which is similar to bcc lithium (304 pm).[21] In saltlike
Li3AuS2 an even shorter Li�Li distance of 292 pm occurs.[24]


According to the ICP-OES analysis, the lithium position is
not fully occupied. This leaves the vacancies that are most
likely used for lithium diffusion.


Only the gold atoms lie on a special position and conse-
quently they have the highest site symmetry (4≈m2) in the
Li2AuSn2 structure. The coordination polyhedron looks like
a slightly distorted cube (Figure 2) and might be considered
as two interpenetrating tetrahedra of lithium and tin atoms.
The two lithium atoms capping the cube faces have longer
Au�Li distances of 344 pm. The tin atoms have the same
site symmetry as lithium (2 mm.) and a similar coordination
polyhedron (Figure 2).


Figure 3 shows the 119Sn MAS NMR spectrum of
Li2AuSn2. The Knight shift of d=4076 ppm reveals a sub-
stantially lower s electron density at the tin nuclear site as


compared to that in LiAuSn (d=5183 ppm). The well-de-
fined spinning side bands reveal a chemical shift anisotropy
around 500 pm consistent with the noncubic symmetry evi-
dent from the crystal structure. The MAS linewidth of
7.2 KHz is considerable, suggesting a distribution of isotrop-
ic Knight shifts, which is indicative of some disorder in the
static and/or electronic structure. Considerably wider 119Sn
Knight shift distributions, however, have been observed in
LiAg2Sn,[13] LiRhSn4, and LiIrSn4.


[10]


The 119Sn Mˆssbauer spectrum of Li2AuSn2 (Figure 4)
shows a signal at an isomer shift of d=2.15(2) mms�1 and a


linewidth of G=0.96(4) mms�1. The non-cubic local environ-
ment of the tin atoms is reflected by a quadrupolar splitting
of DEQ=0.76(3) mms�1. All of these parameters are typical
for those measured in transition-metal stannides.[13]


Figure 5 shows the 7Li MAS NMR spectrum at room tem-
perature. The observed single central peak confirms the ex-
istence of a unique lithium site as found from single-crystal


X-ray diffraction data. The isotropic shift of 9.7 ppm indi-
cates a rather small Knight shift contribution, consistent
with a high degree of ionicity in the lithium bonding state.
This behavior differs from the situation in binary lithium tin
alloys (Li2.2Sn, Li4.4Sn), where NMR measurements reveal
substantially larger Knight shifts.[26, 27] The central 7Li MAS-
NMR peak of Li2AuSn2 is flanked by a spinning sideband
manifold, arising from the j1/2><�> j3/2> satellite tran-
sitions broadened by first-order quadrupolar perturbations.
Simulation of this side band manifold yields a nuclear elec-
tric quadrupolar coupling constant CQ=52 kHz and an
asymmetry parameter h=0.9 at room temperature. The
small value of CQ is consistent with the relatively high lithi-
um site symmetry found from the crystal structure. Figure 6


indicates that the 7Li resonance shift is somewhat tempera-
ture-dependent, indicating a slight increase in Knight shift
at higher temperatures. We also note the somewhat unusual
observation that below 290 K the resonance shift depends


Figure 3. 119Sn MAS NMR spectrum in Li2AuSn2 (spinning speed
14 kHz). The MAS spinning side bands are marked by asterisks.


Figure 4. 119Sn Mˆssbauer spectrum of Li2AuSn2 at room temperature.


Figure 5. Experimental 7Li MAS-NMR spectrum of Li2AuSn2 at room
temperature. Spinning side bands are marked by asterisks.


Figure 6. Temperature-dependent resonance shift of 7Li MAS-NMR spec-
tra in Li2AuSn2.
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on the resonance frequency (155.5 versus 77.7 MHz), which,
in turn, is governed by the magnetic field strength Bo. The
specific field dependence observed (lower values of Bo pro-
ducing lower values of the resonance shift) indicates that
this effect is produced from a second-order quadrupolar per-
turbation. It is well known that such perturbations produce
an upfield contribution to the resonance shift proportional
to the inverse of the magnetic field strength.[28] As Figure 6
indicates, the effect is operative at low temperatures and dis-
appears above 290 K. This finding suggests that the 7Li nu-
clear electric quadrupolar interaction (and hence the
second-order quadrupolar shifts) are averaged out at higher
temperatures, suggesting the activation of a dynamic process
involving the lithium atoms. More evidence for lithium dy-
namics is presented in the section below.


Evidence for lithium mobility : Figure 7 reveals that in the
temperature range 240 K<T<390 K, the spinning side band
manifold associated with the quadrupolar satellite transi-


tions suffers serious broadening effects, indicating that the
nuclear electric quadrupolar couplings are being increasingly
averaged out by the lithium ionic motion. In the region of
spinning side band coalescence, the condition wqtc~1 is ful-
filled, where tc is the motional correlation time and wq=


pCq (for spin 3/2 nuclei) is the quadrupolar frequency. The
lithium motional process can be characterized in more quan-
titative terms on the basis of a temperature-dependent anal-
ysis of the 7Li static spectra. Figure 8 and 9 show such data
measured at 155.5 MHz over the temperature range 180 K
to 440 K and at 77.7 MHz from 490 K to 810 K, respectively.
The temperature-dependent half height line widths are plot-
ted in Figure 10. The results obtained at both field strengths
are identical within experimental error, suggesting that the
chemical shift or Knight shift anisotropy and second-order
quadrupolar coupling effects make only minor contributions
to the lineshape. We can thus conclude that the static line-
width is governed by magnetic dipole±dipole interactions.


Among these, the homonuclear 7Li±7Li interactions are by
far the dominant ones, owing to the large natural abundance
of the 7Li isotope and its high gyromagnetic ratio. The hetero-
nuclear dipole±dipole interactions are negligible since the


Figure 7. 7Li MAS-NMR spectra in Li2AuSn2 within the temperature
range from 240 K to 390 K at 155.5 MHz.


Figure 8. Static 7Li NMR spectra in Li2AuSn2 within the temperature
range from 180 K to 440 K at 155.5 MHz.


Figure 9. Variable-temperature 7Li NMR spectra of Li2AuSn2 at
77.7 MHz within the temperature range from 490 K to 810 K.


Figure 10. Temperature-dependent static 7Li NMR line width at
155.5 MHz in Li2AuSn2 within the temperature range 180 K±440 K.
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natural abundances of 117,119Sn are only near 8%. Applica-
tion of the van Vleck formula[29,30] using the known internu-
clear distances from the crystal structure yields a contribu-
tion of M2 (7Li±7Li)=147.1 kHz2. Approximating the line-
shape by a Gaussian, this M2 value implies a rigid lattice full
width at half height of D= (8 ln2¥M2)


1/2/2p=4.55 kHz. The
experimental value measured (4.9 kHz) is slightly higher,
possibly reflecting deviations from a Gaussian shape and
minor linewidth contributions from other sources.


At sufficiently low temperatures (T<260 K) the line-
widths are essentially constant indicating that on the kHz
time scale the lithium atoms remain at their own fixed posi-
tions in the rigid structure. Above 300 K, however, a mixed
Gauss/Lorentz curve gives the best fit to experimental line-
shapes, and the linewidths decrease sharply to an essentially
constant plateau value of 0.9 KHz at and above 350 K. This
effect reflects the dynamic averaging of the 7Li dipolar inter-
actions by lithium ion diffusion. The residual linewidth
measured at high temperatures is most likely governed by
transverse relaxation caused by fluctuating nuclear electric
quadrupolar interactions. The corresponding activation
energy of lithium ion diffusion in Li2AuSn2 is 27.4 kJmol�1


as calculated from the equation D=Aexp(Ea/RT), where D


is the full width at half height and A is constant (see
Figure 11). This value is comparable in magnitude to the


value of 33.3 kJmol�1 in LiAg2Sn[13] and significantly smaller
than the value of 46.0 kJmol�1 previously measured in the
Zintl phase LiCd, where motional narrowing was observed
above 453 K.[31]


More detail about the lithium motional process is re-
vealed by the observation of residual static quadrupolar
splittings which are still apparent at high temperatures. The
presentations of the static spectra in Figure 8 and 9 empha-
size the central j1/2><�> j�1/2> transitions, whereas
the j1/2><�> j3/2> and j�1/2><�> j�3/2> coher-
ences, which give rise to the spinning side band pattern in
Figure 7 are too broad to be visible over this selected spec-
tral range. Above 500 K, however, the magnitude of the nu-
clear electric quadrupolar coupling constant is significantly
reduced by fast lithium motion. As a result, the central reso-
nances are now symmetrically flanked by satellite shoulders.
From the splittings one can estimate a residual nuclear elec-
tric quadrupolar coupling constant around 2.0 kHz. The
presence of this residual splitting indicates that the lithium


atomic motion is not completely isotropic even in this tem-
perature region. Rather the exchange must occur among a
limited number of sites only, preserving a small degree of
anisotropy in the static spectra in the fast motion limit.


Independent information about lithium dynamics on the
MHz time scale is provided by 7Li spin-lattice relaxation
studies. At all the investigated temperatures, the return of
the nuclear magnetization to equilibrium is found to be ex-
ponential and unique T1 values could be extracted from
each experiment. Figure 12 shows the 7Li spin-lattice relaxa-


tion rate as a function of reciprocal temperature. A maxi-
mum near 660 K clearly reveals the occurrence of lithium
dynamics where wotc~1. Assuming the applicability of the
Bloembergen±Purcell±Pound (BPP) theory,[32] an activation
energy of 28.6�0.8 kJmol�1 was determined from the slope
of ln(1/T1) versus 1/T (between 490 K and 600 K). This
value is in excellent agreement with the value of 27.4�
1.3 kJmol�1 calculated from the motional narrowing effect
in the static spectra at 310 K<T<350 K. The apparent val-
idity of the BPP theory in the description of lithium dynam-
ics in Li2AuSn2 is consistent with a sufficiently random lithi-
um motion described by a single exponential correlation
function.


For T<440 K, the relaxation appears to be dominated by
a frequency-independent electronic contribution arising
from unpaired spin density in the conduction band. In this
temperature range, the relaxation behavior of Li2AuSn2 cor-
responds closely to that observed in numerous other lithium
stannide materials.[10, 13] On the other hand, the observation
of a distinct relaxation contribution that is attributable to
lithium motion is unique for Li2AuSn2 and has not been ob-
served in any other lithium stannide material so far.


Conclusion


In summary, all of the NMR results presented here indicate
that Li2AuSn2 is characterized by an exceptional degree of
lithium ionic mobility which sets this compound apart from
all of the other binary and ternary lithium stannides investi-
gated so far. Since the lithium site located in extended chan-
nels formed by a three-dimensional [AuSn2] polyanion is not
fully occupied, the high mobility of lithium may be under-


Figure 11. Arrhenius plot of 7Li NMR static linewidth in the transition
region, resulting in the activation energy given in the text.


Figure 12. 7Li spin-lattice relaxation time as a function of reciprocal tem-
perature in Li2AuSn2.
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stood by the existence of accessible vacancies. The detailed
mechanism of ionic motion and the optimization of this
system for potential battery electrode applications will be
the subject of future investigations.


Acknowledgement


We thank H.-J. Gˆcke for the work on the scanning electron microscope,
Dr. W. Buscher and Dipl.-Chem. A. Klostermeyer for the ICP analyses,
and the Degussa-H¸ls AG for a generous gift of gold wire. Financial sup-
port by the Deutsche Forschungsgemeinschaft through SFB 458 ™Ionen-
bewegung in Materialien mit ungeordneten Strukturen∫ and by the
Fonds der Chemischen Industrie is gratefully acknowledged.


[1] J. Yang, M. Winter, J. O. Besenhard, Solid State Ionics 1996, 90, 281.
[2] S. Machill, D. Rahner, J. Power Sources 1995, 54, 428.
[3] J. O. Besenhard, J. Yang, M. Winter, J. Power Sources 1997, 68, 87.
[4] T. Koyamada, H. Ishihara, Electrochim. Acta 1995, 40, 2173.
[5] M. M. Thackeray, K. D. Kepler, J. T. Vaughey, Patent No. WO


2000003443, Application No. WO 1999-US12868.
[6] Y. Nitta, H. Shimamura, K. Okamura. (Matsushita Electric Indus-


trial Co., Ltd., Japan). Jpn. Kokai Tokkyo Koho (1999), Applica-
tion: JP 97±196705 19970723.


[7] A. Saito, Y. Aono, T. Horiba, H. Kodama, T. Dozono, M. Inagaki.
(Hitachi, Ltd., Japan). Fr. Demande (1996), Application: FR 96±
7281 19960612.


[8] R. Pˆttgen, Zh. Wu, R.-D. Hoffmann, G. Kotzyba, H. Trill, J.
Senker, D. Johrendt, B. D. Mosel, H. Eckert, Heteroat. Chem. 2002,
13, 506.


[9] Zh. Wu, R.-D. Hoffmann, R. Pˆttgen, Z. Anorg. Allg. Chem. 2002,
628, 1484.


[10] Zh. Wu, H. Eckert, J. Senker, D. Johrendt, G. Kotzyba, B. D. Mosel,
H. Trill, R.-D. Hoffmann, R. Pˆttgen, J. Phys. Chem. B 2003, 107,
1943.


[11] R.-D. Hoffmann, D. Johrendt, Zh. Wu, R. Pˆttgen, J. Mater. Chem.
2002, 12, 676.


[12] Zh. Wu, H. Eckert, B. D. Mosel, R. Pˆttgen, Z. Naturforsch. Teil. B
2003, 58, 501.


[13] Zh. Wu, R.-D. Hoffmann, D. Johrendt, B. D. Mosel, H. Eckert, R.
Pˆttgen, J. Mater. Chem. 2003, 13, 2561, and references therein.


[14] Zh. Wu, H. Eckert, B. D. Mosel, R. Pˆttgen, R.-D. Hoffmann, D.
Johrendt, Z. Kristallogr. 2003, 20, 159.


[15] R. Pˆttgen, T. Gulden, A. Simon, GIT Labor-Fachz. 1999, 43, 133.
[16] K. Yvon, W. Jeitschko, E. Parthÿ, J. Appl. Crystallogr. 1977, 10, 73.
[17] G. M. Sheldrick, SHELXS-97, Program for the Solution of Crystal


Structures, University of Gˆttingen, Germany, 1997.
[18] G. M. Sheldrick, SHELXL-97, Program for Crystal Structure Re-


finement, University of Gˆttingen, Germany, 1997.
[19] J. Emsley, The Elements, Oxford University Press, 3rd edn, 1999.
[20] R. Pˆttgen, U. H‰ussermann, R.-D. Hoffmann, Zh. Wu, unpublished


results.
[21] J. Donohue, The Structures of the Elements, Wiley, New York, 1974.
[22] G. Kienast, J. Verma, Z. Anorg. Allg. Chem. 1961, 310, 143.
[23] E. A. Axtell, J.-H. Liao, M. G. Kanatzidis, Inorg. Chem. 1998, 37,


5583.
[24] F. Q. Huang, Y. Yang, C. Flaschenriem, J. A. Ibers, Inorg. Chem.


2001, 40, 1397.
[25] C. Lupu, J.-G. Mao, J. W. Rabalais, A. M. Guloy, J. W. Richard-


son, Jr., Inorg. Chem. 2003, 42, 3765.
[26] G. R. Goward, L. F. Nazar, W. P. Power, J. Mater. Chem. 2000, 10,


1241.
[27] Y. Wang, J. Sakamoto, C. K. Huang, S. Surampudi, S. G. Green-


baum, Solid State Ionics 1998, 110, 167.
[28] A. G. Marshall, T. C. L. Wang, C. E. Cottrell, L. G. Werbelow, J.


Am. Chem. Soc. 1982, 104, 7665.
[29] J. H. van Vleck, Phys. Rev. 1948, 54, 682.
[30] A. Abragam, Principles of Nuclear Magnetism, Clarendon Press


Oxford, 1961.
[31] C. van der Marel, W. van der Lugt, J. Phys. F 1980, 10, 1177.
[32] N. Bloembergen, E. M. Purcell, R. V. Pound, Phys. Rev. 1948, 73,


679.
Received: August 25, 2003 [F5479]


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1558 ± 15641564


FULL PAPER H. Eckert, R. Pˆttgen et al.



www.chemeurj.org






Strategy for Enantio- and Diastereoselective Syntheses of All Possible
Stereoisomers of 1,3-Polyol Arrays Based on a Highly Catalyst-Controlled
Epoxidation of a,b-Unsaturated Morpholinyl Amides: Application to Natural
Product Synthesis


Shin-ya Tosaki, Yoshihiro Horiuchi, Tetsuhiro Nemoto, Takashi Ohshima, and
Masakatsu Shibasaki*[a]


Introduction


The stereoselective synthesis of 1,3-polyol arrays is one of
the most important topics in organic chemistry because of
the ubiquity of 1,3-polyols in various biologically active nat-
ural products and drugs, such as polyene macrolide antibiot-
ics.[1] Thus, numerous strategies for their synthesis have been
developed with great success.[2] The synthesis of 1,3-polyol
arrays starts with the introduction of the first chiral center
to the molecule. For this purpose, with the majority of chiral
pool strategy,[3] a wide variety of synthetic methods are uti-
lized[4] and the following asymmetric reactions are mainly
used for 1,3-polyol syntheses: chiral auxiliary controlled
aldol reaction,[5] allylboration using chiral borane reagents,[6]


catalytic asymmetric epoxidation of allylic alcohols[7] or un-
functionalized olefins,[8] catalytic asymmetric hydrogena-
tion,[9] catalytic asymmetric Mukaiyama type aldol reac-
tion,[10] and catalytic asymmetric dihydroxylation.[11] The
second stage of the synthesis is the elongation of 1,3-polyol
arrays by stereoselective construction of the next chiral
center. Chirality in the vicinity of the substrate reaction site
makes this process very challenging and attractive in terms
of the diversity of diastereocontrol. Thus, organic chemists
have developed a variety of strategies, which can be classi-
fied into three approaches according to the structure rela-
tion between the chiral source and chiral products: a) sub-
strate control synthesis (employing intramolecular chirality
transfer); b) reagent control synthesis (employing stoichio-
metric amounts of the chiral source); and c) catalyst control
synthesis (employing catalytic amounts of the chiral source).
The majority of the strategies use the substrate controlled
asymmetric induction (category a). Many highly stereocon-
trolled 1,3-asymmetric induction reactions[12] have been de-
veloped that mainly rely on 1,3-syn[13]- or anti[14]-selective
ketone reduction using borane reagents, intramolecular ad-
dition of the acetal to olefins,[15] inter- or intramolecular ad-
dition of silyl reagents to olefins such as hydrosilylation,[16]


and intramolecular allylsilylation to carbonyl groups.[17] In
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: We describe a new strategy
for enantio- and diastereoselective syn-
theses of all possible stereoisomers of
1,3-polyol arrays. This strategy relies
on a highly catalyst-controlled epoxida-
tion of a,b-unsaturated morpholinyl
amides promoted by the Sm±BINOL±
Ph3As=O (1:1:1) complex, followed by
a conversion of morpholinyl amides
into ketones and diastereoselective
ketone reduction. Highly enantio- (up
to >99% ee) or diastereoselective (up
to >99.5:0.5) epoxidation was ach-


ieved using 5±10 mol% of the Sm com-
plex to afford synthetically very useful,
nearly optically pure a,b-epoxy mor-
pholinyl amides. Stereoselectivity of
the epoxidation was controlled by the
chirality of BINOL with overwhelming
inherent diastereofacial preference for
the substrate. Combination with the


syn- and anti-selective ketone reduc-
tion with the highly catalyst-controlled
epoxidation allowed for an iterative
strategy for the syntheses of all possi-
ble stereoisomers of 1,3-polyol arrays.
Eight possible stereoisomers of 1,3,5,7-
tetraol arrays were synthesized with
high to excellent stereoselectivity.
Moreover, the efficiency of the present
strategy was successfully demonstrated
by enantioselective syntheses of several
1,3-polyol/a-pyrone natural products,
for example, cryptocaryolone diacetate.


Keywords: asymmetric synthesis ¥
diastereoselectivity ¥ epoxidation ¥
morpholinyl amide ¥ polyols
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contrast to the diversity of asymmetric reactions that are
employed for the introduction of the first chirality, only a
few chiral reagents (category b) or chiral catalysts (catego-
ry c) are applied for stereoselective elongation of 1,3-polyol
arrays due to crucial matched or mismatched effects caused
by the substrate chirality. Among the above-mentioned
asymmetric reactions, chiral auxiliary controlled aldol reac-
tion (category b),[5,18] allyl addition using chiral borane or ti-
tanium reagents (category b),[6,19] and catalytic asymmetric
epoxidation of allylic alcohols (category c)[7,20] are common-
ly used for 1,3-polyol synthesis. Employing these strat-
egies,[21] many polyene macrolide antibiotics, such as ampho-
tericin B,[22] mycoticin A,[23] roxaticin,[24] filipin III,[25] rofla-
mycoin,[26] dermostatin,[27] and 1,3-polyol/a-pyrones[28] were
synthesized in a highly stereocontrolled manner.[29]


To synthesize not only 1,3-polyol natural products, but
also their analogues, a highly versatile synthetic method that
makes all possible stereoisomers freely accessible with the
same efficiency is required. To address this issue, catalyst-
controlled chiral induction would be more desirable in
terms of accessibility to a variety of stereoisomers. In reality,
however, chiral induction controlled by an asymmetric cata-
lyst results in low selectivity in a mismatched case affected
by the chirality in the vicinity of the reaction site.[30] Crucial
mismatched effects are sometimes observed even in well-es-
tablished Sharpless× catalytic asymmetric epoxidation.[30]


Here, we report a new general strategy for the stereoselec-
tive syntheses of all possible stereoisomers of 1,3-polyol
arrays based on a highly catalyst-controlled epoxidation of
a,b-unsaturated morpholinyl amides and diastereoselective
ketone reduction. Syntheses of all possible stereoisomers of
1,3,5,7-tetraol arrays were achieved by repeating the present
strategy. Moreover, synthetic application to the enantiose-
lective syntheses of several 1,3-polyol/a-pyrone natural
products was successfully demonstrated.


Results and Discussion


Catalytic asymmetric epoxidation of a,b-unsaturated
amides : We previously reported a highly enantioselective
catalytic asymmetric epoxidation of a,b-unsaturated carbox-
ylic acid imidazolides 1[31] promoted by the La±BINOL±-
Ph3As=O (1:1:1) complex 2[32] (Scheme 1). This is the first
example of a general catalytic asymmetric epoxidation of
a,b-unsaturated carboxylic acid derivatives using a 1,4-addi-
tion of hydroperoxide as the initial step. Although a salen±
manganese complex[33] or an optically active ketone[34] has
been used for catalytic asymmetric epoxidation of a,b-unsa-
turated esters, our strategy is more desirable in terms of che-
moselectivity.[35] Epoxidation of a,b-unsaturated carboxylic
acid imidazolides afforded stable chiral a,b-epoxy peroxy
esters 3 (up to 94% ee)[36] that were efficiently converted to
the corresponding chiral a,b-epoxy esters 4, a,b-epoxy
amides 5, a,b-epoxy aldehydes 6, and g,d-epoxy b-keto
esters 7. Thus, a,b-epoxy peroxy esters 3 are synthetically
useful versatile intermediates.[37] In contrast to b-aryl-substi-
tuted substrates, epoxidation of b-alkyl-substituted a,b-unsat-
urated carboxylic acid imidazolides 1, however, had lower


selectivity even after improvement using the Pr±BINOL±
Ph3As=O (1:1:1) complex (up to 86% ee, Scheme 1).[38b]


We recently reported a more general variant of this cata-
lytic asymmetric epoxidation by using simple a,b-unsaturat-
ed amides 8 promoted by Sm±BINOL±Ph3As=O (1:1:1)


complex 9 (Scheme 2).[38] In this case, the corresponding
a,b-epoxy amides 10 were obtained in excellent yield (up to
99%) and in quite high enantiomeric excess (up to >99%)
with broad substrate generality (R1 = alkyl or Ar). For the
synthesis of a chiral 1,3-polyol array, g,d-epoxy b-keto esters
7 are promising intermediates. In fact, both syn- and anti-
3,5-dihydroxy esters were obtained by a regioselective epox-
ide opening reaction of 7, followed by a diastereoselective
ketone reduction (see below). g,d-Epoxy b-keto esters 7 can
also be synthesized from highly optically active a,b-epoxy
amides 10 through esterification by Martin sulfurane.[38b,39]


The requirement for excess amount of the expensive Martin
sulfurane (>3 equiv), however, makes this process difficult
to apply to large-scale synthesis.


From a synthetic point of view, we examined the catalytic
asymmetric epoxidation of a,b-unsaturated Weinreb
amide[40] 13 using 10 mol% of (S)-Sm complex 9
(Scheme 3). Although the reaction proceeded smoothly, it
had exceptionally low enantioselectivity (64% ee). Thus, we
explored other synthetically useful substrates that can take
the place of Weinreb amides. Morpholinyl amides are as


Scheme 1. Catalytic asymmetric epoxidation of a,b-unsaturated carboxyl-
ic acid imidazolides.


Scheme 2. Catalytic asymmetric epoxidation of a,b-unsaturated simple
amides.
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useful as Weinreb amides.[41] A variety of organometallic re-
agents, such as Grignard reagents, alkyllithiums, and metal
hydrides, react with morpholinyl amide through a reaction
mechanism similar to that of the Weinreb amide, affording
the corresponding ketone or aldehyde in good yield. When
a,b-unsaturated morpholinyl amide 15a was used as a sub-
strate, in sharp contrast to the Weinreb amide 13, 10 mol%
of (S)-Sm complex 9 afforded the corresponding a,b-epoxy
morpholinyl amide 16a in quantitative yield and excellent
enantiomeric excess (99% ee). In a multi-gram scale reac-
tion, the use of 5 mol% of the catalyst also gave satisfactory
results (quant., 98% ee).


Studies towards the selectivity difference between Wein-
reb amide and morpholinyl amide would lead to a better un-
derstanding of the mechanism of the Ln±BINOL±Ph3As=O
complex-promoted catalytic asymmetric epoxidation. Our
previous studies utilizing X-ray analysis and laser desorp-
tion/ionization time-of-flight mass spectrometry suggest that
the active catalyst of epoxidation is a monomeric species.[32b]


Moreover, the results of all catalytic asymmetric epoxida-
tions of a,b-unsaturated carbonyl compounds are consistent
with our proposed mechanism involving coordination of a
carbonyl oxygen to the lanthanide metal in a syn±s±cis coor-
dination manner and internal delivery of tert-butyl peroxide
from a lanthanide metal to the b-carbon of an a,b-unsaturat-
ed carbonyl compound (Figure 1, 17!18). When using
Weinreb amide 20 or N-acyloxazolidinone 19,[31, 42] there
should be an unfavorable anti coordination, and this biden-
tate coordination might disturb the favorable manner of the
reaction, resulting in unsatisfactory selectivity. On the other
hand, asymmetric epoxidation of morpholinyl amide should
proceed in the favorable syn-s-cis coordination manner 21
because the rotation of the C�N bond to form a bidentate
coordination (21!22) would be prevented by unfavorable
energetics, such as orthogonality of the N-lone pair and the
carbonyl p-orbitals. Enantiomeric induction in the present
system is explained by assuming the transition state shown
in Figure 2.


Syntheses of all possible stereoisomers of 3,5,7,9-tetrahy-
droxy esters based on highly catalyst-controlled epoxidation :
Our strategy for the stereoselective synthesis of the 1,3-
polyol array relies on a highly catalyst-controlled asymmet-


ric epoxidation of a,b-unsaturated morpholinyl amide, fol-
lowed by a conversion of morpholinyl amides into ketones
and diastereoselective ketone reduction (Scheme 4). An im-
portant feature of this epoxidation is that the stereochemical
outcome is very predictable, [e.g., (S)-catalyst gives (2R,3S)-
epoxides without exception].[31,32,38] In addition, the epoxida-
tion exhibits almost perfect enantioselectivity (99% ee) with
high substrate generality. Thus, we expect that even when a
chiral center is in the vicinity of the b-carbon of an a,b-un-
saturated morpholinyl amide, stereoselectivity of the epoxi-
dation will be controlled by the chirality of BINOL with
overwhelming inherent diastereofacial preference for the
substrate. Incorporation of the established syn- and anti-se-
lective ketone reduction with the catalyst controlled epoxi-
dation allows for an iterative strategy for the syntheses of
all possible stereoisomers of 1,3-polyol arrays.
Syntheses of both syn- and anti-5,7-dihydroxy a,b-unsatu-


rated morpholinyl amides are described in Scheme 5. Reac-
tion of epoxy morpholinyl amide 16a with lithium enolate


Scheme 3. Catalytic asymmetric epoxidation of a,b-unsaturated Weinreb
amide and morpholinyl amide.


Figure 1. Proposed mechanism for the catalytic asymmetric epoxidation
promoted by the Ln±BINOL±Ph3As=O (1:1:1) complex.


Figure 2. Working transition state model for the catalytic asymmetric ep-
oxidation promoted by the Ln±BINOL±Ph3As=O (1:1:1) complex.
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of ethyl acetate at �78 8C afforded g,d-epoxy b-keto esters
7a (78%). A regioselective epoxide opening reaction of 7a
was achieved with Na[(PhSe)B(OEt)3],


[43] prepared from
PhSeSePh and NaBH4 in ethanol, to afford d-hydroxy b-
keto esters 23a in 79% yield.[44] After the reaction was com-
plete, PhSeSePh was regenerated, easily recovered by silica
gel column chromatography, and reused with the initial effi-
ciency.[43] syn-Selective reduction of 23a was performed with
Et2BOMe and NaBH4 to give the desired syn-diol syn-24a
in 75% isolated yield (syn :anti >20:1).[13,45] anti-Diol anti-
24a was synthesized in 80% isolated yield by anti-selective
reduction with Me4NBH(OAc)3 (syn :anti 1:9).[14,45±47] Taking
into account the synthetic utility of this strategy, the diols
were protected with three types of protecting groups (aceto-
nide syn-25a, MOM syn-25b, and TES syn-25c). The enan-
tiomeric excesses of syn- and anti-24a were determined
after conversion to acetonides (syn- and anti-25a), and it
was confirmed that no racemization occurred during the
process.[48] Then, the protected diol syn-25a was converted
to the corresponding (E)-a,b-unsaturated morpholinyl


amide syn-27a by a DIBAL reduction to aldehyde syn-26a
followed by Masamune±Roush-type Horner±Wadsworth±
Emmons reaction.[49] In the case of acetonide-protected anti-
diol anti-25a, the DIBAL reduction resulted in decomposi-
tion of the substrate. Thus, conversion of anti-25a to alde-
hyde anti-26a was conducted with a LiBH4/B(OMe)3 reduc-
tion[50] followed by TPAP oxidation.
To elongate the 1,3-polyol array stereoselectively, a


second asymmetric epoxidation was investigated. The results
are summarized in Table 1. As expected, even when using
substrates that have a chirality and several functions in the
vicinity of the reaction site, both the (S)- and (R)-Sm com-
plex promoted the epoxidation with nearly perfect stereose-
lectivity (entries 1±5, 7, 8).[48,51] Only in the reaction of TES
protected (5R,7S)-diol syn-27c with the (R)-Sm complex
was a slightly lower diastereoselectivity observed (92:8)
(entry 6).[45] The stereochemistry of epoxide 30 was con-
firmed by X-ray crystallographic analysis (Figure 3). The
stereochemistry of other epoxides was also determined by
appropriate derivatization.[42] The results indicated that the


Scheme 4. New iterative strategy for the syntheses of all possible stereoisomers of 1,3-polyol arrays without stereochemical limitation.


Scheme 5. Syntheses of both syn- and anti-5,7-dihydroxy a,b-unsaturated molpholinyl amides.
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Sm±BINOL±Ph3As=O complex promotes the asymmetric
epoxidation under high catalyst control with overwhelming
inherent diastereofacial preference for the substrate.
Finally, we demonstrated stereoselective conversion of


both syn- and anti-5,7-dihydroxy 2,3-epoxy amides to
3,5,7,9-tetrahydroxy esters. According to the method shown
in Scheme 6, epoxy amides 30, 31, 36, and 37 were success-
fully converted to all eight possible stereoisomers 40±47 in


good to excellent stereoselectivity (Table 2).[52] Undoubtedly,
enantiomers of all eight stereoisomers can be synthesized by
employing the (R)-Sm complex for the first asymmetric ep-
oxidation. To the best of our knowledge, this is the first
demonstration of the syntheses of all possible stereoisomers
of 1,3,5,7-tetraol arrays with high enantio- and diastereose-
lectivity.[52] The present strategy paves the way for the highly
stereoselective syntheses of all possible stereoisomers of 1,3-
polyols with broad substrate generality.


Application to natural product synthesis (1)


Triol synthesis :[38b] Having established stereoselective syn-
thesis of 1,3-polyol arrays, we applied the method to enan-
tioselective synthesis of 1,3-polyol/a-pyrone natural prod-
ucts, which are very attractive target natural products be-
cause of their interesting bioactivity, such as antifungal ac-
tivity and antitumor activity.
Compounds 54 and 55 were isolated from the leaves and


bark extract of Ravensara anisata by Hostettmann et al. and


Figure 3. X-ray structure of 30.


Table 1. The second stereoselective catalytic epoxidation promoted by (S)- or (R)-Sm complex 9.


Entry Substrate Catalyst Product Yield [%][a] Ratio of Diastereoisomers


1 (S)-Sm 9 95 30 :31 >99:1[c]


2 syn-27a[b] (R)-Sm 9 quant. 30 :31 1:>99[c]


3 (S)-Sm 9 90 32 :33 >99.5:0.5[c]


4 syn-27b[b] (R)-Sm 9 87 32 :33 0.5:>99.5[c]


5 (S)-Sm 9 81 34 :35 >95.5[d]


6 syn-27c[b] (R)-Sm 9 97 34 :35 8:92[d]


7 (S)-Sm 9 99[f] 36 :37 >99:1[g]


8 anti-27a[e] (R)-Sm 9 89[f] 36 :37 1:>99[g]


[a] Isolated yield of the two diastereomers. [b] The diastereomeric ratio of the substrate was >99:1. [c] Determined by HPLC analysis. [d] Determined
by 1H NMR analysis. [e] A mixture of diastereomers (anti :syn 9:1) was used as the substrate. [f] Product included ca. 10% of inseparable C-5 epimer (30
or 31). [g] Determined by HPLC analysis. All possible stereoisomers (30, 31, 36, and 37) were separable on HPLC.
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exhibit antifungal activity.[53] The synthetic route to 54 and
55 is outlined in Scheme 7. Catalytic asymmetric epoxida-
tion of a,b-unsaturated morpholinyl amide 48 with 10 mol%
Sm±(R)-BINOL±Ph3As=O complex 9 afforded a,b-epoxy
amide 49 (92%, >99% ee).[48,54] Reaction of epoxy amide
49 with the lithium enolate of the Weinreb amide afforded
g,d-epoxy b-keto amide 50. A regioselective epoxide open-
ing reaction followed by syn-selective reduction and benzyli-
dene protection furnished protected diol amide 51. The
choice of a diol protecting group was crucial for the diaste-
reoselective ketone reduction at a later stage.[55] Treatment
of 51 with allylmagnesium bromide resulted in allyl ketone


without C�C double bond mi-
gration. Diastereoselective
ketone reduction was achieved
by the reaction of L-Selectide
at �100 8C to afford the desired
alcohol 52 (60%, conv. 97%, b-
OH:a-OH 7:1).[56] Esterification
of 52 with acryloyl chloride pro-
ceeded smoothly, and the re-
sulting acryloyl ester was con-
verted into a-pyranone 53 by
ring-closing metathesis.[57] In
this stage, two diastereomers
were separated. Finally, the
total syntheses of 54 and 55
were achieved for the first time
by removal of the benzylidene
group followed by monoacety-
lation via cyclic ortho ester for-
mation. They were subjected to
further acylation with Ac2O/
DMAP to give diacetate 56.
Spectral data of 54, 55, and 56
on 1H NMR and 13C NMR
were identical with those re-
ported in the literature.[53] The
optical rotation of 54 and 55
([a]25D =�29.7 (c=0.60 in
MeOH)) was opposite to the
reported optical rotation
([a]D=++35 (c=0.05 in
MeOH)).[53] These results indi-
cate that the absolute stereo-
chemistry of the natural prod-
uct was 6R, 2’S, 4’S. Moreover,
anti-3,5-dihydroxy ester anti-
24a was efficiently converted to
Aimi×s intermediate 57 for the
synthesis of strictifolione (58)
in two steps (92%).[58]


Application to natural product
synthesis (2)


Tetraol synthesis : Cryptocaryo-
lone diacetate (67) was isolated
from the leaves and bark of


Cryptocarya latifolia by Drewes et al.,[59a] and the first total
synthesis of 67 was recently reported by O×Doherty et al.[28e]


Although their synthesis was performed in an enantioselec-
tive manner, the absolute configuration of cryptocaryolone
diacetate (67) remains unclear because O×Doherty et al. did
not report the optical rotation. Thus, to confirm the absolute
configuration and demonstrate the usefulness of the above-
mentioned iterative strategy based on stereoselective epoxi-
dation and diastereoselective reduction, we performed enan-
tioselective synthesis of 67 (Scheme 8). Our synthesis of 67
began with the catalytic asymmetric epoxidation of 59. The
use of 5 mol% of (S)-Sm complex 9 effectively promoted


Table 2. Syntheses of all possible stereoisomers of 3,5,7,9-tetrahydroxy esters.


Entry Product Yield [%][a] Ratio of diastereoisomers[b]


1[c] 85 40 :41 >99.5:0.5


2[c] 75 40 :41 5:>95


3[c] 97 42 :43 >99:1


4[c] 93 42 :43 6:94


5[d] 57[e] 44 :45 >99:1


6[d] 53 44 :45 4:96


7[d] 86 46 :47 >99.5:0.5


8[d] 90[f] 46 :47 2:98


[a] Isolated yield of two diastereomers. [b] Determined by HPLC analysis. [c] Ratio of the first major isomer
and the other isomer of the substrate was >99:1. [d] Ratio of the first major isomer and the other isomer (C-7
epimer) of the substrate was 9:1. [e] Product included 8% inseparable C-7 epimer 40. [f] Product included 7%
inseparable C-7 epimer 43.


Scheme 6. Representative procedure for the stereoselective syntheses of 3,5,7,9-tetrahydroxy esters.
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the asymmetric epoxidation to afford a,b-epoxy morpholinyl
amide 49 (89%, 98% ee).[60] Reaction of epoxy morpholinyl
amide 60 with the lithium enolate of butyl acetate afforded


g,d-epoxy b-keto ester 61.[61] A regioselective epoxide open-
ing reaction with Na[(PhSe)B(OEt)3] followed by syn-selec-
tive reduction and benzylidene protection furnished protect-


Scheme 7. First total synthesis of 1,3-polyol/a-pyrone natural products 54 and 55.


Scheme 8. Total synthesis of cryptocaryolone diacetate 67.
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ed 3,5-dihydroxy ester 62.[62] Conversion of 62 to the corre-
sponding (E)-a,b-unsaturated morpholinyl amide 63 was
performed with a procedure similar to that described above.
The second epoxidation of 63 using 10 mol% of (S)-Sm
complex 9 afforded 64 in a highly stereocontrolled manner
(90%, a :b >99.8:0.2).[48] The sequence from the reaction
with the lithium enolate of ethyl acetate to the benzylidene
protection provided the known intermediate 65 for the syn-
theses of 67 and 68. The spectral analysis data and optical
rotation were consistent with the reported values.[28e] After
conversion to aldehyde, a highly Z-selective Wittig reaction
according to Ando×s method[63] provided (Z)-a,b-unsaturat-
ed ester 66 as the sole detectable isomer. Finally, by follow-
ing the procedure of O×Doherty et al. , 66 was successfully
converted to cryptocaryolone diacetate (67), which was con-
firmed by spectral data on 1H NMR, 13C NMR, H-H COSY,
HMQC, IR, and HR-MS. NMR data for C6D6 were consis-
tent with those reported by Drewes et al.[59a] and 13C NMR
data for CDCl3 were consistent with those reported by
O×Doherty et al.[28e] Since there was a magnitude gap of the
optical rotation between synthetic cryptocaryolone diacetate
([a]23D =�18.8 (c=0.35 in CHCl3)), whose purity was eluci-
dated based on 13C NMR analysis,[42] and natural cryptocar-
yolone diacetate ([a]23D =�145 (c=0.27 in CHCl3)),


[59a,64] un-
fortunately, we have not succeeded in the determination of
the absolute configuration of cryptocaryolone diacetate.
However, we can conclude that cryptocaryolone diacetate
with 1S,5R,7S,2’S,4’S has the optical rotation ([a]23D =�18.8
(c=0.35 in CHCl3)). Moreover, O×Doherty et al.[28e] suc-
ceeded in synthesizing cryptocarya triacetate (68),[59] using
65 as an intermediate; this indicates that a formal total syn-
thesis of 68 has been also achieved in our group. The abso-
lute configuration of 68 has been unequivocally determined
by the total synthesis.[28b]


Conclusion


In summary, a new strategy for the stereoselective syntheses
of all possible stereoisomers of 1,3-polyol arrays was ach-
ieved using the Sm±BINOL±Ph3As=O (1:1:1) complex,
which promoted highly enantioselective as well as diastereo-
selective epoxidation of a,b-unsaturated morpholinyl
amides. Even when there is chirality in the vicinity of the b-
carbon of an a,b-unsaturated morpholinyl amide, stereose-
lectivity of the epoxidation can be controlled by the chirality
of BINOL with overwhelming inherent diastereofacial pref-
erence for the substrate. The resulting chiral a,b-epoxy mor-
pholinyl amides are synthetically very useful and versatile
intermediates, that react with a variety of nucleophiles to
afford the corresponding chiral carbonyl compounds such as
g,d-epoxy b-keto esters. The following regioselective epox-
ide opening reaction and syn- or anti-selective ketone reduc-
tion allows for a highly stereoselective 1,3-diol synthesis.
Stereoselective elongation of 1,3-polyol arrays was realized
by repeating the above process. The present strategy paves
the way for highly stereoselective syntheses of all possible
stereoisomers of 1,3-polyol arrays and eight possible stereo-
isomers of 1,3,5,7-tetraol arrays were successfully demon-


strated for the first time. Furthermore, enantioselective syn-
theses of several 1,3-polyol/a-pyrone natural products such
as cryptocaryolone diacetate were achieved using the pres-
ent strategy. Further applications of this strategy to stereose-
lective syntheses of 2n-substituted 1,3-polyol arrays by re-
gioselective epoxide opening reaction with various nucleo-
philes are currently in progress.


