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Abstract: This review article focuses on the structures and
properties of novel hybrid nanocarbon materials, which
are created by incorporating atoms and molecules into
the hollow spaces of carbon nanotubes (CNTs); thus they
are called nanopeapods. After dealing with synthesis pro-
cedures, we discuss the structures and electronic proper-
ties of the hybrid materials based on high-resolution
transmission electron microscopy (HRTEM), electron
energy-loss spectroscopy (EELS), X-ray and electron dif-


fraction, scanning tunneling microscopy (STM), and field-
effect transistor transport measurements. Utilization of
the low-dimensional nanosized spaces of CNTs to produce
novel low-dimensional nanocluster, nanowire, and nano-
tube materials is also discussed.


Keywords: electron transport · fullerenes · nanopeapods ·
nanostructures · nanotubes


1. Introduction


Since the discovery of carbon nanotubes (CNTs),[1] their
unique structure and properties have prompted tremendous
experimental and theoretical studies focused on CNTs and
related materials. In the past decade, many extraordinary
physical and chemical properties of CNTs, including me-
chanical,[2,3] photophysical,[4–6] transport,[7–12] and magnetic
properties,[13–16] have been elucidated. Among these interest-
ing features, one of the most fascinating is the ability to en-
capsulate atoms or molecules in their central hollow space,
thus providing a brand new class of CNT-based hybrid mate-
rials with novel structures and properties.


The filling of the interior space of CNTs was first ach-
ieved by Ajayan and Iijima by using multi-walled carbon
nanotubes (MWNTs) and Pb metal.[17] They found that air
annealing of MWNTs with Pb particles deposited on their
surface results in an opening of the ends of the MWNTs and
the entrapment of Pb metal atoms inside; the ends of CNTs
are usually closed by fullerene hemisphere caps. This phe-
nomenon can be understood as a nanometer-scale capillary
condensation, which is essentially equivalent to macroscale
capillary condensation (it was later revealed that only mate-
rials of relatively low surface tension (<200 mNm�1) could
be drawn inside MWNTs[18]). The presence of Pb atoms
inside nanotubes was clearly evidenced by high-resolution


transmission electron microscopy (HRTEM) and energy dis-
persive X-ray analysis.


The incorporation of fullerene molecules into the hollow
space of CNTs was accidentally discovered in 1998.[19] Luzzi
and co-workers found that C60 molecules were incorporated
inside single-walled carbon nanotubes (SWNTs) to form 1D
regulated C60 arrays, like many peas in a pod, while they
were studying purified open-ended SWNTs by TEM. C60


molecules, which are usually formed as a by-product during
the synthesis of SWNTs, are accidentally encapsulated
inside SWNTs during the purification process. This hybrid
nanocarbon material has been called “nanopeapod”, “nano-
tube peapod”, “fullerene peapod”, or merely “peapod”.
Herein, we refer to them as “nanopeapods”. Since the work
of Luzzi and co-workers, nanopeapods have attracted the at-
tention of many researchers, owing not only to their unique
structures but also to their interesting chemical and physical
properties. The development of methods for the synthesis
and investigation of nanopeapods under various physical
and chemical conditions have made peapod studies one of
the most fascinating and advanced areas of CNT research.


2. Synthesis and Structure of Nanopeapods


2.1. Synthesis of Nanopeapods


In the first report by Luzzi and co-workers, the degree of
nanotube filling with C60 molecules was only about 5%.
Since then, a technique has been developed to achieve fill-
ing ratios of about 80–85% for C60 nanopeapods. The syn-
thesis method is straightforward. Purified fullerenes and
open-ended SWNTs are normally vacuum-sealed in a quartz
tube, which is heated at 400–600 8C in a vacuum (10�5 torr)
for two days. At this temperature and pressure, fullerene
molecules sublime and enter the hollow spaces of SWNTs
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through the open ends. One of the important points in ob-
taining high-yield filling is that we have to prepare highly
pure open-ended SWNTs whose diameters are large enough
to encapsulate fullerene molecules. Fullerene molecules
have a diameter of about 1 nm, based on the van der Waals
radius of carbon atoms (0.34 nm). SWNTs can then be filled
with fullerene molecules by using those with diameters on
the order of or larger than about 1.38 nm. Nanotubes with
such diameters can be synthesized easily by incorporating
the laser-ablation (laser-furnace) or arc-discharge method.
After the fullerene-insertion process, fullerene molecules
adsorbed on the side walls of the SWNTs are removed by
ultrasonic cleaning with organic solvents such as toluene
and o-xylene.


Besides the gas phase, nanopeapods can also be synthe-
sized through liquid-phase reactions. The method involves
immersing open-ended SWNTs in a saturated solution of
fullerenes. The filling efficiency is not high enough to be
comparable to gas-phase filling (70% at most at pres-
ent).[20, 21] The solution method is, however, especially advan-
tageous in the incorporation of thermally unstable or nonvo-
latile molecules such as biological molecules (e.g., DNA)
and polynuclear metal complexes. A further development of
the solution method is, therefore, quite important and cru-
cial for expanding the variety of SWNT-based hybrid mate-
rials.


2.2. Structure of Nanopeapods


2.2.1. Nanopeapods That Encapsulate Fullerenes


The structure of nanopeapods has been characterized by
HRTEM, electron diffraction (ED), and X-ray diffraction
(XRD) analyses. A typical HRTEM image and the corre-
sponding structure model of C60 nanopeapods are shown in
Figure 1a and b, respectively. Ring-shaped contrasts are at-


tributed to encapsulated C60 molecules. Intermolecular dis-
tances of the 1D array of C60 inside the SWNTs are very
uniform, to the extent that a 1D crystal of C60 is considered
to be formed in the SWNTs.[22,23] Although HRTEM is a
very powerful method of observation that provides us with
direct local structure information, it is difficult to evaluate
the bulk structure. ED and XRD analyses are complementa-
ry to HRTEM in giving information about the bulk struc-
ture.


According to the regular 1D array of C60 molecules in
nanopeapods, we can observe new diffraction peak(s) that
is/are absent in empty SWNTs.[24,25] Figure 2 shows an elec-
tron diffraction pattern of C60 nanopeapods; the position of
this peak provides information on the intermolecular distan-
ces of the encapsulated molecules. Interestingly, the inter-
molecular distance determined between encapsulated C60


molecules is shorter than that of bulk C60 crystal; the inter-
molecular distance of a face-centered cubic (fcc) array of
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Figure 2. Electron diffraction pattern of a) C60 nanopeapods and
b) empty SWNT bundle.


Figure 1. a) Typical HRTEM image of the C60 nanopeapods. b) Structure
model of the C60 nanopeapod based on HRTEM.
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bulk C60 crystal is 1.00 nm, whereas that of the C60 nanopea-
pod is 0.95 nm.[22] The interaction between the walls of the
SWNTs and C60 is mainly van der Waals in nature. However,
once nanopeapods are formed, their structure becomes very
stable due to the formation of a deep interaction potential
well resulting from the specific nanostructure of the
SWNTs. It is suggested that the deep interaction potential
well of SWNTs induces a high-pressure effect towards en-
capsulated fullerene molecules, which leads to shortening of
the intermolecular distances. Theoretical studies predict that
the encapsulation process of C60 is exothermic for SWNTs
of a certain diameter. For example, each C60 molecule is sta-
bilized by 0.51 eV upon encapsulation in a (10, 10)
SWNT.[26]


2.2.2. Nanopeapods That Encapsulate Endohedral
Metallofullerenes


Like C60, metallofullerenes such as Sc2@C84, Ti2C2@C78,
La@C82, La2@C80, Ce2@C80, Ce@C82, Sm@C82, Gd@C82, and
Gd2@C92 can also form nanopeapods (endohedral metallo-
fullerenes are usually denoted as M@Cn, which means that
the metal atom M is encapsulated in the Cn fullerene
cage).[27–32] Figure 3 shows an HRTEM image of Gd@C82


nanopeapods.[23] The dark spots seen in most of the ring-
shaped contrasts are attributed to encapsulated individual
Gd metal atoms. It is remarkable that single atoms can be
directly observed even at room temperature (Figure 3). The
intermolecular distance between encapsulated Gd@C82 mol-
ecules is 1.1 nm, which is slightly shorter than that of the
bulk crystal.


One of the most interesting structural aspects of metallo-
fullerene nanopeapods is the dynamic behavior of metallo-


fullerene molecules in SWNTs. As illustrated in Figure 3,
the fact that Gd atoms can be seen by HRTEM indicates
that the fullerene cages are not rotating on the timescale of
HRTEM, even at room temperature. However, dark spots
in some of the ring-shaped contrasts imply that some of the
fullerene cages are indeed rotating. An HRTEM analysis of
(Ce@C82)n@SWNT revealed that incorporated Ce@C82 mole-
cules show translational motion even inside apparently com-
pletely filled nanotubes.[33] The 1D Ce@C82 crystal chains
formed inside the SWNTs undergo cooperative translational
motion such that the entire chain shifts in a short period of
time without changing the intermolecular separations. This
specific motion indicates that the energy barrier needed for
lateral motion in SWNTs is relatively small.


In contrast to lateral motion, the rotational motion of
Ce@C82 is somewhat restricted in SWNTs. A series of suc-
cessive HRTEM images (with 2-s camera exposure time and
�10-s interval between exposures) revealed that Ce@C82


molecules rotate discontinuously in SWNTs; a particular
Ce@C82 molecule remains stationary at a certain position
for several seconds before jumping abruptly to a new stable
orientation. In the Ce@C82 bulk crystal, Ce@C82 molecules
freely rotate at temperatures above 80 K.[34] Therefore, this
observation shows that the energy barrier for the rotation of
Ce@C82 molecules in SWNTs is significantly higher than
that in the crystal of Ce@C82. As opposed to Ce@C82 mole-
cules in SWNTs, the electrostatic field in the close-packed
crystalline Ce@C82 is highly symmetric, resulting in a small
energy barrier for rotation. The nearly free rotation of
Ce@C82 molecules in the crystal of Ce@C82 is substantially
inhibited in the case of (Ce@C82)n@SWNT as a result of the
lowering of the symmetry of the electrostatic potential for
each fullerene molecule.


HRTEM observations of rotational motion of encapsulat-
ed fullerene molecules were also reported for Sm@C82,
La2@C80, Sc2@C84, and Gd2@C92, and different rotational be-
havior was observed for different metallofullerene nanopea-
pods.[23, 30,35–39] These results indicate that one may control
the rotational motion of fullerene peas in SWNTs by chang-
ing the fullerene molecules, which is important for applica-
tions of nanopeapods, such as recording devices and quan-
tum computations.[21]


2.2.3. Nanopeapods That Encapsulate Exohedral
Metallofullerenes


In an attempt to synthesize novel nanopeapods, not only en-
dohedral but also exohedral metallofullerenes have been in-
corporated in SWNTs. (KC60)n@SWNT was synthesized by
introducing potassium vapor into the C60 nanopeapods. Fig-
ure 4a–c show an HRTEM image, a simulated HRTEM
image, and a structure model of (KC60)n@SWNT, respective-
ly. Dark spots observed between C60 molecules in the
SWNTs are due to individual potassium atoms. Doping of
potassium atoms into C60@SWNT occurred inhomogeneous-
ly, and the potassium atoms seem to be located randomly in
the SWNTs. According to this structural feature, the K–C60


distances range from 0.6 to 0.8 nm.


Figure 3. HRTEM image of a) individual and b) bundled Gd@C82


ACHTUNGTRENNUNGnanopeapods.
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Notably, there is a structural similarity between
(KC60)n@SWNT peapods and superconducting bulk fullerite
crystal, K3C60. Potassium atoms doped in C60 crystals are
found in two types of sites: tetrahedral and octahedral. By
comparison with K3C60, the potassium atoms in the peapod
occupy sites that are intermediate between tetrahedral and
octahedral in nature.


Recently, (CsC60)n@SWNT was synthesized by a new
chemical-reduction method[40] . In this method, CsC60 exohe-
dral metallofullerenes were synthesized first by a reaction
between C60 and CsOH in THF, then CsC60 was doped into
SWNTs in a gas-phase reaction. The advantage of this
method over the method employed for (KC60)n@SWNT syn-
thesis is the following. In the method of alkali-metal subli-
mation, alkali metals were inserted randomly into the
SWNTs and have two different types of positions, intra- and
intertubular, where the control of the doping level is very
difficult. In contrast, one can control not only the doping
level but also the doping positions by using the chemical-re-
duction method. Figure 5 shows HRTEM images of
(CsC60)n@SWNT; the Cs atoms are indicated by arrows. The
Cs atoms on (CsC60)n@SWNT show a stoichiometry of one
Cs atom per C60 molecule. The Cs atoms and C60 molecules
can be replaced by other metal atoms and higher fullerenes
or even endohedral metallofullerenes, respectively.


In general, exohedral metallofullerenes such as CsC60 and
KC60 are very sensitive to oxidants and are not stable in air


and in solvents that contain dioxygen molecules. In contrast,
CsC60 and K3C60 species in SWNTs are very stable even in
air, as these reactive fullerenes are protected from air by the
walls of the SWNTs.


3. Properties of Nanopeapods


3.1. Electronic Structures of Nanopeapods


Total-energy electronic-structure calculations of C60 nano-
peapods with the local density approximation (LDA) in den-
sity functional theory were performed by several
groups.[26,41,42] The results show that the electronic structure
of the peapod is not a simple sum of those of fullerenes and
nanotubes. Figure 6 shows the energy-band structure of C60


encapsulated in a (10,10) nanotube and that of an isolated
(10,10) nanotube. Nearly free electron (NFE) states located
between the tube and the fullerenes are found to work as
acceptor states that control the relative locations of elec-


Figure 4. a) Typical HRTEM image of the K-doped C60 nanopeapods,
b) best-fit simulation based on the structure model in c), and c) its
ACHTUNGTRENNUNGschematic model.


Figure 5. a) HRTEM image of (CsC60)n@SWNT nanopeapods with
arrows indicating the Cs atoms. b) Schematic representation of the
HRTEM image.


Figure 6. Energy-band structure of a) C60 nanopeapods ((10,10)
ACHTUNGTRENNUNGnanotube) and b) isolated nanotube. Energies are measured from the
Fermi level.
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tronic levels and the Fermi energy. As a result, the nanopea-
pod is a metal with multicarriers, each of which is distribut-
ed either on the nanotube or on the 1D chain of the C60 ful-
lerenes.


The rotation of the incorporated C60 fullerenes can affect
the electronic properties of the peapod because the orbital
hybridization between fullerene molecules and SWNTs de-
pends on the orientation of the former inside the latter; so
do overlapping integrals. By using the Slater–Koster tight-
binding calculation, it was found that rotation of the encap-
sulated C60 in the space of a (10,10) tube induces a small
energy change,[43] and that the calculated density of states
varies depending on the orientational order of the C60 mole-
cules. Therefore, we can expect that the novel electronic
properties of nanopeapods correlate with the rotation of the
fullerene pea. For example, a change in the electronic prop-
erties triggered by an external field is expected. In the case
of metallofullerenes, an electric or magnetic field can induce
an orientational change in the incorporated metalloful-
lerenes owing to their dipole moments and magnetic aniso-
tropy, which results in a change in electronic properties such
as electrical conductivity.


The electronic properties of the metal atom of a metallo-
fullerene encapsulated in an SWNT were investigated by
electron energy-loss spectroscopy (EELS).[35,44] The peak po-
sitions of the M edge of the rare-earth-metal atoms are a
good indicator of the valence (oxidation) state, and, conse-
quently, one can obtain information on the amount of
charge transfer from metal atoms to fullerene cages and
SWNT walls.


Figure 7 shows EELS spectra of a bundle of
(Gd@C82)n@SWNT and of Gd3+ in Gd@C82. The peak posi-
tions of the M4 and M5 edges of the Gd atom in Gd@C82 are
1184 and 1214 eV, respectively. This peak position is very
similar to that of (Gd@C82)n@SWNT, which indicates that


the valence state of the Gd atom of (Gd@C82)n@SWNT is
the same as that of Gd@C82, and that encapsulation into
SWNTs does not change the valence state of the Gd atoms.
Similar investigations were carried out for other nanopea-
pods, and the valence state of rare-earth metals does not
vary upon incorporation into SWNTs: +2 for Sc, Ti, and
Sm, +3 for other rare-earth metals.


In contrast to the valence state, the electronic structure of
SWNTs is significantly affected by incorporation of fuller-
ene molecules, as revealed by low-temperature scanning
tunneling microscopy (STM) and scanning tunneling spec-
troscopy (STS).[45] Figure 8 shows a typical STM image and


the corresponding STS measurements of
(Gd@C82)n@SWNT; STS shows the spatial variation of dI/
dV along the tube axis, which corresponds to the local densi-
ty of the states (LDS) of (Gd@C82)n@SWNT near the Fermi
level. Two strong van Hove singularity (VHS) peaks corre-
sponding to conduction and valence-band edges are clearly
seen, and the local band gap is easily evaluated by the width
of these two VHS peaks. As clearly illustrated in Figure 8,
the band gap is significantly modulated along the tube axis,
and the original band gap of the SWNT (0.43 eV) is nar-
rowed to 0.17 eV where the fullerene is expected to be lo-
cated.


Figure 7. EELS spectrum of a) a bundle of (Gd@C82)@SWNT and
b) Gd3+ in Gd@C82. In this region, the Gd M45 absorption edges are
clearly observed.


Figure 8. 3D STS representation of an (11,9) SWNT (with Gd@C82) topo-
graph, 10.2 nm long in cyan. The corresponding 512 dI/dV spectrum of
the center of the tube is shown for all positions along the tube. The x
axis indicates the position along the tube, the y axis the energy, and the z
axis dI/dV. The value of dI/dV (local density of states) decreases in going
from red to green to blue.
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This band-gap modulation is explained by the interaction
and orbital hybridization between the NFE state of the
SWNTs (which has maximum electron density inside the
hollow space of SWNTs) and the p orbitals of the fullerene
molecules. The degree of interaction depends on the type of
encapsulated fullerene molecule and the chirality of the
SWNT. Therefore, we can perform “local band-gap engi-
neering” at the site where a fullerene molecule is inserted,
which leads to applications as novel electric devices.


3.2 Transport Properties of Nanopeapods


The band-gap modulation discussed above causes a remark-
able change in the transport properties of SWNTs. The elec-
tronic transport properties of hollow SWNTs and several
nanopeapods, (C60)n@SWNT, (C78)n@SWNT, (C90)n@SWNT,
(Gd@C82)n@SWNT, and (Dy@C82)n@SWNT, were investigat-
ed by using these compounds as channels of field-effect
transistors (FETs); we can evaluate the transport properties
of a single bundle of SWNT and nanopeapod by using
SWNT and nanopeapod FETs.[29,44,46]


The measured drain current versus gate voltage (ID vs.
VGS, �40<VGS<40 V) curve for a hollow SWNT FET (di-
ameter of SWNT�1.4 nm) indicates that SWNT FETs are
p-type dominated by hole transport, whereas nanopeapod
FETs show completely different transport behavior. Figure 9


shows the ID versus VGS curves for (C90)n@SWNT,
(C78)n@SWNT, and (Dy@C82)n@SWNT. As illustrated,
(C90)n@SWNT exhibited metallic behavior without any
pinch-off (insulating) region. However, in the case of
(C78)n@SWNT, the curve shows a distinct off state, hole
transport, and electron transport for 10<VGS<30 V, VGS<


10 V, and VGS>30 V, respectively. This result implies that
(C78)n@SWNT exhibits ambipolar FET behavior with both n


and p channels easily accessible by simple electrostatic
gates. Similar ambipolar behavior was observed for
(Dy@C82)n@SWNT, apart from the width of the off-state
voltage (22 and 14 V for (C78)n@SWNT and
(Dy@C82)n@SWNT, respectively). Table 1 summarizes the
width of the insulating regions and the diameters for all the
nanopeapods investigated.


The observed difference in the FET characteristics dis-
cussed above can be understood as follows. A semiconduct-
ing SWNT with a diameter of about 1.4 nm has a band gap
of around 0.6 eV. Therefore, to act as an n-type channel, suf-
ficiently high gate voltages are needed to shift down the
conduction band of the SWNT electrostatically. As a result,
SWNT FETs normally show only p-type behavior under the
measuring conditions (�40<VGS<40 V). In contrast, the
band gaps of SWNTs are significantly perturbed by the en-
closed fullerene peas, thus resulting in smaller band gaps
than that of hollow SWNTs; as discussed in the previous
section, STS studies clearly revealed local band-gap modula-
tion of nanopeapods.


In the case of (Gd@C82)n@SWNT, the band gap is nar-
rowed to 0.17 eV at the sites where Gd@C82 molecules are
incorporated. This small band gap can lead to carrier trans-
port through both the conduction and valence bands, which
results in ambipolar FET behavior. As the degree of band-
gap modulation of metallofullerene peapods is much larger
than that of hollow fullerene peapods, the former contain a
smaller band-gap (smaller insulating) region, as illustrated
in Table 1.


Control of transport properties by encapsulation can be
obtained not only by fullerenes but also by various organic
compounds.[47] Electron-acceptor or -donor molecules such
as tetrakis(dimethylamino)ethylene (TDAE), tetramethyl-
ACHTUNGTRENNUNGtetraselenafulalene (TMTSF), tetracene, anthracene, tetra-
cyano-p-quinodimethane (TCNQ), and tetrafluorotetracya-
no-p-quinodimethane (F4TCNQ) have been utilized as
doping agents. These molecules are incorporated into
SWNTs by a gas-phase reaction. The charge transfer be-
tween SWNTs and incorporated organic molecules is con-
trolled by the ionization energy (IE) or the electron affinity
(EA) of the guests; the charge transfer occurs discontinu-
ously at a critical value of IE or EA. Although the EA of
C60 and TCNQ are very close to each other (2.65 and
2.80 eV, respectively), charge transfer occurs only in
(TCNQ)n@SWNT. Resistivity measurements on
(TCNQ)n@SWNT films by the four-probe method revealed
that the resistance of (TCNQ)n@SWNT is smaller than that
of the hollow SWNT by approximately a factor of two at


Figure 9. The ID versus VGS FET curves for C90@SWNT (green),
C78@SWNT (blue), and (Dy@C82)@SWNT (red) at VDS=20 mV, T=


23 K. VDS= source-drain voltage.


Table 1. The average width of the insulating regions and the diameters of
the fullerene peas for all the nanopeapods.


Pea C60 C78 C90 Gd@C82 Dy@C82


DVGS [V] 25 22 0 15 14
d [nm] 0.71 0.81 0.87 0.83 0.83
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room temperature. A similar decrease in resistance was ob-
served for (TDAE)n@SWNT, (TTF)n@SWNT (TTF= tetra-
ACHTUNGTRENNUNGthiafulvalene), (TMTSF)n@SWNT, and (F4TCNQ)n@SWNT,
which is indicative of charge transfer resulting in doping
electrons or holes to SWNTs. (TTF)n@SWNT and
(TMTSF)n@SWNT FETs showed n-type action, whereas
(TCNQ)n@SWNT FET showed p-type action.


4. Formation of Nanocluster, Nanowire, and
Nanotube Materials in CNTs


CNTs can be used as templates not only for 1D arrays of
fullerene molecules, but also for various nanocluster, nano-
wire, and nanotube materials. Due to the restricted 1D
space of CNTs, their internal van der Waals surface may
regulate the growth behavior of encapsulated materials in a
very precise fashion. In this sense, low-dimensional materi-
als synthesized in CNTs are usually hard to prepare by con-
ventional bulk syntheses, and novel materials with specific
low-dimensional structures and properties can be created by
using the nanospaces of CNTs.


A fusion reaction of fullerene peas in SWNTs can be uti-
lized to synthesize novel carbon cluster materials. Figure 10


shows a series of sequential HRTEM images of
(C92)n@SWNT with corresponding schematic representa-
tions.[48] At the beginning of the observation (t=0 and 51 s),
the interlayer coupling between the wall of the SWNT and
the C92 molecules, which is caused by the induced atomic
defect on the fullerene cage, was detected. At t=88 s, two
of the interlayer couplings dissociated, and the defects ap-
peared to mend; then the two defect fullerene molecules
started to coalesce and form a stable peanutlike large fuller-
ene (t=123 s). The presence of the pentagons of the fuller-
ene cage is one of the important reasons why the atomic


defect is more likely to be induced at the fullerene site, al-
though the SWNT wall is more resistive.


Figure 11 shows HRTEM images of an individual Gd
mono- and dimetallofullerene encapsulating SWNT


(((Gd2@C92)n1, ACHTUNGTRENNUNG(Gd@C82)n2)n@SWNT) at the beginning of the
observation. At first, Gd metallofullerenes are aligned in a
1D way with an almost constant intermolecular spacing.
After irradiation for 65 s, the molecules began to coalesce in
the SWNT. Then one Gd atom moved into the left cage
through the induced atomic path connecting the two cages.
Further exposure resulted in coalescence or fusion, which
generated a fused peanutlike trimer encapsulating four Gd
atoms inside. Similar experiments were also carried out on
(Sm@C82)n@SWNT.[36] Not only did the fusion reaction take
place, a polymerization reaction of the fullerene molecules
also occured in the low-dimensional spaces of the
SWNTs.[49] When potassium atoms are doped into
(C60)n@SWNT, an electron transfer from the doped potassi-
um atom to the encapsulated C60 molecules initiated poly-
merization of C60 to form 1D C60 polymer chains in the
SWNTs. Resistivity measurements showed that the C60 poly-
mer chain formed in SWNTs has metallic character. The
electronic configuration of C60 in the polymer chain was pre-
sumed to be C60


6� from Raman spectra and theoretical cal-
culations.[49]


A novel, low-dimensional ice phase was predicted inside
SWNTs by molecular dynamics simulations and confirmed
by synchrotron XRD measurements.[24,50,51] XRD studies re-
vealed that confined water molecules inside SWNTs (aver-
age diameter 1.37 nm) behave as in the liquid state at room
temperature. As the temperature decreases, the confined
liquidlike water molecules transform into a crystalline or-
dered phase, the so-called ice nanotube, at 235 K. Figure 12


Figure 10. a) Time-dependent HRTEM images of the C92-containing
SWNT. b) The corresponding structure models.


Figure 11. a) A series of HRTEM images of the Gd@C82- and Gd2@C92-
encapsulating SWNT. b) The corresponding structure models.
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shows the structure of an ice nanotube, which was proposed
based on the simulation of observed XRD patterns. The
heptagonal ice nanotubes satisfy the “bulk-ice rule”: each
oxygen atom has two donors and two acceptors of hydrogen
in a known four-coordinate configuration. The formation of
heptagonal ice nanotubes was observed at ambient pressure.
Although the computer simulations seem to coincide well
with the experimental results, the simulations were per-
formed under axial pressures of 50–500 MPa. Structural
transition temperatures range from 190 K for octagonal to
300 K for pentagonal ice nanotubes when the diameter of
the SWNT is decreased.


Sloan and co-workers prepared various metal-halide
nanostructures in CNTs and characterized the structures by
HRTEM.[52,53] For example, “all-surface” 2N2 KI crystals
within 1.4-nm diameter SWNTs were reported. HRTEM
images showed that all the ions undergo a total decrease in
coordination from 6:6 to 4:4 resulting from the restricted
space of the SWNTs. Lattice distortions were also observed
in these 2N2 crystals. ED measurements along the SWNT
showed that the spots are spaced at average intervals of
about 0.35 nm, which corresponds to the {200} spacing of
cubic bulk KI crystals, whereas across the SWNT the spac-
ing increased to about 0.4 nm, which represents a roughly
14% tetragonal distortion.


Another interesting 1D metal-halide chain is cobalt
iodide in the SWNTs.[54] The encapsulated cobalt iodide has
a 1D complex helix rotated structure, which is unique and
unrelated to the bulk state. The diameter of the SWNT
varies from 1.1 to 1.3 nm according to the rotational orienta-
tion of encapsulated cobalt iodide nanostructures. The re-
stricted space in the SWNT and the strong interaction be-
tween the encapsulated material and the encapsulating
SWNT play an important role in the formation of such un-
usual structures.


5. Summary


Various nanopeapods have been synthesized and structurally
characterized, and their structure and properties have been
discussed. These hybrid materials have properties that are
not a simple sum of the encapsulated species and the encap-
sulating fullerenes or CNTs. Finally, recent progress in the
synthesis of novel low-dimensional materials inside CNTs
was mentioned. As a result of their well-defined and compa-
ratively simple atomic structure, CNTs can be regarded as
excellent templates not only for the creation of novel low-


dimensional materials with useful properties, but also for
the exploration of theoretical concepts in the physics,
chemistry, and materials science of low-dimensional systems.
The inner hollow space of CNTs will continue to provide an
excellent field for further research in nanometer-scale sci-
ence and technology.
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Introduction


Sodium borohydride is one of the most reliable reducing
agents in industry and the laboratory. On the other hand,
the ketoiminatocobalt complexes[1] developed by our re-
search group are a unique group of catalysts for the enantio-
selective borohydride reduction[2] of carbonyl compounds.
For instance, various ketones, imines, and a,b-unsaturated
carbonyl compounds are reduced to the corresponding sec-
ondary alcohols, amines, and carboxylates with high to ex-
cellent enantioselectivities and high efficiencies. The proto-
col of the present cobalt-catalyzed reduction is as follows: A
solution of borohydride modified by ethanol and tetrahydro-
furfuryl alcohol (THFA) was added to a solution of the car-
bonyl compound and a catalytic amount of the cobalt com-
plex. The orange solution immediately turned reddish-
violet, thus showing that the reduction had occurred
(Figure 1). The color change was also observed by the addi-
tion of the solution of borohydride to the cobalt complex.
The preliminary FAB MS analysis[3] of these solutions re-
vealed that the peak of the original cobalt complex at
697 Da disappeared and a strong peak at 698 Da [M+1]
was observed after the borohydride was added and the color
changed. These observations support the fact that the cobalt hydrides were generated as the active catalytic species and,


therefore, refute the possibility that the borohydride directly
reduced the carbonyl compound activated by the cobalt
complex and could act as a Lewis acid.
Herein, we propose the key reactive intermediate of the


highly efficient cobalt-catalyzed borohydride reduction
based on a mechanistic study involving the experimental
and theoretical investigations.


Results and Discussion


Experimental Observations


For the catalytic enantioselective borohydride reduction,
chloroform is the only solvent in which both high enantiose-


Abstract: The key reactive intermedi-
ate of borohydride reduction catalyzed
by Schiff base–cobalt complexes is pro-
posed to be the dichloromethylcobalt
hydride with a sodium cation, based on
experimental and theoretical studies. It
was revealed that chloroform is not the
solvent but the reactant that activates


the cobalt catalyst. The substrate car-
bonyl compounds are fixed and activat-
ed by the alkali cation, which is cap-


tured by the oxygen atoms of the
planar ligand and the chlorine atom of
the axial ligand, and attacked by the
hydride on the cobalt atom via a six-
membered-like transition state to
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Figure 1. Tentative mechanism for the enantioselective borohydride
ACHTUNGTRENNUNGreduction catalyzed by the cobalt(II) complex 1.
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lectivity and efficiency are realized (Table 1, entry 1). In
other solvents, such as THF and toluene (Table 1, entries 2
and 3), the reduced product was obtained in high yield, but
its ee was very low.


It was found that in THF with chloroform, the reduction
proceeded enantioselectively (Table 2, entries 1 and 2). Fur-
thermore, even in the presence of a catalytic amount of
chloroform, a high enantioselectivity was observed. Only
five equivalents of chloroform relative to the cobalt catalyst


were needed to obtain high enantioselectivity (Table 2,
entry 4). Therefore, the effect of chloroform is not only due
to the solvent effect, but chloroform itself reacted with the
cobalt complex to generate a key reactive intermediate that
catalyzed the present reduction with borohydride.
The FAB MS spectrum of the solution of cobalt complex/


borohydride was then examined in detail (Figure 2). After
treatment of the cobalt solution with the modified borohy-
dride, the peak at m/z=697 Da in the negative mode for the
original cobalt complex 2 (Figure 2a) disappeared, and a
new peak at m/z=698 Da, assigned to the cobalt hydride
complex 3, appeared (Figure 2b). Another peak was ob-
served at m/z=781 Da, which was assigned to the dichloro-
methylcobalt hydride 4 (697+1+83 Da). When borodeuter-
ide was employed in place of borohydride, a new peak at
m/z=782 Da was also detected, which was assigned to the
dichloromethylcobalt deuteride complex, along with the
peak at m/z=699 Da assigned to the cobalt deuteride com-
plex (Figure 2c).[4] When [D]chloroform and borodeuteride
were used, new peaks at m/z=783 and 699 Da, assigned to
the [D]dichloromethylcobalt deuteride and the cobalt deu-
teride complexes, respectively, were also detected (Fig-
ure 2d). These observations suggest that the dichloromethyl-
cobalt hydride intermediate could be generated as the key
reactive intermediate in the present reduction system.
To confirm the presence of the dichloromethylcobaltACHTUNGTRENNUNG(III)


complex, the UV/Vis spectra of the reduction system were
also examined (Table 3). The cobalt(II) complex 2 showed a
characteristic absorption at about 380 nm, whereas that of
the phenylcobaltACHTUNGTRENNUNG(III) complex 8 was observed at about
600 nm. After 2 was treated with the modified borohydride,
the characteristic absorption for the cobalt(II) complex dis-
appeared, and a new absorption was observed at 631 nm,
which was assigned to the corresponding alkylcobalt ACHTUNGTRENNUNG(III)
complex. This UV/Vis spectrum is similar to that of the
phenylcobaltACHTUNGTRENNUNG(III) complex with borohydride, and in both
cases, the catalyst solution turned reddish with the addition
of borohydride.
It was previously reported that a dioximatocobalt complex


and vitamin B12 readily react with an alkyl halide in the
presence of sodium borohydride to generate cobalt–alkyl
complexes. For example, a dichloromethylcobalt complex
was obtained from a dioximatocobalt complex and chloro-
form in the presence of sodium borohydride.[6] Based on
these reports and the present observations, it is reasonable
to consider that the dichloromethylcobalt hydride complex
was generated as the key reactive intermediate during the
cobalt-catalyzed borohydride reduction.
Notably, the alkali-metal cation has a crucial effect on the


reaction rate as well as the enantioselectivity during catalyt-
ic enantioselective borohydride reduction with the cobalt(II)
catalyst. As shown in Table 4, as the amount of [15]crown-5
added as sodium-cation scavenger was increased, not only
did the chemical yield and reaction rate significantly de-
creased, but so did the enantioselectivity.
Borohydrides with various countercations were next ex-


amined (Table 5). When lithium borohydride was employed


Abstract in Japanese:


Table 1. Borohydride reduction in various solvents catalyzed by the
cobalt complex.


Entry[a] t [h] Solvent Yield [%] ee [%][b]


1 15 CHCl3 94 91
2 4 THF 94 2
3 10 toluene 88 0.4


[a] Reaction conditions: 0.50 mmol substrate, 0.0050 mmol Co catalyst,
0.75 mmol NaBH4, 0.75 mmol EtOH, 10.5 mmol THFA in solvent
(8 mL), 0 8C. [b] Determined by HPLC analysis.


Table 2. Effect of amount of chloroform on yield and enantioselectivity.


Entry[a] CHCl3 [equiv]
[b] Yield [%] ee [%][c]


1 200 88 82
2 100 85 84
3 25 97 85
4 5 83 85
5 0 74 41


[a] Reaction conditions: 0.50 mmol substrate, 0.0050 mmol Co catalyst,
0.75 mmol NaBH4, 0.75 mmol EtOH, 10.5 mmol THFA in THF (8 mL),
0 8C, 14 h. [b] Relative to catalyst. [c] Determined by HPLC analysis.
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instead of sodium borohydride, the reduced product was ob-
tained in high yield along with excellent enantioselectivity
(Table 5, entry 2). Potassium borohydride produced a prod-
uct of high optical purity in relatively low yield because of
its solubility (Table 5, entry 3). The reaction with unmodi-
fied borohydride proceeded in suspension to afford the re-
duced product with slightly decreased ee, but on the whole,


the same trend was observed. In contrast, the tetraalkylam-
monium borohydrides produced the almost-racemic product
in low yield (Table 5, entries 4 and 5). These experimental
results strongly suggest that the alkali-metal cation plays an
essential part in this enantioselective reduction.


Figure 2. FAB MS spectra of a) the original cobalt complex, b) the cobalt complex treated with borohydride, c) the cobalt complex treated with
ACHTUNGTRENNUNGborodeuteride, and d) the cobalt complex treated with borodeuteride in [D]chloroform.


Table 3. UV/Vis spectra of cobalt complexes.


Entry Complex and reagents l [nm]


1 Cobalt(II) complex 2 378 318 245
2 Cobalt ACHTUNGTRENNUNG(III)–Ph complex 8 621 278 244
3 Cobalt(II) complex 2


+ modified borohydride
880 631 278 245


4 Cobalt ACHTUNGTRENNUNG(III)–Ph complex 8
+ modified borohydride


973 612 278 253


Table 4. Effect of [15]crown-5 on yield and enantioselectivity.


Entry[a] [15]Crown-5 [equiv][b] Yield [%] ee [%][c]


1 0.00 94 91
2 0.25 93 90
3 0.50 76 71
4 0.75 72 56
5 1.00 65 41
6 2.00 54 21


[a] Reaction conditions: 0.50 mmol substrate, 0.0050 mmol Co catalyst,
0.75 mmol NaBH4, 0.75 mmol EtOH, 10.5 mmol THFA in CHCl3 (8 mL),
0 8C. [b] Relative to the modified NaBH4. [c] Determined by HPLC anal-
ysis.
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Theoretical Analysis


The following cobalt hydride models were presumed for
computational analysis (Figure 3): Model A: the simple
cobalt hydride; Model B: the cobalt hydride with an axial


ligand such as the dichloromethyl group; and Model C: the
cobalt hydride with an axial ligand and a countercation,
which is the alkali-metal cation from the borohydride. On
the basis of the experimental observations above, the key re-
active intermediate was assumed to be the complex of the
sodium cation and the dichloromethylcobalt hydride
(Model C in Figure 3), although the theoretical analysis of
the reaction pathway was examined for each of the pre-
sumed Models A–C.
As the real cobalt-catalyzed borohydride-reduction


system was too large to analyze directly, a model structure


was extracted with the principle electronic effect of the reac-
tion (Figure 4). The model cobalt(II) complex 9 has a planar
coordination as a simple acacen-type complex (acacen=
N,N’-ethylenebis(acetylacetonylideneiminato)) instead of 3-
oxobutylideneaminato ligands,[7] and formaldehyde was


adopted as the representative carbonyl compound. Calcula-
tions were performed by using density functional theory at
the B3LYP/6-31G*, B3LYP/6-311G**, and B3LYP/6-311+
G** levels.[8] The singlet and triplet states were considered
for calculation of the d6 cobalt complexes, and the doublet
and quartet states for the d7 cobalt complexes. The results of
the calculations for the B3LYP/6-31G* level are shown
below.
The anionic cobalt(II) hydride 10, which corresponds to


Model A, was examined; it could be optimized successfully
in both the doublet and quartet states. The latter was more
stable than the former by 10 kcalmol�1. The structures and
relative energies are shown in Figure 5. However, the transi-
tion state (TS) for the reduction of formaldehyde could not
be obtained because the alkoxide anion product was quite
unstable, with the result that formaldehyde was separated
far from 10. The neutral cobaltACHTUNGTRENNUNG(III) hydride 11 could be op-
timized in the singlet and triplet states. Although the singlet
state was found to be more stable than the triplet and the
Co�H bond in the former was shorter than that in the
latter, the TSs could not be obtained. The cobalt hydrides
12 and 13 were then examined with chloride and dichloro-
methyl groups as axial ligands (Model B). Optimization of
both anionic cobalt hydride complexes in the ground state
was successful and revealed that the singlet states were
more stable than the triplet, although none of the TSs with
12 and 13 could be obtained due to the reason above. Based
on these trials and experiments, Model C, which includes
the sodium cation, was then examined to stabilize the in-
creasing anionic character of the oxygen atom of the formal-
dehyde in the TS. The ground-state structures were success-
fully optimized (Figure 5).[9] The singlet states were more
stable than the triplet, and the Co�H bond shortened slight-
ly by coordination of the sodium cation. The TS of the re-
duction was first obtained by using the complex 14 with
chloride as the axial ligand. However, the energy of the


Table 5. Effect of the countercations of the borohydrides on yield and
enantioselectivity.


Entry Borohydride Modified conditions[a] Unmodified conditions[b]


Yield [%] ee [%][c] Yield [%] ee [%][c]


1 NaBH4 90 94 90 80
2 LiBH4 94 95 86 93
3 KBH4 13 89 2 72
4 Et4NBH4 52 2 30 –
5 Bu4NBH4 51 3 46 7


[a] Reaction conditions: The borohydride (0.75 mmol) was treated with
EtOH (0.75 mmol) and THFA (10.5 mmol) in CHCl3 until 2 equivalents
of H2 evolved relative to the borohydride. The solution was added to a
solution of substrate (0.50 mmol) and 1 (0.005 mmol) in CHCl3 (8 mL) at
0 8C. The mixture was then stirred for 20 h. [b] Reaction conditions: A
suspension of borohydride (0.75 mmol) in EtOH (0.75 mmol), THFA
(10.5 mmol), and CHCl3 was added to a solution of substrate (0.50 mmol)
and 1 (0.005 mmol) in CHCl3 (8 mL) at 0 8C. The mixture was then stir-
red for 20 h. [c] Determined by HPLC analysis.


Figure 3. Presumed models of the cobalt hydride intermediates.


Figure 4. Model and examined cobalt complexes.
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product obtained by geometry optimization after the intrin-
sic reaction coordinate (IRC) calculation was higher than
that of the reactant.[10] When the dichloromethyl complex 15
was employed, the TS could be optimized, and the product
was more stable than the reactant. The optimized TS struc-
tures and the energy profile are shown in Figures 6 and 7,
respectively.[9,11,12] Throughout the reaction, the singlet state
was more stable than the triplet state. The sodium cation
was coordinated by two oxygen atoms of the ligand and one
chlorine atom of the dichloromethyl group at the axial site.
Along the reaction pathway, the distance between the
sodium atom and oxygen atoms of the ligand changed only
slightly, whereas that between the sodium atom and alde-
hyde oxygen atom was shortened.
Based on the experimental and theoretical analyses, the


mechanism of the cobalt(II)-catalyzed borohydride reduc-
tion is proposed as follows: in the presence of chloroform,
the original cobalt complex reacts with the hydride reducing


agent to generate the corresponding dichloromethylcobalt
hydride with the sodium cation intermediate 15. Ketones co-
ordinate the sodium cation, which leads to the activation
and stereochemical alignment of the carbonyl group.[13]


From the intermediate, the hydride on the cobalt atom at-
tacks the carbonyl carbon to form a six-membered-like TS.
Coordination by both the chlorine and oxygen atoms of the
ligand in the TS is essential. After the TS, the anionic char-
acter of the oxygen atom is delocalized to the cationic
sodium ion.


Conclusions


We have proposed that the dichloromethylcobalt hydride
with the sodium cation is the key reactive intermediate of
cobalt-catalyzed borohydride reduction on the basis of ex-
perimental and theoretical studies. The oxygen atoms of the
planar ligand and a chlorine atom of the axial ligand cap-
tures the sodium ion, which activates the carbonyl com-
pounds and fixes the stereochemistry (Figure 8).[14]


Experimental Section


General


1H NMR spectra were recorded on a JEOL model EX-270 (270 MHz)
spectrometer with CDCl3 as the solvent and tetramethylsilane (TMS;
0.00 ppm) as the internal standard. High-performance liquid chromatog-
raphy (HPLC) was performed with a Shimadzu LC-6A chromatograph
and an optically active column (Daicel Chiralcel OD-H); the peak areas
were obtained by using the Shimadzu LCsolution software. FAB mass
spectra were obtained on a JEOL JMS-700 mass spectrometer with 3-ni-
trobenzyl alcohol as the matrix and 10-kV acceleration voltages. UV/Vis
spectra were recorded on a Shimadzu model UV mini-1240 spectrome-
ter.


Computational Methods


The Gaussian 98 program was used for the structure calculations.[8] Ge-
ometry optimizations were performed with density functional theory at
the generalized gradient approximation through the use of the B3LYP


Figure 5. Optimized structures and relative energies of cobalt hydrides at the B3LYP/6-31G*//B3LYP/6-31G* level. S= singlet, D=doublet, T= triplet,
Q=quartet.


Figure 6. Optimized transition states of cobalt hydride at the B3LYP/6-
31G*//B3LYP/6-31G* level. Results at the B3LYP/6-311+G**//B3LYP/6-
311+G** level are shown in parentheses.
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hybrid functional. The implemented 6-31G*, 6-311G**, and 6-311+G**
basis sets were used for the analysis. As for the d orbital, 5d functions
were used. The frequency calculations were performed for all the struc-
tures obtained at the same level. All the frequencies were real for the
ground states, and one imaginary frequency existed for the TSs. Vectors
of the imaginary frequencies directed the reaction mode, and the IRC
calculations were further performed to confirm that the TSs obtained
were the saddle points on the energy profile from the reactant to the
product. The zero-point energy correction and Gibbs free energies were
calculated without scaling at 0 and 298.15 K, respectively. The stability of
all the wavefunctions obtained in the multiplet states was confirmed.


Typical Procedure for the Enantioselective Reduction of Valerophenone


Preparation of the modified sodium borohydride: EtOH (0.06 mL,
1 mmol) and THFA (1.36 mL, 14 mmol) were added to a suspension of
NaBH4 (37.8 mg, 1 mmol) in CHCl3 (4 mL) at 0 8C under dry nitrogen.
The mixture was stirred for 3 h at 0 8C.


Preparation of the modified lithium borohydride: EtOH (0.06 mL,
1 mmol) and THFA (1.36 mL, 14 mmol) were added to a suspension of
LiBH4 (21.8 mg, 1 mmol) in CHCl3 (4 mL) at 0 8C under dry nitrogen.
The mixture was stirred for 1 h at 0 8C.


Preparation of the modified potassium borohydride: EtOH (0.06 mL,
1 mmol) and THFA (1.36 mL, 14 mmol) were added to a suspension of
KBH4 (54.0 mg, 1 mmol) in CHCl3 (4 mL) at 0 8C under dry nitrogen.
The mixture was stirred for 3 h at 0 8C.


Preparation of the modified ammoni-
um borohydride: EtOH (0.06 mL,
1 mmol) and THFA (1.36 mL,
14 mmol) were added to a suspension
of Et4NBH4 (145.1 mg, 1 mmol) in
CHCl3 (4 mL) at 0 8C under dry nitro-
gen. The mixture was stirred for 3 h
at 0 8C.


Preparation of the unmodified boro-
hydride: EtOH (0.06 mL, 1 mmol)
and THFA (1.36 mL, 14 mmol) were
added to a suspension of NaBH4


(37.8 mg, 1 mmol) in CHCl3 (4 mL) at
0 8C under dry nitrogen. The mixture
was stirred for 2 min at 0 8C.


Enantioselective reduction of valero-
phenone: Valerophenone (0.05 mmol)
and the (R,R)-cobalt catalyst (1,
2.9 mg, 0.0005 mmol, 1.0 mol% rela-
tive to valerophenone) were dissolved
in CHCl3 (5 mL) and cooled to 0 8C
under dry nitrogen. The solution of
modified borohydride (4.1 mL,
0.75 mmol) was then added, and the
reaction mixture was stirred for 20 h
at 0 8C. The reaction was quenched
by the addition of phosphate buffer
(2 mL). The reaction mixture was ex-
tracted with EtOAc. The combined
organic extracts were washed with


brine and dried over anhydrous sodium sulfate. After filtration and evap-
oration, the residue was purified by silica-gel column chromatography
(hexane/EtOAc) to afford the corresponding 1-phenyl-1-pentanol. The
enantioselectivity was determined by HPLC analysis (Daicel Chiralpak
OD-H, EtOH/hexane).


1-Phenyl-1-pentanol: 1H NMR (270 MHz, CDCl3, TMS): d=0.88
(t,3JH,H=6.8 Hz, 3H), 1.22–1.42 (m, 4H), 1.64–1.82 (m, 2H), 1.90 (s, 1H),
4.65 (t, 3JH,H=5.2 Hz, 1H), 7.26 ppm (m, 5H); HPLC: Daicel Chiralpak
OD-H, 1% ethanol in hexane, flow 0.8 mLmin�1, major 17.3 min, minor
21.3 min.
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Synthesis of Anatase TiO2 ACHTUNGTRENNUNGNanoparticles with b-Cyclodextrin ACHTUNGTRENNUNGas a
Supramolecular Shell


Landong Li, Xiaohong Sun, Yali Yang, Naijia Guan, and Fuxiang Zhang*[a]


Introduction


Recently, metal oxides with nanostructures have attracted
extensive attention for their fundamental size-dependent
properties and important technological applications.[1–5] TiO2


is one of the most-studied oxides due to its widespread ap-
plication in solar-energy conversion,[6,7] photocatalysis,[8–10]


ultrathin capacitors,[11] sensors,[12] and so on. TiO2 exists in
nature in three distinct crystal phases: anatase, rutile, and
brookite. Each phase exhibits different physicochemical
properties, and anatase is the most important for its extraor-
dinarily high photochemical activity.
Much effort has been focused on the synthesis of anatase


TiO2 nanoparticles with high purity and controlled particle
size. Sol-gel processing and microemulsions prove to be suc-
cessful methods and have been extensively studied.[13–20]


However, with a few exceptions,[13, 14] both methods typically
either produce amorphous titanium dioxide[15,16] or result in
the presence of chemical impurities.[17] To obtain pure ana-
tase with high crystallinity, a subsequent calcination or an-


nealing process is usually necessary, which leads to grain
growth and agglomeration.[18–20] Hydrothermal or solvother-
mal processing, carried out at relatively high temperatures,
can directly provide crystalline anatase TiO2, but the ag-
glomeration of the obtained anatase particles is also un-
avoidable.[21, 22]


Organic shells in the synthesis system can attach to the
surface of the particles, and a bulky component within the
molecule can provide spatial isolation of the nanoparticles
from the environment and prevent the agglomeration
caused by van der Waals interparticle attractions.[20] Well-
dispersed anatase nanoparticles can be obtained by wet-
chemistry methods involving the functional groups of vari-
ous organic shells, so-called surfactants or capping li-
gands.[23–25] However, the synthesis processes are usually
quite complicated, and the organic shells used are not easily
available or even toxic, for example, trioctylphosphine oxide
(TOPO).[24]


CDs (cyclodextrins) are cyclic oligosaccharides that con-
sist of covalently linked glucose units (6 units=a-CD, 7
units=b-CD, 8 units=g-CD), which are characterized by a
hydrophilic exterior and a hydrophobic interior.[26] The iden-
tities of encapsulating organic molecules and self-assembly
have led to the intensive studies of CDs and their inclusion
complexes.[26–28] Many nanostructured organic compounds
and composites have been constructed by the self-assemblies
of CDs. Although the hydroxy group was also known to me-
diate compatibility with an inorganic-oxide matrix through


Abstract: We report a novel, green hy-
drothermal-synthesis route to well-dis-
persed anatase TiO2 nanoparticles with
particle sizes of 9–16 nm in the pres-
ence of b-CD (b-cyclodextrin). During
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ing synthesis mixture assembled in
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long-chain compounds, whereas in the
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form regular aggregates through coor-
dination with the Ti species from the
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and the steric hindrance of b-CDs as a
supramolecular shell, homogeneous
nuclei and slow growth of TiO2 crystals
during the synthesis process was ob-
served, which was responsible for the
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hydrogen bonding,[29,30] to the best of our knowledge, the
effect of CDs on the synthesis and construction of inorganic
oxides instead of organic compounds is still unavailable.
Herein, an improved hydrothermal route with environ-


mentally friendly b-CD is employed for the preparation of
anatase TiO2. The self-assembly of CDs in this synthesis
system is studied, and its use in the production of inorganic
nanoparticles is discussed.


Results and Discussion


Figure 1 shows the XRD patterns of the samples synthesized
at different pH values. Only amorphous TiO2 was observed
under neutral conditions (pH 7), and anatase TiO2


(JCPDS 21–1272) with high crystallinity was obtained under
moderately alkaline conditions (pH 8–11) without impurities
of the rutile or brookite phase. However, in stronger alka-
line conditions (pH 12), the formation of titanate[31] was ob-
served.
The average size of the synthesized anatase TiO2 particles


was estimated according to the Debye–Scherrer equation
[Eq. (1)]:[32]


D ¼ Kl=ðbcosqÞ


where D is the average crystal diameter, b is the corrected
peak width (full width at half maximum), K is a constant re-
lated the shape of the crystallites, l is the wavelength of the
X-rays employed (CuKa 0.154 nm), and q is the diffraction
angle. The width of the diffraction peak with the highest in-
tensity (101) was selected for the calculation. The average
diameter thus estimated for anatase TiO2 samples synthe-
sized at different pH values are displayed in Figure 2. The


average particle size of anatase TiO2 is dependent on the al-
kalinity of the synthesis system, and an increase in the aver-
age grain size can be observed with increasing alkalinity. In
the hydrothermal synthesis system, hydroxy ions act as min-
eralizers for the formation of the crystalline product. A
higher concentration of hydroxy ions accelerates the crystal-
lization process and thus leads to an increase in grain size.
Typical TEM images of TiO2 particles synthesized at dif-


ferent pH values are shown in Figure 3. Under neutral con-
ditions (pH 7; Figure 3a), ultrasmall wormlike TiO2 particles
could be observed, which proved to be amorphous by XRD
analysis. Under strongly alkaline conditions (pH 12; Fig-
ure 3 f), titanate nanowires, confirmed by XRD analysis,
were obtained. Under moderately alkaline conditions
(pH 8–11; Figure 3b–e), well-dispersed TiO2 nanoparticles
could be observed, and the average particle size obtained
from TEM analysis were in good agreement with the results
estimated from [Eq. (1)]. As far as the size distribution and
the dispersion of TiO2 particles are concerned, the optimal
pH value for the synthesis was determined to be 10. A fur-
ther TEM analysis of the sample synthesized at pH 10 is dis-
played in Figure 4. The enlarged overview TEM image (Fig-
ure 4a) shows entire well-dispersed spherical nanoparticles
with a homogeneous size of 9–16 nm, which was further
proved by the size-distribution curve in Figure 4d. The high-
resolution TEM image (Figure 4b) shows a typical particle
size of about 12 nm with well-defined lattice planes and a
neat surface. The crystallinity and crystal structure of the
sample were further confirmed by selected-area electron-dif-
fraction analysis (Figure 4c): all diffraction rings correspond
to pure anatase TiO2.
Hydrothermal synthesis usually leads to the aggregation


of bulk particles due to van der Waals interparticle attrac-
tions.[20] However, well-dispersed anatase nanoparticles with
uniform particle sizes were obtained by hydrothermal syn-
thesis in the presence of b-CD herein. It is proposed that b-
CD, with multiple hydroxy groups, can adsorb onto certain


Figure 1. XRD patterns of synthesized anatase TiO2 samples. Synthesis
conditions: crystallization temperature=150 8C, crystallization time=
48 h, pH 8–12.


Figure 2. Effect of solution pH on particle size of anatase TiO2 obtained.
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crystal planes or chelate with the Ti atoms to result in steric
hindrance, similar to conventional surfactants and capping
ligands.[20] Furthermore, the self-assembly of b-CD in water
may also provide the template for TiO2 crystallization. To
understand the function of b-CD herein, the changes in the
structure and morphology of b-CD during the synthesis
were studied.


b-CD (raw material) and the liquid-phase product ob-
tained after synthesis were analyzed by NMR spectroscopy
(Figure 5). Butanol, which should come from the hydrolysis
of tetrabutyl titanate (TBOT), was found in the liquid phase
after synthesis. No obvious change in the structure of b-CD
could be observed after hydrothermal synthesis, as indicated
by the unchanged peaks of 1-H–6-H. However, the amount
of H atoms in the hydroxy groups of b-CD was reduced, be-
cause some of the weakly acid protons could be balanced
out by the hydroxy ions in the synthesis system. As deduced
from the NMR spectroscopic results, the b-CD did not par-
ticipate in the reaction to produce anatase TiO2; it probably
acted as a pure template for homogenous TiO2 nanoparti-
cles.