Experimental Section


General : Infrared (IR) spectra were recorded on a JASCO FT/IR 410
Fourier transform IR spectrophotometer. NMR spectra were recorded
on a JEOL JNM-LA500 spectrometer, operating at 500 MHz for
1H NMR and 125.65 MHz for 13C NMR. Chemical shifts in CDCl3 were
reported downfield from TMS (=0 ppm) for 1H NMR or in the scale rel-
ative to CHCl3 (7.26 ppm for 1H NMR) as an internal reference. For 13C
NMR, chemical shifts were reported downfield from TMS (=0 ppm) or
in the scale relative to CHCl3 (77.00 ppm for 13C NMR) as an internal
reference. Chemical shifts in C6D6 were reported in the scale relative to
C6H6 (7.16 ppm for 1H NMR) as an internal reference. For 13C NMR,
chemical shifts were reported in the scale relative to C6H6 (128.00 ppm
for 13C NMR) as an internal reference. Optical rotations were measured
on a JASCO P-1010 polarimeter. EI mass spectra were measured on
JEOL JMS-DX303, JEOL JMS-AX505W or JMS-BU20 GCmate. ESI
mass spectra were measured on Waters micromass ZQ or AB Mariner.
FAB-HRMS spectra were measured on JEOL S-SX102A. EI-HRMS
spectra were measured on JEOL JMS-AX505W. The enantiomeric
excess (ee) was determined by HPLC analysis. HPLC was performed on
JASCO HPLC systems consisting of the following: pump, 880-PU or PU-
980: detector, 875-UV or UV-970. Reactions were carried out in dry sol-
vents under an argon atmosphere, unless otherwise stated. Ln(OiPr)3 was
purchased from Kojundo Chemical Laboratory Co., LTD., 5-1-28, Chiyo-
da, Sakado-shi, Saitama 350-0214, Japan (fax: + (81)-492-84-1351). MS
4 ä (Molecular Sieve UOP type 4 ä, powder) was purchased from
Fluka. Other reagents were purified by the usual methods.


Catalytic asymmetric epoxidation of a,b-unsaturated Weinreb amide and
morpholinyl amide


(2R,3S)-2,3-Epoxy-N-methoxy-N-methyl-5-phenylpentanamide (14): pale
yellow oil; [a]21D = �15.1 (c = 1.36, CHCl3, 64% ee); IR (neat): ñ =


2938, 1672, 1455, 1386, 701 cm�1; 1H NMR (CDCl3): d=7.30±7.18 (m,
5H), 3.70±3.66 (m, 4H), 3.23±3.20 (m, 4H), 2.81 (m, 2H), 2.00 (m, 2H);
13C NMR (CDCl3): d = 168.3, 140.6, 128.4, 128.2, 126.0, 61.7, 57.3, 51.9,
33.1, 32.4, 31.8, 30.7; HPLC conditions (column: DAICEL CHIRALPAK
AS-H, isopropanol/hexane 1:4, flow rate: 1.0 mLmin�1, detector: 254 nm,
tR [(2R,3S)-isomer] = 25.0 min, [(2S,3R)-isomer] = 37.5 min).


4-[(E)-1-Oxo-5-phenyl-2-pentenyl]morpholine (15a): Oxalyl chloride
(3.2 mL, 36.9 mmol) was added at 4 8C to a solution of 5-phenyl-2-pente-
noic acid (5 g, 28.4 mmol) in dichloromethane (50 mL). After the addi-
tion, the flask was warmed to room temperature and stirred for 2 h. The
reaction mixture was evaporated and then THF (20 mL) was added to
the residue. The resulting acyl chloride solution was dropped into a solu-
tion of morpholine (2.6 mL, 30 mmol) in THF (20 mL) and saturated
aqueous NaHCO3 (7 mL). After stirring for 50 min, the reaction mixture
was evaporated. The residue was taken up with ethyl acetate, and the or-
ganic phase was washed with 1n HCl, and brine. The combined organic
layers were dried over Na2SO4, filtered and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, ethyl acetate)
to afford 15a as pale yellow oil (6.53 g, 94%). It solidified upon standing.
M.p. 42 8C; IR (neat): ñ = 2920, 2855, 1620, 1432, 1115 cm�1; 1H NMR
(CDCl3): d = 2.59 (td, J=7.5, 7.0 Hz, 2H), 2.84 (t, J=7.5 Hz, 2H), 3.71±
3.48 (m, 8H), 6.19 (d, J=15.0 Hz, 1H), 6.94 (dt, J=15.0, 7.0 Hz, 1H),
7.23 (m, 3H), 7.34 (m, 2H); 13C NMR (CDCl3): d = 34.2, 34.6, 42.2, 46.0,
66.8, 120.5, 126.0, 128.3, 128.4, 140.9, 145.3, 165.7; HRMS (FAB+ ): m/z :
calcd for C15H20O2N: 246.1494, found: 246.1499.


4-[(2R,3S)-2,3-Epoxy-1-oxo-5-phenylpentyl]morpholine (16a): Sm(OiPr)3
(6.4 mL, 1.28 mmol, 0.2m solution in THF) at room temperature was
added to a mixture of (S)-BINOL (336 mg, 1.28 mmol), triphenylarsine


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1527 ± 15441534


FULL PAPER M. Shibasaki et al.



www.chemeurj.org





oxide (412 mg, 1.28 mmol) and MS 4 ä (25.6 g; MS 4 ä was not dried.
1000 mg per 1 mmol of starting material) in THF (91.6 mL). After stir-
ring for 40 min at the same temperature, tert-butyl hydroperoxide
(TBHP; 6.14 mL, 30.72 mmol, 5m solution in decane) was added. After
10 min, a solution of amide 15a (6.28 g, 25.6 mmol) in THF (30 mL) was
added. After stirring for 8 h, the reaction mixture was filtered and the fil-
trate was diluted with ethyl acetate. The resulting solution was washed
with 2% aqueous citric acid, saturated aqueous sodium thiosulfate and
brine. The combined organic layers were dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by column chromatogra-
phy (silica gel, hexane/ethyl acetate 2:1 to 0:1) to afford 16a as yellow oil
(6.7 g, 25.6 mmol, quant., 98% ee). It solidified upon standing. The solid
was recrystallized from diethyl ether to afford 16a with up to 99% ee.
M.p. 66 8C; [a]24D = �28.7 (c = 1.56, CHCl3, 99% ee); IR (KBr): ñ =


2918, 2852, 1637, 1468, 1249, 1118 cm�1; 1H NMR (CDCl3): d = 1.92 (m,
2H), 2.82±2.66 (m, 2H), 3.13 (td, J=5.5, 2.0 Hz, 1H), 3.22 (d, J=2.0 Hz,
1H), 3.26 (m, 1H), 3.40 (m, 1H), 3.59±3.48 (m, 6H), 7.14 (m, 3H), 7.22
(m, 2H); 13C NMR (CDCl3): d = 31.7, 33.0, 42.2, 45.1, 53.8, 57.6, 66.6,
126.2, 128.3, 128.5, 140.6, 165.9; HRMS (FAB+ ): calcd for C15H20O3N:
262.1443, found 262.1423; HPLC conditions (column: DAICEL CHIR-
ALPAK AS-H, isopropanol/hexane 1:4, flow rate: 1.0 mLmin�1, detector:
254 nm, tR [(2S,3R)-isomer] = 43.5 min, (16a) = 62.5 min).


Syntheses of all possible stereoisomers of 3,5,7,9-tetrahydroxy esters
based on highly catalyst-controlled epoxidation


Ethyl (4R,5S)-4,5-epoxy-3-oxo-7-phenylheptanoate (7a): Ethyl acetate
(2.2 mL, 23.0 mmol) was added dropwise at �78 8C to a mixture of
LHMDS (23.0 mL, 23.0 mmol, 1.0m solution in THF) and THF (45 mL).
After 30 min, 16a (2 g, 7.65 mmol) in THF (20 mL) was added dropwise
and the reaction mixture was stirred for 6 h at �78 8C. The reaction was
quenched with saturated aqueous NH4Cl at �78 8C and warmed to room
temperature. The resulting mixture was extracted with ethyl acetate (3î).
The combined organic layers were washed with saturated aqueous
NaHCO3, dried over Na2SO4, filtered, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexane/ethyl
acetate 4:1) to afford 7a as yellow oil (1.56 g, 5.95 mmol, 78%). [a]21D =


+22.4 (c = 0.78, CHCl3, 99% ee). The spectral data were identical to
those of an authentic sample.[31b]


Ethyl (5S)-5-hydroxy-3-oxo-7-phenylheptanoate (23a):[65] NaBH4


(532 mg, 14.07 mmol) was added portionwise to a mixture of PhSeSePh
(2.19 g, 7.03 mmol) in ethanol (20 mL) at room temperature. After
15 min, the reaction mixture was cooled to 0 8C, and then 7a (1.23 g,
4.69 mmol) in ethanol (5 mL) was added. After stirring for 10 min, the
reaction was quenched with saturated aqueous NH4Cl. The resulting mix-
ture was extracted with ethyl acetate (3î), and the combined organic
layers were washed with brine, dried over Na2SO4, filtered, and concen-
trated in vacuo. The residue was purified by column chromatography
(silica gel, hexane/ethyl acetate 5:1 to 2:1) to afford 23a as yellow oil
(0.98 g, 3.7 mmol, 79%). [a]23D = ++9.35 (c 1.25, CHCl3, 99% ee).


Ethyl (3S,5S)-3,5-dihydroxy-7-phenylheptanoate (syn-24a):[65]


BEt2(OMe) (4.2 mL, 4.16 mmol, 1.0m in THF) was added at �78 8C to a
solution of 23a (1 g, 3.78 mmol) in THF (30 mL) and MeOH (10 mL).
After stirring for 1 h, NaBH4 (179 mg, 4.73 mmol) was added portionwise
at �78 8C. After 2 h, the reaction was quenched with brine at �78 8C and
warmed to room temprature. The resulting mixture was extracted with
ethyl acetate (2î), and the combined organic layers were washed with
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The resi-
due was purified by column chromatography (silica gel, hexane/ethyl ace-
tate 5:1 to 2:1) to afford syn-24a as a colorless oil (758 mg, 2.84 mmol,
75%).


Ethyl (3S,5S)-7-phenyl-3,5-bis(triethylsilyloxy)heptanoate (syn-25c): Tri-
ethylsilyl chloride (0.99 mL, 5.89 mmol) was added dropwise at room
temperature to a stirred solution of syn-24a (654 mg, 2.46 mmol), imida-
zole (802 mg, 11.79 mmol) and DMAP (catalytic amount) in DMF
(3 mL) and the resulting solution was stirred overnight. The reaction mix-
ture was poured into brine, and extracted with ethyl acetate. The com-
bined organic layers were washed with brine, dried over Na2SO4, filtered,
and concentrated in vacuo. The residue was purified by column chroma-
tography (silica gel, hexane/ethyl acetate 1:0 to 40:1) to afford syn-25c as
an oil (1.22 g, 2.46 mmol, quant.). [a]24D = ++10.9 (c = 1.00, CHCl3, 99%
ee); IR (neat): ñ = 2954, 2877, 1737, 1097, 1006 cm�1; 1H NMR (CDCl3):


d = 0.60 (m, 12H), 0.95 (m, 18H), 1.25 (t, J=7.0 Hz, 3H), 1.66±1.88 (m,
4H), 2.42 (dd, J=7.0, 14.5 Hz, 1H), 2.49 (dd, J=7.0, 14.5 Hz, 1H), 2.58±
2.72 (m, 2H), 3.82 (tt, J=5.5, 11.5 Hz, 1H), 4.11 (m, 2H), 4.24 (tt, J=6.0,
12.5 Hz, 1H), 7.15±7.20 (m, 3H), 7.26±7.30 (m, 2H); 13C NMR (CDCl3):
d = 4.9, 5.1, 6.8, 6.9, 14.1, 31.4, 39.2, 43.0, 45.0, 60.3, 66.8, 68.9, 125.7,
128.32, 128.36, 142.4, 171.4; HRMS (FAB+ ): calcd for C27H51O4Si2:
495.3326, found 495.3333.


4-[(2E,5R,7S)-1-Oxo-9-phenyl-5,7-bis(triethylsilyloxy)-2-nonenyl]mor-
pholine (syn-27c): DIBAL-H (2.4 mL, 2.4 mmol, 1.0m in toluene) was
added dropwise at �78 8C to a solution of syn-25c (1.0 g, 2.02 mmol) in
toluene (25 mL). After stirring for 3 h at the same temperature, the reac-
tion mixture was quenched with methanol. 20% aqueous potassium
sodium tartrate was added to the solution and the resulting mixture was
extracted with ethyl acetate (3 î). The combined organic layers were
washed with brine, dried over Na2SO4, filtered, and concentrated in
vacuo. The residue was purified by column chromatography (silica gel,
hexane/ethyl acetate 30:1) to afford an aldehyde as oil (882 mg,
1.96 mmol, 97%). To a stirred mixture of the aldehyde (1.03 g,
2.28 mmol), LiCl (116 mg, 2.74 mmol), 4-(2-diethoxyphosphoryl-1-oxo-
ethyl)morpholine (29 ; 727 mg, 2.74 mmol) in acetonitrile (13 mL) at
room temperature was added DBU (0.41 mL, 2.74 mmol). After stirring
overnight, The reaction mixture was diluted with ethyl acetate. The re-
sulting mixture was washed with saturated aqueous NH4Cl, brine, dried
over Na2SO4, filtered, and concentrated in vacuo. The residue was puri-
fied by column chromatography (silica gel, hexane/ethyl acetate 1:1) to
afford syn-27c as oil (1.2 g, 2.14 mmol, 94%). [a]23D = ++1.27 (c = 1.10,
CHCl3, 99% ee); IR (neat): ñ = 2954, 2877, 1737, 1097, 1006 cm�1; 1H
NMR (CDCl3): d = 0.59 (m, 12H), 0.96 (m, 18H), 1.62 (m, 1H), 1.66±
1.75 (m, 2H), 1.80 (m, 1H), 2.31 (ddd, J=6.0, 7.0, 14.5 Hz, 1H), 2.42
(ddd, J=6.0, 7.0, 14.5 Hz, 1H), 2.60 (m, 1H), 2.67 (m, 1H), 3.50±3.73 (br,
8H), 3.83 (tt, J=6.0, 12.0 Hz, 1H), 3.92 (tt, J=6.0, 12.0 Hz, 1H), 6.22
(d, J=15.0 Hz, 1H), 6.87 (dt, J=15.0, 7.0 Hz, 1H), 7.15±7.20 (m, 3H),
7.26±7.30 (m, 2H); 13C NMR (CDCl3): d = 5.0, 5.1, 6.90, 6.95, 31.5, 39.3,
40.8, 42.1, 44.9, 46.0, 66.7, 66.8, 68.5, 69.0, 121.8, 125.7, 128.2, 128.3, 142.3,
143.0, 165.2; HRMS (FAB+ ): m/z : calcd for C31H56NO4Si2: 562.3748,
found 562.3768.


4-[(2R,3S,5R,7S)-2,3-Epoxy-1-oxo-9-phenyl-5,7-bis(triethylsilyloxy)no-
nyl]morpholine (34): Sm(OiPr)3 (0.87 mL, 0.174 mmol, 0.2m solution in
THF) was added at room temperature to a mixture of (S)-BINOL
(49.7 mg, 0.174 mmol), triphenylarsine oxide (55.9 mg, 0.174 mmol) and
MS 4 ä (1.74 g; MS 4 ä was not dried. 1000 mg per 1 mmol of starting
material) in THF (4.0 mL). After stirring for 40 min at the same tempera-
ture, TBHP (0.42 mL, 2.08 mmol, 5m solution in decane) was added.
Afer stirring for 10 min, syn-27c (975 mg, 1.74 mmol) in THF (3.8 mL)
was added and stirred for 12 h. The reaction mixture was filtered and the
filtrate was diluted with ethyl acetate. The resulting mixture was washed
with 2% aqueous citric acid, saturated aqueous sodium thiosulfate, and
brine. The combined organic layers were dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by column chromatogra-
phy (silica gel, hexane/ethyl acetate 4:1 to 2:3) to afford 34 as yellow oil
(753 mg, 1.3 mmol, 75%). The diastereomeric ratio of 34 and 35 was
over 95:5 (1H NMR analysis). 34 :35 >95:5 prepared from syn-27c (99%
ee); [a]22D = �4.0 (c = 1.00, CHCl3); IR (neat): ñ = 2954, 1661, 1456,
1239, 1116 cm�1; 1H NMR (CDCl3): d = 0.59 (m, 12H), 0.96 (m, 18H),
1.70±1.88 (m, 2H), 2.65 (m, 2H), 3.26 (dt, J=2.5, 5.0 Hz, 1H), 3.73 (d,
J=2.5 Hz, 1H), 3.57±3.75 (br, 8H), 3.89 (tt, J=5.0, 10.5 Hz, 1H), 4.05
(tt, J=6.0, 12.0 Hz, 1H), 7.15±7.20 (m, 3H), 7.26±7.30 (m, 2H); 13C
NMR (CDCl3): d = 4.9, 5.1, 6.90, 6.96, 31.4, 38.9, 39.5, 42.3, 44.0, 45.3,
53.4, 54.8, 66.7, 67.2, 69.0, 125.7, 128.2, 128.3, 142.3, 166.1; HRMS
(FAB+ ): m/z : calcd for C31H56NO5Si2: 578.3697, found 578.3712.


4-[(2S,3R,5R,7S)-2,3-Epoxy-1-oxo-9-phenyl-5,7-bis(triethylsilyloxy)no-
nyl]morpholine (35): 34 :35=8:92 prepared from syn-27c (99% ee); [a]24D
= ++21.7 (c = 1.02, CHCl3); IR (neat): ñ = 2954, 1656, 1459, 1238,
1115 cm�1; 1H NMR (CDCl3): d = 0.61 (m, 12H), 0.96 (m, 18H), 1.66
(m, 2H), 1.70±1.85 (m, 4H), 2.64 (m, 2H), 3.30 (ddd, J=2.5, 6.5, 6.5 Hz,
1H), 3.34 (d, J=2.5 Hz, 1H), 3.55±3.75 (br, 8H), 3.80 (tt, J=5.5, 6.5 Hz,
1H), 4.04 (tt, J=5.5, 6.5 Hz, 1H), 7.15±7.21 (m, 3H), 7.26±7.29 (m, 2H);
13C NMR (CDCl3): d = 4.9, 5.1, 6.8, 6.9, 31.3, 39.4, 39.6, 42.3, 45.3, 54.2,
55.5, 66.6, 67.2, 68.8, 125.7, 128.2, 128.3, 142.2, 165.9; HRMS (FAB+ ):
m/z : calcd for C31H56NO5Si2: 578.3697, found 578.3691.
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Ethyl (3S,5S)-3,5-isopropylidenedioxy-7-phenylheptanoate (syn-25a):
[a]23D = �27.4 (c 1.08, CHCl3, 99% ee); IR (neat): ñ = 2991, 2940, 1737,
1496, 1455, 1380, 1199, 1167, 1028, 700 cm�1; 1H NMR (CDCl3): d = 1.25
(dt, J=0.6, 7.2 Hz, 3H), 1.40 (s, 3H), 1.43 (s, 3H), 1.72±1.54 (m, 3H),
1.787±1.79 (m, 1H), 2.36 (dd, J=6.3, 15.4 Hz, 1H), 2.52 (dd, J=6.9,
15.4 Hz, 1H), 2.65 (ddd, J=8.0, 8.3, 14.0 Hz, 1H), 2.74 (ddd, J=5.2, 9.0,
14.0 Hz, 1H), 3.84±3.78 (m, 1H), 4.18±4.11 (m, 2H), 4.29±4.24 (m, 1H),
7.19±7.17 (m, 2H), 7.29±7.26 (m, 3H); 13C NMR (CDCl3): d = 14.2, 19.7,
30.1, 31.0, 36.5, 37.8, 41.5, 60.4, 66.0, 67.6, 98.8, 125.8, 128.3, 128.5, 141.9,
171.0; ESI-MS (ESI+ ): m/z : calcd for C18H26O4Na: 329.17288, found:
329.17278 [M+Na+]; HPLC conditions (column: DAICEL CHIRAL-
CEL OJ-H, hexane/isopropanol 99:1, flow rate: 1.0 mLmin�1, detector:
254 nm, tR (syn-25a) = 17.7 min, [(3R,5R)-isomer] 14.4 min).


4-(2E,5R,7S)-5,7-Isopropylidenedioxy-1-oxo-9-phenyl-2-nonenyl]morpho-
line (syn-27a): [a]22D = �15.1 (c = 1.27, CHCl3, 99% ee); IR (neat): ñ =


2921, 2851, 1660, 1615, 755, 701 cm�1; 1H NMR (CDCl3): d = 1.21 (m,
1H), 1.40 (s, 2î3H), 1.53 (m, 1H), 1.68 (m, 1H), 1.83 (m, 1H), 2.30 (m,
1H), 2.43 (m, 1H), 2.76±2.62 (m, 2H), 3.68±3.50 (m, 8H), 3.76 (m, 1H),
3.92 (m, 1H), 6.26 (d, J=15.0 Hz, 1H), 6.84 (dt, J=15.0, 7.5 Hz, 1H),
7.23±7.17 (m, 3H), 7.31±7.24 (m, 2H); 13C NMR (CDCl3): d = 19.8, 30.2,
31.0, 36.7, 27.8, 39.5, 42.2, 46.1, 66.8, 67.6, 67.9, 98.7, 121.8, 125.7, 128.3,
128.5, 141.9, 142.1, 165.4; HRMS (FAB+ ): m/z : calcd for C21H32O4N:
374.2331, found 374.2335.


4-[(2R,3S,5R,7S)-2,3-Epoxy-5,7-isopropylidenedioxy-1-oxo-9-phenylno-
nyl]morpholine (30): 30 :31 >99:1 prepared from syn-27a (99% ee);
[a]23D = �19.2 (c = 1.54, CHCl3); IR (KBr): ñ = 3000, 2920, 2851, 1664,
1467, 1111 cm�1; 1H NMR (CDCl3): d = 1.38 (s, 3H), 1.40 (s, 3H), 1.89±
1.66 (m, 3H), 2.76±2.61 (m, 2H), 3.23 (td, J=5.0, 2.0 Hz, 1H), 3.46 (d,
J=2.0 Hz, 1H), 3.75±3.60 (m, 8H), 3.78 (m, 1H), 3.96 (m, 1H), 7.19±7.15
(m, 3H), 7.29±7.25 (m, 2H); 13C NMR (CDCl3): d = 19.9, 30.2, 31.0,
36.2, 37.2, 37.7, 42.2, 45.2, 53.5, 54.6, 65.4, 66.7, 67.6, 98.6, 125.8, 128.3,
128.5, 141.8, 166.1; HRMS (FAB+ ): m/z : calcd for C21H32O5N 390.2280,
found 390.2264; HPLC conditions (column: DAICEL CHIRALPAK AS-
H, hexane/isopropanol 3:1, flow rate: 1.2 mLmin�1, detector: 254 nm, tR
(30) = 32.2 min, (31) = 22.8 min).


Compound 30 was recrystalized from ethyl acetate/hexane at 4 8C. Color-
less crystal thus obtained was subjected to X-ray crystallographic analysis
to confirm the stereochemistry.


4-[(2S,3R,5R,7S)-2,3-Epoxy-5,7-isopropylidenedioxy-1-oxo-9-phenylno-
nyl]morpholine (31): 30 :31=1:>99 prepared from syn-27a (99% ee);
[a]24D = �4.3 (c = 1.45, CHCl3); IR (KBr): ñ = 2993, 2937, 2852, 1671,
1430, 1114 cm�1; 1H NMR (CDCl3): d = 1.38 (s, 3H), 1.42 (s, 3H), 1.86±
1.63 (m, 3H), 2.75±2.62 (m, 2H), 3.24 (td, J=5.5, 2.0 Hz, 1H), 3.39 (d,
J=2.0 Hz, 1H), 3.75±3.58 (m, 8H), 3.81 (m, 1H), 4.05 (m, 1H), 7.20±7.17
(m, 3H), 7.29±7.24 (m, 2H); 13C NMR (CDCl3): d = 19.9, 30.2, 31.0,
37.2, 37.8, 39.2, 42.3, 45.2, 54.1, 55.4, 66.7, 67.5, 98.7, 125.8, 128.3, 128.5,
141.8, 166.0; HRMS (FAB+ ): m/z : calcd for C22H32O5N: 390.2280, found
390.2244; HPLC conditions (column: DAICEL CHIRALPAK AS-H,
hexane/isopropanol 3:1, flow rate: 1.2 mLmin�1, detector: 254 nm, tR
(30) = 32.2 min, (31) 22.8 min).


4-(2E,5R,7S)-5,7-Bis(methoxymethyloxy)-1-oxo-9-phenyl-2-nonenyl]mor-
pholine (syn-27b): [a]25D = �9.8 (c = 1.33, CHCl3, 99% ee); IR (neat): ñ
= 2926, 1655, 1617, 1436, 1032 cm�1; 1H NMR (CDCl3): d = 1.65 (m,
1H), 1.78±1.95 (m, 3H), 2.42 (m, 1H), 2.51 (m, 1H), 2.64 (m, 1H), 2.73
(m, 2H), 3.34 (s, 3H), 3.40 (s, 3H), 3.50±3.74 (m, 9H), 3.80 (m, 1H),
4.58±4.68 (m, 2H), 6.26 (d, J=15.0 Hz, 1H), 6.91 (ddd, J=7.5, 15.0,
15.0 Hz, 1H), 7.16±7.21 (m, 3H), 7.25±7.31 (m, 2H); 13C NMR (CDCl3):
d = 31.4, 36.3, 37.8, 39.4, 42.2, 46.0, 55.72, 55.79, 66.7, 66.8, 73.6, 74.2,
95.4, 95.5, 121.9, 125.8, 128.3, 128.4, 142.0, 142.6, 165.1; HRMS (FAB+ ):
m/z : calcd for C23H36O6N: 422.2543, found 422.2529.


4-(2R,3S,5R,7S)-2,3-Epoxy-5,7-bis(methoxymethyloxy)-1-oxo-9-phenylno-
nyl]morpholine (32): 32 :33 >99.5:0.5 prepared from syn-27b (99% ee);
[a]25D = �3.4 (c = 1.00, CHCl3); IR (neat): ñ = 2928, 1654, 1454, 1240,
1114, 1032 cm�1; 1H NMR (CDCl3): d = 1.78 (m, 2H), 1.86 (m, 2H), 1.99
(m, 2H), 2.60±2.78 (m, 2H), 3.30 (m, 1H), 3.34 (s, 3H), 3.38±3.40 (m,
4H), 3.57±3.75 (m, 9H), 3.90 (m, 1H), 4.60±4.70 (m, 4H), 7.16±7.21 (m,
3H), 7.25±7.31 (m, 2H); 13C NMR (CDCl3): d = 31.4, 36.2, 36.4, 39.1,
42.3, 45.3, 53.4, 55.1, 55.72, 55.77, 66.7, 72.5, 74.4, 95.5, 95.6, 125.8, 128.3,
128.4, 141.9, 165.9; HRMS (FAB+ ): m/z : calcd for C23H36O7N: 438.2492,
found 438.2477; HPLC conditions (column: DAICEL CHIRALPAK AS-


H, hexane/isopropanol 1:1, flow rate: 1.0 mLmin�1, detector: 254 nm, tR
(32) = 19.7 min, (33) = 11.8 min).


4-(2S,3R,5R,7S)-2,3-Epoxy-5,7-bis(methoxymethyloxy)-1-oxo-9-phenylno-
nyl]morpholine (33): 32 :33=0.5:>99.5 prepared from syn-27b (99% ee);
[a]25D = ++19.8 (c = 1.00, CHCl3); IR (neat): ñ = 2926, 1654, 1451, 1240,
1114, 1031 cm�1; 1H NMR (CDCl3): d = 1.68 (m, 1H), 1.78 (m, 1H),
1.82±1.92 (m, 3H), 2.00 (m, 1H), 2.62±2.76 (m, 2H), 3.29 (m, 1H), 3.35
(s, 3H), 3.37 (d, J=2.5 Hz, 1H), 3.40 (s, 1H), 3.58±3.74 (m, 9H), 3.90 (m,
1H), 4.62±4.69 (m, 4H), 7.14±7.21 (m, 3H), 7.25±7.31 (m, 2H); 13C NMR
(CDCl3): d = 31.4, 36.3, 37.3, 39.9, 42.3, 45.3, 54.3, 55.5, 55.7, 55.8, 66.7,
72.6, 74.1, 95.4, 95.8, 125.8, 128.2, 128.4, 141.9, 165.8; HRMS (FAB+ ):
m/z : calcd for C23H36O7N: 438.2492, found 438.2477; HPLC conditions
(column: DAICEL CHIRALPAK AS-H, hexane/isopropanol 1:1, flow
rate: 1.0 mLmin�1, detector: 254 nm, tR (32) = 19.7 min, (33) =


11.8 min).


Ethyl (4R,5S,7R,9S)-4,5-epoxy-7,9-isopropylidenedioxy-3-oxo-11-phenyl-
undecanoate (38): Prepared from 30 (30 :31 >99:1); [a]23D = ++18.4 (c =


1.01, CHCl3); IR (neat): ñ = 2990, 2918, 1743, 1717, 1653, 1380,
1199 cm�1; 1H NMR (CDCl3): d = 1.25±1.32 (m, 4H), 1.33±1.50 (m, 8H),
1.70 (m, 1H), 1.76±1.89 (m, 3H), 2.66 (m, 1H), 2.73 (m, 1H), 3.22±3.42
(m, 3H), 3.78 (m, 1H), 3.98 (m, 1H), 4.20 (m, 2H), 7.14±7.20 (m, 3H),
7.23±7.29 (m, 2H); 13C NMR (CDCl3): d = 14.0, 19.7, 30.1, 31.0, 36.4,
37.7, 37.9, 43.7, 55.0, 58.9, 61.5, 66.0, 67.5, 98.7, 125.7, 128.2, 128.5, 141.8,
166.5, 199.9; HRMS (FAB+ ): m/z : calcd for C22H31O6: 391.2121, found
391.2112.


Ethyl (5S,7R,9S)-5-hydroxy-7,9-isopropylidenedioxy-3-oxo-11-phenylun-
decanoate (39): Prepared from 38 mentioned above; [a]23D = �0.4 (c =


1.06, CHCl3); IR (neat): ñ = 3502, 2990, 2939, 1742, 1716, 1380,
1092 cm�1; 1H NMR (CDCl3): d = 1.20±1.29 (m, 4H), 1.38±1.47 (m, 7H),
1.55±1.73 (m, 3H), 1.82 (m, 1H), 2.60±2.67 (m, 2H), 2.70±2.76 (m, 2H),
3.49 (s, 2H), 3.61 (s, 1H), 3.79 (m, 1H), 4.10 (m, 2H), 4.19 (q, J=7.0 Hz,
2H), 4.26 (m, 1H), 7.15±7.21 (m, 3H), 7.25±7.30 (m, 2H); 13C NMR
(CDCl3): d = 14.0, 19.9, 30.1, 30.9, 36.9, 37.7, 42.3, 49.9, 50.0, 61.3, 67.3,
67.5, 69.4, 98.7, 125.7, 128.2, 128.4, 141.8, 167.0, 202.4; HRMS (FAB+ ):
m/z : calcd for C22H33O6: 393.2277, found 393.2264.


Ethyl (3S,5R,7R,9S)-3,5-dihydroxy-7,9-isopropylidenedioxy-11-phenylun-
decanoate (40): BEt2(OMe) (0.14 mL, 0.14 mmol, 1.0m in THF) was
added at �78 8C to a solution of 39 (50 mg, 0.128 mmol) in THF (1.5 mL)
and MeOH (1.5 mL). After stirring for 1 h, NaBH4 (6.1 mg, 0.16 mmol)
was added at �78 8C. After 4 h, the reaction was quenched with saturated
aqueous NH4Cl at �78 8C and warmed to room temperature. The result-
ing mixture was extracted with ethyl acetate (3î), and the combined or-
ganic layers were washed with brine, dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by column chromatogra-
phy (silica gel, hexane/ethyl acetate 3:1) to afford 40 as oil (43 mg,
0.109 mmol, 85% yield, syn :anti >99.5:0.5).


A mixture of 40 and 41 (40 :41 >99.5:0.5); [a]23D = �4.5 (c = 1.01,
CHCl3); IR (neat): ñ = 3404, 2939, 2912, 1733, 1379, 1094 cm�1; 1H
NMR (CDCl3): d = 1.21±1.29 (m, 4H), 1.38±1.47 (m, 7H), 1.51±1.59 (m,
2H), 1.60±1.72 (m, 3H), 1.82 (m, 1H), 2.45 (dd, J=5.0, 16.0 Hz, 1H),
2.52 (dd, J=7.5, 16.0 Hz, 1H), 2.64 (m, 1H), 2.73 (m, 1H), 3.79 (m, 1H),
3.94 (br s, 1H), 3.97 (br s, 1H), 4.10 (m, 2H), 4.15 (q, J=7.0 Hz, 2H),
4.26 (m, 1H), 7.15±7.20 (m, 3H), 7.25±7.30 (m, 2H); 13C NMR (CDCl3):
d = 14.1, 19.9, 30.1, 30.9, 37.0, 37.6, 41.7, 42.7, 43.1, 60.5, 67.5, 68.1, 69.7,
71.3, 98.6, 125.7, 128.2, 128.4, 141.8, 172.1; HRMS (FAB+ ): m/z : calcd
for C22H35O6: 395.2434, found 395.2418; HPLC conditions (column:
YMC-PACK A-003-5-06 S-5 60A SIL 4.6î250 mm, hexane/isopropanol
98:2, flow rate: 1.5 mLmin�1, detector: 254 nm, tR (40) = 32.8 min, (41)
= 36.0 min).


Ethyl (3R,5R,7R,9S)-3,5-dihydroxy-7,9-isopropylidenedioxy-11-phenylun-
decanoate (41): Acetic acid (0.7 mL) was added at room temperature to
a mixture of tetramethylammonium triacetoxyborohydride (249 mg,
0.899 mmol) and acetonitrile (0.7 mL). The reaction mixture was stirred
for 30 min and then cooled to �5 8C. The solution of 39 (50 mg,
0.128 mmol) in acetonitrile (1 mL) was added. After stirring for 4.5 h, the
reaction mixture was poured into saturated aqueous NaHCO3, and the
resulting mixture was extracted with ethyl acetate (3î). The combined
organic layers were washed with brine, dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by column chromatogra-
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phy (silica gel, hexane/ethyl acetate 1:1) to afford 41 as oil (38 mg,
0.096 mmol, 75% yield, anti :syn >95:5).


A mixture of 40 and 41 (40 :41=5:>95); [a]23D = �9.9 (c = 1.01,
CHCl3); IR (neat): ñ = 3421, 2990, 2940, 1732, 1716, 1379, 1199, 1162,
1095 cm�1; 1H NMR (CDCl3): d = 1.27±1.30 (m, 4H), 1.39±1.48 (m, 7H),
1.50±1.77 (m, 5H), 1.83 (m, 1H), 2.50 (m, 2H), 2.64 (m, 1H), 2.73 (m,
2H), 3.60 (br s, 1H), 3.80 (m, 1H), 3.84 (br s, 1H), 4.03±4.20 (m, 4H),
4.33 (m, 1H), 7.15±7.21 (m, 3H), 7.23±7.30 (m, 2H); 13C NMR (CDCl3):
d = 14.1, 19.9, 30.1, 30.9, 37.1, 37.6, 41.6, 42.6, 42.8, 60.5, 65.3, 67.5, 68.9,
70.3, 98.7, 125.7, 128.2, 128.4, 141.8, 172.5; HRMS (FAB+ ): m/z : calcd
for C22H35O6: 395.2434, found 395.2418; HPLC conditions (column:
YMC-PACK A-003-5-06 S-5 60A SIL 4.6î250 mm, hexane/isopropanol
98:2, flow rate: 1.5 mLmin�1, detector: 254 nm, tR (40) = 32.8 min, (41)
= 36.0 min).


Ethyl (4S,5R,7R,9S)-4,5-epoxy-7,9-isopropylidenedioxy-3-oxo-11-phenyl-
undecanoate : Prepared from 31 (30 :31=1:>99); [a]24D = �30.2 (c =


1.12, CHCl3); IR (neat): ñ = 2991, 2940, 1747, 1716, 1652, 1380,
1199 cm�1; 1H NMR (CDCl3): d = 1.17±1.34 (m, 4H), 1.35±1.54 (m, 9H),
1.69 (m, 1H), 1.77±1.95 (m, 2H), 2.65 (m, 1H), 2.74 (m, 1H), 3.28 (m,
1H), 3.33 (m, 1H), 3.39 (d, J=9.0 Hz, 1H), 3.80 (m, 1H), 4.04 (m, 1H),
4.20 (m, 2H), 7.16±7.20 (m, 3H), 7.25±7.29 (m, 2H); 13C NMR (CDCl3):
d = 14.0, 19.8, 30.1, 30.9, 37.0, 37.7, 39.0, 43.9, 55.3, 59.5, 61.5, 66.4, 67.4,
98.7, 125.7, 128.2, 128.4, 141.8, 166.5, 199.6; HRMS (FAB+ ): m/z : calcd
for C22H31O6: 391.2121, found 391.2119.


Ethyl (5R,7R,9S)-5-hydroxy-7,9-isopropylidenedioxy-3-oxo-11-phenylun-
decanoate : [a]24D = �17.0 (c = 1.08, CHCl3); IR (neat): ñ = 3489, 2991,
2940, 1742, 1714, 1380, 1265, 1200 cm�1; 1H NMR (CDCl3): d = 1.25±
1.35 (m, 4H), 1.37±1.45 (m, 7H), 1.54 (m, 1H), 1.61±1.73 (m, 2H), 1.82
(m, 1H), 2.60±2.76 (m, 4H), 3.22 (d, J=6.0 Hz, 1H), 3.47 (m, 2H), 3.80
(m, 1H), 4.12 (m, 1H), 4.20 (m, 2H), 4.33 (m, 1H), 7.15±7.21 (m, 3H),
7.23±7.28 (m, 2H); 13C NMR (CDCl3): d = 14.0, 19.7, 30.2, 31.0, 36.6,
37.7, 41.9, 49.8, 49.9, 61.3, 64.4, 66.4, 67.7, 98.7, 125.7, 128.2, 128.4, 141.9,
166.9, 203.1; HRMS (FAB+ ): m/z : calcd for C22H32O6: 393.2277, found
393.2262.


Ethyl (3R,5S,7R,9S)-3,5-dihydroxy-7,9-isopropylidenedioxy-11-phenylun-
decanoate (42): A mixture of 42 and 43 (42 :43 >99:1); [a]24D = �7.6 (c
= 1.00, CHCl3); IR (neat): ñ = 3421, 2940, 1732, 1379, 1266, 1199,
1095 cm�1; 1H NMR (CDCl3): d = 1.24±1.29 (m, 4H), 1.36±1.44 (m, 7H),
1.52±1.73 (m, 5H), 1.84 (m, 1H), 2.45 (dd, J=4.5, 16.0 Hz, 1H), 2.51 (dd,
J=7.5, 16.0 Hz, 1H), 2.65 (m, 1H), 2.73 (m, 1H), 3.76±3.84 (m, 2H), 3.96
(br s, 1H), 4.12±4.19 (m, 4H), 4.29 (m, 1H), 7.16±7.20 (m, 3H), 7.24±7.30
(m, 2H); 13C NMR (CDCl3): d = 14.1, 19.7, 30.2, 31.0, 36.6, 37.7, 41.7,
42.5, 42.6, 60.6, 66.8, 67.7, 68.7, 68.8, 98.7, 125.7, 128.2, 128.5, 141.9, 172.3;
HRMS (FAB+ ): m/z : calcd for C22H35O6: 395.2434, found 395.2412;
HPLC conditions (column: YMC-PACK A-003-5-06 S-5 60A SIL 4.6î
250 mm, hexane/isopropanol 98:2, flow rate: 1.5 mLmin�1, detector:
254 nm, tR (42) = 33.0 min, (3) = 37.9 min).


Ethyl (3S,5S,7R,9S)-3,5-dihydroxy-7,9-isopropylidenedioxy-11-phenylun-
decanoate (43): A mixture of 42 and 43 (42 :43 6:94); [a]24D = ++1.0 (c =


1.00, CHCl3); IR (neat): ñ = 3421, 2990, 2940, 1732, 1379, 1266, 1199,
1159, 1094 cm�1; 1H NMR (CDCl3): d = 1.27 (t, J=7.0 Hz, 1H), 1.36±
1.45 (m, 8H), 1.57±1.64 (m, 3H), 1.64±1.76 (m, 2H), 1.84 (m, 1H), 2.50
(m, 2H), 2.65 (m, 1H), 2.74 (m, 1H), 3.38 (d, J=4.5 Hz, 1H), 3.49 (d,
J=2.5 Hz, 1H), 3.80 (m, 1H), 4.17 (q, J=7.0 Hz, 2H), 4.24 (m, 1H), 4.34
(m, 1H), 7.15±7.20 (m, 3H), 7.25±7.30 (m, 2H); 13C NMR (CDCl3): d =


14.1, 19.7, 30.2, 31.0, 36.3, 37.7, 41.4, 42.0, 42.3, 60.6, 65.6, 67.8, 98.7,
125.7, 128.2, 128.5, 141.9, 172.7; HRMS (FAB+ ): m/z : calcd for
C22H35O6: 395.2434, found 395.2410; HPLC conditions (column: YMC-
PACK A-003-5-06 S-5 60A SIL 4.6î250 mm, hexane/isopropanol 98:2,
flow rate: 1.5 mLmin�1, detector: 254 nm, tR (42) = 33.0 min, (43) =


37.9 min).


Synthesis of anti-27a from 23a : Acetic acid (10 mL) was added at room
temperature to a mixture of tetramethylammonium triacetoxyborohy-
dride (3.67 g, 13.24 mmol) and acetonitrile (15 mL). After stirring for
30 min, the mixture was cooled to �10 8C and the solution of 23a
(700 mg, 2.65 mmol, >99% ee) in acetonitrile (10 mL) was added. After
stirring for 8 h at 0 8C, the reaction mixture was poured into saturated
aqueous NaHCO3, and extracted with ethyl acetate (3î). The combined
organic layers were washed with brine, dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by column chromatogra-


phy (silica gel, hexane/ethyl acetate 4:1 to 2:1) to afford anti-24a
(682 mg).


anti-24a (682 mg) was dissolved in 2,2-dimethoxypropane (10 mL) and
TsOH¥H2O (10 mg) was added to the mixture. After stirring for 7 h at
room temperature, the reaction mixture was quenched with saturated
aqueous NaHCO3. After extracting with ethyl acetate (3î), the com-
bined organic layers were washed with brine, dried over Na2SO4, filtered,
and concentrated in vacuo. The residue was purified by column chroma-
tography (silica gel, hexane/ethyl acetate 5:1) to afford anti-25a as oil
(660 mg).


LiBH4 (84 mg, 3.84 mmol) and trimethoxyborane (0.032 mL, 0.28 mmol)
were added at room temperature to a solution of anti-25a (660 mg) in di-
ethyl ether (30 mL). The reaction mixture was stirred for 1 h at the same
temperature and quenched with saturated aqueous NaHCO3. After ex-
tracting with ethyl acetate (3î), the combined organic layers were
washed with brine, dried over Na2SO4, filtered, and concentrated in
vacuo to afford an alcohol as oil (425 mg).


MS 4 ä (800 mg; MS 4 ä not dried), N-methylmorpholine-N-oxide
(282 mg, 2.41 mg) and TPAP (28 mg, 0.08 mmol) were added at room
temperature to a solution of the alcohol (425 mg) in acetonitrile (15 mL).
The reaction mixture was stirred for 1 h and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexane/ethyl
acetate 6:1) to afford an aldehyde as oil (250 mg).


N,N-Diisopropylethylamine (0.2 mL, 1.14 mmol) was added at room tem-
perature to a stirred mixture of the aldehyde (250 mg, 0.953 mmol), LiCl
(48.3 mg, 1.14 mmol), 4-(2-diethoxyphosphoryl-1-oxoethyl)morpholine
(29 ; 302 mg, 1.14 mmol) in acetonitrile (8 mL). The reaction mixture was
stirred overnight, and diluted with ethyl acetate. The resulting mixture
was washed with 2% aqueous citric acid, saturated aqueous NaHCO3,
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The resi-
due was purified by column chromatography (silica gel, ethyl acetate) to
afford anti-27a as oil (292 mg, 0.78 mmol, 30% yield, 5 steps). The dia-
steromeric ratio of anti :syn acetonide was determined 90:10 by HPLC
analysis.


Ethyl (3R,5S)-3,5-isopropylidenedioxy-7-phenylheptanoate (anti-25a):
[a]22D = ++17.4 (c = 0.70, CHCl3, 99% ee); IR (neat): ñ = 2986, 2937,
1738, 1496, 1455, 1380, 1224, 1187, 1025, 700 cm�1; 1H NMR (CDCl3): d
= 7.29±7.26 (m, 3H), 7.19±7.16 (m, 2H), 4.29±4.25 (m, 1H), 4.17±4.11
(m, 2H), 3.79±3.75 (m, 1H), 2.77 (ddd, J=5.5, 9.5, 13.8 Hz, 1H), 2.61
(ddd, J=7.2, 8.9, 13.8 Hz, 1H), 2.50 (dd, J=8.3, 15.3 Hz, 1H), 2.41 (dd,
J=5.2, 15.3 Hz, 1H), 1.88±1.82 (m, 1H), 1.76±1.59 (m, 3H), 1.38 (s, 3H),
1.33 (s, 3H), 1.25 (t, J=7.0 Hz, 3H); 13C NMR (CDCl3): d = 170.9,
141.9, 128.4, 128.3, 125.8, 100.6, 65.6, 63.5, 60.4, 40.8, 37.9, 37.4, 31.6, 24.7,
24.6, 14.2; EI-MS m/z : 306 [M +]; HRMS (FAB+ ): m/z : calcd for
C18H27O4: 307.1904, found 307.1902; HPLC conditions (column:
DAICEL CHIRALCEL OJ-H, hexane/isopropanol 98:2, flow rate:
1.0 mLmin�1, detector: 254 nm, tR (anti-25a) = 8.7 min, [(3S,5R)-isomer]
11.6 min).


4-[(2E,5S,7S)-5,7-Isopropylidenedioxy-1-oxo-9-phenyl-2-nonenyl]mor-
pholine (anti-27a): A mixture of syn-27a and anti-27a (syn-27a : anti-
27a 1:9); [a]22D = ++25.5 (c = 0.89, CHCl3); IR (neat): ñ = 2933, 2857,
1660, 1619, 1432, 1224, 1115 cm�1; 1H NMR (CDCl3): d = 1.33 (s, 3H),
1.36 (s, 3H), 1.62 (m, 2H), 1.74 (m, 1H), 1.83 (m, 1H), 2.33 (m, 1H),
2.41 (m, 1H), 2.60 (m, 1H), 2.75 (m, 1H), 3.55 (br, 2H), 3.68 (br, 6H),
3.76 (m, 1H), 3.93 (m,1H), 6.26 (d, J=15.0 Hz, 1H), 6.83 (dt, J=15.0,
7.0 Hz, 1H), 7.16±7.21 (m, 3H), 7.25±7.31 (m, 2H); 13C NMR (CDCl3): d
= 24.8, 24.9, 31.5, 37.3, 38.2, 38.6, 42.2, 46.1, 65.5, 65.6, 66.7, 66.8, 100.5,
121.6, 125.7, 128.2, 128.4, 141.8, 142.3, 165.4; HRMS (FAB+ ): m/z : calcd
for C22H32O4N: 374.2331, found 374.2346; HPLC conditions (column:
DAICEL CHIRALPAK AS-H, hexane/isopropanol 98:2, flow rate:
1.2 mLmin�1, detector: 254 nm, tR (anti-27a) = 98.9 min, (syn-27a) =


115.1 min).


4-[(2S,3R,5S,7S)-2,3-Epoxy-5,7-isopropylidenedioxy-1-oxo-9-phenylno-
nyl]morpholine (37): A mixture of 37 and 31 (37:31 9:1); [a]24D =�4.3 (c
= 1.45, CHCl3); IR (neat): ñ = 2921, 2855, 1655, 1379, 1115 cm�1; 1H
NMR (CDCl3): d = 1.34+1.37 (syn acetonide) +1.38+1.41 (anti aceto-
nide) (s, 2î3H), 1.61±1.79 (m, 3H), 1.80±1.91 (m, 3H), 2.61 (m, 1H),
2.76 (m, 1H), 3.25 (m, 1H), 3.38 (syn, d, J=1.5 Hz, 1H) + 3.45 (anti, d,
J=2.5 Hz, 1H), 3.57±3.81 (m, 9H), 3.99 (m, 1H), 7.14±7.20 (m, 3H),
7.25±7.29 (m, 2H); 13C NMR (CDCl3): d = 24.8, 24.9, 31.5, 36.8, 37.3,
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37.8, 42.2, 45.2, 53.3, 55.0, 63.3, 65.6, 66.7, 100.4, 125.80, 128.3, 128.4,
141.8, 166.0 (for 37); HRMS (FAB+ ): m/z : calcd for C22H32O5N:
390.2280, found 390.2282; HPLC conditions (column: DAICEL CHIR-
ALPAK AS-H, hexane/isopropanol 4:1, flow rate: 1.0 mLmin�1, detec-
tor: 254 nm, tR (31) = 39.6 min, (37) = 32.5 min).


4-[(2R,3S,5S,7S)-2,3-Epoxy-5,7-isopropylidenedioxy-1-oxo-9-phenylno-
nyl]morpholine (36): A mixture of 36 and 30 (36 :30 9:1); [a]22D = ++8.2
(c = 1.00, CHCl3); IR (neat): ñ = 2984, 2920, 2857, 1653, 1240,
1114 cm�1; 1H NMR (CDCl3): d = 1.25±1.40 (m, 7H), 1.52±1.90 (m, 5H),
2.62 (m, 1H), 2.76 (m, 1H), 3.24 (m, 1H), 3.37 (anti acetonide) + 3.46
(syn acetonide) (m, 1H), 3.55±3.83 (m, 9H), 3.96 (syn acetonide) + 4.06
(anti acetonide) (m, 1H), 7.16±7.22 (m, 3H), 7.25±7.31 (m, 2H); 13C
NMR (CDCl3): d = 24.8, 24.9, 31.5, 37.3, 38.4, 38.5, 42.3, 45.2, 54.2, 55.6,
64.0, 65.6, 66.7, 100.5, 125.7, 128.2, 128.4, 141.8, 165.9; HRMS (FAB+ ):
m/z : calcd for C22H32O5N: 390.2280, found 390.2278; HPLC conditions
(column: DAICEL CHIRALPAK AS-H, hexane/isopropanol 4:1, flow
rate: 1.0 mLmin�1, detector: 254 nm, tR (30) = 55.3 min, (36) =


40.8 min).


Ethyl (4S,5R,7S,9S)-4,5-epoxy-7,9-isopropylidenedioxy-3-oxo-11-phenyl-
undecanoate : Prepared from a mixture of 37 and 31 (37:31 9:1); [a]23D =


�14.6 (c = 1.04, CHCl3); IR (neat): ñ = 2986, 2937, 1743, 1720, 1380,
1224, 1029 cm�1; 1H NMR (CDCl3): d = 1.25±1.31 (m, 3H), 1.32±1.44
(m, 6H), 1.60±1.92 (m, 6H), 2.62 (m, 1H), 2.75 (m, 1H), 3.17±3.42 (m,
4H), 3.78 (m, 1H), 3.98 (m, 1H), 4.19 (m, 2H), 7.16±7.21 (m, 3H), 7.26±
7.30 (m, 2H); 13C NMR (CDCl3): d = 14.0, 24.6, 24.7, 31.5, 37.2, 37.3,
37.9, 43.7, 55.3, 58.7, 61.5, 63.7, 65.5, 100.5, 125.7, 128.2, 128.4, 141.8,
165.5, 199.8; HRMS (FAB+ ): m/z : calcd for C22H31O6: 391.2121, found
391.2119.


Ethyl (4R,5S,7S,9S)-4,5-epoxy-7,9-isopropylidenedioxy-3-oxo-11-phenyl-
undecanoate : Prepared from a mixture of 36 and 30 (36 :30 9:1); [a]22D =


+37.9 (c = 1.14, CHCl3); IR (neat): ñ = 2986, 2937, 1745, 1719, 1380,
1224 cm�1; 1H NMR (CDCl3): d = 1.25±1.45 (m, 9H), 1.56±1.93 (m, 6H),
2.62 (m, 1H), 2.76 (m, 1H), 3.13±3.45 (m, 4H), 3.78 (m, 1H), 4.05 (m,
1H), 4.22 (m, 2H), 7.16±7.22 (m, 3H), 7.26±7.32 (m, 2H); 13C NMR
(CDCl3): d = 14.0, 24.7, 24.8, 31.5, 37.3, 38.2, 38.4, 43.8, 100.6, 125.8,
128.3, 128.4, 141.8, 166.5, 199.7; HRMS (FAB+ ): m/z : calcd for
C22H32O6: 391.2121, found 391.2219.


Ethyl (5S,7S,9S)-5-hydroxy-7,9-isopropylidenedioxy-3-oxo-11-phenylun-
decanoate : A mixture of (7S,9S)-isomer and (7R,9S)-isomer ((7S,9S)-iso-
mer:(7R,9S)-isomer 9:1); [a]21D = ++30.0 (c 1.06, CHCl3); IR (neat): ñ =


3446, 2985, 2938, 1741, 1715, 1380, 1223 cm�1; 1H NMR (CDCl3): d =


1.26±1.44 (m, 10H), 1.55±1.78 (m, 4H), 1.84 (m, 1H), 2.62 (m, 1H), 2.71±
2.80 (m, 3H), 3.16 (d, J=4.0 Hz, 1H), 3.46±3.50 (m, 2H), 3.76 (m, 1H),
4.10±4.24 (m, 1H), 4.30 (m, 1H), 7.16±7.22 (m, 3H), 7.26±7.29 (m, 2H);
13C NMR (CDCl3): d = 14.0, 24.80, 24.83, 31.6, 37.4, 38.1, 41.4, 49.7, 49.9,
61.4, 63.8, 64.7, 65.8, 100.5, 125.7, 128.2, 128.4, 141.8, 166.9, 203.1; HRMS
(FAB+ ): m/z : calcd for C22H33O6: 393.2277, found 393.2262.


Ethyl (5R,7S,9S)-5-hydroxy-7,9-isopropylidenedioxy-3-oxo-11-phenylun-
decanoate : A mixture of (7S,9S)-isomer and (7R,9S)-isomer ((7S,9S)-iso-
mer:(7R,9S)-isomer 9:1); [a]24D = ++11.3 (c = 1.15, CHCl3); IR (neat): ñ
= 3461, 2985, 2938, 1742, 1715, 1380, 1224 cm�1; 1H NMR (CDCl3): d =


1.27 (t, J=7.0 Hz, 3H), 1.32 (s, 3H), 1.40 (s, 3H), 1.59±1.76 (m, 5H), 1.83
(m, 1H), 2.61 (m, 2H), 2.74 (m, 2H), 3.49 (s, 2H), 3.60 (s, 1H), 3.76 (m,
1H), 4.10 (m, 1H), 4.19 (q, J=7.0 Hz, 2H), 4.25 (m, 1H), 7.16±7.20 (m,
3H), 7.26±7.30 (m, 2H); 13C NMR (CDCl3): d = 14.0, 24.7, 24.9, 31.5,
37.3, 38.5, 41.8, 49.8, 50.1, 61.3, 65.6, 67.0, 67.6, 100.6, 127.7, 128.3, 128.4,
167.0, 202.3; HRMS (FAB+ ): m/z : calcd for C22H31O6: 391.2121, found
391.2119.


Ethyl (3S,5R,7S,9S)-3,5-dihydroxy-7,9-isopropylidenedioxy-11-phenylun-
decanoate (44): A mixture of 44, 45 and 40 (44 :45 :40 91:1:8); [a]23D = ++


15.9 (c = 1.50, CHCl3); IR (neat): ñ = 3421, 2985, 2938, 1733, 1379,
1223, 1161 cm�1; 1H NMR (CDCl3): d = 1.27 (t, J=7.0 Hz, 3H), 1.33 (s,
3H), 1.39 (s, 3H), 1.54±1.70 (m, 6H), 1.74 (m, 1H), 1.85 (m, 1H), 2.45
(dd, J=4.6, 16.2 Hz, 1H), 2.51 (dd, J=8.1, 16.2 Hz, 1H), 2.61 (m, 1H),
2.76 (m, 1H), 3.69 (s, 1H), 3.77 (m, 1H), 3.93 (s, 1H), 4.05±4.20 (m, 4H),
4.28 (m, 1H), 7.16±7.19 (m, 3H), 7.24±7.29 (m, 2H); 13C NMR (CDCl3):
d = 14.1, 24.8, 24.9, 31.6, 37.4, 38.1, 41.8, 42.1, 42.4, 60.6, 64.1, 65.8, 68.7,
69.1, 100.5, 125.7, 128.3, 128.4, 141.8, 172.3; HRMS (FAB+ ): m/z : calcd
for C22H35O6: 395.2434, found 395.2393; HPLC conditions (column: SHI-
SEIDO SILICA SG80 4.6 mm1î250 mm, hexane/isopropanol 98:2,


flow rate: 1.0 mLmin�1, detector: 254 nm, tR (40) = 30.6 min, (44) =


34.3 min, (45) = 38.5 min).


Ethyl (3R,5R,7S,9S)-3,5-dihydroxy-7,9-isopropylidenedioxy-11-phenylun-
decanoate (45): A mixture of 44 and 45 (44 :45 4:96); [a]22D = ++5.9 (c =


1.15, CHCl3); IR (neat): ñ = 3421, 2985, 2938, 1732, 1379, 1223,
1163 cm�1; 1H NMR (CDCl3): d = 1.27 (t, J=7.0 Hz, 3H), 1.33 (s, 3H),
1.38 (s, 3H), 1.58 (m, 1H), 1.63 (m, 3H), 1.69±1.78 (m, 3H), 1.84 (m,
1H), 2.50±2.53 (m, 2H), 2.62 (m, 1H), 2.76 (m, 1H), 3.26 (d, J=5.0 Hz,
1H), 3.46 (d, J=4.0 Hz, 1H), 3.77 (m, 1H), 4.07±4.23 (m, 4H), 4.34 (m,
1H), 7.14±7.20 (m, 3H), 7.26±7.29 (m, 2H); 13C NMR (CDCl3): d = 14.1,
24.80, 24.89, 31.6, 37.4, 37.9, 41.4, 41.6, 42.3, 60.6, 64.4, 65.6, 65.8, 65.9,
100.5, 125.7, 128.3, 128.4, 141.8, 172.7; HRMS (FAB+ ): m/z : calcd for
C22H35O6: 395.2434, found 395.2394; HPLC conditions (column: SHISEI-
DO SILICA SG80 4.6 mm1î250 mm, hexane/isopropanol 98:2, flow
rate: 1.0 mLmin�1, detector: 254 nm, tR (44) = 34.3 min, (45) =


38.5 min).


Ethyl (3R,5S,7S,9S)-3,5-dihydroxy-7,9-isopropylidenedioxy-11-phenylun-
decanoate (46): A mixture of 46 :47 (46 :47 >99.5:0.5); [a]23D = ++11.7 (c
1.30, CHCl3); IR (neat): ñ = 3445, 2985, 2938, 1732, 1379, 1223,
1161 cm�1; 1H NMR (CDCl3): d = 1.26 (t, J=7.0 Hz, 3H), 1.33 (s, 3H),
1.41 (s, 3H), 1.50±1.66 (m, 6H), 1.73 (m, 1H), 1.84 (m, 1H), 2.44 (dd, J=
4.9, 15.9 Hz, 1H), 2.52 (dd, J=7.7, 15.9 Hz, 1H), 2.60 (m, 1H), 2.75 (m,
1H), 3.77 (m, 1H), 3.94 (s, 2H), 4.04±4.13 (m, 2H), 4.16 (q, J=7.0 Hz,
2H), 4.27 (m, 1H), 7.15±7.20 (m, 3H), 7.25±7.30 (m, 2H); 13C NMR
(CDCl3): d = 14.1, 24.7, 25.0, 31.5, 37.3, 38.6, 41.8, 42.6, 42.8, 60.5, 65.6,
67.6, 68.1, 71.8, 100.6, 125.8, 128.3, 128.4, 141.8, 172.2; HRMS (FAB+ ):
m/z : calcd for C22H35O6: 395.2434, found 395.2409; HPLC conditions
(column: SHISEIDO SILICA SG80 4.6 mm1î250 mm, hexane/isopro-
panol 98:2, flow rate: 1.0 mLmin�1, detector: 254 nm, tR (46) = 30.2 min,
(47) = 34.0 min).


Ethyl (3S,5S,7S,9S)-3,5-dihydroxy-7,9-isopropylidenedioxy-11-phenylun-
decanoate (47): A mixture of 47, 46 and 43 (47:46 :43 92:1:7); [a]23D =


+22.8 (c = 1.30, CHCl3); IR (neat): ñ = 3425, 2984, 2938, 1733, 1379,
1223, 1161 cm�1; 1H NMR (CDCl3): d = 1.26 (t, J=7.0 Hz, 3H), 1.33 (s,
3H), 1.41 (s, 3H), 1.54±1.68 (m, 6H), 1.74 (m, 1H), 1.85 (m, 1H), 2.51
(m, 2H), 2.62 (m, 1H), 2.76 (m, 1H), 3.60 (m, 1H), 3.75±3.82 (m, 2H),
4.07±4.19 (m, 4H), 4.34 (m, 1H), 7.14±7.22 (m, 3H), 7.26±7.32 (m, 2H);
13C NMR (CDCl3): d = 14.1, 24.7, 25.0, 31.5, 37.3, 38.7, 41.7, 42.2, 42.6,
60.5, 65.3, 65.6, 68.0, 69.4, 100.6, 125.8, 128.3, 128.4, 141.7, 172.5; HRMS
(FAB+ ): m/z : calcd for C22H35O6: 395.2434, found 395.2408; HPLC con-
ditions (column: SHISEIDO SILICA SG80 4.6 mm1î250 mm, hexane/
isopropanol 98:2, flow rate: 1.0 mLmin�1, detector: 254 nm, tR (43) =


36.4 min, (46) = 30.2 min, (47) = 34.0 min).


Application to natural product synthesis (1): Triol


4-[(E)-1-Oxo-7-phenyl-2-heptenyl]morpholine (48): Pale yellow oil; IR
(neat): ñ = 2926, 2855, 1658, 1620, 1432, 1268, 1230, 1116, 975, 749,
701 cm�1; 1H NMR (CDCl3): d = 7.29±7.26 (m, 2H), 7.19±7.15 (m, 3H),
6.89 (dt, J=15.0, 7.0 Hz, 1H), 6.17 (d, J=15.0 Hz, 1H), 3.67±3.39 (m,
8H), 2.62 (t, J=7.5 Hz, 2H), 2.25±2.21 (m, 2H), 1.68±1.62 (m, 2H), 1.54±
1.48 (m, 2H); 13C NMR (CDCl3): d = 165.6, 146.9, 142.2, 128.3, 128.2,
125.7, 119.5, 66.8, 46.0, 42.2, 36.7, 32.4, 31.0, 27.8; LRMS (EI+ ): m/z :
273 [M +]; HRMS (FAB+ ): m/z : calcd for C17H24O2N: 274.1807, found
274.1805.


(2S,3R)-2,3-Epoxy-1-oxo-7-phenylheptyl]morpholine (49): colorless oil;
[a]24D = ++20.0 (c = 0.79, CHCl3, 99% ee); IR (neat): ñ = 2928, 2857,
1659, 1465, 1274, 1239, 749, 701 cm�1; 1H NMR (CDCl3): d = 7.29±7.26
(m, 2H), 7.19±7.16 (m, 3H), 3.69±3.56 (m, 8H), 3.33 (d, J=2.1 Hz, 1H),
3.15 (ddd, J=6.4, 4.6, 2.1 Hz, 1H), 2.63 (t, J=7.6 Hz, 2H), 1.72±1.48 (m,
6H); 13C NMR (CDCl3): d = 166.1, 142.1, 128.3, 128.3, 125.8, 66.7, 58.2,
53.9, 45.3, 42.3, 35.7, 31.4, 31.0, 25.4; LRMS (EI+ ): m/z : 289 [M +];
HRMS (FAB+ ): m/z : calcd for C17H24O3N 290.1756, found 290.1758;
HPLC conditions (column: DAICEL CHIRALPAK AS-H, isopropanol/
hexane 1:4, flow rate: 1.0 mLmin�1, detector: 254 nm, tR [(2S,3R)-isomer]
= 32.3 min, [(2R,3S)-isomer] = 58.1 min).


(4S,5R)-4,5-Epoxy-N-methoxy-N-methyl-3-oxo-9-phenylnonanamide
(50): LHMDS (0.25 mL, 0.25 mmol, 1.0m solution in THF) was added at
�78 8C to a stirred solution of N-methoxy-N-methylacetoamide (28 mL,
0.263 mmol) in THF (0.75 mL). After stirring for 20 min, a THF solution
of 49 (30.5 mg, 0.105 mmol in 0.4 mL THF) was added to the reaction
mixture at the same temperature. The reaction was slowly warmed to
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�50 8C over a period of 1 h and stirred for 70 h. The reaction was
quenched with saturated aqueous NH4Cl. The aqueous layer was extract-
ed with ethyl acetate (2î5 mL) and the combined organic layers were
washed with brine, and dried over Na2SO4. After concentration in vacuo,
the residue was purified by flash column chromatography (silica gel,
hexane/ethyl acetate 3:1) to give 50 [19.3 mg, 60% (conv. 85%)] as a
pale yellow oil, with recovery of 49 (8.7 mg, 29%). [a]26D = �21.1 (c =


0.87, CHCl3, 99% ee); IR (neat): ñ =2936, 2858, 1724, 1643, 1454, 1359,
1185, 1009, 749, 701 cm�1; 1H NMR (CDCl3): d = 7.27 (m, 2H), 7.17 (m,
3H), 3.66 (s, 3H), 3.59 (d, J=16 Hz, 1H), 3.41 (d, J=16 Hz, 1H), 3.30
(d, J=1.5 Hz, 1H), 3.20 (s, 3H), 3.15 (m, 1H), 2.62 (t, J=7.5 Hz, 2H),
1.74±1.46 (m, 6H); 13C NMR (CDCl3): d = 200.9, 167.6, 142.0, 128.34,
128.29, 125.8, 61.3, 59.6, 58.1, 42.3, 35.6, 32.1, 31.6, 30.9, 25.3; LRMS
(EI+ ): m/z : 305 [M +]; HRMS (FAB+ ): m/z : calcd for C17H24O4N:
306.1705, found 306.1718.


(5R)-5-Hydroxy-N-methoxy-N-methyl-3-oxo-9-phenylnonanamide : PhSe-
SePh (936 mg, 3.00 mmol) was added at 0 8C to a stirred suspension of
NaBH4 (227 mg, 6.00 mmol) in EtOH (5 mL). The reaction was allowed
to warm to room temperature, and then stirred for 20 min. A solution of
50 (305 mg, 1.00 mmol) in EtOH (3 mL) was added to the reaction mix-
ture. After stirring for 10 min, the reaction was diluted with ethyl acetate
and poured into water. The aqueous layer was extracted with ethyl ace-
tate (2î10 mL) and the combined organic layers were washed with
brine, and then dried over Na2SO4. After concentration in vacuo, the resi-
due was purified by flash column chromatography (silica gel, hexane/
ethyl acetate 1:2) to give the title compound (259 mg, 84%) as a pale
yellow oil. [a]27D = �18.8 (c = 1.21, CHCl3, 99% ee); IR (neat): ñ =


3429, 2934, 1715, 1650, 1454, 1194, 749, 701 cm�1; 1H NMR (CDCl3): d =


7.28 (m, 2H), 7.18 (m, 3H), 4.08 (m, 1H), 3.68 (s, 3H), 3.61 (s, 2H), 3.22
(s, 3H), 2.72±2.62 (m, 4H), 1.68±1.39 (m, 6H); 13C NMR (CDCl3): d =


204.8, 167.8, 142.5, 128.3, 128.2, 125.6, 67.5, 61.4, 49.8, 48.2, 36.3, 35.8,
32.0, 31.3, 25.1; LRMS (EI+ ): m/z : 307 [M +]; HRMS (FAB+ ): m/z :
calcd for C17H26O4N: 308.1862, found 308.1874.


(2R,4R,6R)-N-Methoxy-N-methyl-2-phenyl-6-(4-phenylbutyl)-1,3-diox-
ane-4-acetamide (51): BEt2(OMe) (0.45 mL, 0.45 mmol, 1.0m solution in
THF) was added at �78 8C to a stirred solution of (5R)-5-hydroxy-N-me-
thoxy-N-methyl-3-oxo-9-phenylnonanamide (69.1 mg, 0.225 mmol) in
THF (1.3 mL) and MeOH (0.44 mL). After stirring for 15 min, NaBH4


(30 mg, 0.79 mmol) was added and stirred for 5 h at the same tempera-
ture. The reaction was quenched with water and the aqueous layer was
extracted with ethyl acetate (2î10 mL). The combined organic layers
were washed with brine, and then dried over Na2SO4. After concentra-
tion in vacuo, the residue was azeotroped a few times with MeOH to
give crude diol. To a solution of the crude diol in toluene (1.0 mL) was
added benzaldehyde dimethyl acetal (0.084 mL, 0.563 mmol) and PPTS
(2.8 mg, 0.011 mmol) at room temperature, and then the mixture was
heated to reflux. After stirring for 10 h, the reaction was diluted with
ether and poured into saturated aqueous NaHCO3. The aqueous layer
was extracted with diethyl ether (2î5 mL) and the combined organic
layers were washed with brine, and then dried over Na2SO4. After con-
centration in vacuo, the residue was purified by flash column chromatog-
raphy (silica gel, hexane/ethyl acetate 5:1) to give 51 (66.2 mg, 74% in 2
steps) as yellow oil. [a]27D = ++21.8 (c = 0.92, CHCl3, 99% ee); IR
(neat): ñ = 2936, 2857, 1661, 1454, 1343, 1120, 1026, 752, 700 cm�1; 1H
NMR (CDCl3): d = 7.48 (m, 2H), 7.36±7.27 (m, 5H), 7.18 (m, 3H), 5.56
(s, 1H), 4.38 (m, 1H), 3.85 (m, 1H), 3.68 (s, 3H), 3.20 (s, 3H), 2.98 (dd,
J=17.5, 5.5 Hz, 1H), 2.63 (t, J=7.5 Hz, 2H), 2.55 (dd, J=17.5, 6 Hz,
1H), 1.81±1.40 (m, 8H); 13C NMR (CDCl3): d = 171.4, 142.6, 138.7,
128.5, 128.4, 128.2, 128.1, 126.1, 125.6, 100.6, 76.6, 73.5, 61.4, 38.2, 37.0,
35.8, 35.7, 32.0, 31.4, 24.7; LRMS (EI+): m/z: 397 [M +]; HRMS (FAB+):
m/z : calcd for C17H24O4N: 398.2331, found 398.2321; HPLC conditions
(column: DAICEL CHIRALPAK AD-H, iPrOH/hexane 1:9, flow rate:
1.0 mLmin�1, detector 254 nm, tR [(4S,6S)-isomer] = 7.9 min, [(4R,6R)-
isomer] = ) = 10.0 min).


1-[(2R,4R,6R)-2-Phenyl-6-(4-phenylbutyl)-1,3-dioxan-4-yl]-4-penten-2-
one : Allylmagnesium bromide (0.39 mL, 0.39 mmol, 1.0m solution in
Et2O) was added at 0 8C to a stirred solution of 51 (77.9 mg, 0.196 mmol)
in THF (1.6 mL). After stirring for 30 min at the same temperature, the
reaction was quenched with saturated aqueous NH4Cl. The aqueous layer
was extracted with ethyl acetate (2î4 mL) and the combined organic
layers were washed with brine, and then dried over Na2SO4. After con-


centration in vacuo, the residue was purified by flash column chromatog-
raphy (silica gel, hexane/ethyl acetate 20:1) to give the title compound
(64.2 mg, 87%) as colorless oil. [a]30D = �2.1 (c 1.36, CHCl3, 99% ee); IR
(neat): ñ = 2934, 2857, 1715, 1454, 1346, 1128, 1026, 921, 752, 699 cm�1;
1H NMR (CDCl3): d = 7.45 (m, 2H), 7.37±7.29 (m, 5H), 7.18 (m, 3H),
5.92 (ddt, 17.5, 10.5, 7 Hz, 1H), 5.53 (s, 1H), 5.20 (dd, J=10.5, 1.5 Hz,
1H), 5.14 (dd, J=17.5, 1.5 Hz, 1H), 4.32 (m, 1H), 3.83 (m, 1H), 3.24
(ddd, J=7, 1.5, 1.5 Hz, 2H), 2.89 (dd, J=16, 6.5 Hz, 1H), 2.63 (t, J=
7.5 Hz, 2H), 2.57 (dd, J=16, 6 Hz, 1H), 1.72±1.35 (m, 8H); 13C NMR
(CDCl3): d = 206.4, 142.5, 138.5, 130.1, 128.6, 128.4, 128.2, 128.1, 126.0,
125.6, 119.1, 100.5, 76.6, 73.0, 48.8, 48.2, 36.7, 35.8, 35.6, 31.4, 24.6; LRMS
(EI+ ): m/z : 378 [M +]; HRMS (FAB+ ): m/z : calcd for C25H31O3:
379.2273, found 379.2276.


(aS,2R,4S,6R)-2-Phenyl-6-(4-phenylbutyl)-a-2-propenyl-1,3-dioxane-4-
ethanol (52): L-Selectride (0.117 mL, 0.117 mmol, 1.0m solution in THF)
was added at �100 8C to a stirred solution of the allylketone prepared
above (22.2 mg, 0.0586 mmol) in THF (0.6 mL). After stirring for 2 h at
the same temperature, the reaction was quenched with H2O2 (30 wt.%
solution in water) and 1m NaOH. The mixture was allowed to warm to
room temperature and diluted with Et2O. The aqueous layer was extract-
ed with Et2O (2î3 mL) and the combined organic layers were washed
with 2% aqueous Na2S2O3, brine, and then dried over Na2SO4. After con-
centration in vacuo, the residue was purified by flash column chromatog-
raphy (silica gel, hexane/ethyl acetate 10:1) to give 52 [13.3 mg, 60%
(conv. 97%), inseparable mixture of syn,syn- and syn,anti-diastereomer
(7:1)] as colorless oil. [a]23D = �0.93 (c = 1.40, CHCl3, 99% ee, 7:1 mix-
ture of syn,syn- and syn,anti-diastereomer); IR (neat): ñ = 3522, 2935,
2857, 1454, 1342, 1104, 1026, 914, 752, 698 cm�1; 1H NMR (CDCl3):
syn,syn-diastereomer: d = 7.46 (m, 2H), 7.36±7.27 (m, 5H), 7.18 (m,
3H), 5.84 (ddt, J=17.5, 10.5, 7 Hz), 5.55 (s, 1H), 5.12 (m, 2H), 4.08 (m,
1H), 3.97 (m, 1H), 3.82 (m, 1H), 2.63 (t, J=7.5 Hz, 2H), 2.26 (m, 2H),
1.80±1.43 (m, 10H); 13C NMR (CDCl3): syn,syn-diastereomer: d = 142.5,
138.3, 134.7, 128.7, 128.4, 128.3, 128.2, 126.0, 125.6, 117.6, 100.6, 77.3,
76.8, 70.4, 42.0, 37.1, 35.8, 35.6, 31.4, 24.6; LRMS (EI+ ): m/z : 380 [M +];
HRMS (FAB+ ): m/z : calcd for C25H33O3: 381.2430, found 381.2428.


(S)-1-[[(2R,4R,6R)-2-Phenyl-6-(4-phenylbutyl)-1,3-dioxan-4-yl]methyl]-
3-butenyl 2-propenoate : Acryloyl chloride (9.0 mL, 0.11 mmol) and
iPr2NEt (20 mL, 0.115 mmol) were added at 0 8C to a stirred solution of
52 (21.1 mg, 0.0554 mmol) in CH2Cl2 (0.55 mL). The mixture was allowed
to warm to room temperature and stirred for 3 h. The reaction was dilut-
ed with Et2O and poured into saturated aqueous NaHCO3. The aqueous
layer was extracted with ether and the combined organic layers were
washed with brine, and then dried over Na2SO4. After concentration in
vacuo, the residue was purified by flash column chromatography (silica
gel, hexane/ethyl acetate 25:1) to give the title compound (21.8 mg, 91%,
inseparable mixture of syn,syn- and syn,anti-diastereomer) as a colorless
oil. [a]23D = ++4.6 (c = 1.09, CHCl3, 99% ee, mixture of syn,syn- and syn,-
anti-diastereomer). IR (neat):ñ= 2934, 2857, 1721, 1404, 1194, 1026,
699 cm�1; 1H NMR (CDCl3): syn,syn-diastereomer: d = 7.40 (m, 2H),
7.28±7.18 (m, 5H), 7.10 (m, 3H), 6.30 (dd, J=17.5, 1.5 Hz, 1H), 6.01 (dd,
J=17.5, 10.5 Hz, 1H), 5.73 (dd, J=10.5, 1.5 Hz, 1H), 5.70 (ddt, J=17.5,
10.5, 7 Hz, 1H), 5.40 (s, 1H), 5.14 (m, 1H), 5.02 (m, 2H), 3.83 (m, 1H),
3.70 (m, 1H), 2.55 (t, J=7.5 Hz, 2H), 2.00 (m, 1H), 1.70 (m, 1H), 1.63±
1.29 (m, 8H); 13C NMR (CDCl3): syn,syn-diastereomer: d = 165.7, 142.6,
138.7, 133.2, 130.7, 128.6, 128.5, 128.4, 128.2, 128.1, 126.1, 125.6, 118.2,
100.6, 76.6, 74.0, 70.4, 39.8, 38.9, 36.8, 35.8, 35.7, 31.4, 24.7; LRMS (EI+ ):
m/z : 434 [M +]; HRMS (FAB+ ): m/z : calcd for C28H35O4: 435.2535,
found 435.2526.


(6S)-5,6-Dihydro-6-[[(2R,4R,6R)-2-phenyl-6-(4-phenylbutyl)-1,3-dioxan-
4-yl]methyl]-2H-pyran-2-one (53): The acryloyl ester prepared above
(19.9 mg, 0.0458 mmol) was dissolved in CH2Cl2 (6.5 mL). After degass-
ing, Grubbs× catalyst (1.5 mg, 1.8 mmol) was added to the mixture at
room temperature. The reaction was heated to reflux for 9 h. After the
solvent being removed, the resulting residue was purified by flash
column chromatography (silica gel, hexane/ethyl acetate 4:1) to give 53
(15.7 mg, 84%, a separable mixture of 53 and 6-epi-53) as a colorless oil.
The mixture was purified by preparative thin-layer chromatography and
53 and 6-epi-53 were isolated as a colorless oil (53 : 13.0 mg, 70%; 6-epi-
53 : 1.5 mg, 8%). 53 : [a]27D = �47.6 (c 1.21, CHCl3, 99% ee); IR (neat): ñ
= 2929, 2857, 1730, 1245, 1119, 1026, 699 cm�1; 1H NMR (CDCl3): d =


7.46 (m, 2H), 7.38±7.24 (m, 5H), 7.18 (m, 3H), 6.90 (m, 1H), 6.04 (dd,
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J=10, 1.5 Hz, 1H), 5.52 (s, 1H), 4.68 (m, 1H), 4.16 (m, 1H), 3.83 (m,
1H), 2.63 (t, J=7.5 Hz, 2H), 2.55±2.39 (m, 2H), 2.22 (m, 1H), 1.92 (m,
1H), 1.73±1.43 (m, 8H); 13C NMR (CDCl3): d = 164.3, 145.3, 142.5,
138.6, 128.6, 128.4, 128.2, 128.1, 126.0, 125.6, 121.2, 100.5, 77.2, 74.6, 72.5,
40.3, 36.5, 35.8, 35.7, 31.4, 29.3, 24.7; LRMS (EI+ ): m/z : 406 [M +];
HRMS (FAB+ ): m/z : calcd for C26H31O4: 407.2222, found 407.2220.