For a better understanding of the template function of b-
CD, the synthesis mixture (b-CD+TBOT+NaOH+H2O)
before and after crystallization was analyzed by TEM
(Figure 6). Though proven in theory, to the best of our
knowledge, CD-containing solutions are difficult to analyze,
and information about the assembly of CDs in water is
rather limited.[29] As seen in Figure 6a, self-assembly of the
CD-containing synthesis mixture into long chains with
widths of about 20 nm was clearly observed. The composites
were homogeneously amorphous, as indicated by the select-
ed-area electron-diffraction pattern in the inset. Ti could be


Figure 3. TEM images of TiO2 samples synthesized at different pH
values. a) pH 7; b) pH 8; c) pH 9; d) pH 10; e) pH 11; f) pH 12.


Figure 4. TEM analysis of a sample of anatase TiO2 synthesized at pH 10.
a) Overview image; b) high-resolution image; c) selected-area electron-
diffraction analysis; d) particle-size distribution.


Figure 5. 1H NMR spectra of b-CD and the liquid phase in dimethyl
ACHTUNGTRENNUNGsulfoxide (DMSO) after hydrothermal synthesis. Synthesis conditions:
ACHTUNGTRENNUNGcrystallization temperature=150 8C, crystallization time=48 h, pH 10.
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found in the composites, according to the results of the EDS
analysis (Figure 6c). Through this hydrothermal process,
well-dispersed anatase TiO2 nanoparticles with a uniform
particle size can grow inside b-CD shells and finally precipi-
tate from the assembled composites (Figure 6b). The residu-
al Ti-free organic assembly can be removed by washing with
N,N-dimethylformamide (DMF) or hot water to obtain the
pure anatase TiO2 nanoparticles.


b-CDs can self-assemble into regular composites and co-
ordinate with Ti4+ ions (the initial nucleus for crystalline
TiO2). In view of the strong coordination ability of the hy-
droxy groups of b-CD and the rapid hydrolysis of TBOT,
the rate of nucleation of the Ti species should be very high,
leading to the formation of ultrathin homogeneous crystal
nuclei on the composites of b-CD assembly. On the other
hand, these composites acted as the supramolecular shell of
the Ti species and greatly suppressed the growth and aggre-
gation of Ti nuclei due to its steric hindrance. The rate of
crystallization of TiO2 was thus decreased. Furthermore, the
mineralizers (hydroxy ions) were adsorbed onto the hydro-
phobic interior of b-CD (physisorption),[34] thus further
slowing the crystallization process of titania during the hy-
drothermal synthesis. As a result of all the above factors,
the rapid nucleation and slow crystallization of titania was
obtained in the presence of b-CDs, which led to the forma-
tion of uniform titania nanoparticles.
There is still the question of how b-CD and the Ti species


assemble to form regular organic–inorganic composites.
Based on the special properties of b-CD, a concise self-as-
sembly process is proposed. There are many hydroxy groups
on the b-CD molecules, and those at the C6 positions (so-
called primary face hydroxy groups) are the most active.[26]


In aqueous solution, the Ti species produced from the hy-
drolysis of TBOT can adsorb onto these hydroxy groups,


preferentially on the primary face groups, by hydrogen
bonding (Figure 7a). As for each b-CD molecule, the selec-
tive adsorption of the Ti species on the hydroxy groups of b-
CD can be proposed as displayed in Figure 7b: the Ti spe-
cies are adsorbed onto the hydroxy groups all around the b-


CD molecule. In the synthesis mixture (b-CD+TBOT+
NaOH+H2O), the assembly of b-CD occurs in two direc-
tions: both longitudinal and latitudinal. In the longitudinal
direction, the b-CDs assemble into long chains (Figure 7c),
and this kind of assembly is driven by the intermolecular
forces between the b-CD molecules. Each b-CD molecule
contains a hydrophilic exterior and a hydrophobic interi-
or.[26] In solution, attractive forces exist between the hydro-
philic exteriors of different b-CD molecules. The lowest-
energy arrangement is for b-CD to line up in solution, but
with slightly bent or staggered geometries.[29,33] In the latitu-
dinal direction, b-CDs tend to form regular aggregates
through intermediate Ti species (Figure 7d). As for each b-
CD molecule, the Ti species can adsorb onto the hydroxy
groups all around the b-CD molecule (Figure 7b). For a so-
lution with a high concentration of b-CD, the Ti species
should adsorb onto the hydroxy groups of different b-CD
molecules with equal opportunity and thus couple to differ-
ent b-CD molecules. As opposed to longitudinal assembly,
the presence of the Ti species is indispensable for assembly
in the latitudinal direction. Thus, b-CD and the Ti species
assemble to form regular organic–inorganic composites in
both longitudinal and latitudinal directions.


Figure 6. a) TEM images of synthesis mixture before crystallization.
Inset: electron-diffraction pattern; b) TEM images of synthesis mixture
after crystallization; c) EDS spectrum of synthesis mixture before crystal-
lization.


Figure 7. Proposed self-assembly process of b-CD and the Ti species.
a) Preferred adsorption of Ti at a certain position on b-CD; b) single b-
CD molecule with adsorbed Ti species around; c) longitudinal assembly
for b-CD in synthesis mixture; d) latitudinal assembly for b-CD in syn-
thesis mixture.
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Conclusions


We have reported an improved hydrothermal route to pure
anatase TiO2 nanoparticles with b-CD as a supramolecular
shell. During the synthesis process, b-CD assembles in both
longitudinal and latitudinal directions to form ordered or-
ganic–inorganic composites with the Ti species. The latter is
then greatly stabilized inside the supramolecular shell of b-
CD, and the aggregation of anatase TiO2 particles during
crystallization is suppressed to a great extent. Thus, well-dis-
persed pure anatase TiO2 with uniform particle size can be
obtained.
Compared to other synthesis methods, the method report-


ed herein exhibits many advantages that can be summarized
as follows:


1. It is a green synthesis method; all starting materials, in-
cluding the supramolecular shell b-CD, are nontoxic and
easily available.


2. Well-dispersed pure anatase nanoparticles with high crys-
tallinity and uniform particle size can be obtained direct-
ly through this simple hydrothermal synthesis route, and
no posttreatment is needed.


3. The simple aqueous synthesis system, high yield
(>90%), and relatively low b-CD dosage make this syn-
thesis route suitable for large-scale and industrial synthe-
sis of anatase TiO2 nanoparticles. Furthermore, the b-CD
is renewable after the synthesis through a simple extrac-
tion process.


4. Based on the mechanism, hydrothermal synthesis with b-
CD as a supramolecular shell is a promising route that
can be further developed for the production of other
metal oxides. Other supramolecular compounds with
similar properties of self-assembly can also be used as
supramolecular shells for the synthesis of nanostructure
metal oxides.


Experimental Section


All chemicals were analytical grade and used without further purification.
In a typical synthesis, b-CD (10 mmol) was dissolved in deionized water
(180 mL) at a constant temperature of 60 8C, and TBOT (100 mmol) was
added dropwise with vigorous stirring. The pH of the solution was adjust-
ed by adding sodium hydroxide. After homogenization for about 2 h, the
mixture obtained was transferred into a teflon-lined autoclave (250 mL
capacity) for crystallization at 150 8C for 48 h. The resulting precipitate
was separated from the liquid phase by centrifugation and then washed
with DMF to remove the b-CD of other organic compounds remaining.
The final product was dried at 80 8C overnight and appeared as a fine
white powder.


The synthesized TiO2 samples were characterized by XRD performed on
a Rigaku D/max 2500 diffractometer with a graphite monochromator and
CuKa radiation. TEM images of samples were acquired on a Tecnai G2 20
S-TWIN transmission electron microscope at an acceleration voltage of
200 kV. Energy dispersive X-ray spectroscopy (EDS) was performed on
an EDAX Genesis instrument. The b-CDs before and after hydrothermal
synthesis were analyzed by 1H NMR spectroscopy on a Varian Mercury
Vx 300 spectrometer with sample solutions in DMSO.
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Introduction


Biologically active natural products and their derivatives are
effective biochemical probes for the elucidation of new drug
targets.[1] The combinatorial synthesis of small molecules
based on the structures of these natural products is an effec-
tive and promising route to the development of new bio-


chemical probes, which frequently requires novel and di-
verse synthetic strategies and methodologies instead of tra-
ditional approaches for the total synthesis of natural prod-
ucts.[2] We recently investigated the combinatorial syntheses
of small molecule libraries based on the structures of natural
products.[3] Solid-phase synthesis is a powerful tool for the
rapid assembly of small molecules owing to the ease of ma-
nipulation and the adaptability to a split-and-pool methodol-
ogy. However, optimization of reaction conditions in solid-
phase synthesis frequently requires more time than in solu-
tion. Furthermore, solid-phase synthesis sometimes requires
specific functional groups on the target compounds for load-
ing onto polymer supports. On the other hand, polymer-as-
sisted solution-phase synthesis that utilizes filterable solid-
supported reagents, catalysts, and scavengers has recently
emerged as an alternative method for the high-speed synthe-
sis of small molecules.[4] It allows one to monitor reactions
by conventional methods. Workup and purification involves
only washing and filtration, which are relatively simple pro-
cedures.
The compounds D12-PGJ2 (1), 15-deoxy-D12,14-PGJ2


(15dPGJ2; 2), and D
7-PGA1 (3) (Figure 1) are metabolites of


cyclopentenone prostanoids PGA2, PGA1, and PGJ2, respec-
tively, and exhibit various biological activities, including


Abstract: An efficient solution-phase
synthesis of rac-15-deoxy-D12,14-PGJ2
(15dPGJ2) derivatives that contain var-
iable a and w chains based on a poly-
mer-assisted strategy and their neurite-
outgrowth-promoting activity are de-
scribed. The strategy for the synthesis
of PGJ2 derivatives involves the use of
a vinyl iodide bearing cyclopentenone
as a key intermediate, which undergoes
Suzuki–Miyaura coupling and subse-
quent Lewis acid catalyzed aldol con-
densation for incorporation of the w


and a chains, respectively. For easy


access to the PGJ2 derivatives, a poly-
mer-supported catalyst and scavengers
were adapted for use in these four di-
verse steps, in which workup and pu-
rification can be performed by simple
filtration of the solid-supported re-
agents. By using this methodology, we
succeeded in the synthesis of 16 PGJ2


derivatives with four alkyl boranes and
four aldehydes. The neurite-outgrowth-
promoting activity of the 16 synthetic
compounds in PC12 cells revealed that
the side-chains play a major role in
modulating their biological activity.
The carboxylic acid on the a chain im-
proved the biological activity, although
it was not absolutely required. Further-
more, a PGJ2 derivative with a phenyl
moiety on the w chain was found to ex-
hibit an activity comparable to that of
natural 15dPGJ2.
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anti-inflammatory, antineoplastic, and antiviral activities.[5]


In 1995, 2 was reported to be a high-affinity ligand for the
nuclear receptor PPARg and to modulate gene transcription
by binding to this receptor by alkylation with the highly re-
active cross-conjugated dienone system.[5a] Satoh, Watanabe,
and co-workers recently reported that 2 promoted neurite
outgrowth from PC12 cells.[6] In both cases, the cross-conju-
gated dienone moiety was found to be critical for biological
activity, and 2 exhibited a stronger activity than 1. These re-
sults suggest that the diene moiety on the w chain is a signif-
icant factor and is related to the biological activities of such
compounds. We envisaged that the variation of the a and w


chains of 2 would be an effective strategy for the develop-
ment of new chemical probes to identify the target proteins
related to the various biological activities promoted by 2.
However, most of the established methodologies for the syn-
thesis of cross-conjugated prostanoids are based on tradi-
tional solution-phase synthesis.[7] Furthermore, established
solid-phase syntheses of various prostaglandins require the
presence of a hydroxy group on the cyclopentenone unit for
loading of the substrate,[8] which is not available in 2. There-
fore, an effective method for the synthesis of the D12-PGJ2
derivatives continues to be sought after.[8] Herein we de-
scribe the efficient polymer-assisted solution-phase synthesis
of rac-D12-PGJ2 derivatives with variable a and w chains and
their neurite-outgrowth-promoting activities.


Results and Discussion


The strategy for the polymer-assisted solution-phase synthe-
sis of the D12-PGJ2 derivatives 4 is shown in Scheme 1. Cy-
clopentenone 5, which contains a vinyl iodide, was designed
as a key intermediate and can be subsequently coupled with


the a chain by Suzuki–Miyaura coupling with alkyl boranes
6 and the w chain by Lewis acid catalyzed aldol condensa-
tion of 5 with aldehydes 7 via the silyl enol ether 11. b Elim-
ination of the resulting aldol products 13 provides the cross-
conjugated dienones 4. Lewis acid catalyzed aldol condensa-
tion via 11 enables the incorporation of base-labile function-
al groups into the a and w chains and provides the erythro-
aldol products 13 through an open transition state; these
products smoothly undergo b elimination to afford the de-
sired E olefins 4. The diene intermediate 11 may undergo
isomerization to the stable multisubstituted diene 12
through a 1,5 hydride shift.[9] Cyclopentenone 5 can be pre-
pared by the electrophilic cycloaddition of propargyl halide
9 to cyclopentadiene (8). For easy access to the PGJ2 deriva-
tives 4, polymer-supported reagents and scavengers could be
adapted for the four diverse steps from the common inter-
mediate 5.
The synthesis of 5 is shown in Scheme 2. The diastereo-


meric mixture of rac-substiuted cyclopentene 14 was pre-
pared from cyclopentadiene (8) and propargyl bromide (9)
according to the established procedure.[10] Protection of the
secondary alcohol 14 with TBSCl followed by iodination of
the terminal acetylene with NIS and AgNO3 afforded the al-
kynyl iodide 15 in 78% yield over two steps. The hydrobora-
tion of acetylene 15 with Cy2BH followed by acidic hydroly-
sis provided the cis-vinyl iodide 16 in 68% yield.[11] Depro-
tection of the TBS ether followed by oxidation of the result-
ing alcohol provided enone 5 in 82% yield over two steps.
The synthesis of 15-deoxy-D12,14-PGJ2 methyl ester (4aA)


from 5 was examined next (Scheme 3). The vinyl iodide 5
was treated with pentyl 9-BBN 6a (1.5 equiv) in the pres-
ence of [PdCl2 ACHTUNGTRENNUNG(dppf)] (5 mol%) and Ph3As (20 mol%),


Figure 1. Structure of mammalian cross-conjugated prostanoids 1, 2, and
3.


Scheme 1. Strategy for the synthesis of the 15dPGJ2 derivatives 4.
9-BBN=9-borabicycloACHTUNGTRENNUNG[3.3.1]nonane, LA=Lewis acid.


Abstract in Japanese:


670 www.chemasianj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2006, 1, 669 – 677


FULL PAPERS







H2O, and CsCO3 (2.0 equiv) in DMF at 60 8C for 30 min to
provide enone 17a in 84% yield. The use of [Pd ACHTUNGTRENNUNG(PhP3)4] as
a catalyst resulted in a comparable yield of 17a (84%).
Lewis acid catalyzed aldol condensation via sily ether 18a
was examined. Treatment of 17a with TBSOTf and NEt3 at
0 8C for 20 min provided 18a. Subsequent treatment of 18a
with aldehyde 7A in the presence of BF3·Et2O (20 mol%)
provided aldol product 19aA in 68% yield as a single dia-
stereomer along with the recovered 17a in 8% yield.
1H NMR spectroscopic analysis of 19aA (JC12,C13=3.4 Hz)
indicated that the Lewis acid catalyzed aldol condensation
of 17a resulted in the ACHTUNGTRENNUNGerythro-aldol product 19aA. The 1,5
hydride shift of 18a did not occur during the reaction and
workup. The corresponding trimethyl and triethyl silyl enol
ethers did not function well in the aldol condensation and


gave decreased product yields. Finally, treatment of 19aA
with MsCl in the presence of DMAP resulted in mesylation
and b elimination to afford 4aA in 78% yield, along with
the Z isomer in 7% yield.
The polymer-assisted synthesis of 4aA from 5 was exam-


ined next (Scheme 4). Vinyl iodide 5 was treated with 6a
(1.5 equiv) in the presence of polymer-supported (PS) palla-


dium catalyst[12] (5 mol%, 20 mol% based on 5), H2O
(20 equiv), and CsCO3 (2.0 equiv) in DMF at 60 8C for
30 min, followed by filtration of the reaction mixture to
remove the catalyst, to provide 17a. The filtrate was passed
through a pad of silica gel (Presep) to remove small
amounts of H2O, the salts, and the remaining 6a. The Lewis
acid catalyzed aldol condensation via 18a was examined.
Treatment of the crude 17a with TBSOTf and NEt3 at 0 8C
for 20 min provided 18a. The reaction mixture was neutral-
ized with PS carbonate.[13] Silyl ether 18a then reacted with
aldehyde 7A in the presence of BF3·Et2O (20 mol%).
BF3·Et2O and the remaining aldehyde were removed by
treatment with PS diamines.[14] Finally, treatment of 19aA
with MsCl in the presence of PS 1,5,7-triazabicyclo-
ACHTUNGTRENNUNG[4.4.0]dec-5-ene (TBD)[15] resulted in mesylation and b elim-
ination to afford 4aA. Solid-supported DMAP did not per-
form well in the b-elimination step. Purification of the crude
product by silica-gel chromatography provided 4aA in 35%
overall yield based on 5. The average yield in each of the
four diverse steps was 77%.


Scheme 3. Reagents and conditions: a) 6a, [Pd ACHTUNGTRENNUNG(PPh3)4], Ph3As, H2O,
CsCO3, DMF, room temperature, 84%; b) TBSOTf, NEt3; c) 7A,
BF3·OEt2, CH2Cl2, 68%; d) MsCl, DMAP, CH2Cl2, 78%. DMAP=4-di-
methylaminopyridine, DMF=N,N-dimethylformamide, Ms=methanesul-
fonyl, Tf= trifluoromethanesulfonyl.


Scheme 4. Reagents and conditions: a) H2O (20 equiv), CsCO3, DMF;
b) TBSOTf, NEt3; c) BF3·OEt2, CH2Cl2; d) MsCl, CH2Cl2, 35% from 5.


Scheme 2. Reagents and conditions: a) TBSCl, imidazole, CH2Cl2, 0 8C;
b) NIS, AgNO3, THF, room temperature, 78%; c) Cy2BH, Et2O, room
temperature, then, AcOH, room temperature, 68%; d) CSA, MeOH,
0 8C; e) MnO2, CH2Cl2, room temperature, 82%. CSA=camphor-10-sul-
fonic acid, Cy=cyclohexyl, NIS=N-iodosuccinimide, TBS= tert-butyldi-
methylsilyl.
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The utility of the established methodology was demon-
strated by the combinatorial synthesis of a small set of D12-
PGJ2 derivatives 4 with four alkyl boranes 6a–d and four al-
dehydes 7A–D (Figure 2). In the synthesis of alcohols 4eA–
D, the TBS group was removed by additional exposure to


mildly acidic conditions, followed by neutralization with PS
carbonate.[13] Figure 3 shows all the structures of the deriva-
tives 4. The D12-PGJ2 derivatives 4aA–D, 4bA–D, and 4eA–
D were obtained in good total yields (Figure 3 and Table 1).
However, the yields of the phenyl derivatives 4cA–D were
only moderate owing to the instability of the corresponding
enol ether 18c.
We next examined the neurite-outgrowth-promoting activ-


ity of 4 in PC12 cells. This was estimated by treatment of
PC12 cells with 4 (1.0 mm) and nerve growth factor (NGF;
1.5 ngmL�1) (Figure 4).[15] The results clearly suggest that


the carboxylic acid on the a chain is important for the en-
hancement of these effects, but that it is not absolutely nec-
essary for biological activity. Furthermore, the neurite-out-
growth-promoting activity of 4cC, which contains a phenyl
group on the a chain, was found to be comparable to that of
15dPGJ2. The effectiveness of the phenyl moiety on the
side-chains for neurite-outgrowth-promoting activity was
elucidated in the study of PGA1 derivatives.


[6b]


Conclusions


We have demonstrated herein the efficient combinatorial
synthesis of the D12-PGJ2 derivatives with variable a and w


chains based on a polymer-assisted solution-phase synthetic


Figure 2. Building blocks for the synthesis of a small library.


Figure 3. Structures of the small PGJ2 combinatorial library 4.


Table 1. Synthesis of the small combinatorial library 4.


Entry Alkylborane Aldehyde Product Yield [%][a]


1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16


6a
6a
6a
6a
6b
6b
6b
6b
6c
6c
6c
6c
6d
6d
6d
6d


7A
7B
7C
7D
7A
7B
7C
7D
7A
7B
7C
7D
7A
7B
7C
7D


4aA
4aB
4aC
4aD
4bA
4bB
4bC
4bD
4cA
4cB
4cC
4cD
4eA
4eB
4eC
4eD


35
20
36
29
30
23
33
31
16
10
18
12
26
18
30
29


[a] Yields of 4 were based on 5.
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strategy. Lewis acid catalyzed aldol condensation with silyl
dienol ether was found to be effective for the introduction
of the w chain to the cyclopentenone core with an ester
group. Furthermore, solid-supported reagents and scaveng-
ers can minimize the manipulations required in the diverse
steps. By using the established method, we succeeded in the
synthesis of a small combinatorial 15dPGJ2 library. Biologi-
cal assays that elucidated neurite-outgrowth-promoting ac-
tivity in PC12 cells revealed that the side-chains influenced
the outgrowth-promoting activity. The carboxylic acid on
the a chain was found to be particularly important for en-
hancement of these effects, but it was not absolutely re-
quired for biological activity. Also, the neurite-outgrowth-
promoting activity of 4cC, which contains a phenyl group
on the w chain, was found to be comparable to that of 2. A
totally solid-assisted synthetic methodology would be effec-
tive in decreasing the requisite time for the synthesis of the
library of compounds in comparison with traditional solu-
tion-phase synthesis, and would help in the rapid elucidation
of the structure–activity relationships of the compounds.
The synthesis and biological evaluation of larger libraries is
currently in progress.


Experimental Section


General


NMR spectra were obtained on JEOL Model EX-270 and JEOL JNM-
ECP 400 instruments with CDCl3 as the solvent unless otherwise noted.
1H NMR spectral data are reported as follows: chemical shifts relative to
tetramethylsilane (0.00 ppm) or chloroform (7.26 ppm), multiplicity (s=
singlet, d=doublet, t= triplet, q=quartet, m=multiplet, br=broad),
coupling constant, integration. 13C NMR signals are reported in ppm rela-
tive to CDCl3 (77.0 ppm). IR spectra were recorded on a JASCO Model
IR-700 spectrometer. FTIR spectra were recorded on a Perkin–Elmer
Spectrum One spectrometer. Only significant diagnostic bands are re-
ported, in cm�1. GC was performed on a Shimazu Model GC-8A instru-
ment equipped with a silicone DC-550 (3 mm M 3 m) column with He as
carrier gas. Column chromatography was performed on silica gel
(Merck). Analytical TLC was performed on Merk precoated TLC plates
60F 254 (silica gel), and visualization was made by black light and solu-
tions of anisaldehyde/sulfuric acid/ethanol solution or phosphomolybdic
acid/ethanol. HPLC was performed on a Nihon Seimitu Kagaku appara-
tus with a Senshu Pak Silica-3301-N column and a Japan Analytical In-
dustry Model R1-3H refractive detector. Mass spectra were provided by
a Mariner Biospectrometry Workstation from PE Science. Dry tetrahy-
drofuran, dry diethyl ether, dry toluene, and dry benzene were distilled
from sodium wire containing a catalytic amount of benzophenone. Dry
dichloromethane was distilled from P2O5. Dry methyl sulfoxide and dry
pyridine were distilled from CaH2. Dry methanol was distilled from Mg.


Syntheses


14 : Propargyl bromide (1.8 mL, 23.7 mmol) and silver trifluoroacetate
(5.26 g, 23.8 mmol) were added to a solution of cyclopentadiene (3.13 g,
47.4 mmol; from dicyclopentadiene heated at 160 8C) in dry pentane
(30 mL) at 0 8C under argon. After being stirred at the same temperature
for 2 h, the reaction mixture was filtered with celite. A solution of potas-
sium hydroxide (1.72 g) in ethanol (7.6 mL) was added to the filtrate at
0 8C. After being stirred at the same temperature for 30 min, the reaction
mixture was poured into water (10 mL). The organic layer was separated
and dried over anhydrous Na2SO4, filtered, and evaporated in vacuo. The
residue was subjected to flash chromatography (hexane/ethyl acetate=
70:30) to afford 14 (2.60 g, 21.3 mmol, 45%) as yellow oil. Rf=0.35
(hexane/ethyl acetate=2:1); 1H NMR (270 MHz, CDCl3): d=5.95–5.81
(m, 2H), 4.85 (m, 1H), 2.86 (m, 1H), 2.42 (m, 1H), 2.38 (dd, J=1.8,
6.3 Hz, 2H), 2.23 (m, 1H), 2.01 ppm (d, J=1.8 Hz, 1H).


15 : Imidazole (1.65 g, 24.2 mmol) and tert-butyldimethylsilyl chloride
(2.00 g, 13.3 mmol) were added to a stirred solution of 14 (1.48 g,
12.1 mmol) in dry dichloromethane (35 mL) at 0 8C under argon. After
being stirred for 40 min at room temperature, the reaction mixture was
partitioned between diethyl ether (50 mL) and saturated aqueous NH4Cl
(40 mL) at 0 8C. The aqueous layer was extracted with diethyl ether (3M
40 mL). The combined extracts were washed with brine (30 mL), dried
over anhydrous Na2SO4, filtered, and evaporated in vacuo. The residue
was used for the next reaction without further purification. NIS (3.01 g,
13.3 mmol) and silver nitrate (206 mg, 1.21 mmol) were added to a stirred
solution of the residue in dry tetrahydrofuran (40 mL) at 0 8C under
argon. After being stirred for 9.5 h at room temperature, the reaction
mixture was partitioned between diethyl ether (40 mL), saturated aque-
ous Na2S2O3 (30 mL), and saturated aqueous NaHCO3 (30 mL) at 0 8C.
The aqueous layer was extracted with diethyl ether (3M50 mL). The com-
bined extracts were washed with brine (40 mL), dried over anhydrous
Na2SO4, filtered, and evaporated in vacuo. The residue was subjected to
flash chromatography (hexane/diethyl ether=98:2) to afford 15 (3.41 g,
9.42 mmol, 78% over two steps based on 14) as pale-yellow oil. Rf=0.65
(hexane/toluene=6:1); IR (neat): ñmax=3312, 2857, 1644, 1369,
1252 cm�1; 1H NMR (270 MHz, CDCl3): d=5.86 (m, 1H), 5.75 (m, 1H),
4.81 (m, 1H), 2.68 (m, 1H), 2.44 (d, J=7.3 Hz, 2H), 2.38 (dd, J=2.6,
7.3 Hz, 1H), 2.27 (dd, J=2.6, 7.3 Hz, 1H), 0.89, 0.87 (s, 9H), 0.075,
0.073 ppm (s, 6H); HRMS (ESI-TOF): m/z calcd for [C14H23IOSi]+Na:
385.0455; found: 385.0458.


Figure 4. a) Neurite-outgrowth-promoting activity of the PGJ2 derivatives
4 in PC12 cells. b) Representative images of PC12 cells treated with the
prostaglandin (PG) samples. A=control, B=2, C=4cC, D=4aA.
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16 : Borane–methyl sulfide complex (0.99 mL, 9.38 mmol) was added to a
stirred solution of cyclohexene (1.9 mL, 18.8 mmol) in dry diethyl ether
(10 mL) at 0 8C under argon. The reaction mixture was then warmed to
room temperature. After 1 h, a solution of 15 (1.36 g, 3.75 mmol) in dry
diethyl ether (10 mL) at 0 8C was added to the mixture. After 1 h, glacial
acetic acid (4 mL) was added dropwise at 0 8C over 20 min. After a fur-
ther 30 min, the reaction mixture was partitioned between diethyl ether
(30 mL) and saturated aqueous NaHCO3 (30 mL) at 0 8C. The aqueous
layer was extracted with diethyl ether (3M30 mL). The combined extracts
were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered,
and evaporated in vacuo. The residue was subjected to flash chromatog-
raphy (hexane/diethyl ether=99:1) to afford 16 (929.1 mg, 2.55 mmol,
68%) as a colorless oil. Rf=0.68 (hexane/diethyl ether=6:1); IR (neat):
ñmax=2930, 2857, 1634, 1256 cm


�1; 1H NMR (270 MHz, CDCl3): d=6.27–
6.13 (m, 2H), 5.86–5.69 (m, 2H), 4.83 (ddt, J=1.7, 4.3, 5.9 Hz), 2.70–1.82
(m, 5H), 0.89, 0.87 (s, 9H), 0.075, 0.074 ppm (s, 6H); HRMS (ESI-TOF):
m/z calcd for [C14H25IOSi]+Na: 387.0612; found: 387.0618.


5 : (1S)-(+)-10-camphorsulfonic acid (40 mg, 0.172 mmol) was added to a
stirred solution of 16 (929 mg, 2.55 mmol) in methanol (10 mL) at 0 8C.
After being stirred for 2 h at the same temperature, the reaction mixture
was neutralized with triethylamine (26 mL). The solvent was removed in
vacuo. The residue was used for the next reaction without further purifi-
cation. Manganese(IV) oxide (1.77 g, 20.4 mmol) was added to a stirred
solution of the residue in dry dichloromethane (15 mL) at room tempera-
ture under argon. After being stirred for 14 h at the same temperature,
the reaction mixture was filtered through celite. The solvent was removed
in vacuo, and the residue was subjected to flash chromatography
(hexane/ethyl acetate=70:30) to afford 5 (519 mg, 2.10 mmol, 82% over
two steps based on 16) as yellow oil. Rf=0.47 (hexane/ethyl acetate=
3:1); IR (neat): ñmax=2921, 1713, 1588, 1290 cm


�1; 1H NMR (270 MHz,
CDCl3): d=7.63 (dd, J=2.3, 5.6 Hz, 1H), 6.41 (dt, J=1.3, 7.6 Hz, 1H),
6.22 (dd, J=2.0, 5.6 Hz, 1H), 6.21 (dt, J=7.3, 7.6 Hz, 1H), 3.14 (m, 1H),
2.55 (dd, J=6.3, 18.8 Hz, 1H), 2.48–2.30 (m, 2H), 2.08 ppm (dd, J=2.3,
18.8 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): d=209.1, 166.8, 137.2, 134.6,
85.6, 77.5, 40.2, 39.0 ppm; HRMS (ESI-TOF): m/z calcd for [C8H9IO]+
H: 248.9771; found: 248.9779.


17a : A solution of 9-BBN dimer (39.2 mg, 0.321 mmol) in dry tetrahydro-
furan (1.2 mL) was added dropwise to a stirred solution of methyl-3-bu-
ACHTUNGTRENNUNGtenoate (32.6 mL, 0.306 mmol) in dry tetrahydrofuran (0.20 mL) at 0 8C
over 20 min under argon to provide 6a. The reaction mixture was al-
lowed to warm to room temperature and stirred for 5 h. When the above
operation was completed, 5 (37.9 mg, 0.153 mmol) was added to a mix-
ture of cesium carbonate (99.6 mg, 0.306 mmol), [PdCl2 ACHTUNGTRENNUNG(dppf)] (12.5 mg,
0.0153 mmol), triphenylarsine (9.4 mg, 0.0306 mmol), and DMF (3.4 mL)
in a separate flask. Water (55 mL) was then added with vigorous stirring,
followed by addition of the above tetrahydrofuran solution of 6a. After
being stirred for 15 min, the contents of the flask were poured into ice-
cold water (10 mL) and extracted with diethyl ether (3M30 mL). The
combined extracts were washed with brine (20 mL), dried over anhy-
drous Na2SO4, filtered, and evaporated in vacuo. The residue was subject-
ed to flash chromatography (hexane/ethyl acetate=75:25) to afford 17a
(28.6 mg, 0.129 mmol, 84%) as a colorless oil. Rf=0.28 (hexane/ethyl
acetate=2:1); IR (neat): ñmax=2925, 1738, 1714 cm


�1; 1H NMR
(270 MHz, CDCl3): d=7.62 (dd, J=2.3, 5.6 Hz, 1H), 6.18 (dd, J=2.0,
5.6 Hz, 1H), 5.44–5.35 (m, 2H), 3.67 (s, 3H), 3.01 (m, 1H), 2.52 (dd, J=
6.6, 18.8 Hz, 1H), 2.32 (t, J=7.6 Hz, 2H), 2.30–2.15 (m, 2H), 2.07 (dt, J=
7.3, 7.3 Hz, 2H), 2.00 (dd, J=2.0, 18.8 Hz, 1H), 1.70 ppm (tt, J=7.3,
7.6 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): d=209.7, 173.9, 167.8, 134.2,
131.4, 126.6, 51.5, 41.3, 40.5, 33.4, 31.9, 26.6, 24.7 ppm; HRMS (ESI-
TOF): m/z calcd for [C13H18O3]+Na: 245.1148; found: 245.1156.


19aA : Triethylamine (70.5 mL, 0.506 mmol) and tert-butyldimethylsilyl
trifluoromethanesulfonate (58.1 mL, 0.253 mmol) were added to a stirred
solution of 17a (22.5 mg, 0.101 mmol) in dry dichloromethane (2.0 mL)
at 0 8C under argon. After being stirred for 20 min at the same tempera-
ture, the reaction mixture was poured into an ice-cold mixture of diethyl
ether (10 mL) and saturated aqueous NaHCO3 (10 mL). The aqueous
layer was extracted with diethyl ether (3M10 mL), and the combined ex-
tracts were washed with saturated aqueous NaHCO3 (10 mL) and brine


(10 mL), dried over anhydrous Na2SO4, filtered, and evaporated in vacuo
to give 18a. The residue was used for the next reaction without further
purification. Boron trifluoride diethyl etherate (2.6 mL, 20.2 mmol) was
added dropwise to a stirred solution of the residue and 7A (51.1 mg,
0.405 mmol) in dry dichloromethane (2.0 mL) at �78 8C under argon.
After being stirred for 4 h at the same temperature, the reaction mixture
was allowed to warm to �40 8C and stirred for a further 1 h. The reaction
was poured into an ice-cold mixture of diethyl ether (10 mL) and saturat-
ed aqueous NaHCO3 (10 mL), and the resulting mixture was extracted
with diethyl ether (3M20 mL) The combined extracts were washed with
brine (10 mL), dried over anhydrous Na2SO4, filtered, and evaporated in
vacuo. The residue was subjected to flash chromatography (hexane/ethyl
acetate=75:25) to afford 19aA (24.0 mg, 0.0688 mmol, 68% over two
steps based on 18a) as colorless oil. Rf=0.30 (hexane/ethyl acetate=
2:1); IR (neat): ñmax=3431, 2925, 2855, 1739, 1705 cm


�1; 1H NMR
(400 MHz, CDCl3): d=7.63 (dd, J=2.4, 5.8 Hz, 1H), 6.16 (dd, J=1.9,
5.8 Hz, 1H), 5.74 (dt, J=6.8, 15.0 Hz, 1H), 5.52–5.37 (m, 3H), 4.53 (m,
1H), 3.67 (s, 3H), 2.89 (ddt, J=2.4, 4.8, 7.2 Hz, 1H), 2.31 (t, J=7.2 Hz,
2H), 2.29 (dt, J=6.8, 7.6 Hz, 2H), 2.22 (dd, J=2.4, 3.4 Hz, 1H), 2.17–
1.99 (m, 4H), 1.69 (tt, J=7.2, 7.7 Hz, 2H), 1.40–1.21 (m, 6H), 0.88 ppm
(t, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=173.9, 168.4, 133.8,
133.4, 131.5, 129.2, 126.5, 72.1, 55.9, 51.5, 43.0, 33.4, 32.1, 31.3, 30.3, 29.7,
28.7, 26.6, 24.7, 22.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for
[C21H32O4]+Na: 371.2193; found: 371.2200.


4aA : 4-(Dimethylamino)pyridine (16.8 mg, 138 mmol) and methanesul-
fonyl chloride (5.4 mL, 68.5 mmol) were added to a stirred solution of
19aA (6.0 mg, 17.2 mmol) in dry dichloromethane (1.0 mL) at 0 8C under
argon. After being stirred for 2 h at room temperature, the reaction mix-
ture was partitioned between diethyl ether (10 mL) and saturated aque-
ous NH4Cl (10 mL) at 0 8C. The aqueous layer was extracted with diethyl
ether (3M10 mL), and the combined extracts were washed with brine
(10 mL), dried over anhydrous Na2SO4, filtered, and evaporated in vacuo.
The residue was subjected to flash chromatography (hexane/ethyl ace-
tate=80:20) to afford 4aA (4.5 mg, 13.4 mmol, 78%) as pale-yellow oil.
Rf=0.44 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2956, 2925, 2855,
1740, 1670, 1634 cm�1; 1H NMR (400 MHz, CDCl3): d=7.47 (dd, J=2.4,
5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.36 (dd, J=1.5, 5.8 Hz, 1H), 6.31
(dd, J=11.1, 15.0 Hz, 1H), 6.25 (dt, J=6.8, 15.0 Hz, 1H), 5.46 (dtt, J=
3.4, 7.2, 10.6 Hz, 1H), 5.37 (brdt, J=6.8, 10.6 Hz, 1H), 3.66 (s, 3H), 3.58
(m, 1H), 2.60 (dt, J=4.8, 14.5 Hz, 1H), 2.34 (m, 1H), 2.29 (t, J=7.2 Hz,
2H), 2.23 (dt, J=7.2, 7.2 Hz, 2H), 2.03 (dt, J=6.8, 7.7 Hz, 2H), 1.67 (tt,
J=7.3, 7.7 Hz, 2H), 1.32–1.26 (m, 6H), 0.89 ppm (t, J=7.2 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=197.6, 176.8, 160.6, 148.1, 135.4, 135.0,
131.7, 131.3, 126.5, 125.5, 55.1, 43.4, 33.5, 32.6, 31.8, 30.7, 28.8, 26.5, 24.7,
22.4, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for [C21H30O3]+Na:
331.2268; found: 331.2268.


4aA by using polymer-supported reagents and scavengers: A solution of
9-BBN dimer (16.6 mg, 0.128 mmol) in dry tetrahydrofuran (0.40 mL)
was added dropwise to a stirred solution of methyl-3-butenoate (13.8 mL,
0.130 mmol) in dry tetrahydrofuran (0.20 mL) over 20 min at 0 8C under
argon to provide 6a. The reaction mixture was allowed to warm to room
temperature and stirred for a further 5 h. When the above operation was
complete, 5 (8.1 mg, 32.5 mmol) was added to a mixture of cesium car-
bonate (42.4 mg, 0.130 mmol), PS [Pd ACHTUNGTRENNUNG(PPh3)4] (21.7 mg, 0.30 mmolg


�1


6.50 mmol), and DMF (1.0 mL) in a separate flask. Water (20 mL) was
then added with vigorous stirring, followed by addition of the above tet-
rahydrofuran solution of 6a. The reaction mixture was heated to 60 8C
and stirred for 4 h, then filtered through a silica-gel pad (Presep-C;
hexane/diethyl ether=5:1) to afford the alkylated enone as a yellow oil
(6.9 mg, 31 mmol, 96% crude). Triethylamine (21.7 mL, 156 mmol) and
tert-butyldimethylsilyl trifluoromethanesulfonate (17.9 mL, 78.0 mmol)
were added to a stirred solution of enone (6.9 mg, 31 mmol) in dry di-
chloromethane (1.0 mL) at 0 8C under argon. After being stirred for
20 min at room temperature, one drop of water and PS biscarbonate
(47.3 mg, 3.30 mmolg�1, 0.156 mmol) was added to the reaction mixture
at 0 8C, which was stirred at the same temperature for a further 1 h. The
reaction mixture was filtered, and the resin was washed with diethyl
ether (2M3.0 mL). The filtrate was dried over anhydrous Na2SO4 and
concentrated under reduced pressure to provide 18a as yellow oil. Boron
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trifluoride diethyl etherate (1.1 mL, 6.24 mmol) was added dropwise to a
stirred solution of 18a and 7A (15.8 mg, 0.125 mmol) in dry dichloro-
ACHTUNGTRENNUNGmethane (1.0 mL) at �78 8C under argon. After being stirred for 4 h at
the same temperature, the reaction mixture was allowed to warm to
�40 8C and stirred for a further 1 h. PS diamine (156 mg, 3.0 mmolg�1,
0.468 mmol) was then added to the reaction mixture at �78 8C, which
was stirred at 0 8C for a further 2 h to remove excess 7a. The reaction
mixture was filtered, and the resin was washed with dichloromethane (2M
3.0 mL) and diethyl ether (2M3.0 mL). The filtrate was concentrated
under reduced pressure to provide the aldol adduct as a yellow oil. PS
TBD (184.7 mg, 1.9 mmolg�1, 0.351 mmol) and methanesulfonyl chloride
(12.6 mL, 0.164 mmol) were added to a stirred solution of aldol adduct in
dry dichloromethane (1.0 mL) at 0 8C under argon. After being stirred
for 4 h at room temperature, the reaction mixture was filtered, and the
resin was washed with diethyl ether (2M3.0 mL). The filtrate was concen-
trated under reduced pressure to provide crude 4aA as a yellow oil. The
residue was subjected to flash chromatography (hexane/ethyl acetate=
80:20) to afford 4aA (3.8 mg, 11 mmol, 35% over four steps based on 5)
as a pale-yellow oil.


4aB : Rf=0.58 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2930, 2859,
1739, 1695, 1630, 1200 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd,
J=2.4, 5.8 Hz, 1H), 6.94 (d, J=11.0 Hz, 1H), 6.34 (dd, J=1.9, 5.8 Hz,
1H), 6.34 (dd, J=11.0, 15.0 Hz, 1H), 6.22 (dt, J=6.8, 15.0 Hz, 1H), 5.47
(brdt, J=7.2, 11.3 Hz, 1H), 5.32 (brdt, J=8.1, 11.3 Hz, 1H), 3.66 (s, 3H),
3.57 (m, 1H), 2.58 (dt, J=6.3, 13.8 Hz, 1H), 2.33 (m, 1H), 2.30 (t, J=
7.2 Hz, 2H), 1.95 (dt, J=7.2, 7.2 Hz, 2H), 1.45 (tt, J=7.2, 7.7 Hz, 2H),
1.33–1.17 (m, 14H), 0.89 ppm (t, J=6.5 Hz, 3H); 13C NMR (67.8 MHz,
CDCl3): d=197.4, 174.5, 161.2, 146.5, 135.2M2, 132.4, 131.1, 125.3, 124.9,
51.2, 43.5, 34.0, 33.4, 31.5, 30.6, 29.7, 29.2, 29.0, 28.3, 27.5, 26.8, 25.2, 22.5,
21.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for [C25H38O3]+Na:
409.2835; found: 409.2837.


4aC : Rf=0.47 (hexane/ethyl acetate=1:1); IR (neat): ñmax=2952, 1738,
1694, 1634, 1436 cm�1; 1H NMR (400 MHz, CDCl3): d=7.47 (dd, J=2.4,
5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.4, 5.8 Hz, 1H), 6.34
(dq, J=6.8, 15.0 Hz, 1H), 6.24 (dd, J=11.1, 15.0 Hz, 1H), 5.45 (brdt, J=
7.2, 11.1 Hz, 1H), 5.39 (brdt, J=6.8, 11.1 Hz, 1H), 3.66 (s, 3H), 3.58 (m,
1H), 2.60 (ddd, J=5.3, 5.3, 14.5 Hz, 1H), 2.30 (m, 1H), 2.29 (t, J=
7.2 Hz, 2H), 2.03 (dt, J=7.2, 7.2 Hz, 2H), 1.92 (d, J=6.8 Hz, 3H),
1.67 ppm (tt, J=7.2, 7.2 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): d=
197.4, 173.9, 160.6, 137.6, 135.3, 134.9, 131.4, 127.1, 125.9, 125.6, 51.5,
43.4, 33.4, 30.7, 26.7, 24.7, 19.1 ppm; HRMS (ESI-TOF): m/z calcd for
[C17H22O3]+Na: 297.1461; found: 297.1462.


4aD : Rf=0.43 (hexane/ethyl acetate=1:1); IR (neat): ñmax=2926, 1733,
1690, 1633 cm�1; 1H NMR (400 MHz, CDCl3): d=7.41 (dd, J=1.4,
5.8 Hz, 1H), 6.87 (d, J=11.6 Hz, 1H), 6.29 (dd, J=1.9, 5.8 Hz, 1H), 6.28
(dd, J=12.1, 15.0 Hz, 1H), 6.12 (dt, J=6.8, 15.0 Hz, 1H), 5.40 (dtt, J=
3.9, 7.2, 11.3 Hz, 1H), 5.29 (brdt, J=6.7, 11.3 Hz, 1H), 3.61 (s, 3H), 3.59
(s, 3H), 3.52 (m, 1H), 2.53 (m, 1H), 2.28 (t, J=7.2 Hz, 2H), 2.22 (t, J=
7.2 Hz, 2H), 2.25–2.13 (m, 2H), 1.96 (dt, J=7.2, 7.2 Hz, 2H), 1.74 (tt, J=
7.2, 7.7 Hz, 2H), 1.60 ppm (tt, J=7.2, 7.2 Hz, 2H); 13C NMR (67.8 MHz,
CDCl3): d=197.3, 173.9, 173.7, 160.7, 144.7, 135.6, 135.3, 131.5, 131.1,
126.5, 125.9, 108.9, 51.6, 51.4, 43.4, 33.4, 32.7, 30.7, 26.7, 24.7, 23.9 ppm;
HRMS (ESI-TOF): m/z calcd for [C21H28O5]+Na: 383.1838; found:
383.1829.


4bA : Rf=0.55 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2929, 2857,
1739, 1695, 1634, 1205 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd,
J=2.4, 5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9, 5.8 Hz,
1H), 6.33 (dd, J=11.1, 15.0 Hz, 1H), 6.22 (dt, J=6.8, 15.0 Hz, 1H), 5.48
(brdt, J=7.2, 11.1 Hz, 1H), 5.33 (brdt, J=8.2, 11.1 Hz, 1H), 3.66 (s, 3H),
3.57 (m, 1H), 2.60 (dt, J=5.3, 14.0 Hz, 1H), 2.34 (m, 1H), 2.29 (t, J=
7.7 Hz, 2H), 1.96 (dt, J=6.8, 7.2 Hz, 2H), 1.46 (tt, J=7.2, 7.7 Hz, 2H),
1.32–1.19 (m, 12H), 0.90 ppm (t, J=6.8 Hz, 3H); 13C NMR (67.8 MHz,
CDCl3): d=197.4, 174.2, 160.8, 146.7, 135.2, 135.2, 132.7, 131.6, 125.7,
124.9, 51.4, 43.6, 34.0, 33.4, 31.4, 30.8, 29.3, 29.7, 29.0, 28.4, 27.3, 24.9,
22.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for [C24H36O3]+Na:
395.2119; found: 395.2117.


4bB : Rf=0.53 (hexane/ethyl acetate=3:2); IR (neat): ñmax=2950, 1742,
1693, 1630, 1436 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd, J=2.4,


5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9, 5.8 Hz, 1H), 6.33
(dd, J=11.1, 13.5 Hz, 1H), 6.30 (dt, J=6.3, 13.5 Hz, 1H), 5.48 (brdt, J=
6.8, 10.6 Hz, 1H), 5.33 (brdt, J=8.2, 10.6 Hz, 1H), 3.66 (s, 3H), 3.61 (m,
1H), 2.59 (m, 1H), 2.29 (t, J=7.7 Hz, 1H), 2.26 (m, 1H), 2.22 (dt, J=6.3,
7.7 Hz, 1H), 1.97 (dt, J=6.8, 7.7 Hz, 1H), 1.63–1.57 (m, 6H), 1.40–1.23
(m, 16H), 0.88 ppm (t, J=7.2 Hz, 3H); 13C NMR (67.8 MHz, CDCl3):
d=197.4, 174.2, 160.8, 146.7, 135.2, 132.7, 131.6, 127.2, 125.7, 124.9, 51.4,
43.6, 34.0, 33.5, 31.9, 30.8, 29.5, 29.5, 29.4, 29.3, 29.2, 29.0, 29.0, 28.8, 27.3,
24.9, 22.7, 14.1 ppm; HRMS (ESI-TOF): m/z calcd for [C28H44O3]+Na:
451.3183; found: 451.3179.


4bC : Rf=0.56 (hexane/ethyl acetate=1:1); IR (neat): ñmax=2952, 1740,
1695, 1630, 1433 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd, J=2.4,
5.8 Hz, 1H), 6.94 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9, 5.8 Hz, 1H), 6.34
(dd, J=11.1, 15.0 Hz, 1H), 6.24 (dt, J=6.9, 15.0 Hz, 1H), 5.48 (brdt, J=
7.3, 10.6 Hz, 1H), 5.33 (brdt, J=6.8, 10.6 Hz, 1H), 3.66 (s, 3H), 3.56 (m,
1H), 2.60 (ddd, J=5.3, 5.3, 14.5 Hz, 1H), 2.29 (t, J=7.3 Hz, 2H), 2.25
(m, 1H), 1.97 (dt, J=7.3 Hz, 2H), 1.91 (d, J=6.9 Hz, 3H), 1.63–1.57 (m,
4H), 1.41–1.25 ppm (m, 4H); 13C NMR (67.8 MHz, CDCl3): d=197.4,
174.2, 160.8, 141.1, 135.2, 135.1, 132.7, 131.4, 127.2, 124.9, 51.4, 43.6, 34.0,
30.8, 29.3, 29.0, 28.9, 27.3, 24.9, 19.1 ppm; HRMS (ESI-TOF): m/z calcd
for [C20H28O3]+Na: 339.1931; found: 339.1930.


4bD : Rf=0.42 (hexane/ethyl acetate=1:1); IR (neat): ñmax=2930, 1739,
1695, 1634 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd, J=2.4,
5.8 Hz, 1H), 6.93 (d, J=11.6 Hz, 1H), 6.35 (dd, J=1.4, 5.8 Hz, 1H), 6.35
(dd, J=11.6, 14.5 Hz, 1H), 6.18 (dt, J=7.2, 14.5 Hz, 1H), 5.47 (brdt, J=
7.2, 10.6 Hz, 1H), 5.32 (brdt, J=8.7, 10.6 Hz, 1H), 3.67 (s, 3H), 3.66 (s,
3H), 3.57 (m, 1H), 2.58 (dt, J=5.3, 14.5 Hz, 1H), 2.35 (t, J=7.7 Hz, 2H),
2.34 (m, 1H), 2.29 (t, J=7.7 Hz, 2H), 2.29–2.25 (m, 2H), 1.95 (dt, J=6.8,
7.2 Hz, 2H), 1.80 (tt, J=7.2, 7.7 Hz, 2H), 1.45–1.25 ppm (m, 8H);
13C NMR (67.8 MHz, CDCl3): d=197.3, 174.2, 173.7, 160.9, 144.6, 135.7,
135.2, 132.8, 131.1, 126.6, 124.8, 51.6, 51.4, 43.5, 34.0, 33.3, 32.7, 30.8, 29.3,
29.0, 28.9, 27.3, 24.9, 23.9 ppm; HRMS (ESI-TOF): m/z calcd for
[C24H34O5]+Na: 425.2300; found: 425.2299.


4cA : Rf=0.53 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2953, 2930,
2860, 1685, 1637, 1580, 1455, 1205 cm�1; 1H NMR (400 MHz, CDCl3): d=
7.45 (dd, J=2.4, 5.8 Hz, 1H), 7.29–7.25 (m, 2H), 7.19–7.14 (m, 3H), 6.94
(d, J=11.1 Hz, 1H), 6.34 (dd, J=1.9, 5.8 Hz, 1H), 6.32 (dd, J=11.1,
15.0 Hz, 1H), 6.22 (dt, J=6.8, 15.0 Hz, 1H), 5.51 (brdt, J=7.2, 10.6 Hz,
1H), 5.36 (brdt, J=6.3, 10.6 Hz, 1H), 3.56 (m, 1H), 2.59 (t, J=7.7 Hz,
2H), 2.56 (m, 1H), 2.26 (ddd, J=8.7, 8.7, 14.5 Hz, 1H), 2.21 (dt, J=6.8,
7.2 Hz, 2H), 2.03 (dt, J=6.8, 7.2 Hz, 2H), 1.66 (tt, J=7.2, 7.7 Hz, 2H),
1.45 (tt, J=7.2, 7.2 Hz, 2H), 1.32–1.22 (m, 4H), 0.89 ppm (t, J=6.8 Hz,
3H); 13C NMR (67.8 MHz, CDCl3): d=197.3, 160.7, 146.7, 135.3, 135.1,
132.3, 131.6, 128.4, 128.3, 128.3, 125.8, 125.7, 125.3, 43.6, 35.5, 33.5, 31.4,
31.2, 30.9, 28.5, 26.9, 22.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for
[C25H32O]+Na: 371.2345; found: 371.2345.


4cB : Rf=0.56 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2953, 2935,
2857, 1680, 1634, 1579, 1450, 1206 cm�1; 1H NMR (400 MHz, CDCl3): d=
7.45 (dd, J=2.4, 5.8 Hz, 1H), 7.29–7.24 (m, 2H), 7.19–7.14 (m, 3H), 6.95
(d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9, 5.8 Hz, 1H), 6.31 (dd, J=11.1,
15.0 Hz, 1H), 6.22 (dt, J=6.8, 11.1 Hz, 1H), 5.51 (brdt, J=7.2, 11.1 Hz,
1H), 5.36 (brdt, J=6.8, 11.1 Hz, 1H), 3.56 (m, 1H), 2.59 (t, J=7.7 Hz,
2H), 2.57 (m, 1H), 2.27 (ddd, J=8.7, 8.7, 14.5 Hz, 1H), 2.21 (dt, J=6.8,
7.2 Hz, 2H), 2.02 (dt, J=6.8, 7.2 Hz, 2H), 1.66 (tt, J=7.2, 7.7 Hz, 2H),
1.43 (tt, J=7.2, 7.2 Hz, 2H), 1.36–1.18 (m, 12H), 0.88 ppm (t, J=6.8 Hz,
3H); 13C NMR (67.8 MHz, CDCl3): d=197.4, 160.7, 146.8, 142.2, 135.2,
135.1, 132.3, 131.6, 128.3, 128.3, 125.8, 125.7, 125.3, 43.6, 35.5, 33.5, 31.9,
31.2, 30.8, 29.5, 29.4, 29.3, 29.2, 28.8, 26.9, 22.7, 14.1; HRMS (ESI-TOF):
m/z calcd for [C29H40O]+Na: 427.2971; found: 427.2971.


4cC : Rf=0.44 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2956, 2929,
2857, 1695, 1634, 1581, 1454, 1206 cm�1; 1H NMR (400 MHz, CDCl3): d=
7.45 (dd, J=1.9, 5.8 Hz, 1H), 7.32–7.25 (m, 2H), 7.19–7.15 (m, 3H), 6.94
(d, J=11.6 Hz, 1H), 6.34 (dd, J=1.9, 5.8 Hz, 1H), 6.33 (ddd, J=1.0, 11.6,
15.0 Hz, 1H), 6.23 (dq, J=5.8, 15.0 Hz, 1H), 5.52 (brdt, J=7.2, 10.6 Hz,
1H), 5.35 (brdt, J=6.8, 10.6 Hz, 1H), 3.56 (m, 1H), 2.59 (t, J=7.7 Hz,
2H), 2.57 (m, 1H), 2.27 (ddd, J=8.2, 8.2, 14.5 Hz, 1H), 2.03 (dt, J=7.2,
7.2 Hz, 2H), 1.90 (dd, J=1.0, 5.8 Hz, 3H), 1.66 ppm (tt, J=7.2, 7.7 Hz,
2H); 13C NMR (67.8 MHz, CDCl3): d=197.4, 160.7, 142.2, 141.2, 135.3,
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135.0, 132.3, 131.4, 128.4, 128.3, 127.2, 125.8, 125.3, 43.5, 35.5, 31.2, 30.8,
26.9, 19.2 ppm; HRMS (ESI-TOF): m/z calcd for [C21H24O]+Na:
315.1719; found: 315.1719.