(6S)-6-[(2R,4R)-2-Acetoxy-4-hydroxy-8-phenyloctyl]-5,6-dihydro-2H-
pyran-2-one (54), (6S)-6-[(2R,4R)-4-acetoxy-2-hydroxy-8-phenyloctyl]-
5,6-dihydro-2H-pyran-2-one (55): Compound 53 (9.0 mg, 0.022 mmol)
was dissolved in an 80% solution of AcOH (0.5 mL) and the solution
was heated to 60 8C. After stirring for 5 h, the reaction was diluted with
ethyl acetate and then poured into saturated aqueous NaHCO3. The
aqueous layer was extracted with ethyl acetate and the combined organic
layers were washed with brine, and then dried over Na2SO4. After con-
centration in vacuo, crude diol was obtained. To a stirred solution of the
crude diol in CH2Cl2 (0.2 mL) was added triethyl orthoacetate (10 mL,
0.055 mmol) and PPTS (0.5 mg, 2 mmol) at room temperature. After the
reaction being stirred until all of the starting material was consumed
(1 h), water (1 mL) was added to the reaction and the mixture was stirred
for 1 h. The reaction mixture was directly purified by flash column chro-
matography (silica gel, hexane/ethyl acetate 1:1) to give a mixture of 54
and 55 (6.0 mg, 76% in 2 steps) as a yellow oil. [a]26D = �29.7 (c = 0.60,
MeOH, 99% ee, a mixture of synthetic 54 and 55) (lit.[53]: [a]D = ++35 (c
= 0.05, MeOH) for 54 and [a]D = ++35 (c = 0.05, MeOH) for 55); IR
(neat): ñ = 3453, 2933, 1730, 1375, 1246, 1035 cm�1; 1H NMR (CDCl3):
54 : d = 7.27 (m, 2H), 7.18 (m, 3H), 6.89 (m, 1H), 6.02 (d, J=9.5 Hz,
1H), 4.95 (m, 1H), 4.65 (m, 1H), 3.89 (m, 1H), 2.61 (t, J=7.5 Hz, 2H),
2.41 (m, 2H), 2.20±1.31 (m, 10H), 2.04 (s, 3H); 13C NMR (CDCl3): 54 : d
= 171.3, 163.8, 145.2, 142.3, 128.4, 128.3, 125.7, 121.3, 76.7, 72.4, 67.1,
42.3, 41.7, 35.7, 34.6, 31.1, 29.4, 24.8, 21.3; 1H NMR (CDCl3): 55 : d =


7.27 (m, 2H), 7.18 (m, 3H), 6.89 (m, 1H), 6.02 (d, J=9.5 Hz, 1H), 5.23
(m, 1H), 4.51 (m, 1H), 3.70 (m, 1H), 2.62 (t, J=7.5 Hz, 2H), 2.42±2.22
(m, 2H), 2.20±1.31 (m, 10H), 2.06 (s, 3H); 13C NMR (CDCl3): 55 : d =


171.3, 163.8, 144.7, 142.3, 128.4, 128.3, 125.7, 121.4, 75.1, 69.2, 69.0, 41.7,
39.3, 37.7, 35.8, 31.3, 29.2, 25.0, 21.3; LRMS (EI+ ): m/z : 360 [M +];
HRMS (FAB+ ): m/z : calcd for C21H28O5: 361.2015, found 361.2019.


(6S)-6-[(2R,4R)-2,4-Diacetoxy-8-phenyloctyl]-5,6-dihydro-2H-pyran-2-
one (56): Ac2O (2.5 mL, 0.027 mmol) and catalytic amount of DMAP
were added to a stirred solution of a mixture of 54 and 55 (2.4 mg,
6.7 mmol) in pyridine (0.1 mL). After stirring for 30 min, the reaction
mixture was diluted with ethyl acetate and the solution was quenched
with saturated aqueous NaHCO3. The aqueous layer was extracted with
ethyl acetate and the combined organic layers were washed with 1n HCl,
brine, and then dried over Na2SO4. After concentration in vacuo, the resi-
due was purified by preparative thin-layer chromatography (silica gel,
hexane/ethyl acetate 1:2) to give 56 (2.4 mg, 89%) as a yellow oil. [a]22D
= �31.5 (c = 0.33, CHCl3, 99% ee); IR (neat): ñ = 2931, 1730, 1372,
1240, 1038 cm�1; 1H NMR (CDCl3): d = 7.27 (m, 2H), 7.18 (m, 3H), 6.88
(m, 1H), 6.01 (dd, J=9.75, 2 Hz, 1H), 5.04 (m, 1H), 4.93 (m, 1H), 4.48
(m, 1H), 2.60 (t, J=7.5 Hz, 2H), 2.45±2.27 (m, 2H), 2.06 (s, 3H), 2.04 (s,
3H), 2.16±1.78 (m, 4H), 1.62 (m, 4H), 1.34 (m, 2H); 13C NMR (CDCl3):
d = 170.8, 170.7, 163.8, 144.7, 142.3, 128.4, 128.3, 125.7, 121.4, 74.9, 70.8,
67.9, 39.0, 39.0, 35.7, 34.1, 31.1, 29.1, 24.7, 21.2, 21.2; LRMS (EI+ ): m/z :
402 [M +]; HRMS (FAB+ ): m/z : calcd for C23H31O6: 403.2121, found
403.2108.


In confirmation of the stereochemistry, minor isomer 6-epi-53 was also
converted to the corresponding diacetate 6-epi-56 by the same proce-
dure.


(6R)-5,6-Dihydro-6-[[(2R,4R,6R)-2-phenyl-6-(4-phenylbutyl)-1,3-dioxan-
4-yl]methyl]-2H-pyran-2-one (6-epi-53): [a]27D = �2.1 (c = 0.28, CHCl3,
99% ee); IR (neat): ñ = 2930, 2857, 1724, 1248, 1120, 1026, 699 cm�1; 1H
NMR (CDCl3): d = 7.46 (m, 2H), 7.37±7.27 (m, 5H), 7.19 (m, 3H), 6.88
(ddd, J=10, 5.5, 3 Hz, 1H), 6.03 (dd, J=10, 1.5 Hz, 1H), 5.50 (s, 1H),
4.80 (m, 1H), 4.23 (m, 1H), 3.82 (m, 1H), 2.63 (t, J=7.5 Hz, 2H), 2.36
(m, 2H), 1.94 (m, 1H), 1.86 (m, 1H), 1.73±1.37 (m, 8H); 13C NMR
(CDCl3): d = 164.4, 145.1, 142.6, 138.7, 128.6, 128.4, 128.3, 128.2, 126.1,
125.6, 121.4, 100.4, 76.7, 74.0, 72.0, 41.6, 37.2, 35.8, 35.7, 31.4, 30.0, 24.7;
LRMS (EI+ ): m/z : 406 [M +]; HRMS (FAB+ ): m/z : calcd for C26H30O4:
407.2222, found 407.2213.


(6R)-6-[(2R,4R)-2,4-Diacetoxy-8-phenyloctyl]-5,6-dihydro-2H-pyran-2-
one (6-epi-56): [a]22D = ++17.8 (c = 0.18, CHCl3, 99% ee); IR (neat): ñ
= 2931, 1731, 1373, 1240, 1023 cm�1; 1H NMR (CDCl3): d = 7.27 (m,
2H), 7.19 (m, 3H), 6.85 (ddd, J=10, 5.5, 3 Hz, 1H), 6.02 (dd, J=10,
1.5 Hz, 1H), 5.14 (m, 1H), 4.92 (m, 1H), 4.48 (m, 1H), 2.60 (t, J=7.5 Hz,
2H), 2.35±2.31 (m, 2H), 2.10±1.78 (m, 4H), 2.04 (s, 3H), 2.04 (s, 3H),
1.60 (m, 4H), 1.32 (m, 2H); 13C NMR (CDCl3): d = 170.8, 170.3, 163.6,
144.5, 142.3, 128.4, 128.3, 125.7, 121.6, 74.5, 70.7, 68.0, 39.4, 38.8, 35.7,
34.0, 31.1, 29.6, 24.7, 21.2, 21.2; LRMS (EI+ ): m/z : 402 [M +]; HRMS
(FAB+ ): m/z : calcd for C23H31O6: 403.2121, found 403.2108.


(3S,5S)-3,5-Isopropylidenedioxy-7-phenyl-1-heptanol (57): TsOH¥H2O
(1.6 mg, 0.008 mmol) was added at room temperature to a stirred solu-
tion of anti-24a (22.8 mg, 0.086 mmol) in dimethoxypropane (0.6 mL).
After 2 h, the reaction was diluted with ethyl acetate (10 mL). The solu-
tion was washed with saturated aqueous NaHCO3 and brine, and then
dried over Na2SO4. After concentration in vacuo, the residue was purified
by flash column chromatography (silica gel, hexane/ethyl acetate 30:1) to
give anti-25a (25.2 mg, 96%). To a suspension of lithium aluminum hy-
dride (6.6 mg, 0.175 mmol) in THF (0.3 mL) was added a solution of
anti-25a (22.4 mg, 0.073 mmol) in THF (0.7 mL) at 0 8C. After stirring
for 1 h, the reaction was quenched with excess MeOH, and diluted with
ethyl acetate. The mixture was washed with 0.1n aqueous HCl, saturated
aqueous NaHCO3, brine, and then dried over Na2SO4. After concentra-
tion in vacuo, the residue was purified by flash column chromatography
(silica gel, hexane/ethyl acetate 2:1) to give alcohol 57 as a colorless oil
(18.6 mg, 96%).


The spectral data were identical to the reported data.[58] [a]23D = ++23.1
(c = 1.07, CHCl3, 99% ee) (lit.[58] [a]25D = ++24.9 (c = 1.70, CHCl3)).


Application to natural product synthesis (2): Tetraol


4-[(2R,3S)-2,3-Epoxy-1-oxobutyl]morpholine (60): Sm(OiPr)3 (2.1 mL,
0.42 mmol, 0.2m in THF) was added at room temperature to a mixture of
(S)-BINOL (120 mg, 0.42 mmol), triphenylarsine oxide (135 mg,
0.42 mmol) and MS 4 ä (8.38 g; MS 4 ä was not dried. 1000 mg per
1 mmol of starting material) in THF (32 mL). After stirring for 40 min at
the same temperature, TBHP (2.0 mL, 10.1 mmol, 5m in decane) was
added. After 10 min, 59 (1.3 g, 8.38 mmol) in THF (8 mL) was added.
The reaction mixture was stirred for 8 h at the same temperature, and
the reaction mixture was filtered and the filtrate was diluted with ethyl
acetate (80 mL). The resulting mixture was washed with 2% aqueous
citric acid, saturated aqueous sodium thiosulfate and brine. The com-
bined organic layers were dried over Na2SO4, filtered, and concentrated
in vacuo. The residue was purified by column chromatography (silica gel,
hexane/ethyl acetate 1:1 to 0:1) to afford 60 as white foam (1.28 g,
7.47 mmol, 89%). [a]22D = �15.9 (c = 0.98, CHCl3, 98% ee); IR (neat):
ñ = 2860, 1650, 1244, 1113 cm�1; 1H NMR (CDCl3): d = 1.41 (d, J=
5.1 Hz, 3H), 3.24 (dq, J=2.2, 5.1 Hz, 1H), 3.31 (d, J=2.2 Hz, 1H), 3.19±
3.76 (m, 8H); 13C NMR (CDCl3): d = 17.2, 42.3, 45.4, 54.3, 54.9, 66.7,
166.0; HRMS (EI+ ): m/z : calcd for C8H13O3N: 171.0895, found
171.0894.


4-[(2S,3R)-2,3-Epoxy-1-oxobutyl]morpholine (ent-60): [a]22D = ++13.8 (c
= 1.09, CHCl3, 99% ee); IR (neat): ñ = 2862, 1643, 1246, 1111 cm�1; 1H
NMR (CDCl3): d = 1.41 (d, J=5.1 Hz, 3H), 3.24 (dq, J=2.2, 5.1 Hz,
1H), 3.31 (d, J=2.2 Hz, 1H), 3.19±3.76 (m, 8H); 13C NMR (CDCl3): d =


17.2, 42.3, 45.4, 54.3, 54.9, 66.7, 166.0; HRMS (EI+ ): m/z : calcd for
C8H13O3N: 171.0895, found 171.0897.


(3R,4S)-3,4-Epoxy-1-phenyl-2-pentanone : Benzylmagnesium chloride
(0.23 mL, 2m in THF) was added dropwise at 4 8C to a solution of 60
(40 mg, 0.233 mmol) in THF (3 mL). The reaction mixture was quenched
with saturated aqueous NH4Cl. After extracting with ethyl acetate (3î),
the combined organic layers were washed with brine, dried over Na2SO4,
filtered, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, hexane/ethyl acetate 8:1) to afford the benzyl
ketone as oil (25 mg, 0.142 mmol, 60% yield, 98% ee). [a]22D = ++53.5 (c
= 0.77, CHCl3, 98% ee); IR (neat): ñ = 1718, 1420 cm�1; 1H NMR
(CDCl3): d=1.37 (d, J=5.2 Hz, 3H), 3.12 (dq, J=1.9, 5.2 Hz, 1H), 3.24
(d, J=1.9 Hz, 1H), 3.63 (d, J=15.5 Hz, 1H), 3.72 (d, J=15.5 Hz, 1H),
7.20 (m, 2H), 7.26 (m, 1H), 7.32 (m, 2H); 13C NMR (CDCl3): d = 17.4,
44.2, 54.5, 60.3, 127.1, 128.6, 129.5, 132.8, 204.6; HRMS (EI+ ): m/z :
calcd for C11H12O2: 176.0837, found 176.0830; HPLC conditions (column:
DAICEL CHIRALPAK AD-H, hexane/isopropanol 99:1, flow rate:
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0.8 mLmin�1, detector: 254 nm, tR [(3R,4S)] = 28.5 min, [(3S,4R)] =


33.5 min).


Butyl (4R,5S)-4,5-epoxy-3-oxohexanoate (61): n-Butyl acetate (1.45 mL,
11.0 mmol) was added dropwise at �78 8C to a mixture of LHMDS
(11.0 mL, 10.6 mmol, 1.0m solution in THF) and THF (50 mL). After stir-
ring for 30 min, a solution of 60 (628 mg, 3.67 mmol) in THF (10 mL)
was added dropwise and the reaction mixture was stirred for 6 h at
�78 8C. The reaction was quenched with saturated aqueous NH4Cl at
�78 8C and warmed to room temperature. The aqueous layer was extract-
ed with ethyl acetate (3î) and the combined organic layers were washed
with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexane/ethyl
acetate 9:1) to afford 61 as colorless oil (644 mg, 3.2 mmol, 88%). [a]21D
= ++54.9 (c = 0.99, CHCl3, 98% ee); IR (neat): ñ = 2961, 1742,
1718 cm�1; 1H NMR (CDCl3): d = 0.92 (t, J=7.3 Hz, 3H), 1.38 (tq, J=
7.6, 7.3 Hz, 2H), 1.42 (d, J=4.9 Hz, 3H), 1.62 (tt, J=6.4, 7.6 Hz, 2H),
3.23 (m, 1H), 3.26 (s, 2H), 3.37 (s, 3H), 4.13 (t, J=6.4 Hz, 2H); 13C
NMR (CDCl3): d = 13.5, 17.2, 18.9, 30.3, 43.6, 54.3, 60.4, 65.3, 166.6,
200.1; HRMS (FAB+ ): m/z : calcd for C10H17O4: 201.1127, found
201.1139.


Butyl (S)-5-hydroxy-3-oxohexanoate : NaBH4 (387 mg, 10.24 mmol) was
added portionwise at room temperature to a mixture of PhSeSePh (1.6 g,
5.12 mmol) in ethanol (8 mL). After stirring for 15 min, the reaction mix-
ture was cooled to 0 8C, and then a solution of 61 (644 mg, 3.2 mmol) in
ethanol (5 mL) was added. After stirring for 5 min at the same tempera-
ture, the reaction was quenched with saturated aqueous NH4Cl. The re-
sulting mixture was extracted with ethyl acetate (3î), and the combined
organic layers were washed with brine, dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by column chromatogra-
phy (silica gel, hexane/ethyl acetate 20:1, 10:1, 2:1 to 1:1) to afford the
ketoester as yellow oil (574 mg, 2.83 mmol, 89%). [a]22D = ++36.0 (c =


1.15, CHCl3, 98% ee); IR (neat): ñ = 2964, 1738, 1713 cm�1; 1H NMR
(CDCl3): d = 0.93 (t, J=6.9 Hz, 3H), 1.21 (d, J=5.8 Hz, 3H), 1.37 (m,
2H), 1.63 (m, 2H), 2.65 (dd, J=8.5, 17.4 Hz, 1H), 2.73 (d, J=17.4 Hz,
1H), 2.81 (s, 3H), 3.46 (s, 2H), 4.14 (t, J=6.4 Hz, 2H), 4.26 (m, 1H); 13C
NMR (CDCl3): d = 13.5, 18.9, 22.3, 30.3, 49.7, 51.0, 63.6, 65.3, 166.9,
203.5; LRMS (FAB+ ): m/z : calcd for C10H19O4: 203, found 203; HRMS
(FAB+ ): m/z : calcd for C10H19O4: 203.1283, found 203.1287.


Butyl (2S,4S,6S)-6-methyl-2-phenyl-1,3-dioxane-4-acetate (62):
BEt2(OMe) (3.11 mL, 3.11 mmol, 1.0m in THF) was added at �78 8C to a
solution of the d-hydroxy b-ketoester (574 mg, 2.83 mmol) in THF
(4 mL) and MeOH (4 mL). After stirring for 1 h, NaBH4 (134 mg,
3.54 mmol) was added and stirred for 5.5 h at the same temperature. The
reaction mixture was quenched with saturated aqueous NH4Cl at �78 8C
and then warmed to room temperature. The resulting mixture was ex-
tracted with ethyl acetate (3î), and the combined organic layers were
washed with brine, dried over Na2SO4, filtered, and concentrated in
vacuo. To the obtained residue (653 mg) in toluene (20 mL) at room tem-
perature was added benzaldehyde dimethyl acetal (0.85 mL, 5.66 mmol)
and TsOH¥H2O (10 mg). After stirring overnight, the reaction mixture
was quenched with saturated aqueous NaHCO3. The resulting mixture
was extracted with ethyl acetate (3î), and the combined organic layers
were washed with brine, dried over Na2SO4, filtered, and concentrated in
vacuo. The residue was purified by column chromatography (silica gel,
hexane/ethyl acetate 30:1, 10:1 to 4:1) to afford 62 as yellow oil (496 mg,
1.7 mmol, 60%). [a]22D = ++11.3 (c 1.15, CHCl3, 98% ee); IR (neat): ñ =


2960, 1735, 1176, 1025 cm�1; 1H NMR (CDCl3): d = 0.91 (t, J=7.3 Hz,
3H), 1.31 (d, J=6.1 Hz, 1H), 1.36 (tq, J=7.6, 7.3 Hz, 2H), 1.44 (ddd, J=
11.3, 12.0, 12.8 Hz, 1H), 1.61 (tt, J=6.8, 7.6 Hz, 2H), 1.73 (ddd, J=2.2,
2.3, 12.8 Hz, 1H), 2.50 (dd, J=6.1, 15.5 Hz, 1H), 2.72 (dd, J=7.3,
15.5 Hz, 1H), 3.99 (m, 1H), 4.10 (t, J=6.8 Hz, 2H), 4.30 (m, 1H), 5.55 (s,
1H), 7.29±7.37 (m, 3H), 7.48±7.52 (m, 2H); 13C NMR (CDCl3): d = 13.6,
19.0, 21.5, 30.5, 38.1, 40.9, 64.4, 72.7, 73.2, 100.7, 126.0, 128.1, 128.5, 138.4,
170.8; HRMS (EI+ ): m/z : calcd for C17H24O4: 292.1675, found 292.1680.


Synthetic route to 63 : LiBH4 (26 mg, 1.19 mmol) and trimethoxyborane
(0.013 mL, 0.119 mmol) were added successively at room temperature to
a solution of 62 (316 mg) in diethyl ether (20 mL). After stirring for 1 h,
the reaction mixture was quenched with saturated aqueous NaHCO3 and
the resulting mixture was extracted with ethyl acetate (3î). The com-
bined organic layers were washed with brine, dried over Na2SO4, filtered,
and concentrated in vacuo to afford an alcohol as oil (260 mg).


To a mixture of the alcohol (260 mg), MS 4 ä (400 mg; MS 4 ä not
dried), N-methylmorpholine-N-oxide (193 mg, 1.65 mmol) and dichloro-
methane (20 mL) at room temperature was added TPAP (19 mg,
0.055 mmol). The reaction mixture was stirred for 1 h and concentrated
in vacuo. The resulting residue was purified by column chromatography
(silica gel, hexane/ethyl acetate 3:1) to afford an aldehyde as oil
(180 mg).


To a stirred mixture of the aldehyde (156 mg, 0.708 mmol), LiCl (36 mg,
0.85 mmol), 4-(2-diethoxyphosphoryl-1-oxoethyl)morpholine (29 ; 225 mg,
0.85 mmol) in acetonitrile (45 mL) at room temperature was added N,N-
diisopropylethylamine (0.15 mL, 0.85 mmol). After stirring overnight, the
reaction mixture was diluted with ethyl acetate. The resulting mixture
was washed with 2% aqueous citric acid, saturated aqueous NaHCO3,
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The resi-
due was purified by column chromatography (silica gel, ethyl acetate) to
afford 63 as oil (230 mg, 0.69 mmol, 74%, 3 steps).


4-[(E)-4-[(2S,4R,6S)-6-Methyl-2-phenyl-1,3-dioxan-4-yl]-1-oxo-2-bute-
nyl]morpholine (63): [a]21D = ++8.4 (c 1.00, CHCl3, 98% ee); IR (neat): ñ
= 2854, 1659, 1617, 1434, 1113 cm�1; 1H NMR (CDCl3): d = 1.31 (d, J=
6.1 Hz, 3H), 1.42 (ddd, J=11.3, 11.3, 12.8 Hz, 1H), 1.65 (ddd, J=2.1, 2.3,
12.8 Hz, 1H), 2.44 (ddd, J=7.3, 7.3, 10.4 Hz, 1H), 2.58 (ddd, J=7.3, 7.3,
14.5 Hz, 1H), 3.50±3.75 (br, 8H), 3.96 (m, 2H), 5.51 (s, 1H), 6.30 (d, J=
15.3 Hz, 1H), 6.89 (dt, J=15.3, 7.3 Hz, 1H), 7.29±7.38 (m, 3H), 7.46±7.51
(m, 2H); 13C NMR (CDCl3): d = 21.6, 38.2, 38.8, 42.1, 46.1, 66.6, 66.8,
72.8, 75.3, 100.7, 122.4, 126.1, 128.1, 128.6, 138.5, 141.4, 165.4; HRMS
(FAB+ ): m/z : calcd for C19H26O4N1: 332.1862, found 332.1872.


4-[(2S,3R)-2,3-Epoxy-4-[(2S,4R,6S)-6-methyl-2-phenyl-1,3-dioxan-4-yl]-1-
oxobutyl]morpholine (64’): A mixture of 64’ and 64 (64’:64 >99:1) pre-
pared from 63 (98% ee); [a]22D = ++29.3 (c = 1.50, CHCl3); IR (neat): ñ
= 2856, 1654, 1240, 1116 cm�1; 1H NMR (CDCl3): d = 1.30 (d, J=
6.4 Hz, 3H), 1.46 (ddd, J=12.2, 13.1, 24.1 Hz, 1H), 1.65 (ddd, J=2.1, 2.3,
13.1 Hz, 1H), 1.79 (ddd, J=6.8, 10.0, 14.2 Hz, 1H), 1.98 (ddd, J=2.8, 4.1,
14.2 Hz, 1H), 3.10±3.30 (m, 4H), 3.35±3.44 (m, 2H), 3.46±3.65 (m, 4H),
3.98 (m, 1H), 4.07 (m, 1H), 5.51 (s, 1H), 7.34±7.40 (m, 3H), 7.46±7.49
(m, 2H); 13C NMR (CDCl3): d = 21.5, 38.7, 38.8, 42.2, 44.9, 54.1, 55.4,
66.2, 66.5, 72.9, 73.7, 101.3, 126.4, 128.3, 129.1, 138.5, 165.9; HRMS
(FAB+ ): m/z : calcd for C19H26O5N1: 348.1811, found 348.1811; HPLC
conditions (column: AS-H(DAICEL), hexane/isopropanol 3:1, flow rate:
1.0 mLmin�1, detector: 254 nm, tR (64’) = 68.9 min, (64) = 91.6 min).


4-[(2R,3S)-2,3-Epoxy-4-[(2S,4R,6S)-6-methyl-2-phenyl-1,3-dioxan-4-yl]-1-
oxobutyl]morpholine (64): Sm(OiPr)3 (0.62 mL, 0.124 mmol, 0.2m in
THF) was added at room temperature to a mixture of (S)-BINOL
(35.5 mg, 0.124 mmol), triphenylarsine oxide (39.9 mg, 0.124 mmol) and
MS 4 ä (1.24 g; MS 4 ä was not dried. 1000 mg per 1 mmol of starting
material) in THF (2.5 mL). After stirring for 30 min, TBHP (2.0 mL,
10.1 mmol, 5m in decane) was added. After stirring for 10 min, 63
(412 mg, 1.24 mmol) in THF (3 mL) was added and the reaction mixture
was stirred for 8 h at the same temprerature. The reaction mixture was
filtered and the filtrate was diluted with ethyl acetate (40 mL). The re-
sulting mixture was washed with 2% aqueous citric acid, saturated aque-
ous sodium thiosulfate, and brine. The combined organic layers were
dried over Na2SO4, filtered, and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, hexane/ethyl acetate 3:1
to 0:1) to afford 64 as yellow oil (387 mg, 1.11 mmol, 90%).


A mixture of 64 and 64’ (64 :64’ 99.8:0.2) prepared from 63 (98% ee);
[a]24D = �3.0 (c = 1.11, CHCl3); IR (neat): ñ = 2856, 1655, 1240, 1115,
1017 cm�1; 1H NMR (CDCl3): d = 1.32 (d, J=6.1 Hz, 3H), 1.52 (m, 1H),
1.64 (ddd, J=2.2, 2.4, 13.2 Hz, 1H), 2.00 (ddd, J=4.1, 4.3, 15.0 Hz, 1H),
2.12 (ddd, J=4.6, 5.8, 15.0 Hz, 1H), 3.23±3.33 (m, 3H), 3.37 (m, 2H),
3.50±3.63 (m, 5H), 3.98 (m, 2H), 5.51 (s, 1H), 7.32±7.38 (m, 3H), 7.45±
7.49 (m, 2H); 13C NMR (CDCl3): d = 21.4, 36.3, 37.5, 42.0, 44.9, 53.3,
54.2, 66.2, 66.4, 72.4, 72.9, 100.7, 126.0, 128.1, 128.8, 138.3, 165.9; HRMS
(FAB+ ): m/z : calcd for C19H26O5N1: 348.1811, found 348.1813; HPLC
conditions (column: DAICEL CHIRALPAK AS-H, hexane/isopropanol
3:1, flow rate: 1.0 mLmin�1, detector: 254 nm, tR (64’) = 68.9 min, (64)
= 91.6 min).


Ethyl (4R,5S)-4,5-epoxy-6-[(2S,4R,6S)-6-methyl-2-phenyl-1,3-dioxan-4-
yl]-3-oxohexanoate : Ethyl acetate (0.31 mL, 3.2 mmol) was added drop-
wise at �78 8C to a mixture of LHMDS (3.2 mL, 3.2 mmol, 1.0m solution
in THF) and THF (4 mL). After stirring for 25 min at the same tempera-
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ture, a solution of 64 (370 mg, 1.07 mmol) in THF (4 mL) was added
dropwise and the reaction mixture was stirred for 4 h at �78 8C. The re-
action was quenched with saturated aqueous NH4Cl at �78 8C and
warmed to room temperature. After extracting with ethyl acetate (3î),
the combined organic layers were washed with brine, dried over Na2SO4,
filtered, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, hexane/ethyl acetate 4:1 to 3:1) to afford the
epoxy ketoester as pale yellow oil (328 mg, 0.94 mmol, 88%). The title
compound was prepared from 64 (a mixture of 64 :64’ (64 :64’ 99.8:0.2));
[a]21D = ++50.6 (c = 1.04, CHCl3); IR (neat): ñ = 2976, 1742, 1718,
1118 cm�1; 1H NMR (CDCl3): d = 1.25 (d, J=7.3 Hz, 3H), 1.33 (d, J=
6.4 Hz, 3H), 1.55±1.68 (m, 2H), 1.92±2.05 (m, 2H), 3.30±3.45 (m, 4H),
4.00 (m, 2H), 4.15±4.24 (m, 2H), 5.54 (s, 1H), 7.31±7.38 (m, 3H), 7.44±
7.53 (m, 2H); 13C NMR (CDCl3): d = 14.0, 21.5, 37.6, 37.9, 43.8, 55.0,
59.0, 61.5, 72.9, 73.5, 100.7, 126.1, 128.2, 128.7, 138.3, 166.5, 199.8; HRMS
(FAB+ ): m/z : calcd for C19H25O6: 349.1651, found 349.1641.


Ethyl (S)-5-hydroxy-6-[(2S,4R,6S)-6-methyl-2-phenyl-1,3-dioxan-4-yl]-3-
oxohexanoate : NaBH4 (114 mg, 3.0 mmol) was added portionwise at
room temperature to a mixture of PhSeSePh (311 mg, 1.0 mmol) in etha-
nol (4 mL). After stirring for 5 min, the epoxy ketoester (328 mg,
0.94 mmol) prepared above in ethanol (4 mL) was added. After stirring
for 5 min at the same temperature, the reaction mixture was quenched
with saturated aqueous NH4Cl. After extracting with ethyl acetate (3î),
the combined organic layers were washed with brine, dried over Na2SO4,
filtered, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, hexane/ethyl acetate 4:1, 2:1 to 2:3) to afford
the hydroxy ketoester as yellow oil (252 mg, 0.72 mmol, 77%). [a]24D =


+27.1 (c = 1.07, CHCl3); IR (neat): ñ = 3447, 2974, 1740, 1715, 1111,
1025 cm�1; 1H NMR (CDCl3): d = 1.26 (d, J=7.0 Hz, 3H), 1.31 (d, J=
6.1 Hz, 3H), 1.46 (ddd, J=10.9, 11.3, 13.1 Hz, 1H), 1.64 (ddd, J=2.3, 2.4,
13.1 Hz, 1H), 1.72 (ddd, J=3.5, 3.7, 14.4 Hz, 1H), 1.84 (ddd, J=8.9, 8.9,
14.4 Hz, 1H), 2.65 (dd, J=4.6, 16.8 Hz, 1H), 2.78 (dd, J=7.7, 16.8 Hz,
1H), 3.37 (d, J=1.9 Hz, 1H), 3.47 (s, 2H), 3.98 (m, 1H), 4.11±4.22 (m,
3H), 4.37 (m, 1H), 5.55 (s, 1H), 7.30±7.37 (m, 3H), 7.44±7.48 (m, 2H);
13C NMR (CDCl3): d = 14.0, 21.5, 38.4, 41.8, 49.7, 49.9, 61.3, 66.6, 72.9,
76.1, 100.8, 126.0, 128.2, 128.7, 138.2, 166.9, 202.6; HRMS (FAB+ ): m/z :
calcd for C19H27O6: 351.1808, found 351.1818.


Ethyl (2S,4S,6S)-6-[[(2S,4S,6S)-6-methyl-2-phenyl-1,3-dioxan-4-yl]meth-
yl]-2-phenyl-1,3-dioxane-4-acetate (65): To a solution of the d-hydroxy b-
ketoester (252 mg, 0.72 mmol) prepared above, in methanol (1 mL) and
THF (3 mL) at �78 8C was added dropwise Et2B(OMe) (0.79 mL, 1.0m
in THF). After stirring for 1 h, NaBH4 (34 mg, 0.9 mmol) was added one
portion. The resulting mixture was stirred for 6 h at �78 8C and then for
2 h at �40 8C. The reaction was quenched with saturated aqueous NH4Cl
at �40 8C. The resulting mixture was extracted with ethyl acetate (3î).
The combined organic layers were washed with brine, dried over Na2SO4,
filtered, and concentrated in vacuo to give a crude product. To a solution
of the crude product in toluene (10 mL) at room temperature were
added benzaldehyde dimethyl acetal (0.16 mL, 1.08 mmol) and
TsOH¥H2O (10 mg). After stirring overnight at the same temperature,
the reaction mixture was quenched with saturated aqueous NaHCO3.
The resulting mixture was extracted with ethyl acetate (3î), and the
combined organic layers were washed with brine, dried over Na2SO4, fil-
tered, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, hexane/ethyl acetate 10:1 to 4:1) to afford 65
as colorless oil (246 mg, 0.56 mmol, 78%). [a]26D = ++7.9 (c 1.06, CHCl3),
[a]25D = ++17.9 (c 0.98, EtOH) (lit.[28e] [a]21D = ++15.7 (c 0.99, EtOH)); IR
(neat): ñ = 1734, 1375, 1341, 1113, 1025, 755 cm�1; 1H NMR (CDCl3): d
= 1.26 (t, J=7.0 Hz, 3H), 1.32 (d, J=6.1 Hz, 3H), 1.45±1.57 (m, 2H),
1.68 (d, J=13.1 Hz, 1H), 1.73±1.81 (m, 2H), 2.14 (ddd, J=7.0, 7.0,
14.0 Hz, 1H), 2.52 (dd, J=6.5, 15.5 Hz, 1H), 2.73 (dd, J=7.0, 15.5 Hz,
1H), 3.97 (m, 1H), 4.05±4.15 (m, 2H), 4.16 (q, J=7.0 Hz, 2H), 4.33 (m,
1H), 5.53 (s, 1H), 5.57 (s, 1H), 7.30±7.39 (m, 6H), 7.44±7.52 (m, 4H); 13C
NMR (CDCl3): d = 14.1, 21.6, 36.3, 38.4, 41.0, 41.6, 60.5, 72.9, 73.0, 73.2,
100.5, 100.7, 126.0, 126.1, 128.1, 128.2, 128.64, 128.66, 138.4, 138.7, 170.6;
HRMS (FAB+ ): m/z : calcd for C26H33O6: 441.2277, found 441.2274.


Ethyl (Z)-4-[(2R,4R,6R)-6-[[(2S,4S,6S)-6-methyl-2-phenyl-1,3-dioxan-4-
yl]methyl]-2-phenyl-1,3-dioxan-4-yl]-2-butenoate (66): LiBH4 (4.4 mg,
0.198 mmol) and trimethoxyborane (2.2 mL, 0.02 mmol) were added suc-
cessively at room temperature to a solution of 65 (80 mg, 0.18 mmol) in
diethyl ether (2 mL). After stirring for 20 min at the same temperature,


the reaction mixture was quenched with saturated aqueous sodium hy-
drogen carbonate. The resulting mixture was extracted with ethyl acetate
twice, and the combined organic layers were dried over Na2SO4, filtered,
and concentrated in vacuo to afford an alcohol.


To a mixture of the alcohol, and N-methylmorpholine-N-oxide (32 mg,
0.27 mmol) and MS 4 ä (80 mg; MS 4 ä not dried) in dichloromethane
(1 mL) at room temperature was added TPAP (3.2 mg, 0.009 mmol).
After stirring for 30 min at the same temperature, the reaction mixture
was concentrated in vacuo. The residue was purified by column chroma-
tography (silica gel, hexane/ethyl acetate 4:1) to afford an aldehyde as oil
(46 mg, 0.116 mmol, 64%).


To a stirred solution of di-o-tolylphosphonoacetic acid ethyl ester (35 mg,
0.1 mmol) in THF (1 mL) at �78 8C was added dropwise KHMDS
(0.2 mL, 0.1 mmol, 0.5m in toluene). After stirring for 1 h at the same
temperature, a solution of the aldehyde (25 mg, 0.063 mmol) in THF
(1 mL) was added dropwise and the resulting solution was stirred for 1 h.
The reaction mixture was quenched with saturated aqueous NH4Cl and
the resulting mixture was extracted with ethyl acetate 311times. The com-
bined organic layers were washed with brine, dried over Na2SO4, filtered,
and concentrated in vacuo. The residue was purified by column chroma-
tography (silica gel, hexane/ethyl acetate 1:0 to 4:1) to afford 66 as oil
(22 mg, 0.047 mmol, 75%). [a]24D = ++27.8 (c 1.10, CHCl3); IR (neat): ñ
= 2865, 1715, 1340, 1189, 1118, 1025 cm�1; 1H NMR (CDCl3): d = 1.29
(t, J=7.0 Hz, 3H), 1.32 (d, J=6.4 Hz, 3H), 1.45±1.59 (m, 2H), 1.66±1.77
(m, 3H), 2.14 (ddd, J=7.0, 7.2, 14.0 Hz, 1H), 2.91 (ddd, J=7.0, 14.0,
15.9 Hz, 1H), 3.10 (m, 1H), 3.98 (m, 2H), 4.09 (m, 2H), 4.18 (q, J=
7.0 Hz, 2H), 5.53 (s, 1H), 5.54 (s, 1H), 5.88 (d, J=11.6 Hz, 1H), 6.46
(ddd, J=7.0, 7.2, 11.6 Hz, 1H), 7.31±7.41 (m, 6H), 7.49±7.55 (m, 4H);
13C NMR (CDCl3): d = 14.2, 21.6, 35.0, 36.3, 38.5, 41.7, 59.8, 72.9, 73.0,
73.1, 75.9, 100.6, 100.7, 121.3, 126.0, 126.1, 128.16, 128.19, 128.61, 128.64,
138.65, 138.79, 145.35, 166.31; HRMS (FAB+ ): m/z : calcd for C28H35O6:
467.2434, found 467.2436.


Cryprocaryolone diacetate (67): Compound 66 (20 mg, 0.0428 mmol) was
dissolved in 80% aq. acetic acid (1.5 mL) and the solution was heated to
60 8C. After stirring for 80 min at the same temperature, the reaction
mixture was cooled to room temperature. The resulting solution was
dried over Na2SO4, filtered, and concentrated in vacuo. To a solution of
the crude product in benzene (1 mL) was added TsOH¥H2O (3 mg), and
the resulting mixture was stirred at room temperature for 36 h. The reac-
tion mixture was neutralized with saturated aqueous NaHCO3 and dilut-
ed with ethyl acetate. The combined organic layers were dried over
Na2SO4, filtered, and concentrated in vacuo. To a solution of the crude
product in dichloromethane (1 mL) at room temperature were added
pyridine (5 mL), DMAP (1 mg) and Ac2O (50 mL). After stirring for 5 h
at the same temperature, the reaction mixture was quenched with satu-
rated aqueous sodium hydrogen carbonate. The resulting mixture was ex-
tracted with ethyl acetate, and the combined organic layers were dried
over Na2SO4, filtered, and concentrated in vacuo. The residue was puri-
fied by column chromatography (silica gel, hexane/ethyl acetate 2:1, 1:1
to 1:2) to afford 67 as oil (7 mg, 0.021 mmol, 50% yield, three steps).
[a]23D = �18.8 (c = 0.35, CHCl3) (lit.[59a] [a]23D = �145 (c = 0.27,
CHCl3)); IR (neat): ñ = 2924, 1732, 1240, 1075 cm�1; 1H NMR (CDCl3):
d = 1.22 (d, J=6.4 Hz, 3H, H-5’), 1.56 (ddd, J=2.1, 14.0, 15.2 Hz, 1H,
H-8a), 1.67 (ddd, J=4.3, 5.5, 14.4 Hz, 1H, H-1a’), 1.72 (ddd, J=5.5, 5.8,
14.4 Hz, 1H, H-3a’), 1.85 (dd, J=7.4, 14.7 Hz, 1H, H-1’b), 1.85±2.40 (m,
10H, H-9a, H-9b, H-3’b, H-8b, 2.01, 2.02 (2 s, 2î3H, 2AcO), 2.75 (dd,
J=5.2, 19.3 Hz, 1H, H-4a), 2.86 (d, J=19.3 Hz, 1H, H-4b), 3.88 (ddd,
J=4.3, 7.6, 15.2 Hz, 1H, H-7), 4.32 (m, 1H, H-5), 4.87 (m, 1H, H-1), 4.95
(dq, J=14.4, 6.4 Hz, 1H, H-4’), 5.08 (ddd, J=5.5, 7.4, 12.7 Hz, 1H, H-2’);
13C NMR (CDCl3): d = 20.0 (C-5’), 21.2 (CH3CO-), 21.3 (CH3CO-), 29.3
(C-9), 36.3 (C-4), 37.0 (C-8), 40.0 (C-1’), 40.4 (C-3’), 63.2 (C-7), 66.0 (C-
5), 67.7 (C-4’), 68.2 (C-2’), 72.1 (C-1), 168.0, 169.7, 169.8; 1H NMR
(C6D6): d = 0.94±0.99 (m, 2H, H-8a, H-9a), 1.12 (d, J=6.1 Hz, 3H, H-
5’), 1.14 (m, 1H, H-9b), 1.35 (ddd, J=4.9, 4.9, 14.1 Hz, 1H, H-1’a), 1.51
(ddd, J=5.5, 5.8, 14.1 Hz, 1H, H-3’a), 1.55 (m, 1H, H-8b), 1.67±1.76 (m,
7H, H-1’b, 1.68, 1.71 (2s, 2î3H, 2AcO), 1.84 (ddd, J=7.3, 7.3, 14.1 Hz,
1H, H-3’b), 2.09 (dd, J=5.2, 18.9 Hz, 1H, H-4a), 2.63 (d, J=18.9 Hz,
1H, H-4b), 3.56 (br s, 1H, H-5), 3.80 (ddd, J=4.0, 11.3, 14.1 Hz, 1H, H-
7), 4.11 (br s, 1H, H-1), 5.11 (dq, J=5.8, 6.1 Hz, 1H, H-4’), 5.20 (dddd,
J=4.9, 5.3, 7.3, 12.8 Hz, 1H, H-2’); 13C NMR (C6D6): d = 20.1 (C-5’),
20.6 (CH3CO-), 20.8 (CH3CO-), 29.6 (C-9), 36.1 (C-4), 36.9 (C-8), 39.7
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(C-1’), 39.9 (C-3’), 63.0 (C-7), 65.8 (C-5), 67.8 (C-4’), 68.3 (C-2’), 72.8 (C-
1), 169.4, 170.44, 170.47; HRMS (FAB+ ): m/z : calcd for C16H25O7:
329.1600, found 329.1588.


CCDC-223952 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)
1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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First Preparation of Nanocrystalline Zinc Silicate by Chemical Vapor
Synthesis Using an Organometallic Single-Source Precursor


A. Roy,[a] S. Polarz,[b] S. Rabe,[b] B. Rellinghaus,[c] H. Z‰hres,[c] F. E. Kruis,*[a] and
Matthias Driess*[b]


Introduction


In recent years there has been a great deal of research con-
cerning the use of organometallic precursors for the forma-
tion of inorganic materials.[1] The advantages of using orga-
nometallic precursors are twofold. First, it is possible to


design and synthesize single-source precursors with a specif-
ic stoichiometry so that a desired compound, composite, or
doped material can be obtained without process-specific
problems such as mixing of reactants. Thus, ideal dispersion
of elements on a molecular scale can be reached. Second,
conversion of a single organometallic precursor into the de-
sired product is more controllable and takes place at lower
temperatures than for multicomponent systems in most
cases. Not only can the stoichiometry be predetermined, but
reaction pathways can also be controlled through a suitable
choice of the molecular architecture of the precursor. Thus,
finding new organometallic single-source precursors, with
which to synthesize tailored materials, is of high relevance.


Herein we investigate the formation of zinc silicate by
such an organometallic single-source precursor route. Zinc
orthosilicate, a-Zn2SiO4 (a-willemite),[2a] doped with diva-
lent manganese ions, is of extraordinary interest as it is com-
mercially used as a green-emitting phosphor material[2b] for
plasma display panels.[3] The a-Zn2SiO4 phase is typically
produced by solid-state methods that require high-tempera-
ture processes with long processing times.[3a,b,4] One task is
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Abstract: A method is presented to
prepare nanocrystalline a-Zn2SiO4 with
the smallest crystal size reported so far
for this system. Our approach com-
bines the advantages of organometallic
single-source precursor routes with aer-
osol processing techniques. The chemi-
cal design of the precursor enables the
preferential formation of pure zinc sili-
cates. Since gas-phase synthesis reduces
intermolecular processes, and keeps
the particles small, zinc silicate was
synthesized from the volatile organo-
metallic precursor [{MeZnOSiMe3}4],
possessing a Zn-methyl- and O-silyl-
substituted Zn4O4-heterocubane frame-
work (cubane), under oxidizing condi-
tions, using the chemical vapor synthe-
sis (CVS) method. The products ob-


tained under different process condi-
tions and their structural evolution
after sintering were investigated by
using various analytical techniques
(powder X-ray diffraction, transmission
electron microscopy, EDX analysis,
solid-state NMR, IR, Raman, and UV/
Vis spectroscopy). The deposited aero-
sol obtained first (processing tempera-
ture 750 8C) was amorphous, and con-
tained agglomerates with primary par-
ticles of 12 nm in size. These primary
particles can be described by a [Zn-O-


Si] phase without long-range order.
The deposit obtained at 900 8C con-
tained particles with embedded nano-
crystallites (3±5 nm) of b-Zn2SiO4,
Zn1.7SiO4, and ZnO in an amorphous
matrix. On further ageing, the as-de-
posited particles obtained at 900 8C
form a-Zn2SiO4 imbedded in amor-
phous SiO2. The crystallite sizes and
primary particle sizes in the formed
a-Zn2SiO4 were found to be below
~50 nm and mainly spherical in mor-
phology. A gas-phase mechanism for
the particle formation is proposed. In
addition, the solid-state reactions of
the same precursor were studied in
detail to investigate the fundamental
differences between a gas-phase and a
solid-state synthesis route.


Keywords: aerosol technology ¥
chemical vapor synthesis ¥ metal
oxides ¥ nanoparticles ¥ single-
source precursors
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therefore to find routes for the production of Zn2SiO4 that
are more energy efficient and easier in terms of processing.


In addition, it is of special interest to prepare nanoscaled
zinc±silicate particles to improve the dispersion and lumi-
nescence properties of related phosphor materials. Quantum
confinement in nanocrystalline materials can result in an im-
provement of luminescence properties, as has been found
for many phosphor materials.[5] Additionally, nanoscaled
phosphor materials offer the potential for preparing smooth-
er films with higher packing densities than for conventional
micron-sized phosphors.[3c,d] In conventional powder process-
ing, grinding and milling are applied to obtain the size de-
sired for applications. This kind of processing leads to parti-
cles with irregular morphologies and low luminescence effi-
ciencies. Several investigations have been performed to de-
velop alternative chemical procedures towards composition-
and morphology-controlled a-willemite particles and thin
films. For instance, methods have been reported for the syn-
thesis of particles of pure and doped a-Zn2SiO4 using sol±
gel synthesis,[6] low-temperature synthesis in an aqueous
medium,[7] hydrothermal synthesis,[8] a polymeric precursor
route,[9] and spray pyrolysis.[10] However, examples of truly
nanosized zinc silicate are still very rare, as produced
Zn2SiO4 particles range from several hundred nanometers to
several micrometers in most cases. Su et al. prepared irregu-
larly shaped a-Zn2SiO4 particles in the range of 50±100 nm
using solid-state thermolysis of a nonvolatile oxygen-rich
molecular alkoxy(siloxy)zinc precursor.[9] Very recently, Tani
et al. reported the synthesis of a-Zn2SiO4 nanoparticles with
crystallite size below 100 nm by post-calcination of flame-
made zinc oxide±silica composites.[10d]


Gas-phase synthesis of particles by chemical means
(chemical vapor synthesis, CVS)[11] is promising because of
its simplicity, easy scale-up and continuous processing. CVS
is performed at higher process temperatures, higher precur-
sor partial pressure, and longer residence time than chemical
vapor deposition (CVD), and thus results in particle forma-
tion.[11] Particles formed by CVS are generally nanocrystal-
line with a relatively narrow size distribution. Thus, use of a
suitable organometallic precursor under CVS processing
conditions should produce nanosized particles of a desired
compound. However, the availability of suitable organome-
tallic single-source precursors is still limited. Only one vola-
tile precursor, [Zn{NC(CH3)3[Si(CH3)3]}2], has so far been
reported for the preparation of Zn2SiO4.


[12]


The present work is devoted to the detailed investigation
of the CVS of a-willemite nanoparticles using a volatile or-
ganometallic precursor, which is described in more detail
below. Besides the investigation of the formation of
Zn2SiO4, it is also very interesting to explore the fundamen-
tal differences between a solid-state and a gas-phase decom-
position route. The decomposition in the solid state is essen-
tially a process with a high density of precursor molecules,
for which diffusional processes are the dominating mecha-
nism. CVS, on the other hand, uses the precursor highly di-
luted in a carrier gas. Herein, therefore, we also explore the
differences between the CVS (gas-phase) and solid-state
transformation of a particular precursor in the formation of
Zn2SiO4.


A suitable organometallic precursor for the preparation
of zinc silicate should possess sufficient volatility and con-
tain all the necessary elements. In this study a siloxy-substi-
tuted tetranuclear heterocubane cluster (also denoted as
™cubane∫ in the text) of the formula [{MeZnOSiMe3}4] is
used. Although the siloxy-substituted zinc compounds have
been known for a long time,[13] no investigation, to the best
of our knowledge, has so far been carried out on their use
as a precursor for Zn2SiO4 synthesis. The precursor we use
here, [{MeZnOSiMe3}4], has the advantages that it is easily
accessible, even in gram amounts,[14] and contains the ele-
ments Zn:Si(:O) in the ratio 1:1(:1). Thus, formation of zinc
silicate is expected to be possible under oxidizing conditions.


Results and Discussion


We first investigate the solid-state transformation of the pre-
cursor and then describe the CVS synthesis.


Investigation of the solid-state decomposition


The solid-state transformation of the cubane to zinc silicate
was mainly studied by thermogravimetric analysis (TGA).
As found by powder X-ray diffraction (XRD), the precursor
slowly decomposes to ZnO due to atmospheric humidity,
when exposed to air. To obtain insight into the thermal de-
composition of the precursor under both inert gas and oxi-
dizing conditions, TGA, differential thermogravimetric anal-
ysis (DTG), and differential thermal analysis (DTA) were
performed (Figure 1).


The precursor begins to lose weight at 60 8C under an
argon atmosphere (see Figure 1a). A continuous but slow
loss (5%) in mass occurs up to 180 8C, which we attribute to
the sublimation of the cubane. For the CVS experiments
that are discussed later, it is important to confirm that the
cubane enters the gas phase in tact. We therefore studied
the vapor composition resulting from heating the cubane in
a separate experiment. The cubane was heated from 60 to
140 8C over 72 h in the evaporation furnace of the CVS
equipment (Figure 2), passed through the second furnace (at
300 8C), and the solid products collected (everything under
inert-gas conditions).[14b] The XRD pattern of this deposit
was recorded and compared to the pure cubane reference.
Practically identical patterns (not shown) are obtained. Ad-
ditionally, the NMR spectrum of the deposit (taken in C6D6


dZnMe=0.01 ppm; dOSiMe3=0.4 ppm) shows nondecomposed
cubane. Additionally, traces of by-products (�2±4%) were
detected by NMR spectroscopy. The chemical shifts of the
latter have been assigned to polysiloxane species. We con-
clude that the cubane undergoes negligible decomposition,
even up to 300 8C in the gas phase, in an inert atmosphere.
This is in contrast to the behavior of the cubane during
solid-state decomposition, as further investigated by TGA
(discussed later). The composition of the cubane vapor was
further investigated by TGA-MS to improve the under-
standing of the solid-state decomposition of the cubane.
However, the extended description of these results is
beyond the scope of this paper, and is given elsewhere.[15]
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From that study we note that sublimation of the cubane
leads to a vapor that contains mostly intact cubane (>
90%), but also small amounts of gaseous decomposition
products such as Me4Si.


To understand the differences between solid-state and
gas-phase scenarios, it is necessary to examine the solid-
state decomposition process more carefully.


The solid-state decomposition, studied by TGA, takes
place in the region between 184 and 270 8C (see Figure 1a),
and finally �58%mass is left over (mass loss 42%). The
previous results underline the difference between the gas-
phase and solid-state decomposition of this particular com-
pound. The cubane [{MeZnOSiMe3}4] seems to be signifi-
cantly less stable in the solid state than under CVS condi-
tions (Tdecomp(gas)@Tdecomp(solid)). In previous studies this
solid-state decomposition in an inert atmosphere was inves-
tigated in more detail.[15b] It was seen that the cubane under-
goes two alternative decomposition pathways, one leading
to Zn (+MeOSiMe3+polysiloxanes), and another to ZnO
(+Me4Si).


However, in the case of a quantitative transformation of
the cubane to ZnO, the expected weight loss is 52% (in the
case of the transformation to Zn and MeOSiMe3, the ex-
pected weight loss is even greater; 62%). In addition to the
5%, which had already been sublimated, some cubane evap-
orates between 200 and 270 8C without decomposition. The
behavior of the cubane can be investigated in more detail
by DTA measurements (Figure 1a), and at low temperature
we find a negative DTA signal, which we attribute to the
sublimation of the cubane. The first strong exothermic proc-
ess is found in the temperature region 140±185 8C, where a
maximum is reached. However, the main decomposition
process takes place at higher temperatures, with a maximum
at 248 8C. A third DTA maximum occurs at 312 8C, with sig-
nificant heat being released, although the mass loss is rela-
tively small. As was mentioned before, possible products of
the decomposition under argon are Zn or ZnO as described
elsewhere.[15]


We then decided to study the influence of oxygen addition
upon the solid-state decomposition, as CVS is also conduct-
ed in an oxygen-containing atmosphere. The TGA trace
(5 Kmin�1 heating rate) is shown in Figure 1b. By compar-
ing Figure 1a and b it becomes evident that oxygen has sig-
nificant impact on the decomposition behavior of the
cubane. There is practically no mass change in the tempera-
ture region between 25 and 113 8C. Then, surprisingly, the
mass increases by 3.2%. We attribute this to oxidation of
the cubane. The mass is practically constant until 200 8C.
The decomposition of the cubane then occurs almost instan-
taneously. This can be clearly seen in the DTG curve which
shows that the mass-loss signal is very narrow with a maxi-
mum at 216 8C. There is a subsequent slower loss of mass of
10% between 225 and 440 8C. Finally, at 900 8C, 66.9% of
the initial mass is left. In the case of a quantitative transfor-
mation of the cubane to Zn2SiO4 (+SiO2), the expected resi-
due would be 69.3%. The lower actual yield can be ex-
plained by sublimation of the cubane. It should also be
noted that a brownish-black powder was obtained, which
still contained around 3% of carbon. The XRD analysis of
this material (Figure 3e) showed that a-Zn2SiO4 is the main
product of the solid-state decomposition of the cubane
when an oxygen-containing atmosphere is used. All diffrac-
tion peaks, except for the one at 2q=36.38, can be correlat-


Figure 1. Thermogravimetric analysis (TGA) traces showing the decom-
position of the cubane in an inert atmosphere (a) and in an oxygen-con-
taining atmosphere (b). DTA=differential thermochemical analysis,
DTG=differential thermogravimetry. c) TEM image of the particles re-
sulting from the solid-state decomposition of the cubane in air at a tem-
perature of 900 8C.


Chem. Eur. J. 2004, 10, 1565 ± 1575 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1567


Nanocrystalline Zinc Silicate 1565 ± 1575



www.chemeurj.org





ed to a-Zn2SiO4. The latter most probably originates from
ZnO. According to Scherrer×s equation the size of the a-
Zn2SiO4 crystallites is around 61 nm. It should be noted that


the determination of the parti-
cle size from PXRD data by
using the Scherrer equation is
reliable only for particles below
50 nm, because measurement-
specific effects always lead to
line broadening, even when the
particles are larger in reality.
Thus, we also investigated the
particles that resulted from the
solid-state decomposition in an
oxygen atmosphere at a final
temperature of 900 8C (Fig-
ure 1c) by TEM. Huge parti-
cles, ranging from several hun-
dred nanometers to microme-
ters, are found. Due to the lim-
ited transparency of these parti-
cles in the electron beam, it was
not possible to establish wheth-
er these particles contain small-


er particles with sizes similar to those calculated from PXRD.
Summarizing the results obtained for this section, we can


say that evaporation of the cubane into the gas phase is fea-
sible without decomposition at temperatures below 300 8C.
At temperatures below 160 8C (in argon) there is also mini-
mal solid-state decomposition of the cubane in the evapora-
tion boat, which only results in a decrease of the evapora-
tion rate. We therefore decided on a maximum temperature
of 140 8C for the evaporation of the cubane. It is further
seen that the transformation of the cubane to a-Zn2SiO4 is
indeed realized under oxidizing conditions. Thus, analogous
transformations under CVS conditions will be studied in the
next section. The previous findings, therefore, provide the
motivation for the particular setup we used for the CVS ex-
periments (Figure 2).


Decomposition under CVS conditions


The cubane was vaporized in flowing N2 in a tube furnace.
O2 was then added to oxidize it inside the second furnace
(see Experimental Section and Figure 2 for details). As
mentioned earlier, the decomposition under CVS conditions
is rather different from the solid-state decomposition, since
the precursor concentration is only in the parts per million
(ppm) range. For example, in the present study, the maxi-
mum precursor concentration was �4 ppm (on a molar
basis, measured by a gravimetric method). The details of the
CVS conditions and further sintering of these deposits are
given in Table 1 and the setup for the experiment is shown
in Figure 2. The products were investigated by XRD, IR,
Raman, UV/VIS, and NMR spectroscopy, (HR)TEM, and
elemental analysis.


XRD results : The XRD pattern of the product obtained by
decomposing the cubane in presence of O2 at 750 8C (Z750;
see Table 1) is shown in Figure 3a. The absence of diffrac-
tion peaks indicates that the deposited material is amor-
phous. The deposit was further heated to 750 8C in a pure


Figure 2. Experimental setup for the CVS decomposition of the cubane to Zn2SiO4.


Figure 3. XRD patterns of the samples obtained by CVS, a) Z750, b)
Z750S, c) Z900, d) Z900S, and comparison with JCPDS files: 36±1451
(ZnO), 14-0653 (b-Zn2SiO4), 24-1466 (Zn1.7SiO4), and 37-1485 (a-
Zn2SiO4, also denoted by ™*∫). e) XRD pattern obtained from the solid-
state decomposition of the cubane.
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argon atmosphere for four hours to give the Z750S sample.
The XRD pattern of this compound shows the presence of
several broad peaks (Figure 3b). Most of these peaks can be
assigned to b-Zn2SiO4 (JCPDS: 14-0653) without any ambi-
guity. It should be noted that b-Zn2SiO4 is a metastable
phase that occurs under certain process conditions, and is
quite stable at room temperature.[16] At high temperatures,
however, this phase transforms into a-Zn2SiO4.


[16] The origin
of the so-far unassigned peaks in the XRD pattern (Fig-
ure 3b) may either be ZnO (JCPDS: 36-1451) or Zn1.7SiO4


(JCPDS: 24-1466). Similar diffraction patterns have been re-
ported by Kang et al.[10b] They assigned the mentioned dif-
fraction peaks to ZnO present as an impurity in the sample.
However, the peaks at 2q=24.68 and 26.88 cannot be as-
signed to ZnO. On the other hand, all the peaks in the pres-
ent XRD pattern match very well when the peaks are attrib-
uted to b-Zn2SiO4 and Zn1.7SiO4. One should note that
Zn1.7SiO4 is also a metastable phase that exists at high pres-
sures (>80 kbar).[17] Although the particle formation proc-
esses took place at 1 bar in the present study, the pressure
inside the nanometer-sized particles will be significantly
higher. The relationship between interior pressure and parti-
cle size is given by the Laplace±Young relationship.[18] The
Laplace±Young relationship demonstrates that the pressure
inside nanosized particles is higher than the external pres-
sure, and thus may stabilize a high-pressure phase. This phe-
nomenon has been reported for other systems: for example,
a high-pressure phase of alumina (g-Al2O3) was found when
the size of alumina particles approached ~35 nm, and a
high-pressure cubic phase was observed in 5 nm CdS parti-
cles.[18b,19] Therefore, it is possible to rationalize the forma-
tion of Zn1.7SiO4. Nevertheless, we applied HRTEM (see
below) to confirm its occurrence.


The XRD pattern of the as-deposited sample Z900, ob-
tained at a temperature of 900 8C in the decomposition fur-
nace, is shown in Figure 3c. The XRD results are very simi-
lar to those obtained for the Z750S sample and show a mix-
ture of b-Zn2SiO4 and Zn1.7SiO4. The XRD pattern of the
samples sintered at 900 8C (Z900S) shows (Figure 3d) that
the heat treatment induces a phase transition to a-Zn2SiO4


(JCPDS: 37-1485). One may expect the formation of SiO2


due to the presence of an equal atomic ratio of zinc and sili-
con in the starting precursor. However, no diffraction peaks
of SiO2 were observed at this temperature, since SiO2 is
amorphous at this temperature. The presence of b-Zn2SiO4


and Zn1.7SiO4 in the as-prepared sample at 900 8C is due to
the very short residence time of the particles inside the hot
zone of the furnace (11 s), which is probably not sufficient
for the a-Zn2SiO4 to be formed directly. The formation of a-


Zn2SiO4 on further sintering of
these particles in an inert at-
mosphere suggests that b-
Zn2SiO4, and Zn1.7SiO4 are ho-
mogeneously distributed. The
crystallite size of a-Zn2SiO4


prepared by post sintering was
calculated from the full width
at half maximum (FWHM) of
the (220) peak (2q=25.568)


using Scherrer×s equation, and gave dc=39 nm. This result
clearly indicates the formation of nanocrystalline a-Zn2SiO4


with the smallest crystallite size reported so far. Shortening
of the heat treatment will probably reduce the crystal
growth and hence cause a further decrease in crystallite size.


Thus, CVS enabled the transformation of the cubane
[{MeZnOSiMe3}4] into a-Zn2SiO4 in several steps. It seems
that at first an amorphous phase containing Zn, Si, and O is
formed, which we denote as (Zn-O-Si)n. At higher tempera-
tures or on longer heat treatment (Z750S and Z900), a
metastable zinc±silicate phase results, which can finally be
transformed into a-Zn2SiO4. An open question that remains
after XRD analysis is whether zinc silicate is the only prod-
uct or whether other noncrystalline phases exist.


FT-IR results : To monitor the transformation from the
cubane to a-Zn2SiO4, we recorded FT-IR spectra of the dif-
ferent stages prepared by the CVS method (Figure 4). The
IR spectra of the cubane, nanocrystalline ZnO (crystallite
size ~50 nm), and amorphous SiO2 serve as reference spec-
tra. Only the region between 1300 and 400 cm�1 is shown
because the main vibrational modes of the orthosilicates fall


Table 1. Experimental conditions.


Sample code Precursor temperature [8C] Decomposition conditions (aerosol in
33% O2+67% N2)


Sintering conditions (as
powder in pure argon)


temperature [8C] residence time[s] temperature [8C] time [h]
Z750 60±140 750 13 ± ±
Z750S 60±140 750 13 750 4
Z900 60±140 900 11 ± ±
Z900S 60±140 900 11 900 2


Figure 4. FT-IR spectra of a) starting precursor [{MeZnOSiMe3}4], b)
nanocrystalline ZnO, c) pure SiO2, d) Z750, e) Z750S, f) Z900, and g)
Z900S.
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into this range. The spectrum of the Z750 sample shows the
presence of two broad absorption bands with the minima at
�1000 and 500 cm�1 (Figure 4d). This spectrum is different
from that of the starting precursor (Figure 4a) and is very
similar to the reported results for the amorphous gel pro-
duced in the sol±gel synthesis of Zn2SiO4.


[6a,b] However, to
fully understand the IR spectrum of Z750, it is worthwhile
to consider the spectra of ZnO and amorphous SiO2 in
some detail (see Figure 4b and c). Amorphous silica (Fig-
ure 4c) has three intense bands at 1080, 807, and 452 cm�1,
and one less-intense band at 1235 cm�1. Pure nanocrystalline
ZnO has a band at 430 cm�1. It seems that the spectrum of
Z750 is a superposition of the IR spectra of silica and zinc
oxide. This also explains why the bands appear so broad. IR
spectroscopy is a valuable technique because it provides
clues for certain bonding motifs. Thus, the Z750 sample defi-
nitely contains Si-O-Si and Zn-O-Zn bonds (as in ZnO).
However, the strong bands at 940 and 546 cm�1 (not re-
solved) in the Z750 sample cannot be assigned to Si�O or
Zn�O stretching modes, respectively.[6a,20] These bands have
to be assigned to a new feature. The IR spectrum of the
Z900S sample (see Figure 4g), for which it is already known
that zinc silicate is the main component, helps to understand
these two bands, because the main bands of the Z900S
sample are in the same frequency region. Therefore, we in-
terpret these two bands as an indication of the occurrence
of Zn-O-Si bonds, similar to those present in zinc silicates.
The amorphous character of the Z750 sample explains why
the bands representing the Zn-O-Si bonds are so broad and
unresolved.


The observed vibrational modes for the Z900S samples
occur at 1100, 975, 935, 903, 870, 800, 610, 580, and 460 cm�1


(Figure 4e), with the bands relatively well-defined. The ab-
sorption modes at 975, 935, 903, 870, 610, 580, and 460 cm�1


are due to Zn2SiO4, and the position of the absorption
bands is very similar to the reported IR spectrum of bulk
Zn2SiO4.


[6a,20] The absorption bands at 1100 and 800 cm�1


match well with the reported data for SiO2, and thus can be
clearly assigned to amorphous SiO2 present within the
sample.[20] The IR spectra of the samples Z750S and Z900
were recorded as well. As already seen by XRD, these two
samples do not differ much. The very broad and unstruc-
tured bands that occurred for the amorphous and ill-defined
(Zn-O-Si)n phase of the Z750 sample are replaced by much
more structured bands. The typical modes for Zn2SiO4


(932 cm�1), Si�O (1098 cm�1), and Zn�O (466 cm�1) can be
clearly identified in the Z750S and Z900 samples. The bands
of the Z900 sample even appear a bit more defined than
those of the Z750S sample, but not as structured as for the
Z900S sample. It is also very interesting to compare the
transition Z900!Z900S (Figure 4 f and g). The characteris-
tic bands for Zn2SiO4 become more defined, but at the same
time the bands for Si�O and Zn�O decrease, which indi-
cates that the Si�O and Zn�O bonds are broken during the
conversion to Zn2SiO4.


The intensity of the bands for the Si�O bonds in the IR
spectra is very high; therefore, we decided to analyze the
samples by Raman spectroscopy as well in an attempt to
gain additional important information.


Raman results : The motivation for applying Raman spectro-
scopy was to confirm the presence of ZnO in the ZS750S
and ZS900 samples. However, instead of getting a well-re-
solved Raman spectrum of ZnO as reported in the literatur-
e,[20b] we found spectra that were dominated by fluorescence
radiation. This fluorescence radiation is, especially in the
case of zinc silicate systems, typical for nanoscaled zinc sili-
cate particles. Similar findings have been reported befor-
e.[20c]


Solid-state NMR results : We probed the local chemical
environment in this system by 29Si-MAS NMR spectroscopy,
and recorded solid-state NMR spectra of the Z750, Z900,
and Z900S samples (Figure 5); amorphous SiO2 was meas-


ured as a reference sample. As is typical for amorphous
silica, a group of three 29Si NMR signals (q2=�92, q3=


�101, q4=�110 ppm) is visible in Figure 5a. The q2/3/4 sig-
nals are significant for SiO4 tetrahedra with different de-
grees of condensation (Si-O-Si). The signal-to-noise ratio for
the measurements is not ideal, despite measurement times
of 48 h per sample. However, one difference in comparison
to the SiO2 reference is evident. An additional band around
�70 ppm appears in the spectra (b±d), which we attribute to
the occurrence of Si-O-Zn species. This interpretation is
supported by a previous report,[20d] in which the appearance
of zinc±silicate nanoclusters in ZnO/SiO2 mixtures was also
evidenced by an additional signal in the 29Si NMR spectrum
at approximately �70 ppm. A difference in chemical shift
from Z750 (d=�76 ppm) to Z900 (d=�70 ppm) can also
be seen, but due to the low signal-to-noise ratio it is ques-
tionable whether this difference is significant. Due to the
low quality of the data it was difficult to evaluate the spectra
in a quantitative fashion. However, deconvolution of the
curves indicates that the signals representing Si atoms in a
Si-O-Zn environment increase in the series Z750!Z900!
Z900S. This agrees with the findings from the IR measure-
ments, and is also consistent with the results already pre-
sented for XRD investigations. The presence of Si-O-Si and
Si-O-Zn species is therefore confirmed.


Figure 5. Solid-state (MAS) 29Si-NMR spectra of a) amorphous SiO2, b)
Z750, c) Z900, and d) Z900S.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 1565 ± 15751570


FULL PAPER F. E. Kruis, M. Driess et al.



www.chemeurj.org





Since the solid-state decomposition led to a product con-
taining significant amounts of elemental carbon, the optical
properties of the materials originating from the CVS process
are of special importance.


Solid-state UV/Vis spectroscopy: First of all, it is important
to note that the materials obtained by CVS are colorless
powders. Elemental analysis did not detect the presence of
carbon, thus proving a carbon content below 1%. UV/Vis
spectra were recorded in reflection mode. Keeping potential
applications of the materials presented in this study in mind,
it is important to gather information about their optical
properties. There is only a very weak absorption at 674 nm
in the visible region. A strong UV absorption (l1/2) is found
at 372 nm, which can be attributed to Zn2SiO4, but also to
ZnO.[20e]


Taking the XRD, IR, UV/Vis, Raman and NMR results
into consideration, the composition of the final products and
the course of the transformation can be summarized as fol-
lows. The cubane is first transformed under the influence of
oxygen into an amorphous phase that shows bond character-
istics of Zn-O-Si (pre-organized in the cubane itself) as in
zinc silicate, Zn-O-Zn (also pre-organized in the cubane),
and Si-O-Si as in amorphous silica. To obtain further infor-
mation about the morphology of the resulting materials, we
performed transmission electron microscopy.


TEM results : Figure 6a shows the CTEM (conventional
TEM) image of the polydisperse aerosol formed at 750 8C
(Z750). The micrograph shows the formation of aggregates


containing several tens of primary particles with an average
diameter of 12 nm. The particles were found to be amor-
phous by electron diffraction, which is in agreement with
XRD. Energy-dispersive X-ray (EDX) elemental analysis
on twenty different aggregates confirms the homogeneous
distribution of both Zn and Si in these particles. The Zn:Si
ratio was found to be almost 50:50 (within an error limit of
�5%). No individual agglomerate was found that contained
either only Zn or Si. These results indicate that the precur-
sor in the gas phase directly oxidizes to give amorphous ma-


terial without any dissociation of the Zn-O-Si motifs at this
temperature. Thus, the CTEM results for the Z750 sample
are in good agreement with the previously obtained XRD
and IR results. The CTEM image of the Z750S sample (Fig-
ure 6b) shows the formation of large agglomerates, and the
presence of a large amount of fine crystallites with a diame-
ter of 5±8 nm inside the primary particles. These fine crystal-
lites are probably the crystalline Zn1.7SiO4 or b-Zn2SiO4


phases as found by XRD.
The CTEM image of the aerosol formed at 900 8C (Z900)


is shown in Figure 7a. Interestingly, in contrast to the find-
ings of the previously employed analytical methods, the
Z750S and Z900 samples differ significantly. The micrograph
shows that most of the particles formed at 900 8C have a
spherical morphology, are not agglomerated, and the parti-
cle diameter varies from 30 to 80 nm. Looking at these
spherical particles more closely at higher magnification re-
veals that some very small crystallites are embedded inside
the matrix of the larger amorphous spherical particles. Fig-
ure 7b shows the dark-field CTEM image of size-classified
particles with a mobility-equivalent diameter of about 35 nm
formed at 900 8C. The micrograph shows the presence of
very fine crystallites (3±5 nm in size). The sample was found
to be very sensitive to the electron beam. Longer exposure
of the spherically shaped particles gave rise to a roughening
of the surfaces of these spheres, originating from a growth
of the crystallites within the particles (even with a widely
spread beam and reduced beam intensity).


To get a better insight into the composition of the fine 3±
5-nm crystals, as well as into the amorphous matrix of the


larger spheres (30±80 nm in
size), in which these fine crys-
tals are embedded, high-resolu-
tion TEM (HRTEM) studies
were performed on the Z900
sample. Figure 7c and d show
two HRTEM images of sample
Z900, which are slightly con-
trast-enhanced by the addition
of a Fourier-filtered image to
the original micrograph. The
images clearly show the occur-
rence of small crystallites of
roughly 5 nm in size. The meas-
ured lattice spacings are indi-
cated in the figures. An unam-
biguous identification of the
crystal phase from lattice spac-
ings is hampered by the follow-


ing facts. First, the error in the quantitative determination of
the lattice spacings from a HRTEM image (that does not
contain any lattice fringes usable for calibration) is as large
as 3%, and second, below 0.3 nm, the lattice spacings (d
values) of all materials to be considered (ZnO, Zn1.7SiO4, a-
Zn2SiO4 and b-Zn2SiO4) are very similar. However, accord-
ing to the XRD results, the occurrence of a-Zn2SiO4 can be
ruled out. As a consequence, the observed lattice spacings
of d=0.248, 0.278, and 0.283 nm confirm the presence of
ZnO, Zn1.7SiO4, or b-Zn2SiO4 nanocrystals. Within the error


Figure 6. CTEM images of a) Z750 (bright field), b) Z750S (bright field)
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limits, the lattice spacing of d=0.356 nm may be attributed
to either Zn1.7SiO4 or b-Zn2SiO4. The observed values of
d=0.333, 0.477, and 0.509 nm only occur in Zn1.7SiO4 nano-
crystals. Line-scan EDX and electron energy loss spectro-
scopy (EELS) on the spherical particles also show the pres-
ence of Zn, Si, and O in the amorphous matrix. The
HRTEM results together with
the XRD and IR results on the
Z900 sample lead us to con-
clude that these fine crystallites
are Zn1.7SiO4 or b-Zn2SiO4.
Bearing in mind the overall 1:1
atomic composition of Zn:Si
(from EDX) in the large spheri-
cal particles, the presence of
fine crystallites of Zn1.7SiO4 or
b-Zn2SiO4 inside these spherical
particles, and the presence of
both Zn and Si in the amor-
phous matrix, leads to the con-
clusion that the amorphous
matrix is rich in silicon.


The TEM image of the
Z900S is shown in Figure 8a.
The image shows that sintering


induces neck formation be-
tween the primary particles and
a more crystalline structure.
The mean primary particle di-
ameter was found to be about
42 nm, which is close to the
crystallite size obtained by
XRD (dc=39 nm). This result
might be taken to infer that the
primary particles are mainly
single-crystalline; however,
dark-field CTEM analysis re-
veals the presence of very large
numbers of 5±20-nm crystallites
embedded inside an amorphous
matrix (Figure 8b). The EDX
analysis shows the presence of
equal atomic percentages of Zn
and Si in this sample. These re-
sults lead us to believe that fine
crystallites of a-Zn2SiO4 are
embedded in an amorphous
matrix of SiO2, which is in good
agreement with XRD, MAS-
NMR, and IR results.


The particle formation mecha-
nism : The various analytical
techniques provided us with
sufficient information on the
chemical and structural phase
transformations. This allows us
to propose a particle formation
mechanism, which is shown in


Figure 9. The subsequent steps will now be rationalized in
detail.


A mixture of the gaseous cubane [{MeZnOSiMe3}4] and
O2 enters the decomposition furnace. The temperature in-
creases in the beginning of the hot zone and conversion into
an unknown oxidized form of the cubane takes place. This is


Figure 7. a) Bright-field CTEM image of Z900, b) dark-field CTEM image of size-classified particles of ~
35 nm produced under the conditions of sample Z900 (tilt=0.8 d). Inset: corresponding bright field image, c)
and d) HRTEM image of Z900


Figure 8. a) Bright-field CTEM image of Z900S , b) dark-field CTEM image of Z900S (tilt=0.55 d). Inset: cor-
responding bright-field image.
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supported by the DTG results (see Figure 1b). In the hot
zone of the decomposition furnace, particle formation is in-
duced by oligomerization into (Zn-O-Si)n species, and, at
the same time, breaking of the Si�C bonds. The Si�O motifs
resulting from this oxidation are also suitable candidates for
Si-O-Si formation. The oligomerization, which requires
binary collisions, is limited due to the low concentration of
the reactive gas-phase species (�4 ppm). Based on elemen-
tary kinetic gas theory and a collisional diameter of 0.86 nm,
we estimate that each cubane cluster experiences some 105


collisions per second with other cubanes. Collisions will lead
to an increase in the degree of aggregation of the (Zn-O-Si)n


phase. The increasing mass of these aggregates will lead to a
rapid decrease in their vapor pressure pS. Consequently, su-
persaturation S=p/pS increases until some critical value is
exceeded, and the clusters become stable nuclei which then
grow further.


After the cubane has been transformed into stable clus-
ters, collisions between particles take place due to Brownian
motion. Based on free molecular theory, we calculated the
Brownian collision rate for the case where 4 ppm (molar
base) cubane was completely converted into 10 nm particles.
Under these conditions, each particle experiences several


hundred collisions per second, confirming that Brownian
collisions play an important role. The appearance of spheri-
cal particles at 900 8C, in contrast to the aggregates at
750 8C, indicates that the (Zn-O-Si)n phase formed is liquid
at 900 8C and solid at 750 8C. Thus, at 900 8C, Brownian colli-
sions of two liquid particles lead to the formation of one
larger liquid particle (Figure 7a). At 750 8C, solid particles
collide and stick together due to van der Waals forces, lead-
ing to the formation of aggregates of small primary particles
(Figure 6a).


Extended heat treatment at 750 8C, or an increase in de-
composition temperature to 900 8C, leads to the formation
of crystallites of b-Zn2SiO4 and Zn1.7SiO4 dispersed in a Si-
rich amorphous matrix.


Interestingly, in order to form zinc orthosilicate, a transi-
tion from the (Zn-O-Si)n phase to an ionic phase
Zn2SiO4,


[20a,22] containing Zn2+ and [SiO4
4�] ions, should


take place. The formation of zinc silicate is expected to be
exothermic,[23] but the thermal energy at 900 8C apparently
only suffices to overcome the activation energy necessary to
break the Zn-O-Si bonds. However, the residence time
inside the furnace at 900 8C is not sufficient to convert all
the (Zn-O-Si)n phase into zinc silicate. Sintering the sample


Figure 9. Proposed particle formation mechanism.
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at 900 8C increases the yield of zinc orthosilicate. The solidi-
fication of the Si-rich liquid phase occurred after the aerosol
was cooled down and thus hindered further crystal growth
by diffusion. The high cooling rate of several hundred de-
grees per second is probably responsible for the formation
of metastable b-Zn2SiO4 rather than thermodynamically
stable a-Zn2SiO4. Only the extended heat treatment of the
powder at 900 8C converted the metastable phases into the
stable a-Zn2SiO4.


Conclusion


In the current contribution, a new method was introduced
to prepare a material of immense technical interest, a-wille-
mite, in nanocrystalline form. It was shown that the cubane
[{MeZn(OSiMe3)}4] acts as a single-source precursor for a-
Zn2SiO4 under oxidizing conditions. Although solid-state de-
composition of the cubane also gave a-Zn2SiO4, the lack of
nanocrystallinity and the occurrence of carbon contamina-
tion are disadvantageous. Thus, we studied the transforma-
tion of the cubane in the gas phase by chemical vapor syn-
thesis. Surprisingly, the gas-phase decomposition of the
cubane takes place at higher temperatures than the solid-
state decomposition. The investigations showed that the Zn-
O-Si bonds pre-organized in the cubane were retained in
the final products. Interestingly, at low temperatures or
short residence times, a metastable form (b-Zn2SiO4) and a
high-pressure phase (Zn1.7SiO4) were formed. These phases
transform into the desired a-Zn2SiO4 imbedded in an amor-
phous SiO2 matrix through extended sintering at 900 8C.
However, the smallest crystals of a-Zn2SiO4 so far reported
in the literature were still obtained. In contrast to the solid-
state decomposition, the high dispersion of the species in
the aerosol, and the improved contact with O2, led to a
carbon-free product.


Chemical vapor synthesis and modern organometallic
single-source precursor chemistry proves to be a very prom-
ising combination with which to obtain materials with a high
degree of compositional control (purity of the materials)
and morphological control (small particles).


In the future, we will extend our approach towards the
synthesis of doped zinc-oxide-based materials by preparing
suitable organometallic precursors.


Experimental Section


The volatile solid precursor used in this method was a siloxy-substituted
tetranuclear heterocubane (cubane) and was synthesized by using the
procedure reported earlier.[14] The precursor was handled under an inert
atmosphere at all times using Schlenk-techniques and a glove box.