4cD : Rf=0.38 (hexane/ethyl acetate=2:1); IR (neat): ñmax=3028, 2928,
1739, 1634 cm�1; 1H NMR (270 MHz, CDCl3): d=7.39 (dd, J=1.7,
5.9 Hz, 1H), 7.18–7.07 (m, 5H), 6.86 (d, J=11.2 Hz, 1H), 6.27 (dd, J=
1.7, 5.9 Hz, 1H), 6.27 (dd, J=11.2, 15.2 Hz, 1H), 6.10 (dt, J=6.6,
15.2 Hz, 1H), 5.46 (brdt, J=6.9, 11.2 Hz, 1H), 5.28 (brdt, J=6.6,
11.2 Hz, 1H), 3.60 (s, 3H), 3.49 (m, 1H), 2.40–2.20 (m, 4H), 2.35 (t, J=
7.6 Hz, 2H), 2.27 (t, J=7.3 Hz, 2H), 1.96 (dt, J=6.9, 11.2 Hz, 1H), 1.77
(dt, J=6.9, 7.3 Hz, 1H), 1.77 (dt, J=6.9, 7.3 Hz, 2H), 1.59 ppm (dt, J=
5.3, 7.6 Hz, 2H); HRMS (ESI-TOF): m/z calcd for [C25H30O3]+Na:
401.2089; found: 401.2089.


4eA by using polymer-supported reagents and scavengers: A solution of
9-BBN dimer (59.0 mg, 0.484 mmol) in dry tetrahydrofuran (1.4 mL) was
added dropwise to a stirred solution of O-tert-butyldimethylsilyl-3-beten-
1-ol (98.7 mL, 0.403 mmol) in dry tetrahydrofuran (0.40 mL) over 20 min
at 0 8C under argon. The reaction mixture was allowed to warm to room
temperature and stirred for a further 5 h. When the above operation was
complete, 5 (50.0 mg, 0.202 mmol) was added to a mixture of cesium car-
bonate (131.3 mg, 0.403 mmol), PS [Pd ACHTUNGTRENNUNG(PPh3)4] (134.5 mg, 0.30 mmolg


�1


40.4 mmol), and DMF (4.4 mL) in a separate flask. Water (87 mL) was
then added with vigorous stirring, followed by addition of the above solu-
tion of the borane. The reaction mixture was heated to 60 8C and stirred
for 4 h, then filtered through a silica-gel pad (Presep-C; hexane/diethyl
ether=8:1) to afford the alkylated enone as a yellow oil (51.0 mg,
0.212 mmol, 105% crude). Triethylamine (22.6 mL, 0.162 mmol) and tert-
butyldimethylsilyl trifluoromethanesulfonate (18.6 mL, 0.0811 mmol)
were added to a stirred solution of enone (10.0 mg, 32.4 mmol) in dry di-
chloromethane (1.0 mL) at 0 8C under argon. After being stirred for
20 min at room temperature, one drop of water and PS biscarbonate
(50.4 mg, 3.30 mmolg�1, 0.166 mmol) was added to the reaction mixture
at 0 8C, which was stirred at the same temperature for a further 1 h. The
reaction mixture was filtered, and the resin was washed with diethyl
ether (2M3.0 mL). The filtrate was dried over anhydrous Na2SO4 and
concentrated under reduced pressure to provide 18d as a yellow oil.
Boron trifluoride diethyl etherate (0.8 mL, 6.5 mmol) was added drop-
wise to a stirred solution of 18d and 7A (20.2 mg, 0.130 mmol) in dry di-
chloromethane (1 mL) at �78 8C under argon. After being stirred for 4 h
at the same temperature, the reaction mixture was allowed to warm to
�40 8C and stirred for a further 1 h. Then PS diamine (145 mg,
3.0 mmolg�1, 0.424 mmol) was added to the reaction mixture at �78 8C
and stirred at 0 8C for another 2 h to remove excess 7A. The reaction
mixture was filtered, and the resin was washed with dichloromethane (2M
3.0 mL) and diethyl ether (2M3.0 mL). The filtrate was concentrated
under reduced pressure to provide crude 19dA as a yellow oil. PS TBD
(95.8 mg, 1.9 mmolg�1, 0.182 mmol) and methanesulfonyl chloride
(7.0 mL, 91 mmol) were added to a stirred solution of 19dA in dry di-
chloromethane (1.0 mL) at 0 8C under argon. After being stirred for 4 h
at room temperature, the reaction mixture was filtered, and the resin was
washed with diethyl ether (2M3.0 mL). The filtrate was concentrated
under reduced pressure to provide crude 4dA as a yellow oil. The com-
pound was dissolved in tetrahydrofuran/glacial acetic acid/H2O (1:2:1,
1.0 mL), and the solution was stirred at room temperature for 1 h. After
the reaction mixture was cooled to room temperature, PS carbonate
(50 mg) and tetrahydrofuran (1.0 mL) were added, the resulting mixture
was filtered, and the resin was washed with diethyl ether (2M3.0 mL).
The filtrate was concentrated under reduced pressure to provide a yellow
oil. The residue was subjected to flash chromatography (hexane/ethyl
acetate=60:40) to afford 4eA (2.7 mg, 8.4 mmol, 26% over five steps
based on 5) as a colorless oil. Rf=0.14 (hexane/ethyl acetate=2:1); IR
(neat): ñmax=3416, 2929, 2858, 1693, 1632, 1208 cm


�1; 1H NMR
(400 MHz, CDCl3): d=7.48 (dd, J=2.4, 5.8 Hz, 1H), 6.95 (d, J=11.6 Hz,
1H), 6.35 (dd, J=1.9, 5.8 Hz, 1H), 6.33 (dd, J=11.6, 15.0 Hz, 1H), 6.23
(dt, J=7.2, 15.0 Hz, 1H), 5.49 (brdt, J=7.2, 11.1 Hz, 1H), 5.34 (brdt, J=
8.2, 11.1 Hz, 1H), 3.63 (t, J=6.3 Hz, 2H), 3.56 (m, 1H), 2.60 (ddd, J=
5.8, 5.8, 14.0 Hz, 1H), 2.29 (ddd, J=8.7, 8.7, 14.0 Hz, 1H), 2.22 (dt, J=
7.2, 7.2 Hz, 2H), 2.02 (dt, J=6.8, 7.2 Hz, 2H), 1.59–1.40 (m, 10H),
0.90 ppm (t, J=6.8 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): d=197.4,


160.1, 146.8, 135.3, 135.1, 132.5, 131.6, 125.7, 125.2, 62.8, 43.6, 33.5, 32.3,
31.4, 30.8, 28.5, 27.1, 25.7, 22.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd
for [C20H30O2]+Na: 325.2138; found: 325.2138.


4eB : Rf=0.14 (hexane/ethyl acetate=2:1); IR (neat): ñmax=3418, 2926,
2855, 1694, 1632, 1579, 1206 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48
(dd, J=2.4, 5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9,
5.8 Hz, 1H), 6.33 (dd, J=11.1, 15.0 Hz, 1H), 6.23 (dt, J=6.8, 15.0 Hz,
1H), 5.47 (brdt, J=7.2, 11.1 Hz, 1H), 5.34 (brdt, J=8.2, 11.1 Hz, 1H),
3.63 (t, J=6.8 Hz, 2H), 3.57 (m, 1H), 2.60 (ddd, J=8.2, 8.2, 14.5 Hz,
1H), 2.30 (ddd, J=8.2, 8.2, 14.5 Hz, 1H), 2.22 (dt, J=7.2, 7.2 Hz, 2H),
2.01 (dt, J=7.2, 7.2 Hz, 2H), 1.55 (tt, J=6.8, 7.2 Hz, 2H), 1.53–1.26 (m,
16H), 0.88 ppm (t, J=6.3 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): d=
197.4, 160.7, 146.8, 135.3, 135.1, 132.5, 131.6, 125.7, 125.2, 62.8, 43.6, 33.5,
32.3, 31.9, 30.8, 29.5, 29.5, 29.3, 28.8, 27.1, 25.7, 22.7, 14.1 ppm; HRMS
(ESI-TOF): m/z calcd for [C22H38O2]+Na: 381.2764; found: 381.2764.


4eC : Rf=0.21 (hexane/ethyl acetate=1:1); IR (neat): ñmax=3415, 2930,
2860, 1693, 1635, 1208 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd,
J=2.4, 5.8 Hz, 1H), 6.95 (d, J=11.6 Hz, 1H), 6.35 (dd, J=1.4, 5.8 Hz,
1H), 6.34 (dd, J=11.6, 15.0 Hz, 1H), 6.26 (dq, J=6.3, 15.0 Hz, 1H), 5.49
(brdt, J=7.2, 10.6 Hz, 1H), 5.34 (brdt, J=6.8, 10.6 Hz, 1H), 3.63 (t, J=
6.3 Hz, 2H), 3.58 (m, 1H), 2.61 (ddd, J=4.8, 4.8, 14.5 Hz, 1H), 2.30 (ddd,
J=8.2, 8.2, 14.5 Hz, 1H), 2.02 (dt, J=6.8, 7.2 Hz, 2H), 1.92 (dd, J=1.0,
6.8 Hz, 3H), 1.59–1.37 ppm (m, 4H); 13C NMR (67.8 MHz, CDCl3): d=
197.4, 160.7, 141.2, 135.3, 135.0, 132.5, 131.4, 127.2, 125.2, 62.8, 43.5, 32.3,
30.8, 27.1, 25.7, 19.2; HRMS (ESI-TOF): m/z calcd for [C16H22O2]+Na:
269.1512; found: 269.1512.


4eD : Rf=0.28 (hexane/ethyl acetate=1:1); IR (neat): ñmax=3392, 2926,
2855, 1733, 1694, 1633 cm�1; 1H NMR (400 MHz, CDCl3): d=7.49 (dd,
J=2.4, 5.8 Hz, 1H), 6.94 (d, J=11.6 Hz, 1H), 6.35 (dd, J=1.4, 5.8 Hz,
1H), 6.35 (dd, J=11.6, 14.5 Hz, 1H), 6.19 (dt, J=7.2, 14.5 Hz, 1H), 5.49
(brdt, J=7.2, 11.1 Hz, 1H), 5.34 (brdt, J=8.2, 11.1 Hz, 1H), 3.68 (s, 3H),
3.63 (t, J=6.3 Hz, 2H), 3.59 (m, 1H), 2.60 (m, 1H), 2.26 (m, 1H), 2.35 (t,
J=7.7 Hz, 2H), 2.28 (dt, J=7.2, 7.7 Hz, 2H), 2.02 (dt, J=5.8, 7.2 Hz,
2H), 1.81 (tt, J=7.7, 7.7 Hz, 2H), 1.41 (tt, J=4.3, 6.3 Hz, 2H), 1.34 ppm
(m, 2H); 13C NMR (67.8 MHz, CDCl3): d=197.4, 173.8, 160.8, 144.6,
135.7, 135.3, 132.5, 126.5, 62.7, 51.6, 43.5, 33.3, 32.6, 32.3, 30.8, 29.7, 27.1,
25.7, 23.9 ppm; HRMS (ESI-TOF): m/z calcd for [C20H28O4]+Na:
355.1890; found: 355.1880.


Biological Evaluation


Cell culture: PC12 cells were grown in DulbeccoNs modified EagleNs
medium (DMEM) and supplemented with heat-inactivated fetal bovine
serum (FBS; 10%), heat-inactivated horse serum (5%), penicillin
(100 unitsmL�1), streptomycin (100 mgmL�1), and NaHCO3 (0.2%) at
37 8C in an atmosphere of air (95%) and CO2 (5%).


Neurite-outgrowth assay: PC12 cells (20000, 1.0 mL medium) were
placed in each well of a 24-well plate and precultured. After 24 h, the
medium was replaced by DMEM supplemented with FBS (0.5%) and
containing NGF (1.5 ngmL�1) and the indicated concentrations of PGs
for 48 h. The morphological changes of the cells were monitored by a
phase-contrast microscope. Cell differentiation was evaluated by counting
cells with a length at least two times that of the diameter of the cell
body. About 100 cells were counted from a randomly chosen field, and
this was repeated three times.
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Introduction


Coordination-chemistry-driven assembly processes are now
commonly used to prepare a wide variety of supramolecular
complexes. Several general synthetic approaches have
emerged that rely on metal–ligand interactions, including
the directional-bonding, symmetry-interaction, and weak-
link approaches (WLA).[1–5] An attractive feature of these
methods is that through careful ligand design and choice of
transition-metal precursor, one can rapidly put together
complex architectures such as squares, rectangles, cubes, cyl-
inders, and other two- and three-dimensional struc-
tures.[1–3,6–8] Moreover, in certain cases, one can position
chiral moieties, fluorophores, and redox-active centers
within such structures in a deliberate and high-yielding fash-
ion.[6,9–15] This capability has allowed researchers to design


large functional structures with tailored recognition and
cata ACHTUNGTRENNUNGlytic properties that have formed the basis for a series
of new chemical sensors and several novel classes of cata-
lysts.[9,10, 16–19] Most recently, our group showed how one can
use the WLA to prepare a new type of allosteric catalyst
that mimics the properties of allosteric enzymes and can be
used in the context of amplified chemical detection.[20]


Redox-active ligands are attractive because, once incorpo-
rated into a supramolecular architecture, they can be used
either as probes to follow recognition or as modulators of
chemical reactivity. Indeed, we and others have developed
routes to use ferrocenyl moieties, Wurster crowns, and por-
phyrins to build macrocyclic structures that, in some cases,
retain the reversible redox activity of the ligand from which
they derive.[21–26] One class of metallomacrocyclic structures
that have not been fully explored are those that derive from
pyromellitic diimide and naphthalene diimide, two mole-
cules in the rylene family of dyes. Some initial work has uti-
lized the symmetry-interaction and directional-bonding ap-
proaches to assemble rigid macrocycles.[6,14, 27–31] Of the few
existing examples, most had to combat problems with insta-
bility of the resulting metallomacrocycles or the formation
of mixtures of products.[14,27–29] Despite limited success with
attempts to make metallomacrocycles with these ligand
building blocks, organic chemists have used it as a motif in
the preparation of a wide variety of donor/acceptor com-
plexes, host/guest complexes, and electron-transfer sys-
tems.[32–43]


Abstract: Pyromellitic diimide and
naphthalene diimide moieties were in-
corporated into hemilabile phosphanyl-
alkyl thioether ligands. These ligands
reacted with [CuACHTUNGTRENNUNG(CH3CN)4]PF6 and
[Rh ACHTUNGTRENNUNG(NBD)Cl]2 (NBD=norbornadiene)
by the weak-link approach to form
condensed intermediates. Upon reac-
tion of each diimide ligand with these
transition-metal precursors, the two di-
ACHTUNGTRENNUNGimide units became cofacially aligned


within a supramolecular macrocyclic
architecture. The introduction of ancil-
lary ligands to each of these condensed
intermediates caused the weak thioeth-
er–metal bonds to break, thus generat-


ing a large macrocycle in which the dis-
tance between diimide units is signifi-
cantly larger than for the condensed in-
termediates. The two RhI cationic con-
densed intermediates were
characterized by single-crystal X-ray
diffraction studies, and the electro-
chemical activity of these macrocycles
was demonstrated with the naphtha-
lene diimide–CuI macrocycles.
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The WLA is a highly generalized synthetic methodology
for the formation of metallomacrocycles.[1,44] In this ap-
proach, a hemilabile ligand 1 containing a strongly binding
phosphine group and a more weakly binding moiety, such as
oxygen or sulfur, is combined in a one-to-one ratio with a
monomeric metal source 2 (Scheme 1). These reagents react


to form a condensed intermedi-
ate or closed macrocycle 3.
Upon introduction of an ancil-
lary ligand, the weak atom–
metal bond is selectively
cleaved to yield a large open
macrocycle 4. This approach
was shown to be highly general
with respect to choice of transi-
tion metals, hemilabile ligands,
and ancillary ligands, but has
not been explored in the con-
text of the rylene family of li-
gands.[10,12, 13,45–50] Herein, we
report how the WLA can be
used to synthesize a series of bimetallic RhI and CuI macro-
cycles that contain redox-active pyromellitic diimide and
naphthalene diimide groups.


Results and Discussion


Synthesis of Ligands 5 and 6


Ligands 5 and 6 were each synthesized in two steps from
commercially available starting materials. 4-(2-Diphenyl-
phosphanylethylthio)phenylamine was synthesized according
to literature procedures and then combined with either py-
romellitic dianhydride or 1,4,5,8-naphthalenetetracarboxylic


dianhydride in a condensation reaction to form 5 and 6, re-
spectively (Scheme 2). Both ligands have poor solubility in
most solvents; consequently, purification was difficult.
Therefore, they were characterized primarily by mass spec-
trometry, elemental analysis, and their reactivity in forming
the targeted macrocyclic structures.


Synthesis of Condensed Intermediates 7–10


The RhI condensed intermediates 7 and 8 were synthesized
by a route similar to published methods for analogous com-
pounds formed from different hemilabile ligands
(Scheme 3).[45] [Rh ACHTUNGTRENNUNG(NBD)Cl]2 and NaBArF (NBD=norbor-
nadiene, BArF= tetrakis ACHTUNGTRENNUNG[3,5-bis(trifluoromethyl)phenyl]bo-
rate) were allowed to stir in CH2Cl2 to abstract the chloride
ligands from the RhI center. This solution was then added to
a suspension of ligand 5 or 6. The thioether and phosphine
moie ACHTUNGTRENNUNGties of 5 and 6 displaced the NBD moieties on the RhI


center to yield cationic condensed intermediates 7 and 8, re-
spectively. Although the ligands are not soluble in CH2Cl2,
once complexed to the RhI metal centers, the condensed in-
termediates 7 and 8 are quite soluble, with all precipitates
dissolving under the conditions studied. Owing to this lack
of ligand solubility, reaction times were significantly longer
than those used in published methods for previously studied
analogous complexes (overnight versus immediate reaction).
Macrocycles 7 and 8 were fully characterized in solution by
1H and 31P{1H} NMR spectroscopy, mass spectrometry, and


elemental analysis, and in the solid state by single-crystal X-
ray diffraction studies (Figures 1 and 2).
Condensed intermediates 9 and 10 were synthesized by


methods analogous to published procedures, but with longer
reaction times owing to the limited solubility of ligands 5
and 6 in CH2Cl2 (Scheme 3).[48] A solution of [Cu-
ACHTUNGTRENNUNG(CH3CN)4]PF6 in CH2Cl2 was added to a suspension of
ligand 5 or 6 in CH2Cl2. The thioether and phosphine moiet-
ies of the ligands chelated to the CuI metal center, displac-
ing the CH3CN ligands and generating macrocycles 9 and
10. Again, unlike the precursor ligands, 9 and 10 are soluble
in CH2Cl2 and were characterized in solution by 1H and
31P{1H} NMR spectroscopy, mass spectrometry, and elemen-


Scheme 1. The weak-link approach. *=Transition-metal center, ACHTUNGTRENNUNGW=


weakly binding atom, S= strongly binding atom, L=ancillary ligand.


Scheme 2. Synthesis of ligands 5 and 6. DMF=N,N-dimethylformamide.
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tal analysis. All data are consis-
tent with the assigned struc-
tures.


X-ray Crystallographic Analysis
of 7 and 8


Single crystals of 7·4CH2Cl2
were grown by layering pentane
over a dilute solution of 7 in
CH2Cl2 at room temperature.
Crystallographic parameters are
summarized in Table 1. All
samples studied diffracted dif-
fusely. No symmetry higher
than triclinic was observed, and
the centrosymmetric alternative
was determined by the results
of refinement. The structure
was solved by direct methods in
P1 and then translated to an in-
version center for refinement in
P(�1). All non-hydrogen atoms
of the ion pair were refined ani-
sotropically, and hydrogen
atoms were treated as idealized
contributions. The highly dif-
fuse contributions of the four
molecules of methylene chlo-
ride were treated by using the
void-volume-analysis program
SQUEEZE (A. Spek; calcd:


Scheme 3. Synthesis of condensed intermediates 7–10 and open macrocycles 11–14.


Figure 1. ORTEP diagram of 7·4CH2Cl2 showing the labeling scheme of selected atoms. Thermal ellipsoids are
drawn at 50% probability. Hydrogen atoms, counterions, and solvent molecules are omitted for clarity.


Figure 2. ORTEP diagram of 8·3CH2Cl2·2H2O showing the labeling scheme of selected atoms. Thermal
ACHTUNGTRENNUNGellipsoids are drawn at 50% probability. Hydrogen atoms, counterions, and solvent molecules are omitted for
clarity.
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168 electrons per unit cell ; found: 163 electrons per unit
cell). The solvent molecules were included in the computed
intensive properties. The solution was refined against F2,
and the final R1 and wR2 values were computed as 7.93 and
21.16, respectively.
Single yellow plate crystals of 8·3CH2Cl2·2H2O were


grown by slow liquid diffusion of pentane into a solution of
8 in CH2Cl2 at room temperature. Crystallographic parame-
ters are given in Table 1. A crystal suitable for study was
mounted on a glass fiber. All measurements were made on
a charge-coupled detector (CCD) with graphite monochro-
mated MoKa radiation. Data were collected at 293(2) K with
a Bruker SMART detector and processed with SAINT-NT
from Bruker. The structure was solved by direct methods[51]


and expanded by using Fourier techniques.[52] The disor-
dered fluorine and chlorine atoms were refined with group
anisotropic displacement parameters. The chlorine atoms
from the disordered solvent were fixed in places found from
the difference map. The remaining non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were included
but not refined. The final cycle of full-matrix least-squares
refinement on F2 was based on 19459 reflections and 1158
variable parameters and converged with R1 and wR2 values
of 6.41 and 18.34, respectively.
Both crystal structures illustrate the cofacial alignment of


the diimide moieties, with distances between the arene rings
of 3.64 O for 7 and 4.05 O for 8. These distances compare
well with analogous condensed intermediates formed
through the WLA with p–p interactions.[45–47,49,53] The rhodi-
um–rhodium distance is 20.42 O for 7 and 20.61 O for 8.
These are among the longest metal–metal distances for bi-
metallic macrocycles formed by the WLA.


Synthesis of Open Macrocycles 11–14


Open rhodium macrocycles 11 and 12 were synthesized by
adding benzyltriethylammonium chloride to solutions of 7


and 8, respectively, in CD2Cl2
(Scheme 3).[45] Upon charging
the solutions with CO, the weak
thioether–rhodium bonds were
selectively broken to yield open
macrocycles 11 and 12 ; the
phosphine groups on the rhodi-
um atoms are situated with
trans geometry, and the CO and
Cl� ligands occupy the remain-
ing coordination sites. These
macrocycles were fully charac-
terized in solution by 1H and
31P{1H} NMR and FTIR spec-
troscopy. Owing to the lability
of the CO moieties, characteri-
zation by elemental analysis
and mass spectrometry was not
possible. All spectroscopic data
are consistent with the assigned


structure, and the assignments are unambiguous based on
comparison of NMR and FTIR data with those in the litera-
ture for isoelectronic species made from different hemilabile
ligands.[45]


Open copper macrocycles 13 and 14 were prepared by ad-
dition of four equivalents of pyridine to condensed inter-
mediates 9 and 10, respectively (Scheme 3).[48] Two pyridine
groups displaced the thioether moieties bound to each
copper center. The open copper macrocycles were fully
characterized in solution by 1H and 31P{1H} NMR spectros-
copy, mass spectrometry, and elemental analysis, and all
data are consistent with the proposed structural assign-
ments.


Electrochemical Studies of Copper Macrocycles 10 and 14


Both pyromellitic diimide and naphthalene diimide are fre-
quently used as electron acceptors and, as such, are easily
reduced. The electrochemical activity of the series of synthe-
sized macrocycles was probed by using closed and open CuI


macrocycles with naphthalene diimide backbones, 10 and
14, owing to the greater degree of stability of CuI macrocy-
cles to air relative to their RhI counterparts[48] and the great-
er ease of reduction of the naphthalene diimide unit (E1=2


=


�790 mV vs. Fc/Fc+ ; Fc= ferrocene) compared to the pyro-
mellitic diimide moiety (E1=2


=�1020 mV vs. Fc/Fc+).[54]


Cyclic voltammagrams (CV) of both closed complex 10 and
open complex 14 each displayed two reversible redox waves
(10 : E0/�1


1=2
=�771 mV, E�1/�2


1=2
=�1032 mV; 14 : E0/�1


1=2
=


�828 mV, E�1/�2
1=2
=�1086 mV vs. Fc/Fc+) (Figure 3). There


is an approximately �60-mV shift in both E0/�1
1=2
and E�1/�2


1=2


for 14 compared to 10, which is likely a reflection of the
charge induction due to the proximity of the redox-active
diimide unit to the positively charged metal center in 10. In
the closed complex, the metal centers, by virtue of their
through-bond proximity to the redox-active naphthalene di-
ACHTUNGTRENNUNGimides, pull electron density away from the diimide back-


Table 1. Crystallographic parameters for 7 and 8.


Complex 7 8


Formula C164H100B2F48N4O8P4Rh2S4·4CH2Cl2 C172H104B2F48N4O8P4Rh2S4·3CH2Cl2·2H2O
Mr 3985.74 4038.98
space group P1̄ P1̄
crystal system triclinic triclinic
A [O] 10.2666(17) 13.974(2)
B [O] 18.847(3) 18.004(3)
C [O] 24.640(4) 20.234(3)
A [8] 92.618(3) 101.974(2)
B [8] 94.269(3) 104.710(2)
G [8] 92.968(3) 111.444(2)
V [O3] 4242.2(14) 4320.5(11)
Z 1 1
crystal size [mm3] 0.25Q0.20Q0.10 0.350Q0.280Q0.154
Dcalcd [Mgcm


�3] 1.396 1.552
2qmax 47.00 56.88
radiation, wavelength MoKa, 0.71073 O MoKa, 0.71073 O
T [K] 100(2) 293(2)
R, Rw 0.0793, 0.2116 0.0641, 0.1834
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bone, thus easing the reduction process. In the open com-
plex, the hemilabile ligand is no longer chelated to the
metal center, and the through-bond distance from CuI to the
diimide is significantly greater, thus making the complex
more difficult to reduce. The two reversible waves are indi-
cative of a stepwise reduction of each identical diimide
ligand within the macrocycle. This stepwise reduction is in
part due to the electrostatic cost of creating a negatively
charged ligand in the presence of another negatively charg-
ed ligand.[6,55] In the cases of 10 and 14, the splittings (10 :
DE=261 mV; 14 : DE=258 mV) are comparable, which sug-
gests that, under these conditions, the change in distance be-
tween diimide ligands when going from the closed to the
open state is not great enough to effect the degree of elec-
tronic communication between the redox-active centers.


Conclusions


The reactions of hemilabile ligands that contain pyromellitic
diimide and naphthalene diimide groups with both RhI and
CuI result in condensed intermediates that can be cleanly
opened into metallomacrocycles in high yield. The CuI–
naphthalene diimide complexes exhibit reversible ligand-in-
duced redox behavior. The ligands, regardless of whether
the structures are in the condensed intermediate or open
macrocyclic state, communicate with one another. Ultimate-
ly, these redox centers could be useful for probing the


chemistry that occurs within such structures. Indeed, incor-
poration of these electron-deficient moieties within the
backbone of such macrocycles opens the door to future
studies focused on host/guest chemistry and electron trans-
fer.


Experimental Section


General Procedures


Unless otherwise noted, all reactions were carried out under nitrogen at-
mosphere with reagent-grade solvents by using standard Schlenk techni-
ques or an inert-atmosphere glovebox at room temperature.[56] All other
solvents were purified by published methods.[57] Deuterated solvents were
purchased from Cambridge Isotope Laboratories Inc. and used as re-
ceived. 4-(2-Diphenylphosphanylethylthio)phenylamine was synthesized
according to literature methods.[58] All other chemicals were obtained
from commercial sources and used as received unless otherwise noted.


CCDC-612314 (7) and -612106 (8) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre at www.ccdc.cam.-
ACHTUNGTRENNUNGac.uk/data_request/cif.


Physical Measurements


1H NMR spectra were recorded on a Varian Mercury 300-MHz FTNMR
spectrometer and referenced to residual proton resonances in CD2Cl2.
31P{1H} NMR spectra were recorded on a Varian Mercury 300-MHz
FTNMR spectrometer at 121.4 MHz and referenced to an external
H3PO4 (85%) standard. All chemical shifts are reported in ppm. FTIR
spectra were obtained in solution with a Thermo Nicolet Nexus 670
FTIR spectrometer with NaCl cells with 0.1-mm spacers. ESI mass spec-
tra were recorded on a Micromass Quatro II triple quadrupole mass
spectrometer or a Micromass Q-Tof Ultima mass spectrometer. EI mass
spectra were recorded on a Fisions VG 70-250 SE mass spectrometer. El-
emental analyses were performed by Quantitative Technologies, Inc.
(Whitehouse, NJ). Cyclic voltammagrams were collected on a BAS 100B
potentiostat using a 2-mm diameter Au disk as a working electrode, a
freshly flamed Pt wire as a counterelectrode, and a polished Ag wire as a
pseudoreference electrode. Fc was added as an internal reference at the
end of each experiment to calibrate measured potentials, and all poten-
tials are reported versus the Fc/Fc+ couple. Electrolyte solutions were
composed of tetrabutylammonium hexafluorophosphate (TBAPF6; 0.1m)
in CH2Cl2, which was prepared under dry nitrogen in a glove box, purged
with nitrogen, and kept under a nitrogen blanket during experiments.


Syntheses


5 : Pyromellitic dianhydride (0.500 g, 2.29 mmol) and 4-(2-diphenylphos-
phanylethylthio)phenylamine (1.547 g, 4.58 mmol) was added to a
Schlenk flask (100 mL). Degassed DMF (70 mL) was added to the reac-
tion mixture, and the mixture was brought to reflux. After refluxing over-
night, the reaction mixture was cooled to room temperature, and the sol-
vent was removed in vacuo. The yellow solid obtained was then heated in
toluene (50 mL) and filtered at 100 8C. The solid was then washed with
CH2Cl2 (20 mL), Et2O (20 mL), EtOH (20 mL), and hexanes (20 mL).
The product was dried under vacuum and isolated as a yellow powder
(863.4 mg, 44%). MS (EI): m/z calcd: 856.2 [M]; found: 856.0; elemental
analysis: calcd (%) for C50H38O4N2P2S2: C 70.08, H 4.47, N 3.27; found: C
69.37, H 4.37, N 3.31.


6 : 1,4,5,8-Naphthalenetetracarboxylic dianhydride (0.500 g, 1.86 mmol)
and 4-(2-diphenylphosphanylethylthio)phenylamine (1.258 g, 3.73 mmol)
were added to a Schlenk flask (100 mL). Degassed DMF (70 mL) was
added to the reaction mixture, and the mixture was brought to reflux.
After refluxing overnight, the suspension was cooled to room tempera-
ture, and the solvent was removed in vacuo. The solid was then washed
with CH2Cl2 (20 mL), Et2O (20 mL), EtOH (20 mL), and hexanes
(20 mL). The product was dried under vacuum and isolated as a dark-


Figure 3. Cyclic voltammograms of 10 (top; E0/�1
1=2
=�771 mV, E�1/�2


1=2
=


�1032 mV) and 14 (bottom; E0/�1
1=2 =�828 mV, E�1/�2


1=2 =�1086 mV) in
CH2Cl2 with TBAPF6 (0.1m) as the supporting electrolyte.
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yellow powder (995.3 mg, 59%). MS (ESI): m/z calcd: 906.9 [M]; found:
907.3; elemental analysis: calcd (%) for C54H40O4N2P2S2·


1=2DMF: C 70.65,
H 4.64, N 3.71; found: C 70.43, H 4.33, N 3.17.


7: [Rh ACHTUNGTRENNUNG(NBD)2Cl]2 (23 mg, 0.050 mmol) and NaBArF (88.6 mg,
0.100 mmol) were added to CH2Cl2 (10 mL), and the mixture was al-
lowed to stir for 5 min. This solution was then added dropwise to a sus-
pension of 5 (85.6 mg, 0.100 mmol) in CH2Cl2 (10 mL), and the reaction
mixture was left to stir overnight at room temperature. The solvent was
then removed in vacuo, and the resulting orange solid was dissolved in
Et2O. The solution was then passed through a short pad of celite. The sol-
vent was removed under reduced pressure. The solid was then recrystal-
lized from CH2Cl2 (1 mL) and hexanes (20 mL), filtered, and dried to
give 7 (151.3 mg, 83%). Crystals of 7·4CH2Cl2 were grown by layering
pentane over a dilute solution of 7 in CH2Cl2 at room temperature.
1H NMR (CD2Cl2): d=2.67 (m, 8H, CH2P), 2.88 (m, 8H, CH2S), 7.36–
7.95 ppm (complex m, 84H, Ph-H); 31P{1H} NMR (CD2Cl2): d=


67.55 ppm (d, J=161.2 Hz); MS (ESI): m/z calcd: 959.8 [M�2BArF]2+ ;
found: 959.1; elemental analysis: calcd (%) for
C164H100O8N4P4S4B2F48Rh2: C 54.02, H 2.76, N 1.54; found: C 53.74, H
2.65, N 1.56.


8 : [Rh ACHTUNGTRENNUNG(NBD)2Cl]2 (23 mg, 0.050 mmol) and NaBArF (88.6 mg,
0.100 mmol) were added to CH2Cl2 (10 mL), and the mixture was al-
lowed to stir for 5 min. This solution was then added dropwise to a sus-
pension of 6 (90.6 mg, 0.100 mmol) in CH2Cl2 (10 mL), and the reaction
mixture was left to stir overnight at room temperature. The solvent was
removed in vacuo, and the resulting orange solid was dissolved in Et2O.
The solution was then passed through a short pad of celite, and the sol-
vent was removed under reduced pressure. The solid was then recrystal-
lized from CH2Cl2 (1 mL) and hexanes (20 mL), filtered, and dried to
give 8 (161.1 mg, 86%). Crystals of 8·3CH2Cl2·2H2O were grown by
layering pentane over a dilute solution of 8 in CH2Cl2 at room tempera-
ture. 1H NMR (CD2Cl2): d=2.74 (m, 8H, CH2P), 2.98 (m, 8H, CH2S),
7.29–7.81 ppm (complex m, 88H, Ph-H; includes BArF); 31P{1H} NMR
(CD2Cl2): d=65.43 ppm (d, J=161.0 Hz); MS (ESI): m/z calcd: 1009.9
[M�2BArF]2+ ; found: 1009.9; elemental analysis: calcd (%) for
C172H104N4P4O8S4B2F48Rh2·CH2Cl2: C 54.24, H 2.79, N 1.46; found: C
54.57, H 2.65, N 1.48.


9 : A solution of [Cu ACHTUNGTRENNUNG(CH3CN)4]PF6 (20 mg, 0.053 mmol) in CH2Cl2
(10 mL) was added to a suspension of 5 (45 mg, 0.053 mmol) in CH2Cl2
(10 mL). The reaction mixture was allowed to stir overnight under N2. As
9 slowly started to form, the solution became increasingly yellow. After
the mixture was stirred overnight, all solid material dissolved. The sol-
vent was then removed under reduced pressure to yield a yellow solid.
This solid was recrystallized from CH2Cl2 (1 mL) and Et2O (10 mL), fil-
tered, and dried to give analytically pure 9 (51.9 mg, 92%). 1H NMR
(CD2Cl2): d=2.87 (m, 8H, CH2P), 3.41 (m, 8H, CH2S), 7.12–7.87 ppm
(complex m, 60H, Ph-H); 31P{1H} NMR (CD2Cl2): d=�0.80 (s),
�143.1 ppm (sept, PF6); MS (ESI): m/z calcd: 1985.9 [M�PF6]+ , 920.4
[M�2PF6]2+ ; found: 1985.6, 920.4; elemental analysis: calcd (%) for
C100H76O8N4F12P6S4Cu2·2CH2Cl2: C 53.25, H 3.50, N 2.44; found: C 53.50,
H 3.44, N 2.72.


10 : A solution of [Cu ACHTUNGTRENNUNG(CH3CN)4]PF6 (20 mg, 0.053 mmol) in CH2Cl2
(10 mL) was added to a suspension of 6 (48 mg, 0.053 mmol) in CH2Cl2
(10 mL). The reaction mixture was allowed to stir overnight under N2. As
10 slowly started to form, the solution became increasingly yellow. After
the mixture was stirred overnight, all solid material dissolved. The sol-
vent was then removed under reduced pressure to yield a yellow solid.
This solid was recrystallized from CH2Cl2 (1 mL) and Et2O (10 mL), fil-
tered, and dried to give pure 10 (53.8 mg, 91%). 1H NMR (CD2Cl2): d=
2.85 (m, 8H, CH2P), 3.48 (m, 8H, CH2S), 7.32–7.61 ppm (complex m,
64H, Ph-H); 31P{1H} NMR (CD2Cl2): d=�0.98 (s), �143.2 ppm (sept,
PF6); MS (ESI): m/z calcd: 970.5 [M�2PF6]2+ ; found: 970.4; elemental
analysis: calcd (%) for C108H80O8N4F12P6S4Cu2·CH2Cl2: C 56.53, H 3.57, N
2.42; found: C 56.85, H 3.42, N 2.66.


11: An air-free NMR tube containing a solution of 7 (30 mg, 8.2 mmol)
and benzyltriethylammonium chloride (3.7 mg, 16.4 mmol) in CD2Cl2
(1 mL) was charged with CO (1 atm) at room temperature. The deep-
orange solution turned orange-yellow in color and gave 11 in quantitative


yield. IR: ũ(CO)=1976 cm�1; 1H NMR (CD2Cl2): d=3.04 (m, 8H,
CH2P), 3.56 (m, 8H, CH2S), 7.33–7.74 ppm (complex m, 60H, Ph-H);
31P{1H} NMR (CD2Cl2): d=25.49 ppm (d, J=122.0 Hz).


12 : An air-free NMR tube containing a solution of 8 (30 mg, 8.0 mmol)
and benzyltriethylammonium chloride (3.6 mg, 16.0 mmol) in CD2Cl2
(1 mL) was charged with CO (1 atm) at room temperature. The deep-
orange solution turned pale and gave 12 in quantitative yield. IR:
ũ(CO)=1974 cm�1; 1H NMR (CD2Cl2): d=3.03 (m, 8H, CH2P), 3.51 (m,
8H, CH2S), 7.19–7.82 ppm (complex m, 64H, Ph-H); 31P{1H} NMR
(CD2Cl2): d=25.56 (d, J=123.2 Hz).


13 : Pyridine (4.4 mL, 54.3 mmol, 4 equiv) was added by syringe with stir-
ring to a solution of 9 (28.9 mg, 13.6 mmol) in CH2Cl2 (3 mL). The solu-
tion was allowed to stir for 1 h at room temperature. The solvent was re-
moved in vacuo to yield a yellow solid. The solid was recrystallized with
CH2Cl2 (1 mL) and Et2O (10 mL), filtered, and dried to yield 13
(31.3 mg, 94%). 1H NMR (CD2Cl2): d=2.78 (m, 8H, CH2P), 3.35 (m,
8H, CH2S), 7.29–8.30 ppm (complex m, 80H, Ph-H, pyridine);
31P{1H} NMR (CD2Cl2): d=�3.01 (s), �143.2 ppm (sept, PF6); MS (ESI):
m/z calcd: 1985.9 [M�PF6�4 pyridine]+, 920.5 [M�2PF6�4 pyridine]2+ ;
found: 1985.6, 920.9; elemental analysis: calcd (%) for
C120H96O8N8F12P6S4Cu2·3CH2Cl2: C 54.67, H 3.80, N 4.15; found: C 54.33,
H 3.38, N 3.66.


14 : Pyridine (4.3 mL, 53.7 mmol, 4 equiv) was added by syringe with stir-
ring to a solution of 10 (30.0 mg, 13.4 mmol) in CH2Cl2 (3 mL). The solu-
tion was allowed to stir for 1 h at room temperature. The solvent was re-
moved in vacuo to yield a yellow solid. The solid was recrystallized with
CH2Cl2 (1 mL) and Et2O (10 mL), filtered, and dried to yield 14 (31.4 g,
92%). 1H NMR (CD2Cl2): d=2.82 (m, 8H, CH2P), 3.44 (m, 8H, CH2S),
7.28–8.24 ppm (complex m, 84H, Ph-H, pyridine); 31P{1H} NMR
(CD2Cl2): d=�1.97 (s), �143.0 (sept, PF6); MS (ESI): m/z calcd: 970.5
[M�2PF6�4 pyridine]2+; found: 970.7; elemental analysis: calcd (%) for
C128H100O8N8F12P6S4Cu2·CH2Cl2: C 58.86, H 3.91, N 4.26; found: C 58.38,
H 3.71, N 3.71.
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Crystalline Vanadium Pentoxide with Hierarchical Mesopores and Its
Capacitive Behavior
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Introduction


Since the first mesoporous solid MCM-41, which has a regu-
lar, ordered pore arrangement and a very narrow pore-size
distribution, was discovered in 1992,[1] mesoporous materials
have attracted much attention in synthesis, characterization,
mechanism research, and morphology control. Owing to
their enhanced electronic, magnetic, optical, and catalytic
properties, these materials may be widely applied in many
trades and professions.[2–12] To enlarge the pore size to great-


er than 2 nm, the structure-directing templates of block co-
polymer surfactants and swelling agents were universally
employed for most mesoporous materials.[13–18] Recently,
highly ordered supermicroporous materials with pore sizes
of less than 2 nm were prepared by nanocasting techniques,
which bridged the gap between microporous and mesopo-
rous materials.[19, 20] However, little effort has been devoted
to the construction of hierarchical mesoporous materials in
which the smaller pores are distributed within the corre-
sponding larger ones.[21] Crystalline ceria with a bimodal
pore system was reported more recently by Smarsly and co-
workers,[21] who adopted a suitable block copolymer with
the combination of an ionic surfactant as a cotemplate to
generate the hierarchical porous framework. In general,
such hierarchical porous materials are more promising than
monomodal mesoporous materials in practical applica-
tions.[22]


Mesoporous metal oxides, as the most important function-
al semiconductor materials, have always been widely investi-
gated.[23–29] The fact that vanadium pentoxide acts as an ad-
vanced intercalation host material for Li+ , K+ , Na+ , Mg2+ ,
Ca2+ , and so on[30–34] attracted great interest in the fields of
electrochemistry and materials science. Vanadium pentoxide
has also been used as a highly efficient catalyst for asymmet-
rical oxidation[35] and removal of pollution gases.[36] Howev-


Abstract: Crystalline vanadium pentox-
ide with hierarchical mesopores was
synthesized by using a CTAB/BMIC
cotemplate (CTAB=cetyltrimethylam-
monium bromide, BMIC=1-butyl-3-
methylimidazolium chloride). The ma-
terial was fully characterized by SEM,
TEM, N2 adsorption–desorption, XRD,
XPS, and CV methods. By elaborate
adjustment of the template propor-
tions, the distribution and size of the
hierarchical pores were tuned success-
fully. CTAB cationic surfactant contrib-


uted more to the larger mesopores,
whereas BMIC ionic liquid was benefi-
cial in forming the smaller nanopores.
The vanadium-containing anions com-
bined with CTA+ micelles and BMI+


rings through electrostatic interactions.
The CTA+–O(VO)O�–BMI+ entities
built up an orderly array, which finally


formed the hierarchical mesoporous
framework during thermal treatment.
The mesoporous vanadium pentoxide
directed by the cotemplate of CTAB/
BMIC=1:1 showed many orderly crys-
talline structures and demonstrated a
large capacitance (225 Fg�1); it is thus
a promising material for electrochemi-
cal capacitors. Two alternative solu-
tions to the disappearance of capaci-
tance due to insertion of K+ are pro-
posed in view of possible future appli-
cations.
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er, so far only monomodel mesoporous vanadium pentoxide
has been synthesized with the aid of surfactants.[37,38] Hier-
archical mesoporous vanadium pentoxide with orderly pores
distributed within the material has not yet been found. A
main problem in the preparation of hierarchical mesoporous
crystalline structures is related to the collapse of the pores
due to stress arising from crystallization of the matrix.
Therefore, a general methodology would be the use of ap-
propriate amphiphilic templates with different sizes, and the
two surfactants have to be compatible with respect to their
cohesion energies to avoid phase separation.


Ionic liquids (ILs) have recently received much attraction
in many fields of chemistry and industry, owing to their po-
tential as a green recyclable alternative to traditional organ-
ic solvents.[39] They have a long liquidus, in some cases in
excess of 400 8C. Their highly favorable properties, such as
negligible vapor pressure, wide electrochemical window,
high ionic conductivity, and thermal stability, make ILs ef-
fective in catalysis,[40–42] electrochemistry,[43–47] liquid–liquid
extraction,[48–50] and organic liquid-phase reactions.[51–55] Most
of the room-temperature ILs (RTILs) investigated consist of
organic 1-alkyl-3-methylimidazolium cations and organic or
inorganic anions. The positively charged imidazolium rings
play crucial roles in the formation of the wormhole frame-
work of mesoporous silica.[56] In view of the structure-direct-
ing role of the rings, the imidazolium-based ILs may be suit-
able candidates as soft templates for the synthesis of meso-
porous materials.


Herein, we used 1-butyl-3-methylimidazolium chloride
(BMIC) IL and cetyltrimethylammonium bromide (CTAB)
cationic surfactant as a cotemplate to synthesize mesoporous
vanadium pentoxide. BMIC with structure-directing rings
and CTAB with orderly cationic micelles can model hier-
archical multiporous morphologies. Furthermore, BMIC and
CTAB are very compatible with each other; they avoid the
phase separation and have a synergetic effect on the forma-
tion of the hierarchical porous framework of vanadium
pentoxide. By elaborate adjustment of the ratios of the two
template reagents, the distribution and size of the hierarchi-
cal pores of the material can be tuned. The hierarchical
porous crystalline vanadium pentoxide with regard to its
very large surface area is expected to act as a good capaci-
tive material.


Results and Discussion


Figure 1 shows the surface structures and morphologies of
porous vanadium pentoxides synthesized by using two typi-
cal ratios of template reagents. It is evident from Figure 1a
that most flakes and clumps of 30–40 nm were agglomerated
when the structure-directing template contained an absolute
excess of cationic surfactant CTAB (molar ratio CTAB/
BMIC=5:1). When the IL was increased such that CTAB/
BMIC=1:1 (Figure 1c), the products obtained were much
smaller and finer. The particles became less conglomerated
into clusters and much rounder compared to those obtained


with insufficient BMIC IL. The excess CTAB with the twist-
ed alkyl-chain tails easily modeled irregular nanoscale cavi-
ties (Figure 1b). The crystalline pattern (Figure 1b, inset)
was indexed as orthorhombic V2O5 along the [001] and [110]
directions. The CTAB/BMIC cotemplate samples produced
hierarchical porous structures in which mesopores of rough-
ly 6–10 nm were formed between uniformly and closely dis-
tributed particles; meanwhile, numerous far-smaller pits of
less than 2 nm were located on the walls of these round par-
ticles (Figure 1d). This indicates that the cotemplate with a
suitable proportion of IL is advantageous for modeling or-
derly hierarchical pores within materials. The hierarchical
porous V2O5 material has an orthorhombic crystalline pat-
tern (Figure 1d, inset) along the [001] growth direction. Pre-
vious XRD data also confirmed that sol-gel-derived films
have polycrystalline structures with preferential orientation
along the [001] axis.[57] These results imply that the introduc-
tion of the IL has an important effect on the crystalline
growth orientation and therefore, to a large extent, models
the size and morphology of the material formed.


Figure 2 shows the N2 adsorption–desorption isotherms
and the corresponding pore-size distributions (inset) of the
synthesized crystalline vanadium pentoxides. The behavior
of the adsorption–desorption isotherms of porous materials
are dependent not only on pore size but also on pore mor-
phology. The narrow hysteresis loops that appeared at differ-
ent relative pressures are characteristic of hierarchical pores.
The increase in adsorbed volume at high relative pressure is
a direct indication of the presence of the secondary large
pores. The vanadium pentoxides from the CTAB leading
template (with insufficient BMIC IL) have a Brunauer–
Emmett–Teller (BET) surface area 255 m2g�1 with two
broad ranges of pore sizes, whereas the products of the
CTAB/BMIC cotemplate, with a BET surface area of
262 m2g�1, present much narrower hierarchical pore distri-
butions centered at 1.8 and 8.7 nm (Figure 2, inset). The
narrow pore-size ranges arise from the equivalent amount


Figure 1. a) and c) Scanning electron microscopy (SEM) and b) and
d) transmission electron microscopy (TEM) images of the crystalline va-
nadium pentoxides formed by using CTAB/BMIC templates with the
molar ratio of a) and b) 5:1 and c) and d) 1:1. The corresponding ED pat-
terns are shown in the insets of b) and d).
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of IL, which can effectively modify the leading CTAB-mod-
eled structures (see above). Undoubtedly, the homogeneous-
ly narrow pore distribution endows this hierarchical multi-
porous vanadium pentoxide with more-pronounced material
performance.


Figure 3 shows XRD patterns of the synthesized hierarch-
ical multiporous materials. The stronger [001] and [110]
peaks for CTAB/BMIC=5:1 and [001] and [002] peaks for
CTAB/BMIC=1:1 indicate that the vanadium pentoxides
are highly crystalline; this is consistent with the electron dif-
fraction (ED) results. The growth orientation of mesoporous
materials is dependent on the surface energy of various
facets of the nuclei, whereas the hole channels of the tem-
plate used determine the energy distribution to a large
extent. Thus, the tunable ratios of CTAB/BMIC may easily
model the growth dynamics of the nuclei of the vanadium


species. The template-directed vanadium pentoxide with
CTAB/BMIC=1:1 shows much better crystallinity than that
with CTAB/BMIC=5:1, as the former displays only the
sharp [001] peak of vanadium pentoxide. This multiporous
vanadium pentoxide with a more orderly structure could
serve as a much more promising functional material.


Figure 4 shows the thermal-decomposition behavior of the
precursor of vanadium pentoxide, which provides direct in-


formation about the transformation of vanadium from gel to
final product under thermal treatment. The small initial
weight loss of <5% under 200 8C was attributed mainly to
the volatile solvent and surface-adsorbed free water; at this
moment, the resultant sample was sensitive to water.[59] The
following weight loss at 200–320 8C was due to the release of
ammonia from ammonium metavanadate[60] from the partial
decomposition of the cationic template CTAB.[61] An exo-
thermal peak in the DTA curve in Figure 4 centered at
320 8C implies the breakup of the CTAB template structure.
The further weight loss up to 395 8C was attributed to the re-
moval of the cotemplate, and a corresponding sharp exo-
thermal peak appeared at 395 8C in the DTA curve. These
data show that the morphology of vanadium pentoxide con-
trolled by the dual-template reagents disintegrated above
400 8C because of the complete decomposition of the tem-
plates. Although the nucleus formation and initial growth
was attributed to the synergetic effect of the compatible
dual templates used, it seems that the imidazolium-based IL
is more beneficial to forming the 1D nanopores in terms of
its internal imidazolium-directed rings. The special template
behavior of ILs originate from the strong polarizability of
the charged head group, thus leading to a stronger tendency
for self-aggregation[58] and shrinking of the internal holes.
When the temperature was increased to above 400 8C, there
was no apparent weight loss. In this case, the vanadium
pentoxide formed was well-crystallized as the temperature
was elevated. The broad endothermal peak evident at about
560 8C provides support for the crystal-ordering process,
which is endothermic.


Figure 2. N2 adsorption–desorption isotherms of the hierarchical mesopo-
rous crystalline vanadium pentoxides synthesized with templates of
CTAB/BMIC with the molar ratio 5:1 (*) and 1:1 (*). The correspond-
ing Barret–Joyner–Halenda (BJH) pore-size distributions are shown in
the inset.


Figure 3. XRD spectra of the hierarchical mesoporous crystalline vanadi-
um pentoxides synthesized with templates of CTAB/BMIC with the
molar ratio a) 5:1 and b) 1:1.


Figure 4. Thermogravimetric analysis (TGA; c) and differential ther-
mal analysis (DTA; a) plots of the vanadium precursor in air from 20
to 700 8C at a rate of 10 8Cmin�1.
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Based on the above findings, the mechanism of formation
of the crystalline vanadium pentoxide with hierarchical
pores can be summarized briefly as follows. During the sol-
gel process (Figure 5a–c), the long-chain cationic surfactant


CTAB automatically forms cationic micelles at a critical
concentration. The head group CTA+ combines with the va-
nadium anion O(VO)O� from the starting NH4VO3 source
through electrostatic interaction.[62] Many 1D materials such
as wires, whiskers, rods, and tubes have thus been successful-
ly constructed by using a CTAB template.[63–66] However, the
vanadium nucleus herein cannot grow outwards because of
the effect of the BMI+ ring, which is also attracted to the
vanadium anion, at the other end. Therefore, a CTA+–
O(VO)O�–BMI+ entity is formed through electrostatic bal-
ance, in which the vanadium crystallite is effectively mod-
eled by the cotemplate of suitable proportions. These ran-
domly distributed CTA+–O(VO)O�–BMI+ entities are fur-
ther assembled thermodynamically during the ageing time,
eventually building up an orderly array (Figure 5c). After
removal of the dual templates by thermal treatment, the hi-
erarchical mesoporous framework of the synthesized materi-
al is obtained (Figure 5d). It can be speculated from the
framework that the larger mesopores are modeled basically
from CTA+ cationic micelles, whereas the smaller pores are
mainly from the imidazolium rings of BMI+ . Due to the
slightly lower decomposition temperature of CTAB than for
BMIC (Figure 4), the larger mesopores formed from CTAB
are more fragile and deform under the higher thermal stress.
In other words, the imidazolium-based IL may play an im-
portant role in maintaining complete pore framework on ac-
count of its durable templating. This is also why the CTAB/
BMIC=1:1 modeled vanadium pentoxides have more
shaped and complete pores than the 5:1 template products,
owing to the more smaller mesopores from the former.


Previous reports[67,68] revealed that amorphous vanadium
pentoxide exhibits apparent capacitive characteristics. How-
ever, crystalline vanadium pentoxide has not displayed any
capacitive features so far. Herein the capacitive behavior of
the synthesized crystalline vanadium pentoxides was initially
explored in view of its orderly hierarchical multiporous
properties. Figure 6 shows the cyclic voltammogram of the


crystalline vanadium pentoxides from the CTAB/BMIC=


1:1 cotemplate in a solution of KCl (2m). Good capacitive
behavior is demonstrated by the rounded curves. During the
first few tens of cycles, a pair of small peaks on the anodic
and cathodic sweeps that contribute pseudocapacitance with
the insertion and extraction of active K+ ions were ob-
served. When the number of cycles was increased (typically
to hundreds), the redox peaks disappeared, and at the same
time the capacitance gradually declined. At the first cycle,
the specific capacitance of synthesized crystalline vanadium
pentoxide is 225 Fg�1. After 400 cycles, this value fell to
95 Fg�1. The disappearance of capacitance may be ascribed
to structural changes due to stress from the insertion and ex-
traction of K+ ions, which can be verified with X-ray photo-
electron spectroscopy (XPS).


Figure 7 shows the XPS profiles of the crystalline vanadi-
um pentoxide before and after cyclic voltammetry measure-
ments. The synthesized product is a typical orthorhombic
V2O5 crystal. The bond energies of the V 2p and O 1s core
levels are EB ACHTUNGTRENNUNG(V 2p3/2)=517.5 eV, EB ACHTUNGTRENNUNG(V 2p1/2)=525 eV and
EB ACHTUNGTRENNUNG(O 1s)=530.5 eV, which agree with those reported in the
literature.[69,70] After 400 cycles in KCl (2m), the crystalline
structure displays some evident changes. The small abnor-
mal peaks at 524 and 533.5 eV represent vanadium oxides of
low oxidation state and inactive potassium oxide. The spec-
trum was also fitted to reveal the components of the asym-
metric peaks. It is clear that the V�O bond energy is not the
same as that of the initial material, which means that a part
of the vanadium pentoxide was reduced along with the in-
sertion of K+ ions. It can be assumed that vanadium oxides
(i.e., V2O5�n) of low oxidation state damage the general


Figure 5. Schematic representation of the cotemplate process for the syn-
thesis of hierarchical mesoporous crystalline vanadium pentoxide. a) Co-
existence of CTA+ micelle, O(VO)O�, and BMI+ ring; b) the self-assem-
bled CTA+–O(VO)O�–BMI+ entity; c) the orderly array network
formed; d) the mesoporous framework after removal of the cotemplate.