The experimental setup used for this study is depicted in Figure 2. It con-
sists of an evaporation furnace, a decomposition furnace, a particle charg-
er, a particle precipitator, and an on-line particle-size measurement
system, which could also be used for size selections. The precursor was
vaporized in a tube furnace at 60±140 8C and then carried to another
tube furnace using nitrogen as carrier gas. A flow rate of 1 Lmin�1 of N2


was used in the present study. For oxidation of the precursor, 0.5 Lmin�1


of O2 was added before the second furnace. Decomposition and oxida-
tion of the precursor take place in the second furnace at elevated temper-


atures. The particles formed after decomposition remain as an aerosol in
the gas phase, and were then passed through a radioactive a-source
(241Am) to charge the particles electrically. This polydisperse charged par-
ticles were then either deposited directly or passed through a differential
mobility analyzer (DMA, TSI-Short, Minneapolis, USA) for size classifi-
cation, and then deposited with �100% efficiency on a suitable substrate
(TEM grid or Si (100) wafer) using an electrostatic precipitator.[24] In the
DMA the charged particles are size-selected on the basis of their electri-
cal mobility, which is a function of their charge level, mass, and shape.
Thus, choosing a particular applied voltage and flow ratio in the DMA, a
monodisperse aerosol with an adjustable size between 10 and 100 nm and
standard deviation below 10% can be obtained in the present system. A
condensation nucleus counter (CNC, TSI, Model-3022, Minneapolis,
USA) was used to monitor the aerosol number concentration. The pro-
duced polydisperse aerosol was then also examined with the differential
mobility particle sizing (DMPS) technique (TSI, Model-3081) for particle
size distribution with respect to time, precursor evaporation temperature,
and precursor decomposition temperature. The deposited particles were
scratched carefully from the substrate and then sintered further in a pure
argon atmosphere.


X-ray diffraction analyses of all the powder samples and deposited parti-
cles were performed on a Bruker - AXS D8 Advance using CuKa radia-
tion and a position-sensitive detector (PSD). Thermogravimetric analyses
(DTA-TG) of the precursor were carried out with a thermal analyzer
(Seiko Instruments) in the range 25 8C to 900 8C in argon and oxygen. A
linear rate of heating of 5 Kmin�1 was maintained during all the meas-
urements. Conventional transmission electron microscopy (CTEM) was
performed on a Philips CM12 microscope (LaB6 filament, 120 kV, Twin
lens) equipped with an energy-dispersive X-ray spectrometer (EDX, type
Oxford Link). The sintered powder samples were suspended in cyclohex-
ane using an ultrasonic bath for 5 min and then left to dry on a carbon-
coated TEM grid. High-resolution transmission electron microscopy
(HRTEM) was conducted on a Philips Tecnai F20ST microscope (field
emission gun, 200 kV, Super-Twin lens) equipped with an EDX system
(type EDAX Phoenix) and a post-column Gatan image filter (type Gatan
GIF 2000) for electron-energy loss spectroscopy. FT-IR spectra were re-
corded by using a Bruker Vector 22 spectrometer from KBr pellets. FT-
Raman spectra were recorded by using a Bruker IFS 66 spectrometer
with a 532 nm excitation laser. UV/Vis spectra were recorded by using a
Perkin Elmer Lambda 20 spectrometer equipped with a reflecting sphere
Labsphere RSA-PE-20. Solid-state NMR spectra were recorded by using
a Bruker DRX 400 spectrometer.
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Stereocontrolled Synthesis of the C21±C38 Fragment of the Unnatural
Enantiomer of the Antibiotic Nystatin A1


Thilo Berkenbusch[a] and Reinhard Br¸ckner*[b]


Introduction


Nystatin A1 and amphotericin B are drugs of choice for the
treatment of life-threatening fungal infections.[1] They are
typical representatives of more than 200 polyol,polyene
macrolides discovered so far.[2] Nystatin A1 became the first
member of this important class of antibiotics when it was
isolated from Streptomyces noursei in 1950.[3] Amphoteri-
cin B, a secondary metabolite from Streptomyces nodosus,
was discovered shortly later.[4] Its X-ray crystal structure
having been reported in 1970,[5] it stayed the only polyol,po-
lyene macrolide throughout two decades for which the com-
plete 3D structure was known (its mirror image, see 5,
Scheme 1). The stereostructure of nystatin A1 was assigned
more recently by controlled degradation and partial synthe-
ses (its mirror image, see 1, Scheme 1).[6,7] Either of these
antibiotics is a macrolactone and comprises the following
substructures: a hydrophilic polyol moiety (C1±C12), a pyra-
noside ring (C13±C19), a lipophilic polyene moiety (C20±C33),
and a small polypropionate section (C34±C38). The first and
third substructure are different in nystatin A1 versus ampho-


tericin B–albeit only slightly–while substructures 2 and 4
are identical.
Several total[8,9] and partial[10] syntheses of amphotericin B


or its aglycon (™amphoteronolide B∫) have been completed
to date. Of the synthetic efforts directed towards nystatin
A1,


[7b, c,11] the most advanced is Solladiÿ×s.[11d]: He and his
co-workers obtained the polyol portion (C1±C13) with the
natural configuration. We worked in this field, too, synthe-
sizing a C14±C20 building block[10g] and a C33±C38 fragment,[10c]


both with the natural configuration. In the meantime we
modified our goals–and since then have strived for ana-
logues of the mentioned antibiotics. These, hopefully, will
help understanding whether and how much stereochemistry
matters for the biological activity of such polyol,polyene an-
tibiotics. Promising analogues ought to be, among others,
the unnatural enantiomers 1 and 5 of nystatin A1 and am-
photericin B, respectively (Scheme 1). We traced them back
retrosynthetically to an a,b-unsaturated ester 3. This is a
C31±C38 building block both for 1 and 5. It was elaborated to
a type-2 C21±C38 building block (only) for 1. Ester 3 was pre-
pared from d-lactone 4, which exhibited already all stereo-
centers.


Results and Discussion


The boron-mediated addition[12] of Evans× norephedrine-
based oxazolidinone 6[13,14] to (E)-tiglinaldehyde[15] delivered
the known[16] syn-aldol product 7 with the C34 and C35 con-
figurations of natural nystatin A1 and amphotericin B
(Scheme 2; 88%; ds >98%). The C34 and C35 configurations
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Abstract: The C21±C38 fragment all-trans-41 of the unnatural enantiomer 1 of nys-
tatin A1 was prepared starting from the N-propionyl oxazolidinone 9. Aldol adduct
ent-8 (ee > 96%) derived in two steps was hydroborated with (thexyl)BH2. Oxida-
tive work-up and treatment with acid furnished d-lactone 4. It contains the com-
plete stereotetrade of the target molecule. The a,b-unsaturated ester 28 was
reached after another four steps. It should be a precursor for the polyene moieties
of a variety of polyol,polyene macrolides. Illustrating that, the a,b-unsaturated al-
dehyde 29 obtained from 28 and DIBAL was extended by 10 C atoms in four
steps yielding the C21±C38 segment 41. The latter set of transformations included
the regio- and stereoselective Claisen rearrangement 32!35.
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of unnatural nystatin A1 and amphotericin B were establish-
ed analogously–in aldol adduct 10 previously not descri-
bed–from the same aldehyde and the valinol-derived oxa-
zolidinone 9 (96%; ds >98:2).[17,18] The chiral auxiliaries
were removed by methanolysis according to Seebach
et al.[19]: Treatment of 7 and 10 with NaOMe and purifica-
tion by flash chromatography on silica gel[20] provided
methyl esters 8[21] (75%) and ent-8 (86%), respectively, both
with >96% ee (along with 90±95% recovered chiral auxili-
ary). Compound 8[21] had the undesired absolute configura-
tion but was needed for assessing the enantiopurity of the
enantiomer ent-8 with the desired configuration. Hydroxyoxa-
zolidinone 10 and the identically configured b-hydroxyester
ent-8 were protected[22] as tert-butyldimethylsilyl ethers 11
(94% yield) and 12 (99% yield), respectively.
Having completed a set of four differently substituted,


albeit identically configured allyl alcohols (ent-8, 10) or allyl
silyl ethers (11, 12), we proceeded testing whether hydrobo-
ration/oxidation would lead in just one more step to the d-
lactone 4 (Scheme 3). The latter exhibits the complete ste-
reotetrade of our target molecules 2 and 3. This plan called
for anti-Markovnikov and syn-selective hydroborations with
respect to the relative orientation of the OH groups in the
dihydroxycarboxylate precursor 14 of lactone 4. Literature
precedent[23] made such stereocontrol likely. 9-BBN or
BH3¥SMe2 turned out to fail as hydroborating agents: Sub-
strates ent-8, 10, 11, and 12 were essentially inert towards 9-
BBN while they reacted with BH3¥SMe2 readily, yet not only


with their C=C but also with their C=O bonds. Besides that,
the tert-butyldimethylsilyl ethers 11 and 12 lost their silyl
groups depending on the detailed conditions of the oxidative
work-up: 35% H2O2/10% NaOH led to partial deprotec-
tion, whereas sodium perborate[24] affected neither the silyl
groups nor, surprisingly, the B�C bond. Screening other hy-
droborating agents, the combination of (thexyl)BH2


[25] with
the unprotected ester ent-8 proved to work nicely when
35% H2O2 combined with ™Sharpless-solution∫[26] [NaOH
(9m) and NaCl] was employed as an oxidizing mixture (!
13 ; Scheme 3). This apparently provided carboxylate 14. It
was never isolated but treated with concentrated HCl so
that it lactonized spontaneously. After purification by flash
chromatography on silica gel[20] we isolated d-lactone 4 in
60% yield as a single diastereomer.[27] Its stereostructure
was established by X-ray crystallography.
From this point onward we continued our synthesis on


two routes differing by the protecting group which was
about to be installed (Scheme 3). The first route proceeded
via the tBuMe2Si-containing lactol 17, the second via the
MOM-containing lactol 18. These compounds were obtained
from lactone 4 in two steps: 1) Protection of the free hy-
droxy group with tert-butyldimethylsilyl triflate[22] in the
presence of 2,6-lutidine delivered lactone 15.[28] The yield
did not exceed 72% because we could not prevent that 15
underwent about 25% elimination of tBuMe2SiOH (! ca.
25% a,b-unsaturated lactone). The ensuing reduction 15 !
17[29] with DIBAL in toluene at �78 8C was accomplished in
100% yield. 2) Using chloromethyl methyl ether and
H¸nig×s base[30] for protecting lactone 4 and DIBAL in tolu-
ene at low temperature for the subsequent reduction, the
MOM-protected lactol 18 of the second route resulted in


Scheme 1. Unnatural enantiomers 1 of nystatin A1 and 5 of amphoteri-
cin B and retrosynthetic analysis of the boxed sections of these species.


Scheme 2. a) NEt3 (1.2 equiv), nBu2BOTf (1.1 equiv), CH2Cl2, 0 8C, 1 h,
! �78 8C; (E)-2-methyl-2-butenal (1.15 equiv), ! 0 8C within 1 h; 0 8C,
1 h; phosphate buffer (pH 7), MeOH, 35% H2O2, 1 h; 88% (ds > 98:2).
b) NaOMe (1.6 equiv), MeOH, 0 8C, 8 min; 75%. c) Same as a); 96%
(ds > 98:2). d) tBuMe2SiOTf (1.5 equiv), 2,6-lutidine (2.2 equiv), CH2Cl2,
0 8C, 1.5 h; 94%. e) Same as b); 86%. f) Same as d); 99%.
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98% yield over both steps.[31]
1H- and 13C NMR spectroscopy
revealed the siloxy-containing
lactol 17 to be a 60:40 mixture
of anomers and the MOM-con-
taining lactol 18 a 79:21 mix-
ture. There was no indication of
the presence of the respective
open-chain hydroxyaldehyde
isomers 19 and 20 (see Table 1).
Nonetheless, the latter spe-


cies were the ones to be scav-
enged in the next step by a
Wittig olefination effecting a C2


elongation by furnishing the
a,b-unsaturated ethyl esters 21
and 22, respectively (Table 1).
While trans-selectivities were
satisfactory (>92:8) from the
beginning and regardless which
ylide or solvent we employed,
our yields stayed low for an ex-
tended period of time. Starting
with standard conditions,[32] that
is, combining substrate 17 and
ylide 25 in CH2Cl2, THF, DMF
or benzene at room tempera-


ture, no more than 17% of the desired ester 21 were ob-
tained (experiments not shown in Table 1). At reflux temper-
ature in toluene, a 2 h run led to the desired product 21 in
11% yield along with 68% recovered lactol 17 (entry 1). In
contrast to that, a 24 h run went to complete conversion but
hardly improved the yield of 21 (17%; entry 2). This was be-
cause the reaction proceeded beyond that stage through tet-
rahydropyran formation by an intramolecular Michael addi-
tion. It furnished 42% 23 as a 74:26 mixture of diastereo-
mers, which were separated by flash chromatography on
silica gel[20] but remained configurationally unassigned.
This kind of over-reaction is known from Wittig reactions


of sugar lactols.[33] In a few cases,[34] the addition of a small
amount of carboxylic acid and use of tributylphosphorane
27–freshly prepared from tributylphosphonium bromide
26[35]–instead of triphenylphosphorane 25 turned out to in-
crease the yield of acyclic product (and the trans-selectivity
as well). Therefore, we added benzoic acid (20 mol%) to
our olefination mixtures and employed phosphorane 27
(entry 4) as an alternative to phosphorane 25 (entry 3).[36]


This led to the acyclic product (21) as desired and to no tet-
rahydropyran 23 at all. The yield of 21 remained neverthe-
less low: 26 and 31%, respectively. Therefore, we gave up
elaborating the TBDMS-containing lactol 17, exchanging it
for its MOM-protected analogue 18.[37] Continuing to rely
upon the beneficial effects both of added benzoic acid and
of employing the tributylphosphorane (27) we found that
the formation of the desired unsaturated ester 22 was slug-
gish at <85 8C in toluene and once again exhibited moder-
ate yields (23±37%; entries 5 and 6). Increasing the temper-
ature accelerated the reaction. Unfortunately, this also pro-
moted loss of the MOMO group through b-elimination:


Scheme 3. a) (Thexyl)BH2 (2.0 equiv), addition of ent-8, 0 8C, 30 min, !
RT, 16 h; ! 0 8C, NaOH (9m, 8.4 equiv), 35% H2O2 (9.2 equiv), NaCl
(1.0 equiv), 2 h, ! RT, 2 h; conc. HCl until pH � 1; 60% (ds >98:2).
b) tBuMe2SiOTf (2.6 equiv), 2,6-lutidine (1.5 equiv), CH2Cl2, 0 8C, 12 h;
72%. c) MOMCl (8.2 equiv), NEtiPr2 (8.7 equiv), nBu4NI (1.1 mol%),
CH2Cl2, RT, 1.5 h; 99%. d) DIBAL (2.2 equiv), toluene, �78 8C, 2.5 h;
99%. e) Same as d); 99%.


Table 1. Wittig reactions between lactols 17 and 18 and ylides 25 or 2.


Yield [%]
Entry Reaction conditions (solvent: toluene) 17[a] 18[a] 21 22 23 24


1 17, 25 (3.0 equiv), 110 8C, 2 h 63 11 n. a.
2 17, 25 (2.0 equiv), 110 8C, 1 d ± 17 42[b]


3 17, 25 (3.0 equiv), benzoic acid (20 mol%), 110 8C, 3 h n.a. 26 ±
4 17, 27 (3.0 equiv), benzoic acid (20 mol%), 95 8C, 3 h n.a. 31 ±
5 18, 27 (6.0 equiv), benzoic acid (40 mol%), 85 8C, 4 h 54 23 ±
6 18, 27 (2.5 equiv), benzoic acid (20 mol%), 85 8C, 9.5 h 5 37 <2[c]


7 18, 27 (4.0 equiv), benzoic acid (30 mol%), 90 8C, 5 h <2[c] 55 6
8 18, 27 (6.0 equiv), benzoic acid (40 mol%), 92 8C, 2.5 h 47 37 <2[c]


9 18, 27 (3.7 equiv), benzoic acid (20 mol%), 95 8C, 2 h 12 46 11
10 18, 27 (3.5 equiv), benzoic acid (40 mol%), 105 8C, 2 h ± ± 53


[a] That is, recovered starting material. [b] 74:26 mixture of diastereomers, which was separated by flash chro-
matography.[20] [c] Very small amounts of the compound in question were detected by TLC but neither isolated
nor subjected to an exact yield determination.
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Above 105 8C we isolated preponderantly the dienoic ester
24 (53%) rather than 22 (entry 10). The Ca=Cb bond of 24
was exclusively trans-configured (Ja,b=15.6 Hz), while the
Cg=Cd bond belonged to an isomeric mixture (89:11). The
best we managed doing in the tightrope act of achieving
good conversions of lactol 18 and avoiding the formation of
24 was maintaining the temperature between 90 and 95 8C
and working up the reaction mixture as soon as TLC indi-
cated the formation of dienoate 24. In that manner the de-
sired Wittig product 23 was obtained as a pure trans-isomer
in up to 55% isolated yield or in up to 70% yield based on
recovered lactol 18 (entries 7 and 9, respectively).


a,b-Unsaturated esters 21 (TBDMS-protected) and 22
(MOM-protected) were protected as regioisomeric
TBDMS- and MOM-containing esters 28 (84% yield) and
30 (85% yield) following standard procedures[22,30]


(Scheme 4). Both 28 and 30 are equivalents of the C31±C38


fragment 3 of our retrosynthetic analysis of ent-nystatin A1


(1) and ent-amphotericin B (5 ; Scheme 1). Thus, their prepa-
ration meant reaching an important subgoal. Due to the
better accessibility of 28 (59% overall yield from lactone 4)
compared to 30 (19% overall yield) we continued our syn-
thesis with the former compound.
For further elaboration of the carbon framework, we ad-


justed the oxidation state of ester 28 by DIBAL reduction
in CH2Cl2 at �78 8C and by oxidizing the resulting crude al-
lylic alcohol with MnO2


[38] in CH2Cl2. This provided 89% of
the a,b-unsaturated aldehyde 29 (trans :cis >98:2). This
compound furnished the divinyl carbinol 31 (93% yield; ds
�50:50) by the addition of vinylmagnesium bromide.[39] A
one-pot vinyl ether exchange/Claisen rearrangement proto-
col[40] was applied next. It meant refluxing a solution of com-
pound 31 and a stoichiometric amount of Hg(OAc)2 in tert-
butyl vinyl ether (70 equiv). This gave rise to the short-lived
vinyl ether 32 (1:1 diastereomeric mixture) and caused the
latter to undergo a Claisen rearrangement. Of the two allylic
C=C bonds, the rearrangement involved primarily the one
sterically least hindered. Regiocontrol was 82:18 at least, as
evidenced by the following findings:[41] First, purification by
flash chromatography on silica gel[20] gave an unanalyzed
mixture of the regioisomeric Claisen products (95% yield).
Therefrom, we obtained 78% of the pure rearrangement
product 35 by another passage through flash silica gel; the
trans,trans-configuration of segment C30=C31�C32=C34 of 35
follows from the magnitude of its olefinic couplings: J30,31=
J32,33=14.5 Hz. The yield of any regioisomer(s) of 35 was
thereby limited to 95%�78%=17%. Aldehyde 35 was
then C2-homologated in 79% yield (! a,b-unsaturated al-
dehyde 34) by a Wittig reaction[32] with PH3P=CH�CO2Me
(35 ! 33 ; trans :cis >98:2), by a reduction, and an oxida-
tion.
The final steps of our synthesis of the C21±C38 fragment of


ent-nystatin A1 (1) were realized with Horner-Wadsworth-
Emmons (HWE) reactions (Scheme 5).[42] Initially, we com-
bined our most advanced intermediate, namely the C25±C38


aldehyde 34, with the lithio derivative obtained from phos-
phonate 36 (trans :cis >90:10) and LDA. Surprisingly, this
afforded a 24:76 mixture (52% yield, separable) in which
the expected trienoic ester 40 was the minor constituent and


the cyclohexadiene-containing isomer 39 dominated.[43] This
outcome suggests that lithio-36 attacked the a,b-unsaturated
aldehyde 34 preferentially in a conjugate addition and in-
volved C-g rather than C-a of the phosphonate. The sur-
mised intermediate 38 displays an aldehyde enolate as well
as an ester-substituted alkene phosphonate. Proton transfer
from the latter upon the former would lead to a more stable
intermediate, equipped with an aldehyde moiety and a met-
alophosphonate. These functionalities ought to lead to prod-
uct 39 by an intramolecular HWE reaction.
The C-3 elongation of C25±C38 aldehyde 34 by HWE re-


agent 36 having failed, we moved the site of our retrosyn-
thetic disconnection ™westward∫ (Scheme 5). This called for
a C-5 elongation of C27±C38 aldehyde 35 by phosphonate 37
(accessible from 4-bromocrotonate[44]). Treating this reagent
(trans,trans :cisH2CC=C,transC=CCO2Me 90:10) first with LDA and
then with aldehyde 35, we obtained an inseparable 66:34
mixture of the all-trans-configured unsaturated ester 40 and


Scheme 4. a) tBuMe2SiOTf (2.0 equiv), 2,6-lutidine (3.6 equiv), CH2Cl2,
0 8C, 15 h; 84%. b) MOMCl (8.3 equiv), NEtiPr2 (10 equiv), nBu4NI
(14 mol%), CH2Cl2, RT, 18 h; 85%. c) (i) DIBAL (3.1 equiv), CH2Cl2,
78 8C, 1.5 h; (ii) MnO2 (22 equiv), CH2Cl2, RT, 4 h; 89%. d) H2C=CH-
MgBr (2.3 equiv), THF, �78 8C, 70 min; 93% (ds �50:50). e) Hg(OAc)2
(1.1 equiv), tert-butyl vinyl ether (70 equiv), reflux, 9 h; 78%. f) Ph3P=
CH-CO2Me (3.1 equiv), toluene, RT, 16 h; 89% (trans :cis > 98:2).
g) i) DIBAL (2.6 equiv), CH2Cl2, �78 8C, 2.5 h; ii) MnO2 (20 equiv),
CH2Cl2, RT, 14 h; 89%.
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its cis26,27-isomer (74% yield). Isomerization in an NMR
tube with 8 mol% of iodine in CDCl3 increased the all-
trans-content to 93:7.[45] Without purification we proceeded
to aldehyde all-trans-41 in 78% overall yield by sequential
oxidation and reduction. This compound stands for the C21±
C38 fragment 2 of ent-nystatin A1 (1). Because of its carbon-
yl group, it is properly set up for appending a Cx±C20 syn-
thon en route to the full structure of ent-nystatin A1.
The connectivities and stereostructures of all-trans- and


cis26,27-40 as well as all-trans-41 were established by
500 MHz 1H NMR spectroscopy (Table 2). The C22=C23 and
C24=C25 bonds were clearly trans-configured because of the
sizes of the J22,23 (15.2±15.3 Hz) and J24,25 (14.7±14.8 Hz).
Likewise, in compounds all-trans-40 and all-trans-41 we
found J26,27=15.1 Hz. This contrasts with J26,27=10.8 Hz in
the isomer cis26,27-40, to which we therefore attributed one
cis-configured C=C bond.


Conclusion


A stereoselective and straightforward synthesis of com-
pound all-trans-41 has been developed. It was obtained from
the N-propionyl oxazolidinone 9 in 9.8% yield over
12 steps. A key intermediate was the a,b-unsaturated ester
28. It might be used for the construction of other polyol,po-
lyene macrolides like, for example, ent-amphotericin B (5).
Efforts to elaborate all-trans-41 into unnatural nystatin A1


(1) are currently underway in our laboratory.


Experimental Section


General methods : Reactions with light-sensitive compounds were per-
formed in brown glassware or in ordinary glassware wrapped in alumi-
num foil. Products were purified by flash chromatography[20] on Merck
silica gel 60 (eluent given in parentheses). Yields refer to analytically
pure samples. Isomer ratios were derived from suitable 1H NMR inte-
grals. 1H [CHCl3 (7.26 ppm) as internal standard in CDCl3] and


13C NMR
[CDCl3 (77.00 ppm) as internal standard in CDCl3]: Bruker AM 400 or
DRX 500; integrals in accord with assignments; coupling constants in Hz.
The assignments of 1H and 13C NMR resonances refer to the IUPAC no-
menclature; primed numbers belong to the side chain. Combustion analy-


Scheme 5. a) 36 (1.9 equiv), LDA (2.3 equiv), THF, �60 8C, 25 min; addi-
tion of 34, ! �30 8C, 2 h; 52% (21% 39, 20% of a 93:7 mixture of 39
and 40, and 11% 40). b) 37 (1.9 equiv), LDA (1.8 equiv), THF, �60 8C,
30 min, ! 0 8C during 15 min, ! �60 8C; addition of 35, !�60 8C, 1 h;
74% (trans26,27:cis26,27=66:34). c) i) I2 (8.0 mol%), CDCl3, RT, 9 min (!
trans26,27:cis26,27=93:7); ii) DIBAL (2.7 equiv), CH2Cl2, �78 ! �60 8C,
1 h; iii) MnO2 (39 equiv), CH2Cl2, RT, 1 h; 78%.


Table 2. 500 MHz 1H NMR data in CDCl3 of the conjugated triene segments of esters 40 and aldehyde 41; chemical shifts in ppm, coupling constants in
Hz.


C22=C23 C24=C25 C26=C27


d22-H J22,23 d23-H d24-H J24,25 d25-H d26-H J26,27 d27-H


all-trans-40[a] 5.85 15.3 7.30 6.22 14.8 6.52 6.15 15.1 5.92
cis26,27-40[b] 5.88 15.3 7.35 6.30 14.7 6.93 6.10 10.8 5.67
all-trans-41 6.13 15.2 7.11 6.35 14.8 6.64 6.20 15.1 ±[c]


[a] Sample of a 93:7 mixture of all-trans-40 and cis26,27-40. [b] Sample of a 66:34 mixture of all-trans-40 and cis26,27-40. [c] Superimposed.
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ses: H. B‰hr and E. Hickl, Institut f¸r Organische Chemie und Bioche-
mie, Universit‰t Freiburg. MS: Dr. J. Wˆrth, Institut f¸r Organische
Chemie und Biochemie, Universit‰t Freiburg. IR spectra: Perkin±Elmer
PARAGON 1000. Optical rotations measured with a Perkin±Elmer po-
larimeter 341 at 589 nm and calculated according to the Drude equation
{[a]ñ


#= (aexptl î 100)/(c î d)}; rotational values are the average of five
measurements of a in given solution of the respective sample. Melting
points: Dr. Tottoli apparatus (Fa. B¸chi), uncorrected.


(3S,4R,5S,6R)-Tetrahydro-4-hydroxy-3,5,6-trimethyl-2-pyranone (4): At
�10 8C a solution of 2,3-dimethyl-2-butene (1.24 mL, 879 mg, 10.5 mmol,
2.0 equiv) in THF (6 mL) was added dropwise to a solution of BH3¥SMe2
(10m, 1.05 mL, 10.5 mmol, 2.0 equiv) in THF (2 mL). The addition was
completed after 25 min, and the mixture was warmed to 0 8C. After stir-
ring for 2 h at this temperature, the reaction mixture was treated drop-
wise with a solution of methyl ester ent-8 (921 mg, 5.35 mmol) in THF
(7 mL) within 30 min. The mixture was allowed to reach room tempera-
ture and stirred for 16 h. The reaction was terminated at 0 8C by careful
addition of an aqueous solution [5 mL of a solution prepared from
NaOH (30 g), NaCl (5 g) and H2O (90 mL): ca. 45 and 5.1 mmol, respec-
tively, ca. 8.4 and 1.0 equiv, respectively] and H2O2 (30% in water,
5.0 mL, 1.7 g, 49 mmol, 9.2 equiv). Stirring was continued for 2 h at 0 8C
and then for another 2 h at room temperature The organic phase was
separated and the aqueous phase extracted with tBuOMe (4î70 mL).
The combined organic phases were washed with water (100 mL) and
brine (100 mL). The combined aqueous phases were treated with aque-
ous conc. HCl (until the pH value was <1) and with Na2SO3 (to destroy
the excess of H2O2; peroxide test!). After a second extraction with
tBuOMe (5 î 150 mL) the combined organic phases were dried with
MgSO4. The solvent was evaporated in vacuo to afford an oily residue
which was submitted to flash chromatography (cyclohexane/EtOAc 1:1)
to afford d-lactone 4 (504 mg, 60%) as a pure diastereomer and a color-
less solid. M.p. 116±117 8C; [a]25D =++23.1 (c=0.87 in CDCl3);


1H NMR
[500 MHz; contains contaminant-peak (s) at d=1.25]: d=1.06 (d, J5-
Me,5=6.9, 5-Me)*, 1.32 (d, J3-Me,3=7.5, 3-Me)*, 1.37 (d, J6-Me,6=6.3, 6-
Me)*, 1.84 (dqd, J5,6=10.1, J5,5-Me=6.8, J5,4=3.4, 5-H), 2.06 (br s, OH),
2.68 (qd, J3,3-Me=7.4, J3,4=4.0, 3-H), 3.73 (dd, J4,3=J4,5=3.6, 4-H), 4.47
(dq, J6,5=9.9, J6,6-Me=6.4, 6-H); * assigned by an H,H-correlation spec-
trum; 13C NMR (125.7 MHz; peak of contaminant at d=29.68): d=12.55
(5-CH3)*, 15.82 (3-CH3)*, 19.54 (6-CH3)*, 37.22 (C-5)**, 43.44 (C-3)**,
73.32 (C-4)***, 76.64 (C-6)***, 174.11 (C-2); *,**,*** distinguishable by
a C,H-correlation spectrum; IR (CDCl3): ñ=3460, 2980, 2940, 2855,
1730, 1600, 1460, 1385, 1360, 1240, 1205, 1100, 1045, 975, 930, 920,
910 cm�1; elemental analysis calcd (%) for C8H14O3 (158.2): C 60.74, H
8.92; found: C 60.51, H 9.06.


(4R,5S)-3-[(2R,3R,4E)-3-Hydroxy-2,4-dimethyl-4-hexenoyl]-4-methyl-5-
phenyl-1,3-oxazolidin-2-one (7): Dibutylboron triflate (4.4 mL of a 1.0m
solution in CH2Cl2, 4.4 mmol, 1.1 equiv) was added dropwise at 0 8C
within 12 min to a solution of oxazolidinone 6 (930 mg, 3.99 mmol) and
triethylamine (0.67 mL, 49 mg, 4.8 mmol, 1.2 equiv) in CH2Cl2 (12 mL).
After stirring for 1 h, the mixture was cooled to �78 8C, and a solution of
(E)-2-methylbutenal (425 mL, 307 mg, 4.39 mmol, 1.1 equiv) in CH2Cl2
(2 mL) was added dropwise during 25 min. The reaction mixture was al-
lowed to reach 0 8C over 1 h, stirred for 1 h at this temperature and treat-
ed with phosphate buffer (pH 7, 4 mL) and MeOH (12 mL). Then a mix-
ture of aqueous H2O2 (35%, 4 mL) and MeOH (8 mL) was added drop-
wise taking care that the reaction temperature was kept below 4 8C.
After stirring for 1 h at 0 8C, water (40 mL) was added, and the mixture
was extracted with tBuOMe (5 î 60 mL). The combined organic phases
were washed with semisaturated aqueous NaHCO3 (40 mL) and brine
(40 mL) and dried with MgSO4. The solvent was evaporated in vacuo to
afford an oily residue which was submitted to flash chromatography (cy-
clohexane/EtOAc 3:1) to afford a diastereomeric mixture (33 mg, 2.6%)
and the title compound 7 (1.117 g, 88%, ref.[16] 70%) as a pure diaster-
eomer and a colorless solid. M.p. 87 8C, ref.[16] 86±87 8C; [a]25D =++33.4
(c=1.22 in CDCl3), ref.


[16] 35.5 (c=1.70 in CHCl3);
1H NMR (500 MHz):


d=0.90 (d, J4-Me,4=6.6, 4-Me)*, 1.17 (d, J2’-Me,2’=7.0, 2’-Me), 1.64 (m, 4’-
Me), 1.66 (dm, J6’,5’=6.8, 6’-H3), 2.74 (d, JOH,3’=2.8, OH), 3.99 (qd,
J2’,2’-Me=7.0, J2’,3’=3.8, 2’-H), 4.37 (br s, 3’-H), 4.77 (qd, J4,4-Me=J4,5=6.8,
4-H), 5.63 (qdq, J5’,6’=6.7, 4J5’,3’ � 4J5’,4’-Me �1.3, 5’-H), 5.67 (d, J5,4=7.3,
5-H), 7.30±7.33 and 7.36±7.45 (2îm, 5 Ar-H); * distinguished from 2’-Me
through the presence of a cross-peak with the 4-H resonance (d=4.77) in


an H,H-correlation spectrum; 13C NMR (125.7 MHz): d=10.43 (2’-
CH3)*, 13.03 and 13.07 (4’-CH3, C-6)*, 14.31 (4-CH3)*, 40.66 (C-2’), 54.92
(C-4), 75.53 (C-3’)**, 78.94 (C-5)**, 120.50 (C-5’)***, 125.59 and 128.73
(each 2-fold intensity, 2 ortho and 2 meta C), 128.81, 133.12 and 134.29
(ipso C, para C, C-4’), 152.59 (C-1’), 176.85 (C-2); *,** distinguishable by
a C,H-correlation spectrum; *** assigned by a C,H-correlation spectrum;
IR (film): ñ=3605, 3530, 2985, 2925, 2865, 1780, 1690, 1455, 1365, 1345,
1235, 1195, 1150, 1120, 1090, 1070, 1030, 990, 960 cm�1; elemental analysis
calcd (%) for C18H23NO4 (317.4): C 68.12, H 7.30, N 4.41; found: C 67.99,
H 7.34, N 4.24.


(2S,3S,4E)-3-Hydroxy-2,4-dimethyl-4-hexenoic acid methyl ester (ent-8):
Na (554 mg, 24.1 mmol, 1.4 equiv) was dissolved in MeOH (85 mL), and
the mixture was cooled to 0 8C. A solution of the oxazolidinone 10
(4.633 g, 17.20 mmol) in MeOH (15 mL) was then added in one portion.
The mixture was stirred for 10 min and then poured into phosphate
buffer (pH 7, 110 mL). The solution was extracted with CH2Cl2 (4 î
200 mL), and the combined organic extracts were dried with MgSO4 and
evaporated in vacuo. The residue was submitted to flash chromatography
(cyclohexane/EtOAc 4:1) to afford methyl ester ent-8 (2.536 g, 86%) as a
colorless liquid. The chiral auxiliary could be recovered by flushing the
column with EtOAc. [a]25D =�13.8 (c=0.84 in CDCl3);


1H NMR
(500 MHz): d=1.14 (d, J2-Me,2=7.1, 2-Me), 1.59 (m, presumably interpret-
able as dq, 4J4-Me,5 � 5J4-Me,6 �1.0, 4-Me), 1.62 (dm, J6,5=6.8, 6-H3), 2.30
(br s, OH), 2.69 (qd, J2,2-Me=7.1, J2,3=5.5, 2-H), 3.68 (s, OMe), 4.26 (brd,
J3,2=5.4, 3-H), 5.55 (qdq, J5,6=6.7, 4J5,3 � 4J5,4-Me �1.3, 5-H); 13C NMR
(125.7 MHz): d=11.28 (2-CH3)*, 12.24 (4-CH3)*, 12.98 (C-6)*, 42.97 (C-
2), 51.70 (OCH3), 76.97 (C-3), 121.15 (C-5), 134.66 (C-4), 176.06 (C-1);
* distinguishable by a C,H-correlation spectrum; IR (film): ñ=2935,
2895, 2860, 1780, 1650, 1500, 1470, 1400, 1255, 1215, 1160, 1090, 1060,
970, 915, 840, 780 cm�1; elemental analysis calcd (%) for C9H16O3 (172.1):
C 62.77, H 9.36; found: C 62.48, H 9.66.


(2R,3R,4E)-3-Hydroxy-2,4-dimethyl-4-hexenoic acid methyl ester (8): Na
(59 mg, 2.6 mmol, 1.6 equiv) was dissolved in MeOH (15 mL), and the
mixture was cooled to 0 8C. A solution of the oxazolidinone 7 (513 mg,
1.62 mmol) in MeOH (4.5 mL) was then added in one portion. The mix-
ture was stirred for 8 min and then poured into phosphate buffer (pH 7,
20 mL). The solution was extracted with CH2Cl2 (4 î 20 mL), and the
combined organic extracts were dried with MgSO4 and evaporated in
vacuo. The residue was submitted to flash chromatography (cyclohexane/
EtOAc 4:1) to afford methyl ester 8 (208 mg, 75%) as a colorless liquid.
The chiral auxiliary could be recovered by flushing the column with
EtOAc. [a]25D =++13.3 (c=0.47 in CDCl3);


1H NMR,13C NMR and IR
data were identical with those of ent-8.


(4S)-3-[(2S,3S,4E)-3-Hydroxy-2,4-dimethyl-4-hexenoyl]-4-isopropyl-1,3-
oxazolidin-2-one (10): Dibutylboron triflate (50 mL of a 1.0m solution in
CH2Cl2, 50 mmol, 1.1 equiv) was added dropwise at �3 8C within 35 min
to a solution of oxazolidinone 9 (8.149 g, 45.45 mmol) and triethylamine
(7.6 mL, 5.5 g, 55 mmol, 1.2 equiv) in CH2Cl2 (130 mL). After stirring for
1 h, the mixture was cooled to �78 8C, and a solution of (E)-2-methylbu-
tenal (4.8 mL, 4.2 g, 50 mmol, 1.1 equiv) in CH2Cl2 (4 mL) was added
dropwise during 85 min. The reaction mixture was allowed to reach 0 8C
over 1 h, stirred for 1 h at this temperature and treated with phosphate
buffer (pH 7, 45 mL) and MeOH (150 mL). Then a mixture of aqueous
H2O2 (35%, 50 mL) and MeOH (60 mL) was added dropwise taking care
that the reaction temperature was kept below 4 8C. After stirring for 1 h
at 0 8C, water (300 mL) was added, and the mixture was extracted with
tBuOMe (4 î 400 mL). The combined organic phases were washed with
semisaturated aqueous NaHCO3 (400 mL) and brine (250 mL) and dried
with MgSO4. The solvent was evaporated in vacuo to afford an oily resi-
due (15 g) which was submitted to flash chromatography (cyclohexane/
EtOAc 4:1) to afford the title compound 10 (11.756 g, 96%) as a pure di-
astereomer and a colorless oil. [a]25D =++59.7 (c=1.45 in CDCl3);


1H
NMR (500 MHz): d=0.89 (d, J1’-Me(1),1’=6.9, 1’-Me1), 0.92 (d, J1’-Me(2),1’=


7.1, 1’-Me2), 1.18 (d, J2’’-Me,2’’=7.1, 2’’-Me)*, 1.60 (m, 4’’-Me), 1.64 (dm,
J6’’,5’’=6.8, 6’’-H3), 2.38 (qqd, J1’,1’-Me(1)=J1’,1’-Me(2)=7.0, J1’,4=4.0, 1’-H), 2.88
(br s, OH), 3.98 (qd, J2’’,2’’-Me=7.0, J2’’,3’’=3.7, 2’’-H), AB signal (dA=4.22,
dB=4.28, JAB=8.9, in addition split by JA,4=3.0, JB,4=8.7, 5-H2), 4.32±
4.35 (m, 3’’-H), 4.46 (ddd, J4,5-H(B)=8.3, J4,1’=4.0, J4,5-H(A)=3.0, 4-H), 5.62
(qdq, J5’’,6’’=6.8, 4J5’’,3’’ � 4J5’’,4’’-Me �1.4, 5’’-H); * distinguished from 1’-
Me1/1’-Me2 through the presence of a cross-peak with the 2’’-H resonance
(d=3.98) in an H,H-correlation spectrum; 13C NMR (125.7 MHz): d=
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10.97 (2’’-CH3)*, 13.02 and 13.15 (4’’-CH3, C-6’’)*, 14.68 (1’-CH3
1)*, 17.89


(1’-CH3
2)*, 28.37 (C-1’), 40.39 (C-2’’), 58.37 (C-4)**, 63.34 (C-5)**, 75.10


(C-3’’)**, 120.52 (C-5’’)***, 134.07 (C-4’’), 153.49 and 177.46 (C-1’’, C-2);
*,** distinguishable by a C,H-correlation spectrum; *** assigned by a
C,H-correlation spectrum; IR (film): ñ=3605, 3530, 2970, 2935, 2880,
1780, 1690, 1460, 1380, 1300, 1205, 1120, 990, 930, 885, 760 cm�1; m/z :
269.1627 �5 mDa [M +] confirmed by HRMS (EI, 70 eV); elemental
analysis calcd (%) for C14H23NO4 (269.3): C 62.43, H 8.61, N 5.20; found:
C 62.07, H 8.64, N 5.15.