Figure 6. Cyclic voltammogram of the mesostructured crystalline vanadi-
um pentoxide formed with the CTAB/BMIC=1:1 cotemplate in KCl
(2m) at a scan rate of 10 mVs�1.
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crystalline structure, thus blocking the transportation pas-
sage. On the other hand, the surplus oxygen vacancies may
bind K+ ions, which would lead to irreversible insertion.
Two alternative solutions may be attempted to maintain ca-
pacitance. One is to dope a suitable stabilizer to keep the
crystalline form; the disappearance of capacitance of MnO2


was circumvented successfully by doping with Co to stabilize
its form.[71] The other is the synthesis of vanadium composite
materials including oxides of high oxidation state, which can
effectively decrease the number of surplus oxygen vacancies.


Conclusions


We have successfully synthesized hierarchical mesoporous
crystalline vanadium pentoxides by using a CTAB/BMIC co-
template. The tunable ratios of CTAB to BMIC determine
to a large extent the distribution and size of the hierarchical
pores within this material. CTAB cationic surfactant con-
tributes more to the larger mesopores, whereas BMIC ionic
liquid is beneficial for forming the smaller pores. The vana-
dium-containing anions combine with CTA+ micelles and
BMI+ rings through electrostatic forces. Thus, the growth
orientation of the vanadium nucleus is modeled by the dual
templates. The hierarchical mesoporous vanadium pentoxide
directed by the cotemplate of CTAB/BMIC=1:1 shows a
more-orderly crystalline structure and demonstrates a large
capacitance (225 Fg�1). However, due to continuous inser-
tion/extraction of K+ ions after hundreds of cycles, a struc-
tural change arises in the material, which results in the dis-
appearance of capacitance. Measures could be taken for the
preservation of capacitance in practical applications by
doping with suitable structure stabilizers or by synthesizing
stable vanadium composites.


Experimental Section


Synthesis


Ammonium metavanadate (0.002 mol, analytical grade; Shanghai) was
soaked in solutions of pretreated ethanol (5 mL) containing different
ratios of the template agents CTAB (analytical grade; Beijing) and
BMIC (Fluka; washed twice with ethyl acetate before use). The mixtures
were vigorously stirred for 36 h at room temperature, and pale-yellow ho-
mogeneous sols were obtained. The sols were allowed to age in air to
form semitransparent gellike precursors, which were then transferred
into a tube furnace and calcined in air. The temperature was raised to
650 8C at a rate of 20 8Cmin�1 and held there for 1 h. After annealing, the
yellowish-brown products obtained were rinsed twice in sequence with
absolute ethanol and double-deionized water to remove the remaining
impurities.


Characterization


Field-emission SEM was performed on an XL30 ESEM FEG microscope
at an accelerating voltage of 20 kV. TEM and ED were performed on a
JEOL-JEM-2010 instrument at an accelerating voltage of 200 kV (JEOL,
Japan). N2 adsorption–desorption isotherms were determined on a Quan-
tachrome NOVA 1000 (Version 6.11) system at 77 K. Specific surface
areas were obtained by the BET method, and pore-size distribution was
calculated from the adsorption branch of the isotherm by the BJH
model. Powder XRD patterns were recorded on a PW1710 BASED X-
ray diffractometer with CuKa radiation (l=1.5406 M) at 40 kV and
30 mA. TGA and DTA were carried out with a Perkin–Elmer thermal-
analysis TG/DTA system. The temperature was raised from 20 to 700 8C
at a rate of 10 8Cmin�1 in air. XPS was conducted on a VG ESCALAB
MK II spectrometer (VG Scientific, UK) with a monochromatic MgKa X-
ray source (hu=1253.6 eV). Peak positions were referenced internally to
the C 1s peak at 284.6 eV.


Electrochemical measurements


The synthesized vanadium pentoxide powders, conducting graphite, acet-
ylene black, and poly(vinylidene fluoride) (PVDF) binder were mixed in
a weight ratio of 6.5:2:1:0.5 and carefully ground. The uniform mixtures
were then rolled out on foam nickel and pressed at 2 MPa to form a slice
that served as the working electrode. An Ag/AgCl electrode (with satu-
rated KCl) and a clean Pt slice served as the reference and counter elec-
trodes, respectively. A solution of KCl (2m) was used as the electrolyte.
This three-electrode system was connected to a CHI 630 electrochemical
workstation to perform the cyclic voltammetric measurements.
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Kinetic Studies Prove High Catalytic Activity of a Diene–Rhodium Complex
in 1,4-Addition of Phenylboronic Acid to a,b-Unsaturated Ketones


Asato Kina,[a] Yuichi Yasuhara,[a] Takahiro Nishimura,[a] Hiroshi Iwamura,[b] and
Tamio Hayashi*[a]


Introduction


The outcome of asymmetric reactions catalyzed by metal
complexes is strongly dependent on the chiral ligands.[1] The
use of 2,2’-bis(diphenylphosphanyl)-1,1’-binaphthyl (binap)[2]


as a chiral ligand has made the rhodium-catalyzed asymmet-
ric 1,4-addition of organoboron reagents to electron-defi-
cient olefins one of the most-efficient methods of asymmet-
ric carbon–carbon bond formation.[3–5] The chiral diene li-
gands, which we reported for the first time in 2003, im-
proved this rhodium-catalyzed asymmetric addition in terms
of both catalytic activity and enantioselectivity.[6] Several
types of chiral diene ligands have been prepared and ap-
plied successfully to asymmetric 1,4-addition to a,b-unsatu-
rated carbonyl compounds,[7,8] asymmetric 1,2-addition to N-
sulfonylarylimines,[9] and arylative cyclization of alkynes that
bear an aldehyde or enoate moiety.[10] In these reactions, the
most significant feature of the rhodium–diene system is its
high catalytic activity. For example, 0.005–0.01 mol% of a
rhodium complex coordinated with (S,S)-2,5-
dibenzylbicycloACHTUNGTRENNUNG[2.2.2]octa-2,5-diene (Bn-bod*) can catalyze
asymmetric 1,4-addition in high yields without loss of enan-


tioselectivity.[11] Our recent kinetic studies on 1,4-addition
catalyzed by a binap–rhodium complex[12] determined the ki-
netic parameters within the catalytic cycle and revealed that
the reaction is characterized by a) the predominant catalytic
inactive dimeric species [Rh(OH) ACHTUNGTRENNUNG(binap)]2 and b) a rate-de-
termining transmetalation step (Scheme 1). To determine
the reasons for the big difference in catalytic activity be-
tween diene–rhodium and phosphine–rhodium complexes,
we also studied the kinetics of the reaction catalyzed by a
diene–rhodium complex. Herein we report the kinetic fea-
tures of the diene–rhodium system in comparison with the
binap–rhodium system.


Keywords: addition · catalytic
cycles · diene ligands · kinetics ·
rhodium


Abstract: In the 1,4-addition of phenylboronic acid to a,b-unsaturated ketones,
[Rh(OH) ACHTUNGTRENNUNG(cod)]2 has a much higher catalytic activity than [Rh(OH) ACHTUNGTRENNUNG(binap)]2
(cod=1,5-cyclooctadiene, binap=2,2’-bis(diphenylphosphanyl)-1,1’-binaphthyl).
Kinetic studies revealed that the rate-determining transmetalation step in the cata-
lytic cycle has a large rate constant when [Rh(OH) ACHTUNGTRENNUNG(cod)]2 is used.
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Scheme 1. Rhodium-catalyzed 1,4-addition of phenylboronic acid (1) to
enones 2 and its mechanism. cod=1,5-Cyclooctadiene, [Rh]=RhACHTUNGTRENNUNG(binap)
or Rh ACHTUNGTRENNUNG(cod), Sol= solvent.
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Results and Discussion


As a rhodium catalyst coordinated with diene ligands,
[Rh(OH) ACHTUNGTRENNUNG(cod)]2 (4) was chosen because it can be readily
obtained in large quantities[13] and is known to show high
catalytic activity for 1,4-addition.[14] The reactions of phenyl-
boronic acid (PhB(OH)2; 1)[15] with methyl vinyl ketone
(MVK; 2a) in aqueous dioxane in the presence of 4 and
boric acid[16] at 50 or 30 8C (Scheme 1) were carried out in a
reaction calorimeter (Omnical SuperCRC) for continuous
monitoring over the course of the reaction; the significant
point is the use of an excess amount of 2a to prevent any 1
from remaining. The kinetic data were analyzed by reaction-
progress kinetic analysis, which was developed by Black-
mond and co-workers.[17,18] The experimental procedures
were similar to those used for the previous kinetic studies
on the binap system.[12]


In the first set of experiments, the catalytic activity of 4
was compared with that of [Rh(OH)ACHTUNGTRENNUNG(binap)]2 in the reaction
of 1 with 2a at 50 8C. The results obtained with [Rh]total=
1.30 mm showed that the diene complex 4 is about 20 times
more active than the binap complex (Figure 1). Thus, for


50% conversion of 1, it takes
only 3 min with 4 compared to
50 min with [Rh(OH) ACHTUNGTRENNUNG(binap)]2.


For further experiments to
obtain kinetic parameters in the
reaction with 4 as a catalyst, we
chose 2.70 mm for the total Rh
concentration and 30 8C for the
reaction temperature as stan-
dard reaction conditions. In our
previous kinetic studies with
[Rh(OH) ACHTUNGTRENNUNG(binap)]2 catalyst, they
were 8.00 mm and 50 8C, respec-
tively.[12] In the present Rh/
diene system, the catalyst con-
centration is lower because of
the higher catalytic activity, and
the reaction temperature is
lower to avoid the low accuracy


caused by high temperature (see below). The concentration
of 1 was plotted as the x axis and the reaction rate as the y
axis (Figure 2). The two curves for the reactions carried out
at the same [“excess”][19] (i.e. , the difference in the initial
concentrations of the two substrates) overlaid well, reveal-
ing that the system suffers from neither catalyst deactivation
nor product inhibition (Figure 2a andb). The order of the
reaction with respect to the catalyst was determined to be
0.65, which is demonstrated by the overlapping plot of reac-
tion rate divided by [Rh]total


0.65 versus the concentration of 1
(Figure 2, inset). This reaction order (0.65) for the catalyst
indicates that the inactive dimeric hydroxorhodium complex
4 is a dominant species in the catalytic cycle.[20] However, in
contrast to the previous binap–rhodium system,[12] in which
the order with respect to the catalyst is nearly 0.5 [Eq. (1)],
it also indicates that the concentration of the monomeric hy-
droxorhodium species 5 is no longer negligible, and as a
result, Equation (1) is not an appropriate simplified expres-
sion in the present diene–rhodium system. The results of the
reactions carried out at different [“excess”][19] (Figure 2a, c,
d, and e) showed that the reaction is first-order with respect
to 1 and zero-order with respect to 2a. It follows that the
rate-determining step is the formation of the phenyl–rhodi-
um species 6 and that the following insertion step is fast.
When k2ACHTUNGTRENNUNG[MVK] is much larger than k1ACHTUNGTRENNUNG[PhB(OH)2] due to
the excess amount of MVK (2a) and the large value for the
rate constant k2 (described in detail below), the full expres-
sion of the rate equation [Eq. (2)] approaches Equation (3),
which does not include the rate constant for the insertion k2
but allows us to extract accurate values independently for
the rate constant for the transmetalation k1 and the dimeri-
zation constant Kdimer.


[12] As shown by the straight lines in
Figure 2, analysis of the progress of the reaction during 30–
90% conversion after the induction period revealed a good
fit to Equation (3) when k1=1.3m�1 s�1 and Kdimer=3.8M
102m�1 (standard deviations 1% and 3%, respectively).[21]


The rate constant k1 at 30 8C is two times larger than that
with the binap–rhodium catalyst at 50 8C.


Figure 1. Conversion versus time curves for the reactions of 1 ([1]0=
69 mm) with 2a ([2a]0=100 mm) in 1,4-dioxane (6.0 mL) and H2O
(0.6 mL) in the presence of rhodium catalyst ([Rh]total=1.30 mm Rh) and
[B(OH)3]0=533 mm at 50 8C. The rhodium catalysts used for the reac-
tions were [Rh(OH) ACHTUNGTRENNUNG(cod)]2 (4) and [Rh(OH) ACHTUNGTRENNUNG(binap)]2.


Figure 2. Rate versus [1] and rate/[Rh]0.65 versus [1] (inset) curves for the reactions of 1 with 2a in 1,4-dioxane
(3.0 mL) and H2O (0.3 mL) in the presence of 4 with [B(OH)3]0=536 mm at 30 8C. Reaction conditions:
a) [1]0=67.9 mm, [2a]0=201 mm, [Rh]=2.70 mm Rh; b) [1]0=98.5 mm, [2a]0=234 mm, [Rh]=2.66 mm Rh;
c) [1]0=66.0 mm, [2a]0=128 mm, [Rh]=2.60 mm Rh; d) [1]0=85.6 mm, [2a]0=200 mm, [Rh]=2.73 mm Rh;
e) [1]0=88.6 mm, [2a]0=110 mm, [Rh]=2.73 mm Rh; f) [1]0=70.4 mm, [2a]0=200 mm, [Rh]=1.37 mm Rh;
g) [1]0=65.8 mm, [2a]0=198 mm, [Rh]=3.97 mm Rh; h) [1]0=65.8 mm, [2a]0=198 mm, [Rh]=5.33 mm Rh.
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n ¼ k1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Kdimer


p PhB OHð Þ2ð1Þ½ � Rh½ �total0:5 ð1Þ


n ¼ 2k1k2 PhB OH2ð Þð1Þ½ � enoneð2Þ½ � Rh½ �total
Aþ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ 8Kdimer k2 enoneð2Þ½ �ð Þ2 Rh½ �total


p ,


A ¼ k1½PhBðOHÞ2ð1Þ� þ k2½enoneð2Þ�
ð2Þ


n ¼ 2k1 PhB OH2ð Þð1Þ½ � Rh½ �total
1þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8Kdimer Rh½ �total


p ð3Þ


It is desirable to compare k1 in the diene system with that
in the binap system at the same temperature. Unfortunately,
determination of statistically certain values for the diene
system at 50 8C failed owing to slight catalyst deactivation
and inadequate data points caused by too high a reaction
rate. We assumed that Kdimer at 50 8C has a similar value
(Kdimer=3.8M102m�1) to that at 30 8C, because the reaction
order with respect to the catalyst at 50 8C is 0.65, which is
the same value as at 30 8C. By substituting this Kdimer value
in Equation (3), k1 at 50 8C was estimated to be 6.7m�1 s�1


from the fit of the experimental rate data (Figure 3) to
Equation (3). This estimated k1 value allows us to make a
quantitative comparison between the diene and binap sys-
tems at 50 8C (Table 1). Whereas the dimerization constant
for the cod complex (Kdimer=3.8M102m�1) is not very differ-
ent from that for the binap complex (Kdimer=8M102m�1), the
rate constant k1 for the cod catalyst (k1=6.7m�1 s�1) is more
than 10 times larger than that for the binap catalyst (k1=
0.5m�1 s�1).[12] Such a large rate constant k1 brings about the


high catalytic activity observed in the reactions with the
diene ligand.


It is difficult to determine the rate constant k2 for the in-
sertion step, because it is too fast to affect the overall reac-
tion rate. To observe the influence of the insertion,
ACHTUNGTRENNUNGk2 ACHTUNGTRENNUNG[enone] should not be much larger than k1 ACHTUNGTRENNUNG[PhB(OH)2] in
the full expression of Equation (2). Thus, when the concen-
tration of the enone 2 becomes much lower than that of
PhB(OH)2 (1), Equation (2) allows us to determine k2. The
reaction of 1 (97 mm) with a smaller amount of 2-cyclohex-
ACHTUNGTRENNUNGenone (2b ; 46 mm), in which the ratio of 1 to 2 is opposite
to that used for the measurement of k1, exhibited a charac-
teristic shoulder in the heat flow versus time curve (Fig-
ure 4a); the curve falls as the concentration of 2b is low-
ered. Before the shoulder (highlighted), it overlaps with the


curve for the reaction with an excess amount of 2b
(231 mm). However, the heat flow was not complete after
the consumption of 2b (around 10 min); a further heat flow
was observed, producing a sharp bend in the curve. This in-
dicates that 1,4-addition to 2b proceeds at first, then the hy-
drolysis of 1 to give benzene begins as the concentration of
2b approaches 0 mm, which was confirmed by the exact
overlay between the heat-flow curve after 10 min and that
of hydrolysis of the remaining amount of 1 (51 mm=


(97�46)mm). The heat flow for the 1,4-addition, which was
obtained by subtraction of the heat flow of the hydrolysis
from the total heat flow, enabled us to plot the reaction rate
against the concentration of 1. The rate constant k2 of 2b
was estimated to be 16m�1 s�1 by fitting to Equation (2) with


Table 1. Rate and equilibrium constants determined by fitting of the
ACHTUNGTRENNUNGexperimental data of Figures 2 and 3 to Equation (3).[a]


Rh/cod
30 8C


Rh/cod
50 8C


Rh/binap[b]


50 8C


k1 [m
�1 s�1] 1.3 (1) 6.7 0.5


Kdimer [m
�1] 3.8M102 (3) ACHTUNGTRENNUNG[3.8M102][c] 8M102


[a] The values in parentheses are the standard deviations. [b] The results
for Rh/binap system are reported in reference [12]. [c] Assumed value.


Figure 3. Rate versus [1] for the reactions of 1 with 2a in 1,4-dioxane
(6.0 mL) and H2O (0.6 mL) in the presence of 4 with [B(OH)3]0=533 mm


at 50 8C. Reaction conditions: a) [1]0=33.5 mm, [2a]0=67.0 mm, [Rh]=
1.34 mm Rh; b) [1]0=67.0 mm, [2a]0=101 mm, [Rh]=1.34 mm Rh;
c) [1]0=33.5 mm, [2a]0=101 mm, [Rh]=1.33 mm Rh; d) [1]0=55.5 mm,
[2a]0=101 mm, [Rh]=1.36 mm Rh; e) [1]0=33.5 mm, [2a]0=67.0 mm,
[Rh]=2.00 mm Rh; f) [1]0=33.5 mm, [2a]0=67.0 mm, [Rh]=2.71 mm Rh.


Figure 4. a) Heat flow versus time and b) rate versus [1] curves for the
ACHTUNGTRENNUNGreactions of 1 with 2b in 1,4-dioxane (3.0 mL) and H2O (0.3 mL) in the
presence of 4 (2.70 mm Rh) with [B(OH)3]0=533 mm at 30 8C.
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k1=1.3m�1 s�1 and Kdimer=3.8M102m�1 (Figure 4b, solid
lines). The k1 and Kdimer values obtained for 2b were identi-
cal to those for 2a obtained in a similar manner with Equa-
tion (3). This large value for the insertion of 2b is consistent
with the approximation used for Equation (3). Unfortunate-
ly, it was difficult to obtain satisfactory data in the case of
2a owing to the remarkably fast insertion of 2a relative to
2b. We believe that there was too rapid a change in heat
flow at the final stage of the reaction for reaction calorime-
try to respond. Actually, the reaction of 1 with 2a (1 equiv)
and 2b (1 equiv) in competition in the presence of 4 result-
ed in exclusive formation of the 1,4-addition product 3a,
which is derived from the more-reactive 2a (>100:1;
1H NMR spectroscopic analysis). This is in good agreement
with the extremely fast insertion of 2a.


Conclusions


In summary, we have carried out kinetic studies of the 1,4-
addition of phenylboronic acid (1) to a,b-unsaturated ke-
tones 2 in the presence of a rhodium complex coordinated
with 1,5-cyclooctadiene by utilizing reaction calorimetry.
The reaction mechanism of the diene system was found to
be similar to that of the binap system, and the inactive di-
meric species 4 is the resting state. The remarkably high cat-
alytic activity of diene–rhodium is attributed to a large rate
constant for the rate-determining transmetalation step.


Experimental Section


General


All anaerobic and moisture-sensitive manipulations were carried out with
standard Schlenk techniques under predried nitrogen or with glovebox
techniques under prepurified argon. NMR spectra were recorded at
500 MHz for 1H, 125 MHz for 13C, and 202 MHz for 31P. Chemical shifts
are reported in ppm referenced to internal SiMe4 (phosphoric acid for
31P NMR spectroscopy). 1,4-Dioxane was distilled over benzophenone
ketyl under N2. 1,4-Dioxane and H2O were degassed by bubbling of N2.
Both 2a and 2b were distilled before use from CaCl2. Phenylboroxine


[11]


and 4[13] were prepared according to the reported procedures. Boric acid
(B(OH)3) was used as received. The synthesis of the 1,4-addition prod-
ucts, 4-phenyl-2-butanone (3a ; CAS 2550-26-7) and 3-phenylcyclohex-
ACHTUNGTRENNUNGanone (3b ; CAS 20795-53-3), have already been reported.


Experimental Procedure for Kinetic Studies with Reaction Calorimetry


Reactions were performed in an Omnical SuperCRC reaction calorime-
ter. The instrument contains a differential scanning calorimeter (DSC),
which compares the heat released or consumed in a sample vessel to that
in a reference vessel. The reaction vessels were borosilicate screw-thread
vials (16 mL) fitted with open-top black phenolic screw caps and white
polytetrafluoroethylene (PTFE) septa charged with teflon stirrer bars.
Sample volumes did not exceed 7 mL. In a typical calorimetry experi-
ment, 1,4-dioxane (5.0 mL) and H2O (0.5 mL) were added to a reaction
vessel containing 4 (2.06 mg, 9.00 mmol) and B(OH)3 (222 mg, 3.6 mmol).
The vessel was placed in the calorimeter, and the mixture was stirred for
over 30 min to allow the contents of the vessel to reach thermal equilibri-
um. A vessel that contained the same chemicals but without 4 was pre-
pared as the reference vessel. A syringe containing substrate solution
(1.15 mL of a solution of phenylboroxine (70.1 mg, 0.674 mmol) and 2a
(143 mg, 2.04 mmol) in 1,4-dioxane (3.0 mL) and H2O (0.30 mL)) was


placed in the sample-injection ports of the calorimeter for the reaction
and reference vessels. These two syringes were allowed to equilibrate
thermally. The reaction was initiated by injecting the substrate solution
into the reaction vessel; the same substrate solution was injected into the
reference vessel simultaneously to remove any thermal differences. The
temperature of the DSC was held constant at 50 8C with a Titec CL-150F
water circulator to ensure that the reactions proceeded under isothermal
conditions. A raw-data curve was produced by measuring the heat flow
from the sample vessel every three seconds during the reaction. Owing to
the delay between the moment heat was evolved from the reaction vessel
and the time when the heat flow was detected by the thermophile sensor,
the raw-data curve had to be calibrated. For the calibration, a constant
current was passed through a resistor in the sample chamber of the calo-
rimeter, thereby producing a known quantity of heat. This process result-
ed in a response curve, which was then transformed into a square wave,
allowing the response time of the instrument to be calculated with
WinCRC software. Application of the response time to the raw data re-
sulted in a “tau-corrected data curve”, a plot of heat flow (mJs�1) versus
time. The reaction rate, which is directly proportional to the heat flow
[Eq. (4)], fraction conversion [Eq. (5)], and instantaneous concentrations
of reactants/products can all be calculated from this tau-corrected data
curve:


q ¼ DHrVn ð4Þ


where q is the reaction heat flow, DHr is the enthalpy change of reaction,
V is the reaction volume, and n is the reaction rate. The enthalpy change
of reaction from integration of the observed heat flow versus time curves
gave an average value of (162	8) kJmol�1:


conversion ¼


Rt
0


qðtÞdt


Rtf
0


qðtÞdt
ð5Þ


where the numerator represents the area under the heat flow curve up to
any time point t, and the denominator represents the total area under the
heat flow curve.


The reaction was also monitored by NMR spectroscopic analysis, for
which the samples were prepared by diluting the reaction mixture
(40 mL) with CDCl3 (0.5 mL). It was confirmed by NMR spectroscopic
analysis that the generation of benzene by hydrolysis of 1 is less than
3%. The conversion measured by NMR spectroscopy was in good agree-
ment with that measured by heat flow (see Supporting Information), thus
validating the use of reaction calorimetry to follow the Rh/cod-catalyzed
1,4-addition of 1.


Kinetic Model for a,b-Unsaturated Ketones with Rh/Cod Catalyst


The rate of formation of product 3 is given by [Eq. (6)]:


n ¼ k2½6�½2� ð6Þ


The concentration of each catalyst species is related by material balance
to the total rhodium concentration in [Eq. (7)]:


½Rh�total ¼ 2½4� þ ½5� þ ½6� ð7Þ


The equilibrium constant Kdimer is defined as an association rather than a
dissociation constant in [Eq. (8)]:


Kdimer ¼
4½ �
5½ �2 ð8Þ


The steady-state equation for 6 is given by [Eq. (9)]:


d 6½ �
dt


¼ k1 1½ � 5½ � � k2 2½ � 6½ � ¼ 0


5½ � ¼ k2 2½ �
k1 1½ � 6½ �


ð9Þ
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Substituting [5] into [Eq. (8)] gives [Eq. (10)]:


4½ � ¼ Kdimer 5½ �2¼ Kdimer
k2 2½ �
k1 1½ �


� �2


6½ �2 ð10Þ


Combining [Eq. (9)] and [Eq. (10)] with [Eq. (7)] gives [Eq. (11)]:


Rh½ �total¼ 2Kdimer
k2 2½ �
k1 1½ �


� �2


6½ �2þ k2 2½ �
k1 1½ � 6½ � þ 6½ �


6½ � ¼ 2k1 1½ � Rh½ �total
k1 1½ � þ k2 2½ �ð Þ þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 1½ � þ k2 2½ �ð Þ2þ8Kdimer k2 2½ �ð Þ2 Rh½ �total


p
ð11Þ


Substituting [6] into [Eq. (6)] gives [Eq. (12)] for the rate of product for-
mation:


n ¼ 2k1k2 1½ � 2½ � Rh½ �total
k1 1½ � þ k2 2½ �ð Þ þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 1½ � þ k2 2½ �ð Þ2þ8Kdimer k2 2½ �ð Þ2 Rh½ �total


p ð12Þ


Transformation 1: When Kdimer[Rh]total is large, the reaction rate will show
first-order kinetics with respect to 1 and half-order kinetics with respect
to Rhtotal, as shown in [Eq. (13)]:


n ¼ k1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Kdimer


p 1½ � Rh½ �total0:5 ð13Þ


Transformation 2: At first, both the numerator and denominator are di-
vided by k2[2], [Eq. (14)]:


n ¼ 2k1 1½ � Rh½ �total


1þ k1 1½ �
k2 2½ �


� �
þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k1 1½ �


k2 2½ �


� �2
þ8Kdimer Rh½ �total


r
ð14Þ


When k2[2] is much larger than k1[1], the rate equation is reduced to
[Eq. (3)], which no longer includes the large rate constant for the inser-
tion:


n ¼ 2k1 1½ � Rh½ �total
1þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8Kdimer Rh½ �total


p ð3Þ


Transformation 3: Next, both the numerator and denominator are divid-
ed by k1[1], [Eq. (15)]:


n ¼ 2k2 2½ � Rh½ �total


1þ k2 2½ �
k1 1½ �


� �
þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2 2½ �


k1 1½ �


� �2
þ8Kdimer


k2 2½ �
k1 1½ �


� �2
Rh½ �total


r
ð15Þ


When k1[1] is much larger than k2[2], the rate equation is simplified to
[Eq. (16)]:


n ¼ k2 2½ � Rh½ �total ð16Þ
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Coordination Behavior of Sterically Protected Phosphaalkenes on the AuCl
Moiety Leading to Catalytic 1,6-Enyne Cycloisomerization


Matthias Freytag,[a] Shigekazu Ito,*[a] and Masaaki Yoshifuji*[a, b]


Introduction


Phosphines are well-utilized compounds for the formation
of metal complexes. Although most of them are tervalent
phosphorus ligands, phosphorus can form multiple bonds in
low coordination states by utilizing steric protection with
bulky substituents. Indeed, a number of compounds with
phosphorus–carbon double bonds have been synthesized by
use of a bulky Mes* (2,4,6-tri-tert-butylphenyl) group and
have so far been applied for the formation of transition-
metal complexes.[1]


Considerable attention has been paid to the chemistry of
gold complexes, especially in materials science, medicine,
and catalysis in organic synthesis.[2] The properties of gold
complexes are influenced by the nature of the ligands and


display a number of intriguing characteristics.[2,3] Recently,
we reported the preparation and structural determination of
a monomeric digold(I) complex with a 1,2-bis(cyclopropyl)-
3,4-diphosphinidenecyclobutene derivative, which showed
distortion of the rigid diphosphinidenecyclobutene (DPCB)
skeleton and effects of cyclopropyl conjugation.[4] Such find-
ings prompted us to investigate phosphaalkene–gold com-
plexes, which have hardly been explored so far.[5]


Herein we employed several kinetically stabilized phos-
phaalkenes for the preparation of gold complexes. In con-
nection with our recent report,[4] we chose 2,3-dimethyl-1,4-
diphosphabuta-1,3-diene 1,[6] which includes a conformation-


ally flexible P=C�C=P skeleton that displays peculiar prop-
erties in molecular dynamics, as well as the DPCB deriva-
tive 2, which has been utilized as a rigid P2 ligand for
unique transition-metal catalysts.[7,8] For a compound with a
single P=C group, we employed 2,2-bis(methylsulfanyl)-1-


Abstract: Mes*-substituted 2,3-dimeth-
yl-1,4-diphosphabuta-1,3-diene, 1,2-di-
phenyl-3,4-diphosphinidenecyclobu-
tene, 2,2-bis(methylsulfanyl)-1-phos-
phaethene, and 3,3-diphenyl-1,3-di-
phosphapropenes (Mes*=2,4,6-tri-tert-
butylphenyl) were employed as P li-
gands of gold(I) complexes. The (E,E)-
2,3-dimethyl-1,4-diphosphabuta-1,3-
diene functioned as a P2 ligand for di-
gold(I) complex formation with or
without intramolecular Au–Au contact,
which depends on the conformation of


the 1,3-diphosphabuta-1,3-diene. The
1,2-diphenyl-3,4-diphosphinidenecyclo-
butene, which has a rigid s-cis P=C�C=
P skeleton, afforded the corresponding
digold(I) complexes with a slight dis-
tortion of the planar diphosphinidene-
cyclobutene framework and intramo-
lecular Au–Au contact. In the case of
the 2,2-bis(methylsulfanyl)-1-phospha-


ACHTUNGTRENNUNGethene, only the phosphorus atom coor-
dinated to gold, and the sulfur atom
showed almost no intra- or intermolec-
ular coordination to gold. On the other
hand, the 1,3-diphosphapropenes be-
haved as nonequivalent P2 ligands to
afford the corresponding mono- and di-
gold(I) complexes. Some phosphaal-
kene–gold(I) complexes showed cata-
lytic activity for 1,6-enyne cycloisome-
rization without cocatalysts such as
silver hexafluoroantimonate.
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phosphaethene 3, in which the methylsulfanyl groups are ex-
pected to affect the electronic properties of the P=C moiety
to enhance coordination ability.[9] 1,3-Diphosphapropenes 4
include two differently hybridized phosphorus atoms and
are anticipated to show unique behavior as P2 ligands.[10]


Thus, each compound 1–4 has its own character in coordina-
tion chemistry. Furthermore, research on the catalytic activi-
ty of gold complexes has been remarkably developed in
recent years[11] as one of the current interests in the field of
organic synthesis, and gold complexes that bear phosphaal-
kene ligands will stimulate the development of novel syn-
thetic methodologies[12] by utilizing the nature of P=C
bonds.[1,7]


Results and Discussion


Gold-Promoted Conformational Changes of the
ACHTUNGTRENNUNG(E,E)-1,4-Diphosphabuta-1,3-diene


1,4-Diphosphabuta-1,3-diene derivatives are one of the fun-
damental conjugated systems composed of P=C bonds,[6,9,13]


and have been utilized as P2 ligands for several transition-
metal complexes.[14] Herein we used (E,E)-2,3-dimethyl-1,4-
bis(2,4,6-tri-tert-butylphenyl)-1,4-diphosphabuta-1,3-diene
(1)[6] by taking the inherently stable planar s-trans conforma-
tion into consideration.[15] Compound 1 was allowed to react
with one molar equivalent of [(tht)AuCl] (tht= tetrahydro-
thiophene), and the resulting mixture was monitored by
31P NMR spectroscopy. The digold(I) complex 5 and the
starting material 1 were observed in a roughly 1:1 ratio
(Scheme 1). No monogold(I) complex of 1 appeared to be


formed. The products were recrystallized from hexane/di-
chloromethane, and the single crystals obtained were ana-
lyzed by NMR spectroscopy and X-ray crystallography to
confirm the structure of 5 (Figure 1 and Table 1). The Au,


Cl, and P atoms were refined anisotropically, whereas the
carbon atoms were refined isotropically. The molecule takes
a planar s-trans conformation of C2h symmetry, thus indicat-
ing that the conformation of 1 is maintained. Au–Cl and
Au–P bond lengths of 2.265(4) and 2.229(4) J, respectively,
were observed for 5. On the other hand, neither intra- nor
intermolecular Au–Au contact was observed, which indi-
cates that the aurophilic interaction[3] seems to be insuffi-
cient to change the conformation of 1 and to overcome the
steric hindrance around phosphorus. Although the quality of
the structure analysis for 5 is not good enough to discuss the
metric parameters of the 1,4-diphosphabuta-1,3-diene


Abstract in Japanese:


Scheme 1. Reaction of 1,4-diphosphabuta-1,3-diene with [(tht)AuCl].


Figure 1. Molecular structure of 5 (ellipsoids at 50% probability). Hydro-
gen atoms are omitted for clarity.
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moiety (the carbon atoms were refined isotropically), which
was probably due to unsolved disorder and solvent mole-
cules, the conformation of the P=C�C=P skeleton is obvi-
ous.
In an attempt to obtain the digold(I) complex of 1 in


better yield, we next examined the reaction of 1 with two
molar equivalents of [(tht)AuCl] in dichloromethane. After
monitoring the reaction mixture and the workup procedures,
we surprisingly isolated a single product that was different
from the products obtained by use of one molar equivalent
of [(tht)AuCl] (Scheme 1). X-ray crystallography confirmed
a digold(I) complex 6 with C2 symmetry: the P=C�C=P
skeleton showed a gauche conformation (Figure 2 and
Table 1; the carbon atoms except C1 and C1–Me were re-
fined isotropically). Furthermore, the Au–Au distance was
found to be 3.059(1) J, which confirms the presence of in-
tramolecular Au–Au contact.[3,16] The Au–Cl and Au–P dis-


tances of 6, 2.285(6) and 2.219(4) J, respectively, are com-
parable to the corresponding data for 5. Theoretical calcula-
tions suggest that the s-trans C2h form is the most stable con-
formation for the P=C�C=P moiety, and the gauche C2
form is assigned to a local energy minimum; it is slightly
less stable than the C2h form.


[15] Apparently, the aurophilic
interaction seems to overcome the conformational predomi-
nance of the C2h P=C�C=P skeleton in affording 6. Howev-
er, 5 did not turn into 6 upon heating. Therefore, it is plausi-
ble that the excess amount of [(tht)AuCl] (Scheme 1) may
have formed Au2-type intermediate(s) to afford 6 through a
conformational change from C2h to C2. Indeed, a reaction of
5 with 0.5 molar equivalents of [(tht)AuCl] in dichloro-
ACHTUNGTRENNUNGmethane gave a 1:1 mixture of 5 and 6 within 0.5 h. Intermo-
lecular aurophilic interaction appears to play a role in the
conformation change.
As described above, both phosphorus atoms of 1 coordi-


nated gold together. On the other hand, the reaction of
(E,Z)-2,3-dimethyl-1,4-bis(2,4,6-tri-tert-butylphenyl)-1,4-di-
phosphabuta-1,3-diene (7)[6] with one
equivalent of [(tht)AuCl] gave the mo-
nogold(I) complex (dP=321.9,
195.7 ppm; 3JP,P=194.5 Hz). The mono-
ACHTUNGTRENNUNGgold(I) complex and [(tht)AuCl] afford-
ed the corresponding digold(I) complex
(dP=209.0, 198.1 ppm;


3JP,P=216.1 Hz). Given the
31P NMR


spectroscopic data and the results in Scheme 1, it may be
the (E)-P=C phosphorus atom in 7 that coordinates gold in
the monogold(I) complex. The digold(I) complex of 7 may
contain no Au–Au contact due to the nature of the (E,Z)-
1,4-diphosphabuta-1,3-diene skeleton and the steric hin-
drance. Thus, the coordination properties of the 1,4-diphos-
phabuta-1,3-diene depend on the configuration. Attempts to
purify the gold(I) complexes of 7 were unsuccessful.


Table 1. Crystallographic data for compounds 5, 6, 9, 10, 13a, and 14b.


Compound 5 6 9 10 13a·0.7CH2Cl2 14b


Formula C40H64Au2Cl2P2 C40H64Au2Cl2P2 C52H68Au2Cl2P2 C21H35AuClPS2 C33.4H44.8Au2Cl4.8P2 C31H39AuCl2P2
Mr 1071.73 1071.73 1219.90 615.02 1072.38 741.47
Crystal system monoclinic orthorhombic monoclinic monoclinic monoclinic triclinic
Space group P21/n (no. 14) Aba2 (no. 41) P21/n (no. 14) P21/a (no. 14) P21/n (no. 14) P1̄ (no. 2)
a [�] 10.573(1) 23.169(3) 10.126(2) 15.5470(9) 13.4581(4) 10.2371(3)
b [�] 8.7368(6) 19.711(3) 33.193(9) 11.3459(7) 9.2613(2) 17.1737(8)
c [�] 22.901(2) 9.4283(8) 16.273(4) 16.0201(6) 30.3986(9) 10.1212(5)
a [8] 90 90 90 90 90 91.994(1)
b [8] 98.752(3) 90 104.51(2) 117.292(2) 99.0969(6) 116.114(3)
g [8] 90 90 90 90 90 102.744(3)
V [J3] 2090.8(4) 4305.6(8) 5294(2) 2511.3(2) 3741.2(2) 1540.6(1)
Z 2 4 4 4 4 2
T [K] 133 133 203 133 153 133
1calcd [mgcm


�3] 1.702 1.653 1.530 1.627 1.904 1.598
m [mm�1] 7.263 7.054 5.747 6.219 8.312 5.087
2qmax [8] 55 55 51 55 55 55
Observed reflections 15857 13013 9437 20458 30107 11831
Unique reflections 4716 1357 6070 5440 8280 6202
Rint 0.073 0.084 0.135 0.030 0.051 0.024
R1 (I>2s(I)) 0.087 0.052 0.169 0.028 0.051 0.031
Rw (all data) 0.157 0.060 0.309 0.037 0.066 0.042
Parameters 108 132 263 340 367 364
GOF 1.94 1.21 2.26 0.98 1.53 1.26


Figure 2. Molecular structure of 6 (ellipsoids at 50% probability). Hydro-
gen atoms are omitted for clarity. The p-tert-butyl groups are disordered
and one of them is shown.
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Preparation of the DPCB–Digold(I) Complex


Although several methods of obtaining the DPCB deriva-
tives have been established,[1,7,8, 17] we recently indicated that
2-bromo-3-alkoxy-1-phosphapropenes are good precursors
of DPCB derivatives.[18] Compound 2 was synthesized ac-
cording to Scheme 2 in good yield by utilizing 2-bromo-3-


methoxy-1-phosphapropene 8 ;[18a] 2 was then transformed
into the digold(I) complex 9. The structure of 9 was charac-
terized by NMR spectroscopy and X-ray crystallographic
analysis (Figure 3 and Table 1). The carbon atoms were re-


fined isotropically, whereas the Au, P, and Cl atoms were re-
fined anisotropically. Although the quality of the crystallo-
graphic analysis was not good enough for a detailed discus-
sion of the metric parameters, the structure is similar to that
of the digold(I) complex from 1,2-bis(cyclopropyl)-3,4-di-
phosphinidenecyclobutene.[4] The Au1–Au2 distance of
2.995(2) J implies aurophilic interaction and distortion of
the planar DPCB framework upon coordination.


Coordination of the 2,2-Bis(methylsulfanyl)-1-
phosphaethene to Gold


The methylsulfanyl group has p-donating ability toward sev-
eral p-electron systems[19] and can influence the properties
of phosphaethenes. Furthermore, the sulfur atom can inter-
act coordinatively with several metals such as gold. Herein
we focused on the coordination property of 3[9] to gold.
Compound 3 was allowed to react with [(tht)AuCl], and the


corresponding complex 10 was obtained in good yield. The
X-ray structure displayed in Figure 4 (see also Table 1)


shows that the sulfur atom has almost no obvious coordina-
tion bonding with gold (intramolecular S1···Au 3.61 J; inter-
molecular S1···Au 3.45 J). Nevertheless, the elongated S1–
C1 distance (1.758(4) J) compared to the S2–C1 distance
(1.746(4) J) and the corresponding data for 11 (1.747(6)
and 1.738(6) J, respectively)[9] may indicate some interac-
tion between the S1 and the gold atoms. Such weak S···Au
interaction has been described.[20] The methylsulfanyl group
may contribute to stabilizing the structure, whereas 12 (dP=
239.0 ppm), which does not contain this group, gradually de-
composed during purification.


Coordination of 1,3-Diphosphapropenes to Gold


We developed 1,3-diphosphapropene derivatives composed
of both sp2 and sp3 phosphorus atoms as an example of P2
ligands with a low-coordinated phosphorus atom,[10,21] and
herein we utilized them for complex formation with gold.
(E)-2-Methyl-3,3-diphenyl-1-(2,4,6-tri-tert-butylphenyl)-1,3-
diphosphapropene (4a)[10a] was mixed with [(tht)AuCl] in di-


Scheme 2. Preparation of the DPCB–digold(I) complex.


Figure 3. Molecular structure of 9 (ellipsoids at 50% probability). Hydro-
gen atoms are omitted for clarity.


Figure 4. Molecular structure of 10 (ellipsoids at 50% probability). Hy-
drogen atoms are omitted for clarity. Selected bond lengths (J) and
angles (8): Au–Cl 2.278(1), Au–P 2.225(1), S1–C1 1.758(4), S2–C1
1.746(4), P–C1 1.682(4), P–CMes* 1.825(4), Cl�Au�P 176.12(4), Au�P�C1
121.2(1), Au�P�CMes* 131.9(1), C1�P�CMes* 106.7(2), S1�C1�S2 124.1(2),
S1�C1�P 114.9(2), S2�C1�P 121.0(2).
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chloromethane and, after concentration and recrystalliza-
tion, the corresponding digold(I) complex 13a was obtained
in good yield (Scheme 3). Even if 1 equivalent of
[(tht)AuCl] was allowed to react with 4a, no monogold(I)


complex 14a was observed in the reaction mixture, and 13a
was isolated in 18% yield together with recovery of the
starting material. The X-ray structure of 13a (Figure 5 and
Table 1) shows that the metric parameters around P1, P2,


and C1 are comparable to those of 4b.[21a] The P–Au and
Au–Cl bond lengths are in the usual range, and the Au–Au
contact is in the range of those of the reference substan-
ces.[16] The metallacycle itself has an envelope conformation:
Au1, P1, C1, and P2 are coplanar (mean deviation:
0.0003(8) J), whereas Au2 is located 0.964(4) J outside the
plane. This distortion is confirmed by the Cl1�Au1�Au2�
Cl2 torsion angle of 25.57(10)8.


The lower coordination ability of 4b[10b] was observed in
its coordination to gold. Compound 4b was allowed to react
with [(tht)AuCl], and after workup a mixture of the di-
ACHTUNGTRENNUNGgold(I) complex 13b and the monogold(I) complex 14b was
obtained in a 2:3 ratio (Scheme 3). Crystallization of the
mixture afforded colorless prisms and pale-yellow plates.
One of the colorless prisms was analyzed by X-ray crystal-
lography to reveal the molecular structure of 14b (Figure 6
and Table 1). Attempts to separate 13b and 14b by chroma-
tographic methods were unsuccessful. X-ray structure analy-
sis of 13b was not successful owing to the insufficient quality
of the crystals for X-ray diffraction.


1,6-Enyne Cycloisomerization Reactions Catalyzed by
Gold(I) Complexes


In an attempt to utilize the gold(I) complexes obtained in
organic synthesis,[11, 12] we did a preliminary examination of a
metathesis-like 1,6-enyne cycloisomerization of 15 in di-
chloromethane at room temperature to afford the vinylcy-
clopentene 16[11,22] (Scheme 4). Normally, such gold-cata-
lyzed reactions need a silver cocatalyst to generate reactive


Scheme 3. Reaction of 1,3-diphosphapropenes with [(tht)AuCl].


Figure 5. Molecular structure of 13a (ellipsoids at 50% probability). Hy-
drogen atoms and the solvent molecules (dichloromethane) are omitted
for clarity. Selected bond lengths (J) and angles (8): Au1–Au2 3.0843(5),
Au1–Cl1 2.278(2), Au1–P1 2.226(2), Au2–Cl2 2.295(2), Au2–P2 2.230(2),
P1–C1 1.678(9), P1–CMes* 1.821(9), P2–C1 1.821(10), P2–CPh 1.818(10),
P2–CPh 1.826(9), C1–C2 1.50(1), Au2�Au1�Cl1 99.87(7), Au2�Au1�P1
85.57(6), Cl1�Au1�P1 174.41(10), Au1�Au2�Cl2 99.58(6), Au1�Au2�P2
87.29(6), Cl2�Au2�P2 173.12(9), Au1�P1�C1 124.1(3), Au1�P1�CMes*
126.8(3), C1�P1�CMes* 107.9(4), Au2�P2�C1 115.8(3), Au2�P2�CPh
113.3(3), Au2�P2�CPh 112.0(3), C1�P2�CPh 103.1(4), C1�P2�CPh
105.5(4), CPh�P2�CPh 106.2(4), P1�C1�P2 115.7(5), P1�C1�C2 124.5(7),
P2�C1�C2 119.4(7).


Figure 6. Molecular structure of 14b (ellipsoids at 50% probability). Hy-
drogen atoms are omitted for clarity. Selected bond lengths (J) and
angles (8): Au–Cl1 2.283(1), Au–P2 2.229(1), C1–Cl2 1.735(4), P1–C1
1.689(4), P1–CMes* 1.844(4), P2–C1 1.819(4), P2–CPh 1.805(4), P2–CPh
1.813(4), Cl1�Au1�P1 179.14(4), Au�P2�C1 110.2(1), Au�P2�CPh
113.8(1), Au�P2�CPh 113.8(1), Cl2�C1�P1 126.3(3), Cl2�C1�P2 117.0(2),
C1�P1�CMes* 101.1(2), C1�P2�CPh 105.5(2), CPh�P2�CPh 103.9(2), CPh�
P2�CPh 108.9(2), P1�C1�P2 116.2(2).


Scheme 4. Au-catalyzed 1,6-enyne cycloisomerization reactions.
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Au intermediates. On the contrary, complexes 6, 9, and 10
catalyzed the cycloisomerization without silver cocatalyst,
although the reaction was slow. Complexes 5 and 13a
showed almost no catalytic activity. These findings indicate
that the presence of the P=C group, aurophilic Au–Au con-
tact, and a sulfur-containing group may be important in de-
veloping relatively active gold catalysts. The energetically
low-lying lowest unoccupied molecular orbital (LUMO) of
the phosphorus–carbon double bond would effectively raise
the Lewis acidity of the gold complex to activate the acety-
lene moiety.[1,9] The aurophilic Au–Au contact[3] may facili-
tate the catalysis.[23] The sulfur atom may weaken the Au�Cl
bond by electron-donating effects to generate the [L�Au]+
(L=P ligand) species, whereas the PPh2 moiety may retard
any reactive coordination sites.[24,25] Interestingly, the com-
plexes recovered from the cycloisomerization after workup
were catalytically active for reuse.


Conclusions


Gold(I) complexes that bear phosphaalkene ligands were
prepared, and the effects of substituents on coordination
properties were examined. The 1,4-diphosphabuta-1,3-diene
1 afforded the corresponding digold(I) complexes in differ-
ent conformations selectively, as did the open-chain complex
5 and the six-membered metallacycle 6, and no interconver-
sion between 5 and 6 was observed. The DPCB 2 takes two
gold atoms to form the six-membered metallacycle 9 by dis-
torting the planar DPCB skeleton. Although the methylsul-
fanyl group in 3 showed no obvious coordination to gold(I),
the structure of 7 indicates weak S···Au interactions. The 2-
methyl-1,3-diphosphapropene 4a afforded only the digold(I)
complex 13a, whereas the lower coordination ability of the
2-chloro-1,3-diphosphapropene 4b led to a mixture of
mono- and digold(I) complexes 13b and 14b. The catalytic
activity of 6, 9, and 10 in the cycloisomerization of 1,6-
enynes indicated the usefulness of phosphaalkene ligands
and suggested a design for novel gold catalysts. We continue
to investigate phosphaalkene–gold complexes from the
viewpoint of organic synthesis as well as the exploration of
novel functional materials.


Experimental Section


General


All manipulations with organolithium reagents were carried out under an
argon atmosphere by means of standard Schlenk techniques, and the sol-
vents employed were dried by appropriate methods. 1H, 13C{1H}, and
31P{1H} NMR spectra were recorded on a Bruker AVANCE400 spectrom-
eter in CDCl3 at 298 K with internal Me4Si (


1H, 13C) or external H3PO4
(31P) standard. Melting points were measured on a Yanagimoto MP-J3
apparatus without correction. ESI MS spectra were recorded on a Bruker
APEX3 spectrometer. GC–MS (ESI) spectra were recorded on an Agi-
lent 5973N system. Elemental analyses were performed at the Research
and Analytical Center for Giant Molecules, Tohoku University. Reac-
tions that involved gold were conducted in the dark to avoid decomposi-
tion of any gold products and intermediates, but no precautions were


taken to exclude air. Compounds 1,[6] 3,[9] 4a,[10a] and 4b[10b] were pre-
pared according to our previous reports.


Syntheses


2 : tert-Butyllithium (0.82 mmol, 1.6m solution in pentane) was added to a
solution of 8[18a] (200 mg, 0.41 mmol) in THF (15 mL) at �78 8C. The mix-
ture was stirred for 15 min, then treated with 1,2-dibromoethane
(0.20 mmol) and allowed to warm to room temperature. The solvent and
volatile materials were removed in vacuo, and the residue was extracted
with hexane. Silica-gel column chromatography (hexane) of the hexane
extracts afforded 2 (130 mg, 84%).


5 : [(tht)AuCl][26] (0.059 mmol) was added to a solution of 1 (36 mg,
0.059 mmol) in dichloromethane (6 mL), and the mixture was stirred for
2 h. The volatile parts were removed in vacuo, and the residue was dis-
solved in dichloromethane (1 mL), which was layered under pentane
(5 mL). The crystals formed at the interface were filtered and washed
with hexane to afford 5 as yellow crystals (10 mg, 16%). M.p.: 203–
205 8C (decomp.); 1H NMR (400 MHz, CDCl3): d=7.55 (s, 4H, arom),
1.65 (s, 36H, o-tBu), 1.57 (s, 6H, Me), 1.37 ppm (s, 18H, p-tBu);
13C{1H} NMR (101 MHz, CDCl3): d=177.7 (dd, 1JP,C=10.0 Hz,


2JP,C=
1.9 Hz, P=C), 155.9 (d, 2JP,C=2.3 Hz, o-Mes*), 152.7 (s, p-Mes*), 131.8
(d, 1JP,C=11.6 Hz, ipso-Mes*), 122.9 (s, m-Mes*), 39.0 (s, o-CMe3), 35.6
(s, p-CMe3), 33.8 (pt, (


4JP,C+
7JP,C)/2=2.0 Hz, o-CMe3), 31.6 (s, p-CMe3),


21.9 ppm (s, P=CMe); 31P{1H} NMR (162 MHz, CDCl3): d=200.5 ppm;
MS (ESI): m/z calcd for C40H64Au2Cl2P2+Na: 1093.3084; found:
1093.3093.


6 : A solution of 1 (27 mg, 0.044 mmol) and [(tht)AuCl] (0.088 mmol) in
dichloromethane (5 mL) was stirred for 1.5 h, then the volatile parts were
evaporated in vacuo. The residue was dissolved in dichloromethane
(1 mL) and layered under pentane (5 mL). The crystals formed at the in-
terface were filtered off and washed with hexane to afford 6 as yellow-
orange crystals (22 mg, 47%). M.p.: 223–224 8C (decomp.); 1H NMR
(400 MHz, CDCl3): d=7.57 (s, 4H, arom), 1.72 (s, 36H, o-tBu), 1.36 ppm
(s, 18H, p-tBu) (Me signals were overlapped by the o-tBu signal);
13C{1H} NMR (101 MHz, CDCl3): d=171.0 (dd, 1JP,C=36.4 Hz,


2JP,C=
32.6 Hz, P=C), 157.0 (pt, (2JP,C+


5JP,C)/2=2.3 Hz, o-Mes*), 155.0 (s, p-
Mes*), 124.2 (pt, (1JP,C+


4JP,C)/2=11.8 Hz, ipso-Mes*), 123.9 (pt, (
3JP,C+


6JP,C)/2=4.4 Hz, m-Mes*), 39.4 (s, o-CMe3), 35.8 (s, p-CMe3), 34.4 (s, o-
CMe3), 31.5 (s, p-CMe3), 23.0 ppm (pt, (


2JP,C+
3JP,C)/2=3.0 Hz, P=CMe);


31P{1H} NMR (162 MHz, CDCl3): d=186.6 ppm; MS (ESI): m/z calcd for
C40H64Au2Cl2P2+Na: 1093.3084; found: 1093.3090.


9 : A solution of 2 (130 mg, 0.172 mmol) and [(tht)AuCl] (0.327 mmol) in
dichloromethane (10 mL) was stirred for 2 h, then the volatile parts were
evaporated in vacuo. The residue was dissolved in dichloromethane
(1 mL) and layered under pentane (5 mL). The crystals formed at the in-
terface were filtered off and washed with hexane to afford 9 as yellow-
orange crystals (170 mg, 81%). M.p.: 275–277 8C (decomp.); 1H NMR
(400 MHz, CDCl3): d=7.41 (s, 4H, arom), 7.11 (t,


3JH,H=7.5 Hz, 2H, p-
Ph), 6.86 (t, 3JH,H=7.5 Hz, 4H, m-Ph), 6.69 (d,


3JH,H=7.5 Hz, 4H, o-Ph),
1.72 (s, 36H, o-tBu), 1.36 ppm (s, 18H, p-tBu); 13C{1H} NMR (101 MHz,
CDCl3): d=167.3 (dd,


1JP,C=36.4 Hz,
2JP,C=32.6 Hz, P=C), 157.3 (s, o-


Mes*), 155.9 (dd, 2JP,C=12.9 Hz,
3JP,C=11.6 Hz, C=C), 155.0 (s, p-Mes*),


130.1 (s, ipso-Ph), 129.1 (s, p-Ph), 128.6 (s, m-Ph), 128.1 (s, o-Ph), 124.0
(pt, (3JP,C+


6JP,C)/2=4.9 Hz, m-Mes*), 121.9 (pt, (
1JP,C+


4JP,C)/2=14.0 Hz,
ipso-Mes*), 39.7 (s, o-CMe3), 35.8 (s, p-CMe3), 35.0 (s, o-CMe3), 31.7 ppm
(s, p-CMe3);


31P{1H} NMR (162 MHz, CDCl3): d=134.7 ppm; MS (ESI):
m/z calcd for C52H70Au2Cl2P2+Na: 1241.3397; found: 1241.3393.