(4S)-3-[(2S,3S,4E)-3-(tert-Butyldimethylsiloxy)-2,4-dimethyl-4-hexenoyl]-
4-isopropyl-1,3-oxazolidin-2-one (11): At 0 8C tert-butyldimethylsilyl tri-
flate (0.84 mL, 0.97 g, 3.7 mmol, 1.5 equiv) was added to a solution of al-
cohol 10 (653 mg, 2.43 mmol) and 2,6-lutidine (0.62 mL, 0.57 g, 5.3 mmol,
2.2 equiv) in CH2Cl2 (30 mL). After stirring at this temperature for 1.5 h,
the mixture was hydrolyzed with phosphate buffer (pH 7, 80 mL). The
aqueous phase was extracted with CH2Cl2 (3 î 50 mL), and the com-
bined organic phases were dried with MgSO4. The solvent was evaporat-
ed in vacuo to afford an oily residue which was submitted to flash chro-
matography (cyclohexane/EtOAc 8:1) to afford the title compound 11
(876 mg, 94%) as a colorless oil. [a]25D =++48.7 (c=0.62 in CHCl3);


1H
NMR (500 MHz): d=�0.05 and 0.02 (2 î s, SiMe2), 0.87 (d, J1’-Me(1),1’=


6.9, 1’-Me1), 0.88 (s, SiCMe3), 0.90 (d, J1’-Me(2),1’=7.1, 1’-Me2), 1.20 (d, J2’’-
Me,2’’=7.0, 2’’-Me), 1.54±1.58 (m, 4’’-Me, 6’’-H3), 2.36 (qqd, J1’,1’-Me(1)=J1’,1’-
Me(2)=7.0, J1’,4=3.9, 1’-H), 4.08 (dq, J2’’,3’’=7.8, J2’’,2’’-Me=6.8, 2’’-H), 4.14±
4.20 (m, 5-H2), 4.21 (brd, J3’’,2’’=7.8, 3’’-H), 4.31 (ddd, J4,5-H(1)=7.4, J4,5-
H(2)=J4,1’=3.6, 4-H), 5.39 (qm, J5’’,6’’ �6, 5’’-H); 13C NMR (125.7 MHz):
d=�5.28 and �4.77 [Si(CH3)2], 11.26 and 13.00 (4’’-CH3, C-6’’)*, 13.93
(2’’-CH3)*, 14.72 (1’-CH3


1)*, 17.98 (1’-CH3
2)*, 18.17 [SiC(CH3)3], 25.79 [3-


fold intensity, SiC(CH3)3], 28.49 (C-1’), 42.42 (C-2’’), 58.79 (C-4)**, 63.20
(C-5)**, 79.07 (C-3’’)**, 121.54 (C-5’’)***, 136.37 (C-4’’)***, 153.65 and
175.23 (C-1’’, C-2); *,**,*** distinguishable by a C,H-correlation spec-
trum; IR (film): ñ=3385, 2960, 2935, 2875, 2855, 1775, 1700, 1465, 1385,
1305, 1250, 1220, 1205, 1120, 1100, 1070, 1030, 990, 875, 835, 775,
700 cm�1; m/z : 326.1876 �5 mDa [M +�tBu] confirmed by HRMS (EI,
70 eV); elemental analysis calcd (%) for C20H37NO4Si (383.6): C 62.62, H
9.72, N 3.65; found: C 62.93, H 10.16, N 3.43.


(2S,3S,4E)-3-(tert-Butyldimethylsiloxy)-2,4-dimethyl-4-hexenoic acid
methyl ester (12): At 0 8C tert-butyldimethylsilyl triflate (340 mL, 391 mg,
1.48 mmol, 1.6 equiv) was added to a solution of hydroxy ester ent-8
(160 mg, 0.930 mmol) and 2,6-lutidine (0.25 mL, 0.23 g, 2.1 mmol,
2.3 equiv) in CH2Cl2 (17 mL). After stirring at this temperature for
50 min, the mixture was allowed to reach romm temp. and after further
20 min stirring hydrolyzed with phosphate buffer (pH 7, 20 mL). The
aqueous phase was extracted with CH2Cl2 (2 î 20 mL), and the com-
bined organic phases were dried with MgSO4. The solvent was evaporat-
ed in vacuo to afford an oily residue which was submitted to flash chro-
matography (cyclohexane/EtOAc 20:1) to afford the title compound 12
(264 mg, 99%) as a colorless oil. [a]25D =�2.9 (c=1.25 in CHCl3);


1H
NMR (500 MHz; contains small impurity signals which might be caused
by tBuMe2SiOH): d=�0.04 and 0.02 (2 î s, SiMe2), 0.87 (s, SiCMe3),
1.14 (d, J2-Me,2=6.9, 2-Me), 1.54±1.58 (m, 4-Me, 6-H3), 2.63 (qd, J2,2-Me=


J2,3=7.0, 2-H), 3.59 (s, OMe), 4.10 (brd, J3,2=7.7, 3-H), 5.55 (qm, J5,6 �
6.6, 5-H); 13C NMR (125.7 MHz; contains small impurity signals which
might be caused by tBuMe2SiOH): d=�5.27 and �4.68 [Si(CH3)2], 11.11
and 12.93 (2-fold intensity, 2 resonances of 3-fold total intensity for 3C
atoms: 2-CH3, 4-CH3, C-6), 18.16 [(SiC(CH3)3], 25.77 [3-fold intensity,
SiC(CH3)3], 45.31 (C-2), 51.28 (OCH3), 79.97 (C-3), 121.38 (C-5), 136.25
(C-4), 175.20 (C-1); IR (film): ñ=2955, 2930, 2885, 2860, 1740, 1460,
1435, 1390, 1360, 1345, 1255, 1195, 1165, 1125, 1090, 1060, 1030, 1005,
880, 835, 775 cm�1; m/z : 229.1260 �5 mDa [M +�tBu] confirmed by
HRMS (EI, 70 eV); elemental analysis calcd (%) for C15H30O3Si (286.5):
C 62.89, H 10.55; found: C 62.39, H 9.62.


(3S,4R,5R,6R)-4-(tert-Butyldimethylsiloxy)-tetrahydro-3,5,6-trimethyl-2-
pyranone (15): At 0 8C tert-butyldimethylsilyl triflate (0.30 mL, 0.35 mg,
1.3 mmol, 2.6 equiv) was added to a solution of b-hydroxy-d-lactone 4
(78.0 mg, 0.493 mmol) and 2,6-lutidine (86 mL, 79 mg, 0.73 mmol,
1.5 equiv) in CH2Cl2 (8 mL). After stirring at this temperature for 12 h,
the reaction mixture was hydrolyzed with phosphate buffer (pH 7,
40 mL). The aqueous phase was extracted with CH2Cl2 (3 î 40 mL), and
the combined organic phases were dried with MgSO4. The solvent was
evaporated in vacuo at 0 8C to afford an oily residue which was submitted


to flash chromatography (cyclohexane/EtOAc 15:1 ! fraction 44, 12:1
! fraction 65, 10:1 ! fraction 80) to afford the title compound 15
(96.8 mg, 72%) as colorless needles. M.p. 82 8C; [a]20D =++0.7 (c=0.41 in
CDCl3), ref.[10n] �0.88 (enantiomer, c=1.0 in CHCl3);


1H NMR
(500 MHz): d=0.06 and 0.08 (2îs, SiMe2), 0.89 (s, SiCMe3), 0.99 (d, J5-
Me,5=6.8, 5-Me)*, 1.27 (d, J3-Me,3=7.5, 3-Me)*, 1.35 (d, J6-Me,6=6.5, 6-
Me)*, 1.81 (dqd, J5,6=9.9, J5,5-Me=6.8, J5,4=2.3, 5-H), 2.64 (qd, J3,3-Me=


7.6, J3,4=2.7, 3-H), 3.64 (dd, J4,3=J4,5=2.5, 4-H), 4.47 (dq, J6,5=9.9, J6,6-Me


=6.4, 6-H); * signal assigned by comparison with the analogous reso-
nances and coupling constants of 4 ; 13C NMR (125.7 MHz; peak of con-
taminant at d=15.77): d=�4.83 and �4.50 [Si(CH3)2], 13.92 (5-CH3)*,
16.54 (3-CH3)*, 17.97 [SiC(CH3)3], 19.85 (6-CH3)*, 25.71 [3-fold intensity,
SiC(CH3)3], 36.09 (C-5)*, 44.13 (C-3)*, 74.47 (C-4)*, 77.32 (C-6)*, 174.20
(C-2); * signals assigned by comparison with the analogous resonances of
4 ; IR (CDCl3): ñ=2955, 2935, 2885, 2860, 1720, 1465, 1385, 1360, 1255,
1240, 1130, 1100, 1060, 1035, 860, 840 cm�1; elemental analysis calcd (%)
for C14H28O3Si (272.5): C 61.72, H 10.36; found: C 61.76, H 10.45.


(3S,4R,5S,6R)-Tetrahydro-4-(methoxymethoxy)-3,5,6-trimethyl-2-pyra-
none (16): At 0 8C (chloromethyl) methyl ether (2.4 mL, 2.5 g, 32 mmol,
5.8 equiv) was added dropwise to a solution of b-hydroxy-d-lactone 4
(868 mg, 5.49 mmol) and diisopropylethylamine (5.7 mL, 4.3 g, 33 mmol,
6.1 equiv) in CH2Cl2 (20 mL). The reaction mixture was treated with tet-
rabutylammonium iodide (22.6 mg, 0.0612 mmol, 1.1 mol%) and allowed
to reach RT. After stirring at this temperature for 17.5 h, (chloromethyl)
methyl ether (1.0 mL, 1.1 g, 13 mmol, 2.4 equiv) and diisopropylethyla-
mine (2.4 mL, 1.8 g, 14 mmol, 2.6 equiv) were added (once again) and the
reaction was terminated after stirring for another 5 h by addition of aque-
ous saturated NaHCO3 (10 mL). Stirring was continued for 1 h to destroy
the excess of (chloromethyl) methyl ether. Then the aqueous phase was
extracted with CH2Cl2 (3 î 20 mL), and the combined organic phases
were dried with MgSO4. The solvent was evaporated in vacuo to afford
an oily residue which was submitted to flash chromatography (cyclohex-
ane/EtOAc 5:2) to afford the title compound 16 (1.102 g, 99%) as a col-
orless liquid. [a]25D =++7.2 (c=1.16 in CDCl3);


1H NMR [500 MHz; small
peak of contaminant (s) at d=1.25]: d=1.06 (d, J5-Me,5=6.9, 5-Me)*, 1.31
(d, J3-Me,3=7.6, 3-Me)*, 1.36 (d, J6-Me,6=6.5, 6-Me)*, 1.90 (dqd, J5,6=9.7,
J5,5-Me=6.9, J5,4=2.8, 5-H), 2.85 (qd, J3,3-Me=7.6, J3,4=3.0, 3-H), 3.39
(OMe), 3.58 (dd, J4,3=J4,5=2.9, 4-H), 4.46 (dq, J6,5=9.9, J6,6-Me=6.4, 6-H),
AB signal (dA=4.64, dB=4.72, JAB=7.1, -OCH2OMe); * signal assigned
by comparison with the analogous resonances and coupling constants of
4 ; 13C NMR (125.7 MHz): d=13.36 (5-CH3)*, 16.56 (3-CH3)*, 19.96 (6-
CH3)*, 35.38 (C-5)**, 40.78 (C-3)**, 55.88 (OCH3), 76.74 (C-6)***, 79.09
(C-4)***, 95.93 (OCH2OCH3), 173.88 (C-2); *,**,*** distinguishable by a
C,H-correlation spectrum; IR (film): ñ=2980, 2940, 2890, 2825, 1735,
1460, 1385, 1355, 1300, 1235, 1150, 1095, 1040, 980, 965, 930 cm�1; ele-
mental analysis calcd (%) for C10H18O4 (202.2): C 59.39, H 8.97; found: C
59.15, H 8.69.


(3S,4R,5R,6R)-4-(tert-Butyldimethylsiloxy)-3,4,5,6-tetrahydro-3,5,6-tri-
methyl-2(1H)-pyranol as an 85:15 mixture of unassigned a- and b-
anomer (17): At �78 8C DIBAL (2.1m in toluene, 1.7 mL, 3.6 mmol,
2.2 equiv) was added dropwise to a solution of d-lactone 15 (441.9 mg,
1.622 mmol) in toluene (12 mL). After stirring for 2.5 h, the reaction mix-
ture was poured into aqueous saturated sodium potassium tartrate
(30 mL) and stirred at RT for 1 h. The aqueous phase was extracted with
tBuOMe (3 î 20 mL), and the combined organic phases were dried with
MgSO4. The solvent was evaporated in vacuo to afford lactol 17
(441.1 mg, 99%) as a colorless oil, which could be used for the next reac-
tion without further purification. 1H NMR (500 MHz; peak of contami-
nant at d=0.92): major isomer : d=0.10 and 0.14 (2îs, SiMe2), 0.87 (d,
J5-Me,5=6.9, 5-Me)*, 0.94 (s, SiCMe3), 1.02 (d, J3-Me,3=7.3, 3-Me)*, 1.21 (d,
J6-Me,6=6.3, 6-Me)*, 1.67 (dqd, J5,6=10.1, J5,5-Me=7.0, J5,4=2.6, 5-H)**,
2.03 (qdd, J3,3-Me=7.3, J3,4=2.8, J3,2=1.0, 3-H)**, 3.71 (dd, J4,5=4.2,***
J4,3=2.4,*** 4-H),**** 3.96 (dq, J6,5=10.5, J6,6-Me=6.2, 6-H),**** 4.85
(brd, J2,OH=10.7, 2-H)*****, 5.47 (d, JOH,2=10.7, OH)*****;
*,**,**** distinguishable by an H,H-correlation spectrum; *** inter-
changeable; ***** distinguishable by a H/D-exchange experiment with
D2O; minor isomer : d=0.04 and 0.07 (2 î s, SiMe2), 0.80 (d, J5-Me,5=6.9,
5-Me)*, 0.90 (s, SiCMe3), 0.95 (d, J3-Me,3=7.1, 3-Me)*, 1.18 (d, J6-Me,6=6.3,
6-Me)*, 1.55 (m, 5-H)**, 1.88±1.94 (m, 3-H)**, 2.65 (br s, OH), 3.63 (dd,
J4,5=J4,3=2.8, 4-H),*** 3.67 (dq, J6,5=10.2, J6,6-Me=6.3, 6-H),*** 5.19 (m,
2-H); *,**,*** distinguishable by an H,H-correlation spectrum; 13C NMR
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(125.7 MHz): major isomer : d=�4.91 and �4.56 [Si(CH3)2], 14.66 (5-
CH3)*, 15.02 (3-CH3)*, 17.98 [SiC(CH3)3], 19.28 (6-CH3)*, 25.83 [3-fold
intensity, SiC(CH3)3], 36.12 (C-5)**, 39.87 (C-3)**, 64.49 (C-6)***, 76.50
(C-4)***, 96.81 (C-2); *,**,*** distinguishable by a C,H-correlation spec-
trum; minor isomer : d=�4.94 and �4.51 [Si(CH3)2], 8.88 (5-CH3)*, 13.83
(3-CH3)*, 19.39 (6-CH3)*, 36.47 (C-5)**, 41.46 (C-3)**, 72.13 (C-6)***,
76.57 (C-4)***, 93.60 (C-2); *,**,*** interchangeable; IR (film): ñ=3690,
3605, 3465, 2955, 2935, 2870, 1775, 1715, 1605, 1460, 1385, 1260, 1110,
1030, 930, 845, 760, 710, 650 cm�1; elemental analysis calcd (%) for
C14H30O3Si (274.5): C 61.26, H 11.02; found: C 61.45, H 11.12.


(3S,4R,5S,6R)-Tetrahydro-4-(methoxymethoxy)-3,5,6-trimethyl-2-pyranol
as a 79:21 mixture of unassigned a- and b-anomer (18): At �78 8C
DIBAL (1.5m in toluene, 0.90 mL, 1.4 mmol, 2.2 equiv) was added drop-
wise to a solution of d-lactone 16 (126.8 mg, 0.6277 mmol) in toluene
(5 mL). After stirring for 2.5 h, the reaction mixture was poured into
aqueous saturated Rochelle×s salt (20 mL) and stirred at RT for 1 h. The
aqueous phase was extracted with tBuOMe (3 î 20 mL), and the com-
bined organic phases were dried with MgSO4. The solvent was evaporat-
ed in vacuo to afford lactol 18 (127.2 mg, 99%) as a colorless oil, which
could be used for the next reaction without further purification. 1H NMR
(500 MHz): major isomer : d=0.93 (d, J5-Me,5=6.8, 5-Me)*, 1.05 (d, J3-Me,3


=7.4, 3-Me)*, 1.22 (d, J6-Me,6=6.3, 6-Me)*, 1.73 (dqd, J5,6=10.2, J5,5-Me=


6.9, J5,4=3.1, 5-H)**, 2.17 (qdd, J3,3-Me=7.3, J3,4=2.8, J3,2=1.1, 3-H)**,
3.43 (OMe), 3.61 (dd, J4,5=4.1, J4,3=2.7, 4-H), 3.93 (dq, J6,5=10.5,
J6,6-Me=6.2, 6-H), AB signal (dA=4.63, dB=4.78, JAB=6.9, OCH2OMe),
4.87 (d, J2,OH=10.5, 2-H), 5.10 (d, JOH,2=10.5, OH)***; *,** distinguisha-
ble by an H,H-correlation spectrum; *** distinguishable by a H/D-ex-
change experiment with D2O; minor isomer : d=0.89 (d, J5-Me,5=6.9, 5-
Me)*, 0.98 (d, J3-Me,3=7.1, 3-Me)*, 1.20 (d, J6-Me,6 �7, 6-Me)*, 1.64 (dqd,
J5,6=10.1, J5,5-Me=6.9, J5,4=3.2, 5-H)**, 2.13 (qdd, J3,3-Me=7.1, J3,2=J3,4=
2.8, 3-H)**, 2.75 (br s, OH)***, 3.39 (OMe), 3.54 (dd, J4,3=J4,5=2.8, 4-H),
3.65 (dq, J6,5=10.2, J6,6-Me=6.3, 6-H), AB signal (dA=4.60, dB=4.74,
JAB=6.9, OCH2OMe), 5.15 (m, 2-H)****; *,** distinguishable by an
H,H-correlation spectrum; *** exchangable with D2O; **** resonates in
a H/D-exchange experiment with D2O at d=5.14 (d, J2,3=2.4, 2-H);
13C NMR (125.7 MHz): major isomer : d=14.12 (5-CH3)*, 15.10 (3-
CH3)*, 19.32 (6-CH3)*, 35.29 (C-5)**, 37.29 (C-3)**, 56.28 (OCH3), 65.05
(C-6)***, 81.29 (C-4)***, 96.51 and 96.63 (C-2, OCH2OCH3);
*,**,*** distinguishable by a C,H-correlation spectrum; minor isomer :
d=8.92 (3-CH3)*, 13.34 (5-CH3)*, 19.48 (6-CH3)*, 35.65 (C-5)**, 37.92
(C-3)**, 55.75 (OCH3), 72.63 (C-6)***, 81.70 (C-4)***, 93.84 (C-2)****,
95.96 (OCH2OCH3)****; **,**,***,**** distinguishable by a C,H-correla-
tion spectrum; IR (film): ñ=3425, 2970, 2935, 2905, 1715, 1650, 1455,
1380, 1330, 1280, 1215, 1155, 1100, 1040, 990, 955, 920, 895 cm�1; elemen-
tal analysis calcd (%) for C10H20O4 (204.3): C 58.80, H 9.87; found: C
58.76, H 9.62.


(2E,4R,5S,6R,7R)-5-(tert-Butyldimethylsiloxy)-7-hydroxy-4,6-dimethyl-2-
octenoic acid ethyl ester (21): A solution of tributyl(ethoxycarbonylme-
thyl)phosphonium bromide (26, 389 mg, 1.05 mmol, 2.3 equiv) in CH2Cl2
(15 mL) was washed with aqueous NaOH (1m, 2 î 10 mL), dried with
MgSO4 and diluted with toluene (4 mL). The CH2Cl2 was successively
evaporated in vacuo. This solution was then transferred via cannula to a
solution of lactol 17 (126 mg, 0.459 mmol) and benzoic acid (11 mg,
0.090 mmol, 20 mol%) in toluene (8 mL), which was stirred at 95 8C.
After stirring at this temperature for 3 h, the reaction mixture was cooled
to RT and purified by flash chromatography (3.0 cm, cyclohexane/EtOAc
5:1) to afford the a,b-unsaturated ethyl ester 21 (48.9 mg, 31%) as a col-
orless liquid. [a]25D =++9.9 (c=0.44 in CDCl3);


1H NMR (500 MHz; slight-
ly contaminated by a diastereomer): d=0.08 and 0.11 (2îs, SiMe2), 0.85
(d, J6-Me,6=7.1, 6-Me)*, 0.92 (s, SiCMe3), 1.08 (d, J4-Me,4=6.8, 4-Me)*, 1.14
(d, J8,7=6.1, 8-H3)*, 1.29 (t, J2’,1’=7.2, 2’-H3), 1.67 (dqd, J6,7=8.2, J6,6-Me=


7.0, J6,5=5.7, 6-H), 2.57 (qddd, J4,4-Me=J4,3=J4,5=6.6, 4J4,2=1.3, 4-H), 2.79
(br s, OH), 3.63 (dd, J5,6=5.7, J5,4=4.7, 5-H), 3.73 (dq, J7,6=8.2, J7,8=6.2,
7-H), 4.16±4.23 (m, 1’-H2), 5.82 (dd, Jtrans=15.8, 4J2,4=1.3, 2-H), 6.97 (dd,
Jtrans=15.8, J3,4=7.9, 3-H); * distinguishable by an H,H-correlation spec-
trum; 13C NMR (125.7 MHz): d=�4.20 and �3.97 [Si(CH3)2], 14.26,
14.42 and 14.70 (4-CH3, 6-CH3, C-2’), 18.23 [SiC(CH3)3], 20.67 (C-8)*,
26.03 [3-fold intensity, SiC(CH3)3], 41.89 (C-4)**, 44.62 (C-6)**, 60.23 (C-
1’)***, 69.53 (C-7)***, 79.70 (C-5)***, 121.11 (C-2), 152.21 (C-3), 166.58
(C-1); *,**,*** distinguishable by a C,H-correlation spectrum; IR (film):
ñ=3455, 2960, 2930, 2900, 2860, 1725, 1650, 1465, 1370, 1330, 1255, 1185,


1150, 1080, 1040, 835, 775 cm�1; elemental analysis calcd (%) for
C18H36O4Si (344.6): C 62.74, H 10.53; found: C 63.02, H 10.66.


(2E,4R,5S,6R,7R)-7-Hydroxy-5-(methoxymethoxy)-4,6-dimethyl-2-octe-
noic acid ethyl ester (22): A solution of tributyl(ethoxycarbonylmethyl)-
phosphonium bromide (26, 5.99 g, 16.2 mmol, 6.0 equiv) in CH2Cl2
(50 mL) was washed with aqueous NaOH (1m, 2î30 mL), dried with
MgSO4 and diluted with toluene (10 mL). The CH2Cl2 was successively
evaporated in vacuo. This solution was then transferred via cannula to a
solution of lactol 18 (552 mg, 2.70 mmol) and benzoic acid (132 mg,
1.08 mmol, 40 mol%) in toluene (20 mL), which was stirred at 92 8C.
After stirring at this temperature for 2.5 h, the reaction mixture was
cooled to RT and purified by flash chromatography (5.0 cm, cyclohexane/
EtOAc 4:1 ! fraction 35, 3:1 ! fraction 60, 2:1 ! fraction 120) to
afford unconsumed lactol 18 (259.3 mg, 47%) and a,b-unsaturated ethyl
ester 22 (274.1 mg, 37%; 70% based on recovered starting material) as a
colorless liquid. [a]25D =++28.9 (c=0.94 in CDCl3);


1H NMR (500 MHz):
d=0.88 (d, J6-Me,6=7.1, 6-Me)*, 1.11 (d, J4-Me,4=6.8, 4-Me)*, 1.17 (d, J8,7=
6.3, 8-H3)*, 1.29 (t, J2’,1’=7.1, 2’-H3), 1.77 (qdd, J6,6-Me=J6,5=J6,7=7.1, 6-
H), 2.64 (qddd, J4,4-Me=J4,3=7.0, J4,5=4.1, 4J4,2=1.5, 4-H), 2.78 (br s, OH),
3.40 (s, OMe), 3.50 (dd, J5,6=7.2, J5,4=4.2, 5-H), 3.84 (brdq, J7,6=J7,8=
6.5, 7-H), 4.19 (q, J1’,2’=7.1, 1’-H2), AB signal (dA=4.62, dB=4.64, JAB=


6.8, OCH2OMe), 5.85 (dd, Jtrans=15.8, 4J2,4=1.4, 2-H), 7.01 (dd, Jtrans=
15.8, J3,4=7.4, 3-H); * distinguishable by an H,H-correlation spectrum;
13C NMR [125.7 MHz; peaks of contaminant(s) at d=29.26 and 53.80]:
d=13.53 (4-CH3)*, 13.86 (6-CH3)*, 14.24 (C-2’)*, 20.30 (C-8)*, 39.70 (C-
4)**, 43.18 (C-6)**, 56.34 (OCH3)***, 60.29 (C-1’)***, 69.63 (C-7)****,
85.61 (C-5)****, 97.92 (OCH2OCH3), 120.97 (C-2), 151.94 (C-3), 166.58
(C-1); *,**,***,**** distinguishable by a C,H-correlation spectrum; IR
(film): ñ=3450, 2975, 2935, 1715, 1650, 1455, 1370, 1300, 1265, 1185,
1150, 1095, 1035, 960, 920 cm�1; elemental analysis calcd (%) for
C14H26O5 (274.4): C 61.29, H 9.55; found: C 61.01, H 9.79.


[(3R,4R,5R,6R)-4-(tert-Butyldimethylsiloxy)-tetrahydro-3,5,6-trimethyl-
pyran-2-yl]acetic acid ethyl ester (23) as a 74:26 mixture of two unas-
signed C-2’ diastereomers, which could be separated by flash chromatog-
raphy : A refluxing solution of lactol 17 (151 mg, 0.551 mmol) and (ethox-
ycarbonylmethylen)triphenylphosphorane (25, 1.35 g, 3.88 mmol,
7.0 equiv) in toluene (15 mL) was stirred for 24 h. After cooling to RT,
the solvent was evaporated in vacuo to a volume of ca. 2 mL, and the res-
idue was submitted to flash chromatography (cyclohexane/EtOAc 5:1) to
afford a contaminated diastereomeric mixture of 23 (121 mg) and the
a,b-unsaturated ethyl ester 21 (32.1 mg, 17%) as a colorless liquid. The
mixture was resubmitted to flash chromatography (cyclohexane/EtOAc
12:1) to afford the pure major diastereomer of 23 (58.1 mg, 31%) and
the pure minor diastereomer of 23 (20.2 mg, 11%) as a colorless liquid
(each).


Major diastereomer : [a]25D =++15.1 (c=0.74 in CHCl3);
1H NMR


(500 MHz): d=0.04 (s, SiMe2), 0.79 (d, J5’-Me,5’=6.9, 5’-Me)*, 0.917 (s,
SiCMe3), superimposed by 0.923 (d, J3’-Me,3’=6.9, 3’-Me)*, 1.11 (d, J6’-
Me,6’=6.3, 6’-CH3)*, 1.25 (t, J2’’,1’’=7.2, 2’’-H3), 1.51 (dqd, J5’,6’=9.8, J5’,5-
Me=7.0, J5’,4’=2.6, 5’-H)**, 1.65 (qdd, J3’,3’-Me=7.1, J3’,2’=J3’,4’=2.7, 3’-
H)**, AB signal (dA=2.30, dB=2.54, JAB=14.6, in addition split by
JA,2’=6.6, JB,2’=7.8, 2-H2), 3.55 (dd, J4’,3’=J4’,5’=2.9, 4’-H)***, partly super-
imposed by 3.57 (dq, J6’,5’=10.1, J6’,6’-Me=6.2, 6’-H)***, extreme AB signal
(dA=4.10, dB=4.16, JAB=10.8, in addition split by JA,2’’=JB,2’’=7.1, 1’’-
H2), 4.36 (ddd, J2’,2-H(B)=7.8, J2’,2-H(A)=6.7, J2’,3’=2.3, 2’-H)***; *,** distin-
guishable by an H,H-correlation spectrum; *** 2’-H (ddd), 4’-H (dd) and
6’-H (dq) were distinguished by the differing multiplicity and by the con-
cerning coupling constants; 13C NMR (125.7 MHz; peak of contaminant
at d=68.26): d=�4.88 and �4.48 [Si(CH3)2], 10.80 (3’-CH3)*, 14.21 (C-
2’’)*, 14.40 (5’-CH3)*, 18.12 [3-fold intensity, SiC(CH3)3], 19.53 (6’-CH3)*,
25.86 [SiC(CH3)3]**, 36.81 (C-5’)**, 38.43 (C-2)**, 39.37 (C-3’)**, 60.29
(C-1’’)***, 70.47 (C-2’)***, 73.86 (C-6’)***, 75.84 (C-4’)***, 171.47 (C-1);
*,**,*** distinguishable by a C,H-correlation spectrum; IR (film): ñ=


2960, 2930, 2900, 2860, 1740, 1460, 1380, 1330, 1285, 1270, 1255, 1180,
1115, 1075, 1035, 1005, 865, 835, 775 cm�1; elemental analysis calcd (%)
for C18H36O4Si (344.6): C 62.74, H 10.53; found: C 63.07, H 11.05.


Minor diastereomer : [a]25D =++15.9 (c=0.42 in CDCl3);
1H NMR


(500 MHz): d=0.05 (s, SiMe2), 0.91 (s, SiCMe3), 0.92 (d, J5’-Me,5’=6.9, 5’-
Me)*, 1.00 (d, J3’-Me,3’=7.1, 3’-Me)*, 1.18 (d, J6’-Me,6’=6.6, 6’-Me)*, 1.25 (t,
J2’’,1’’=7.1, 2’’-H3), 1.65 (dqd, J5’,6’=J5’,5-Me=6.8, J5’,4’=3.7, 5’-H)**, 1.70
(qdd, J3’,3’-Me=6.9, J3’,2’=J3’,4’=5.5, 3’-H)**, AB signal (dA=2.67, dB=2.84,
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JAB=15.0, in addition split by JA,2’=4.8, JB,2’=8.9, 2-H2), 3.61 (dd, J4’,3’=
5.8, J4’,5’=3.7, 4’-H)***, 3.80 (dq, J6’,5’=J6’,6’-Me=6.5, 6’-H)***, 3.92 (ddd,
J2’,2-H(B)=8.9, J2’,2-H(A)=J2’,3’=4.7, 2’-H)***, 4.14 (q, J1’’,2’’=7.1, 1’’-H2);
*,** distinguishable by an H,H-correlation spectrum; *** 2’-H (ddd), 4’-
H (dd) and 6’-H (dq) were distinguished by the differing multiplicity and
by the concerning coupling constants; 13C NMR (125.7 MHz): d=�4.71
and �4.45 [Si(CH3)2], 13.76 (5’-CH3)*, 14.24 (C-2’’)*, 16.15 (3’-CH3)*,
18.13 [SiC(CH3)3], 18.55 (6’-CH3)*, 25.94 [3-fold intensity, SiC(CH3)3],
38.03 (C-5’)**, 38.30 (C-3’)**, 39.01 (C-2)**, 60.25 (C-1’’)***, 69.77 (C-
6’)***, 73.21 (C-2’)***, 73.96 (C-4’)***, 172.10 (C-1); *,**,*** distinguish-
able by a C,H-correlation spectrum; IR (film): ñ=2960, 2930, 2905, 2860,
1740, 1465, 1380, 1310, 1255, 1180, 1150, 1120, 1090, 1065, 1025, 865, 835,
775 cm�1; elemental analysis calcd (%) for C18H36O4Si (344.6): C 62.74, H
10.53; found: C 60.77, H 9.58.


(2E,6S,7R)-7-Hydroxy-4,6-dimethyl-2,4-octadienoic acid ethyl ester as a
inseparable 89:11 mixture of two unassigned C4±C5-bond isomers (24): A
solution of tributyl(ethoxycarbonylmethyl)phosphonium bromide (26,
468 mg, 1.27 mmol, 2.6 equiv) in CH2Cl2 (15 mL) was washed with aque-
ous NaOH (1m, 2 î 15 mL), dried with MgSO4 and diluted with toluene
(3 mL). The CH2Cl2 was successively evaporated in vacuo. This solution
was then transferred via cannula to a refluxing solution of lactol 18
(99.1 mg, 0.485 mmol) and benzoic acid (10.9 mg, 0.0893 mmol,
18 mol%) in toluene (5 mL). After stirring for 2 h, the reaction mixture
was cooled to RT and purified by flash chromatography (2.5 cm, cyclo-
hexane/EtOAc 5:1) to afford the title compound 24 (54.6 mg, 53%) as a
light yellow liquid. 1H NMR (500 MHz; slightly contaminated): major
isomer : d=1.02 (d, J6-Me,6=6.8, 6-Me), 1.18 (d, J8,7=6.3, 8-H3), 1.30 (t,
J2’,1’=7.2, 2’-H3), 1.60±1.88 (m, OH), superimposed by 1.82 (d, 4J4-Me,5=


1.2, 4-Me), 2.57 (dqd, J6,5=10.0, J6,6-Me=6.5, J6,7=6.4, 6-H), 3.67 (dq,
J7,6=J7,8=6.2, 7-H), 4.21 (q, J1’,2’=7.1, 1’-H2), 5.79 (brd, J5,6=10.0, 5-H),
5.83 (dd, Jtrans=15.7, 5J2,5=0.5, 2-H), 7.34 (dd, Jtrans=15.7, 4J3,5=0.6, 3-H);
minor isomer*: d=1.31 (t, J2’,1’=7.2, 2’-H3), 1.90 (d, 4J4-Me,5=1.2, 4-Me),
2.76 (brdqd, J6,5=10.3, J6,6-Me=J6,7=6.6, 6-H), 3.64 (dq, J7,6=J7,8=6.2, 7-
H), 4.23 (q, J1’,2’=7.1, 1’-H2), 5.64 (brd, J5,6=10.0, 5-H), 5.93 (dd, Jtrans=
15.6, 5J2,5=0.7, 2-H), 7.71 (d, Jtrans=15.5, 3-H); * other signals are super-
imposed; 13C NMR (125.7 MHz): major isomer : d=12.57, 14.28, 16.45
and 20.53 (4-CH3, 6-CH3, C-8, C-2’), 40.87 (C-6), 60.20 (C-1’)*, 71.49 (C-
7)*, 116.44, 140.97, 143.30, 149.23 (C-2, C-3, C-4, C-5), 167.39 (C-1); * in-
terchangeable; minor isomer*: d=13.60, 17.21, 20.28 and 20.55 (4-CH3, 6-
CH3, C-8, C-2’), 39.89 (C-6), 60.33 (C-1’)**, 71.54 (C-7)**, 167.45 (C-1);
* other signals superimposed; ** interchangeable; IR (film): ñ=3450,
2975, 2930, 2875, 1715, 1625, 1450, 1395, 1370, 1310, 1275, 1175, 1095,
1095, 1030, 985, 940, 905, 850 cm�1; m/z : 212.1409 �5 mDa [M +] con-
firmed by HRMS (EI, 70 eV); elemental analysis calcd (%) for C12H20O3


(212.3): C 67.89, H 9.50; found: C 67.28, H 9.98.


Tributyl(ethoxycarbonylmethyl)phosphonium bromide (26): At 0 8C, a
solution of bromoacetic acid ethyl ester (13.4 mL, 20.2 g, 121 mmol,
1.0 equiv) in toluene (20 mL) was added dropwise to a solution of tribu-
tylphosphine (30 mL, 24 g, 0.12 mol) in toluene (120 mL). The reaction
mixture was allowed to reach RT, and after 22 h the resulting precipitate
was filtered and dried in vacuo (6î10�4 mbar) at 50 8C for 20 h to afford
the title compound 26 (37.9 g, 86%) as a colorless solid. M.p. 96 8C;
1H NMR (400 MHz): d=0.98 (t, J4’,3’=7.0, 3 î 4’-H3), 1.31 (t, J2,1=7.2, 2-
H3), 1.48±1.64 (m, 3 î 2’-H2, 3 î 3’-H2), 2.61 (m, 3 î 1’-H2), 4.18 (d,
2J1’’,P=13.1, 1’’-H2), partly superimposed by 4.22 (q, J1,2=7.1, 1-H2).
13C NMR (100.6 MHz): d=13.38 (3-fold intensity, s, 3 î C-4’), 13.95 (s,
C-2), 19.56 (3-fold intensity, d, 1JC-1’,P=47, 3 î C-1’), 23.80 (3-fold intensi-
ty, br s, 3 î C-2’), 23.90 (d, 3JC-3’,P=10, 3 î C-3’), 27.55 (d, 1JC-1’’,P=54, C-
1’’), 62.80 (s, C-1), 165.68 (s, C=O); IR (CDCl3): ñ=2965, 2935, 2875,
2205, 1725, 1465, 1400, 1380, 1310, 1190, 1135, 1095, 1020, 930, 925, 890,
885 cm�1; elemental analysis calcd (%) for C16H34BrO2P (369.3): C 52.03,
H 9.28; found: C 52.15, H 9.41.


(2E,4R,5S,6S,7R)-7-(tert-Butyldimethylsiloxy)-5-(methoxymethoxy)-4,6-
dimethyl-2-octenoic acid ethyl ester (28): At 0 8C tert-butyldimethylsilyl
triflate (77 mL, 89 mg, 0.34 mmol, 2.0 equiv) was added to a solution of al-
cohol 22 (46.3 mg, 0.169 mmol) and 2,6-lutidine (70 mL, 64 mg,
0.60 mmol, 3.6 equiv) in CH2Cl2 (6 mL). After stirring at this temperature
for 15 h, the reaction mixture was hydrolyzed with aqueous saturated
NaHCO3 (10 mL). The aqueous phase was extracted with CH2Cl2 (3 î
10 mL), and the combined organic phases were dried with MgSO4. The
solvent was evaporated in vacuo to afford an oily residue which was sub-


mitted to flash chromatography (cyclohexane/EtOAc 13:1) to afford the
title compound 28 (55.2 mg, 84%) as a colorless oil. [a]25D =++14.0 (c=
1.03 in CDCl3);


1H NMR (500 MHz): d=0.046 and 0.050 (2 î s, SiMe2),
0.86 (d, J6-Me,6=7.1, 6-Me)*, 0.88 (s, SiCMe3), 1.06 (d, J8,7=6.2, 8-H3)*,
1.08 (d, J4-Me,4=6.8, 4-Me)*, 1.29 (t, J2’,1’=7.2, 2’-H3), 1.85 (qdd, J6,6-Me=


J6,5=7.2, J6,7=4.5, 6-H), 2.61 (qddd, J4,4-Me=J4,3=6.9, J4,5=3.7, 4J4,2=1.4,
4-H), 3.37 (s, OMe), 3.41 (dd, J5,6=7.7, J5,4=3.8, 5-H), 4.05 (qd, J7,8=6.2,
J7,6=4.6, 7-H), 4.19 (q, J1’,2’=7.1, 1’-H2), AB signal (dA=4.55, dB=4.56,
JAB=6.9, OCH2OMe), 5.83 (dd, Jtrans=15.8, 4J2,4=1.4, 2-H), 7.03 (dd,
Jtrans=15.8, J3,4=7.4, 3-H); * distinguishable by an H,H-correlation spec-
trum; 13C NMR (125.7 MHz): d=�4.75 and �4.32 [Si(CH3)2], 10.38 (6-
CH3)*, 13.13 (4-CH3)*, 14.27 (C-2’)*, 18.04 [SiC(CH3)3], 18.52 (C-8)*,
25.87 [3-fold intensity, SiC(CH3)3], 38.77 (C-4)**, 43.15 (C-6)**, 56.09
(OCH3)***, 60.20 (C-1’)***, 68.14 (C-7)***, 83.19 (C-5)***, 97.65
(OCH2OCH3), 120.55 (C-2), 152.64 (C-3), 166.63 (C-1); *,**,*** distin-
guishable by a C,H-correlation spectrum; IR (film): ñ=2955, 2930, 2890,
2835, 1720, 1650, 1470, 1465, 1385, 1370, 1330, 1300, 1255, 1180, 1160,
1140, 1100, 1035, 995, 965, 940, 835, 775 cm�1; elemental analysis calcd
(%) for C20H40O5Si (388.6): C 61.81, H 10.37; found: C 61.86, H 10.35.