10 : A solution of 3 (55 mg, 0.14 mmol) and [(tht)AuCl] (46 mg,
0.14 mmol) in dichloromethane (8 mL) was stirred for 1 h, then the vola-
tile parts were evaporated in vacuo. Compound 10 was recrystallized
from a solution of dichloromethane (1.5 mL) and hexane (20 mL) at
�10 8C. The crystals formed at the interface were filtered off and washed
with hexane to afford 10 as pale-green crystals (71 mg, 82%). M.p.: 156–
159 8C; 1H NMR (400 MHz, CDCl3) d=7.53 (d, 4JP,H=3.8 Hz, 2H,
arom.), 2.49 (d,


4JP,H=2.7 Hz, 3H, SMe), 2.30 (d,
4JP,H=2.4 Hz, 3H, SMe),


1.63 (s, 18H, o-tBu), 1.36 ppm (s, 9H, p-tBu); 13C{1H} NMR (101 MHz,
CDCl3): d=174.5 (d,


1JP,C=65.7 Hz, P=C), 156.3 (s, p-Mes*), 154.9 (d,
2JP,C=2.5 Hz, o-Mes*), 124.9 (d,


1JP,C=21.4 Hz, ipso-Mes*), 123.8 (d,
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3JP,C=9.0 Hz, m-Mes*), 39.2 (s, o-CMe3), 35.8 (s, p-CMe3), 34.1 (d,
4JP,C=


2.1 Hz, o-CMe3), 31.5 (s, p-CMe3), 20.0 (d,
3JP,C=14.4 Hz, SMe), 18.5 ppm


(d, 3JP,C=1.9 Hz, SMe);
31P{1H} NMR (162 MHz, CDCl3): d=183.0 ppm;


MS (ESI): m/z calcd for C21H35AuClS2P+Na: 637.1164; found: 637.1161.


13a : [(tht)AuCl] (0.86 mmol) was added to a solution of 4a (210 mg,
0.43 mmol) in dichloromethane (15 mL), and the mixture was stirred for
2 h. The volatile parts were removed in vacuo, and the residue was dis-
solved in dichloromethane (1.5 mL), which was layered under pentane
(8 mL). The crystals formed at the interface were filtered and washed
with hexane to afford 13a as pale-brown crystals (305 mg, 74%). The re-
action and recrystallization procedures were carried out in the dark. The
reaction of 4a with [(tht)AuCl] (1 equiv) afforded 13a in 18% yield.
M.p.: 217–219 8C; 1H NMR (400 MHz, CDCl3): d=7.70–7.51 (m, 12H,
arom), 1.59 (s, 18H, o-tBu), 1.35 (dd, 3JP,H=32.2 Hz,


3JP,H=11.8 Hz, 3H,
Me), 1.32 ppm (s, 9H, p-tBu); 13C{1H} NMR (101 MHz, CDCl3): d=156.1
(dd, 1JP,C=59.2 Hz,


2JP,C=20.6 Hz, P=C), 155.8 (d, 2JP,C=2.3 Hz, o-Mes*),
155.6 (d, 2JP,C=2.3 Hz, p-Mes*), 134.0 (d,


2JP,C=14.1 Hz, o-Ph), 133.0 (d,
4JP,C=2.5 Hz, m-Mes*), 130.1 (d,


4JP,C=12.0 Hz, p-Ph), 127.2 (dd,
1JP,C=


59.9 Hz, 3JP,C=13.4 Hz, ipso-Ph), 124.4 (d,
3JP,C=9.0 Hz, m-Ph), 123.8 (pt,


(1JP,C+
3JP,C)/2=17.3 Hz, ipso-Mes*), 39.3 (s, o-CMe3), 35.8 (s, p-CMe3),


34.6 (s, o-CMe3), 31.4 (s, p-CMe3), 21.7 ppm (d,
4JP,C=9.5 Hz, P=CMe);


31P{1H} NMR (162 MHz, CDCl3): d=260.0 (d, 2JP,P=142.5 Hz, P=C),
39.0 ppm (d, 2JP,P=142.5 Hz, PPh2); MS (ESI): m/z calcd for
C32H42Au2Cl2P2+Na: 975.1362; found: 975.1367.


13b and 14b : A solution of 4b (100 mg, 0.20 mmol) and [(tht)AuCl]
(0.37 mmol) in dichloromethane (8 mL) was stirred for 1 h. The volatile
parts were removed in vacuo, and the residue was dissolved in dichloro-
methane (1.5 mL), which was layered under pentane (5 mL). The color-
less crystals of [(tht)AuCl] formed at the interface were separated, and
the procedure was repeated. Within 3 days, pale-yellow crystals of 13b
and colorless crystals of 14b suitable for X-ray analysis were formed. The
crystals were filtered and washed with hexane to afford a mixture of 13b
and 14b (2:3, 84 mg). 31P{1H} NMR (162 MHz, CDCl3): 13b : d=267.5 (d,
2JP,P=146.4 Hz, P=C), 41.0 ppm (d,


2JP,P=146.4 Hz, PPh2); 14b : d=335.4
(d, 2JP,P=218.3 Hz, P=C), 42.4 ppm (d,


2JP,P=218.3 Hz, PPh2); elemental
analysis: calcd (%) for C31H39ClP2·1.4AuCl: C 46.34, H 4.89, Cl 10.56;
found: C 46.04, H 4.90, Cl 10.01.


1,6-Enyne cycloisomerization: A solution of 15[27] (0.42 mmol) and 6, 9,
or 10 (0.011 mmol, 2.5 mol%) in dichloromethane (5 mL) was stirred at
room temperature. The reaction mixture was monitored by GC–MS to
confirm consumption of 15 and to observe 16[28] solely. 16 : 1H NMR
(400 MHz, CDCl3): d=5.74 (s, 1H, =CH), 5.40 (s, 1H, =CH), 3.75 (s,
6H, CO2Me), 3.21 (s, 2H, CH2), 3.05 (s, 2H, CH2), 1.83 (s, 3H, =CMe),
1.79 ppm (s, 3H, =CMe); MS (EI): m/z=238 [M]+ .


X-ray Crystallography


X-ray diffraction data were collected on a Rigaku RAXIS-IV imaging
plate diffractometer with graphite-monochromated MoKa radiation (l=
0.71070 J). The data are listed in Table 1. The structures were solved by
direct methods (SIR92)[29] and expanded by using Fourier techniques
(DIRDIF94).[30] A symmetry-related absorption correction was applied
with the program ABSCOR.[31] Structure solution, refinement, and
graphical representation were carried out with the teXsan package.[32]


CCDC-605322 (5), -605323 (6), -607194 (9), -607193 (10), -601467
(13a·0.7CH2Cl2), and -601466 (14b) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Centre at www.ccdc.cam.ac.uk/
data_request/cif.
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Synthesis of Urea-Tethered Disaccharides in Water


Yoshiyasu Ichikawa,*[a] Yohei Matsukawa,[b] Mari Tamura,[a] Fumiyo Ohara,[a]


Minoru Isobe,[b] and Hiyoshizo Kotsuki[a]


Introduction


Over the last few years, we carried out synthetic studies of
the amino sugar antibiotic glycocinnasperimicin D (1),
which was isolated from the fermentation broth of the No-


cardia strain by Umezawa and co-workers.[1] Its unique
structural feature is found by the urea glycoside linkage,
which connects two unusual amino sugars, 2-ureidopentose
and 2-guanidino-4-ureido-6-deoxy-a-d-glucopyranose.


While exploring the synthesis of this target molecule, we
established a new method for the stereoselective synthesis
of a- and b-urea glycosides, which involves the reaction of
glycopyranosyl isocyanates with amines.[2] The heart of our
method is the oxidation of glycopyranosyl isonitriles to
access the highly reactive glycopyranosyl isocyanates. Cur-
rently, our method successfully bore fruit in the first total
synthesis of 1 (Scheme 1).[3] Oxidation of pyranosyl isonitrile
2 with pyridine N-oxide in the presence of a catalytic
amount of iodine gave rise to the glycopyranosyl isocyanate
3, which was immediately treated in situ with amino sugar 4
to furnish the urea-linked disaccharide 5 in 85% yield. Im-
portantly, the reaction was carried out in the presence of a
water scavenger (MS3A=3-3 molecular sieves) with organ-
ic solvent (CH3CN) to avoid the hydrolysis of 3. In parallel
with our endeavors to synthesize the natural product, we
also explored the development of a biomimetic approach
for the synthesis of urea-linked disaccharides. The word
“biomimetic” herein means that construction of the urea
glycosyl linkage can be performed by using unprotected
sugars in water without enzymes.


In 1962, Steyermark reported the reaction of b-d-gluco-
pyranosylamine 6 with phosgene to synthesize the known
N,N’-di-b,b-d-glucopyranosyl urea 7 (Scheme 2); however,
only cyclic carbamate 8 was isolated in poor yields (6–
30%).[4] Interestingly, oxazolidinone 8 showed anomalous
reactivity: acetylation of the nitrogen atom occurred under
mild conditions (Ac2O, pyridine, room temperature) to
afford tetraacetate 9. This surprising reactivity is in sharp
contrast with that of the mannose-type compound
(Scheme 3), that is, acetylation of 10 (Ac2O, pyridine, room


[a] Prof. Dr. Y. Ichikawa, M. Tamura, F. Ohara, Prof. Dr. H. Kotsuki
Faculty of Science, Kochi University
Akebono-cho, Kochi 780-8520 (Japan)
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[b] Y. Matsukawa, Prof. Dr. M. Isobe
Laboratory of Organic Chemistry
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Chikusa, Nagoya 464-8601 (Japan)


Abstract: A new method for the syn-
thesis of urea-linked disaccharides in
aqueous media has been developed.
The key feature of our approach is two
strained Steyermark-type gluco- and
galactopyranosyl oxazolidinones. Each
oxazolidinone is attached to a pyranose
ring in a di-equatorial trans-annulation


framework. Reaction of these oxazoli-
dinones with 4-aminohexopyranose in
water proceeded smoothly to afford


the urea-tethered cellobiose and lac-
tose analogues. The galactose-type oxa-
zolidinone proved to be more reactive
than the glucose-type, which is ex-
plained by the presence of an axial hy-
droxy group at C4 in the former.


Keywords: carbohydrates · disac-
charides · glycosylation · oxazolidi-
none · urea
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temperature) produced triacetate 11a, whereas N-acetyla-
tion of the oxazolidinone in 10 took place under more-forc-
ing conditions (Ac2O, AcONa, reflux) to afford tetraacetate
11b.[5] These experimental results clearly indicate that lone-
pair electrons on nitrogen in 8 did not conjugate with the
carbonyl group owing to its exceptional structural motif. In
fact, the twisted structure of 8 was suggested by Pinter and
co-workers, who determined the correct stereochemistry of
8 at the anomeric position based on the large coupling con-
stant between 1-H and 2-H (J1-H,2-H=9.2 Hz).[6]


It is well-known that carbonyl groups attached to nitrogen
have increased kinetic reactivity towards nucleophilic
attack/hydrolysis when delocalization of the lone-pair elec-
trons on nitrogen into the carbonyl group is disturbed. For
example, McClure and Danishefsky observed that methyl
carbamate 12 underwent smooth hydrolysis without affect-


ing the methyl ester moiety to
afford 13 (Scheme 4).[7] This
facile hydrolysis of methyl car-
bamate may be explained by
presuming that delocalization
of the nitrogen lone-pair elec-
trons increases the angle strain
in the aziridine ring. On the
other hand, Doering and Chan-
ley found that, during degrada-
tion studies of quininone 14,
the amide carbonyl group in 15
behaves chemically as an acyl-
ACHTUNGTRENNUNGating agent to give the tert-butyl
ester 16.[8] In this case, Wood-


ward rationalized that the bicyclic structure in 15 prevented
overlap of the lone-pair electrons on the bridgehead nitro-
gen atom with the carbonyl group.[8] The most-prominent
example of strained amides is the b-lactam antibiotic peni-
cillin, which acylACHTUNGTRENNUNGates a serine hydroxy group in the catalytic
center of bacterial transpeptidase nicely in water. Imming
et al. examined the kinetics and estimated that benzylpeni-
cillin 17 was hydrolyzed approximately 3000 times faster
than unsubstituted b-propiolactam 18.[9] This remarkable dif-
ference in reactivity between 17 and 18 was attributed to
the geometrical constraints brought about by the butterfly


Scheme 1. Total synthesis of glycocinnasperimicin D (1). Boc= tert-butoxycarbonyl, Bz=benzoyl, ACHTUNGTRENNUNGTroc=2,2,2-
trichloroethoxycarbonyl.


Scheme 2. Unexpected results from the reaction of b-d-glucopyranosyl-
ACHTUNGTRENNUNGamine 6 with phosgene.[4]


Scheme 3. Acetylation of mannose-type oxazolidinone 10.[5]


Scheme 4. Representative examples of strained carbamates and amides.
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shape of 17, which prevents the normal planar arrangement
assumed necessary for delocalization of the nitrogen lone-
pair electrons and reduces amide resonance. Penicillins, by
fusing the b-lactam to the thiazolidine ring, increase their re-
activity by approximately 3000-fold compared with monocy-
clic b-lactams.


By analogy of these unusual molecules (methyl carbamate
12, bicyclic amides 15 and 17), it was anticipated that the
carbonyl group in the bicyclic oxazolidinone 8, which is situ-
ated in the diequatorial trans-annulation framework, should
exhibit facile ring-opening with nucleophiles. This was
indeed found to be the case, and we established that Steyer-
markNs oxazolidinone 8 derived from glucose reacted with


amines in water under mild conditions (room temperature,
60 min) to furnish the urea glucosides 19 in good yields
(Scheme 5).[10]


Herein, we report further developments of our approach
for the synthesis of urea-tethered pseudodisaccharides in
aqueous media by utilizing Steyermark-type oxazolidinones.


Results and Discussion


We planned to synthesize two urea-linked pseudodisacchar-
ides A and B, which are mimics of cellobiose and lactose, re-
spectively. These two urea-linked pseudodisaccharides were
thought to be derived from the reaction of amino sugar 21
with Steyermark-type oxazolidinones 8 and 22, respectively
(Scheme 6). Amino sugar 21, which bears a reactive site for
the reaction with Steyermark-type oxazolidinones, was plan-


ned to be prepared from d-galactose (20). As a protecting
group at the anomeric position of 21, we selected the p-
methoxyphenyl group, which was expected to facilitate pu-
rification with reversed-phase chromatography.


Initial studies focused on the preparation of 22 to investi-
gate its unknown reactivity towards amines (Scheme 7).
Acetylation of 20 followed by bromination was carried out


in a simple one-pot process to afford a-bromo-tetra-O-ace-
tylgalactopyranose 23.[11] Displacement of bromide 23 with
sodium azide under phase-transfer conditions (NaN3,
Bu4N·HSO4, CH2Cl2/aq. NaHCO3) gave galactopyranosyl
azide 24 in 67% yield from d-galactose.[12] Removal of the
acetyl groups in 24 (Et3N, MeOH) followed by the Stauding-
er reaction of 25 with triphenylphosphine in a mixture of
acetone and DMF (3:1) provided phosphinimine 26.[13] Sub-
sequent treatment of 26 with carbon dioxide furnished 22 in


Scheme 5. Reaction of Steyermark oxazolidinone 8 with amines in water.


Scheme 6. Retrosynthetic analysis of the urea-linked disaccharides A and
B.


Scheme 7. Synthesis of galactose-type oxazolidinone 22. DMF=N,N-di-
methylformamide.


Chem. Asian J. 2006, 1, 717 – 723 I 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemasianj.org 719


Synthesis of Urea-Tethered Disaccharides







84% yield from 25. The mechanism of this reaction se-
quence may involve the aza-Wittig reaction of 26 with
carbon dioxide to furnish isocyanate 27, which spontaneous-
ly undergoes cyclization by intramolecular attack of the 2-
OH group on the neighboring isocyanate group to result in
the product 22.[14]


The reaction of 22 with amines was then examined
(Scheme 8). To our delight, 22 underwent ring opening with
2-phenylethylamine more rapidly than 8 derived from glu-


cose. In fact, the reaction was completed at 0 8C within
15 min, and concentration of the reaction mixture followed
by acetylation gave urea galactoside 28a in 81% yield. Cy-
clohexylamine, a model compound of amino sugar 21, also
reacted smoothly with 22 to afford the urea galactoside 28b
in good yield (83% after acetylation). The higher reactivity
of galactose-type compound 22 compared with glucose-type
8 may be explained by the presence of the axial hydroxy
group at C4, which could destabilize the ground state of 22.


Authentic samples of 28 were prepared by oxidation of
isonitrile 29 followed by reaction of the resultant galactopyr-
anosyl isocyanate 30 with amines in organic solvent under
anhydrous conditions (CH3CN, MS3A) to yield 28a and 28b
(Scheme 9), which proved to be identical to those prepared
from 22.[15]


The synthesis of 4-aminohexopyranose 21 began with
Lewis acid catalyzed glycosylation of p-methoxyphenol with
pentaacetyl-d-galactose 31 under thermodynamically con-
trolled conditions (SnCl4, CH2Cl2, room temperature, 27 h)


to furnish p-methoxyphenyl-a-galactoside 32 in 66% yield
after recrystallization (Scheme 10).[16] Methanolysis of the
acetyl groups in 32 (Et3N, MeOH) gave the tetraol 33,
which was further transformed into 35 by selective benzoyla-


tion of three hydroxy groups at C2, C3, and C6 (BzCl, pyri-
dine, �10 8C) followed by mesylation of the hydroxy group
at C4 (subsequent addition of MsCl, �10 8C) in a one-pot
process; 35 was obtained in 77% yield from 32.[17] Nucleo-
philic SN2 displacement of mesylate 35 with sodium azide in
DMF proceeded smoothly (140 8C, 3.5 h) to afford the azide
36 in 77% yield. 1H NMR spectroscopic analysis of 36
showed a large vicinal coupling constant of 10 Hz between
3-H and 4-H (J3-H,4-H), which indicates the inverted stereo-
chemistry at C4. Finally, the three benzoyl groups in 36
were removed with sodium methoxide in methanol to fur-
nish the triol 37, which is a precursor of 21.


The synthesis of urea-tethered pseudodisaccharides began
with catalytic hydrogenation of azide 37 (Scheme 11). The
resulting 4-aminohexopyranose 21 was subsequently dis-
solved in water and then treated with 8 at 40 8C. Surprising-
ly, the reaction of 8 with 21 proceeded much more slowly
than with the simple model compound, cyclohexylamine
(Scheme 5), and a considerable amount of hydrolysis of 8
was observed. To solve this problem, stepwise addition of 8
(total 3.6 equiv) was carried out. After the consumption of
21 was checked by TLC, the resultant reaction mixture was
subjected directly to reversed-phase chromatography to give
the urea-tethered disaccharide 38 in 78% yield. In the case
of galactose-type oxazolidinone 22, we were delighted to
find that urea glycosylation was completed after 12 h at
40 8C by employing two equivalents of 22, which reflected


Scheme 8. Reaction of galactose-type oxazolidinone 22 with amines in
water.


Scheme 9. Synthesis of urea galactosides 28 from isonitrile 29.


Scheme 10. Synthesis of 4-azidohexopyranose 37 from pentaacetyl-d-gal-
actose 31. Ms=methanesulfonyl, PMP=p-methoxyphenyl.
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the higher reactivity of galactose-type 22 relative to glucose-
type 8. As a result, urea-linked lactose analogue 39 was iso-
lated in 89% yield.


Although most of the 1H NMR signals of 38 and 39 mea-
sured in D2O overlapped, 13C NMR spectroscopic data for
the urea carbonyl carbon nuclei (d=155.3 ppm for 38 and
39) and anomeric carbon nuclei linked to ureido nitrogen
atoms (d=81.8 ppm for 38 and 82.2 ppm for 39) confirmed
the b stereochemistry.[18] Acetylation of 38 and 39 (Ac2O,
pyridine) gave the heptaacetates 40 and 41, which showed
well-separated 1H NMR spectra (Table 1).


Conclusions


A new approach for the synthesis of urea-linked analogues
of cellobiose and lactose has been established. The key fea-
ture in the present synthesis is the use of strained bicyclic
oxazolidinones 8 and 22. Although galactose-type 22 was
much more reactive than glucose-type 8 owing to the pres-
ence of an axial hydroxy group at C4, it is fortunate that
Steyermark-type oxazolidinone 22 is not so labile as to
become hydrolyzed on its way toward the amines.


Experimental Section


Materials and Methods


Melting points were recorded on a micro-melting-point apparatus and
are not corrected. Optical rotations were measured at the sodium D line
with a cell of path length 100 mm and are reported as follows: [a]TD, con-
centration (g per 100 mL), solvent. IR spectra are reported in cm�1.
1H NMR chemical shifts (d) are reported in ppm relative to tetramethyl-


silane (d=0.00 ppm in CDCl3) and tBuOH (d=1.24 ppm in D2O) as in-
ternal standards. Coupling constants (J) are given in Hz. Data are report-
ed as follows: chemical shift, multiplicity (s= singlet, d=doublet, t= trip-
let, q=quartet, quint=quintet, m=multiplet, br=broad), coupling con-
stant, integration. 13C NMR chemical shifts (d) are reported in ppm rela-
tive to CDCl3 (d=77.0 ppm) and tBuOH (d=30.29 ppm in D2O) as
internal standards. Reactions that are sensitive to moisture or oxygen
were run under argon atmosphere. Dichloromethane was dried over
MS3A. Pyridine and triethylamine were stocked over anhydrous KOH.
All other commercially available reagents were used as received.


Syntheses


22 : A solution of triphenylphosphine (1.54 g, 5.88 mmol) in acetone
(5.0 mL) was added to a solution of 25 (1.09 g, 5.35 mmol) in acetone
(15.0 mL) and DMF (5.0 mL) saturated with CO2. CO2 was bubbled
through the solution for 3 h, and the mixture was then poured into
CH2Cl2 (50 mL). The resulting precipitate was collected and washed with
EtOAc (15 mL) to give 22 as a white amorphous solid (0.93 g, 84%).
M.p.: 187 8C (decomp.); [a]19


D =++70.9 (c=1.00, H2O); IR (KBr): ñmax=


3400, 3263, 1769 cm�1; 1H NMR (D2O, 400 MHz): d=3.81 (dd, J=12.0,
4.5 Hz, 1H), 3.86 (dd, J=12.0, 7.0 Hz, 1H), 3.92 (ddd, J=7.0, 4.5, 1.5 Hz,
1H), 4.10 (dd, J=3.5, 1.5 Hz, 1H), 4.20 (dd, J=11.0, 3.0 Hz, 1H), 4.26
(dd, J=11.0, 8.5 Hz, 1H), 4.89 ppm (d, J=8.5 Hz, 1H); 13C NMR (D2O,
100 MHz): d=61.5, 70.2, 70.5, 80.5, 81.5, 86.7, 160.7 ppm; elemental anal-
ysis: calcd (%) for C7H11NO6: C 40.98, H 5.40, N 6.83; found: C 41.10, H
5.11, N 6.90.


28a : Phenylethylamine (28 ml, 0.20 mmol) was added to a solution of 22
(20 mg, 0.10 mmol) in water (1.0 mL) cooled to 0 8C. After being stirred
at 0 8C for 15 min, the reaction mixture was concentrated under reduced
pressure to afford urea glycoside, which was dissolved in pyridine
(0.30 mL). Acetic anhydride (50 ml, 0.53 mmol) and 4-dimethylaminopyri-
dine (DMAP; 12 mg, 0.10 mmol) were added, and the mixture was stir-
red at room temperature for 1 h. Concentration of the reaction mixture
under reduced pressure gave the residue, which was purified by silica-gel
chromatography (EtOAc/hexane=1:1) to give 28a (40 mg, 81%) as a
white solid. M.p.: 55–56 8C; [a]19


D =++19.3 (c=0.60, CHCl3); IR (KBr):
ñmax=3355, 1751, 1654 cm�1; 1H NMR (CDCl3, 400 MHz): d=1.99 (s,
3H), 2.02 (s, 3H) 2.05 (s, 3H), 2.14 (s, 3H), 2.80 (t, J=7.0 Hz, 2H), 3.44
(q, J=7.0 Hz, 2H), 4.00 (td, J=6.5, 1.0 Hz, 1H), 4.07 (dd, J=11.0,
6.5 Hz, 1H), 4.13 (dd, J=11.0, 7.0 Hz, 1H), 4.65 (br s, 1H), 5.07 (t, J=


Scheme 11. Synthesis of urea-tethered pseudodisaccharides 38 and 39 in
water.


Table 1. 1H NMR chemical shifts (ppm), multiplicities, and coupling
ACHTUNGTRENNUNGconstants (Hz) of selected protons of 40 and 41.[a]


40 41
A B A B


H1 5.62, d
J=3.5


5.05, t
J=9.5


5.63, d
J=3.5


H2 5.01, dd
J=10.0, 3.5


4.86, t
J=9.5


5.02, dd
J=10.0, 3.5


5.03, t
J=10.0


H3 5.49, t
J=10.0


5.29, t
J=9.5


5.50, t
J=10.0


5.12, dd
J=10.0, 3.5


H4 4.01, t
J=10.0


5.03, t
J=9.5


5.43, d
J=3.5


H5 4.00, dt
J=10.0, 3.5


3.80, ddd
J=9.5, 4.0, 2.0


[a] Measured in CDCl3.
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9.0 Hz, 1H), 5.11 (dd, J=12.0, 9.0 Hz, 1H), 5.12 (dd, J=12.0, 3.0 Hz,
1H), 5.29 (d, J=9.0 Hz, 1H), 5.43 (dd, J=3.0, 1.0 Hz, 1H), 7.17–
7.32 ppm (5H); 13C NMR (CDCl3, 100 MHz): d=20.5, 20.6, 20.7, 23.2. ,
35.9, 41.5, 61.2, 67.1, 68.1, 71.0, 71.9, 80.3, 126.4, 128.5, 128.6, 128.7, 138.8,
156.4, 169.7, 170.0, 170.3, 171.1 ppm; elemental analysis: calcd (%) for
C23H30N2O10: C 55.86, H 6.12, N 5.67; found: C 55.70, H 6.12, N 5.45.


32 : Tin(IV) chloride (1.50 mL, 1.0 mmol) was added to a solution of 31
(5.17 g, 13.3 mmol) and p-methoxyphenol (4.94 g, 39.8 mmol) in CH2Cl2
(40 mL) cooled to 0 8C, and the cooling bath was removed. After being
stirred at room temperature for 44 h, the reaction mixture was poured
into cold aqueous K2CO3 (5%, 200 mL). The aqueous layer was extract-
ed with EtOAc, and the combined organic layer was washed with NaOH
(1m, 2 times), HCl (1m), aqueous NaHCO3, and brine, and dried
(Na2SO4). Concentration under reduced pressure and purification by
column chromatography on silica gel (EtOAc/hexane=1:3) provided 32
as a colorless oil (3.93 g, 66%): [a]24


D =++156.1 (c=0.94, CHCl3); IR
(KBr): ñmax=2962, 2836, 1230 cm�1; 1H NMR (CD3OD, 400 MHz): d=


1.97 (s, 3H), 2.02 (s, 3H), 2.04 (s, 3H), 2.09 (s, 3H), 2.17 (s, 3H), 3.77 (s,
3H), 1.97 (s, 3H), 4.08 (dd, J=11.2, 7.0 Hz, 1H), 4.14 (dd, J=11.2,
6.0 Hz, 1H), 4.40 (ddd, J=7.0, 6.0,1.2 Hz, 1H), 5.53 (dd, J=3.4, 1.2 Hz,
1H), 5.56 (dd, J=10.5, 3.4 Hz, 1H), 5.26 (dd, J=10.5, 3.6 Hz, 1H), 5.66
(d, J=3.6 Hz, 1H), 6.80–7.00 ppm (4H); 13C NMR (CD3OD, 100 MHz):
d=20.6, 20.6, 20.7, 20.7, 55.6, 61.5, 67.0, 67.5, 67.9, 67.9, 95.8, 114.6, 118.1,
150.3, 155.4, 170.0, 170.2, 170.3, 170.4 ppm; elemental analysis: calcd (%)
for C21H26O11: C 55.50, H 5.77; found: C 55.51, H 5.89.


35 : A solution of 32 (265 mg, 0.58 mmol) in methanol (2.7 mL) and tri-
ACHTUNGTRENNUNGethylamine (0.27 mL) was heated at 50 8C for 15 h. Concentration of the
reaction mixture gave a crude triol, which was dissolved in pyridine
(2.0 mL). The solution was cooled to 0 8C and then treated with benzoyl
chloride (0.21 mL, 1.81 mmol). The cooling bath was removed. After
being stirred at room temperature for 2.5 h, the reaction mixture was
cooled to �10 8C, then methanesulfonyl chloride (0.10 mL, 1.94 mmol)
was added. The solution was warmed to room temperature, and the stir-
ring was continued for 7.5 h. Concentration of the reaction mixture
under reduced pressure and purification by column chromatography on
silica gel (EtOAc/hexane=1:4) provided 35 as a white foam (297 mg,
77%). M.p.: 62–63 8C; [a]16


D =++113.4 (c=1.01, CHCl3); IR (KBr): ñmax=


3063, 2957, 2835 cm�1; 1H NMR (CD3OD, 400 MHz): d=3.10 (s, 3H),
3.70 (s, 3H), 4.48 (dd, J=11.5, 5.5 Hz, 1H), 4.65 (dd, J=11.5, 7.5 Hz,
1H), 4.76 (br t, J=7.5, 5.5 Hz, 1H), 5.56 (d, J=3.0 Hz, 1H), 5.78 (dd, J=
11.0, 3.5 Hz, 1H), 5.84 (d, J=3.5 Hz, 1H), 6.05 (dd, J=11.0, 3.0 Hz, 1H),
6.65–6.75 (2H), 6.97–7.03 (2H), 7.37–7.58 (9H), 7.96–8.04 ppm (6H);
13C NMR (CD3OD, 100 MHz): d=38.6, 55.2, 62.4, 67.2, 67.9, 68.1, 76.0,
76.7, 77.0, 77.3, 96.1, 114.4, 118.3, 128.2, 128.3, 128.3, 128.7, 129.2, 129.6,
129.7, 133.0, 133.4, 150.0, 155.3, 165.6, 165.6, 165.6 ppm; elemental analy-
sis: calcd (%) for C35H32O12S: C 62.12, H 4.77; found: C 62.19, H 4.59.


36 : A suspension of 35 (1.63 g, 2.47 mmol) and sodium azide (0.48 g,
7.41 mmol) in DMF (30.0 mL) was heated at reflux for 3.5 h. The reac-
tion mixture was diluted with EtOAc, then washed with water and brine
and dried (Na2SO4). Concentration under reduced pressure gave a resi-
due, which was purified by silica-gel chromatography (EtOAc/hexane=
1:2) to afford 36 as a white foam (1.19 g, 77%). M.p.: 46–47 8C; [a]16


D =


+145.2 (c=1.01, CHCl3); IR (KBr): ñmax=2110, 1730 cm�1; 1H NMR
(CDCl3, 400 MHz): d=3.73 (s, 3H), 3.93 (t, J=10.0 Hz, 1H), 4.27 (ddd,
J=10.0, 5.0, 2.5 Hz, 1H), 4.60 (dd, J=12.5, 5.0 Hz, 1H), 4.68 (dd, J=
12.5, 2.5 Hz, 1H), 5.35 (dd, J=10.5, 3.5 Hz, 1H), 5.81 (d, J=3.5 Hz, 1H),
6.20 (t, J=10.0 Hz, 1H), 6.70–6.75 (2H), 7.00–7.05 (2H), 7.36–7.63
(10H), 7.97–8.04 ppm (6H); 13C NMR (CDCl3, 400 MHz): d=55.5, 60.9,
63.3, 68.7, 71.0, 71.4, 95.6, 114.6, 118.2, 128.4, 128.5, 128.7, 128.9, 129.5,
129.8, 129.8, 129.0, 133.3, 133.5, 150.1, 155.4, 165.6, 165.8, 166.1ppm; ele-
mental analysis: calcd (%) for C34H29N3O9: C 65.48, H 4.69, N 6.74;
found: C 65.40, H 4.55, N 6.68.


37: Sodium methoxide (prepared from 14 mg of NaH and 1.0 mL of
MeOH) was added to a suspension of 36 (290 mg, 0.93 mmol) in meth-
ACHTUNGTRENNUNGanol (15.0 mL). The mixture was stirred at room temperature for 16 h,
and the reaction was quenched by the addition of AcOH. Concentration
of the mixture afforded a residue, which was purified by silica-gel chro-
matography (EtOAc/hexane=2:1) to give 37 (125 mg, 86%) as a white


solid. M.p.: 158–159 8C; [a]16
D =++244.0 (c=0.53, MeOH); IR (KBr):


ñmax=3433, 3341, 2108 cm�1; 1H NMR (CD3OD, 400 MHz): d=1.84 (br s,
1H), 2.31 (br d, 1H), 2.94 (s, 1H), 3.63 (dd, 1H), 3.72 (dt, 1H), 3.77 (s,
3H), 4.03 (t, J=9.5 Hz, 1H), 5.46 (d, J=4.0 Hz, 1H), 6.82–6.85 (2H, aro-
matic), 7.00–7.01 ppm (2H, aromatic); 13C NMR (CD3OD, 400 MHz):
56.0, 62.2, 63.5, 72.6, 73.3, 74.0, 100.3, 115.5, 119.5, 152.4, 156.7 ppm; ele-
mental analysis: calcd (%) for C13H17N3O6: C 50.16, H 5.50, N 13.50;
found: C 50.27, H 5.64, N 13.38.


38 : A solution of 37 (30 mg, 0.096 mmol) and palladium on carbon
(10%, 3 mg) in methanol (3.0 mL) was stirred vigorously under hydrogen
atmosphere overnight. The mixture was filtered through a pad of celite
and concentrated under reduced pressure. The resulting 21, without fur-
ther purification, was dissolved in water (2.0 mL), and 8 (39 mg,
0.19 mmol) in water (1.0 mL) was added at 40 8C. After the mixture was
stirred at 40 8C for 30 h, more 8 (10 mg, 0.048 mmol) was added. Two fur-
ther portions of 8 (10 mg, 0.048 mmol; 12 mg, 0.059 mmol) were added at
13-hr and 30-hr intervals. The reaction mixture was stirred at 40 8C for
15 h after the final addition of 8 and then loaded directly onto a column
of ODS (Cosmosil 75 C18-OPN, H2O followed by H2O/MeOH=20:1) to
afford 38 as a white solid (74 mg, 78%). M.p.: 220 8C (decomp.); [a]16


D =


+82.3 (c=0.82, DMF); IR (KBr): ñmax=3290–3485, 1650, 1568 cm�1;
1H NMR (D2O, 400 MHz): d=3.35 (d, J=9.3 Hz, 1H), 3.40 (d, J=
9.8 Hz, 1H), 3.49–3.54 (m, 2H) 3.65 (t, J=11.5 Hz, 1H), 3.71 (dd, J=
12.2, 5.4 Hz, 1H), 3.77 (dd, J=9.8, 3.7 Hz, 1H), 3.80 (s, 3H), 3.88 (dd,
J=12.0, 2.0 Hz, 1H), 3.92 (dd, J=7.43, 3.6 Hz, 1H), 3.99 (t, J=9.8 Hz,
1H), 5.55 (d, J=3.7 Hz, 1H), 6.96–7.00 (2H), 7.11–7.16 (2H) ppm;
13C NMR (D2O, 100 MHz): d=52.8, 56.5, 61.3, 70.1, 70.5, 71.7, 72.2, 72.5,
72.6, 77.2, 77.8, 81.8 ppm.


39 : Compound 21 was prepared from 37 (30 mg, 0.096 mmol), palladium
on carbon (10%, 3 mg), and methanol (3.0 mL) with procedures similar
to those described above and was dissolved without further purification
in water (1.0 mL). Compound 22 (40 mg, 0.19 mmol, dissolved in 1.0 mL
of H2O) was then added. After being stirred at room temperature for
12 h, the reaction mixture was passed directly through a column of ODS
(Cosmosil 75 C18-OPN, H2O) to afford 39 as a white solid (84 mg, 89%).
M.p.: 190 8C (decomp.); [a]15


D =++74.0 (c=0.24, DMF); IR (KBr): ñmax=


3357, 1653, 1570 1226 cm�1; 1H NMR (D2O, 400 MHz): d=3.35 (d, J=
9.3 Hz, 1H), 3.80 (s, 3H, OMe), 3.59 (t, J=9.5 Hz, 1H), 3.66–3.73 (12H),
3.91 (dt, J=11.0, 3.5 Hz, 1H), 3.95 (d, J=4.0 Hz, 1H), 4.00 (t, J=
10.0 Hz, 1H), 5.55 (d, J=3.5 Hz, 1H), 6.98–7.00 (2H), 7.12–7.15 ppm
(2H); 13C NMR (D2O, 100 MHz): d=52.8, 56.5, 61.4, 61.7, 70.2, 71.7,
72.2, 72.5, 74.1, 77.0, 72.2, 98.7, 115.8, 119.5, 150.9, 155.3, 150.1 ppm.


40 : A solution of 38 (20 mg, 0.040 mmol) in a mixture of pyridine
(0.50 mL) and acetic anhydride (0.27 mL) was stirred at room tempera-
ture for 5 h. The mixture was concentrated under reduced pressure, and
the crude residue was purified by silica-gel chromatography (EtOAC/
hexane=3:1) to give 40 (31 mg, 99%) as a white solid. M.p.: 144–145 8C;
[a]21


D =++90.4 (c=1.10, CHCl3); IR (KBr): ñmax=3363, 1749, 1557,
1229 cm�1; 1H NMR (CDCl3, 400 MHz): d=1.99 (3H, Ac), 2.03 (3H),
2.05 (3H), 2.07 (s, 3H), 2.07 (s, 3H), 2.08 (s, 3H), 2.10 (s, 3H), 3.77 (s,
3H), 3.80 (ddd, J=9.5, 4.0, 2.0 Hz, 1H), 4.00 (dt, J=10.0, 3.5 Hz, 1H),
4.01 (t, J=10.0 Hz, 1H), 4.08 (dd, J=12.0, 2.0 Hz, 1H), 4.19 (d, J=
3.5 Hz, 2H), 4.25 (dd, J=12.5, 3.5 Hz, 1H), 4.86 (t, J=9.5 Hz, 1H), 5.01
(dd, J=10.0, 3.5 Hz, 1H), 5.03 (t, J=9.5 Hz, 1H), 5.05 (t, J=9.5 Hz,
1H), 5.10 (d, 1H, NH), 5.29 (t, J=9.5 Hz, 1H), 5.47 (d, 1H, NH), 5.49 (t,
J=10.0 Hz, 1H), 5.62 (d, J=3.5 Hz, 1H), 6.80–6.84 (2H), 6.97–7.01 ppm
(2H); 13C NMR (CDCl3, 100 MHz): d=20.53, 20.58, 20.7, 20.7, 51.44,
55.6, 61.9, 62.6, 68.31, 69.8, 70.1, 70.5, 70.7, 72.8, 73.2, 80.1, 95.3, 114.6,
118.0, 150.2, 155.4, 155.7, 169.6, 169.9, 170.1, 170.6, 170.6, 171.3,
171,7 ppm; elemental analysis: calcd (%) for C34H44N2O16: C 52.04, H
5.65, N 3.57; found: C 51.96, H 5.81, N 3.48.


41: Compound 39 (20 mg, 0.040 mmol) was dissolved in pyridine
(0.50 mL) and then treated with acetic anhydride (0.27 mL). After being
stirred at room temperature for 5 h, the reaction mixture was concentrat-
ed under reduced pressure. The resulting residue was purified by silica-
gel chromatography (EtOAc/hexane=3:1) to afford 41 (26 mg, 81%) as
a white solid. M.p.: 97–98 8C; [a]18


D =++116.4 (c=1.00, CHCl3); IR (KBr):
ñmax=2920, 1749, 1557, 1226 cm�1; 1H NMR (CDCl3, 400 MHz): d=1.99
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(3H), 2.03 (3H), 2.05 (3H), 2.07 (s, 3H), 2.07 (s, 3H), 2.08 (s, 3H), 2.10
(s, 3H), 2.15 (s, 3H), 3.77 (s, 3H), 3.98–4.20 (overlapped, 6H), 4.21 (dd,
J=12.0, 5.0 Hz, 1H), 4,94 (d, 1H, NH), 5.02 (dd, J=10.0, 3.5 Hz, 1H),
5.03 (t, J=10.0 Hz, 1H), 5.12 (dd, J=10.0, 3.5 Hz, 1H), 5.43 (d, J=
3.5 Hz, 1H), 5.45 (overlapped, 1H, NH), 5.50 (t, J=10.0 Hz, 1H), 5.63
(d, J=3.5 Hz, 1H), 6.80–6.83 (2H), 6.97–7.01 ppm (2H); 13C NMR
(CDCl3, 100 MHz): d=20.5, 20.6, 20.6, 20.7, 20.7, 51.4, 55.6, 61.3, 62.6,
67.2, 68.1, 69.8, 70.1, 70.7, 70.9, 70.9, 80.4, 95.4, 114.6, 118.0, 150.2, 155.4,
155.7, 169.8, 170.1, 170.3, 170.6, 171.6, 1718 ppm; elemental analysis:
calcd (%) for C34H44N2O16: C 52.04, H 5.65, N 3.57; found: C 51.96, H
5.81, N 3.48.
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Anions and Polyanions of Oligoindenopyrenes: Modes of Electron
Delocalization and Dimerization


Ivan Aprahamian,[a, d] Hermann A. Wegner,[b, c] Tamar Sternfeld,[a] Karsten Rauch,[c]


Armin de Meijere,[c] Tuvia Sheradsky,[a] Lawrence T. Scott,[b] and Mordecai Rabinovitz*[a]


Introduction


The correlation in monocyclic annulenes between aromatic
character[1] and the total number of p electrons (the H�ckel
4n+2 rule)[2] does not necessarily hold for polycyclic p sys-
tems.[3] One of the best-known systems that shows this lack
of compliance is pyrene (1), which contains 4n p electrons,


but is nevertheless aromatic. The aromatic
character of polycyclic p systems is most-
simply explained by the “conjugated circuits
model”,[4] which weighs the contributions of
all cycles of conjugation, including the pe-
ripheral p conjugation; the inner bond of
pyrene is thus treated as a bridging perturba-
tion to the annulene skeleton.


The addition of two electrons to p-conju-
gated monocyclic systems that contain a H�ckel (4n+2)
number of p electrons converts them into antiaromatic sys-
tems.[5] Likewise, the two-electron reduction of 1[6] with
alkali metals[7] affords an antiaromatic system (12�).[8] How-
ever, the number of electrons is not the only parameter that
determines the aromaticity of 1. Recently, it was shown that
the two-electron reduction of bent pyrenes does not neces-
sarily yield antiaromatic compounds.[9]


Annulation of five-membered rings (5MRs)[10] to 1 can
also alter its aromatic character. The aromaticity of 1 was
found to decrease with an increase in the number of
5MRs.[10] When polycyclic aromatic hydrocarbons (PAHs)
that contain 5MRs are reduced, however, the added charge
concentrates mainly in the 5MRs, thus rendering them aro-
matic.[7] Fullerenes,[11] buckybowls,[12] and planar PAHs[13] all
behave in this manner; the aromatic character and features


Abstract: A series of pyrene-based
polycyclic aromatic compounds, inde-
ACHTUNGTRENNUNGno[cd]pyrene, diindenoACHTUNGTRENNUNG[cd,fg]pyrene,
diindenoACHTUNGTRENNUNG[cd,jk]pyrene, tris-(tert-
butylindeno ACHTUNGTRENNUNG[cd,fg,jk])pyrene, and tetra-
kis-(tert-butylindeno[cd,fg,jk,mn])pyr-
ene, were reduced with alkali metals in
[D8]tetrahydrofuran, and the resulting
anions were studied by NMR spectros-
copy. It was found that the diatropic
character of the dianions obtained de-
pends on the number of annulated
indeno groups. When one such group is


present, a paratropic dianion is ob-
tained, which is similar to the dianion
of the parent pyrene; the effect, how-
ever, is weak. When more indeno
groups are annulated, the dianions
become diatropic owing to the greater
number of five-membered rings that
can acquire aromatic character as a


result of reduction. The 1H NMR
chemical shifts of tetrakis-(tert-butylin-
deno[cd,fg,jk,mn])pyrene in the neutral
state show an interesting dependence
on concentration that reflects an asso-
ciation of the molecules in solution by
p stacking. This phenomenon was not
observed for the reduced species. The
trianion radicals of tris-(tert-
butylindeno ACHTUNGTRENNUNG[cd,fg,jk])pyrene and tetra-
kis-(tert-butylindeno[cd,fg,jk,mn])pyr-
ene undergo reductive dimerization
and form bilayered hexaanions.


Keywords: aromaticity · carban-
ions · polyanions · pyrene · reduc-
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of their negatively charged species rely greatly on the
number of 5MRs in the system.


The annulated groups can also affect the reactivity of the
hydrocarbon. The peri-annulation on corannulene, the
smallest curved subunit of C60, with a 5MR as in 2 or an
indeno group as in 3 leads to a drastic change in behavior


and reduction outcome compared with the parent hydrocar-
bon.[12a] The presence of a dibenzofulvene subunit in 3 ena-
bles it to undergo a multistep reduction–dimerization pro-
cess, which is not observed for 2. On the other hand, the tet-
raanion of 2 yields a coordinative dimer with lithium cat-
ions, whereas 3 is not reduced to a tetraanion with lith-
ium.[12c]


Herein we report the NMR spectroscopic characterization
of anions and polyanions that result from reduction with
lithium and potassium metal of a series of pyrene-based
compounds that are annulated with different numbers of
indeno groups: indeno[cd]pyrene (4),[14] diindeno-
ACHTUNGTRENNUNG[cd,fg]pyrene (5),[15] diindenoACHTUNGTRENNUNG[cd,jk]pyrene (6),[15] tris-(tert-
butylindeno ACHTUNGTRENNUNG[cd,fg,jk])pyrene (7),[15] and tetrakis-(tert-butylin-
deno[cd,fg,jk,mn])pyrene (8).[15] This study concentrates on
the effect the indeno subunits and their number have on the
reactivity and aromatic character of the anions obtained.


Results and Discussion


Indeno[cd]pyrene (4)


The 1H NMR spectrum of 4[6] (22 p electrons in total) shows
signals that are shifted to low field,[16] which is indicative of
the aromaticity of the system.


Reduction of 4 with lithium and
potassium metals yields similar di-
ACHTUNGTRENNUNGanions (42�). The first reduction step
affords a paramagnetic species (radi-
cal anion) that cannot be observed
by 1H NMR spectroscopy. The
second charged species, 42�, is dia-
magnetic, and therefore its 1H and
13C NMR chemical shifts could be
measured. The proton chemical
shifts of 42� range from 7.1 to
3.2 ppm, which shows that the system is strongly affected by
anisotropy. The signals of the indeno subunit remain at rela-
tively low field, whereas the signals of the pyrene subunit
are shifted to very high field. The system has indeed ac-
quired paratropic character as a result of reduction; howev-
er, its effect is more pronounced on the pyrene subunit. A
comparison between the 1H NMR chemical shifts of 12�/
2Li+ (d=0.02, 2.20, and 0.93 ppm for 1-H, 2-H, and 4-H, re-
spectively)[8] with those of 42� (Table 1) shows that annula-
tion with an indeno subunit significantly reduced the overall
paratropicity of the system. This is evident from the lower-
field chemical shifts of the protons of the pyrene subunit of
42� relative to those of 12� (Table 1). The same effect is also
observed for the chemical shifts of the internal carbon
atoms C17 and C14. Although negative charge is added, the
signals of these carbon atoms are actually shifted to lower
field. Thus, these carbon atoms function as internal probes
for the paratropic ring current found in the system. A com-
parison of the change in the chemical shifts of these carbon
atoms from the neutral to the dianion state (Dd=18.22 and
13.81 ppm for C17 and C14, respectively) shows that the dif-
ference is smaller than that encountered in 12� (Dd=
33.70 ppm for C6).[8]


The KC
[17] values calculated for 42� (see Experimental Sec-


tion, Equation (1)) show that the carbon atoms are also af-
fected by anisotropy (KC=108.4 and 104.2 ppm per electron
for 42�/2Li+ and 42�/2K+ , respectively).[18] This also means
that an accurate estimate of the charge distribution from the
13C NMR spectrum is not possible for 42�. However, it is evi-
dent that C3 and C12 carry large charge densities as their
signals are shifted to relatively high fields (i.e., d=93.45 and
86.10 ppm for C3 and C12, respectively, in 42�/2Li+).


Further reduction of 42� with either lithium or potassium
was not possible.


DiindenoACHTUNGTRENNUNG[cd,fg]pyrene (5)


DiindenoACHTUNGTRENNUNG[cd,fg]pyrene (5)[6] contains 28 p electrons in the
neutral state; however, the proton chemical shifts of 5 clear-
ly show that it is not antiaromatic but rather aromatic.


Abstract in Armenian:
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The reduction of 5 with lithium or potassium yields simi-
lar dianions (52�). It is evident from the 1H NMR chemical
shifts (d=8.88–6.52 ppm) that 52� is aromatic. The KC


values calculated for 52� (KC=169.4 and 168.1 ppm per elec-
tron for 52�/2Li+ and 52�/2K+ , respectively) show that there
is no significant anisotropy effect on the carbon atoms. The
charge distribution of 52� estimated from the 13C NMR spec-
trum shows that most of the charge is concentrated in the
5MRs (Figure 1), as these rings function as electron-accept-
ing groups.[13]


Further treatment with either lithium or potassium did
not yield any other reduced species.


Diindeno ACHTUNGTRENNUNG[cd,jk]pyrene (6)


DiindenoACHTUNGTRENNUNG[cd,jk]pyrene (6),[6] an isomer of 5, is also aromatic.
The reduction of 6 with lithium or potassium yields their re-
spective dianions (62�/2Li+ and 62�/2K+). The solubility of


62� depends on the alkali-metal
counterion; 62�/2Li+ is hardly
soluble in [D8]THF, therefore
only its 1H NMR spectrum was
measured,[19] whereas 62�/2K+ is
soluble, so both the 1H and
13C NMR spectra were record-
ed.


The 1H NMR spectra of 62�/2Li+ and 62�/2K+ are similar
and show that the dianion is also aromatic. The only signal
that is shifted to relatively high field (d=6.12 and 6.14 ppm
for 62�/2Li+ and 62�/2K+ , respectively) is that of proton 6-
H. This must be due to charge concentration on C6.


A KC value of 140.8 ppm per electron was calculated for
62�/2K+ from the 13C NMR spectrum, which indicates that
the carbon atoms are not significantly affected by anisotro-
py. The charge is mostly concentrated in the 5MRs and on
the periphery of the molecule (Figure 2).


Dianion 62� could not be reduced further with either lithi-
um or potassium.


Tris-(tert-butylindeno ACHTUNGTRENNUNG[cd,fg,jk])pyrene (7)


The 1H NMR spectrum of 7[6] shows that the compound is
aromatic in its neutral state. When 7 is reduced with lithium


metal, only a radical anion is produced, and further reduc-
tion is not possible. The reduction with potassium, however,
follows a totally different path, as a diamagnetic dianion
(72�/2K+) is observed after the radical anion stage has been
passed.


Table 1. A comparison between the 1H NMR chemical shifts (in ppm) of the dianions of 1 and 4.


1-H 2-H 3-H 4-H 5-H 6-H 7-H 8-H 9-H 10-H 11-H 12-H


12�/2Li+ 0.02[a] 2.20[a] – 0.93[a] – – – – – – – –
42�/2Li+ 3.60 4.56 3.28 4.41 4.98 4.57 5.77 7.04 6.17 6.12 6.92 4.09
42�/2K+ 3.57 4.53 3.19 4.38 4.96 4.55 5.72 7.06 6.24 6.18 6.91 4.12


[a] Taken from reference [8].


Figure 1. The charge distribution calculated for 52�/2K+ according to the
13C NMR spectrum (a similar charge distribution was obtained for
52�/2Li+).


Figure 2. The charge distribution calculated for 62�/2K+ according to the
13C NMR spectrum.
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It is evident from the low-field shift of the signals of the
protons of the pyrene moiety (davg=7.79 ppm) that 72�/2K+


is aromatic. The KC value of 72�/2K+ (174.3 ppm per elec-
tron) shows that the carbon atoms are not affected by aniso-
tropy effects; however, the charge distribution cannot be
calculated, as a full assignment of the 13C NMR spectrum of
7 was not possible owing to the low symmetry of the mole-
cule and nonresolved peaks.


Further reduction of 72�/2K+ yields another diamagnetic
species. This new species is the product of a coupling (see
below) that takes place between two trianion radicals of 7 at
C1 ((7–7)6�/6K+).[9b,c,20] The signal of this carbon atom is
shifted to high field (d=48.16 ppm) and shows a 1JC,H cou-
pling constant of 131.54 Hz, which is diagnostic for an sp3-
hybridized carbon atom. These results confirm that a reac-
tion occurred at C1; however, the low symmetry of (7–7)6�/
6K+ prevents full assignment of the 1H and 13C NMR spec-
tra, and therefore its characterization as a dimer rests, in
part, on the findings of the reduction of 8 (see below).


Tetrakis-(tert-butylindeno[cd,fg,jk,mn])pyrene (8)


According to calculations, 8[6] deviates from planarity and is
slightly bowl-shaped.[15] The 1H NMR spectrum shows that
the compound is aromatic in its neutral state.


A special feature of the 1H NMR spectrum of 8 is its de-
pendence on concentration. 1H NMR spectra of 8 in
[D8]THF were recorded over a range of concentrations, and
it was found that the aromatic signals shift progressively
downfield as the concentration decreases.[21,22] A decrease in
concentration from 4.2 O10�3 to 8.2 O10�6


m at constant tem-
perature (298 K) results in a downfield shift by 0.65 ppm of
the signals of 1-H (Figure 3).[23,24] Such concentration de-
pendence is commonly observed in the aggregation of disk-
shaped aromatic systems (Figure 4).[25] In a face-to-face ag-
gregate, the protons of one molecule are exposed to the ring
currents of another, which results in shielding with a magni-
tude that depends on the number of molecules in the aggre-
gate (Figure 4). The size of the aggregates in solution de-
creases at lower concentrations and results in a deshielding
effect in the NMR spectra. Dilution of the solution to 4.1 O
10�6


m yields the lowest observable shift for 1-H (d=


8.17(5) ppm), as the spectroscopic characterization of more-
dilute solutions is limited by the sensitivity of the NMR
spectrometer. The difference in chemical shift on going
from 8.2 O 10�6 to 4.1 O 10�6


m is very small (Dd=0.001 ppm),
which means that the chemical shifts at the latter concentra-
tion are very close to those of the monomer.


The growing general interest in p stacking of p conjugated
systems as models for electron-conducting materials in or-
ganic electronic or optoelectronic devices[26] makes the elec-
tronic structure and reduction of 8 especially interesting.
With lithium metal, the reduction of 8 affords a radical
anion that could not be further reduced, even after pro-
longed contact with the metal.


The reduction with potassium takes a different path, and
a diamagnetic dianion (82�/2K+) is observed after the radi-
cal anion stage has been passed. The 1H NMR chemical
shifts of 82�/2K+ do not depend on temperature or concen-
tration, which indicates that no p stacking occurs in this re-
duced state.


It is evident from the low-field shift of the signal of 1-H
(d=9.09 ppm) that 82�/2K+ is aromatic in character.[27] The
KC value of 82�/2K+ (179.7 ppm per electron) shows that the
carbon atoms are not affected by anisotropy effects, so their


Figure 3. Concentration-dependent 1H NMR spectra of 8 recorded at
298 K. a) 2.1O 10�3


m ; b) 1.0O 10�3
m; c) 5.3 O 10�4


m ; d) 2.6 O 10�4
m ; e) 1.3O


10�4
m ; f) 3.3O 10�5


m.


Figure 4. Graphical rendition of a possible stacking configuration of 8.
a) Top view and b) partial side view of the aggregate (the layers are
drawn in different colors for clarity).
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chemical shifts can be used to assess the charge distribution
on the carbon skeleton (Figure 5). Such an analysis reveals
that most of the charge is concentrated on the carbon atoms
shared by the 5MRs and the pyrene core. Interestingly, the


charge distribution around the pyrene subunit is very similar
to that observed in 12�,[8a] that is, a node through the center
and high charge concentration on C30 and C33 (and their
symmetrical equivalents) in 82�/2K+ and C1 and C4 in 12�.
Unlike 12�, however, 82�/2K+ is not paratropic, because the
contribution of the pyrene 4n p-electron perimeter is drasti-
cally dampened by fusion to aromatic indenyl anions.