(2E,4R,5S,6S,7R)-7-(tert-Butyldimethylsiloxy)-5-(methoxymethoxy)-4,6-
dimethyl-2-octenal (29): At �78 8C DIBAL (1.5m in toluene, 1.8 mL,
2.7 mmol, 3.1 equiv) was added dropwise to a solution of ethyl ester 28
(340 mg, 0.875 mmol) in CH2Cl2 (20 mL). After stirring for 80 min, the
reaction mixture was poured into aqueous saturated Rochelle’s salt
(50 mL) and stirred at RT for 1 h. The aqueous phase was extracted with
CH2Cl2 (3 î 40 mL), and the combined organic phases were dried with
MgSO4. Evaporation of the solvent in vacuo gave a residue which was
dissolved in CH2Cl2 (23 mL) and treated with MnO2 (1.69 g, 19.6 mmol,
22 equiv). After 4 h stirring at RT, the reaction mixture was filtered
through a pad of Celite, and the filter cake was washed with CH2Cl2 (3î
5 mL). The filtrate and washings were evaporated in vacuo to afford a
residue which was submitted to flash chromatography (cyclohexane/
EtOAc 8:1) to afford aldehyde 29 (269 mg, 89%) as a colorless oil.
[a]25D =++7.0 (c=1.17 in CHCl3);


1H NMR (500 MHz): d=0.05 and 0.06
(2 î s, SiMe2), 0.857 (d, J6-Me,6=6.9, 6-Me)*, superimposes in part 0.864
(s, SiCMe3), 1.05 (d, J8,7=6.3, 8-H3)*, 1.11 (d, J4-Me,4=6.8, 4-Me)*, 1.85
(dqd, J6,5=8.0, J6,6-Me=7.1, J6,7=4.3, 6-H), 2.74 (qddd, J4,4-Me=J4,3=6.8,
J4,5=3.3, 4J4,2=1.5, 4-H), 3.33 (s, OMe), 3.45 (dd, J5,6=8.1, J5,4=3.4, 5-H),
4.02 (qd, J7,8=6.3, J7,6=4.4, 7-H), extreme AB signal (dA=4.54, dB=4.55,
JAB=6.9, OCH2OMe), 6.11 (ddd, Jtrans=15.7, J2,1=7.8, 4J2,4=1.5, 2-H),
6.95 (dd, Jtrans=15.8, J3,4=6.8, 3-H), 9.52 (d, J1,2=7.7, 1-H); * distinguisha-
ble by an H,H-correlation spectrum; 13C NMR (125.7 MHz): d=�4.71
and �4.29 [Si(CH3)2], 10.70 (6-CH3)*, 12.79 (4-CH3)*, 18.04 [SiC(CH3)3],
18.65 (C-8)*, 25.86 [3-fold intensity, SiC(CH3)3], 39.19 (C-4)*, 43.21 (C-
6)*, 56.08 (OCH3)*, 68.31 (C-7)*, 83.24 (C-5)*, 97.68 (OCH2OCH3),
131.81 (C-2), 162.52 (C-3), 195.06 (C-1); * assignment by comparison
with the analogous resonance of ethyl ester 28–criterion of assignment:
D(d) � 0.5 ppm; IR (film): ñ=2955, 2930, 2890, 2835, 1695, 1635, 1465,
1385, 1255, 1150, 1100, 1035, 965, 835, 775 cm�1; m/z : 313.2199 �5 mDa
[M +�OMe] confirmed by HRMS (EI, 70 eV); elemental analysis calcd
(%) for C18H36O4Si (344.6): C 62.74, H 10.53; found: C 62.93, H 10.78.


(2E,4R,5S,6R,7R)-5-(tert-Butyldimethylsiloxy)-7-(methoxymethoxy)-4,6-
dimethyl-2-octenoic acid ethyl ester (30): At 0 8C (chloromethyl) methyl
ether (0.66m in CH2Cl2, 0.70 mL, 0.46 mmol, 5.3 equiv) was added drop-
wise to a solution of alcohol 21 (30.2 mg, 0.0876 mmol) and diisopropyle-
thylamine (90 mL, 68 mg, 0.53 mmol, 6.0 equiv) in CH2Cl2 (4 mL). After
40 min stirring the reaction mixture was allowed to reach RT and stirred
for 6 h at this temperature. (Chloromethyl) methyl ether (0.66m in
CH2Cl2, 0.40 mL, 0.26 mmol, 3.0 equiv), diisopropylethylamine (60 mL,
45 mg, 0.35 mmol, 4.0 equiv) and tetrabutylammonium iodide (4.4 mg,
0.012 mmol, 14 mol%) were added, and the reaction was terminated
after stirring for another 12 h by addition of water (8 mL). Stirring was
continued for 1 h to destroy the excess of (chloromethyl) methyl ether.
Then the aqueous phase was extracted with CH2Cl2 (3î5 mL), and the
combined organic phases were dried with MgSO4. The solvent was
evaporated in vacuo to afford an oily residue which was submitted to
flash chromatography (cyclohexane/EtOAc 10:1) to afford the title com-
pound 30 (29.0 mg, 85%) as a colorless oil. [a]25D =++10.6 (c=0.60 in
CHCl3);


1H NMR (500 MHz): d=0.03 and 0.05 (2îs, SiMe2), 0.87 (d,
J6-Me,6=7.1, 6-Me)*, 0.91 (s, SiCMe3), 1.06 (d, J4-Me,4=6.8, 4-Me)*, 1.09 (d,
J8,7=6.2, 8-H3)*, 1.29 (t, J2’,1’=7.2, 2’-H3), 1.90 (dqd, J6,5=J6,6-Me=6.9,
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J6,7=5.3, 6-H), 2.55 (poorly resolved qddd, J4,4-Me=J4,3=7.0, J4,5=4.0,
4J4,2=1.3, 4-H), 3.35 (s, OMe), 3.64 (dd, J5,6=6.5, J5,4=4.0, 5-H), 3.85 (qd,
J7,8=J7,6=6.0, 7-H), 4.19 [m; perhaps interpretable as extreme AB signal
(dA=4.18, dB=4.20, JAB=3.2, in addition split by JA,2’=JB,2’=7.1, 1’-H2)],
AB signal (dA=4.60, dB=4.64, JAB=6.8, OCH2OMe), 5.80 (dd, Jtrans=
15.7, 4J2,4=1.4, 2-H), 7.00 (dd, Jtrans=15.8, J3,4=7.6, 3-H); * distinguisha-
ble by an H,H-correlation spectrum; 13C NMR (125.7 MHz)*: d=�4.00
and �3.95 [Si(CH3)2], 10.75 (6-CH3)*, 13.69 (4-CH3)*, 14.26 or 14.28 (C-
2’)**, 16.13 (C-8)*, 18.49 [SiC(CH3)3], 26.06 [3-fold intensity, SiC(CH3)3],
39.80 (C-4)***, 42.91 (C-6)***, 55.31 (OCH3)****, 60.14 (C-1’)****,
73.38 (C-7)****, 76.24 (C-5)****, 95.00 (OCH2OCH3), 120.49 (C-2),
153.26 (C-3), 166.66 (C-1); * distinguishable by a C,H-correlation spec-
trum; ** two resonances of the same intensity, i.e., one is based on a–
albeit unknown–contaminant; ***,**** distinguishable by a C,H-corre-
lation spectrum; IR (film): ñ=2960, 2930, 2885, 2860, 1720, 1655, 1465,
1370, 1265, 1185, 1110, 1045, 840, 780 cm�1; elemental analysis calcd (%)
for C20H40O5Si (388.6): C 61.81, H 10.37; found: C 62.06, H 10.46.


(4E,6R,7S,8S,9R)-9-(tert-Butyldimethylsiloxy)-7-(methoxymethoxy)-6,8-
dimethyl-1,4-decadien-3-ol (31) as a 50:50 mixture of two C-3 diaster-
eomers : At �78 8C vinylmagnesium bromide (1.6m in Et2O, 0.50 mL,
0.8 mmol, 2.3 equiv) was added dropwise to a solution of aldehyde 29
(119.0 mg, 0.3454 mmol) in THF (10 mL). After stirring for 70 min, the
reaction was terminated by addition of MeOH (0.5 mL) in one portion
and after that aqueous semisaturated NaHCO3 (12 mL). The aqueous
phase was extracted with tBuOMe (3 î 12 mL), and the combined or-
ganic phases were dried with MgSO4. Evaporation of the solvent in
vacuo gave a residue which was submitted to flash chromatography (cy-
clohexane/EtOAc 6:1) to afford divinyl carbinol 31 (120.1 mg, 93%) as a
colorless oil. 1H NMR (500 MHz; a 50:50 mixture of two diastereom-
ers–in case of differing resonances for analogous protons the signals are
indicated with ™dia.-A∫ and ™dia.-B∫): d=0.04 and 0.05 (2 î s, SiMe2),
0.84 (d, J8-Me,8=7.1, 8-Me)*, 0.89 (s, SiMe3), 1.02 [d, J6,6-Me=6.9, 6-Me
(dia.-A)]*, superimposed by 1.03 [d, J6-Me,6=6.8, 6-Me (dia.-B)]*, 1.04 (d,
J10,9=6.2, 10-H3)*, 1.70 (br s, OH), 1.84 (dqd, J8,7=8.3, J8,8-Me=7.1, J8,9=
4.3, 8-H), 2.45 (m, 6-H), 3.29 (brdd, J7,8=8.4, J7,6=3.4, 7-H), 3.370 [s,
OMe (dia. A)], poorly separated from 3.371 [s, OMe (dia. B)], 4.07 [qd,
J9,10=6.2, J9,8=4.5, 9-H (dia.-A)], superimposes in part 4.09 [qd, J9,10=
6.3, J9,8=4.1, 9-H (dia.-B)], AB signal [dA=4.54, dB=4.58, JAB=6.9,
OCH2OMe (dia.-A)], superimposed by AB signal [dA=4.54, dB=4.59,
JAB=6.8, OCH2OMe (dia.-B)], superimposed by 4.60 (brdd, J3,2=J3,4=
7.2, 3-H), 5.13 (dm, Jcis=10.3, 1-HE), 5.26 (ddd, Jtrans=17.2, Jgem=


4J1-
H(Z),3=1.4, 1-HZ), 5.53 (ddd, Jtrans=15.6, J4,3=6.5, 4J4,6=1.2, 4-H), 5.77 {m,
perhaps interpretable as two dd’s: 5.76 [dd, Jtrans=17.1, J5,6=8.1, 4J5,3=
1.2, 5-H (dia. A)] and 5.78 [dd, Jtrans=15.4, J5,6=7.3, 4J5,3=1.2, 5-H (dia.
B)]}, 5.90 (m, probably interpretable as ddd with a small extra-peak indi-
cating transition to higher-order spectrum, Jtrans=17.2, Jcis=10.4, J2,3=5.9,
2-H); * distinguishable by an H,H-correlation spectrum; 13C NMR
(125.7 MHz, most signals with two resonances due to the existence of
two diastereomers): d=�4.67 (1.5-fold intensity), �4.36 and �4.32
[Si(CH3)2], 10.13 and 10.17 (8-CH3)*, 13.31 and 13.50 (6-CH3)*, 18.06,
18.07, 18.19 and 18.22 [C-10, SiC(CH3)3]*, 25.88 [3-fold intensity,
SiC(CH3)3], 38.12 and 38.29 (C-6)*, 42.90 and 42.96 (C-8)*, 56.02
(OCH3)*, 68.09 and 68.16 (C-9)*, 73.84 (C-3)*, 84.59 and 84.67 (C-7)*,
97.94 (OCH2OCH3), 114.84 (C-1)**, 130.19 and 130.27 (C-4)**, 136.58
and 136.77 (C-5)**, 139.61 and 139.65 (C-2)**; * assignment by compari-
son with the analogous resonance of ethyl ester 28–criterion of assign-
ment: D(d) � 1.2 ppm; ** distinguishable by a C,H-correlation spectrum;
IR (film): ñ=3415, 2955, 2930, 2885, 2855, 1470, 1465, 1385, 1360, 1255,
1140, 1105, 1035, 990, 970, 920, 835, 800, 775 cm�1; elemental analysis
calcd (%) for C20H40O4Si (372.6): C 64.47, H 10.82; found: C 64.76, H
11.00.


(2E,6E,8E,10R,11S,12S,13R)-13-(tert-Butyldimethylsiloxy)-11-(methoxy-
methoxy)-10,12-dimethyl-2,6,8-tetradecatrienoic acid methyl ester (33): A
solution of aldehyde 35 (91.0 mg, 0.228 mmol) and (methoxycarbonylme-
thylen)triphenylphosphorane (234 mg, 0.701 mmol, 3.1 equiv) in toluene
(3 mL) was stirred at RT for 16 h. The reaction mixture was submitted to
flash chromatography (cyclohexane/EtOAc 18:1) to afford a,b-unsaturat-
ed methyl ester 33 (92.7 mg, 89%) as a pure diastereomer and a colorless
oil. [a]25D =++11.9 (c=0.52 in CHCl3);


1H NMR (500 MHz): d=0.036 and
0.044 (2îs, SiMe2), 0.85 (d, J12-Me,12=7.1, 12-Me)*, 0.88 (s, SiCMe3), 1.02
(d, J10,10-Me=6.8, 10-Me)*, 1.05 (d, J14,13=6.2, 14-H3)*, 1.84 (dqd, J12,11=


J12,12-Me=7.2, J12,13=4.5, 12-H)*, 2.23 (br td, J5,4=J5,6=7.0, 5-H2)**, 2.30
(td with small extra-peaks indicating transition to higher-order spectrum
and/or unresolved 4J4,2, J4,5=J4,3=7.0, 4-H2)**, 2.44 (brdqd, J10,9=J10,10-
Me=6.9, J10,11=4.2, 10-H)*, 3.29 (dd, J11,12=7.8, J11,10=3.9, 11-H)*, 3.37 (s,
OCH2OMe)*, 3.73 (s, CO2Me), 4.09 (qd, J13,14=6.2, J13,12=4.5, 13-H)*,
AB signal (dA=4.56, dB=4.59, JAB=6.6, OCH2OMe)*, 5.56 (dt with
small extra-peaks indicating transition to higher-order spectrum, Jtrans=
14.5, J6,5=7.0, 6-H)*, 5.62 (dd, Jtrans=14.5, J9,10=7.6, 9-H)*, 5.84 (dt with
small extra-peaks indicating transition to higher-order spectrum, Jtrans=
15.7, 4J2,4=1.5, 2-H), 6.01 (m, 7-H, 8-H)*, 6.96 (dt, Jtrans=15.7, J3,4=6.7, 3-
H); * assignment by comparison with the analogous resonance of alde-
hyde 35–criterion of assignment: D(d) � 0.02 ppm; ** distinguishable
by an H,H-correlation spectrum; 13C NMR (125.7 MHz)*: d= ?4.69 and
?4.32 [Si(CH3)2], 10.21 (12-CH3)*, 14.09 (10-CH3)*, 18.06 [SiC(CH3)3],
18.33 (C-14)*, 25.89 [3-fold intensity, SiC(CH3)3], 30.99 (C-5)**, 32.02 (C-
4)**, 38.85 (C-10)*, 42.98 (C-12)*, 51.40 (CO2CH3), 56.07
(OCH2OCH3)*, 68.10 (C-13)*, 84.42 (C-9)*, 97.87 (OCH2OCH3), 121.32
(C-2)***, 129.19 and 131.44 (C-7, C-8)***, 130.59 (C-6)***, 136.86 (C-
9)***, 148.60 (C-3)***, 167.02 (C-1); * assignment by comparison with
the analogous resonance of aldehyde 35–criterion of assignment: D(d)
� 0.5 ppm; **,*** distinguishable by a C,H-correlation spectrum; IR
(film): ñ=2955, 2930, 2890, 2855, 1730, 1660, 1460, 1440, 1380, 1315,
1270, 1255, 1200, 1170, 1140, 1100, 1035, 990, 965, 835, 775 cm�1; elemen-
tal analysis calcd (%) for C25H46O5Si (454.7): C 66.03, H 10.20; found: C
66.29, H 10.31.


(2E,6E,8E,10R,11S,12S,13R)-13-(tert-Butyldimethylsiloxy)-11-(methoxy-
methoxy)-10,12-dimethyl-2,4,6-tetradecatrienal (34): At �78 8C DIBAL
(1.11m in toluene, 0.40 mL, 0.44 mmol, 4.1 equiv) was added dropwise to
a solution of methyl ester 33 (49.0 mg, 0.108 mmol) in CH2Cl2 (5 mL).
After stirring for 2.5 h, the reaction mixture was poured into aqueous sa-
turated Rochelle×s salt (8 mL) and stirred at RT for 1 h. The aqueous
phase was extracted with CH2Cl2 (3î10 mL), and the combined organic
phases were dried with MgSO4. Evaporation of the solvent in vacuo gave
a residue which was dissolved in CH2Cl2 (8 mL) and treated with MnO2


(190 g, 2.19 mmol, 20 equiv). After 14 h stirring at RT, the reaction mix-
ture was filtered through a pad of Celite, and the filter cake was washed
with CH2Cl2 (3î5 mL). The filtrate and washings were evaporated in
vacuo to afford a residue which was submitted to flash chromatography
(cyclohexane/EtOAc 10:1) to afford aldehyde 34 (40.6 mg, 89%) as a col-
orless oil. [a]25D =++12.5 (c=0.42 in CHCl3).


1H NMR (500 MHz): d=


0.036 and 0.044 (2 î s, SiMe2), 0.85 (d, J12-Me,12=7.1, 12-Me)*, 0.88 (s,
SiCMe3), 1.03 (d, J10,10-Me=6.8, 10-Me)*, 1.05 (d, J14,13=6.2, 14-H3)*, 1.84
(dqd, J12,11=J12,12-Me=7.2, J12,13=4.5, 12-H)*, 2.30 (br td, J5,4=J5,6=7.2, 5-
H2)**, 2.44 (td with small extra-peaks indicating transition to higher-
order spectrum and/or unresolved 4J4,2, J4,5 �J4,3 �7.0, 4-H2)**, superim-
posed by ca. 2.45 (m, 10-H)*, 3.30 (dd, J11,12=7.8, J11,10=4.0, 11-H)*, 3.37
(s, OMe), 4.09 (qd, J13,14=6.2, J13,12=4.5, 13-H)*, AB signal (dA=4.56,
dB=4.59, JAB=6.8, OCH2OMe), 5.56 (dt, Jtrans=14.3, J6,5=7.0, 6-H)*,
5.64 (dd, Jtrans=14.5, J9,10=7.5, 9-H)*, 6.03 (m, 7-H, 8-H)*, 6.14 (ddt,
Jtrans=15.7, J2,1=7.9, 4J2,4=1.5, 2-H), 6.84 (dt, Jtrans=15.7, J3,4=6.7, 3-H),
9.51 (d, J1,2=7.8, 1-H); * assignment by comparison with the analogous
resonance of methyl ester 33–criterion of assignment: D(d) � 0.02 ppm;
** distinguishable by an H,H-correlation spectrum; 13C NMR
(125.7 MHz; contains 4 mol% of an unassigned diastereomer)*: d=


�4.69 and �4.31 [Si(CH3)2], 10.23 (12-CH3)*, 14.08 (10-CH3)*, 18.05
[SiC(CH3)3], 18.33 (C-14)*, 25.89 [3-fold intensity, SiC(CH3)3], 30.79 (C-
5)*, 32.41 (C-4)*, 38.86 (C-10)*, 42.98 (C-12)*, 56.07 (OCH2OCH3)*,
68.10 (C-13)*, 84.39 (C-11)*, 97.84 (OCH2OCH3), 129.01 and 131.81 (C-
7, C-8)**, 130.12 (C-6)**, 133.31 (C-2)**, 137.24 (C-9)**, 157.62 (C-3)**,
193.93 (C-1); * assignment by comparison with the analogous resonance
of methyl ester 33–criterion of assignment: D(d) � 0.4 ppm; ** distin-
guishable by a C,H-correlation spectrum; IR (film): ñ=2955, 2930, 2855,
1695, 1640, 1600, 1470, 1460, 1450, 1385, 1255, 1120, 1035, 1005, 990, 970,
835, 775 cm�1; elemental analysis calcd (%) for C24H44O4Si (424.7): C
67.87, H 10.44; found: C 68.15, H 10.66.


(4E,6E,8R,9S,10S,11R)-11-(tert-Butyldimethylsiloxy)-9-(methoxyme-
thoxy)-8,10-dimethyl-4,6-dodecadienal (35): A refluxing solution of divin-
yl carbinol 31 (69.6 mg, 0.187 mmol) and Hg(OAc)2 (64.1 mg,
0.201 mmol, 1.1 equiv) in tert-butyl vinyl ether (1.7 mL, 1.3 g, 13 mmol,
70 equiv) was stirred for 9 h. The reaction mixture was cooled to RT and
then submitted to flash chromatography (cyclohexane/EtOAc 7:1) to
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afford an unanalyzed mixture of (regio-)isomers (70.9 mg, 95%), from
which the desired rearrangement product 35 (57.8 mg, 78% based on
starting material 31) was obtained as a pure diastereomer and colorless
oil by a second flash chromatography (cyclohexane/EtOAc 12:1). [a]25D =


+13.2 (c=0.55 in CHCl3);
1H NMR (500 MHz): d=0.03 and 0.04 (s,


SiMe2), 0.85 (d, J10-Me,10=7.1, 10-Me)*, 0.88 (s, SiCMe3), 1.02 (d, J8,8-Me=


6.9, 8-Me)*, 1.04 (d, J12,11=6.3, 12-H3)*, 1.84 (dqd, J10,9=J10,10-Me=7.4,
J10,11=4.6, 10-H), 2.41 (br td, J3,2=J3,4=6.9, 3-H2)**, superimposed by
2.45 (dqd, J8,7=J8,8-Me=6.9, J8,9=4.0, 8-H), 2.53 (t with a small extra-peak
indicating transition to higher-order spectrum and/or unresolved J2,1,
J2,3=6.9, 2-H2)**, 3.29 (dd, J9,10=7.7, J9,8=4.0, 9-H), 3.37 (s, OMe), 4.08
(qd, J11,12=6.2, J11,10=4.5, 11-H), AB signal (dA=4.56, dB=4.58, JAB=6.8,
OCH2OMe), 5.57 (dt, Jtrans=14.5, J4,3=7.0, 4-H)***, 5.63 (dd, Jtrans=14.5,
J7,8=7.5, 7-H)***, 5.96±6.07 (m, 5-H, 6-H)***, 9.78 (t, J1,2=1.5, 1-H);
* signal assigned by comparison with the analogous resonances and cou-
pling constants of ethyl ester 28, aldehyde 29 and ethyl ester 30 ; ** 2-H2


(br td) and 3-H2 (t; unresolved J2,1) were distinguished by the differing
multiplicity and by the concerning coupling constants; *** distinguishable
by an H,H-correlation spectrum; 13C NMR (125.7 MHz): d=�4.69 and
�4.31 [Si(CH3)2], 10.23 (10-CH3)*, 14.13 (8-CH3)*, 18.06 [SiC(CH3)3],
18.35 (C-12)*, 25.12 (C-3)**, 25.89 [3-fold intensity, SiC(CH3)3], 38.87 (C-
8)*, 42.98 (C-10)*, 43.32 (C-2)**, 56.08 (OCH3)*, 68.10 (C-11)*, 84.40
(C-9)*, 97.85 (OCH2OCH3), 129.01 and 131.63 (C-5, C-6)***, 129.84 (C-
4)***, 137.18 (C-7)***, 201.88 (C-1); * assignment by comparison with
the analogous resonance of ethyl ester 28 and divinyl carbinol 31–crite-
rion of assignment: D(d) � 1.0 ppm; **,*** distinguishable by a C,H-cor-
relation spectrum; IR (film): ñ=2955, 2930, 2890, 2855, 1730, 1600, 1470,
1465, 1445, 1410, 1385, 1360, 1255, 1140, 1100, 1035, 990, 965, 835,
775 cm�1; elemental analysis calcd (%) for C22H42O4Si (398.7): C 66.28, H
10.62; found: C 66.09, H 10.89.


6-[(3E,5E,7R,8S,9S,10R)-10-(tert-Butyldimethylsiloxy)-8-(methoxyme-
thoxy)-7,9-dimethyl-3,5-undecadienyl]-1,3-cyclohexadiene-1-carboxylic
acid methyl ester as a 50:50 mixture of two C-6-epimers (39): At �60 8C
a solution of a 90:10 mixture of phosphonates trans-36 and cis-36 (0.60m
in THF, 0.24 mL, 0.14 mmol, 1.9 equiv) was added dropwise to a solution
of lithium N,N-diisopropyamide (0.29m in THF, 0.60 mL, 0.17 mmol,
2.3 equiv). After stirring at this temperature for 25 min, the reaction mix-
ture was treated dropwise with a solution of aldehyde 34 (30.9 mg,
0.0728 mmol) in THF (1.6 mL), allowed to reach �30 8C and after 2 h
stirring, treated with aqueous semisaturated ammonium chloride (2 mL).
The aqueous phase was extracted with tBuOMe (3 î 2 mL), and the
combined organic phases were dried with MgSO4. Evaporation of the sol-
vent in vacuo gave a residue which was submitted to flash chromatogra-
phy (cyclohexane/EtOAc 15:1) to afford the title compound 39 (7.7 mg,
21%), a 92.6:7.4 mixture (7.3 mg) of 39 (pure 39 : 6.8 mg, 18%) and all-
trans-40 (pure all-trans-40 : 0.54 mg, 1.5%) and all-trans-40 (4.1 mg,
11%). 1H NMR (500 MHz): d=0.03 and 0.04 (2 î s, SiMe2), 0.84 (d, J9’-
Me,9’=6.9, 9’-Me)*, 0.88 (s, SiCMe3), 1.01 (d, J7’-Me,7’=6.9, 7’-Me)*, 1.04 (d,
J11’,10’=6.3, 11’-H3)*, 1.41±1.52 (m, 1’-H2), 1.83 (dqd, J9’,8’=J9’,9’-Me=7.1,
J9’,10’=4.5, 9’-H)*, AB signal (dA=1.99, dB=2.12, JAB=15.1, in addition
split by JA,1’-H(1)***=8.7, JA,1’-H(2)=JA,3’***=6.8, JB,1’-H(2)=9.4****, JB,1’-
H(1)=JB,3’****=5.6, 2’-H2)**, 2.34 (ddd, Jgem=18.4, J5-H(1),4=5.1, J5-H(1),6=


1.9, 5-H1)**, ca. 2.36±2.46 (m, 5-H2, 7’-H)**, 2.72 (dddd, J6,1’-H(1)=J6,5-
H(2)=8.6, J6,1’-H(2)=5.6, J6,5-H(1)=1.7, 6-H), 3.28 (dd, J8’,9’=7.9, J8’,7’=3.9, 8’-
H)*, 3.37 (s, OCH2OMe)*, 3.75 (s, CO2Me), 4.09 (poorly resolved qd,
J10’,11’=6.2, J10’,9’=4.6, 10’-H)*, AB signal (dA=4.55, dB=4.59, JA,B=6.6,
OCH2OMe)*, 5.53±5.61 (m, 3’-H, 6’-H)*, 5.96±6.06 (m, 3-H, 4-H, 4’-H,
5’-H), 6.99 (dd, J2,3=4.1, 4J2,4=1.3, 2-H); * signal assigned by comparison
with the analogous resonances and coupling constants of methyl ester 33,
aldehyde 34, and aldehyde 35–criterion of assignment: D(d) �
0.02 ppm; ** distinguishable by an H,H-correlation spectrum; *** inter-
changeable; **** interchangeable; APT-13C NMR (125.7 MHz): d=™+∫
�4.69 and ™+∫ �4.33 [Si(CH3)2], ™+∫ 10.17 (9’-CH3)*, ™+∫ 14.11 (7’-
CH3)*, ™+∫ 18.05 [SiC(CH3)3], ™+∫ 18.28 (C-11’)*, ™+∫ 25.89 [3-fold in-
tensity, SiC(CH3)3], ™�∫ 27.32 and ™�∫ 27.34 (C-5)**, ™+∫ 29.79 (C-6)*,
™�∫ 29.90 (C-2’)***, ™�∫ 30.50 (C-1’)***, ™+∫ 38.83 (C-7’)*, ™+∫ 42.96
(C-9’)*, ™+∫ 51.56 (CO2CH3), ™+∫ 56.07 (OCH2OCH3)*, ™+∫ 68.09 (C-
10’)*, ™+∫ 84.50 (C-8’)*, ™�∫ 97.88 (OCH2OCH3), ™+∫ 123.49, ™+∫
129.59, ™+∫ 130.49, ™+∫ 131.81, ™+∫ 132.51, ™+∫ 132.53 and ™+∫
135.93 (C-2, C-3, C-4, C-3’, C-4’, C-5’, C-6’), ™�∫ 131.45 (C-1), ™�∫
167.82 (CO2CH3); * assignment by comparison with the analogous reso-


nance of methyl ester 33, aldehyde 34, and aldehyde 35–criterion of as-
signment: D(d) � 0.3 ppm; ** two resonances for two C-6-epimers and
assigned by a C,H-correlation spectrum; *** distinguishable by a C,H-
correlation spectrum; IR (film): ñ=2955, 2930, 2855, 1710, 1575, 1470,
1465, 1435, 1380, 1360, 1255, 1140, 1095, 1035, 990, 965, 940, 920, 835,
805, 775, 735, 705 cm�1; m/z : 506.3428 �5 mDa (C29H50O5Si [M


+]) con-
firmed by HRMS (EI, 70 eV); no combustion analysis was performed.


(2E,4E,6E,10E,12E,14R,15S,16S,17R)-17-(tert-Butyldimethylsiloxy)-15-
(methoxymethoxy)-14,16-dimethyl-2,4,6,10,12-octadecapentaenoic acid
methyl ester (all-trans-40) as a 66.2:33.8 or 93.4:6.6 mixture with the 6-
cis-isomer (cis26,27-40): HWE-reaction: At �60 8C a solution of lithium
N,N-diisopropyamide (0.29m in THF, 0.75 mL, 0.22 mmol, 1.8 equiv) in
THF (1.0 mL) was added dropwise to a solution of a 90:10 mixture of
phosphonates trans,trans-37 and cisH2CC=C,transC=CCO2Me-37 (54 mg,
0.23 mmol, 1.9 equiv). After stirring at this temperature for 30 min, the
reaction mixture stirred at 0 8C for 15 min, then cooled to �60 8C and
after 50 min treated dropwise with a solution of aldehyde 35 (47.3 mg,
0.119 mmol) in THF (2.3 mL). After stirring for 7 min, the reaction mix-
ture was allowed to reach �40 8C and after further 1 h stirring, treated
with aqueous semisaturated ammonium chloride (5 mL). The aqueous
phase was extracted with tBuOMe (3 î 2 mL), and the combined organic
phases were dried with MgSO4. Evaporation of the solvent in vacuo gave
a residue which was submitted to flash chromatography (cyclohexane/
EtOAc 13:1 ! fraction 9, 10:1 ! fraction 30) to afford the title com-
pound 40 (44.6 mg, 74%) as 66.2:33.8 mixture of the 6-E- and 6-Z-
isomer.


Isomerization with iodine: At RT a solution of a 66.2:33.8 mixture
(8.3 mg, 16 mmol) of all-trans-40 and cis26,27-40 in CDCl3 (0.5 mL) in a
NMR tube was treated with iodine (0.031m in CDCl3, 42 mL, 1.3 mmol,
8.1 mol%). After 2 min, the isomerization was completed at a 93.4:6.6-
equilibrium composition of all-trans-40 and cis26,27-40 (1H NMR,
500 MHz). The reaction mixture was used without purification for the
preparation of aldehyde 41.


all-trans-40 : 1H NMR (500 MHz; sample of a 93.4:6.6 mixture of all-
trans-40 and cis26,27-40): d=0.036 and 0.045 (2 î s, SiMe2), 0.85 (d, J16-
Me,16=7.0, 16-Me)*, 0.88 (s, SiCMe3), 1.02 (d, J14-Me,14=6.8, 14-Me)*, 1.05
(d, J18,17=6.2, 18-H3)*, 1.83 (dqd, J16,15=J16,16-Me=7.2, J16,17=4.5, 16-H)*,
2.16±2.27 [m, presumably interpretable as: d=2.19 (br td, J9,8=J9,10=6.4,
9-H2)** and d=2.24 (br td, J8,9=J8,7=6.3, 8-H2)**], 2.44 (dqd, J14,13=
J14,14-Me=7.0, J14,15=4.0, 14-H)*, 3.29 (dd, J15,16=7.8, J15,14=4.0, 15-H)*,
3.367 (s, OCH2OMe)*, 3.741 (s, CO2Me), 4.09 (qd, J17,18=6.2, J17,16=4.5,
17-H)*, AB signal (dA=4.56, dB=4.59, JAB=6.8, OCH2OMe)*, 5.57 (dt,
Jtrans=14.2, J10,9=6.7, 10-H)*, 5.61 (dd, Jtrans=14.0, J13,14=7.5, 13-H)*, 5.85
(d, Jtrans=15.4, 2-H), 5.92 (dt, Jtrans=15.1, J7,8=7.2, 7-H)***, 5.97±6.05 (m,
11-H, 12-H)*, 6.15 (dd, Jtrans=15.2, J6,5=10.7, 6-H)***, 6.22 (dd, Jtrans=
14.8, J4,3=11.3, 4-H)***, 6.52 (dd, Jtrans=14.8, J5,6=10.7, 5-H)***, 7.30
(dd, Jtrans=15.3, J3,4=11.3, 3-H); * signal assigned by comparison with the
analogous resonances and coupling constants of methyl ester 33–criteri-
on of assignment: D(d) � 0.02 ppm; **,*** distinguishable by an H,H-
correlation spectrum; 13C NMR (125.7 MHz; sample of a 93.4:6.6 mixture
of all-trans-40 and cis26,27-40): d=�4.68 and �4.32 [Si(CH3)2], 10.20 (16-
CH3)*, 14.11 (14-CH3)*, 18.06 [SiC(CH3)3], 18.32 (C-18)*, 25.89 [3-fold
intensity, SiC(CH3)3], 32.01 (C-9)**, 32.79 (C-8)**, 38.84 (C-14)*, 42.97
(C-16)*, 51.45 (CO2CH3), 56.07 (OCH2OCH3)*, 68.09 (C-17)*, 84.43 (C-
15)*, 97.85 (OCH2OCH3), 119.72 (C-2)***, 128.04 (C-4)***, 129.32 and
131.13 (C-11, C-12)***, 130.23 (C-6)***, 131.32 (C-10)***, 136.55 (C-
13)***, 139.50 (C-7)***, 141.08 (C-5)***, 144.96 (C-3)***, 167.59 (C-1);
* assignment by comparison with the analogous resonance of methyl
ester 33 and aldehyde 34–criterion of assignment: D(d) � 0.4 ppm;
**,*** distinguishable by a C,H-correlation spectrum;


cis26,27-40 : 1H NMR (500 MHz; sample of a 66.2:33.8 mixture of all-trans-
40 and cis26,27-40)*: d=2.34 (br td, J8,9=J8,7=7.6, 8-H2), 3.371 (s,
OCH2OMe), 3.747 (s, CO2Me), AB signal (dA=4.56, dB=4.59, JAB=6.7,
OCH2OMe), 5.62 (dd, Jtrans=14.3, J13,14=7.4, 13-H)**, 5.67 (dt, Jcis=10.8,
J7,8=7.7, 7-H)**, 5.88 (d, Jtrans=15.7, 2-H)**, 6.10 (dd, Jcis=J6,5=10.9, 6-
H)**, 6.30 (dd, Jtrans=14.9, J4,3=11.4, 4-H)**, 6.83 (dd, Jtrans=14.7, J5,6=
11.5, 5-H)**, 7.35 (dd, Jtrans=15.3, J3,4=11.3, 3-H); * the signals of other
(not listed) protons are superimposed or isochron with all-trans-40 ;
** distinguishable by an H,H-correlation spectrum; 13C NMR
(125.7 MHz; sample of a 66.2:33.8 mixture of all-trans-40 and cis26,27-40)*:
d=27.94 (C-8), 32.40 (C-9), 51.48 (CO2CH3), 120.26 (C-2), 128.33 (C-6),
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131.22 and 131.25 (C-10, C-11, C-12), 129.90 (C-4), 135.88 (C-5), 136.62
(C-7), 144.86 (C-3), 167.49 (C-1); * resonances of other (not listed) car-
bons are superimposed/isochron by/with all-trans-40 ; all signals are as-
signed by a C,H-correlation spectrum;


IR (film): ñ=3020, 2955, 2855, 1710, 1620, 1465, 1435, 1380, 1360, 1310,
1255, 1140, 1120, 1100, 1040, 1005, 990, 965, 940, 925, 835, 775 cm�1; ele-
mental analysis calcd (%) for C29H50O5Si (506.8): C 68.73, H 9.94; found:
C 68.81, H 10.21.


(2E,4E,6E,10E,12E,14R,15S,16S,17R)-17-(tert-Butyldimethylsiloxy)-15-
(methoxymethoxy)-14,16-dimethyl-2,4,6,10,12-octadecapentaenal (all-
trans-41): At RT a 93.4:6.6 mixture (8.3 mg, 0.016 mmol) of the methyl
esters all-trans-40 and cis26,27-40 plus iodine (0.031m in CDCl3, 42 mL,
1.3 mmol, 8.1 mol%) in CDCl3 (0.5 mL) was treated with Na2SO3 (ca.
0.05 g) and water (20 mL). After the violet color of iodine had disap-
peared, the solution was filtered through a pipette with MgSO4, and the
filter cake was washed with CH2Cl2 (3 î 2 mL). The filtrate and washings
were evaporated in vacuo to a remaining volume of 1.5 mL, cooled to
�78 8C and treated with DIBAL (1.12m in toluene, 50 mL, 0.056 mmol,
3.4 equiv). After stirring for 1 h, the reaction mixture was allowed to
reach �55 8C and after stirring for another 30 min, quenched with aque-
ous semisaturated Rochelle×s salt (0.3 mL) and MeOH (0.2 mL). The sol-
ution was filtered through a pipette with MgSO4, and the filter cake was
washed with CH2Cl2 (3 î 2 mL). The filtrate and washings were evapo-
rated in vacuo to a remaining volume of 3 mL, treated with MnO2


(56.1 mg, 0.645 mmol, 39 equiv) and stirred at RT for 1 h. After filtration,
the solvent was evaporated in vacuo and at 0 8C to afford a residue which
was submitted to flash chromatography (cyclohexane/EtOAc 8:1) to
afford aldehyde 41 (6.0 mg, 78%) as a light yellow oil. [a]25D =++12.5 (c=
0.42 in CHCl3); [a]


25
D =++9.9 (c=0.24 in CDCl3);


1H NMR (500 MHz;
slightly contaminated)*: d=0.036 and 0.045 (2îs, SiMe2), 0.85 (d, J16-
Me,16=7.1, 16-Me)*, 0.88 (s, SiCMe3), 1.02 (d, J14,14-Me=6.8, 14-Me)*, 1.05
(d, J18,17=6.2, 18-H3)*, 1.83 (dqd, J16,15=J16,16-Me=7.2, J16,17=4.5, 16-H),
2.21 (br td, J9,8 �J9,10 �7.0, 9-H2)**, 2.27 (br td, J8,9 �J8,7 �7.1, 8-H2)**,
2.45 (dqd, J14,13=J14,14-Me=6.9, J14,15=4.1, 14-H)*, 3.29 (dd, J15,16=7.9,
J15,14=4.0, 15-H)*, 3.37 (s, OCH2OMe), 4.09 (qd, J17,18=6.2, J17,16=4.5,
17-H)*, AB signal (dA=4.56, dB=4.59, JAB=6.6, OCH2OMe), 5.57 (dt,
Jtrans=14.3, J10,9=7.1, 10-H)*, 5.62 (dd, Jtrans=14.5, J13,14=7.8, 13-H)*,
5.98±6.06 (m, 7-H, 11-H*, 12-H*), 6.13 (dd, Jtrans=15.1, J2,1=8.0, 2-H)***,
6.20 (brdd with unresolved 4J6,8, Jtrans=15.1, J6,5=10.8, 6-H)***, 6.35 (dd,
Jtrans=14.8, J4,3=11.2, 4-H)***, 6.64 (dd, Jtrans=14.8, J5,6=10.7, 5-H)***,
7.11 (dd, Jtrans=15.2, J3,4=11.1, 3-H)***, 9.55 (d, J1,2=8.0, 1-H); * signal
assigned by comparison with the analogous resonances and coupling con-
stants of methyl esters 33 and all-trans-40–criterion of assignment: D(d)
� 0.02 ppm; **,*** distinguishable by an H,H-correlation spectrum;
13C NMR (125.7 MHz; peak of contaminant at d=29.69): d=�4.68 and
�4.32 [Si(CH3)2], 10.22 (16-CH3)*, 14.10 (14-CH3)*, 18.06 [SiC(CH3)3],
18.32 (C-18)*, 25.90 [3-fold intensity, SiC(CH3)3], 31.90 (C-9)**, 32.86 (C-
8)**, 38.85 (C-14)*, 42.97 (C-16)*, 56.08 (OCH2OCH3)*, 68.09 (C-17)*,
84.44 (C-15)*, 97.85 (OCH2OCH3), 128.10 (C-4)***, 129.26 (one carbon
of the signal group C-7, C-11, C-12)***, 130.19 (C-6)***, 130.83 (C-
3)***, 131.12 (C-10)***, 131.25 (one carbon of the signal group C-7, C-
11, C-12)***, 136.69 (C-13)***, 141.38 (one carbon of the signal group C-
7, C-11, C-12)***, 142.96 (C-5)***, 152.24 (C-3)***, 193.53 (C-1); * as-
signment by comparison with the analogous resonance of methyl ester
all-trans-40–criterion of assignment: D(d) � 0.1 ppm; **,*** distinguish-
able by a C,H-correlation spectrum; IR (film): ñ=3065, 2980, 2940, 1720,
1600, 1450, 1375, 1315, 1275, 1180, 1115, 1070, 1025, 715 cm�1; MS (CI,
NH3): m/z (%): 477 (12) [M +], 445 (100) [M +�HOMe]; elemental anal-
ysis calcd (%) for C28H48O4Si (476.8): C 70.54, H 10.15; found: C 72.14,
H 11.39.
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