Further reduction of 82�/2K+ yields another diamagnetic
species, the concentration of which grows as 82�/2K+ disap-
pears. This new species is the product of a coupling that
takes place between two trianion radicals of 8 at C1 ((8–
8)6�/6K+ ; Figure 6).[20] Calculations (B3LYP/6-31G*) predict
a high spin density at this carbon atom in the trianion radi-
cal, which explains why the reductive dimerization process
occurs at this site.


The 13C NMR chemical shift of C1 (d=49.60 ppm) and its
1JC1,1-H coupling constant (127.24 Hz) provide strong evi-
dence for its sp3 hybridization. Incontrovertible proof for
the formation of the new s bond comes from heteronuclear


multiple-bond correlation (HMBC) measurements, which
show a 2JC1,1-H coupling. This coupling is possible only if C1
is connected to a symmetry-related *C1 atom through a s


bond.
The formation of such s bonds is usually corroborated by


the 3J1-H,*1-H coupling that they yield in a proton-coupled het-
eronuclear single-quantum correlation with improved sensi-
tivity (HSQCSI) experiment.[20] In this case, however, the
coupling was not observed. The magnitude of this coupling
depends on the dihedral angle between 1-H and *1-H. If
this angle falls between 60 and 120 degrees, the coupling
will be too be small to be observed in the NMR spectrum.[28]


Therefore, the lack of 3J1-H,*1-H coupling in this case gives an
indication of the dihedral angle between 1-H and *1-H.


The 1H NMR spectrum shows that the (8–8)6�/6K+ dimer
must have overall C2 symmetry, as each tetraindenopyrene
unit in the system yields a different signal for every proton,
but the signals for one tetraindenopyrene unit are the same
as those for the other unit. The signal of 1-H appears at d=
7.07 ppm, which is very low field for a proton residing on an
sp3-hybridized carbon atom. This low-field shift may result
from the position of the proton between two structural
“bays” and an interaction with the second anionic layer.


Further evidence for the formation of the covalent dimer,
(8–8)6�/6K+ , comes from NOESY studies. The NOESY
spectrum shows unexpected interactions between the tert-
butyl (5-H with 18-H and 9-H with 14-H) and aromatic sig-
nals (2-H with 17-H and 8-H with 11-H). These interactions
are possible as (8–8)6�/6K+ contains two closely packed
anionic layers.


Further reduction of (8–8)6�/6K+ leads to line-broaden-
ing, and eventually a new 1H NMR spectrum emerges. The
new spectrum contains multiple lines of weak intensity so
that assignment could not be made. Therefore, this new spe-
cies, which is most probably a tetraanion of 8, could not be
studied in more detail.


Overview of the Family


The 1H NMR spectra of 42�, 52�, 62�, 72�, and 82� clearly
show that the aromatic character of the dianion is influ-
enced by the number of annulated indeno groups. Annula-
tion of a single indeno group, as in 42�, decreases the para-
tropicity of the system relative to 12�. This is evident in the
1H NMR spectrum and the chemical shifts of the internal
carbon atoms. The decreased paratropicity results from the
extension of the p system and the concentration of charge
in the 5MRs (see below). The annulation of two indeno
groups on pyrene, as in 5 and 6, changes the characteristics
of the dianion totally. Instead of being paratropic, the di-
ACHTUNGTRENNUNGanions are diatropic.


The low-field shift of the signals of C13 in 52� and C10 in
62� results from their being external probes for the diatropic
ring current of the 5MR. Atom C17 in 42� is also an external
probe for the 5MR, and therefore some of the low-field
shift can result from the newly gained aromaticity of this


Figure 5. Charge distribution calculated for 82�/2K+ according to the
13C NMR spectrum.


Figure 6. Schematic structure of the anionic dimer (8–8)6�/6K+ (different
colors are used for each part of the dimer for clarity).
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ring. Such ring-current effects could explain why the signal
of this internal carbon atom is shifted downfield with re-
spect to that of its counterpart, C14.


Compounds 7 and 8 show high dependence on the alkali-
metal counterion. Reduction with lithium gives only a radi-
cal anion; however, potassium reduces the compounds at
least to a trianion radical. It is well-established that alkali-
metal reduction of such large systems depends on the ability
of the counterion to stabilize the anion formed.[7] Potassium,
which forms a softer cation than lithium and also has a
higher reduction potential, is able to reduce 7 and 8 even
beyond the dianion stage, which is unusual for this series.


Experimental Section


1D and 2D NMR spectra were recorded on a Bruker DRX-400 pulsed
FT spectrometer operating at 400.13, 100.62, and 155.51 MHz for 1H, 13C,
and 7Li, respectively. Experiments were conducted at the temperature
which gave the best 1H NMR spectrum. The temperature was calibrated
with methanol.[29] 1H and 13C NMR chemical shifts were measured rela-
tive to the most-downfield peak of [D8]THF (3.57 and 67.39 ppm, respec-
tively, relative to SiMe4). The 7Li NMR spectrum was referenced to the
frequency of the 1H signal of dilute SiMe4 in [D8]THF (inferred from the
1H solvent frequency) multiplied by the X/100 value of 0.38863797 from
IUPAC.[30] Calculations on tetraindenopyrene were performed at the
B3LYP/6-31G* level of theory[31] with Spartan 02 (Linux version) from
Wavefunction, Inc., Irvine (USA).


Reduction of the Samples


All the samples were reduced in 5-mm-diameter NMR glass tubes equip-
ped with an upper reduction chamber. The pyrene derivatives (3 mg)
were introduced into the lower chamber of the tube under an argon at-
mosphere. The alkali metal (kept in paraffin oil, cleansed from the oxi-
dized layer, and rinsed in petroleum ether at 40–60 8C) was introduced
under argon into the reduction chamber as lithium wire or a piece of po-
tassium. The tube was then placed under high vacuum and dried by
flame. In the case of potassium, the metal was sublimed several times,
creating a potassium mirror within the reduction chamber. Anhydrous
[D8]THF (�1 mL, dried over a sodium/potassium alloy under high
vacuum) was transferred under vacuum to the NMR tube and degassed
several times. Finally, the tube was flame-sealed under high vacuum.


Controlled Reduction Process


The reduction took place when the solution of [D8]THF was brought into
contact with the metal by inverting the sample in solid dry ice. Reduction
was stopped by returning the sample to the upright position, thus sepa-
rating the metal from the solution. The formation of the anions was de-
tected visually by changes in the color of the solutions and by 1H NMR
spectroscopy.


Charge-Distribution Calculations


The addition of negative charge to polycyclic p systems induces magnetic
shielding on the nuclei; therefore, NMR spectroscopy can be used to ana-
lyze the charge distribution. The charge density on the carbon p frame-
work was calculated by using the differences in chemical shift in the
13C NMR spectra of the anion and neutral species [Eq. (1)]:[17]


1p ¼ DdC=KC ð1Þ


where 1p is the change in the p charge on the carbon atom, DdC is the
change in chemical shift for that carbon atom from the anionic to the
neutral state, and KC is a calculated proportionality constant (calculated
as the sum of the differences in the chemical shifts divided by the total
charge of the anion) with a value of about 160.0 ppm per electron. How-
ever, ring-current effects can induce large deviations from this value.[32]


NMR Data


4 : 1H NMR (400 MHz, [D8]THF, 298 K): d=8.70 (s, 1 H, 12-H), 8.46 (d,
J=7.64 Hz, 1 H, 1-H), 8.42 (d, J=7.76 Hz, 1 H, 7-H), 8.29 (d, J=7.69 Hz,
1H, 3-H), 8.26 (d, J=7.76 Hz, 1H, 6-H), 8.17 (d, J=6.64 Hz, 1 H, 11-H),
8.16 (d, J=8.99 Hz, 1 H, 5-H), 8.10 (d, J=9.03 Hz, 1 H, 4-H), 8.07 (d, J=
7.18 Hz, 1H, 8-H), 8.06 (dd, J=7.60, 7.67 Hz, 1H, 2-H), 7.45 (dd, J=
7.48, 7.04 Hz, 1H, 9-H), 7.40 ppm (dd, J=7.56, 7.41 Hz, 1H, 10-H);
13C NMR (100 MHz, [D8]THF, 298 K): d=142.9 (C21), 140.0 (C20), 136.7
(C19), 134.1 (C22), 133.2 (C13), 131.7 (C16), 131.6 (C15), 131.5 (C18),
129.5 (C1), 129.1 (C9), 128.0 (C4), 127.7 (C3), 127.1 (C10), 127.5 (C5 and
C2), 125.8 (C6), 124.1 (C15), 123.4 (C11), 122.6 (C17), 122.4 (C12), 122.4
(C8), 120.5 ppm (C7).


42�/2Li+ : 1H NMR (400 MHz, [D8]THF, 220 K): d=7.04 (d, J=7.81 Hz,
1H, 8-H), 6.92 (d, J=7.79 Hz, 1H, 11-H), 6.17 (dd, J=7.24, 6.47 Hz, 1H,
9-H), 6.12 (dd, J=6.84, 6.82 Hz, 1 H, 10-H), 5.77 (d, J=8.60 Hz, 1 H, 7-
H), 4.98 (d, J=7.95 Hz, 1H, 5-H), 4.57 (d, J=8.67 Hz, 1H, 6-H), 4.56
(dd, J=7.56, 7.44 Hz, 1H, 2-H), 4.41 (d, J=7.93 Hz, 1 H, 4-H), 4.09 (s,
1H, 12-H), 3.60 (d, J=8.14 Hz, 1H, 1-H), 3.28 ppm (d, J=7.02 Hz, 1 H,
3-H); 13C NMR (100 MHz, [D8]THF, 220 K): d=146.4 (C15), 145.5
(C13), 140.8 (C17), 138.9 (C14), 137.8 (C18), 135.5 (C2), 122.1 (C16),
120.9 (C5), 120.5 (C7), 113.3 (C21), 117.5 (C11), 116.8 (C8), 116.7 (C20),
113.9 (C6), 113.6 (C19), 110.2 (C22), 110.2 (C4), 109.2 (C9), 108.1 (C10),
102.8 (C1), 93.5 (C3), 86.1 ppm (C12); 7Li NMR (155 MHz, [D8]THF,
200 K): d=�0.4 ppm.


42�/2K+ : 1H NMR (400 MHz, [D8]THF, 220 K): d=7.06 (d, J=7.95 Hz,
1H, 8-H), 6.91 (d, J=7.89 Hz, 1H, 11-H), 6.24 (dd, J=6.99, 6.56 Hz, 1H,
9-H), 6.18 (dd, J=6.92, 6.58 Hz, 1 H, 10-H), 5.72 (d, J=6.70 Hz, 1 H, 7-
H), 4.96 (d, J=8.00 Hz, 1H, 5-H), 4.55 (d, J=8.85 Hz, 1H, 6-H), 4.53
(dd, J=9.55, 7.56 Hz, 1H, 2-H), 4.38 (d, J=8.00 Hz, 1 H, 4-H), 4.12 (s,
1H, 12-H), 3.57 (d, J=8.07 Hz, 1H, 1-H), 3.19 ppm (d, J=7.05 Hz, 1 H,
3-H); 13C NMR (100 MHz, [D8]THF, 220 K): d=146.9 (C15), 145.2
(C13), 140.9 (C17), 137.9 (C14), 136.8 (C18), 133.5 (C2), 122.0 (C5 and
C16), 120.6 (C7), 118.2 (C11), 118.0 (C21), 117.3 (C8), 115.5 (C19), 115.5
(C20), 115.3 (C6), 111.2 (C4), 110.7 (C9), 109.5 (C22), 109.2 (C10), 103.1
(C1), 93.7 (C3), 88.6 ppm (C12).


5 : 1H NMR (400 MHz, [D8]THF, 273 K): d=8.44 (m, 1 H, 7-H), 8.28 (d,
J=7.72 Hz, 1H, 3-H), 8.15 (d, J=7.76 Hz, 1 H, 2-H), 7.99 (m, 1 H, 4-H),
7.93 (s, 1 H, 1-H), 7.45 (m, 1H, 6-H), 7.43 ppm (m, 1H, 5-H); 13C NMR
(100 MHz, [D8]THF, 273 K): d=144.2 (C9), 140.0 (C8), 137.4 (C11),
134.2 (C10), 134.1 (C12), 131.1 (C14), 130.0 (C5), 128.7 (C6), 127.7 (C2),
127.6 (C1), 127.6 (C7), 123.1 (C4), 122.1 (C13), 121.1 ppm (C3).


52�/2Li+ : 1H NMR (400 MHz, [D8]THF, 200 K): d=8.85 (d, J=7.88 Hz,
1H, 7-H), 8.04 (d, J=7.69 Hz, 1H, 4-H), 7.51 (d, J=8.25 Hz, 1 H, 3-H),
6.95 (dd, J=6.90, 5.40 Hz, 1H, 6-H), 6.90 (s, 1H, 1-H), 6.73 (dd, J=7.05,
6.93 Hz, 1H, 5-H), 6.31 ppm (d, J=8.25 Hz, 1H, 2-H); 13C NMR
(100 MHz, [D8]THF, 200 K): d=134.2 (C12), 129.3 (C13), 127.1 (C14),
124.7 (C8), 122.4 (C9), 121.7 (C3), 120.9 (C7), 117.7 (C4), 114.8 (C1),
112.6 (C6), 112.0 (C11), 109.3 (C5), 108.9 (C2), 108.6 ppm (C10);
7Li NMR (155 MHz, [D8]THF, 200 K): d=�1.5 ppm.


52�/2K+ : 1H NMR (400 MHz, [D8]THF, 180 K): d=8.88 (d, J=8.18 Hz,
1H, 7-H), 8.14 (d, J=7.65 Hz, 1H, 4-H), 7.63 (d, J=8.24 Hz, 1 H, 3-H),
7.09 (s and t, J=6.80 Hz, 2H, 1-H and 6-H), 6.85 (t, J=6.84 Hz, 1 H, 5-
H), 6.51 ppm (d, J=8.24 Hz, 1H, 2-H); 13C NMR (100 MHz, [D8]THF,
200 K): d=133.0 (C12), 128.5 (C13), 127.2 (C14), 123.3 (C8), 122.1 (C9
and C3), 120.4 (C7), 118.7 (C4), 116.7 (C1), 114.5 (C6), 111.9 (C11),
110.9 (C2), 110.8 (C5), 105.6 ppm (C10).


6 : 1H NMR (400 MHz, [D5]nitrobenzene, 420 K): d=8.26 (s, 1H, 5-H),
8.24 (d, J=7.84 Hz, 1H, 6-H), 8.14 (d, J=7.84 Hz, 1H, 7-H), 7.93 (m,
1H, 4-H), 7.84 (m, 1 H, 1-H), 7.34 ppm (m, 2 H, 2-H and 3-H); 13C NMR
(100 MHz, [D5]nitrobenzene, 420 K): d=141.6 (C14), 140.2 (C13), 136.4
(C12), 135.1 (C8), 131.4 (C11), 131.2 (C9), 127.9 (C6), 127.7 (C2), 126.9
(C3), 121.8 (C4), 121.3 (C1), 120.9 (C10), 119.5 (C5), 119.2 ppm (C7).


62�/2Li+ : 1H NMR (400 MHz, [D8]THF, 220 K): d=8.07 (d, J=7.70 Hz,
1H, 4-H), 7.82 (d, J=7.76 Hz, 1 H, 1-H), 7.22 (s, 1 H, 5-H), 7.05 (d, J=
8.64 Hz, 1H, 7-H), 6.91 (dd, J=7.36, 6.99 Hz, 1H, 2-H), 6.73 (dd, J=
7.14, 6.77 Hz, 1 H, 3-H), 6.12 ppm (d, J=8.30 Hz, 1H, 6-H); 13C NMR
(100 MHz [D8]THF, 220 K): d=132.5 (C7), 126.1 (C4), 121.2 (C1), 117.8
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(C2), 114.7 (C6), 108.6 (C3), 99.2 ppm (C5); 7Li NMR (155 MHz,
[D8]THF, 220 K): d=�1.3 ppm. The 13C NMR chemical shifts were ob-
tained from the HSQCSI experiments.


62�/2K+ : 1H NMR (400 MHz, [D8]THF, 165 K): d=8.11 (d, J=5.96 Hz,
1H, 4-H), 7.85 (d, J=6.67 Hz, 1 H, 1-H), 7.26 (s, 1 H, 5-H), 7.10 (d, J=
7.76 Hz, 1H, 7-H), 6.97 (m, 1 H, 2-H), 6.81 (m, 1H, 3-H), 6.14 ppm (d,
J=7.93 Hz, 1H, 6-H); 13C NMR (100 MHz, [D8]THF, 165 K): d=135.2
(C9), 127.6 (C10), 127.2 (C11), 125.5 (C14), 123.3 (C13), 122.1 (C7),
118.9 (C4), 116.4 (C1) 115.6 (C2), 115.2 (C12), 112.5 (C6), 110.6 (C3),
105.6 (C5), 104.8 ppm (C8).


7: 1H NMR (400 MHz, [D8]THF, 298 K): d=8.39 (s, 1 H, 1-H), 8.19 (d,
J=8.01 Hz, 1H, 4-H), 8.11 (s, 1H, 2-H), 8.10 (d, J=7.93 Hz, 1H, 11-H),
8.08 (d, J=7.95 Hz, 1H, 6-H), 8.05 (s, 1H, 12-H), 8.04 (d, J=8.23 Hz,
1H, 10-H), 8.03 (d, J=8.06 Hz, 1H, 15-H), 7.91 (s, 1H, 8-H), 7.84 (d, J=
7.91 Hz, 1 H, 13-H), 7.49 (d, J=8.02 Hz, 1 H, 3-H), 7.42 (d, J=8.07 Hz,
1H, 7-H), 7.39 (d, J=7.94 Hz, 1 H, 14-H), 1.51 (s, 3H, 9-H), 1.47 (s, 3 H,
5-H), 1.46 ppm (s, 3H, 16-H); 13C NMR (100 MHz, [D8]THF, 300 K): d=
153.2 (C29), 153.2, 152.6 (C33), 145.3, 144.4, 144.2, 139.4, 139.3, 139.2,
138.7, 137.9, 137.6 (C28), 137.5, 136.2, 135.4, 134.1, 133.5 (C32), 132.7,
132.5, 130.3, 127.0 (C4), 126.8 (C11), 125.9 (C7), 124.9 (C3), 124.9 (C14),
123.4 (C13), 121.3 (C35), 121.2 (C10), 120.6 (C8), 120.4 (C12), 120.2
(C15), 120.1 (C2), 118.7, 113.7 (C1), 35.7 (C19), 35.7 (C17), 35.6 (C21),
31.7 (C9), 31.6 (C16), 31.5 ppm (C5).


72�/2K+ : 1H NMR (400 MHz, [D8]THF, 240 K): d=9.03 (d, J=9.10 Hz,
1H, 6-H), 8.83 (d, J=8.86 Hz, 1 H, 4-H), 8.69 (s, 1H, 1-H), 8.45 (s, 1 H, 2-
H), 8.34 (s, 1H, 8-H), 8.26 (s, 1H, 15-H), 8.08 (d, J=8.14 Hz, 1H, 13-H),
7.87 (s, 1H, 12-H), 7.77 (d, J=8.40 Hz, 1H, 10-H), 7.42 (d, J=8.04 Hz,
1H, 3-H), 7.39 (d, J=8.57 Hz, 1H, 7-H), 7.26 (d, J=8.04 Hz, 1 H, 14-H),
6.84 (d, J=9.08 Hz, 1 H, 11-H), 1.58 (s, 9 H, 9-H), 1.57 (s, 9 H, 5-H),
1.54 ppm (s, 9 H, 20-H); 13C NMR (100 MHz, [D8]THF, 240 K): d=143.0
(C3), 138.2 (C24), 137.3 (C18), 135.1 (C22), 134.6 (C20), 134.0 (C34 and
C36), 131.9 (C27), 130.9 (C28), 129.2 (C30), 129.0 (C32), 128.6 (C34 and
C36), 126.4 (C35), 123.3 (C39), 122.6 (C33), 122.4 (C10), 122.4 (C38),
121.3 (C31), 121.1 (C6), 121.0 (C4), 119.9 (C13), 117.2 (C26), 116.9
(C25), 116.8 (C14), 116.4 (C3), 116.0 (C1), 116.0 (C15), 115.6 (C2), 113.8
(C8), 112.7 (C7), 112.2 (C11), 110.4 (C4), 108.9 (C29), 106.3 (C40), 106.0
(C12) 35.6 (C19 and C21), 35.5 (C17), 33.2 (C5), 33.1 (C9), 32.8 ppm
(C20).


ACHTUNGTRENNUNG(7–7)6�/6K+ : 1H NMR (400 MHz, [D8]THF, 200 K): d=8.77–5.86 (aro-
matic protons), 6.57 (s, 1-H), 1.50–1.35 ppm (tBu); 13C NMR (100 MHz,
[D8]THF, 200 K) d=134.4–105.4 (C ACHTUNGTRENNUNG(sp2)), 48.2 (C1), 35.6–33.0 (CACHTUNGTRENNUNG(sp3)).


8 : 1H NMR (400 MHz, [D8]THF, 298 K): d=7.61 (s, J=1.35 Hz, 2H, 2-
H), 7.49 (d, J=7.96 Hz, 2H, 4-H), 7.34 (s, 1H, 1-H), 7.24 (d, J=8.1 Hz,
2H, 3-H), 1.53 ppm (s, 9 H, 5-H); 13C NMR (100 MHz, [D8]THF, 298 K):
d=152.2 (C20), 144.8 (C31), 140.0 (C30), 138.9 (C32), 137.3 (C34), 133.7
(C33), 127.0 (C4), 125.0 (C3) 120.0 (C2), 119.5 (C35), 113.9 (C1), 35.7
(C19), 31.9 ppm (C5).


82�/2K+ : 1H NMR (400 MHz, [D8]THF, 240 K): d=9.09 (s, 1H, 1-H),
8.98 (d, J=8.35 Hz, 2 H, 4-H), 8.58 (s, 2 H, 2-H), 7.53 (d, J=8.23 Hz, 2 H,
3-H), 1.62 ppm (s, 18H, 5-H); 13C NMR (100 MHz, [D8]THF, 240 K): d=
140.4 (C20), 135.5 (C31), 134.0 (C32), 129.9 (C34), 122.8 (C4), 119.9
(C35), 117.3 (C30), 117.0 (C3) 116.3 (C1), 116.1 (C2), 114.8 (C33), 35.6
(C19), 33.0 ppm (C5).


ACHTUNGTRENNUNG(8–8)6�/6K+ : 1H NMR (400 MHz, [D8]THF, 240 K): d=8.95 (s, 2H, 17-
H), 8.90 (d, J=8.56 Hz, 2H, 15-H), 8.81 (d, J=8.26 Hz, 2 H, 13-H), 8.54
(s, 2 H, 10-H), 8.23–8.21 (m, 6 H, 4-H, 11-H, and 6-H), 8.07 (s, 2 H, 8-H),
7.29 (d, J=8.11 Hz, 2H, 12-H), 7.07 (s, 2H, 1-H), 7.01 (d, J=8.36 Hz,
2H, 16-H), 6.95 (d, J=9.30 Hz, 2H, 7-H), 6.58 (s, 2 H, 2-H), 6.23 (d, J=
6.83 Hz, 2 H, 3-H), 1.78 (s, 18H, 18-H), 1.55 (s, 18H, 14-H), 1.07 (s, 18H,
9-H), 0.10 ppm (s, 18H, 5-H); 13C NMR (100 MHz, [D8]THF, 240 K) d=


138.6 (C24), 137.5 (C22), 136.8 (C26), 136.2 (C47), 136.0 (C20 and CX),
135.0 (C48), 134.4 (C43), 133.4, 132.7 (2 C), 132.1, 129.3 (CX), 126.7
(CX), 123.6 (C15 and C27), 123.59, 121.6 (C13), 121.3 (C4), 120.7 (C6),
120.2 (C32), 119.3, 117.6 (C45), 117.3 (C12), 116.1, 115.4 (C2 and C7),
115.4, 114.9 (C11), 114.8 (C8), 114.2 (C10), 113.8, 111.3 (C3), 108.3
(C29), 108.1, 107.8 (C16), 105.1 (C3), 104.4, 104.1 (C31), 49.6 (1JC,H=


124.59 Hz, C1), 35.7 (C25), 35.4 (C23), 35.2 (C21), 35.0 (C19), 33.4 (C18),
33.1 (C14), 32.8 (C9), 32.3 ppm (C5). CX=C39, C41, C44, or C47. The


low symmetry of the system prevented a full assignment of the 13C NMR
spectrum. Two carbon signals could not be observed.
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Introduction


Research on (organic or inorganic) hollow shells has ad-
vanced dramatically during the last few years because a
large number of applications have been identified and pre-
dicted in different fields such as pharmaceuticals, medicine,
materials science, and catalysis.[1–3] A specific feature of
hollow shells is their relatively low density, which generally
makes them more attractive than the corresponding core-
shell particles. Although some template-free approaches can
be found in the literature for the fabrication of shells,[4–9] to
date, template-mediated methods have been most popular
and still provide better control of the final morphology. One
of the first and most widely used template-mediated meth-
ods relies on the well-known layer-by-layer (LBL) assembly
technique[10] and comprises the stepwise deposition onto a
colloidal template of polyelectrolytes and other materials
(such as nanoparticles) driven by electrostatic interactions
to form core-shell composites and the subsequent removal


of the core with a solvent (dissolution)[11] or by heating (cal-
cination).[12] The main advantage of this approach is its enor-
mous versatility, as the composition can be easily tuned by
simple combination of the polyelectrolytes with appropriate
materials (polymers, nanoparticles, etc.), thus providing con-
trol over the mechanical, optical, and surface properties,
among others. The presence of silica in the layered structure
is known to improve the mechanical properties and to pro-
vide control over the permeability of the polyelectrolyte-
based nanocapsules.[12,13] On the other hand, the combina-
tion of a diazoresin, acting as polycation, with polyelectro-
lytes has been used to enhance resistance toward etching by
solvents.[14] Recently, hollow colloids with novel optical
properties were obtained by the LBL-based assembly of
metal nanoparticles on spherical templates.[15, 16] Polyelectro-
lyte multilayer capsules doped with metal nanoparticles are
also interesting for biomedical applications, as these can act
as radiation-absorbing centers for the remote release of en-
capsulated materials[17–20] or as delivery vehicles and sup-
ports in biosensing.[21] Catalytic applications have also been
envisaged, because metal nanoparticles are efficient cata-
lysts[22,23] and the hollow capsules present large surface
areas.[24] Another advantage of this approach is the possibili-
ty to build multifunctional capsules with different properties,
as was recently demonstrated with the incorporation of mag-
netic and luminescent properties by simultaneous doping
with CdTe nanocrystals and Fe3O4 nanoparticles[25] or of
magnetic and antimicrobial properties through combination
of goethite with silver nanoparticles.[26]
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Another particularly interesting template-mediated
method to fabricate hollow capsules is based on the direct
precipitation of inorganic molecule precursors[27–30] onto the
template, which may have been previously functionalized
with specific groups to enhance the coating.[31–33] As in the
previous method, the template is subsequently removed by
dissolution or calcination. This method is particularly useful
to obtain hollow spheres of ceramic materials such as silica,
titania, or yttria.


Herein we present a synthetic procedure for the fabrica-
tion of metallodielectric hollow shells comprising a compo-
site made of gold nanorods within a metal oxide matrix,
such as silica or titania. The procedure combines the LBL
method for controlled deposition of gold rods on polysty-
ACHTUNGTRENNUNGrene spheres and a sol–gel process for producing a silica or
titania outer shell. We demonstrate that the gold nanoparti-
cles can provide the capsules with optical tunability simply
by changing the nanorod morphology (aspect ratio) or by
adjusting their density. Additionally, the catalytic activity of
such composite colloids is demonstrated by using the reduc-
tion of potassium hexacyanoferrate ACHTUNGTRENNUNG(III) with NaBH4 as a
test reaction.


Results and Discussion


Formation of Hollow Ceramic Microspheres Doped with
Gold Nanorods


One of the main targets of this work was the synthesis of
hollow microcapsules with optical and catalytic functionali-
ties through homogeneous doping with gold nanorods. The
optical response in the visible and near-infrared (NIR)
region can be modulated either by tuning the gold nanorod
aspect ratio or by controlling the gold nanorod concentra-
tion within the microcapsules. Although several works on
noble-metal-nanoparticle-doped hollow or core-shell micro-
spheres have been reported,[4,15–18,25,26, 34] most of them do
not focus on the study of the optical properties, and for this
reason metal nanoparticles are sometimes prepared by
chemical reduction in situ (allowing poor control of the final
nanoparticle morphology and therefore of the resulting opti-
cal properties), rather than by using preformed metal nano-
particles to obtain the nanocomposites. Our choice was a
multistep process involving the initial synthesis of the metal
nanoparticles followed by deposition onto colloidal tem-
plates, prior to shell formation, as this allows far better con-
trol over the ultimate optical properties of the composite.
Additionally, the density of gold nanoparticles can be varied
by simply changing the amount of nanoparticles during the
process (Figure 1).


The sacrificial templates used to obtain the metal-doped
capsules were polystyrene (PS) beads, 705 nm in diameter
with a surface charge of approximately �33 mV, whereas
the metal nanoparticles were gold nanorods (aspect ratio 3.1
and 4.8)[35] stabilized with poly-N-vinylpyrrolidone (PVP)
and thus with a negative surface charge (zeta potential=
�20 mV). Gold nanorod deposition on the PS beads was


carried out through polyelectrolyte-driven LBL assem-
bly,[10,11] which required prior assembly of a polyelectrolyte
multilayer film (PDDA/PSS/PDDA) on the PS spheres so as
to obtain uniform, positively charged surfaces onto which
the negatively charged gold rods would readily stick. Multi-
ple nanorod additions (11 additions, 10-min intervals) yield-
ed a uniform, random assembly of the metal nanoparticles
on the modified PS surface, as can be seen in Figure 1 for
rods with aspect ratio of 3.1 (experiments in which nanorods
with aspect ratio 4.8 were used showed the same trend; see
Supporting Information).


Although hollow capsules can be made of layered poly-
electrolytes,[11] coating with SiO2 has been shown to provide
hollow capsules with improved long-term storability, robust-
ness, mechanical strength, and controllable permeability.[13]


In the work reported herein, silica coating was carried out
on the nanorod-decorated PS spheres by using the Stçber
process after coating with an extra PVP layer to enhance
the surface affinity toward silica.[36] This procedure allowed
the thickness of the silica layer to be tuned by varying the
amount of tetraethoxysilane (TEOS), as shown in Figure 2a
and b. Notably, after silica coating, deformation of some
core-shell particles was observed (see Supporting Informa-
tion). This effect is induced by ammonia, which is able to
dissolve the PS templates during the formation of the silica
shell, and therefore if TEOS hydrolysis and condensation is
not fast enough to form a protecting silica shell, the diffu-
sion out of the shell of the PS congregates can induce the
deformation or even the rupture of the core-shell compo-
sites.[37] A similar procedure, based on the hydrolysis of a ti-


Figure 1. TEM micrographs of polystyrene microspheres coated with in-
creasing gold nanorod density. The Au nanorods have an aspect ratio of
3.1.
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tanium alkoxide, can be used to coat the Au-modified PS
spheres with TiO2 (Figure 2c),[27] which is expected to en-
hance the versatility of this system, as the dielectric proper-
ties of titania, which is a wide-bandgap semiconductor, are
more interesting than those of silica for a number of appli-
cations.[38–43]


Upon the growth of ceramic shells, PS cores can be re-
moved to obtain hollow Au/SiO2 or Au/TiO2 composite cap-
sules, which are much more lightweight materials. The core
can be removed either through dissolution with a suitable
solvent[11] or through calcination,[12] which was found to be
more convenient in previous works, in particular for thick
silica shells. However, in the present study calcination (300–
400 8C) would lead to drastic optical changes because of the
thermal reshaping of the gold nanorods into spheres, as pre-
viously reported[44] and confirmed in Figure 3a. For this
reason, Au/SiO2 and Au/TiO2 hollow capsules were obtained
by core dissolution using with tetrahydrofuran (e.g. Fig-
ure 3b–d). It should be noted that for the growth of thicker
Au/SiO2 capsules (Figure 3d) it was more efficient to pre-
pare thin capsules and then carry out further growth, as dis-
solution through thicker shells is hindered.


Optical and Catalytic Properties of the Nanocomposites


An analysis of the optical properties of the composites is
presented on the basis of the dielectric environment around
the rods and possible interparticle interactions. In Figure 4,
the evolution of UV/Vis/NIR spectra is shown for PS micro-
spheres coated with two different gold nanorod samples
(aspect ratio 3.1 (a) and 4.8 (b)), in which the density of
gold nanorods is increased by successive additions. It can be


seen that the longitudinal plasmon band of the gold–PS
nanocomposites (position and width, see insets) changes
when the surface density of the gold nanorods on the PS sur-
face gradually increases. This is related to increased dipole
coupling among neighboring gold nanoparticles as the sepa-
ration between nanoparticles decreases, which has been
shown to be responsible for red shifting and broadening of
plasmon resonance bands.[45] Remarkably, for the same
number of additions, a much larger red shift (68 nm) was
observed for “long” nanorods (aspect ratio 4.8) than for
“short” rods (aspect ratio 3.1; 35-nm shift). Considering that
both gold nanorod samples have roughly the same gold con-
centration, for the longer rods a lower number of particles is
expected on the PS beads (which was confirmed with SEM,
see Figure 5). Nevertheless, dipole coupling seems to be
stronger, which is presumably related to the relationship be-
tween interparticle separation and nanoparticle dimensions,
which is still smaller for the longer rods, thus leading to
stronger coupling.


Upon coating of the nanorod-modified PS particles with
silica or titania, dipole–dipole interactions are expected to
be screened because of an insulating effect of the metal
oxides. For this reason, even though the refractive index of
silica is larger than that of water or ethanol, it was found
that the deposition of an outer silica shell leads to a blue
shift (Figure 6). It was previously demonstrated[45] that when
metallic nanoparticles are surrounded by an insulating mate-
rial such as silica, an electron-tunnelling barrier can be cre-


Figure 2. a), b) TEM micrographs of Au-rod-doped PS microspheres
coated with 4- and 25-nm-thick silica shells, respectively. c) TEM micro-
graph of Au-rod-doped PS microsphere coated with a 12-nm-thick titania
shell. In a) and b), maximum gold nanoparticle density can be seen,
whereas in c) only 35% of maximum gold density was achieved.


Figure 3. TEM micrographs of a) Au/SiO2 capsules obtained by calcina-
tion at 400 8C, b) Au/TiO2, and c), d) Au/SiO2 capsules obtained by disso-
lution with THF (see text for further details). In a) and c), the PS beads
were loaded with maximum gold density, whereas in b) and d) the load-
ing is 35% of the maximum density.
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ated between the metal nanoparticles, thereby (partially)
screening the dipole coupling between neighboring particles.


When the gold-rod-decorated PS microspheres are coated
with TiO2, which has a much higher refractive index (2.4
versus 1.46 for silica), an additional red shift is observed,
meaning that the refractive index effect clearly overcomes
the screening effect, which on the other hand may be lower
if we take into account the semiconductor character of tita-
nia.


Finally, although the dissolution of the PS cores and the
formation of hollow shells lead to a decrease in the scatter-
ing contribution (data not shown), it does not affect the po-
sition of the longitudinal plasmon band, so that the optical
properties of the capsules are identical to those of the core-
shells. The reason for this is that the rods are essentially em-
bedded within the ceramic shells and are not affected by
any changes in the outer environment.


These particles are not only interesting because of their
optical properties, but can also be used as efficient catalysts
as silica or titania shells have been shown to be sufficiently
porous to allow diffusion of reactants and products.[29,46] We
demonstrated this efficiency through analysis of the effect of
Au–SiO2 hollow shells on the kinetics of the reduction of
potassium hexacyanoferrate ACHTUNGTRENNUNG(III) with NaBH4 which can be
considered as a model electron-transfer reaction.[47] In the


absence of metal nanoparticles, this reaction was previously
reported to behave as a zero-order reaction in
hexacyanoferrate ACHTUNGTRENNUNG(III),[48] with an activation energy of
30 kJmol�1, whereas in the presence of colloidal gold the re-
action mechanism becomes first order and the activation
energy of the catalyzed reaction was found to be almost ten
times lower (4 kJmol�1).[47] The catalysis mechanism seems


Figure 5. SEM images (YAG detector) of PS microspheres coated with
the same gold density, but using nanorods with different aspect ratios:
a) 3.1, b) 4.8.


Figure 6. Maximum wavelength of the longitudinal plasmon band for dif-
ferent samples: Au nanorods, Au nanorod assembled on PS spheres, PS
coated with Au/SiO2 (circles), or Au/TiO2 (squares), and the correspond-
ing capsules formed upon dissolution of the PS core. Data are shown for
rods with average aspect ratio 3.1 (open symbols) and 4.8 (solid sym-
bols).


Figure 4. UV/Vis spectra of gold nanorod/PS microsphere composites
with varying nanorod density; a) and b) correspond to experiments car-
ried out with gold nanorods of aspect ratios 3.1 and 4.8, respectively. The
insets are plots of the position of the longitudinal plasmon band versus
the number of gold-rod additions.
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to involve rapid cathodic polarization of the metallic nano-
particles by sodium borohydride [Eq. (1)], followed by
transfer of excess surface electrons to ferricyanide ions
reaching the particles, which are then reduced in what
would then become the slow step of the reaction [Eq. (2)].


BH�
4 þ Au Ð Q� ðfastÞ ð1Þ


Q� þ ½FeðCNÞ6�3� ! ½FeðCNÞ6�4� þ Q ðslowÞ ð2Þ


In all runs, the concentration of NaBH4 was chosen to
exceed the concentration of hexacyanoferrate ACHTUNGTRENNUNG(III). In this
way, the kinetics of the reduction process can be treated as
a pseudo-first-order reaction in hexacyanoferrate. The prog-
ress of the reduction was monitored through changes in the
UV/Vis spectra, as shown in Figure 7a for gold nanorod/
silica hollow spheres (see TEM image in Figure 7b). The
characteristic absorption peak of hexacyanoferrateACHTUNGTRENNUNG(III) at
420 nm decreases with time (as it is reduced to ferrocya-


nide), whereas the gold rod plasmon bands (around 520 and
900 nm for the transverse and longitudinal bands, respective-
ly) are unaffected, which shows that the electron-transfer re-
action proceeds through the pores of amorphous silica, but
the morphology and distribution of the rods remain intact
during the process.


An example of the excellent agreement of the experimen-
tal data with first-order kinetics is shown in the inset of Fig-
ure 7a for two different particle concentrations, using the
corresponding integrated kinetic Equation (3):


ln
At �A1
A0 �A1


� �
¼ �kobst ð3Þ


An increase in the concentration of the capsules by a
factor of two produces a 2.9-fold increase in the observed
rate constant (from 8.63R10�3 to 0.025 s�1).


A similar catalytic effect was observed with gold-doped ti-
tania hollow shells. Figure 8a shows a representative spec-


Figure 7. a) Spectral evolution of a mixture of hexacyanoferrate ACHTUNGTRENNUNG(III) and
Au/SiO2 metallodielectric capsules upon addition of sodium borohydride.
[[Fe(CN)6]


3�]=8.33R10�4
m, [BH4


�]=8.33R10�3
m. The inset shows the


linearized data for first-order analysis according to Equation (3) for two
different capsule concentrations (see text for details). b) Representative
TEM image of the Au/SiO2 capsules used in this study.


Figure 8. a) Spectral evolution of a mixture of hexacyanoferrate and Au/
TiO2 metallodielectric composites upon addition of sodium borohydride
[[Fe(CN)6]


3�]=8.33R10�4
m, [BH4


�]=8.33R10�3
m. The inset shows the


linearized data for first-order analysis according to Equation (3) for two
different concentrations (see text for details). b) TEM image of the Au/
TiO2 capsules used in this study.
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tral evolution of the reaction. As in the case of the silica
shells, an increase in the amount of the titania capsules by a
factor of almost two produces an increase in the pseudo-
first-order of the reaction by a factor of 2.6 (from 0.024 up
to 0.063 s�1). Interestingly, although the amount of particles
per capsule is lower (35% of the maximum gold density) in
the case of the titania shells (relative to 100% for silica
shells), as can be deduced from the intensity of the longitu-
dinal plasmon band located around 925 nm (0.21 versus
0.08) and confirmed by TEM (see Figures 7b and 8b), kinet-
ic experiments were consistently faster when using titania
shells (0.063 s�1 vs. 0.025 s�1). Therefore, gold-doped titania
shells seem to display a higher catalytic efficiency than that
of the analogous silica shells, but further evidence is needed
to understand this result, and experiments in this direction
are currently underway.


The advantage of using these composite particles, rather
than free gold nanoparticles lies on the stability toward fac-
tors such as ionic strength or solvent exchange provided by
the outer silica shell, or the easy removal (by centrifugation)
upon completion of the catalytic process. It should be also
pointed out that the pore size as well as the thickness of the
silica shell should play an important role in modulating the
catalytic properties of these composites, which is currently
under investigation and will be reported elsewhere.


Conclusions


Metallodielectric hollow shells with tunable optical proper-
ties can be easily obtained by a three-step process consisting
of a) LBL assembly of gold nanorods, b) deposition of SiO2


or TiO2 through a sol–gel process, and c) removal of the PS
core by dissolution with an appropriate solvent. The optical
properties of the hollow shells are due to the presence of
gold nanoparticles, hence they can be tuned in the visible
and the NIR regions by simply varying the gold nanorod
aspect ratio or by controlling the nanoparticle density. Al-
though the ceramic layer can provide mechanical stability,
their porosity allows the use of the metallodielectric shells
as catalysts for the reduction of potassium hexacyanoferrate-
ACHTUNGTRENNUNG(III) with NaBH4.


Experimental Section


Materials


Polystyrene beads (diameter 705 nm) were purchased from Ikerlat Poly-
mers (Spain). Tetrachloroauric acid (HAuCl4·3H2O), sodium borohy-
dride, ascorbic acid, sodium chloride (NaCl), HCl, NH4OH (32%), cetyl-
trimethyl ammonium bromide (CTAB), tetraethylorthosilicate (TEOS),
and tetrahydrofuran (THF) were purchased from Aldrich. PVP (MW=


10000, 40000, and 360000) and tetraisopropyl orthotitanate (TTIP) were
supplied by Fluka. Poly(styrenesulfonate) (PSS, MW=70000), poly(dial-
lyldimethylammonium chloride) (PDDA, MW=200000–350000,
20 wt%) was procured from Sigma. Potassium hexacyanoferrate ACHTUNGTRENNUNG(III) was
purchased from Scharlab. All chemicals were used as received. Pure
grade ethanol and Milli-Q grade water were used to make up all solu-
tions.


Particle Synthesis


Gold nanorods were synthesized according to the protocols proposed by
Nikoobakht et al.[49] and Liu et al.[50] First, a gold seed solution was pre-
pared by reduction of HAuCl4 (0.25 mm, 5 mL) with sodium borohydride
(0.01m, 0.3 mL) in an aqueous surfactant solution of CTAB (0.1m). The
average particle size measured from TEM was 2.8�0.7 nm. For the syn-
thesis of gold nanorods with aspect ratio 3.1, seed solution (60 mL) was
added to a growth solution containing CTAB (0.1m), HAuCl4 (0.5 mm),
ascorbic acid (0.75 mm), and silver nitrate (0.075 mm). For the synthesis
of gold nanorods with aspect ratio 4.8, seed solution (24 mL) was added
to a growth solution containing CTAB (0.1m), HAuCl4 (0.5 mm), ascorbic
acid (0.8 mm), HCl (0.019m), and silver nitrate (0.12 mm). After the
excess CTAB was removed by centrifugation (8500 rpm), the particles
were transferred into ethanol for surface functionalization with PVP
(MW=40000).[51] Sufficient PVP to coat the particles with 60 monomers
per nm2 of surface area was added to the gold nanorods. The mixture
was stirred overnight, excess PVP was removed by centrifugation, and
the particles were redispersed in ethanol.


Polyelectrolyte Coating


Positively charged PDDA (1 mgmL�1 in water containing NaCl (0.5m);
1.8 mL) was added to an aqueous suspension of negatively charged PS
particles (10 wt%; 0.1 mL) with a diameter of 705 nm. After 15 min (to
allow the polyelectrolytes to adsorb onto the PS nanoparticle surface),
the non-adsorbed polyelectrolyte was removed by three cycles of centri-
fugation (6000 rpm for 5 min), and the particles were redispersed in
water. In the last cycle, the particles were redispersed in water (0.1 mL).
The negatively charged PSS was then subsequently adsorbed onto the
particles by adding PSS (1 mgmL�1 in water containing NaCl (0.5m);
1.8 mL) to the PDDA-coated PS suspension, allowing 20 min for PSS ad-
sorption, and removing excess PSS by three cycles of centrifugation. The
particles were resdispersed in water. An additional layer of PDDA was
deposited by using the same conditions and procedure.


Gold Coating


The PVP-coated gold nanorods were deposited onto the polyelectrolyte-
coated PS particles in a multistep process. In each step, a solution of Au
nanoparticles in ethanol (6.63 mm in gold; 2 mL) was added to PS beads
(1 mg) dispersed in ethanol (1 mL) under sonication. The mixture was
stirred for 10 min to allow equilibration. Prior to each addition of gold
nanoparticles a cycle of centrifugation and redispersion in ethanol was
carried out to remove the non-adsorbed gold particles.


Silica Coating


The gold coated PS particles (1 mg of the polyelectrolyte-coated spheres)
were redispersed in ethanol (2 mL). A solution of ammonia in ethanol
(containing 300 mL of concentrated aqueous ammonia (33 wt%); 1.2 mL)
was added under stirring, and then a solution of TEOS in ethanol
(2.0 vol%; 0.10 mL) was added under gentle stirring. The mixture was al-
lowed to react for 6 h. At this point the beads present a 4-nm thick silica
shell. Further additions of TEOS were carried out to allow growth of the
silica shells.


Titania Coating


An aqueous solution of NaCl (5 mm ; 32 mL) was added to ethanol
(1.34 mL) containing PVP (MW=360000; 13.5 mg). Ethanol (0.1 mL)
containing the gold-coated PS particles (1 mg of the polyelectrolytes-
coated particles) was added dropwise. Finally, TTIP (14.5 mL) in ethanol
(0.193 mL) was added under vigorous stirring. After 1 min, stirring was
stopped, and the suspension was allowed to stand for 15 min. The parti-
cles were centrifuged and redispersed in ethanol to remove any residual
small titania nanoparticles as well as PVP, which is no longer necessary
for stabilization.


Hollow Spheres


The hollow capsules were prepared by either calcination (at 450 8C for
1 h) or by treatment with THF, that is, exposure of the silica- or titania-
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coated PS particles (1 mg) to THF (4 mL) for 24 h. After this treatment
the hollow spheres were centrifuged at 6000 rpm for 10 min and redis-
persed in ethanol. Exposure to THF was repeated twice to ensure the
complete core removal.


Characterization


A JEOL JEM 1010 transmission electron microscope operating at an ac-
celeration voltage of 100 kV was used for low-magnification imaging.
SEM characterization was carried out with a JEOL JSM-6700F FEG-
SEM operating at an acceleration voltage of 10 kV in backscattering-
electron image (YAG). UV/Vis/NIR spectra were measured with a Cary
5000 UV-Vis-NIR spectrophotometer. The zeta potential was determined
by electrophoretic mobility measurements with a Malvern Zetasizer 2000
instrument.


Kinetic Measurements


The reactions were carried out at room temperature in a diode-array
UV/Vis spectrophotometer Agilent 8453. All solutions were previously
deaerated, and the reaction mixtures were maintained at pH 11.5 to
avoid decomposition of NaBH4.


[52] Kinetic data were always satisfactorily
fitted by the first-order integrated rate equations in hexacyanoferrate
concentration. Experiments were reproducible to within 5%.
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Nd-Doped TiO2 Nanorods: Preparation and Application in Dye-Sensitized
Solar Cells


Qiaohong Yao, Junfeng Liu, Qing Peng,* Xun Wang, and Yadong Li[a]


Introduction


Dye-sensitized solar cells (DSSCs) that exhibit energy-con-
version efficiencies of more than 10 % have been investigat-
ed intensively as a cost-effective alternative to conventional
solar cells.[1,2] In DSSCs, TiO2 films with mesoscopic texture
have been widely used as the photoanode onto which dye
sensitizers were adsorbed. Under illumination, excited dye
molecules inject electrons into the conduction band of the
semiconductor. Injected electrons are then transported to
the conducting glass substrate, which is beneficial to the per-
formance of the solar cells. On the other hand, the injected
electrons might recombine with the oxidized species in the
electrolyte, which is one of the major factors that limit the
efficiency of the solar cells.


The photoanode in dye-sensitized solar cells are usually
fabricated from a random assembly of anatase nanocrys-
tals.[3,4] The synthesis of structures with higher degrees of
order than randomly oriented networks is expected, and
films with mesoporous channels aligned parallel to each
other and vertically with respect to the conducting glass sub-
strate are desired. This facilitates pore diffusion, gives easier
access to the film surface, and allows the junction to be


formed under better control.[4] Recently, two groups report-
ed highly efficient photoanodes, which were prepared from
organized mesoporous TiO2 films.[5,6] These films have
larger surface areas and/or higher crystallinity. The 1-mm-
thick mesoporous films showed an enhanced solar-cell con-
version efficiency of about 50 % relative to that of tradition-
al films of the same thickness made from randomly oriented
anatase nanocrystals.[5] Furthermore, electron transport in
crystalline wires is expected to be several orders of magni-
tude faster than percolation through a random polycrystal-
line network, hence replacing the nanoparticle film with an
array of oriented single-crystalline nanowires was investigat-
ed.[7] Unfortunately, the efficiency was limited because of
the small surface area of the nanowires.[5,7]


Modification of titania electrodes by dipping in solutions
of various metal compounds followed by calcination is a fre-
quently employed method.[8–19] The modified electrodes are
thus coated with a thin layer of the metal oxide, which
forms an inherent energy barrier at the electrode–electrolyte
interface. This barrier decreases the recombination rate of
the photoinjected electrons with their counterholes, hence
improving the efficiency of the solar cell.[9,12] This modifica-
tion was also shown to improve the dye adsorption and in-
crease the volume of the optically active component, leading
to improved cell performance.[9,10]


Replacing the entire nanoparticle film with an array of
oriented single-crystalline nanowires or nanorods is not real-
istic. On the other hand, introducing lanthanide into the
photoanode of the DSSC would be of great significance be-
cause of the possible novel properties induced by their
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unique electronic structures and the numerous transition
modes involving the 4f shell of their ions.


Herein we describe the synthesis of highly crystalline,
nearly monodisperse Nd-doped TiO2 nanorods in well-con-
trolled solvothermal reactions[20, 21] and the incorporation of
the nanorods into conventional TiO2 photoanodes in DSSCs.
This modification is different from the method in which dip-
ping is followed by calcination. Modification of the porous
photoelectrode with nanorods did not form a layer of nano-
rods at the electrode–electrolyte interface, and the probable
case is that the nanorods were embedded partly in the pores
of the films. It was expected that the simultaneous introduc-
tion of lanthanide ions and nanorods would bring about a
positive effect on the injection rate of the excited electrons
and the transport rate of the injected electrons in the photo-
anode.


Results and Discussion


Figure 1 a shows a TEM image of the Nd-doped TiO2 nano-
rods. It is easy to see from Figure 1 that the nanorods dis-
play uniform morphologies with diameters of 20 nm :
2 nm. The crystalline phases of the Nd-doped TiO2 nanorods
were investigated by using X-ray diffraction (XRD), and the
diffraction pattern is depicted in Figure 1 b, in which the re-
flections were attributed to TiO2 with anatase structure. No
reflections of neodymium oxides were found in the XRD
pattern, indicating that Nd atoms were evenly dispersed in
the TiO2 and did not form any crystalline structure. The
composition of the nanorods was determined by using
energy-dispersive X-ray spectroscopy (EDS), which proved
the presence of Nd atoms in the TiO2 nanorods (Figure 1 c),
thus indicating that the doping is successful. Figure 2 shows
the scanning electron microscopy (SEM) images of the TiO2


electrodes before and after modification. It is clearly seen
that after modification the surface of the TiO2 electrode
changed substantially. First, the surface of the electrode was
interspersed with conglomerations of Nd-doped TiO2 nano-
rods. Circles 1 and 2 show examples of the conglomerations,
whereas in the area indicated by the arrow one can see
structures resembling needles, which should be the nanorods
used to modify the electrode. Considering the diameters of
the nanoparticles (about 15 nm) in the films and the nano-
rods (20 nm : 2 nm) investigated in this work, we can un-
derstand that the majority of the nanorods were embedded


in the small pores of the TiO2 films. This kind of modifica-
tion would bring some effect to the specific surface area of
the films. This idea could be further confirmed through
measuring the absorption spectra of Ru dye N719 (Solaro-
nix) sensitized unmodified and modified electrodes.


The absorption spectra of the two types of electrodes in
both bare and dye-sensitized states are presented in
Figure 3. Modification with the rods did not dramatically
affect the absorption of the TiO2 films (spectra 1 and 2 in
Figure 3), but a red shift of the absorption edge toward the
visible region is observed for the modified electrode. This
phenomenon is consistent with previous reports[23] and could
be used as circumstantial evidence for the presence of Nd


Abstract in Chinese:


Figure 1. a) TEM image, b) XRD pattern, and c) EDS spectrum of
Nd-doped TiO2 nanorods.
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atoms in the modified electrode. In the report, the band gap
of the TiO2 nanoparticles was successfully decreased by
Nd3+ doping, and the maximum band gap reduction was
0.55 eV for 1.5 atom % Nd-doped TiO2 nanoparticles. The
decreased band gap was primarily attributed to the substi-
tuted Nd3+ ions, which introduced electron states into the
band gap of TiO2 to form the new lowest unoccupied molec-
ular orbital.[23] In our investigation, although the doping
level for the nanorods is 5 atom %, the value for the modi-
fied electrode would be very small, which consequently re-
sults in the very similar absorption spectra of the two unsen-
sitized electrodes.


The absorption spectra for N719 on the two electrodes
are almost the same (spectra 3 and 4 in Figure 3), and both
spectra are similar in shape to those of the UV/Vis absorp-
tion spectrum of a solution of the Ru dye in ethanol. To


clarify the effect of the modification on the adsorption prop-
erty of the dye, the dyes adsorbed on the TiO2 films were
dissolved completely from the TiO2 films into a 0.1m aque-
ous solution of sodium hydroxide, and the adsorption
amount was measured. Values of 2.3 : 10�8 mol cm�2 and
2.2 : 10�8 mol cm�2 were obtained for the unmodified and
modified electrodes, respectively. The value for the modified
electrode is negligibly lower than that of the unmodified
electrode, thus showing that the amount of N719 adsorbed
on TiO2 films was also not dramatically affected by the
modification.


Short-circuit photocurrents were measured at various ex-
citation wavelengths for an unmodified solar cell (based on
an unmodified electrode) and a modified solar cell (based
on a modified electrode), and the monochromatic incident
photon-to-electron conversion efficiency (IPCE), defined as
the number of electrons generated by light in the outer cir-
cuit divided by the number of incident photons, was ob-
tained by Equation 1:


IPCEð%Þ ¼ 1240IscðmAcm�2Þ
lðnmÞPinðWm�2Þ


where the constant 1240 is derived from the units of conver-
sion, Isc is the short-circuit photocurrent generated by mono-
chromatic light, and l is the wavelength of the incident
monochromatic light of intensity Pin. The photocurrent
action spectra (Figure 4 a) represent the IPCE versus inci-
dent light of various wavelengths. The IPCE values of the
modified solar cell, in the whole photosensitization region
from 400 nm to 800 nm, are higher than those for the un-
modified solar cell. The increase percentage of IPCE has a
minimum value of about 19 % at 500, 520, and 540 nm, and
shows maximum values of 24 % at 400 nm and 30 % at
800 nm. The increase indicates that modified solar cells have
a higher electron-injection efficiency and/or collection effi-
ciency of injected electrons than the unmodified cells, show-
ing that the modified solar cell would have better photoelec-
trochemical properties.


The photoelectrochemical properties of the solar cells are
given in Table 1, and the photocurrent–voltage curves are
shown in Figure 4 b. The fill factor (FF) is given by Equa-
tion 2:


FF ¼ ðVopt IoptÞ=ðVoc IscÞ


where Vopt and Iopt are the voltage and the current for maxi-
mum power output, respectively, and Voc and Isc are the
open-circuit photovoltage and the short-circuit photocur-
rent, respectively. The overall yield (h) is expressed by
Equation 3:


h ¼ ðVocIscFFÞ=Pin


where Pin is the power of the incident white light. In this
case, the power of the incident white light is 84.0 mW cm�2.
Consistent with our analysis from the action spectrum, the


Figure 2. SEM images of TiO2 films (a) unmodified; b) modified). The
actual size of each image is 300 : 300 nm2.


Figure 3. Absorption spectra of 1) unmodified electrode, 2) modified
electrode, 3) dye-loaded unmodified electrode, and 4) dye-loaded modi-
fied electrode. Inset: structure of the dye and absorption spectrum of the
dye/ethanol solution.
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modified solar cell generated a higher light-to-electricity ef-
ficiency of 4.4 % (Isc=13.1 mA cm�2, Voc=701 mV, FF=


0.401). Relative to the unmodified solar cell, the energy con-
version increased by 33.3 %, the short-circuit photocurrent
increased by 22.4 %, the fill factor by 9.6 %, and the open-
circuit photovoltage exhibited a small change of 6 mV.


It is understood that coating the mesoporous oxide films
in DSSCs with a very thin conformal overlayer of an insula-
tor can increase the open-circuit photovoltage, hence im-
proving the efficiency of DSSCs.[15] In other cases, the coat-
ing forms an inherent energy barrier at the electrode–elec-
trolyte interface, thus decreasing the recombination rate of
the injected electrons with their counterholes and improving
the parameters of the solar cell.[12] Considering the modifica-
tion method herein, Nd was doped in TiO2 rods so that
there was little likelihood to form a thin layer of Nd2O3 on
the surface of the electrode. Therefore, the photovoltage of
the modified solar cell did not show obvious improvement.


As the Nd3+ ions were doped in the TiO2 nanorods, the
doping would introduce electron states into the band gap of
TiO2 and narrow the band gap.[23] From this point, the ions
would probably feature as intraband-gap states[24] or surface


states[25] on the surface of the TiO2. It is known that these
states are usually recombination sites for injected elec-
trons.[24,25] In DSSCs, they decrease the short-circuit current.
On the other hand, Willner and co-workers[26] reported that
lanthanide ions form complexes with various Lewis bases,
including acids, amines, aldehydes, alcohols, and thiols,
through the interaction of the functional groups with their
fully or partially empty 4f orbitals. In the photocatalytic
degradation of salicylic acid and trans-cinnamic acid by un-
doped and lanthanide oxide doped TiO2 nanoparticles, the
enhanced degradation is attributed to the formation of the
Lewis acid–base complex between the lanthanide ion and
the substrates at the photocatalyst surface.[26] In the case of
complexation between N719 and Nd ions or Ti ions, N719
bearing four carboxy groups (structure in Figure 3) acted as
a Lewis acid, whereas the Nd and Ti ions acted as Lewis
bases. Because of their 4f electrons, the Nd ions are more
basic than the Ti ions. As a result, the coupling of N719 with
Nd ions is stronger than with Ti ions. This strong coupling
facilitates the transport of excited electrons.[27] We therefore
suggest that Nd ions doped in the nanorods enhance the in-
jection of excited electrons and simultaneously decrease the
recombination rate of the injected electrons to improve the
short-circuit photocurrent. Hence, the doped Nd ions play
two different roles in the DSSC: one as a surface state and
another as a coupling site. The former role is unfavorable,
whereas the latter is favorable for a DSSC. The experimen-
tal results show that the latter effect compensated for and
dominated over the former, thus increasing the short-circuit
photocurrent of the modified electrode.


Furthermore, longer particles such as nanorods, nano-
wires, or nanotubes are constructed of isoelectronic materi-
als that permit easy electron transport along the length of
the particle.[28] When nanorods were used instead of nano-
particles, the number of contact barriers between titania ma-
terial decreased. As the contact barriers usually act as elec-
tron traps, the total series resistance of DSSCs based on
nanoparticles was higher than that of DSSC based on nano-
rods.[28] The fill factor has a close relationship with the total
series resistance of a cell. When the electrons can quickly
transport through the TiO2 film to the substrate without
large resistance, the value of the fill factor increases, other-
wise, the value decreases.[29] In this study, nanorods were
used to modify the nanoparticle film, so that after modifica-
tion a certain quantity of nanorods is present in the elec-
trode film. Accordingly, the fill factor of the modified solar
cell is enhanced. As analyzed earlier, the majority of the
rods were embedded in the porous electrode. We could not
exclude the possibility that some of the rods would be em-
bedded parallel to the substrate. However, other embedded
rods not parallel to the substrate would either supply a rela-
tively short route to the substrate or, to a certain degree,
confine the transport direction of the injected electrons and
sweep them to the substrate. From the analyses made above,
nanorods play two roles in DSSCs: one decreases the total
series resistance of the cell, hence increasing the fill factor
of the cell; the other accelerates the transport rate of the in-


Figure 4. a) Action spectra and b) current–voltage curves of DSSCs. *=


Modified, &=unmodified.


Table 1. Parameters of DSSCs based on different electrodes.


Isc [mA cm�2] Voc [mV] FF h [%]


modified 13.1 701 0.401 4.4
unmodified 10.7 707 0.366 3.3
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jected electrons, hence improving the collection rate of the
injected electrons.


Conclusions


Nd-doped TiO2 nanorods were synthesized and, for the first
time, used to modify the conventional TiO2 electrode in
DSSCs. The modification remarkably enhanced the short-
circuit photocurrent and the fill factor, thus leading to a
33.3 % increase in power conversion efficiency. Our study
indicates that the incorporation of Nd-doped TiO2 nanorods
into randomly assembled mesoporous films is a novel strat-
egy to modify the photoanode in DSSCs. Such nanorods
were easily embedded, did not affect the adsorption amount
of dye sensitizer, and gave higher energy-conversion effi-
ciency. The mechanism is likely to be that Nd ions doped on
TiO2 nanorods to some extent enhance the injection of ex-
cited electrons and decrease the recombination rate of the
injected electrons. The introduction of rods not only de-
creases the total series resistance of a cell (hence increasing
the fill factor of the cell) but also accelerates the transport
rate of the injected electrons, hence improving the collection
rate of injected electrons.


Experimental Section


Monodispersed Nd-doped TiO2 nanorods were synthesized according to
the literature.[20, 21] For example, oleic acid (7 mL), triethylamine (5 mL),
and cyclohexane (20 mL) were mixed by stirring to form a transparent
solution. Ti ACHTUNGTRENNUNG(OBu)4 (1 mL) was added dropwise to the solution. Neodymi-
um nitrate (�5 atom %, i.e., the molar ratio of Nd3+ to Ti4+ is 1:20) was
then added to the mixed solution. After stirring at room temperature for
a further 5 min, the solution was transferred into a teflon-lined stainless-
steel autoclave at 180 8C for 1 day. Detailed procedures for preparing
nanocrystalline TiO2 films have been described in the literature.[3,22] The
glass substrate used in this paper was indium tin oxide (ITO) (with a
sheet resistance of 15 W/square, China Southern Glass Holding Co. Ltd),
and the thickness of TiO2 film used in this work was �5 mm. The surface-
modified TiO2 electrode was fabricated by dipping a TiO2 thin film into a
solution of Nd-doped TiO2 nanorods in cyclohexane (typical concentra-
tion of 2%) for 30 min, washed thoroughly with cyclohexane, dried, and
sintered at 450 8C in air for 30 min. The fabrication of the solar cell was
the same as documented in the literature.[22] Photoelectrochemical experi-
ments were carried out with a standard two-electrode system.[21] Photo-
current–voltage (I�V) curves were measured with a Keithley 2410
ACHTUNGTRENNUNGSourceMeter under illumination from a 500-W Xe lamp, whose intensity
was measured with a radiometer (FZ-A, Beijing Normal University,
China). Monochromatic light in the range 400–800 nm was obtained by
setting a WDG10 monochromator (Beijing Optical Instrument Factory,
China) before the solar cell. The effective area is 0.196 cm2, and the
redox electrolyte solution was composed of LiI (0.5 mol dm�3), I2


(0.05 mol dm�3), and 4-tert-butylpyridine (0.5 mol dm�3) in 3-methoxypro-
pionitrile.


XRD was performed on a Bruker D8 Advance X-ray diffractometer with
CuKa radiation (X=1.5418 O). The 2q range used was 208!708 in steps
of 0.028 with a count time of 1 s. The size and morphology of the nano-
rods were measured with a Hitachi Model H-800 transmission electron
microscope, and the surface morphology of the electrodes was character-
ized with a LEO 1530 scanning electron microscope. Absorption meas-
urements were made with a Hitachi mode U-3010 spectrophotometer.
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Asymmetric Baylis–Hillman Reactions Promoted by Chiral Imidazolines


Junye Xu, Yanyi Guan, Shihui Yang, Yurui Ng, Guangrong Peh, and Choon-Hong Tan*[a]


Introduction


The coupling of electrophiles with activated alkenes by
using tertiary amines or phosphines is generally known as
the Baylis–Hillman reaction.[1] It is a useful and atom-eco-
nomical carbon–carbon bond-forming reaction that gener-
ates multifunctionalized products such as a-methylene-b-hy-
droxycarbonyl compounds. This reaction is notoriously slow;
yields are often low and substrate-dependent. The develop-
ment of a methodology that is applicable to a range of sub-
strates is, therefore, much desired.


Many versions of the Baylis–Hillman reaction have been
developed, but asymmetric examples are still limited; they
have thus received considerable attention in the past few
years.[2] An early attempt utilized a chiral pyrrolizidine,[3]


and subsequently, a quinidine derivative, b-isocupreidine,[4]


was found to be a successful catalyst for several Baylis–Hill-


man reactions, including that between 1,1,1,3,3,3-hexafluo-
ACHTUNGTRENNUNGroisopropyl acrylate and aldehydes or imines. Chiral phos-
phines,[5] Lewis acids,[6] bisthioureas,[7] and proline–peptide
cocatalysts[8] were also observed to be good catalysts for
asymmetric Baylis–Hillman reactions.


Recent developments include the use of 2,2’-bis(diphenyl-
phosphanyl)-1,1’-binaphthyl (binol) derivatives as Brønsted
acid catalysts,[9] as well as binol–amine[10a] and amine–thio-
ACHTUNGTRENNUNGurea[10b] compounds as bifunctional catalysts. Furthermore,
several asymmetric intramolecular Baylis–Hillman reactions
were also reported.[11] Alternative approaches to obtaining
enantiomerically pure adducts include the use of chiral aux-
iliaries[12] and chiral ionic liquids.[13]


The commonly accepted mechanism of this reaction in-
volves the conjugate addition of a nucleophile to generate
an enolate, the attack of the enolate onto the aldehyde, and
subsequent elimination to generate the product. However,
the effect of the solvent, the rate-determining step, the
effect of the pKa of the nucleophiles, and the role of hydro-
gen bonding are still under intense investigation for their
implication in asymmetric Baylis–Hillman reactions.[14]


Based on the accepted mechanism, several new extensions
of the Baylis–Hillman reaction have been developed.[15]


Chiral imidazolidinones were developed by MacMillan
and co-workers as highly enantioselective catalysts for a
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number of reactions, which include Diels–Alder, 1,3-dipolar
cycloaddition, and Friedel–Crafts reactions.[16] Jørgensen re-
ported a novel imidazoline catalyst that contains a carboxyl-
ic acid. This catalyst was shown to be effective for highly
enantioselective Michael reactions.[17] Inspired by these ex-
amples, we turned our attention to another class of chiral
imidazolines, the 1,2-disubstituted-4,5-dihydro-1H-imida-
zoles. These imidazolines were developed as possible ligands
for enantioselective metal-catalyzed reactions.[18] Their simi-
larities to oxazolines and the potential to tune their elec-
tronic properties with various 2-substituents make them ap-
pealing. The 4,5-dihydro-1H-imidazole is also a privileged
structure in which many derivatives exhibit a wide variety of
biological activities.[19] Diversity-orientated synthesis with
4,5-dihydro-1H-imidazole as a scaffold has also been at-
tempted.[20] Recently, an anionic sulfonated analogue of 4,5-
dihydro-1H-imidazole was found to act as a nucleophilic cat-
alyst in a [2+2] cycloaddition between a ketene and
imine.[21] Herein, we report the development of an asymmet-
ric Baylis–Hillman reaction promoted by chiral imidazo-
lines.


Results and Discussion


Reaction between Various Aldehydes and Acrylates
Promoted by Chiral Imidazolines


The simple chiral imidazoline 3a was easily prepared from
the corresponding b-amino alcohol in good yield.[19] The re-
action between 4-nitrobenzaldehyde and methyl acrylate
was catalyzed, albeit slowly, by 10 mol% of 3a (Table 1).
The product 4a was obtained in 21% yield with 51% enan-
tiomeric excess after 14 days when no solvent was used.
When a series of solvents such as THF, CH3CN, dimethyl
sulfoxide (DMSO), MeOH, and CH2Cl2 were tested, it was
found that these conditions were inferior in terms of both
the yield and enantiomeric excess with respect to neat con-
ditions. However, when toluene was used, there was a slight


improvement in enantioselectivity, although the reaction
rate decreased. Neither microwaves nor high pressure im-
proved the enantioselectivity or conversion of this reaction.
The use of hydrogen-bonding donors as additives, such as
thioureas and phenols, or changes to the temperature of the
reaction, both increasing and decreasing, also did not im-
prove the reaction. As far as we know, few examples of the
asymmetric Baylis–Hillman reaction between aldehydes and
unactivated acrylates have been reported,[5a,e,6] and this reac-
tion is recognized as one of the slowest owing to its combi-
nation of substrates.


To make the reaction useful, one equivalent of 3a was
used, which increased the yield of the reaction dramatically
to 90% (yield of isolated product, 100% conversion). The
enantiomeric excess was also maintained at a satisfactory
level (Table 1, entry 1). The use of a stoichiometric amount
of the imidazoline did not disadvantage the reaction as it
can be easily recovered through a simple acid–base workup
for reuse without loss of activity (Table 1, entry 2). Howev-
er, the reaction still required a long time for completion.
Subsequently, we surveyed various aldehydes and acrylates
with one equivalent of 3a under neat conditions. We exam-
ined tert-butyl acrylate, n-butyl acrylate (Table 1, entry 3),
and benzyl acrylate (Table 1, entry 4), all of which gave sim-
ilar levels of enantioselectivity to methyl acrylate. Both tert-
butyl acrylate and n-butyl acrylate produced much slower
reactions, whereas benzyl acrylate allowed the reaction to
complete in half the time. With benzyl acrylate, it was found
that the promoter worked well with electron-deficient aro-
matic aldehydes (Table 1, entries 5–8). In general, para and
meta substituents led to a slightly better enantioselectivity
compared to ortho substituents. Alkyl and aromatic alde-
hydes with electron-donating substituents suffered from a
low rate of reaction.


Reaction between 4-Nitrobenzaldehyde and Methyl
Acrylate Promoted by Various Chiral Imidazolines


To investigate and understand how various substituents con-
tribute to the asymmetric induction, we tested various chiral
imidazolines (Table 2). Modifications at the C4 position
from tert-butyl (3a ; Table 1, entry 1) to benzyl (3b ; Table 2,
entry 1) and phenyl (3c ; Table 2, entry 2) decreased the
enantioselectivity, thus showing that a bulky substituent is
necessary for a high level of enantioselectivity. Next, we
found that 3e, with a trans-diphenyl configuration at C4 and
C5, turned out to be a slightly better promoter than 3c. The
effects of various substitutions at N1 were studied through a
collection of chiral imidazolines. An aliphatic group at the
N1 position was found to be crucial as the presence of a
phenyl group (Table 2, entry 3) resulted in an ineffective
promotor. The usefulness of an isopropyl substitution at N1
(Table 2, entry 4) led us to install the chiral methylbenzyl
groups (Table 2, entries 5 and 6) and the methylenediphenyl
group (Table 2, entry 7). The improvements in enantioselec-
tivity produced by these changes were marginal. These re-
sults show that the configuration of the chiral center of the


Table 1. Reaction of various aldehydes and acrylates in the presence of
imidazoline 3a.


Entry R1 R2 Product t [days] Yield [%][a] ee [%][b]


1 4-NO2 Me 4a 10 90 50
2[c] 4-NO2 Me 4a 12 89 54
3[d] 4-NO2 nBu 4b 14 50 41
4 4-NO2 Bn 4c 5 89 48
5 3-NO2 Bn 4d 4 73 47
6 2-NO2 Bn 4e 4 72 14
7 4-CN Bn 4 f 4 63 48
8 2-Cl-5-NO2 Bn 4g 4 82 31


[a] Yield of isolated product. [b] Chiral HPLC analysis, 4a determined to
be R.[4a] [c] Recovered 3a. [d] Incomplete reaction. Bn=benzyl.
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methylbenzyl group (Table 2, entries 5 and 6) does not influ-
ence the effectiveness of the imidazolines. However, we ob-
served that by increasing the size of the N1 substituent, the
rate of reaction was decreased. The use of the chiral methyl-
naphthyl group (Table 2, entry 8) gave the best result: 84%
yield and 60% ee. Imidazoline 3 i was then used to repeat
some of the experiments in Table 1 (entries 5–8). In general,
the enantioselectivity increased moderately by around 10%,
but the reaction time doubled. Finally, we modified the aryl
group at C2 to a bulkier naphthyl group (Table 2, entry 9),
but no improvement was observed. The introduction of both
para- and ortho-phenols at the C2 position, in an attempt to
provide possible activation of the aldehyde through hydro-
gen bonding, proved futile. We speculated that the protona-
tion of the N3 amine group[22] by the phenols prevented the
initial addition to the acrylate.


Reaction between Various Aldehydes and Alkyl Vinyl
Ketones Promoted by Chiral Imidazolines


The imidazolines were also suitable promoters for the reac-
tion between aldehydes and alkyl vinyl ketones. This reac-
tion proceeded at a much higher rate, and toluene was the
most-suitable solvent for the reaction. Preliminary studies
showed that 3 i gave the most-promising results and, thus,
was used as the promoter in the subsequent survey. With
50 mol% of 3 i, the reaction between methyl vinyl ketone
and 4-nitrobenzaldehyde was completed in 3 days (Table 3,


entry 1). Similarly, the reaction with 3-nitrobenzaldehyde
was completed in 3 days in 96% yield and 65% ee (Table 3,
entry 2). The promoter 3 i was recovered and reused for the
same experiment (Table 3, entry 3; second cycle). This pro-
cess was repeated once more (Table 3, entry 4; third cycle),
and it was found that the enantioselectivity of the product
remained unchanged. However, the yields were slightly af-
fected. In both cycles, >95% of the promotor was recov-
ered. 4-Cyanobenzaldehyde (Table 3, entry 5) and 4-(tri-
fluoromethyl) benzaldehyde (Table 3, entry 6) were also at-
tempted and gave moderate yields and ee. The reactions be-
tween ethyl vinyl ketone and aldehydes were also examined;
they were slightly slower than the corresponding reactions
of methyl vinyl ketone. However, high enantioselectivity
(77% ee) and yields of up to 89% were allowed when the
experiments were conducted at �20 8C (Table 3, entries 7
and 8). We speculated that bulky alkyl vinyl ketones may
improve the enantioselectivity further. Thus, we prepared
cyclohexyl vinyl ketone, which was not previously explored
for the Baylis–Hillman reaction. They gave moderate to
good ee and yields with several aldehydes, including 3-nitro-
benzaldehyde, 4-nitrobenzaldehyde, and 4-cyanobenzalde-
hyde (Table 3, entries 9–11).


Table 2. Reaction of 4-nitrobenzaldehyde and methyl acrylate in the
presence of imidazolines 3b–j.


Entry Promoter t
ACHTUNGTRENNUNG[days]


Yield
[%][a]


ee
[%][b]


1[c] 9 38 11


2 4 100 16


3 14 no reaction –


4 14 88 28


5 11 90 59


6 18 69 55


7 17 68 58


8 11 84 60


9[c] 5 38 53


[a] Yield of isolated product. [b] Chiral HPLC analysis. [c] Incomplete
ACHTUNGTRENNUNGreaction.


Table 3. Reaction of aldehydes with vinyl ketones in the presence of
50 mol% of imidazoline 3 i.


Entry R1 R2 Product t
ACHTUNGTRENNUNG[days]


Yield
[%][a]


ee
[%][b]


1 4-NO2 Me 6a 3 75 59
2 3-NO2 Me 6b 3 96 65
3[c] 3-NO2 Me 6b 3 71 65
4[d] 3-NO2 Me 6b 4 79 68
5[e] 4-CN Me 6c 4 59 54
6[e] 4-CF3 Me 6d 4 71 47
7[f] 4-NO2 Et 6e 13 89 77
8[f] 3-NO2 Et 6 f 13 60 75
9 4-NO2 Cy 6g 8 69 78


10 3-NO2 Cy 6h 9 63 68
11 4-CN Cy 6 i 10 75 69


[a] Yield of isolated product. [b] Chiral HPLC analysis, 6a determined to
be R[4d] . [c] Recovered 3 i, second cycle. [d] Recovered 3 i, third cycle.
[e] Incomplete reaction. [f] Reaction at �20 8C. Cy=cyclohexyl.
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Conclusions


We have developed a new asymmetric Baylis–Hillman reac-
tion based on a series of chiral imidazolines, which promote
the reaction between aromatic aldehydes and unactivated
acrylates. Few examples[5a,e,6] of this combination of sub-
strates have been reported so far. The reaction between aro-
matic aldehydes and alkyl vinyl ketones also gave good
yields and enantioselectivities. Useful Baylis–Hillman reac-
tions can therefore be developed as the imidazoline can be
easily recycled. We are currently using the benzyl imidazo-
line hexafluorophosphate salt[22] as a model to improve the
rate as well as the enantioselectivity of this reaction.


Experimental Section


General


1H and 13C NMR spectra were recorded on a Bruker ACF300
(300 MHz), DPX300 (300 MHz), or AMX500 (500 MHz) spectrometer.
Chemical shifts are reported in parts per million (ppm). The residual sol-
vent peak was used as an internal reference. Low-resolution (LR) mass
spectra were obtained on a VG Micromass 7035 spectrometer in EI
mode, a Finnigan/MAT LCQ spectrometer in ESI mode, and a Finnigan/
MAT 95XL-T mass spectrometer in FAB mode. All high-resolution mass
spectra were obtained on a Finnigan/MAT 95XL-T spectrometer. Infra-
red spectra were recorded on a BIO-RAD FTS 165 FTIR spectrometer.
Enantiomeric excess was measured by chiral HPLC analysis on a set of
Jasco HPLC units, which included a Jasco DG-980-50 degasser, an LG-
980-02 ternary gradient unit, a PU-980 Intelligient HPLC pump, UV-975
Intelligient UV/Vis detectors, and an AS-950 Intelligient sampler. Optical
rotations were recorded on a Jasco DIP-1000 polarimeter. Melting points
were determined on a BNCHI B-540 melting-point apparatus. Analytical
thin-layer chromatography (TLC) was performed with Merck precoated
TLC plates, silica gel 60F-254, layer thickness 0.25 mm. Flash chromatog-
raphy separations were performed on Merck 60-mesh (0.040–0.063 mm)
silica gel. Toluene was distilled from sodium/benzophenone and stored
under N2 atomosphere. THF was freshly distilled from sodium/benzophe-
none before use. All other reagents and solvents were of commercial
grade and were used as supplied without further purification, unless oth-
erwise stated.


Syntheses


General procedure for synthesis of 3a–j : All chiral imidazolines (3a–j)
were synthesized with minor modifications of a reported protocol.[19] For
characterization of 3g–h, 3j, and 4g and references for the reported com-
pounds 3d, 4a–c, 4g, 6a–b, and 6d–f, see the Supporting Information.


3a : Pale-yellow oil. Rf=0.50 (CH2Cl2/MeOH=10:1); [a]25
D =�37.5 (c=


6.22 in CHCl3); IR (film): ñ=2954, 2868, 1596, 1497 cm�1; 1H NMR
(500 MHz, CDCl3, 300 K): d=7.32–7.41 (m, 5H, arom CH), 3.78 (dd,
3JH,H=11.1, 9.2 Hz, 1H, CH), 3.69 (sept, 3JH,H=6.5 Hz, 1H, CH), 3.33
(dd, 3JH,H=11.1, 9.7 Hz, 1H, CH), 3.16 (dd, 3JH,H=9.7, 9.2 Hz, 1H, CH),
1.07 (d, 3JH,H=6.5 Hz, 3H, CH3), 0.93 (s, 9H, tBu), 0.92 ppm (d, 3JH,H=


6.5 Hz, 3H, CH3);
13C NMR (500 MHz, CDCl3, 300 K): d=165.4 (N=C�


N), 132.4 (arom C), 129.1 (arom CH), 128.2 (arom CH), 128.1 (2C, arom
CH), 128.0 (arom CH), 73.3 (CH), 46.5 (CH ACHTUNGTRENNUNG(CH3)2), 43.8 (CH2), 34.3
(CtBu), 25.9 (tBu), 20.7 (CH3), 19.1 ppm (CH3); LRMS (FAB): m/z=
245.1 [M+H]+ ; HRMS (FAB): m/z calcd for [C16H24N2+H]+ : 245.2018;
found: 245.2014.


3b : Yellow oil. Rf=0.65 (CH2Cl2/MeOH=4:1); [a]25
D =++4.7 (c=0.23 in


CHCl3); IR (film): ñ=1613, 1591 cm�1; 1H NMR (500 MHz, CDCl3,
300 K): d=7.14–7.32 (m, 10H, arom CH), 4.32–4.39 (m, 1H, CH), 3.63
(sept, 3JH,H=6.9 Hz, 1H, CH), 3.36 (t, 3JH,H=9.9 Hz, 1H, CH), 3.05–3.13
(m, 2H, CH2), 2.75 (dd, 3JH,H=13.4, 8.3 Hz, 1H, CH), 0.94 (d, 3JH,H=


6.9 Hz, 3H, CH3), 0.78 ppm (d, 3JH,H=6.9 Hz, 3H, CH3);
13C NMR


(500 MHz, CDCl3, 300 K): d=165.5 (N=C�N), 137.2 (arom C), 130.7
(arom CH), 129.9 (arom CH), 128.6 (arom CH), 128.3 (arom CH), 128.1
(arom CH), 126.4 (arom CH), 61.5 (CH), 46.8 (CH2), 41.3 (CH2), 25.3
(CH), 20.2 (CH3), 19.6 ppm (CH3); LRMS (FAB): m/z=279.1 [M+H]+ ;
HRMS (FAB): m/z calcd for [C19H22N2+H]+ : 279.1861; found: 279.1866.


3c : Colorless oil. Rf=0.45 (hexane/ethyl acetate=1:1); [a]25
D =�37.8 (c=


0.66 in CHCl3); IR (film): ñ=2975, 2934, 1644, 1621 cm�1; 1H NMR
(300 MHz, CDCl3, 300 K): d=7.25–7.26 (m, 10H, arom CH), 5.18 (dd,
3JH,H=11.2, 8.8 Hz, 1H, CH), 3.84–3.94 (m, 2H, CH2), 3.34 (t, 3JH,H=


9.2 Hz, 1H, CH), 1.13 (d, 3JH,H=6.6 Hz, 3H, CH3), 1.01 ppm (d, 3JH,H=


6.6 Hz, 3H, CH3);
13C NMR (300 MHz, CDCl3, 300 K): d=166.8 (N=C�


N), 144.8 ( arom C), 131.6 (arom CH), 129.7 (arom CH), 128.5 (arom
CH), 128.4 (arom CH), 128.2 (arom CH), 126.9 (arom CH), 126.6 (arom
CH), 66.9 (CH), 51.2 (CH), 46.8 (CH2), 20.6 (CH3), 19.6 ppm (CH3);
LRMS (FAB): m/z=279.1 [M+H]+ ; HRMS (FAB): m/z calcd for
[C18H20N2+H]+ : 265.1705; found: 265.1700.


3e : Pale-yellow oil. Rf=0.45 (hexane/ethyl acetate=1:1); [a]25
D =++1.1


(c=0.10 in CHCl3); IR (film): ñ=3020, 2934, 2401, 2097, 1615,
1216 cm�1; 1H NMR (300 MHz, CDCl3, 300 K): d=7.80–7.83 (m, 2H,
arom CH), 7.25–7.51 (m, 13H, arom CH), 4.92 (d, 3JH,H=6.8 Hz, 1H,
CHPh), 4.51 (d, 3JH,H=6.8 Hz, 1H, CHPh), 4.01 (sept, 3JH,H=6.8 Hz, 1H,
CH ACHTUNGTRENNUNG(CH3)2), 0.95 (d, 3JH,H=6.8 Hz, 3H, CH3), 0.82 ppm (d, 3JH,H=6.8 Hz,
3H, CH3);


13C NMR (300 MHz, CDCl3, 300 K): d=167.5 (N=C�N),
145.1 (arom C), 143.9 (arom C), 130.7 (arom CH), 128.9 (arom CH),
128.7 (arom CH), 128.6 (arom CH), 127.6 (arom CH), 127.3 (arom CH),
126.3 (arom CH), 69.1 (CH), 48.4 (CH), 22.6 (CH3), 19.6 ppm (CH3);
LRMS (FAB): m/z=341.2 [M+H]+ ; HRMS (FAB): m/z calcd for
[C24H24N2+H]+ : 341.2018; found: 341.2026. The stereochemistry of 3e
was determined based on reference [19].


3 f : Pale-yellow oil; Rf=0.40 (CH2Cl2/MeOH=10:1); [a]25
D =�4.7 (c=


18.20 in CHCl3); IR (film): ñ=2959, 2869, 1593, 1495 cm�1; 1H NMR
(300 MHz, CDCl3, 300 K): d=7.56–7.59 (m, 2H, arom CH), 7.42–7.45
(m, 3H, arom CH), 7.23–7.31 (m, 3H, arom CH), 7.10–7.13 (m, 2H,
arom CH), 4.87 (q, 3JH,H=7.0 Hz, 1H, CH), 3.81 (dd, 3JH,H=11.5, 9.4 Hz,
1H, CH), 3.37 (dd, 3JH,H=11.5, 9.4 Hz, 1H, CH), 2.85 (t, 3JH,H=9.4 Hz,
1H, CH), 1.54 (d, 3JH,H=7.0 Hz, 3H, CH3), 0.75 ppm (s, 9H, tBu);
13C NMR (300 MHz, CDCl3, 300 K): d=165.2 (N=C�N), 140.3 (arom C),
132.3 (arom C), 129.6 (arom CH), 128.5 (arom CH), 128.3 (arom CH),
128.2 (arom CH), 127.4 (arom CH), 127.2 (arom CH), 127.0 (arom CH),
125.7 (arom C), 73.6 (CH), 53.3 (CH), 44.6 (CH2), 34.2 (CtBu), 25.9
(tBu), 17.3 ppm (CH3); LRMS (FAB): m/z=307.2 [M+H]+ ; HRMS
(FAB): m/z calcd for [C21H26N2+H]+ : 307.2174; found: 307.2174.


3 i : White solid. M.p.: 112.7–112.9 8C; Rf=0.65 (CH2Cl2/MeOH=4:1);
[a]25


D =++7.9 (c=4.28 in CHCl3); IR (film): ñ=2954, 2869, 1615, 1594,
1409 cm�1; 1H NMR (300 MHz, CDCl3, 300 K): d=7.43–7.85 (m, 12H,
arom CH), 4.99 (q, 3JH,H=7.0 Hz, 1H, CH), 3.80 (m, 1H, CH), 3.23 (t,
3JH,H=9.6 Hz, 1H, CH), 3.09 (t, 3JH,H=10.5 Hz, 1H, CH), 1.54 (d, 3JH,H=


7.0 Hz, 3H, CH3), 0.97 ppm (s, 9H, tBu); 13C NMR (300 MHz, CDCl3,
300 K): d=165.3 (N=C�N), 139.0 (arom C), 133.2 (arom C), 132.5 (arom
C), 132.3 (arom C), 129.5 (arom CH), 128.5 (arom CH), 128.2 (2C, arom
CH), 127.9 (arom CH), 127.5 (arom CH), 126.2 (arom CH), 125.9 (arom
CH), 125.5 (arom CH), 124.9 (arom CH), 73.7 (CH), 53.3 (CH), 44.9
(CH2), 34.4 (CtBu), 26.0 (tBu), 16.2 ppm (CH3); LRMS (FAB): m/z=
357.3 [M+H]+ ; HRMS (FAB): m/z calcd for [C26H28N2+H]+ : 357.2321;
found: 357.2324.


Typical experimental procedure for Baylis–Hillman reaction between al-
dehydes and acrylates promoted by chiral imidazolines: Promoter 3a
(24.4 mg, 0.10 mmol, 1 equiv) was added to an oven-dried vial. This was
followed by 1a (15.1 mg, 0.10 mmol) and 2a (0.10 mL). The reaction mix-
ture was stirred at room temperature and monitored by TLC. Upon com-
pletion or after the indicated reaction time, the reaction was quenched
by adding HCl solution (2m, 1.0 mL), and the product was extracted with
ethyl acetate (2.0 mL). NaOH (2m, 1.0 mL) was added to aqueous layer,
which was then extracted with CH2Cl2 (2O2.0 mL) to recover 3a. The
combined organic extracts were dried over anhydrous MgSO4, filtered,
and concentrated under vacuum. The crude residue was purified by flash
column chromatography on silica gel with hexane/ethyl acetate as eluent
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to give the desired product. The enantiomeric excess was determined by
HPLC analysis with a chiral column.


4d : 47% ee, colorless oil. Rf=0.15 (hexane/ethyl acetate=4:1); IR
(film): ñ=3498, 3020, 1712, 1531, 1351, 1216 cm�1; 1H NMR (300 MHz,
CDCl3, 300 K): d=8.22 (s, 1H, arom CH), 8.11 (dd, 3JH,H=8.4, 1.1 Hz,
1H, arom CH), 7.70 (d, 3JH,H=7.7 Hz, 1H, arom CH), 7.48 (t, 3JH,H=


8.0 Hz, 1H, arom CH), 7.24–7.34 (m, 5H, arom CH), 6.46 (s, 1H, =CH),
5.95 (s, 1H, =CH), 5.64 (s, 1H, CH), 5.14 (s, 2H, CH2), 3.05 ppm (br s,
1H, OH); 13C NMR (300 MHz, CDCl3, 300 K): d=165.6 (C=O), 148.2
(arom C), 143.5 (arom CH), 141.0 (C=CH2), 135.0 (arom C), 132.7 (arom
CH), 129.3 (arom CH), 128.5 arom CH), 128.4 (arom CH), 128.1 (arom
CH), 127.4 (arom CH), 122.7 (arom CH), 121.5 (arom CH), 72.3
(CHOH), 66.9 ppm (CH2); LRMS (ESI): m/z=348.5 [M+Cl]� ; HRMS
(ESI): m/z calcd for [C17H15NO5+Cl]�: 348.0639; found: 348.0640; HPLC
(Chiralcel OD-H column (Diacel)): hexane/2-propanol=95:5, flow rate=
1.0 mLmin�1, l=254 nm, tR=22.9 (major), 33.7 min (minor).


4e : 14% ee, pale-yellow oil. Rf=0.15 (hexane/ethyl acetate=4:1); IR
(film): ñ=3469, 3020, 1718, 1527, 1350, 1217 cm�1; 1H NMR (300 MHz,
CDCl3, 300 K): d=7.9 (dd, 3JH,H=8.4, 1.1 Hz, 1H, arom CH), 7.72 (dd,
3JH,H=7.7, 1.1 Hz, 1H, arom CH), 7.57–7.63 (dt, 3JH,H=7.7, 1.1 Hz, 1H,
arom CH), 7.41–7.47 (m, 1H, arom CH) 7.22–7.34 (m, 5H, arom CH),
6.43 (s, 1H, =CH), 6.21 (s, 1H, =CH), 5.78 (s, 1H, CH), 5.15 (dd, 3JH,H=


22.0, 12.2 Hz, CH2), 3.24 ppm (br s, 1H, OH); 13C NMR (300 MHz,
CDCl3, 300 K): d=165.6 (C=O), 148.2 (arom C), 140.6 (C=CH2), 136.1
(arom C), 135.3 (arom C), 133.4 (arom CH), 128.8 (arom CH), 128.6
(arom CH), 128.5 (arom CH), 128.2 (arom CH), 128.0 (arom CH), 126.8
(arom CH), 124.6 (arom CH), 67.6 (CHOH), 66.8 ppm (CH2); LRMS
(ESI): m/z=336.1 [M+Na]+ ; HRMS (ESI): m/z calcd for [C17H15NO5+


Na]+ : 336.0848; found: 336.0855: HPLC (Chiralcel OD-H column
(Diacel)): hexane/2-propanol=95:5, flow rate=1.0 mLmin�1, l=254 nm,
tR=23.4 (minor), 29.9 min (major).


4 f : 48% ee, colorless oil. Rf=0.12 (hexane/ethyl acetate=4:1); IR (film):
ñ=3473, 3020, 2231, 1716, 1630, 1500, 1456, 1317 cm�1; 1H NMR
(300 MHz, CDCl3, 300 K): d=7.58 (d, 3JH,H=8.4 Hz, 2H, arom CH), 7.47
(d, 3JH,H=8.4 Hz, 2H, arom CH), 7.23–7.35 (m, 5H, arom CH), 6.43 (s,
1H, =CH), 5.91 (s, 1H, =CH), 5.58 (s, 1H, CH), 5.14 (s, 2H, CH2),
3.15 ppm (br s, 1H, OH); 13C NMR (300 MHz, CDCl3, 300 K): d=165.6
(C=O), 146.6 (arom C), 141.1 (C=CH2), 135.1 (arom C), 132.1 (arom
CH), 128.5 (arom CH), 128.4 (arom CH), 128.1 (arom CH), 127.2 (arom
CH), 127.1 ACHTUNGTRENNUNG(arom CH), 118.6 (CN), 111.3 (arom C�CN), 72.5 (CHOH),
66.8 ppm (CH2); LRMS (ESI): m/z=328.5 [M+Cl]� ; HRMS (ESI): m/z
calcd for [C18H15NO3+Cl]�: 328.0740; found: 328.0741; HPLC (Chiralcel
OD-H column (Diacel)): hexane/2-propanol=95:5, flow rate=
1.0 mLmin�1, l=254 nm, tR=28.5 (major), 36.6 min (minor).


Typical experimental procedure for Baylis–Hillman reaction between al-
dehydes and alkyl vinyl ketones promoted by chiral imidazolines: Methyl
vinyl ketone (30.0 mL, 0.36 mmol, 16 equiv) was added to a solution of 4-
nitrobenzaldehyde (3.3 mg, 0.02 mmol) and 3 i (4.0 mg, 0.01 mmol, 50
mol%) in toluene (0.1 mL) at the indicated temperature. Upon comple-
tion or after the indicated reaction time, the reaction mixture was puri-
fied directly by column chromatography with hexane/ethyl acetate as
eluent to yield the product (3.6 mg, 75% yield) and the recovered cata-
lyst.


6c : 54% ee, colorless oil. Rf=0.30 (hexane/ethyl acetate=2:1); IR (film):
ñ=3466, 3020, 2230, 1674, 1217 cm�1; 1H NMR (300 MHz, CDCl3,
300 K): d=7.63 (d, 3JH,H=8.4 Hz, 2H, arom CH), 7.49 (d, 3JH,H=8.4 Hz,
2H, arom CH), 6.25 (s, 1H, =CH), 6.01 (s, 1H, =CH), 5.62 (s, 1H,
CHOH), 2.34 ppm (s, 3H, CH3);


13C NMR (300 MHz, CDCl3, 300 K): d=
200.0 (C=O), 149.1 (C=CH2), 147.0 (arom C), 132.1 (arom CH), 127.4
(arom CH), 127.1 (arom CH), 118.7 (CN), 111.3 (arom C), 72.1
(CHOH), 26.3 ppm (CH3); LRMS (FAB): m/z=202.1 [M+H]+ ; HRMS
(FAB): m/z calcd for [C12H11NO2+H]+ : 202.0868; found: 202.0866;
HPLC (Chiralcel AS-H column (Diacel)): hexane/2-propanol=90:10,
flow rate=0.75 mLmin�1, l=254 nm, tR=33.4 (major), 40.5 min (minor).


6g : 78% ee, colorless oil. Rf=0.50 (hexane/ethyl acetate=2:1); IR
(film): ñ=3445, 3021, 2936, 1665, 1523, 1349, 1216 cm�1; 1H NMR
(300 MHz, CDCl3, 300 K): d=8.18 (d, 3JH,H=8.7 Hz, 2H, arom CH), 7.53
(d, 3JH,H=8.7 Hz, 2H, arom CH), 6.22 (s, 1H, =CH), 5.99 (s, 1H, =CH),


5.62 (d, 3JH,H=5.8 Hz, 1H, CH), 3.49 (d, 3JH,H=5.8 Hz, 1H, OH), 2.93–
2.99 (m, 1H, CHCy), 1.60–1.75 (m, 5H, Cy), 1.13–1.31 ppm (m, 5H, Cy);
13C NMR (300 MHz, CDCl3, 300 K): d=206.2 (C=O), 149.1 (arom C),
147.5 (C=CH2), 128.4 (arom C), 127.1 (arom CH), 125.8 (arom C), 123.5
(arom C), 73.2 (CHOH), 45.5 (CHCy), 29.2 (Cy), 29.1 (Cy), 25.7 (Cy),
25.6 (Cy), 25.5 ppm (Cy); LRMS (ESI): m/z=288.5 [M�H]� ; HRMS
(ESI): m/z calcd for [C16H19NO4�H]�: 288.1236; found: 288.1228; HPLC
(Chiralcel Ad-H column (Diacel)): hexane/2-propanol=95:5, flow rate=
0.75 mLmin�1, l=254 nm, tR=24.8 (major), 27.8 min (minor).


6h : 68% ee, colorless oil. Rf=0.45 (hexane/ethyl acetate=2:1); IR
(film): ñ=3413, 1020, 2934, 1532 cm�1; 1H NMR (300 MHz, CDCl3,
300 K): d=8.20 (s, 1H, arom CH), 8.11–8.13 (m, 1H, arom CH), 7.72 (d,
3JH,H=7.6 Hz, 1H, arom CH), 7.50 (t, 3JH,H=8.2 Hz, 1H, arom CH), 6.24
(s, 1H, =CH), 6.02 (s, 1H, =CH), 5.62 (s, 1H, CHOH), 3.49 (br s, 1H,
OH), 2.95–2.99 (m, 1H, CHCy), 1.66–1.77 (m, 5H, Cy), 1.14–1.31 ppm
(m, 5H, Cy); 13C NMR (300 MHz, CDCl3, 300 K): d=206.3 (C=O), 147.4
(arom CH), 148.2 (C=CH2), 144.1 (arom C), 132.5 (arom CH), 129.3
(arom CH), 125.8 (arom CH), 122.5 (arom CH), 121.2 (arom CH), 73.1
(CHOH), 45.5 (CHCy), 29.2 (Cy), 29.1 (Cy), 25.7 (Cy), 25.6 (Cy),
25.5 ppm (Cy); LRMS (FAB): m/z=289.1 [M]+ ; HRMS (FAB): m/z
calcd for [C16H19NO4]


+ : 289.1314; found: 289.1322; HPLC (Chiralcel Ad-
H column (Diacel)): hexane/2-propanol=95:5, flow rate=1.0 mLmin�1,
l=254 nm, tR=17.5 (minor), 24.8 min (major).


6 i : 69% ee, colorless oil. Rf=0.40 (hexane/ethyl acetate=2:1); 1H NMR
(300 MHz, CDCl3, 300 K): d=7.61 (d, 3JH,H=8.4 Hz, 2H, arom CH), 7.47
(d, 3JH,H=8.4 Hz, 2H, arom CH), 6.19 (s, 1H, =CH), 5.96 (s, 1H, =CH),
5.58 (s, 1H, CHOH), 2.92–2.98 (m, 1H, CHCy), 1.67–1.75 (m, 5H, Cy),
1.13–1.34 ppm (m, 5H, Cy); 13C NMR (500 MHz, CDCl3, 300 K): d=


206.2 (C=O), 147.6 (C=CH2), 147.1 (arom C), 132.1 (arom CH), 127.0
(arom CH), 125.5 (arom CH), 118.7 (CN), 111.3 (arom C), 73.3
(CHOH), 45.5 (CHCy), 29.2 (Cy), 29.1 (Cy), 25.7 (Cy), 25.6 (Cy),
25.5 ppm (Cy); IR (film): ñ=3439, 3020, 2936, 2231, 1663, 1216 cm�1;
LRMS (EI): m/z=268.1 [M�H]� ; HRMS (EI): m/z calcd for
[C17H18NO2]


�: 268.1338; found: 268.1336; HPLC (Chiralcel OJ-H column
(Diacel)): hexane/2-propanol=90:10, flow rate=0.75 mLmin�1, l=


254 nm, tR=16.6 (minor), 20.7 min (major).
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Amine-Templated One-Dimensional Metal Sulfates Including a Mixed-
Valent Fe Compound with a Half-Kagome Structure


J. N. Behera[a, b] and C. N. R. Rao*[a, b]


Introduction


Although a large number of metal silicates,[1] phosphates,[2]


and carboxylates[3] with open-framework architectures have
been synthesized and characterized over the years, open-
framework metal sulfates are relatively new. In the last few
years, a few open-framework materials involving oxyanions
of Group 16 elements such as sulfate,[4] selenite,[5] and sele-
nate[6] have been reported. An interesting aspect of the
metal phosphates and carboxylates is the occurrence of ma-
terials with different dimensions. A few organically templat-
ed metal sulfates with different dimensional structures have
also been described recently.[7] These results suggest that the
sulfate ion can be used effectively to design open-framework
and hybrid materials. The objective of the present study was


to prepare metal sulfates with one-dimensional chain struc-
tures templated by organic amines. We have, indeed, suc-
ceeded in preparing and characterizing five amine-templated
metal sulfates of composition [C10N2H10][Zn ACHTUNGTRENNUNG(SO4)Cl2] (1),
[C6N2H18][Mn ACHTUNGTRENNUNG(SO4)2ACHTUNGTRENNUNG(H2O)2] (2), [C2N2H10][Ni ACHTUNGTRENNUNG(SO4)2 ACHTUNGTRENNUNG(H2O)2]
(3), [C4N2H12]ACHTUNGTRENNUNG[V


III(OH) ACHTUNGTRENNUNG(SO4)2]·H2O (4), and [C4N2H12] ACHTUNGTRENNUNG[VF3


ACHTUNGTRENNUNG(SO4)] (5), all of which have chain structures comparable to
those in some of the minerals. Of these, 1 has the simplest
possible chain structure formed by SO4 and ZnO2Cl2 tetra-
hedra. What is more significant, however, is that we were
able to prepare an amine-templated mixed-valent iron sul-
fate with the formula [C4N2H12] ACHTUNGTRENNUNG[H3O][FeIIIFeII F6ACHTUNGTRENNUNG(SO4)] (6),
which corresponds to half of the hexagonal kagome struc-
ture with Fe in two oxidation states. Such a compound is of
significance in view of the great interest in the synthesis and
magnetic properties of compounds with the hexagonal
kagome-type layers.[8] Interestingly, the half-kagome struc-
ture exhibits magnetic properties that are different from
those of a regular kagome structure containing mixed-valent
iron.


Results and Discussion


We first describe the structures of the five amine-templated
metal sulfates with chain structures akin to those of the min-
erals chalcanthite, krçhnkite, tancoite, and butlerite.


Abstract: Organically templated metal
sulfates are relatively new. Six amine-
templated transition-metal sulfates
with different types of chain structures,
including a novel iron sulfate with a
chain structure corresponding to one
half of the kagome structure, were syn-
thesized by hydro/solvothermal meth-
ods. Amongst the one-dimensional
metal sulfates, [C10N2H10][Zn ACHTUNGTRENNUNG(SO4)Cl2]
(1) is the simplest, being formed by
corner-linked ZnO2Cl2 and SO4 tetra-


hedra. [C6N2H18][Mn ACHTUNGTRENNUNG(SO4)2 ACHTUNGTRENNUNG(H2O)2] (2)
and [C2N2H10][Ni ACHTUNGTRENNUNG(SO4)2 ACHTUNGTRENNUNG(H2O)2] (3)
have ladder structures comprising four-
membered rings formed by SO4 tetra-
hedra and metal–oxygen octahedra,
just as in the mineral krçhnkite.


[C4N2H12]ACHTUNGTRENNUNG[V
III(OH) ACHTUNGTRENNUNG(SO4)2]·H2O (4) and


[C4N2H12]ACHTUNGTRENNUNG[VF3ACHTUNGTRENNUNG(SO4)] (5) exhibit chain
topologies of the minerals tancoite and
butlerite, respectively. The structure of
[C4N2H12]ACHTUNGTRENNUNG[H3O][FeIIIFeII F6ACHTUNGTRENNUNG(SO4)] (6) is
noteworthy in that it corresponds to
half of the hexagonal kagome struc-
ture. It exhibits ferrimagnetic proper-
ties at low temperatures and the ab-
sence of frustration, unlike the mixed-
valent iron sulfate with the full kagome
structure.


Keywords: crystal engineering ·
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chains
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ACHTUNGTRENNUNG[C10N2H10][Zn ACHTUNGTRENNUNG(SO4)Cl2] (1)


The asymmetric unit of 1 consists of 20 non-hydrogen
atoms, six of which belong to the inorganic framework and
14 to 4,4-bipyridine (bpy). There is one crystallographically
distinct Zn atom and one S atom, with the Zn atom in a tet-
rahedral coordination. Two unidentate SO4


2� groups and
two Cl atoms tetrahedrally coordinate the Zn atom. The
Zn�Cl bond lengths of 2.221(2) and 2.221(3) I are consider-
ably longer than the Zn�O ACHTUNGTRENNUNG(sulfate) bond lengths of 1.978(4)
and 1.993(4) I. The sulfate is a regular tetrahedron and acts
as a bidentate bridging metal linker. All the O�S�O angles
and S�O bond lengths are in the normal range. Selected
bond lengths and angles of 1 are listed in Table 1.


The extended structure of 1 consists of parallel inorganic
chains templated by bpy; the individual chains contain
corner-sharing ZnO2Cl2 and SO4 tetrahedra. Each sulfate
ligand uses two oxygen atoms to link two zinc centers and
bridges two ZnO2Cl2 tetrahedra, each of which, in turn,
share their vertices with two SO4 groups. This generates a
simple �Zn�O�S�O�Zn� [T�T] wirelike chain along the
a axis (Figure 1a). Adjacent chains interact through hydro-
gen bonds involving the terminal S=O and Zn�Cl bonds as
well as bpy to form a three-dimensional assembly (Fig-
ure 1b). A similar single-stranded structure of zinc sulfate in
which zinc is in octahedral coordination was reported re-
cently.[9] The [M ACHTUNGTRENNUNG(TO4)f2] chain backbone observed in 1 is
the simplest possible [T�T] 1D structure. Notably, the min-
eral chalcanthite[10] has an O�T chain structure. It is inter-
esting that bpy is in the interchain region with the protonat-
ed nitrogen atom in 1 instead of coordinating to the metal.


ACHTUNGTRENNUNG[C6N2H18][Mn ACHTUNGTRENNUNG(SO4)2ACHTUNGTRENNUNG(H2O)2] (2) and
[C2N2H10][Ni ACHTUNGTRENNUNG(SO4)2ACHTUNGTRENNUNG(H2O)2] (3)


The inorganic framework structures of 2 and 3 are similar;
both have the topology of the mineral krçhnkite, [Na2CuII-
ACHTUNGTRENNUNG(SO4)2]·2H2O.[10] The only difference between the structures
of 2 and 3 is in the templated amine (Figure 2). Compound
2 is a one-dimensional manganese sulfate templated by hex-


amethylenediamine (hmda), whereas 3 is a one-dimensional
nickel sulfate templated by ethyl ACHTUNGTRENNUNGenediamine (en). The asym-
metric unit of 2 consists of 11 non-hydrogen atoms, seven of
which belong to the inorganic framework and four to the
amine molecules, whereas that of 3 consists of nine non-hy-
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Table 1. Selected bond lengths and angles in 1.[a]


Moiety Bond length [I] Moiety Angle [8]


Zn(1)�O(1) 1.978(4) O(1)�Zn(1)�O(2) 99.3(2)
Zn(1)�O(2) 1.993(4) O(1)�Zn(1)�Cl(1) 112.6(2)
Zn(1)�Cl(1) 2.221(2) O(2)�Zn(1)�Cl(1) 111.6(2)
Zn(1)�Cl(2) 2.227(3) O(1)�Zn(1)�Cl(2) 102.3(2)
S(1)�O(3) 1.449(4) O(2)�Zn(1)�Cl(2) 111.16(14)
S(1)�O(4) 1.451(4) Cl(1)�Zn(1)�Cl(2) 117.97(8)
S(1)�O(1) 1.466(4) O(3)�S(1)�O(4) 109.5(3)
S(1)�O(2) 1.483(4) O(3)�S(1)�O(1)#1 110.7(3)
N(1)�C(5) 1.305(9) O(4)�S(1)�O(1)#1 110.2(3)
N(1)�C(1) 1.309(10) O(3)�S(1)�O(2) 111.3(3)
C(1)�C(2) 1.354(10) O(4)�S(1)�O(2) 107.6(3)
C(2)�C(3) 1.370(9) O(1)#1�S(1)�O(2) 107.5(3)
C(3)�C(4) 1.372(9) S(1)#2�O(1)�Zn(1) 129.4(3)
C(3)�C(3)#3 1.474(12) S(1)�O(2)�Zn(1) 126.5(2)
C(4)�C(5) 1.349(10) C(5)�N(1)�C(1) 121.3(7)
N(2)�C(10) 1.312(7) N(1)�C(1)�C(2) 120.4(8)
N(2)�C(6) 1.322(8) C(1)�C(2)�C(3) 120.9(8)
C(6)�C(7) 1.379(8) C(2)�C(3)�C(4) 115.7(6)
C(7)�C(8) 1.374(8) C(2)�C(3)�C(3)#3 122.0(8)
C(8)�C(9) 1.373(8) C(4)�C(3)�C(3)#3 122.3(8)
C(8)�C(8)#4 1.506(11) C(5)�C(4)�C(3) 121.5(7)
C(9)�C(10) 1.380(8) N(1)�C(5)�C(4) 120.1(7)


C(10)�N(2)�C(6) 121.8(6)
N(2)�C(6)�C(7) 120.1(6)
C(8)�C(7)�C(6) 120.1(6)
C(9)�C(8)�C(7) 117.7(5)
C(9)�C(8)�C(8)#4 121.3(6)
C(7)�C(8)�C(8)#4 121.1(6)
C(8)�C(9)�C(10) 120.2(6)
N(2)�C(10)�C(9) 120.2(6)


[a] Symmetry transformations used to generate equivalent atoms: #1: x+
1, y, z ; #2: x�1, y, z ; #3: �x+2, �y, �z ; #4: �x+2, �y, �z+1.
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drogen atoms, of which seven belong to the framework and
two to the amine part. There is one crystallographically dis-
tinct metal atom and one S atom, with the metal atom in oc-
tahedral geometry. The octahedral coordination around the
metal atom is defined by four m-O groups from four sulfate
and two aqua ligands. The sulfate ion is distorted and shares
two corners with two adjacent metal octahedra, leaving two
terminal S=O bonds. The bonds to the coordinating oxygen
atoms are significantly longer than the S=O bonds. Selected
bond lengths and angles of 2 are listed in Table 2.


In both 2 and 3, a pair of sulfate tetrahedra share corners
to form a one-dimensional chain structure with four-mem-
bered rings by bridging the neighboring metal octahedra.
The chain is formed of alternating [M2+O4ACHTUNGTRENNUNG(H2O)2] octahedra
and pairs of SO4 teterahedra, with the H2O groups in a trans
arrangement around the divalent cation. The diammonium
cations are located between the chains; they form hydrogen
bonds with framework oxygen atoms that govern the stabili-
ty of the structure. Several naturally occurring minerals as
well as synthetic compounds with related structures are
known.[11] Fleck et al.[12] recently reviewed compounds with
the krçhnkite-type topology and attempted to provide a
structural classification. The minerals collinsite, Ca2[Mg-
ACHTUNGTRENNUNG(PO4)ACHTUNGTRENNUNG(H2O)2], and fairfieldite, Ca2[Mn ACHTUNGTRENNUNG(PO4)2(H2O)2], based
on the general [M ACHTUNGTRENNUNG(TO4)2f2] chain, are part of the krçhnkite
family. The common occurrence of the krçhnkite-type chain
involving of PO4


3�, AsO4
3�, SO4


2�, and SeO4
2� anions is


probably because the corner link between MO6 and TO4


groups is flexible, involving no steric constraints.


Figure 1. a) Polyhedral view of the inorganic part of [C10N2H10][Zn-
ACHTUNGTRENNUNG(SO4)Cl2] (1) along the a axis. b) 3D assembly formed by the chains and
the amine molecules in 1, creating the channels.


Figure 2. Polyhedral view of a) [C6N2H18][MnACHTUNGTRENNUNG(SO4)2ACHTUNGTRENNUNG(H2O)2] (2) and
b) [C2N2H10][Ni ACHTUNGTRENNUNG(SO4)2ACHTUNGTRENNUNG(H2O)2] (3) showing the chain of corner-sharing
four-membered rings. Amine molecules are present in the interchain
space.


Table 2. Selected bond lengths and angles in 2.[a]


Moiety Bond length [I] Moiety Angle [8]


Mn�O(4) 2.149(3) O(4)�Mn�O(4)#1 180.000(2)
Mn�O(1)#2 2.187(3) O(4)�Mn�O(1)#2 93.73(11)
Mn�O(3) 2.208(3) O(4)#1�Mn�O(1)#2 86.27(11)
S�O(5) 1.452(3) O(1)#2�Mn�O(1)#3 179.999(2)
S�O(2) 1.462(3) O(4)�Mn�O(3) 89.60(14)
S�O(4) 1.469(3) O(4)#1�Mn�O(3) 90.40(14)
S�O(1) 1.480(3) O(1)#2�Mn�O(3) 89.45(12)
N(1)�C(1) 1.474(6) O(1)#3�Mn�O(3) 90.55(12)
C(1)�C(2) 1.510(7) O(4)�Mn�O(3)#1 90.40(14)
C(2)�C(3) 1.516(7) O(3)�Mn�O(3) 179.999(1)


O(5)�S�O(2) 111.7(2)
O(5)�S�O(4) 110.2(2)
O(2)�S�O(4) 106.4(2)
O(5)�S�O(1) 109.5(2)
O(2)�S�O(1) 109.4(2)
O(4)�S�O(1) 109.5(2)
S�O(1)�Mn 135.3(2)
S�O(4)�Mn 136.8(2)
N(1)�C(1)�C(2) 111.5(4)
C(1)�C(2)�C(3) 112.3(4)
C(2)�C(3)�C(3)#5 113.8(5)


[a] Symmetry transformations used to generate equivalent atoms: #1: �x,
�y+2, �z+2; #2: �x�1, �y+2, �z+2; #3: x+1, y, z; #4: x�1, y, z; #5:
�x, �y+2, �z+1.
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ACHTUNGTRENNUNG[C4N2H12] ACHTUNGTRENNUNG[V
III(OH) ACHTUNGTRENNUNG(SO4)2]·H2O (4)


The asymmetric unit of 4 consists of 19 non-hydrogen atoms
with one crystallographically distinct V and two S atoms.
The V atom makes four V�O�S and two V�(OH)�V linkag-
es to the neighboring S and V atoms, respectively. The S
atoms form two S�O�V bonds with each of the adjacent va-
nadium atoms, the remaining two being terminal S=O
bonds. The framework structure is built up of infinite chains
of [VIII(OH) ACHTUNGTRENNUNG(SO4)2]n


2� running along the c axis. The
VO4(OH)2 octahedra in 4 share vertices in a trans fashion
through the (OH) groups, and the SO4 tetrahedra are graft-
ed onto the chain to form the tancoite-type topology
(Figure 3). The 1D chains are arranged parallel to one an-


other, with the diprotonated amine and water molecules re-
siding in the interchain space and forming strong hydrogen
bonds with the framework. Compound 4 is isostructural to
[C2N2H10]ACHTUNGTRENNUNG[V


III(OH) ACHTUNGTRENNUNG(SO4)2] H2O,[4b] templated by ethylenedi-
amine. The use of dabco as the templating amine has been
reported to give rise to the same type of chain[4b] with the
VO4(OH)2 octahedra sharing their vertices in an alternating
cis–trans fashion. It is not clear why a large number of vana-
dium sulfates occur with chain structures. To our knowledge,
no organically templated two- or three-dimensional vanadi-
um sulfate has been reported hitherto, unlike the two- and
three-dimensional vanadium phosphates.[13]


ACHTUNGTRENNUNG[H2N ACHTUNGTRENNUNG(CH2)4NH2] ACHTUNGTRENNUNG[VF3ACHTUNGTRENNUNG(SO4)] (5)


The asymmetric unit of 5 consists of 16 non-hydrogen
atoms, of which 10 belong to the inorganic framework and
six to the organic guest molecules. There are two crystallo-


graphically distinct V atoms with octahedral geometry. The
V�O bond lengths in 4 are in the range 1.997(5)–2.028(5) I
with an average of 2.012 I. The V�F bond lengths are in
the range 1.878(4)–1.963(4) I with an average of 1.909 I.
The cis-O/F�V�O/F bond angles are between 87.0(2) and
93.0(2)8 ((cis-O/F�V(1)�O/F)av=90.08 and (cis-O/F�V(2)�
O/F)av=90.08) and the trans-O/F�V�O/F bond angle is
1808, indicating near-perfect octahedral geometry for 5.


The structure of [C4N2H12]ACHTUNGTRENNUNG[VF3ACHTUNGTRENNUNG(SO4)] consists of VF4O2


octahedra sharing vertices with the neighbors through the
fluorine atoms (Figure 4a). The sulfate tetrahedra are bridg-
ed onto the trans vertices of the metal octahedra along the
chain. The trans orientation of the bridging F atom creates a
zigzag {�F�V�F�V�} backbone to the linear chain of
VF4O2 octahedra, forming an analogue of the butlerite-type
chain.[14] In the sulfate tetrahedra, two oxygens bond to the
adjacent V sites of the vertex-shared VF4O2 octahedra in a
symmetrical bridge, and the remaining two form terminal
S=O bonds. The individual chains are held together by hy-
drogen-bond interactions involving diprotonated amine mol-
ecules. The 1D chain in 5 also interacts with the amine mol-
ecules through hydrogen bonding to form cavities. Bond va-
lence sum (BVS) calculations using the method of Brown
and Altermatt[15] (V(1)=3.15, V(2)=3.20) indicate that the
valence state of V is +3 and confirm the position of the
ACHTUNGTRENNUNGfluorine atom (F(1)=0.62, F(2)=0.99, F(3)=0.60). The


Figure 3. Polyhedral view of [C4N2H12] ACHTUNGTRENNUNG[V
III(OH) ACHTUNGTRENNUNG(SO4)2] H2O (4) along


the b axis with the symmetrical bridging of the sulfate tetrahedra. Note
the tancoite-type chains in 4.


Figure 4. a) Polyhedral view of [C4N2H12] ACHTUNGTRENNUNG[VF3 ACHTUNGTRENNUNG(SO4)] (5) along the b axis
with alternating up–down bridging of the sulfate tetrahedron. Note the
butlerite-type chains. b) Temperature variation of the magnetic suscepti-
bility of 5. The inset shows the variation of inverse susceptibility.
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chain structure in 5 is isostructural to [C4N2H12]ACHTUNGTRENNUNG[Fe
IIIF3


ACHTUNGTRENNUNG(SO4)]
[4c] and is comparable to the chain of cis corner-shar-


ing octahedra in fiboferrite, [Fe3+(OH) ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(SO4)]· ACHTUNGTRENNUNG(H2O)3,
with a helical configuration. In fibroferite as well as butler-
ite, [Fe3+(OH) ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(SO4)], and parabutlerite, [Fe3+(OH)-
ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(SO4)], the chains are linked solely by hydrogen
bonds, as there are no interstitial cations, whereas in organi-
cally templated compounds, the chains are held together by
the hydrogen-bond assembly of the diprotonated amine
molecules located in the interchain space to form the 3D as-
sembly.


The variable-temperature magnetic-susceptibility data of
5 at 5000 Oe are shown in Figure 4b. The compound is pre-
dominantly paramagnetic, and the inverse susceptibility data
(inset of Figure 4b) show a linear behavior in the tempera-
ture range 50–300 K, yielding a small negative Weiss tem-
perature of �5 K which indicates weak antiferrimagnetic in-
teraction. The effective magnetic moment per vanadium
atom calculated from the fit of the cM


�1 versus T curve is
2.4 mB, which is slightly lower than expected for VIII centers
(theoretical meff=2.8 mB).


ACHTUNGTRENNUNG[C4N2H12] ACHTUNGTRENNUNG[H3O][FeIIIFeIIF6 ACHTUNGTRENNUNG(SO4)] (6) with a Half-Kagome
Structure


The asymmetric unit of 6 consists of 21 non-hydrogen
atoms, 14 of which belong to the inorganic framework with
three crystallographically distinct Fe atoms and one S atom
and 7 belong to the extraframework guest molecules; one
extraframework oxygen atom belongs to the hydronium ion.
Two Fe atoms (Fe(2) and Fe(3)) are in special positions (oc-
cupancy=0.5). The structure of 6 consists of anionic chains
of vertex-sharing FeIIIF5O, FeIIF4O2 octahedra and sulfate
tetrahedral units, which are fused together by FeIII/II�F�FeIII/


II and FeIII/II�O�S bonds. The Fe�O bond lengths in 6 are in
the range 2.054(5)–2.139(5) I and the Fe�F bond lengths
are 1.903(4)–2.111(4) I ((Fe(1)III�F)av=1.92 I, Fe(2)II�
F)av=2.05 I, Fe(3)II�F)av=2.06 I). The bond lengths and
angles indicate perfect octahedral geometry around Fe cen-
ters. BVS calculations[15] using r0ACHTUNGTRENNUNG(Fe�F)=1.679 and r0ACHTUNGTRENNUNG(Fe�
O)=1.759 I gave valence sums Fe(1)=3.03, Fe(2)=2.12,
Fe(3)=2.09. The average Fe�O/F bond lengths also indicate
the oxidation state of Fe(1) to be +3, and the remaining
two Fe centers to be +2. The position of the fluorine atoms
find indirect support from BVS calculations (F(1)=0.54,
F(2)=0.51, F(3)=0.84, F(4)=0.50, F(5)=0.82, F(6)=0.80).
Thus, the framework stoichiometry of [FeIIIFeIIF6ACHTUNGTRENNUNG(SO4)] with
a �3 charge requires the amine to be doubly protonated, in
addition to the presence of the hydronium ion. The Mçssba-
uer spectrum at room temperature confirms the presence of
two types of FeII and one FeIII species in 6. Selected bond
lengths and angles of 6 are listed in Table 3.


The fluorine and the oxygen neighbors in 6 are coordinat-
ed octahedrally to the Fe atoms (Fe(1)IIIF5O, Fe(2)IIF4O2,
Fe(3)IIF4O2). The Fe(2)IIF4O2 and Fe(3)IF4O2 octahedra are
vertex-shared through trans Fe(2)�F(6)�Fe(3) linkages,
which run along the a axis of the unit cell. Each of the octa-


hedra shares four of its Fe�F vertices with similar neighbors.
Fe(1)IIIF5O octahedra share one Fe�F vertex each with
Fe(2)II and Fe(3)II octahedra in an up and down manner.
Such connectivity creates a triangular lattice formed by
Fe(1)IIIF5O, Fe(2)IIF4O2, and Fe(3)IIF4O2 octahedra (Fig-
ure 5a). The sulfate tetrahedron caps the triangular lattice
in a manner similar to that in jarosites with the kagome lat-
tice, in which Fe is in the +3 oxidation state.[16] The struc-
ture can be described as half-kagome, as two such chains
can produce the complete one. In the full kagome structure,
each octahedron shares four of its M�F vertices with similar
neighbors with the M�F�M bonds roughly aligned in the ab
plane. The presence of three Fe(1)�F terminal bonds in 6
could be responsible for not forming the complete kagome
structure. The individual chains are held together by strong
hydrogen-bond interactions (N�H···O, N�H···F, C�H···O,
and C�H···F) by the framework oxygen and fluorine atoms
with protonated water and diprotonated amine molecules to


Table 3. Selected bond lengths and angles in 6.[a]


Moiety Bond length [I] Moiety Bond length [I]


Fe(1)�F(1) 1.903(4) S(1)�O(3) 1.447(5)
Fe(1)�F(3) 1.924(4) S(1)�O(4) 1.477(5)
Fe(1)�F(2) 1.925(4) S(1)�O(2) 1.478(5)
Fe(1)�F(4) 1.926(4) S(1)�O(1) 1.479(5)
Fe(1)�F(5) 1.931(4) N(1)�C(2) 1.447(11)
Fe(1)�O(1) 2.054(5) N(1)�C(4) 1.499(12)
Fe(2)�F(6) 2.023(4) C(1)�C(2) 1.445(11)
Fe(2)�F(3) 2.085(4) C(1)�N(2) 1.504(12)
Fe(2)�O(2) 2.132(5) C(3)�C(4) 1.433(11)
Fe(3)�F(6) 2.014(4) C(3)�N(2) 1.498(11)
Fe(3)�F(4) 2.111(4)
Fe(3)�O(4) 2.140(5)


Moiety Angle [8] Moiety Angle [8]


F(1)�Fe(1)�F(3) 92.0(2) F(6)�Fe(3)�F(4) 91.6(2)
F(1)�Fe(1)�F(2) 89.6(2) F(6)#2�Fe(3)�F(4) 88.4(2)
F(3)�Fe(1)�F(2) 89.6(2) F(4)�Fe(3)�F(4)#2 180.000(1)
F(1)�Fe(1)�F(4) 90.6(2) F(6)�Fe(3)�O(4) 95.4(2)
F(3)�Fe(1)�F(4) 89.4(2) F(6)#2�Fe(3)�O(4) 84.6(2)
F(2)�Fe(1)�F(4) 178.9(2) F(4)�Fe(3)�O(4) 92.8(2)
F(1)�Fe(1)�F(5) 92.2(2) O(4)#2�Fe(3)�O(4) 180
F(3)�Fe(1)�F(5) 175.7(2) O(3)�S(1)�O(4) 110.5(3)
F(2)�Fe(1)�F(5) 90.3(2) O(3)�S(1)�O(2) 109.8(3)
F(4)�Fe(1)�F(5) 90.8(2) O(4)�S(1)�O(2) 108.9(3)
F(1)�Fe(1)�O(1) 177.4(2) O(3)�S(1)�O(1) 109.6(3)
F(3)�Fe(1)�O(1) 89.8(2) O(4)�S(1)�O(1) 108.6(3)
F(2)�Fe(1)�O(1) 88.5(2) O(2)�S(1)�O(1) 109.5(3)
F(4)�Fe(1)�O(1) 91.3(2) Fe(1)�F(3)�Fe(2) 135.0(2)
F(5)�Fe(1)�O(1) 85.9(2) Fe(1)�F(4)�Fe(3) 132.3(2)
F(6)�Fe(2)�F(6)#1 180 S(1)�O(1)�Fe(1) 136.3(3)
F(6)�Fe(2)�F(3) 91.6(2) Fe(3)�F(6)�Fe(2) 127.1(2)
F(6)�Fe(2)�F(3) 88.4(2) S(1)�O(2)�Fe(2) 127.6(3)
F(3)�Fe(2)�F(3)#1 180 S(1)�O(4)�Fe(3) 126.9(3)
F(3)�Fe(2)�O(2) 88.9(2) C(2)�N(1)�C(4) 111.2(7)
F(6)�Fe(2)�O(2) 94.9(2) C(2)�C(1)�N(2) 113.1(7)
F(6)�Fe(2)�O(2) 85.1(2) C(1)�C(2)�N(1) 114.1(7)
F(3)�Fe(2)�O(2) 91.1(2) C(4)�C(3)�N(2) 112.4(7)
O(2)#1�Fe(2)�O(2) 179.999(1) C(3)�C(4)�N(1) 112.2(7)
F(6)�Fe(3)�F(6)#2 180 C(3)�N(2)�C(1) 109.9(7)


[a] Symmetry transformations used to generate equivalent atoms: #1: �x,
�y+1, �z+2; #2: �x+1, �y+1, �z+2.
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stabilize the structure (Figure 5b). The various hydrogen-
bond interactions for 1, 2, and 6 are given in Table 4.


In Figure 6a, we show the variable-temperature magnetic
susceptibility (c) data of 6 recorded at 100 Oe under zero-
field-cooled (ZFC) and field-cooled (FC) conditions. From
this figure, we see that although there are some differences
between the ZFC and FC data, there is no clear indication
of frustration as in the case of the mixed-valent iron
kagome structure reported in the literature.[17] In the inset of
Figure 6a, we show the variation of inverse susceptibility
with temperature. In the paramagnetic region, the suscepti-
bility follows the Curie–Weiss law with a Weiss temperature
of �90 K as obtained from the fit of the cM


�1 data in the
100–300 K range. The negative qp value suggests that the ex-
change interaction is antiferrimagnetic. The effective mag-
netic moment of Fe is 5.2 mB, slightly lower than the expect-
ed spin-only value of 5.4 mB, which lies between typical
values for high-spin FeII and FeIII, confirming the mixed-
valent state of iron.


In Figure 6b we show the variation of cT with tempera-
ture. The behavior is reminiscent of a ferrimagnetic system.
Accordingly, the cT data at low temperatures do not obey
the Curie law. As the system consists of Fe2+ and Fe3+ ions
arranged in a sawtooth lattice with almost equal exchange
coupling, the three Fe�F�Fe angles being nearly the same
ACHTUNGTRENNUNG(�1308), the low-energy spectrum is expected to be irregular
in total spin or magnetization. Notably, this is a J1, J2 system


with alternate J2 missing. The ground state of 6 appears to
involve fluctuations in the spin moment of each of the Fe
ions, and the total magnetization of the ground state is 0.5
times the number of triangles. The lowest excited state
would have a magnetization one unit lower than the
ground-state spin value. Thereafter, within small energy in-
tervals, the magnetization of the levels fluctuates, showing
irregularities in terms of alternate lower and higher magnet-
izations values.[18] The sharp and well-rounded minimum in
the cT plot at low temperatures is due to such irregular
magnetization values in the low-energy spectrum. The mini-
mum is due to states with magnetizations smaller than the
ground-state magnetization becoming populated at low tem-
peratures. Owing to the mixed-spin nature, the sawtooth lat-
tice does not experience frustration. The low-temperature
susceptibility is purely due to the low-energy spectrum of a
typical ferrimagnetic system with competing interactions.[18]


At the lowest temperatures, the cT value should be equal to
the fluctuation in the ground-state magnetization. However,
the susceptibility becomes small and nearly vanishes owing
to higher dimensional coupling. We do not observe distinct
magnetic hysteresis in 6 owing to weak interactions between


Figure 5. a) Polyhedral view of the inorganic chain of [C4N2H12] ACHTUNGTRENNUNG[H3O]-
[FeIIIFeIIF6 ACHTUNGTRENNUNG(SO4)] (6) along the a axis. The three-membered apertures are
capped by sulfate moieties. b) Ball and stick view of 6 in the ac plane. Di-
protonated amine and protonated water molecules occupy positions in-
between the chains.


Table 4. Hydrogen-bonding interactions in compounds 1, 2, and 6.


D�H···A D�H [I] H···A [I] D···A [I] D�H···A [8]


1
N(1)�H(1)···O(3) 0.861(10) 1.906(9) 2.700(9) 152.8(8)
N(2)�H(6)···O(4) 0.860(7) 1.818(7) 2.677(7) 178.7(6)
C(1)�H(2)···Cl(1) 0.928(13) 2.738(10) 3.575(10) 150.4(10)
C(2)�H(3)···Cl(1) 0.930(12) 2.698(9) 3.531(10) 149.5(9)
C(5)�H(5)···Cl(2) 0.929(10) 2.743(9) 3.461(9) 134.8(8)
C(6)�H(7)···O(2) 0.929(10) 2.545(8) 3.385(9) 150.4(7)
C(6)�H(7)···O(4) 0.929(10) 2.443(8) 3.265(9) 147.4(7)
C(10)�H(10)···Cl(2) 0.929(10) 2.783(7) 3.413(9) 126.0(6)


2
N(1)�H(1)···O(3) 0.83(5) 2.48(5) 3.093(6) 132(4)
N(1)�H(1)···O(5) 0.83(5) 2.19(5) 2.782(6) 128(4)
N(1)�H(2)···O(2) 0.95(8) 2.16(9) 3.048(6) 156(7)
N(1)�H(2)···O(4) 0.95(8) 2.15(8) 2.900(5) 135(7)
N(1)�H(3)···O(2) 0.87(7) 1.99(7) 2.854(6) 171(6)
O(3)�H(10)···O(1) 0.91(7) 2.03(7) 2.825(4) 146(6)
Intra O(3)�H(11)···O(5) 0.83(7) 1.86(8) 2.649(5) 159(7)
C(1)�H(4)···O(5) 0.99(6) 2.56(5) 3.099(6) 114(4)


6
N(1)�H(1)···F(5) 0.920(13) 2.510(10) 3.19(10) 131.1(10)
N(1)�H(2)···O(2) 0.920(13) 2.568(11) 3.337(11) 141.4(10)
N(2)�H(11)···F(4) 0.920(13) 2.516(10) 3.355(10) 151.9(10)
N(2)�H(12)···F(3) 0.920(13) 2.411(10) 3.119(10) 133.8(9)
O(50)�H(13)···F(6) 1.08(5) 1.73(4) 2.787(8) 166(8)
O(50)�H(14)···F(5) 1.17(6) 1.66(7) 2.800(9) 164(7)
O(50)�H(15)···F(2) 1.2(2) 2.2(4) 2.792(9) 107(24)
O(50)�H(15)···F(2) 1.2(2) 2.4(4) 3.313(8) 129(26)
O(50)�H(15)···O(1) 1.2(2) 2.3(3) 2.913(8) 107(15)
C(1)�H(3)···O(2) 0.990(13) 2.452(10) 3.294(11) 142.6(8)
C(1)�H(4)···F(1) 0.991(13) 2.429(9) 3.210(9) 135.3(9)
C(2)�H(5)···F(1) 0.991(11) 1.694(9) 2.684(9) 177.6(8)
C(2)�H(6)···O(4) 0.990(11) 2.001(9) 2.791(9) 135.1(8)
C(3)�H(7)···F(2) 0.990(11) 1.892(9) 2.816(9) 154.0(8)
C(3)�H(8)···O(3) 0.991(11) 1.925(9) 2.874(9) 159.5(8)
C(4)�H(10)···F(5) 0.990(13) 2.387(10) 3.327(10) 158.4(9)
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the chains. However, nonlinear M–H behavior is observed,
as shown in the inset of Figure 6b.


The half-kagome structure of 6 is different from the
mixed-valent kagome compound reported earlier.[17] In the
mixed-valent kagome compound, the frustration is prevalent
as the magnetic triangles are strongly connected to the hex-
agonal structure through corner-shared octahedra. In addi-
tion, ferrimagnetic interactions are observed owing to the
presence of the integral spin Fe2+ (S=2) in the system.[19]


On the other hand, very weak interactions exist between the


chains of the half-kagome compound, effects of which are
seen only at very low temperatures. Notably, pure Fe3+


kagome structures show magnetic frustration or AFM order-
ing at low temperatures. Thus, Nocera et al.[20] found a pure
Fe3+ jarosite to show AFM ordering at 61.4 K.


Conclusions


In summary, six organically templated transition-metal sul-
fates with 1D structures, with organic amines as templating
agents, have been synthesized and characterized, establish-
ing thereby the use of the sulfate group in building different
architectures. The formation of chain structures similar to
krçhnkite, butlerite, and tancoite in these compounds just as
in the organically templated metal phosphates, suggests that
it should be possible to obtain complex 2D and 3D open-
framework metal sulfates derived from these chains under
appropriate conditions. The half-kagome structure of 6 in-
volving mixed-valent Fe is especially interesting as it exhib-
its ferrimagnetic properties at low temperatures and shows
no clear evidence of frustration.


Experimental Section


Synthesis and Initial Characterization


Compounds 1–6 were synthesized by employing mild hydro/solvothermal
methods. In a typical synthesis of 1, ZnCl2 (0.136 g) was dissolved in
water (3.6 mL) under constant stirring. H2SO4 (0.16 mL) and bpy
(0.468 g) were added to this solution, and the mixture was stirred for
30 min. The final mixture with molar composition ZnCl2/bpy/H2SO4/H2O
1:2:3:200 was transferred to a 7-mL PTFE-lined acid-digestion bomb and
heated at 150 8C for 48 h. The product contained brownish needle-shaped
crystals of 1 in 80% yield. For the preparation of 6, Fe ACHTUNGTRENNUNG(NO3)3·9H2O
(0.404 g) was dissolved in ethyleneglycol (eg) (4.6 mL) under constant
stirring. Piperazine (pip) (0.3445 g) and sulfuric acid (98%) (0.22 mL)
were added to this mixture followed by the addition of HF (40%)
(0.36 mL). The resultant mixture with the molar composition Fe-
ACHTUNGTRENNUNG(NO3)3·9H2O/H2SO4/pip/eg/HF 1:4:4:8:8 had an initial pH value <2 after
stirring for 2 h. The mixture was taken in a 23-mL PTFE-lined acid-diges-
tion bomb and heated at 180 8C for 2 days. After cooling to room temper-
ature, pink rod-shaped crystals of 6 were isolated in 60% yield. The syn-
thetic conditions employed for the preparation of 1–6 are listed in
Table 5.


Initial characterization of 1–6 was carried out by powder X-ray diffrac-
tion (PXRD), energy-dispersive analysis of X-rays (EDAX), thermogra-
vimetric analysis (TGA), and IR spectroscopy. Magnetic measurements
on powdered samples were performed at temperatures between 2 and
300 K on a vibrating-sample magnetometer using a physical-property


Figure 6. a) Temperature variation of the magnetic susceptibility of 6.
The inset shows the variation of inverse susceptibility. b) Variation of cT
with temperature. The inset shows the M–H curve at 5 K.


Table 5. Synthetic conditions and analysis of compounds 1–6.


Starting composition[a] T [K] t [h] pH M/S[b] Formula Yield [%]


1 ZnCl2/H2SO4/bpy/H2O (1:3:2:200) 423 48 2 1:1 ACHTUNGTRENNUNG[C10N2H10)][Zn ACHTUNGTRENNUNG(SO4)Cl2] 80
2 MnACHTUNGTRENNUNG(OAC)2/H2SO4/hmda/H2O/butan-1-ol (1:4:2.5:50:50) 423 72 2 1:2 C6N2H18][Mn ACHTUNGTRENNUNG(SO4)2ACHTUNGTRENNUNG(H2O)2] 70
3 NiO/H2SO4/en/H2O/eg[c] (1:3:2:50:50) 453 48 2 1:2 ACHTUNGTRENNUNG[C2N2H10][Ni ACHTUNGTRENNUNG(SO4)2 ACHTUNGTRENNUNG(H2O)2] 50
4 V ACHTUNGTRENNUNG(acac)3


[d]/H2SO4/pip/H2O/eg 453 72 2 1:2 ACHTUNGTRENNUNG[C4N2H12] ACHTUNGTRENNUNG[V
III(OH) ACHTUNGTRENNUNG(SO4)2].H2O 60


5 VOSO4·5H2O/H2SO4/pip/H2O/eg/HF (2:3:3:50:100:4) 453 48 2 1:1 ACHTUNGTRENNUNG[C4N2H12] ACHTUNGTRENNUNG[V
IIIF3 ACHTUNGTRENNUNG(SO4)] 65


6 Fe ACHTUNGTRENNUNG(NO3)3·9H2O/H2SO4/pip/eg/HF (1:4:4:80:8) 453 48 2 2:1 ACHTUNGTRENNUNG[C4N2H12)]ACHTUNGTRENNUNG[H3O][FeIIIFeIIF6 ACHTUNGTRENNUNG(SO4)] 60


[a] H2SO4: 98% (w/w) in water; HF: 48% (w/w) in water. [b] The metal to sulfur ratios obtained by EDAX. [c] Ethylene glycol. [d] Vanadium ACHTUNGTRENNUNG(III)
acetyl acetonate.
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measurement system (quantum design). PXRD patterns indicated the
products to be new materials and monophasic, the patterns being consis-
tent with those generated from single-crystal X-ray diffraction. EDAX
gave the expected metal/sulfate ratios of 1:1, 1:2, 1:2, 1:1, 1:2, and 2:1 for
1–6, respectively.


Infrared spectra of 1–6 showed characteristic bands due to the sulfate ion
in the 1100 and 620 cm�1 regions, besides bands due to C�H stretching
and bending vibrations as well as those due to the amine moiety.[21] A
band at around 1020–1040 cm�1 in 4 is observed as a result of the V�O�
H bending mode. Bands at around 3500 cm�1 were found in 4 and 6 due
to the presence of water. A band at around 1620–1640 cm�1 for 2 and 3
was assigned to coordinated water.


Thermogravimetric analysis of 1–6 was carried out under constant flow
of N2 at a heating rate of 5 8Cmin�1 in the temperature range 30–900 8C.
Compound 1 showed a two-step weight loss corresponding to the loss of
bpy in the range 200–250 8C (obs=43.8%, calcd=44.1%) followed by
the removal of SO3 and Cl2 in the range 400–800 8C (obs=21.3%,
calcd=22.6%).


The PXRD pattern of the sample heated to 900 8C corresponded to ZnO
(JCPDS file card 01–1136). In 2, there was a three-step weight loss corre-
sponding to the loss of water in the range 100–200 8C (obs=9.3%,
calcd=8.9%), the amine molecules at 300 8C (obs=28.9%, calcd=
29.3%), and decomposition of sulfate in the range 400–800 8C (obs=
44%, calcd=42.4%). The PXRD pattern of the sample heated to 900 8C
corresponded to Mn3O4 (JCPDS file card 08–0017). Compound 3 showed
a two-step weight loss at around 100–120 8C corresponding to the loss of
water molecules (obs=11%, calcd=10.3%). The second weight loss in
the broad temperature range 200–550 8C is due to the loss of the amine
and SO3 (obs=59.86%, calcd=62.8%). The PXRD pattern of the
sample heated to 900 8C corresponded to NiO (JCPDS file card 22–
1189). Compound 4 showed a three-step weight loss corresponding to the


loss of water molecules at 150 8C (obs=5.1%, calcd=4.9%), amine and
SO2 in the range 300–450 8C (obs=52.4%, calcd=50.8%), and removal
of rest of SO3 in the range 450–800 8C (obs=19.6%, calcd=18.6%). The
PXRD pattern of the sample heated to 900 8C corresponded to V2O3


(JCPDS file card 26–0278). Compound 5 showed a sharp two-step weight
loss at around 300–400 8C corresponding to the loss of piperazine, HF,
and F2 (obs=55%, calcd=53.4%) and SO3 (obs=22.6%, calcd=
21.5%). The PXRD pattern of the sample heated to 900 8C corresponded
to V2O3 (JCPDS file card 34–0187). Compound 6 revealed a three-step
weight loss corresponding to loss of water at 100 8C (obs=4.7%, calcd=
4.2%), amine, HF, and F2 in the 250–400 8C range (obs=48.3%, calcd=
47.4%) and decomposition of the sulfate in the 400–800 8C range (obs=
11.8%, calcd=11.6%). The powder X-ray diffraction pattern of the de-
composed product corresponded to Fe2O3 (JCPDS file card 33–0664).


The presence of fluorine atoms in 5 and 6 was confirmed by qualitative
analysis, bond valence sum calculations, and also from the absence of
electron density near fluorine in the difference Fourier map.


Single-Crystal-Structure Determination


A suitable single crystal of each compound was carefully selected under
a polarizing microscope and mounted at the tip of the thin glass fiber by
using cyanoacrylate (superglue) adhesive. Single-crystal-structure deter-
mination by X-ray diffraction was performed on a Siemens SMART-
CCD diffractometer equipped with a normal-focus 2.4-kW sealed-tube
X-ray source (MoKa radiation, l=0.71073 I) operating at 50 kv and
40 mA. The structure was solved by direct methods using SHELXS-86,[22]


which readily revealed all the heavy atom positions (Zn, Mn, Ni, V, Fe, S,
Cl) and enabled us to locate the other non-hydrogen (C, N, O, and F) po-
sitions from the difference Fourier maps. An empirical absorption correc-
tion based on symmetry-equivalent reflections was applied by using
SADABS[23] . All the hydrogen positions for compound 1–6 were found in


Table 6. Crystal data and structure refinement parameters for compounds 1–6.


Parameters 1 2 3 4 5 6


empirical formula C10H10Cl2 N2


O4SZn
C3H11Mn0.5NO5S C2H14NiN2O10S2 C4H15N2O10S2V C4H12F3N2


O4SV
C4H15F6Fe2N2O5S


crystal system triclinic triclinic triclinic monoclinic triclinic triclinic
space group P-1(2) P-1(2) P-1(2) P21/c (14) P-1(2) P-1(2)
crystal size [mm3] 0.30T0.15T0.15 0.20T0.16T0.12 0.16T0.12T0.08 0.24T 0.12T0.08 0.18T0.12T0.08 0.21T0.15T0.12
a [I] 4.912(3) 5.2330(2) 5.1738(7) 9.2964(7) 7.3363(13) 7.2301(9)
b [I] 8.460(9) 5.77580(10) 7.5094(10) 18.3093(15) 8.5711(14) 9.0548 (11)
c [I] 17.240(11) 12.9081(5) 7.6163(10) 7.1546(6) 8.5888(14) 9.5967(12)
a [8] 85.07(4) 92.202(2) 82.303(3) 90.00(0) 70.999(3) 95.137(2)
b [8] 88.51(6) 94.435(2) 70.743(2) 98.166(2) 73.464(3) 92.217(2)
g [8] 80.47(5) 102.481(2) 74.577(3) 90.000(0) 69.909(3) 96.901(2)
V [I3] 703.8(2) 379.17(2) 268.95(6) 1205.44(2) 470.40(14) 620.43(13)
Z 2 2 2 4 2 2
formula mass 390.53 200.66 348.98 366.24 292.15 428.94
1calcd [gcm�3] 1.843 1.758 2.155 2.018 2.063 2.296
l (MoKa) [I] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
m [mm�1] 2.284 1.195 2.242 1.222 1.322 2.604
q range [8] 1.19–23.28 1.58-23.28 2.82-23.24 2.21-23.27 2.56-23.29 2.13-23.28
total data collected 3030 1562 1115 1727 1985 2583
unique data 2024 1055 759 1001 1985 1769
refinement method Full-matrix least


squares on jF2 j
Full-matrix least
squares on jF2 j


Full-matrix least
squares on jF2 j


Full-matrix least
squares on jF2 j


Full-matrix least
squares on jF2 j


Full-matrix least
squares on jF2 j


Rint 0.0322 0.0301 0.0389 0.0968 0.0417 0.0250
R ACHTUNGTRENNUNG[I>2s(I)] R1=0.0467,


wR2=0.0942
R1=0.0473,
wR2=0.1201


R1=0.0377,
wR2=0.0908


R1=0.0752,
wR2=0.1989


R1=0.0608,
wR2=0.1195


R1=0.0546,
wR2=0.1413


R (all data) R1=0.0738,
wR2=0.1113


R1=0.0531,
wR2=0.1234


R1=0.0434,
wR2=0.0928


R1=0.1219,
wR2=0.2309


R1=0.1081,
wR2=0.1427


R1=0.0702,
wR2=0.1525


goodness of fit (S) 1.051 1.005 0.987 0.957 1.055 1.017
largest difference map
peak and hole [eI]


0.517 and �0.545 0.542 and �0.733 0.583 and �0.730 0.932 and �977 0.546 and �0.595 1.948 and �0.804


[a] R1=� jF0 j� jFc j /� jF0 j bwR2= {[w ACHTUNGTRENNUNG(F0
2�Fc


2)2]/[w ACHTUNGTRENNUNG(F0
2)2]}


1=2 , w=1/[s2(F0)
2+ (aP)2+bP] P= [F0


2+2Fc
2]/3 (a=0.0482, 0.0904, 0.0393, 0.1535, 0.0452, 0.1066


and b=0, 0, 0, 0, 1.6190, 0 for 1–6, respectively).
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the difference Fourier maps. For the final refinement, hydrogen atom of
both the framework as well the amine were placed geometrically and
held in the riding mode. The last cycles of refinement included atomic
positions; anisotropic thermal parameters for all the non-hydrogen atoms
and isotropic thermal parameters for all the hydrogen atoms. Full-matrix
least-squares structure refinement against jF2 j was carried out with the
SHELXTL-PLUS[24] package of programs. The positions of the fluorine
atoms in 5 and 6 were located primarily by looking at their thermal pa-
rameters; assignment as oxygen atoms instead of fluorine invariably
leads to nonpositive definite values when they are refined by anisotropic
displacement parameters. The absence of electron density near the fluo-
rine atom in the difference Fourier map also helped to differentiate fluo-
rine atoms and hydroxy groups in 5 and 6. Details of the structure deter-
mination and final refinements for 1–6 are listed in Table 6. Powder X-
ray diffraction patterns of 1–6 were in good agreement with the simulat-
ed patterns based on single-crystal data, indicative of their phase purity.


CCDC-600776–600781 (1–6, respectively) contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223–336–033; e-mail : deposit@ccdc.cam.ac.uk).
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One-Pot Synthesis of Lactams from Cycloalkanes and tert-Butyl Nitrite by
Using N-Hydroxyphthalimide as Key Catalyst


Masaharu Hashimoto, Satoshi Sakaguchi, and Yasutaka Ishii*[a]


Introduction


Lactams are very important raw materials for the synthesis
of polyamides such as nylon-6 and nylon-12. In 2000, world-
wide production of polyamides amounted to 3.31�
106 tons.[1] Over the last several decades, considerable effort
has been devoted to develop a sulfate-free lactam synthesis,
but it still remains an important subject. Although there
have been several methods to obtain lactams, the most pop-
ular route involves the following sequential reactions:
1) aerobic oxidation of cycloalkanes to give a mixture of
cyclic alcohols and ketones, 2) dehydrogenation of alcohols
to ketones, 3) oxime formation from cycloalkanones with
hydroxylamine, and 4) Beckmann rearrangement of oximes
in the presence of oleum to give lactams. Another possibility
is oxime formation by the photochemically initiated reaction
of cycloalkanes with NOCl followed by treatment of the re-
sulting oximes with oleum. However, these methods pro-
duce vast amounts of ammonium sulfate as by-product. It is
generally said that 1.6–2.2 tons of ammonium sulfate are
produced to obtain 1 ton of e-caprolactam.[2] Although the
resulting ammonium sulfate is used as a fertilizer and
gypsum material, the development of a method that avoids


the formation of ammonium sulfate is a goal in lactam syn-
thesis, particularly in industrial chemistry. In fact, Sumitomo
Chemical Co. have industrialized a salt-free lactam synthesis
involving the vapor-phase Beckmann rearrangement of cy-
clohexanone oxime derived from cyclohexanone, H2O2, and
NH3 on TS-1 catalyst.[1,3]


In a previous paper, we described the N-hydroxyphthali-
mide (NHPI)-catalyzed nitrosation of cycloalkanes with tert-
butyl nitrite (tBuONO) to give nitrosocycloalkanes.[4] We
have now succeeded in the synthesis of lactams from cyclo-
alkanes in a one-pot reaction without any salt formation,
which has been a long-term goal in industrial chemistry, by
using NHPI as a key catalyst [Eq. (1)]. As tBuONO can be
regenerated by treatment of the resulting tBuOH with NO
and NO2,


[5] the present method can be regarded as an atom-
economical lactam synthesis from cycloalkanes.


Results and Discussion


We first tried to improve the nitrosation of cycloalkanes
with tBuONO in the presence of NHPI under various reac-
tion conditions (Table 1). Cyclododecane (1a) (5 mmol),
tBuONO (1 mmol), and NHPI (0.1 mmol) in benzene


Abstract: Lactams were successfully
synthesized in the one-pot reaction of
cycloalkanes and tBuONO in the pres-
ence of N-hydroxyphthalimide as a key
catalyst. Cyclododecane and cyclohex-
ane were treated with tBuONO fol-
lowed by triethylamine and then cya-
nuric chloride in a one-pot manner to


give laurolactam and e-caprolactam, re-
spectively, in good yields. The Beck-
mann rearrangement of oximes by cya-


nuric chloride was found to be acceler-
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(2 mL) containing a small amount of acetic acid (0.5 mL)
were added to a 20-mL Schlenk tube under Ar. After
frozen-evacuation below 1 Torr at liquid-nitrogen tempera-
tures, the reaction mixture was allowed to warm to room
temperature and stirred at 75 8C for 2 h to produce nitroso-
cyclododecane (2a) in 75% yield based on consumed
tBuONO (Table 1, entry 1). The reaction under normal pres-
sure (760 Torr) of Ar resulted in a considerable decrease in
2a (37%) along with nitrocyclododecane (3a) in 13% yield
(Table 1, entry 2). As the pressure of the reaction system
was found to be an important factor to obtain 2a selectively,
all reactions except that in Table 1, entry 2 were carried out
after frozen evacuation below 1 Torr. The reaction in ben-
zene without acetic acid afforded 2a in low yield (16%;
Table 1, entry 3), whereas nitrosation in acetic acid without
benzene gave 2a in relatively good yield (50%) as well as


3a (13%) (Table 1, entry 4). The best yield (83%) of 2a was
obtained when fluorobenzene containing a small amount of
acetic acid was employed (Table 1, entry 5). However, the
use of chlorobenzene instead of fluorobenzene resulted in a
considerable decrease in 2a (from 80 to 48%), whereas the
yield of 3a increased from 1 to 11% (Table 1, entry 6). Only
trace amounts of 3a were formed when using 2,2’-azobisiso-
butyronitrile (AIBN) instead of NHPI as a radical initiator
(Table 1, entry 7).


It is important to recover the NHPI, which is used in
10 mol%, from the reaction solution after nitrosation. In a
previous paper, we showed that 80% of NHPI can be recov-
ered from the reaction solution after the nitrosation of cy-
clohexane.[4] Efforts are ongoing to decrease the amount of
the catalyst used and to develop more-efficient catalyst sys-
tems.


To investigate the effect of NO gas, the reaction was ex-
amined by the addition of NO (�0.2 mmol) after frozen
evacuation—the yield of 2a decreased to 60%, and the for-
mation of 3a increased to 10% yield. This shows that the
concomitant generation of NO and phthalimide N-oxyl radi-
cal (PINO) from tBuONO and NHPI is important to obtain
2a.[4]


As the nitrosation of 1a with tBuONO in the presence of
NHPI was considerably affected by the initial pressure, the
nitrosation of 1a and cyclohexane (1b) was examined under
varying Ar pressures (Figure 1a and b). The yields of nitro-
cycloalkanes 3a,b were affected considerably by the initial
Ar pressure, but the effects of the pressure on the nitrosa-
tion of 1a and 1b were almost the same. The yields of 2a,b
decreased gradually with increasing Ar pressure, in contrast
to the increased yields of 3a,b. Nitrosation at pressures
below 1 Torr led to 2a,b in yields of 83 and 88%, respec-
tively, based on tBuONO consumed.


We previously showed sequential reaction pathways for
the nitrosation of 1b with tBuONO in the presence of
NHPI,[4] and the most important step is the concomitant
generation of NO and PINO, as the resulting PINO ab-
stracts the hydrogen atom from 1b to give a cyclohexyl radi-
cal, which readily reacts with NO to produce 2b. Therefore,
the concentration of NO in the reaction solution seems to
be a very important factor governing the formation of 2b.


It is difficult to account clearly for the pressure effect in
the nitrosation of cycloalkanes. It seems reasonable to
assume that the solubility of NO, evolved from tBuONO by
the action of NHPI, in the reaction solution is influenced by
the pressure of the reaction system. In the present system in
which a strong interaction between the solvent molecules
(acetic acid) and radical molecules such as NO is predicted,
the solubility of NO in the reaction solution probably in-
creases with pressure. As a result, the concentration of NO
in the solution under higher Ar pressure may become
higher than that under lower pressure. It was reported that
2b reacts with NO to give 3b and a complex mixture of by-
products.[6] Therefore, if the concentration of NO in the re-
action solution is high, the amount of nitrocycloalkanes 3a
and 3b may increase in the present reaction.[7] The results


Abstract in Japanese:


Table 1. Nitrosation of 1a with tBuONO in the presence of NHPI under
various conditions.[a]


Entry Solvent ([mL]) Yield [%]
2a 3a 4a 5a


1 benzene/AcOH (2/0.5) 75 1 <1 1
2[b] benzene/AcOH (2/0.5) 37 13 <1 2
3 benzene (2) 16 1 <1 1
4 AcOH (0.5) 50 13 <1 2
5 PhF/AcOH (2/0.5) 83 1 <1 1
6 PhCl/AcOH (2/0.5) 48 11 <1 2
7[c] PhF/AcOH (2/0.5) <1 <1 <1 <1
8[d] PhF/AcOH (2/0.5) 60 10 <1 1


[a] See text. [b] Ar pressure: 760 Torr. [c] AIBN (0.5 mmol) instead of
NHPI was used. [d] NO (�0.2 mmol) was added.
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shown in Figure 1a,b reflect the influence of the concentra-
tion of NO on the nitrosation of cycloalkanes under varying
Ar pressures.


As nitrosocycloalkanes are converted into oximes in the
reaction with amines,[8] treatment of 2a or 2b with Et3N in
EtOAc forms cyclododecanone oxime (4a) or cyclohexa-
none oxime (4b) in quantitative yields [Eq. (2)].


Recently, Yamamoto and Ishihara[9] reported an efficient
method for the Beckmann rearrangement of oximes by
using 2,4,6-trichloro-1,3,5-triazine (cyanuric chloride) as a


key catalyst. We found that the Beckmann rearrangement of
oxime 4a by cyanuric chloride is considerably facilitated by
carrying out the reaction in 1,1,1,3,3,3-hexafluoro-2-propa-
nol (HFP). Treatment of 4a (1 mmol) in the presence of
even a very small amount of cyanuric chloride (0.5 mol%)
in HFP (1 mL) at reflux for 2 h afforded laurolactam (6a) in
quantitative yield (>99%) without any by-products
[Eq. (3)].


On the other hand, it was reported that the Beckmann re-
arrangement of 4b is more difficult than that of 4a,[9] and
that the reaction of 4b (2 mmol) with cyanuric chloride
(10 mol%) in MeCN (4 mL) at reflux for 2 h affords 5a in
only 30% yield. However, the same treatment of 4b with
cyanuric chloride in HFP instead of MeCN produced 6b
(43%) and its condensate 7 (22%) [Eq. (4)].


The condensate 7 was found to be easily hydrolyzed to
give 6b in almost quantitative yield [Eq. (5)], which corre-
sponds to an overall yield of 87% from 4b.


To clarify the role of HFP in the Beckmann rearrange-
ment of oximes, 2,4,6-tris[2,2,2-trifluoro-1-(trifluorometh-
ACHTUNGTRENNUNGyl)ethoxy]-1,3,5-triazine (8) and 2,4,6-trimethoxy-1,3,5-tri-
ACHTUNGTRENNUNGazine (9) were prepared by the reaction of cyanuric chloride
with HFP. The Beckmann rearrangement of 4a in the pres-
ence of 8 under several conditions is summarized in Table 2.
The reaction of 4a in the presence of 8 (1 mol%) in HFP at
reflux for 2 h afforded 6a in 17% yield (Table 2, entry 1).
When 8 (5 mol%) was used, the yield of 6a improved to
80% (Table 2, entry 2). By adding p-TsOH to this system,
6a was obtained in 94% yield, even in the presence of only
1 mol% of 8 (Table 2, entry 3). To avoid the use of expen-
sive HFP as a solvent, the reaction was carried out in tolu-
ene instead of in HFP in the presence or absence of p-
TsOH to give 6a in 1% and 63% yields, respectively, and
small amounts of cyclododecanone (Table 2, entries 4 and
5). Interestingly, the rearrangement of 4a in the presence of
cyanuric chloride in CH3CN was found to be inhibited by


Figure 1. Effect of Ar pressure on the NHPI-catalyzed nitrosation of
1a,b with tBuONO. Reaction conditions: 1a (10 mmol) or 1b (4 mL)
were treated with tBuONO (1 mmol) and NHPI (0.1 mmol) in fluoroben-
zene (2 mL) and AcOH (0.1 mL or 0.5 mL, respectively) at 75 8C for 2 h
under varying pressures of Ar.
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adding triethylamine to the catalytic system, but the same
reaction in HFP proceeded smoothly, even in the presence
of triethylamine (Table 2, entries 7 and 8). This shows that
the HCl may be formed by the reaction of 4a with cyanuric
chloride, and that the resulting HCl serves as an important
promoter for the rearrangement of 4a to give 6a. In the
former case, however, the HCl was trapped by triethylamine
as triethylamine hydrochloride and the subsequent reaction
of cyanurate with 4a may be inhibited. In contrast, in the re-
action in HFP, a transient active cyanuric intermediate such
as 8 may be derived from cyanuric compounds and HFP
during the course of the reaction, and the reaction of the
active cyanuric species with 4a was assisted by HFP which
probably serves as a weak acid to give 6a. On the other
hand, the use of 9 instead of 8 did not lead to the rearrange-
ment of 4a, even in the presence of p-TsOH in HFP
(Table 2, entry 9). This indicates that the reaction between 9
and HFP as well as oxime 4a is difficult because of the poor
reactivity of 9. In fact, catalyst 9 was recovered unchanged
after this reaction, whereas it was difficult to recover cata-
lyst 8.


On the basis of these results, it is probable that the hexa-
fluoroisopropoxy group in 8 undergoes rapid exchange by
the hydroxy group in 4a to form a transient intermediate,
which is converted entirely into 6a, whereas the methoxy
group in 9 is stable and difficult to react with 4a or HFP.


A salt-free one-pot synthesis of lactams 6a,b from cyclo-
alkanes 1a,b, respectively, would be very attractive. The re-
action of 1a with tBuONO under the same conditions as
those described in Figure 1a and the isomerization of the re-
sulting 2a with triethylamine followed by the Beckmann re-
arrangement in the presence of cyanuric chloride in HFP
led to laurolactam 6a in 72% yield based on consumed
tBuONO. Similarly, 1b and tBuONO gave lactam 6b (33%)


and its condensate 7 (20%) corresponding to 40% of 6b
(Scheme 1).


This is the first successful one-pot synthesis of lactams
6a,b from 1a,b, respectively, without the formation of any
undesired salts.


Conclusions


An efficient synthetic route to the oxime and/or lactam de-
rivatives from cyclododecane 1a and cyclohexane 1b was es-
tablished by the use of the NHPI/tBuONO system. In partic-
ular, the rearrangement of oximes into lactams in the pres-
ence of cyanuric chloride was markedly facilitated by the
use of HFP as a solvent. This could provide a novel salt-free
lactam synthesis from the corresponding cycloalkanes, which
has been long-term goal in organic and industrial chemistry.


Experimental Section


All starting materials were commercially available and were used without
purification. GLC analysis was performed with a flame ionization detec-
tor and a 0.2 mm � 25 m capillary column (OV-1). 1H and 13C NMR
spectra were measured at 270 or 400 MHz and 67.5 or 100 MHz, respec-
tively, in CDCl3, with Me4Si as the internal standard.


Nitrosation of 1a with tBuONO catalyzed by NHPI: NHPI (0.1 mmol)
was added to a solution of 1a (5 mmol) and tBuONO (1 mmol) in ben-
zene (2 mL) and AcOH (0.5 mL) in a 20-mL Schlenk tube. The tube was
cooled to liquid-nitrogen temperatures to freeze the solvent and degassed
in vacuo. The reaction mixture was allowed to stand at room temperature
and then heated at 75 8C for 2 h. After the reaction, NMR spectroscopic
analysis was performed. The yield of 2a was estimated from the peak
areas based on the internal standard technique by NMR spectroscopy.


Transformation of 2a into 4a : Et3N (1 mmol) was added to a solution of
2a (1 mmol) in EtOAc (5 mL) in a 30-mL round-bottomed flask. The re-
action mixture was heated at 80 8C for 1 h. The yield of 4a was estimated
from the peak areas based on the internal standard technique by GC.


Transformation of 4a into 6a : Compound 4a (1 mmol) was added to a
solution of cyanuric chloride (0.005 mmol) in HFP (1 mL) in a 30-mL
round-bottomed flask. The reaction mixture was heated at reflux for 2 h.
The yield of 6a was estimated from the peak areas based on the internal
standard technique by GC.


One-pot synthesis of 6a from 1a: NHPI (0.1 mmol) was added to a solu-
tion of 1a (10 mmol) and tBuONO (1 mmol) in fluorobenzene (2 mL)
and AcOH (0.1 mL) in a 20-mL Schlenk tube. The tube was cooled to
liquid-nitrogen temperatures to freeze the solvent and degassed in vacuo.
The reaction mixture was allowed to stand at room temperature and then


Table 2. Beckmann rearrangement of 4a in the presence of triazine 8 (or
9) to give 6a.[a]


Run Solvent Additive Conv. [%] Yield [%][b]


1 HFP none 25 17 (<1)
2[c] HFP none 99 80 (<1)
3 HFP p-TsOH 96 94 (1)
4[c] toluene none 19 1 (2)
5[c] toluene p-TsOH 87 63 (5)
6[d] HFP none >99 >99 (<1)
7[d] CH3CN Et3N 3 1 (<1)
8[d] HFP Et3N 96 92 (1)
9[e] HFP p-TsOH no reaction


[a] Reaction of 4a (1 mmol) in the presence of 8 (1 mol%) and p-TsOH
(15 mol%) or Et3N (3 mol%) in solvent (1 mL) at 70 8C (bath temp.) for
2 h. [b] Value in parentheses indicates the yield of cyclododecanone.
[c] 8 : 5 mol%. [d] Cyanuric chloride (1 mol%) was used instead of 8.
[e] 9 was used instead of 8.


Scheme 1. Reaction conditions: 1) NHPI (0.1 mmol), fluorobenzene/
AcOH (2/0.1 mL), 75 8C, Ar (<1 Torr), 2 h; 2) Et3N (1 mmol), EtOAc
(5 mL), 80 8C, 1 h; 3) cyanuric chloride (0.05 mmol), HFP (1 mL), 70 8C,
2 h; 4) NHPI (0.1 mmol), AcOH (0.5 mL), 75 8C, Ar (<1 Torr), 2 h;
5) Et3N (0.5 mmol), EtOAc (5 mL), 80 8C, 1 h; 6) cyanuric chloride
(0.15 mmol), HFP (2 mL), 70 8C, 2 h. [a] evap=evaporation.
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heated at 75 8C for 2 h. After the evaporation, a solution of Et3N
(1 mmol) in EtOAc (5 mL) was added to the crude mixture, then the
mixture was heated at 80 8C for 1 h. After evaporation, a solution of cya-
nuric chloride (0.05 mmol) in HFP (1 mL) was added to the crude mix-
ture, and the mixture was then heated at 70 8C for 2 h.


The products, 2a,[4] 2b,[4,10] 4a,[11] and 7,[12] were reported previously.


Preparation of 2,4,6-tris[2,2,2-trifluoro-1-(trifluoromethyl)ethoxy]-1,3,5-
triazine (8) and 2,4,6-trimethoxy-1,3,5-triazine (9): Cyanuric chloride
(3 mmol), K2CO3 (10 mmol), and 3-M molecular sieves (200 mg) were
added to a solution of HFIP (10 mL). The mixture was stirred at room
temperature for 15 h. Removal of solids by filtration and evaporation
under reduced pressure gave crude 8 in almost quantitative yield as a
white solid. Similarly, the reaction of cyanuric chloride in methanol
under the same conditions as above afforded 9 in almost quantitative
yield. Compounds 8 and 9 are known compounds, and 9 is available from
Aldrich.
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